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ABSTRACT 
 

Heart disease and heart failure are prevalent issues resulting in thousands of deaths 

every year. Unfortunately, current treatments do not present viable long-term solutions 

for heart disease; the only true solution to end-stage heart failure is organ transplant. 

Unfortunately there is a high demand for organs and an inadequate supply of donor 

organs available for transplantation. Development of bioengineered cardiac constructs 

offers an alternative method with functional integration into the body with less 

possibilities of rejection, thus providing a long-term solution to heart failure/disease. As 

we continue to develop models for three-dimensional artificial heart muscle (3D-AHM) 

and other cardiovascular models, it becomes imperative to design instrumentation that 

accurately records the functional performance of these tissue equivalents. For the heart to 

properly function, it is critical that it be able to propagate electrical signals uniformly. A 

series of three systems were developed, in order to evaluate the electrical impulse 

propagation of 3D-AHM and the bioartificial heart (BAH). Initially, a 32-channel direct 

contact system to evaluate the electrical properties of 3D-AHM was designed. Second a 

16-channel noninvasive direct contact electrode board was designed to acquire the action 

potential of 3D-AHM. Lastly, a 16 electrode flexible system that can record the electrical 

impulse of the BAH model previously developed within our laboratory was developed. 

Each of these studies resulted in the acquisition of time delays, optical maps of impulse 

propagation, conduction velocities and peak analysis values to assess the intrinsic 

properties of our constructs. These three studies verified the efficacy of our systems to 

acquire electrical potential of bioengineered cardiac constructs. 
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CHAPTER 1 – INTRODUCTION 
 

1.1 Tissue Engineering 

 
Tissue damage and organ failure are major healthcare problems not only in the U.S., 

but all across the world. Common treatment techniques such as drug therapy, gene 

therapy, and organ transplantation are limited in their effectiveness. Drug and gene 

therapies are used to postpone the inevitable outcome of organ failure while the only truly 

effective remedy, transplantation, sees a constant deficit of available organs. In 2013 

alone there were 121,272 candidates for transplantation on the waiting list, while only 

28,954 organ transplant surgeries were performed [1]. It is because of these ineffectual 

modalities that alternative methods are necessary  

The expanding field of tissue engineering offers such alternatives for cardiovascular 

as well as many other tissue paradigms. At its core, tissue engineering is essentially an 

amalgamation of several fields that coalesce to produce a single outcome. Researchers 

from fields such as chemistry, biology, medicine, and other biosciences focus on creating, 

repairing, or improving functionality of moribund muscle tissue [Langer]. Over the 

preceding decade, the biosciences have produced some of the most advanced research in 

the medical field, exponentially expanding our cyclopean knowledge of the mammalian 

body. 
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1.2 Development of Three-Dimensional Tissue in Vitro 

 
Fabrication of three-dimensional mammalian tissue equivalents in our laboratory has 

a pre-established eight step process [2] as can be seen in Figure 1 (image adapted from 

source [2]). This process may contain some slight variations amongst different research 

institutions, however, the underlining principles remain analogous. Step one in the 

fabrication process is to identify a source for cell procurement, which may be of 

autologous or allogeneic origin. Depending on the approach and scope of the 

experimentation to be performed, each method will affect the resulting cells. If 

autologous cells are used, the likelihood of an immunogenic response is minimized. 

Should a higher cell count be a necessity, an allogeneic source may be more pertinent.  

The second step concerns the synthesis of an appropriate biomaterial for each specific 

application. Biomaterials provide a structural system for cells to adhere to and proliferate, 

just as the extracellular matrix. Hydrogels and polymeric scaffolds are some of the 

examples of biomaterials currently used for tissue construct formation. Step three 

involves increasing the potentiality of functional integration between the cells and 

biomaterials through genetic manipulation techniques. This genetic manipulation also 

helps sustain the viability of the cells through experimentation. The next step is 

cellularization of the chosen scaffold medium by seeding it with the isolated cells. 

Though there are different stratagems of seeding, it is primarily necessary to achieve an 

even distribution of cells. This even distribution will aid the functional integration of the 

cells into the biomaterial. 
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Figure 1 Eight-step process for the fabrication of three-dimensional artificial tissue  

 
The fifth step applies the integration of biocompatible sensors to monitor the 

development and maturation of the tissues. It is important to evaluate the functionality of 

the constructs to better mimic native tissue. This step will be evaluated in depth in 

subsequent chapters, more specifically pertaining to sensor technologies for measuring 

electrical properties of cardiovascular tissues. The sixth step is making use of bioreactors 

to provide the tissues with a culture environment that drives the formation of functional 

tissues. There are bioreactors that can provide electrical stimulation, mechanical 

stimulation, chemical stimulation, and/or perfusion as necessary for each application. The 
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seventh step involves the incorporation of blood vessels onto the tissues to support 

metabolic activity. Lastly, the eighth step is based on the in vivo assessment of the tissue 

developed using the previous steps. By implanting the fabricated construct, we are able to 

assess if it is capable of improving or increasing lost functionality.  

 

1.3 Myocardial Tissue Engineering 

 
Following acute myocardial infarction, the cells in the affected area of the heart die 

due to the impaired blood flow, leading to oxygen depravation. This in turn leads to the 

development of non-contractile scar tissue, which accumulates over time stressing the 

heart and ultimately leading to congestive heart failure. Tissue engineered myocardium 

provides the promise to restore or improve lost functionality after the insertion of the 

fabricated cardiac constructs. Cardiovascular tissue engineering offers the advantage of 

being able to protect the transplanted cells by the use of a scaffold, which is a main 

problem seen during direct cell injection. Additionally, the fabricated three-dimensional 

artificial heart muscle (3D-AHM) provides additional mechanical support to the infarcted 

ventricular wall and can aid in the prevention of post-infarct ventricular dilation [3].   

There are several models that have shown evidence for developing practical 

applications for functional 3D-AHM through a variaty of different approaches such as 

employing biodegradable gels, polymeric scaffolds, and self-organization techniques. 

Bursac et al. genereated cardiac constructs by seeding neonatal rat ventricular cells on 

polyglycolic acid (PGA) scaffolds [4]. Radisic et al. used highly porous collagen 

scaffolds along with neonatal rat ventricular heart cells to develop engineered cardiac 

tissues [5]. Shimizu et al. utilized a self-organization strategy to construct three-
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dimensional cardiac constructs by stacking chick embryonic cardiomyocyte cell sheets on 

top of each other using a temperature sensitive polymer; yielding heart-like tissue 

constructs (Figure 2) [6].  

 

 

Figure 2 Schematic of the formation of cardiomyocyte sheets (CMS) and stacking using a temperature 
sensitive polymer  

 

Within our laboratory substantial work has also been performed to develop heart 

muscle and other cardiovascular components [7], [8], [9], [10], [11], [12]. In one study, 

bioengineered heart muscle (BEHM) was formed using primary cardiac myocytes with 

two different methods (layering and embedding) as can be see in Figure 3 [10]. Both 

methods showed uniform cell distribution, as well as functional tissue development. In 

another study self-organized contractile cardiac tissue was developed using PDMS and 

laminin coated plates to culture neonatal cardiomyocytes. This lead to the formation of a 

cohesive monolayer that through spontaneous contractions yielded a three-dimensional 
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construct known as a cardioid [7]. 

 

Figure 3 Schematic of the formation of bioengineered heart muscle (BEHM) using a layering or 
embedding approach  

 
Collective research from our laboratory in conjunction with the efforts from other 

research institutions has demonstrated the practicality of fabricating a functional 

myocardial construct. Even when different methodologies are used, the underlining basis 

from the 8-step process still remains. The primary cardiac cells are cultured and seeded 

on an appropriate scaffold, which is then subjected to proper culturing conditions by 

making use of bioreactors to help mature the tissues. Subsequent remodeling and 

reorganization of the cells yields more physiologically and functionally correct heart 

muscle construct.  
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CHAPTER 2 - STRUCTURE AND ELECTROPHYSIOLOGY OF THE HEART 
 

2.1 Anatomy and Blood Flow of the Heart  

2.1.1 Anatomy of the Heart 

 
The heart is a hollow and fibrous structure that is enclosed by the pericardium, which 

consists of three different layers as can be seen in Figure 4 [13]. The first and outer most 

layer is the fibrous pericardium. This layer is highly fibrous and inelastic. Within the 

fibrous pericardium, the serous pericardium is located. The serous pericardium consists 

of two layers. The other layer is called the parietal layer. In between this layer and the 

visceral (inner) layer the pericardial cavity can be found. This cavity encompasses a film 

of fluid, which facilitates the frictionless contraction of the heart [14]. 

 

  

Figure 4 Structure of the three-layered pericardial membrane that encloses the heart  
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The heart is composed of four chambers: The right atrium, left atrium, right ventricle 

and left ventricle (Figure 5 [13]). These chambers are separated into left and right side by 

wall of muscle known as the septum. The right ventricle is part of the anterior wall and 

has a mostly smooth interior. The right atrium is connected to both the superior and 

inferior vena cava, which delivers oxygen poor blood to the atrium. The right atrium also 

has a tricuspid opening leading to the tricuspid valve. The left atrium also has a smooth 

interior, except for the left atrial appendage. The left atrium is connected to both the 

upper and lower pulmonary veins. Additionally, the right atrium has an opening leading 

to the mitral valve. Both the right and left ventricles have more muscular ridges on the 

interior; however, the left ventricle has a wall three times thicker than the wall of the 

right ventricles. Additionally the right ventricle has an opening leading to the aortic 

valve, while the left ventricle has an opening leading to the pulmonary valve [14].  

 

Figure 5 Structure of the heart schematic showing the four chambers of the heart, major blood vessels, and 
valves  
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2.1.2 Blood Flow Through the Heart 

 
It is the interconnected work of these four chambers that allows for continuous blood 

flow to the lungs, body and back to the heart (Figure 6) [13]. Blood enters the heart 

through the superior and inferior vena cava, which deposits the blood lacking oxygen 

onto the right atrium. As the atrium contracts, the blood flows onto the right ventricle via 

the tricuspid valve. Once the ventricle has reached full capacity the tricuspid valve closes 

preventing the backflow of blood onto the right atrium as the ventricle contracts. The 

contraction of the right ventricle leads the blood away from the heart through the 

pulmonary valve and to the lungs where it will be oxygenated. 

 

Figure 6 Blood flow through the heart. Deoxygenated blood enters the right atrium and moves to the right 
ventricle, where is it pumped to the lungs. The oxygenated blood then enters the left atrium and 
flows to the left ventricle, where it is pumped to the body  
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 The now oxygen-rich blood returns to the heart from the lungs via the upper and 

lower pulmonary veins and is deposited on the left ventricle. As the left atrium contracts 

blood flows to the left ventricle through the mitral valve. Once the left ventricle is full, 

the mitral valve closed to prevent blood from flowing back into the atrium during 

ventricular contraction. As the ventricle contracts, blood moves from the left ventricle of 

the heart to the aorta via the aortic valve to be distributed through the body. The proper 

function of the heart is crucial for blood to reach all appendages of the body. It is the 

electrical impulse conducted through the heart what drives contractions and therefore the 

flood of blood through the body.  

  

2.2 Electrophysiology of the Heart  

 

2.2.1 Electrical Impulse Propagation  

 
Under normal conditions, the excitatory heart contraction signal is generated at the 

sinoatrial (SA) node. Once the electrical impulse leaves the SA node it spreads diffusely 

through the atrial syncytium causing atrial contraction. The excitatory signal reconvenes 

at the atrioventricular (AV) node. The electrophysiology of the AV node causes the 

signal to be delayed due to slow conduction. The impulse is then conducted through the 

bundle of His, which enters the upper part of the interventricular septum and then divides 

onto the left and right bundle branches. These branches give rise to the Purkinje fibers, 

which extend through the endocardium of both ventricles. The Purkinje fibers conduct 

the electrical impulse to each side of the heart and to the endocardium at the apex of the 

heart causing the ventricular contraction (Figure 7 [13]) [15].  
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Figure 7 Electrical impulse propagation through the heart leading to synchronized contractile activity  

 

2.2.2 Cardiac Action Potential  

 
Cardiac pacemaker cells, also known as autorhythmic cells are found in the sinoatrial 

node. These cells generate the action potential that spreads throughout the heart like 

waves, triggering contractions in the excitatory cardiac cells (cardiomyocytes) and 

leading to a synchronized contraction of the heart. The action potentials generated by the 

cardiac pacemakers create waves of depolarization, which spread to the cardiomyocytes 

through gap junctions. In turn the cardiomyocytes then generate their own action 

potentials leading to depolarization and repolarization of the cells. Once the 

depolarization of the excitatory cardiac cells begins the cardiac myofibrils slide over each 

other causing an overall muscle contraction. After repolarization takes place the cells 

relax and the sequence begins all over again.  
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In order to understand how the action potential of cardiac pacemakers are originated 

we need to look at the ion channels that are embedded in the plasma membrane. It is the 

movement of ions through said channels, which affects the membrane potential causing 

depolarization and repolarization of the cells. The presence of gap junctions connecting 

the autorhythmic cells and cardiac myocytes is what allows the rippling effect to be seen 

during cardiac contraction.  

Autorhythmic cells have a resting potential of -60mV. They begin to depolarize due 

to a slow yet continuous influx of sodium ions, and a reduced efflux of potassium ions. 

Because of the sodium influx, the inner membrane becomes less negative. Once the 

membrane potential gets to -40mV the threshold has been reached for an action potential 

to be initiated. Next, the calcium channels on the cell membrane open leading to the 

influx of positively charged calcium ions. This in turn leads to the rapidly rising phase 

commonly seen in action potentials that causes the reversal of the membrane potential 

from negative to positive inside the cell. This change triggers potassium channels to open 

causing a rapid efflux of potassium from the cells producing repolarization. Additionally, 

during this process ionic pumps actively transport calcium back into the cell and sodium-

potassium pumps bring sodium in and potassium out bringing the membrane potential 

back down to its resting potential [16]. The overall action potential changes seen during 

contraction are shown in Figure 8 [13].  
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Figure 8 Action potential of cardiac pacemaker cells located in the sinoatrial (SA) node 

 

2.2.3 Electrical Impulse and Its Correlation to an Electrocardiogram  

 
An electrocardiogram (EKG) is a detailed tracing of the overall electrical activity of 

the heart that results from the propagation of action potentials as can be seen in Figure 9 

[17]. The P wave depicts the depolarization of the cardiomyocytes in both atria, which 

leads to atrial contraction, otherwise known as atrial systole. The PR segment in the EKG 

depicts the electrical impulse conduction period after atrial systole and before the 

contraction of the ventricles. The QRS complex represents the depolarization of the 

ventricles as the electrical impulse moves from the AV node to the bundle of His and 

subsequently the Purkinje fibers. This drives a rapid contraction of the ventricles, known 

as the ventricular systole. Additionally, during this time atrial repolarization takes place, 

but any atrial activity is obscured by QRS complex. Finally the T wave represents the 

relaxation of the ventricles, otherwise known as the ventricular diastole. The correlation 

of the events during heart contraction to the events seen in the corresponding EKG 

segments can be seen in Figure 10 [13].  
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Figure 9 Detailed components of a normal electrocardiogram (EKG) waveform showing the heart’s 
electrical activity 

 

 
Figure 10 Diagram correlating a normal electrocardiogram (EKG) recording to the electrical and 

mechanical events seen during the contraction of the heart 
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CHAPTER 3 – SIGNIFICANCE AND RESEARCH AIMS 
 

3.1 Significance 

 
Heart disease and heart failure are prevalent issues that result in thousands of deaths 

each year. Current treatments, however, do not always provide viable long-term solutions 

for heart disease. The development of bioengineered cardiac constructs offers an 

alternative method for the treatment of such ailments. With the fundamental goal of 

producing viable tissue specimens to be used in vivo, it is necessary to design 

instrumentation that can accurately record their functional performance as well as 

establish metrics that push research in this field toward more sustainable models. 

In order for the heart to properly function, it is critical that it be able to propagate 

electrical signals timely and synchronously. The heart’s cardiac myocytes enable the 

propagation of these electrical signals across gap junction channels to produce a 

synchronous mechanical contraction that allows blood to flow through the heart, and 

subsequently the body. Bioengineered cardiac muscle that cannot produce electrical 

signals in such a synchronous manner would only lead to further complications in the 

heart if implanted. For this reason we have focused on the development of systems that 

can extensively evaluate the electrical impulse propagation of bioengineered cardiac 

muscle and bioartificial hearts. Detailed evaluation of the action potential of our cardiac 

constructs can lead to further insight into the efficacy of our tissue models. The data 

acquired from this system can also lead to improved protocols that would advance tissue 

constructs toward a practical, implantable model. 
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3.2 Specific Aims 

 
The main focus of this dissertation is based on the development of three systems that 

sequentially move from the assessment of electrophysiological properties of 

bioengineered cardiac muscle to those of bioartificial hearts and other more complex or 

irregular shaped models developed within our laboratory (Figure 11). In addition, each 

system was designed to successively move instrumentation towards more versatile 

systems that provide minimal invasiveness during testing. The systems are constructed on 

the use of the commercially available RHD2000 series amplifier evaluation board from 

Intan Technologies (Los Angeles, CA). This system was modified to be compatible with 

different electrode configurations designed during each study to suit a multitude of 

purposes.  

 

 

Figure 11 Series of three systems developed to evaluate and record the electrical impulse propagation seen 
in cardiac constructs developed within our laboratory 
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3.2.1 Aim 1: Develop a 32-Channel System Electrocardiogram Sensing System for 

Bioengineered Cardiac Muscle 

 
Aim 1 focused on the customization of a 32-channel electrode board to measure 

electrical conductivity with direct contact between the electrodes and the tissue specimen. 

The 3D-AHM used for assessment was fabricated in our lab by isolating cardiac cells 

from 2-3 day old rats. After the cell isolation process was complete the cells were plated 

in a fibrinogen gel. Within 4-5 days the patches were fully formed and ready for 

performance measurements.  

The action potential for each construct was recorded during a 30-60 minute testing 

period and analyzed using a custom MATLAB code. Analysis within MATLAB allowed 

us to obtain the cross correlation. With this information, time delay tables were created to 

show the lag between each reference channel and the other 31 channels. Subsequently, 

the time delay tables were used to generate optical maps, which show trends in impulse 

propagation throughout the 3D-AHM. Conduction velocities of the cardiac construct 

were calculated using the time delays and the known distances between all electrodes and 

a reference electrode. Peak analysis was used to evaluate the QRS complex interval 

duration and R-wave amplitude. This allowed for the acquisition of as many metrics as 

possible to thoroughly analyze the tissues. Additionally, the system was used to evaluate 

native rat hearts to validate its efficacy for acquisition purposes.  
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3.2.2 Aim 2: Develop a 16-Channel Noninvasive Electrocardiogram Sensing System for 

Bioengineered Cardiac Muscle 

 
Aim 2 consisted of the development of a custom 16-channel electrode board to 

measure electrical conductivity non-invasively while providing direct contact between 

the electrodes and the tissue specimen. The 3D-AHM used for testing during this study 

was fabricated in the same manner as the tissues used in the first study. Once the tissues 

had fully matured, functional performance was evaluated.  

The electrical impulse for each construct was recorded for a 15-30 minute testing 

period and analyzed using a custom MATLAB code. The custom program was used to 

obtain the same metrics acquired from the previous study; however, this code was 

modified to suit the new electrode configuration. Analysis allowed us to calculate the 

cross correlation, time delay tables, and subsequently generate optical maps. 

Additionally, we were able to determine conduction velocities of the cardiac construct, 

and perform peak analysis to evaluate the recorded waveforms. As a result of testing and 

performance evaluations of our cardiac constructs, we were able to validate our system as 

well as gain further insight into our bioengineered heart muscle.  

 

3.2.3 Aim 3: Develop a 16-Channel Flexible Electrocardiogram Sensing System for 

Bioartificial Hearts 

 
Aim 3 entailed developing a completely flexible 16-channel electrode system to 

measure the electrical activity of bioartificial hearts. Unlike the previous systems, coaxial 

wire electrodes were attached to the electrode board via removable connectors. The 

bioengineered hearts used for testing during this study were fabricated using a three-step 
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process. First, 2-3 month old rat hearts were decellularized using a series of washing 

solutions to remove all cells, while maintaining the scaffold. Second, bioengineered heart 

muscle was formed from isolated neonatal primary cardiac cells seeded on a fibrin gel 

layer. Third, the construct was bound around the acellular rat heart to form the 

bioartificial heart model.  

The electrical impulse for each construct was recorded for a 5-10 minute testing 

period and analyzed using a custom MATLAB code. The analysis using the custom 

program allowed us to acquire the cross correlation, the time delay tables, and generate 

optical maps as well. The system was then utilized with native hearts of 2-3 month old 

rats, where the system demonstrated its’ full capability. By using different electrode 

configurations, we were able to test the versatility of our system. Custom MATLAB 

programs for each configuration were used to find the cross-correlation, time delays, and 

produce optical maps of each configuration, as well as overall peak analysis to evaluate 

the QRS complex in detail. This series of tests allowed for the validation of the system 

and proved the system’s capacity for use on a wide range of models. 
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CHAPTER 4 - 32-CHANNEL SYSTEM TO MEASURE THE 
ELECTROPHYSIOLOGICAL PROPERTIES OF BIOENGINEERED CARDIAC 

MUSCLE  
 

The work presented in this chapter has been previously published in IEEE 

Transactions of Biomedical Engineering [18]. 

	  

4.1 Study Overview 

 
This study was based on the development of a novel system to measure the electrical 

properties of 3D artificial heart muscle (3D-AHM) that has been pioneered in our 

laboratory. Our method for fabricating 3D-AHM is based on the culture of primary 

cardiac cells within a complex 3D fibrin gel. Remodeling of primary cells and functional 

integration with the fibrin led to the formation of artificial tissue, which exhibits 

histological markers that are present in native mammalian tissue. For the current study, 

we developed a novel system to measure the changes in electrical activity of 3D-AHM 

using a custom 32-electrode system. Our system consisted of a 32-channel RHD2000-

Series Amplifier Evaluation System from Intan Technologies (Los Angeles, California), 

fitted with gold-plated pins to provide direct contact between the electrodes and 

bioengineered heart muscle. The purpose of this study was to develop, test and validate a 

novel 32-electrode system to measure the electrical activity of 3D-AHM. Furthermore, 

we developed conduction maps, which illustrate the propagation of electrical activity and 

also quantify the conduction velocity and other metrics associated with the EKG 

properties of 3D-AHM. 
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4.2 Materials and Methods 

 
The Institutional Animal Care and Use Committee (IACUC) at the University of 

Houston, approved all animal protocols in accordance with the “Guide for the Care and 

Use of Laboratory Animals” (NIH publication 86-23, 1986). 

 

4.2.1 Isolation of Neonatal Primary Cardiac Cells 

 
Neonatal cardiac cells were isolated from the hearts of 1 to 2 day old Sprague-Dawley 

rats utilizing a pre-established method [8]. Each heart was cut into 3 to 4 sections and 

placed in a chilled PBS phosphate buffer. All the sections were gently rinsed in the PBS 

to remove blood, cells, and subsequently transferred to a secondary phosphate buffer 

solution for additional mincing. Tissues were minced into 1mm2 fragments and 

transferred to a dissociation solution consisting of 0.32mg/mL filtered collagenase type 2 

(Worthington Biochemical Corporation, Lakewood, NJ) and 0.6mg/mL pancreatin in 

phosphate buffer. The minced tissues and 15mL of dissociation solution were placed in 

an orbital shaker for 30 minutes at 37°C and 60rpm to initiate serial digestion. Once the 

1st digestion was completed, the supernatant was collected in 3mL of horse serum in 

order to neutralize the enzyme and placed in a centrifuge at 1000rpm for 5 minutes at 

4°C. The cell pellet was re-suspended in 5mL of horse serum and kept in an incubator at 

37°C supplied with 5% CO2. Fresh dissociation solution was added to the partially 

digested tissue and the procedure for the digestion was repeated 2 to 3 times. The cells 

acquired during the serial digestion were pooled, centrifuged and suspended in culture 

medium. Cell viability was determined by Trypan blue (4%) staining according to the 

manufacturer’s protocol. 
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4.2.2 Preparation of the Plates 

 
Tissue culture plates (35mm) were coated with 2mL of SYLGARD (PDMS, type 184 

silicone elastomer) (Dow Chemical Corporation, Midland, MI). The plates were air dried 

for 2 weeks to allow the silicone coating to form properly and sterilized with 80% ethanol 

before use. Four minutien pins (Fine Science Tools, Foster City, CA) 0.1mm in diameter, 

were placed in the culture plate to form a 2cm X 2cm square.   

 

4.2.3 Fabrication of 3D-AHM 

 
Fibrin gel was formed by adding 1mL of culture medium containing 10U/mL 

thrombin to the coated surface of each culture plate. Afterwards, 500µL of saline 

containing 20mg/mL fibrinogen was added. The culture plates were shaken well to 

ensure complete mixing of both solutions and complete plate coverage. Subsequently, the 

plates were placed in the incubator to promote the formation of the gel within 45 minutes. 

Primary cardiac cells were diluted in culture medium at 2 million cells/mL and plated in 

2mL of culture medium for each plate after the gel was fully formed.  

The cells were cultured in an incubator at 37°C supplied with 5% CO2 and underwent 

media changes every other day. As the cells organize, the spontaneous contractile force 

of the neonatal cardiomyocytes results in the delamination/migration of the cell 

monolayer that heretofore covered the entire surface of the plate. As a result of the 

minutien pin placement, the 3D-AHM forms around the pins using them as anchor points. 

Through the first 3 to 4 days in culture the 3D-AHM fully forms into the desired shape. 
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However, for this experiment the cardiac constructs were maintained in culture for 7 to 

10 days before measuring the electrical potential. 

 

4.2.4 Assessment of Contractile Properties 

 
After 6-7 days in culture, which allows the tissue to fully organize and begin 

synchronous contraction, the contractile properties of the heart tissue were examined 

using a high sensitivity microforce transducer (Panlab, Barcelona, Spain). The tissues 

were attached to the force transducer using a thin light rigid wire to minimize force lost to 

vibration. The output signals from the force transducer were acquired using the 

PowerLab16/35 data acquisition system (ADInstruments, Colorado Springs, CO) 

processed, and transmitted to LabChart for analysis. To calculate the change in length of 

the constructs during the contraction cycle, videos were made and analyzed with the open 

source program Tracker 4.87 (Open Source Physics). 

 

4.2.5 Morphology 

 
After 7 days in culture the formed 3D-AHM was examined histologically. Samples 

were all washed in PBS and gently patted dry using VWR® light-duty tissue wipers. 

Samples were suspended upright in a peel-a-way disposable embedding mold (VWR 

International, Radnor, PA) and frozen using liquid nitrogen. Following the tissue was 

covered using Tissue Tek OCT compound (VWR International, Radnor, PA) and placed 

in a -80°C freezer. Once the samples were completely solidified, each sample was sliced 

using a cryotome (Thermo Fisher Scientific, Waltham, MA). Tissue samples were cut at a 
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thickness of 6-10µm and placed on VWR® Microslides. The cross-sections were stained 

with Masson’s Trichrome according to manufacturer’s protocol and subsequently images 

were taken under a light microscope. 

 

4.2.6 Immunofluorescence 

 
Tissue samples were frozen in OCT compound, sectioned to 6-40µm thicknesses and 

placed on VWR® Microslides. The thicker slices were used to produce z-stack images 

that display the 3D structures within the sample slices. Cross-sections were fixed in 

chilled acetone for 10 minutes; nonspecific epitope antigens were blocked using 10% 

goat serum at room temperature for 1 hour. The tissue segments were incubated with 

mouse anti-α-actinin monoclonal antibody (1:200; Sigma, A7811), rabbit anti-connexin 

43 (1:100; Abcam, ab11370), rabbit anti-collagen type I (1:100; Abcam, ab34710), and 

rabbit anti-ki67 (1:100; Abcam, ab66155) at room temperature for 2 hours. Afterwards, 

the tissue sections were treated with goat anti-mouse and goat anti-rabbit secondary 

antibodies (Alexa Fluor 488, Alexa Fluor 546, and Alexa Fluor 633; Life Technologies, 

Grand Island, NY) 1:400 at room temperature for 1 hour. Nuclei were counterstained 

with 4,6-diamidino-2-phenylindole (DAPI) (2.5 µg/ml) at room temperature for 5 

minutes. Fluorescent images were obtained with a Nikon C2+ confocal laser-scanning 

microscope (Nikon Instruments Inc., Melville, NY). 
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4.2.7 Design, Fabrication, and Testing of EKG Monitoring System for 3D-AHM 

 
Our laboratory acquired the commercially available system RHD2000-Series 

Amplifier Evaluation System from Intan Technologies (Los Angeles, California). This 

system consists of a highly customizable modular interface board containing an Opal 

Kelly XEM 6010 USB/TPGA interface module. This USB interface board can support up 

to 256 low noise amplifier channels with sampling rates ranging from 1kS/s to 30kS/s. 

For our purposes, we used one 32-channel evaluation board fitted with gold-plated pins to 

provide direct contact between the electrodes and the bioengineered cardiac muscle.  

Solid wires were affixed to the included reference and ground electrodes on the 

evaluation board. A Cole-Parmer Stable Temp Dry Block Heater (Vernon Hills, IL.) at 

37C° was used to keep the tissues viable during prolonged testing. The reference 

electrode was placed in direct contact with the culture media, while the metallic surface 

of the hot plate served as felicitous grounding source. The electrode board was connected 

to the amplifier board, which communicates with the USB interface board through a 

serial peripheral interface (SPI) cable. The amplifier settings used for data acquisition 

were a sampling rate of 5.00kS/s and a bandwidth between 0.09Hz and 1.00kHz. The 

action potential of each tissue was measured from 30 to 60 minutes, creating files 

containing two minutes of recording on each file capture. After the data was collected, 

the RHD files were run through an open-source m-file provided by Intan Technologies to 

import the recorded data into MATLAB for analysis. After reviewing and graphing each 

individual two-minute data set, the most visually applicable waves with minimal 

interference from physical, acoustic, or electronic sources were selected. In order to avoid 

nonconforming signals, we verified that the data was consistent throughout the different 
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segments collected for each 3D-AHM. The selected data files were then processed with 

the signal processing toolbox in MATLAB for cross correlation, to determine the lag in 

signals between all 32 channels. This information was used to create tables showing the 

time delays from channel to channel, as well as to calculate the conduction velocity of the 

cardiac construct. Peak analysis was used in order to evaluate the QRS complex and 

obtain all its properties. 

 

4.2.8 EKG Monitoring of Native Mammalian Tissue 

 
Additionally, to validate our current system for EKG data collection, the 

electrophysiological properties of native mammalian tissue were evaluated. Briefly, the 

hearts of 2-3 month old anesthetized Sprague-Dawley female rats were removed and 

immediately place in warm tissue culture medium 199 (Gibco, Grand Island, NY). A Cole-

Parmer Stable Temp Dry Block Heater (Vernon Hills, IL.) at 37C° was used to maintain 

the temperature of the heart during testing with the electrode board placed directly on top 

of the heart. Three different hearts were measured for approximately 10 minutes each, and 

files containing one minute of recordings were created. After the data was collected, the 

RHD files were analyzed following the aforementioned procedure in MATLAB. 

 

4.3 Results 

 
During the 3D-AHM-fabrication process [Figure 12(a)] we plated each cardiac 

construct with 4X106 cells. We observed that the delamination process during patch 

formation began on the third day after cell plating and was completed between days 4-5 
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[Figure 12(b)]. The cardiac constructs started to contract spontaneously after 3 days in 

culture. We also found the contractile forces of the constructs plated with 4 X106 cells to 

be in the range of 500-700µN after 6-7 days in culture [Figure 12(c-d)].  We also noted 

that the constructs were able to maintain contractile performance for a period of 8 days 

after which, a significant decrease in performance was observed. Length change with 

respect during construct contraction was found to be 0.2 mm. This is approximately 1% 

with respect to the entire length of the tissues.  

The physiological properties of the fabricated 3D-AHM were examined 

approximately after one week in culture. The images obtained from Masson’s trichrome 

staining show the distribution of the cardiomyocytes in relation to the fibrin gel. The 

cross-sectional image in [Figure 13(a)] shows a layer of cardiomyocytes, which has 

migrated towards the middle of the cardiac construct and a diminished fibrin gel at the 

bottom. A second image [Figure 13(b)] shows the distribution of the real cardiac tissue 

comprised of cardiac cells and self generated extracellular matrix proteins formed along 

the fibrin gel matrix.  

In addition, we stained the cardiac constructs to evaluate the distribution of α-actinin, 

connexin 43, collagen type I, and ki67 in the tissue [Figure 13]. Positive staining for α-

actinin permits the visualization of z-lines of cardiac myofibrils [Figure 13(c-f)]. Positive 

staining for connexin 43 indicates the presence of cardiac gap junctions in the fabricated 

tissue [Figure 13(c-d)]. Positive staining for collagen type I indirectly denotes the 

presence of cardiac fibroblasts embedded within the cardiac construct [Figure 13(e)]. And 

lastly positive staining for ki67 illustrates nuclear division and cell proliferation [Figure 

13(f)].  
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Figure 12 Method for fabrication of 3D-AHM and contractile assessment. FG: fibrin gel, 
PP: prepared plate, NC: isolated neonatal cardiac cells, DF: delamination of fibrin 
gel, PF: patch formation completed  
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Figure 13 Histological assessment of 3D-AHM using Masson’s trichrome staining and 
immunofluorescent staining 
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We observed the electrophysiological properties of the tissue using the previously 

described system [Figure 14] at day 6-7. The raw data was analyzed to select the optimal 

2-minute sample for the subsequent data analysis [Figure 15(a)]. The selected data was 

run through an m-file, which was written to obtain the cross-correlation values between 

each signal channel and one of the electrodes located at a corner of the board. Cross-

correlation as seen in [Figure 15(b)] provides a peak where the signals overlap, giving us 

the number of sample lags in between the two signals. Since we know the sampling rate 

of the system we were able to calculate the time delay using the acquired values. With the 

data set acquired we produced tables showing the time delay between each electrode and 

the chosen reference electrode [Figure 15(c)]. We found that the delay between the 

signals was in the range of 0ms to 7ms. 

 
Figure 14 Formation process and setup of the EKG acquisition system for engineered tissues. PP: 

plate preparation, PF: patch formation, EM: electrical measurements. EB: evaluation 
board, AB: amplifier board, SB: sampling board, TC: tissue construct 
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Figure 15 Acquired action potentials of bioengineered heart muscle, data cross correlation, and signal 
time delay tables  

 
Once the time delay tables were formulated, we used these values to construct optical 

maps to monitor impulse propagation throughout the fabricated 3D-AHM [Figure 16]. 

These maps are obtained by assigning a range of colors to the time delay values in the 

tables of Figure 15(c) using the MATLAB command ‘imagesc’. This process expresses 

the impulse propagation from the reference channel to the remaining 31 channels visually 

with respect to time. We obtained 4 optical maps corresponding to the values acquired 

with reference to the 4 different corner channels. In each of the optical maps, it can be 

seen that from the reference in a diagonal direction, that time is incrementing from 0 to 
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7ms as the distance increases. However, at certain channels the time delay is not 

gradually increasing. The patch does not appear to be contracting uniformly, and at some 

channels the 3D-AHM exhibits an asynchronous impulse.  

 

 

Figure 16 Optical maps constructed using each corner electrode as a reference to evaluate impulse 
propagation within the tissues  
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The impulse propagation along with the known distance traveled between channels 

allowed us to calculate the longitudinal, transverse, and diagonal impulse propagation 

velocity of the construct, as well as, the localized conduction velocities. We used 

electrode 8 as our reference to acquire the desired conduction values. We selected this 

reference electrode for its location in the corner of the electrode board as shown in 

[Figure 17(a)].  

 

 

Figure 17 Acquisition system schematic and overall, as well as, localized conduction velocities 
calculated using electrode eight as a reference  
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Additionally, we chose this channel to simplify our calculations due to the fact that we 

had previously acquired the time delays to monitor impulse propagation with reference to 

each of the corner channels. With this reference channel we were able to calculate a 

longitudinal conduction velocity of 277.81cm/s, a transverse conduction velocity of 

300.79cm/s, and a diagonal conduction velocity of 285.68cm/s [Figure 17(b)]. As can be 

seen in Figure 17(c) we were also able to calculate localized conduction velocities, which 

are on the range of 127-488cm/s. 

The previously chosen 2-minute file of raw data was also run through an m-file written 

to perform peak analysis of the acquired data. We extracted a 10 second segment and 

identified the QRS complex in the EKG signal [Figure 18(a)], which can be seen more 

clearly in Figure 18(b). In order to calculate the amplitude of the R-wave, the time to peak, 

and the relaxation time, we chose 8 channels evenly distributed across the board to obtain 

the average values. [Figure 18(c)] shows the raw data of the 8 chosen channels (1, 8, 13, 

14, 19, 20, 25, and 32). The average amplitude of the R-wave for the all 10-second 

segments was found to be 438.42 ± 36.96µV [Figure 18(d)]. The average time to peak 

(time between Q-wave and R-wave) for the 8 chosen channels was found to be 147.3 ± 

16.8ms. The relaxation time (time between R-wave and S-wave) for the 8 chosen channels 

was found to be 170.2 ± 8.1ms. The overall average for the QRS interval duration was 

found to be 317.5 ± 16.5ms.  

We observed the electrophysiological properties of the extirpated rat hearts [Figure 

19(a)] by following the procedure previously described to acquire the time delay values, 

conduction velocities, optical maps, and QRS complex pertaining to native mammalian 

tissue. However, data could not be acquired from all 32 channels due to the board 
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configuration and the shape of the heart. Direct contact was only achieved with 10 of the 32 

available channels as shown in [Figure 19(b)]. After the data from these ten channels was 

collected and run through the custom m-file we utilized the time delays to obtain the optical 

map for impulse propagation in reference to a chosen electrode. The optical map acquired 

[Figure 19(c)] shows an impulse propagation trend that gradually increases the time delay 

as distance increases, but this trend was not continuous at one point. The impulse 

propagations were found to be in the range of 0-4ms and the conduction velocities in the 

range of 74-300cm/s [Figure 19(d)]. For native heart comparison, peak analysis [Figure 

19(e)] performed in 4 randomly selected channels and yielded an average R-wave 

amplitude of 4757.43 ± 1733.53µV and an overall QRS interval duration of 27.22 ± 

15.86ms. 

 

 

Figure 18 Evaluation of the waveforms from the data collected yielding average amplitude, average time to 
peak, and average relaxation time.  
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Figure 19 Electrophysiological assessment of native rat hearts obtained from 2-3 month old rats to 
acquire conduction maps, conduction velocities and peak analysis values  
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4.4 Discussion 

 
The mammalian heart lacks adequate capacity to repair or regenerate tissue damaged 

due to myocardial infarction caused by a heart attack. While tissue engineering strategies 

to develop artificial heart muscle for potential use in the replacement or regeneration of 

infarcted myocardial tissue have made significant progress, there has been a bevy of 

instrumentation systems specifically made for the measurement of electrical and 

mechanical properties of the in-vitro grown tissue. Here we describe the development and 

use of a system to measure EKG of the 3D-AHM that we generated in our laboratory 

using the advanced methods previously developed by us [7], [8], [9], [10], [12].  

The formation process of the 3D-AHM begins with the isolation of neonatal cardiac 

cells. The isolation yields cardiomyocytes, fibroblasts, endothelial cells, smooth muscle 

cells, cardiac stem cells, and pacemaker cells. These cells are plated on the fibrin gel, and 

they will begin to contract individually at different rates. After approximately 40 hours in 

culture, clusters of cells that have formed lead to a more uniform tissue level contraction 

[19]. Delamination follows as the tissue starts to contract forming a geometrical shape 

designated by the placement of the minutien pins. The delamination process is typically 

completed after a term of 4-5 days in culture. The minutien pins were placed to form a 

2.54cm2 square to facilitate the use of the 32-channel (1.60cm x 0.18cm) electrode board 

to measure the construct’s electrophysiological properties.  

Our system bypasses some of the problems innate to earlier systems such as the 

fractionation and low amplitudes of recorded waveforms seen by one research group [4]. 

The data collected with this system could not be properly analyzed to obtain impulse 

propagation. Our system mitigates this problem by using 4x greater resolution data 
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acquisition and different scalable parameters. With 32 separate channels, our system 

provides data gathering throughout the whole construct as opposed to the linear 

arrangement in the aforementioned study. A second group employing CFI was able to 

collect data 61 points with custom software and MATLAB [20]. However, our system is 

simpler to use, and with direct contact between the pins and specimen, this structure 

produces higher resolution waves for data analysis. Lastly, a third group using a 

commercially available system to record the action potentials of the bioengineered tissue 

[21] was not able to collect the wide range of data available as with our system.    

Assessment of the contractile properties of the 3D-AHM showed that our methods 

yielded functional tissues with forces of 500-700µN for patches containing 4X106 cells 

with a 6-7 day incubation period in culture. These values are comparable to those found 

in literature. In one study, Zimmerman et al. observed the twitch force of EHTs and 

found them to be 360±60µN. In a previous study, our group (Huang et al.) obtained the 

contractile force measurement of BEHM to be 500µN. Moving toward an in-vivo model 

requires further exploration into the improvement of the contractile force of fabricated 

cardiac tissue. In addition, evaluation of the muscle construct contraction yielded an 

overall change in length of approximately 0.2 mm (1%) with respect to the entire length 

of the tissues. In a previous study the average shortening (dL/dt) of unloaded 

cardiomyocytes was found to be -3.20 ± 0.66 [22]. Utilizing this same technique 

shortening of our tissues was found to be -1.88. These two values are not directly 

comparable; therefore, evaluation into the shortening of individual cardiomyocytes within 

the tissues should be performed in future studies.  
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Histological data displayed evidence of some degree of tissue level organization from 

the isolated cardiac cells. The Masson trichrome staining demonstrates evidence of the 

integration of the plated cells with the fibrin gel and formation of 3D-AHM. [Figure 

13(a)] shows the fibrin gel (pink) has degraded through time and the cells (dark spots) 

have dispersed in the tissue. [Figure 13(b)] also shows evidence of the integration 

between the scaffold and cell layer initially formed on top. The immunofluorescent 

staining gave us chance to observe the cardiac markers found in the 3D-AHM. The 

positive staining for α-actinin displayed the presence of z-lines of cardiac myofibrils 

[Figure 13(c-f)]. The presence of Cx43 indicates that cardiomyocytes in the present 

tissues exhibit electromechanical coupling [[Figure 13(c-d)]. Additionally, the presence 

of collagen type I shows there is presence of fibroblasts in the formed tissue [Figure 

13(e)]. And lastly there were signs of robust cell proliferation and nucleic division in 

these fabricated cardiac tissues, which were revealed by Ki67 positive staining [Figure 

13(f)]. Furthermore, a recently published study on the optimization of the cardiac muscle 

fabricated within our laboratory shows the effect of the supporting cells in the 

development of our tissues [23]. It also confirms the presence of other cells types in the 

constructs that were used for this study. 

Study of the electrophysiological properties of the myocardium is pivotal due to the 

propagation of electrical impulses through the tissue. These impulses drive the 

coordinated contractions of the heart and subsequently the flow of blood through the 

body. It is important to evaluate the electrical activity of the tissue during the culture and 

fabrication stages for it is this activity that directly correlates with the viability and 

functionality of the tissue. In the future, the observation and analysis of these properties 
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will grant us the capability to make the necessary adjustments to our current model in 

order to achieve a more similar cardiac construct to native heart tissue. Also, in order to 

be a functional tissue, the impulses must be comparable to those of native mammalian 

tissues so as to be used in-vivo studies in the future. 

With the goal to evaluate these electrical properties, we customized a commercially 

available system that enabled us to acquire EKG signals from the fabricated 3D-AHM at 

32 different locations. The 32 gold-plated pins fitted to the electrode board came in direct 

contact with the tissue, which allowed us to acquire a better signal from each point. The 

easy to use interface provided by Intan Technologies allowed us to modify the amplifier-

sampling rate and bandwidth to attain a clearer signal. With the features available and our 

modifications, this system also provided a higher resolution signal than seen in other data 

acquisition systems. Over periods of 30-60min the system recorded the signal waves 

breaking them up into 2-minute RHD data files. These files were then run through a 

customized MATLAB file provided to us by Intan Technologies to extract the data for 

analysis. This allowed us to look at each individual channel to obtain localized as well as 

overall conduction velocity and signal time delays between channels in any direction. 

Additionally, we were able to evaluate in detail the QRS complex of each channel’s 

signal and obtain the overall average of the tissue. 

Determination of the time delay was done by obtaining the maximum value of the 

cross correlation function, which indicates the point where the signals are best aligned 

thus yielding the number of samples the signal is lagging by. The lag in samples 

multiplied by the sampling rate used (5.00kS/s) gave us the time delay between each 

signal and the reference as seen in [Figure 15(c)]. Due to the properties of the cross 
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correlation calculation process, error is minimized even if noise is present.  With the 

acquired time delay values we constructed optical maps to visualize the propagation of 

the electrical impulse across the cardiac tissue with respect to the chosen reference 

[Figure 16]. We noted that a slight trend in impulse propagation could be seen in the 

tissues, however the overall propagation across the mapping area exhibited non-uniform 

characteristics. The absence of uniformity may be due to the lack of electrical stimulation 

of the tissue, which will be evaluated in subsequent studies. The forming of cell 

aggregates during the patch formation process or the presence of cardiac pacemaker cells 

causing contraction to start simultaneously at different parts of the construct may also 

explain the asynchronous beating of the 3D-AHM. Additionally, synchronous contraction 

relies on the appropriate proportion of fibroblasts, endothelial cells and smooth muscle 

cells [23]. Since these supporting cells proliferate faster than cardiomyocytes, this may 

also account for the uneven propagation of the signal. In the next step of the process, we 

acquired the time delay values of the native rat hearts, as well as tested and constructed 

an optical map to visualize the propagation of the electrical impulse with respect to the 

chosen reference [Figure 19(c)]. A trend of gradually increasing time delays as distance 

increases was noted on the optical map, but again, the trend is not continuous at every 

point. This asynchrony may be explained by the fact that the board cannot provide the 

same amount of contact between each gold plated pin and the heart due to the rigid 

configuration of the board and the curved surface of the heart. 

We were also able to obtain the localized and overall conduction velocities of the 3D-

AHM [Figure 17(b) and 17(c)] and native heart tissue [Figure 19(d)], due to the ability of 

the system to collect high-resolution data at 32 individual points on the cardiac construct. 
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Extensive analysis of the waves acquired with each channel along with known distances 

between channels allowed us to calculate localized conduction velocities of the electrical 

signals over the total area of the construct, which we did not see in other systems found in 

literature. Some investigators found the ventricular impulse propagation of 2-day-old 

Sprague-Dawley rats to be 25.4cm/s [24] and others found that of 10-day-old rats to be 

27cm/s [25]. Another group reported that bioengineered cardiac constructs exhibit an 

impulse propagation velocity of ≈15cm/s in the longitudinal direction and of ≈10cm/s in 

the transverse direction [26]. Yet another group showed an average impulse propagation 

of 8.6 ± 2.3cm/s in their cardiac constructs [5]. These values greatly differ from those 

found in this study. We observed localized conduction velocities to be within a range of 

127-488cm/s for 3D-AHM and 74-300cm/s in the native rat heart. The values depend on 

the distance between the reference electrode and all other electrodes, as well as the 

respective time delay in the signals. Furthermore, we calculated longitudinal 

(277.81cm/s), transverse (300.79cm/s), and diagonal (285.68cm/s) conduction velocities 

in the fabricated tissue, which far exceed those reported in noninfarcted adult rat 

myocardium (69 ± 6cm/s longitudinally and 19 ± 5cm/s transversally) [27]. These high 

values were consistent across all the different data sets acquired throughout the duration 

of the study. The discontinuity of values collected and those found in literature for the 

cardiac constructs may be a result of the difference in methodology used in the formation 

of the cardiac muscle. The majority of previous studies used only ventricular cells; 

however, the tissues in this study were comprised of cells found in both the atria and 

ventricles of neonatal rats. The spontaneous contraction rate of ventricular cells is 14-42 

bpm and that of atrial cells is 13-100 bpm [28]. The higher rate in the atrial cells seems to 
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coincide with the presence of cardiac pacemakers, which have a higher contraction rate of 

about 80-100 bpm. As shown in a previous study, cells found in aggregates formed 

during culture and which beat at a faster rate act as pacemakers [29] setting the rate of 

contraction for the tissue. In our case the faster beating pacemaker cells could be leading 

to higher contraction rates in the constructs. As well, the presence of pacemaker cells 

throughout the tissue that fire at different rates can cause contraction to emanate from 

different points and affect the values seen for the conduction velocities. Furthermore, the 

occurrence of connexin 43 indicates electromechanical coupling, however, the levels seen 

in our constructs may not be high enough to allow cardiac impulse propagation evenly 

throughout the tissue and allow for overall coordinated contraction, therefore affecting 

the values obtained. To validate these hypotheses, studies with constructs fabricated from 

only ventricular cells and treated to increase gap junction presence need to be performed 

in the future. In regards to the high values seen in the native rat heart, the lack of direct 

contact between each pin and the tissue surface may account for some error in the 

calculation of the conduction velocities. This system was specifically designed for the 

assessment of 3D-AHM and can provide some difficulty in assessment of other tissues. 

We are currently working on a flexible system that can be efficiently used to evaluate the 

electrical activity of native rat hearts and our tissues bypassing the aforementioned issue. 

From the data collected we analyzed the QRS complex of the EKG signal. From our 

tests we found the average amplitude for the R-wave of the fabricated constructs to be 

438.42 ± 36.96µV, which is similar to the values previously obtained in normal rats [30]. 

Moreover, we found the average R-wave amplitude of native tissue to be 4757.43 ± 

1733.53µV. We also obtained the average time to peak (147.3 ± 16.8ms) and average 
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relaxation time (170.2 ± 8.1ms) for the R-wave. The overall average for the QRS interval 

duration of 3D-AHM was found to be 317.5 ± 16.5ms and of rat heart 27.22 ± 15.86ms. 

This value of the fabricated tissue is much longer than the value found in normal rats (23 

± 5ms) [30], while the value of native tissue using our system is similar to other values 

found in literature. The difference in these values could be possibly explained by the 

difference between bioengineered cardiac constructs and the native heart. Although, our 

tissues show the formation of cardiac tissue, further improvement is needed in order to 

closely resemble native mammalian tissue that can be used in in-vivo studies in the 

future. In addition, further studies on the percentage of supporting cells and their effect 

on the electrical propagation within the constructs could prove beneficial to better 

understand the bioengineered constructs.  

 

4.5 Conclusion 

 
In summary, we demonstrated here that the system we developed is capable of 

quantifying the conduction velocity and other metrics associated with the 

electrophysiological properties of 3D-AHM.  In the future, we will be working in the 

development of a custom EKG sensing system, which will allow us to obtain all the 

desired data noninvasively in order to maintain the integrity of the 3D-AHM. During our 

testing the cardiac constructs showed some evidence of damage on the surface and we 

need to prevent damage to the tissue to acquire more sustainable constructs for 

implantation in the future. 
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CHAPTER 5 - 16-CHANNEL NONINVASIVE SYSTEM TO ASSESS THE 
ELECTROPHYSIOLOGICAL PROPERTIES OF FABRICATED HEART 

MUSCLE 
 

5.1 Study Overview 

 
For this study, we developed a 16-channel noninvasive direct contact system to assess 

the electrophysiological properties of bioengineered heart muscle. This system allowed 

us to obtain the same metrics acquired with the system described in the previous chapter, 

while minimizing damage caused to the heart muscle constructs. First, we fabricated our 

cardiac constructs by seeding rat neonatal primary cardiac cells on a fibrin gel. 

Remodeling of the cells and functional integration at the cell-scaffold level lead to the 

formation of functional tissues. Second, we developed the custom 16-channel electrode 

board compatible with the RHD2000-Series Amplifier Evaluation System (Intan 

Technologies, Los Angeles, CA) and capable of assessing the electrical properties of 3D-

AHM. With the system we were able to construct optical maps of the impulse 

propagation, calculate conduction velocities, and acquire other metrics associated with 

the electrical properties of our heart muscle constructs.  

 

5.2 Materials and Methods  

 
The Institutional Animal Care and Use Committee (IACUC) at the University of 

Houston, approved all animal protocols in accordance with the “Guide for the Care and 

Use of Laboratory Animals” (NIH publication 86-23, 1986). 
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5.2.1 Isolation of Primary Cardiac Cells 

Neonatal primary cardiac cells were isolated from the hearts of 2 to 3 day old 

Sprague-Dawley rats employing a method previously established [8]. Each heart was 

sectioned into 3 to 4 pieces in ice-cold PBS phosphate buffer comprised of 116mM NaCl, 

20mM HEPES, 5.5mM glucose, 5.4mM KCl, 1mM Na2HPO4, and 0.8mM MgSO4. After 

the blood cells were gently rinsed, the pieces were transferred to a second phosphate 

buffers solution for additional mincing. Tissues were cut into 1mm2 fragments and placed 

in a dissociation solution (DS) consisting of 0.32mg/mL collagenase type 2-filtered 

(Worthington Biochemical Corporation, Lakewood, NJ) and 0.6mg/mL pancreatin in 

phosphate buffer. The tissue sections and 15mL of DS were placed in an orbital shaker 

for 30 minutes at 37°C and 60 rpm to carry out serial digestion. After the 1st digestion 

was completed, the supernatant was collected in 3mL of horse serum to neutralize the 

enzyme, and placed in a centrifuge for 5min at 1000rpm and 4°C. The cell pellet was re-

suspended in 5mL of horse serum and maintained in an incubator at 37°C, supplied with 

5% CO2. Fresh DS was added to the partially digested tissue and the digestion process 

was repeated 2 to 3 times. The acquired cells were then pooled, centrifuged and 

suspended in culture medium (CM). The CM used consists of M199 (Life Technologies, 

Grand Island, NY) along with 20% F12K (Life Technologies), 10% fetal bovine serum, 

5% horse serum, 1% antibiotic-antimycotic, 40ng/mL hydrocortisone, and 100ng/mL 

insulin.  Trypan blue (4%) staining, was performed according to the manufacturer’s 

protocol to analyze cell viability.  
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5.2.2 Culture Plates Preparation  

All 35mm tissue culture plates were coated with 2mL of SYLGARD (PDMS, type 

184 silicone elastomer) (Dow Chemical Corporation, Midland, MI). The plates were air 

dried for 2 weeks allowing the silicone coating to form properly. Once the coating was 

fully formed the plates were sterilized with 80% ethanol before use. 4 minutien pins (Fine 

Science Tools, Foster City, CA) 0.1mm in diameter, were placed in the culture plate to 

serve as anchor points and form a 20mm X 20mm square [Figure 20(a)]. 

 

Figure 20 Process to fabricate bioengineered heart muscle using isolated neonatal rat cardiomyocytes and 
fibrin gel. PC: PDMS coated plate, MP: minutien pins, FG: fibrin gel, IC: isolated cells, FF: 
formed fibrin gel.  
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5.2.3 Fabrication of Cardiac Muscle 

The bioengineered heart muscle was fabricated using a fibrin gel and the isolated 

primary cardiac cells. The fibrin gel was formed by adding 1mL of CM containing 

10U/mL thrombin to the PDMS coated surface of each culture plate. Subsequently, 

500µL of saline containing 20mg/mL fibrinogen was added. Once both solutions had 

been added, the culture plates were shaken well to ensure complete mixing and complete 

plate coverage [Figure 20(b)]. Afterwards, the plates were situated in the incubator to 

drive the formation of the gel within 45 minutes. Primary cardiac cells were diluted in 

CM at 2 million cells/mL and 2mL of the solution were added to each plate with a fully 

formed fibrin gel [Fig 20(c)]. The cells were cultured in an incubator at 37°C supplied 

with 5% CO2 and underwent media changes every 2 days.  

5.2.4 Contractile Properties Assessment 

After the bioengineered tissues were fully formed, matured and were contracting 

synchronously (6-5 days in culture) [Figure 20(d)], the contractile force was measured. 

To measure the contractile force of the tissue constructs we used a highly sensitive 

TRI202PAD microforce transducer (Panlab, Barcelona, Spain). In order to avoid damage 

to the construct and minimize the amount of force lost due to vibration, a thin rigid wire 

was used to attach the tissues to the force transducer. The output signals from the force 

transducer were processed using the PowerLab16/35 data acquisition system 

(ADInstruments, Colorado Springs, CO), and then transmitted to LabChart for analysis. 

LabChart’s peak analysis feature was used to calculate the maximum twitch force of the 

tissue constructs.  
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5.2.5 Immunohistological Assessment 

Heart muscle constructs were directly fixed in ice-cold acetone for 10 minutes. Next 

nonspecific epitope antigens were blocked by using 10% goat serum for 1 hour at room 

temperature. The tissue segments were then incubated with mouse anti-α-actinin 

monoclonal antibody (1:200, Sigma, A7811), rabbit anti-collagen type I (1:100, Abcam, 

ab34710), and rabbit anti-connexin 43 (1:100, Abcam, ab11370) for 2 hours at room 

temperature. Next, the tissue fragments were treated with both goat anti-mouse and goat 

anti-rabbit secondary antibodies 1:400 (Alexa Fluor 488 and Alexa Fluor 546; Life 

Technologies, Grand Island, NY) for 1 hour at room temperature. Nuclei were 

counterstained with 2.5µg/mL 4,6-diamidino-2-phenylindole (DAPI) at room temperature 

for 5 minutes. Lastly, the tissue samples were placed on VWR® Microslides and 

fluorescent images were produced using a Nikon C2+ confocal laser-scanning 

microscope (Nikon Instruments Inc., Melville, NY). 

 

5.2.6 Design and Fabrication of Noninvasive EKG Sensing System 

Our laboratory obtained the commercially available RHD2000-Series Amplifier 

Evaluation system (Intan Technologies, Los Angeles, CA). This highly customizable 

system includes an Opal Kelly XEM 6010 USB/TPGA interface module, which is 

capable of supporting up to 256 low noise amplifier channels with sampling rates that 

range from 1 to 30kS/s. For the purpose of this study we used a sampling rate of 5kS/s 

and a bandwidth between 0.09Hz and 1.00kHz.Additionally we designed and fabricated a 

custom 33mm diameter circular printed circuit board (PBC) with 16 electrodes (5mm x 

5mm square size each) [Figure 21]. The PBC material used was industry standard FR-4 

(glass reinforced epoxy laminate) at 1.6mm thick. All 16 electrodes were placed on the 
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top-side of the PBC with thin copper conductive traces connecting them on the bottom 

side to a standard Omnetics connector that is compatible with our bio-potential 

amplifiers. The 33mm diameter PBC fit within a standard 35mm tissue culture plate. For 

our initial testing the electrodes were tinned. In the future an immersion gold process 

(ENIG) can be used for better biocompatibility if needed.  

 

 

Figure 21 Schematic for the custom 16-electrode board and fabricated printed 
circuit board with amplifier board from Intan Technologies attached 
using an Omnetics connector 
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5.2.7 Testing of EKG Sensing System 

The setup used during testing for this study can be seen in Figure 22. To aid in 

assessing the EKG properties of our fabricated constructs, a Cole-Parmer Stable Dry 

Temp Dry Block Heater (Vernon Hills, IL) was set to 37°C to maintain the tissues viable 

during the continuous testing. The tissue construct was removed from the culture plate 

and placed on top of the electrode board with the top surface facing down. The serial 

peripheral interface cable carries the signal from the amplifier/electrode assembly to the 

USB interface board [Figure 22(b)]. The action potential of each tissue construct was 

measured for up to 30 minutes, and the data was stored in 1 minute RHD file recordings. 

Once the data collection process had concluded the raw data was run through an open-

source m-file provided by Intan Technologies to import the data into MATLAB 

(MathWorks, Natick, MA) for analysis. Only files that displayed consistent readings as 

well as minimal distortion from acoustic or electronic sources were chosen as 

representative of the desired data set. Using the signal processing toolbox within 

MATLAB, the selected segments of data were analyzed, which allowed us to obtain cross 

correlation values that directly correspond to the lag in signals between the 16 electrode 

channels. This information was used to produce time delays and conduction velocity 

tables for the cardiac constructs. The electrical potential of each data set was also 

evaluated using peak analysis. 
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Figure 22 16-electrode noninvasive action potential acquisition system schematic and setup. SC: serial 
peripheral cable, BH: block heater, and AB: amplifier board 

 
 

5.3 Results 

 
During the course of fabricating the cardiac constructs, we observed that the 

delamination began approximately after 3 days. Delamination lead to the formation of the 

bioengineered tissues with a desired shape, by making use of the minutien pins as anchor 

points. This process is driven by the contractions of the cell layer that initially forms on 

the surface of the fibrin gel. Within 4 to 5 days the tissues are fully formed, contracting 

more synchronously, and ready for testing. The contractile force was evaluated and found 

to be ~600µN for tissues that have been 6 to 7 days in culture [Figure 23]. 



 53 

 

Figure 23 Setup used for contractile properties assessment and values acquired for fabricated heart muscle 
 

Histological data of the fabricated 3D-AHM was acquired to evaluate the distribution 

of the cardiac markers α-actinin, collagen type I, and connexin 43 [Figure 24]. Positive 

staining for α-actinin (green) delineates the z-lines present in cardiac myofibrils. Positive 

staining for collagen type I (red) underlines the inhabitance of cardiac fibroblasts within 

the 3D-AHM. Lastly, positive staining for connexin 43 (yellow) illustrates the existence 
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of cardiac gap junctions in the bioengineered muscle. Once the tissues were fully 

characterized, the system described in this study was used to evaluate the 

electrophysiological properties of the bioengineered heart muscle after 4 to5 days in 

culture.  

 

 

Figure 24 Immunohistological assessment of 3D-AHM showing positive staining for α-actinin 
(green), collagen type I (red), and connexin 43 (yellow) in cross sectional and z-stack 
images 
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The raw RHD files were run through an open source m-file to extract and graph the 

data [Figure 25]. This allowed us to obtain representative files for the acquired data.   The 

chosen files were then run through a custom m-file to retrieve the cross-correlation values 

between the signals of each channel and the chosen reference channels. For the purpose 

of this study the channels located in each corner of the board were used as references. 

The cross-correlation yields a peak where the signals overlap, which corresponds to the 

number of samples the signals are lagging by with respect to the reference. This 

information along with the sampling rate was used to determine the time delays between 

the signals, which we found be ranged from 0-38ms. 

 

 

Figure 25 Action Potentials at all 16 channels acquired using the developed sensing system and displayed 
in the same configuration found in the electrode board 

 

After the time delays were determined we constructed tables with these values as they 

pertained to the location of the electrodes on the sampling board [Figure 26]. The time 

delay tables were then used to illustrate the electrical impulse propagation within the 
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tissues by using optical maps. The optical maps are made by assigning a color range to 

the values to the time delay tables, making it possible to visually express the impulse 

propagation from the chosen reference channel to the 15 other channels with respect to 

time [Figure 27]. 

 
Figure 26 Time delay tables constructed using each channel in the corner as a reference in order to find 

the origin of the action potential 
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Figure 27 Impulse propagation optical maps using each channel in the corner as a reference in order to 

find the origin of the action potential 
 

 The information from both the optical maps and time delay tables aided in the 

location of the approximate region where the contraction was originally initiated. We 

discovered the impulse appeared to originate around channel 10. We obtained the time 

delays to construct the table shown in [Figure 28(a)]. With this data we were able to 

construct the optical map shown in [Figure 28(b)]. All of the optical maps acquired 
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during this study show a trend of time increasing as distance from the reference increases. 

However, at specific channels the trend is not seen, leading to the conclusion that the 

tissue constructs have an asynchronous impulse at some points.  

Once the origin of contraction was determined the localized conduction velocities 

corresponding to the 3D-AHM with respect to that channel were calculated. The 

calculations were based on the values acquired for the impulse propagation and the 

known distances traveled between the 16 channels. We were able to compute localized 

conduction velocities in the range of 20-170 cm/s as shown in [Figure 28(c)].  

 

 

Figure 28 Time delay table, optical map, and conduction velocities with respect to channel 10 where 
the signal was found to be originating 

 

The raw data was also run through a second custom m-file to perform peak analysis 

of the acquired data. We extracted 10s segments of raw data from all 16 channels [Figure 

29(a)]. With this information we determined the average wave amplitude, time to peak, 

and relaxation time [Figure 29(b)]. The average wave amplitude was found to be 159.7 ± 

22µV. The average time to peak was found to be 169.5 ± 7.9ms. Finally, the average 

relaxation time was 163.6 ± 7.8ms. The overall duration of the action potential cycle was 

calculated to be 360 ± 0.4ms. 
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Figure 29 Peak Analysis of the waveforms acquired with the system yielded average wave 
amplitude, average time to peak and average relaxation time of the action potentials 

 
 

5.4 Discussion 

 
The mammalian heart lacks the ability to self-repair damaged sections after acute 

myocardial infarction. The development of tissue equivalents that can repair or replace 

damaged sections of the heart has become and alternative treatment possibility where 

other treatments may fail. The paradigm of cardiovascular tissue engineering has matured 

to the degree where many different strategies can be used to develop functional tissue 

constructs. However, there is still a deficit of practicable instrumentation to measure the 

electrical properties of tissues grown in vitro. Here, we describe the development and 
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testing of a direct contact noninvasive system to measure the electrophysiological 

properties of 3D-AHM.  

The fabrication of the cardiac constructs in our laboratory begins with the isolation of 

neonatal rat primary cardiac cells. The cells consist of a mixture of cardiomyocytes, 

pacemaker cells, fibroblasts, endothelial cells, cardiac stem cells, and smooth muscle 

cells. Isolated cells are seeded on a fibrin gel and a monolayer forms on the top surface 

initially. Over time the cells integrate onto the scaffold and form the 3D cardiac 

construct. After approximately 40 hours in culture a more uniform contraction at the 

tissue level can be seen [19]. It is this contraction that leads to the construct becoming 

delaminated and forming around the minutien pins in the dish. This process continues for 

a period of 4 days until the tissue is fully formed and ready for testing with our system.  

The system consists of a custom fabricated 16-electrode board that is compatible with 

the RHD2000 Evaluation System from Intan Technologies. This system is capable of 

working around issues present in previously developed systems. One such problem is the 

fractionation of the waveforms and low amplitudes recorded by one research group [4]. 

This problem is avoided in our system due to a higher resolution for data acquisition. 

Another group using a separate commercially available system was only able to obtain a 

narrow range of data compared to the metrics acquired by our system [21]. Lastly, a 32 

channel direct contact system developed within our laboratory was efficient at gathering 

all the desired metrics [18]. However, the pins used to collect the action potentials at the 

tissue surface caused some tearing of the construct. This issue is not present with the 

instrumentation developed for this study.  
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Contractile assessment of the bioengineered heart muscle demonstrates the 

functionality of our tissues. The forces recorded for our constructs containing 4 x 106 

cells were up to ~600µN after an incubation period of a week. These values are 

comparable to those seen in literature. In a previous study our group discovered the 

contractile force of BEHM to be 500µN [10]. In a study performed by another group of 

researchers, they discovered that their engineered heart tissues had a contractile force of 

360 ± 60µN. This demonstrates that our tissues perform equivalent to other previously 

developed models; however, it is necessary to continue to improve upon this metric to 

better duplicate native tissues and move toward in vivo implantation.  

 Immunihistological assessment of our tissues was also performed to validate the 

development of cardiac muscle, by observing markers commonly seen in 3D-AHM. 

Positive staining for α-actinin (green) reveals z-lines of cardiac myofibrils. Positive 

staining for collagen type I (red) indirectly shows the presence cardiac fibroblasts within 

the 3D-AHM. As well, positive staining for connexin 43 (yellow) illustrates evidence of 

electromechanical coupling within the tissue. Staining for, and demonstrating the 

presence of these markers verifies the development of heart muscle [Figure 24(a)-(b)].  

Additionally, acquired z-stack images of the tissues with these specific markers show the 

three dimensionality of the constructs and some degree of tissue level organization 

[Figure 24(c)-(d)]. Moreover, a study, previously published by our lab on the 

optimization of our tissues, shows the presence of similar markers analyzed during this 

study as well as other cardiac markers. This study not only provides further insight into 

the characterization of our tissues, but also proves the presence of other types of cells that 

are needed to support the development of 3D-AHM [23].  
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 Understanding the electrical impulse propagation within the myocardium is 

crucial for proper tissue development. It is these impulses, which drive the blood flow 

through the body and the synchronized contraction of the heart. With the goal of 

evaluating these electrical properties we fabricated a custom board with 16 electrodes that 

was compatible with a commercially available system from Intan Technologies. The 

interface provided with this system allowed us to modify the bandwidth and amplifier-

sampling rate to obtain the best signal possible. Our system recorded the action potentials 

of the constructs for up to 30 minutes and recorded the signals into separate 1-minute 

RHD files. These files were run through an open source MATLAB file to extract the data 

and perform the necessary analysis. This allowed us to look at each individual channel to 

obtain time delays, impulse propagation, conduction velocities, and perform peak 

analysis. 

Computation of the time delay was accomplished by obtaining the maximum value of 

the cross correlation function, which points the instant where the signals are best aligned 

and thus yields the number of samples the signal is lagging by with respect to the chosen 

reference. The properties of cross correlation minimize errors in the calculation process, 

despite the presence of noise. The obtained sample lag from each channel multiplied by 

the sampling rate used (5.00kS/s) allowed us to obtain the time delay between each signal 

and the reference. The acquired time delays were used to construct tables that displayed 

the values with respect to each reference as can be seen in [Figure 26]. Next, we 

constructed optical maps to illustrate electrical impulse propagation across the 

bioengineered construct with respect to the chosen reference [Figure 27]. We discovered 

that the tissues exhibited a trend in impulse propagation, however asynchronous 
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characteristics were present at certain regions of the constructs, leading to an overall 

nonuniform electrical dispersion. The incongruity seen may be explained by the presence 

of cardiac pacemaker cells, which can cause contraction to start spontaneously at 

different regions of the 3D-AHM. Additionally, uniform contraction depends on the 

appropriate proportion of fibroblasts, smooth muscle cells and endothelial cells [23]. 

Seeing that these supporting cells have a faster proliferation rate than cardiomyocytes, 

this may also justify the discrepant propagation of the electrical impulse. Additionally, 

the absence of uniformity may be explained by the lack of electrical stimulation, which 

will be evaluated in subsequent studies.  

In the next step of the process, we evaluated both the optical maps constructed and 

the time delays calculated to determine the approximate origination location of the signal. 

All of the data pointed to channel 10, a time delay table and optical map were constructed 

using this channel as a reference [Figure 28(a)-(b)]. From the time delay tables we were 

also able to obtain the conduction velocities of the engineered heart muscle [Figure 

28(c)]. The previously performed analysis of the action potentials for each channel along 

with known distances between channels were used to compute the localized conduction 

velocities over the total area of the construct, which could not be achieved by systems 

used by other research groups. A research group found the neonatal ventricular electrical 

signal propagation to be 21.84 ± 1.48 and that of adult ventricles to be 31.69 ± 4.44cm/s 

[4]. The researchers reported that their bioengineered cardiac constructs exhibited 

conduction velocities of 9.35 ± 0.27cm/s and 11.89 ± 0.46cm/s when enriched. Another 

group showed an average impulse propagation of 8.6 ± 2.3cm/s in their cardiac constructs 

[5]. We observed conduction velocities to be in the range of 20-170cm/s for 3D-AHM. 
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Our calculated values differ from those found in literature, which may be explained by 

the usage of different methodology during the fabrication process. Additionally, the great 

majority of studies performed in the past made use of ventricular cells while we use cells 

found in both the atria and the ventricles. The contraction rate of atrial cells has been 

found to be 13-100bpm and that of ventricular cells to be 14-42bpm [28]. The wider 

range seen with atrial cells can be attributed to the presence of cardiac pacemaker cells, 

which have a contraction rate of 80-100bpm. It is the presence of these faster beating 

cells in our tissues that can lead to higher conduction velocities than those found 

elsewhere. As shown in a previously developed study, cells that aggregate during culture 

and that beat faster than other cells become the pacemakers and set the rhythm for 

contraction [29]. In order to determine the validity of our hypothesis studies of the 

electrophysiological properties of 3D-AHM fabricated with only ventricular cells need to 

be performed in the future.  

Once all possible metrics regarding electrical impulse of the constructs were acquired, 

the files were run through a secondary custom MATLAB program to perform peak 

analysis of the acquired raw data. From our tests we calculated the average wave 

amplitude to be 159.7 ± 22µV. Bursac et al. acquired average amplitudes of 260 ± 90 µV 

for their regular constructs and 430 ± 140 µV for enriched constructs [4]. Our values are 

lower most likely from inverting the constructs on the surface of the electrode board, 

possibly leading to some damage and/or loss of function. We also found the average time 

to peak (169.5 ± 7.9ms), average relaxation time (163.6 ± 7.8ms), and overall duration of 

the action potential (360 ± 0.4ms). This overall interval duration is longer than the 

duration of the QRS complex seen in normal rats (23 ± 5ms) [30]. This discrepancy can 
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be explained by the difference in contractile function between 3D-AHM and native rat 

heart, which we hope to diminish over time. Although, our bioengineered muscle shows 

the formation of three-dimensional cardiac tissues, further improvements are necessary to 

better resemble the functional properties of the native tissues.  

 

5.5 Conclusion 

 
A novel 16-electrode EKG sensing system was developed to assess the 

electrophysiological properties of 3D-AHM. Testing of the system proved its ability to 

quantify time delay, conduction velocities, and all other metrics pertaining to electrical 

impulses of our tissues. However, this system had the shortcoming of having to transfer 

the constructs and flip them onto the surface of the electrode board. In the future, studies 

into the possibility of growing the tissues directly over the board coated by a conductive 

silicone like material could prove useful to avoid such problems and to move closer 

toward in vivo studies.  
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CHAPTER 6 - 16-CHANNEL FLEXIBLE SYSTEM FOR THE MEASUREMENT 
OF THE ELECTROPHISIOLOGICAL PROPERTIES OF BIOENGINEERED 

ATRIFICIAL HEARTS 
 

6.1 Study Overview 

 
In this study, we developed a novel 16-electrode flexible system to monitor and 

record the action potential of bioartificial hearts (BAH) that have been pioneered in our 

laboratory. Our method for fabricating BAH is based on a three-step process. First, we 

decellularized rat hearts to obtain a three dimensional scaffold. Second, we cultured 

primary cardiac cells within a complex 3D fibrin gel to form artificial heart muscle. 

Third, we enveloped the acellular scaffold with the cardiac muscle and suspended the 

construct in media to provide the ideal conditions to produce a bioengineered heart. Once 

the fabricated hearts were formed we waited for a 24-48 hour period before acquiring the 

action potentials. In addition we also used our system to measure the electrical impulse of 

native rat hearts in real time in any configuration desired. During the course of this study 

we manufactured 16 flexible electrodes compatible with the RHD2000-Series Amplifier 

Evaluation System from Intan Technologies (Los Angeles, California) we used for 

previous studies. Each electrode was capable of recording the action potential of the 

constructs at any one location. With the information recorded from both the native hearts 

and artificial hearts, we were able calculate the cross correlation values to construct time 

delay tables and optical maps in a variety of configurations. We were also able to perform 

peak analysis on the procured data to evaluate the waveforms, specifically the QRS 

complex that is seen in mammalian hearts.  
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6.2 Materials And Methods 

 
The Institutional Animal Care and Use Committee (IACUC) at the University of 

Houston, approved all animal protocols in accordance with the “Guide for the Care and 

Use of Laboratory Animals” (NIH publication 86-23, 1986). 

 

6.2.1 Decellularization of Scaffolds 

 
Native hearts were obtained from 3 to 6 month old Sprague-Dawley rats and 

immediately washed in a phosphate buffered saline solution to prevent blood coagulation. 

The hearts were then incubated in 15 mL of a series of decellularization solutions as 

indicated in Table 1. Then they were placed in an orbital shaker at 60 RPM and 25°C 

over the course of 14 days. This decellularization process removes all cells, generating an 

acellular extracellular matrix scaffold.  
 

 

Table 1 Decellularization protocol used to obtain rat heart scaffolds  

 Components Schedule 

Solution 1 

80% Glycerol* 
0.9% NaCl 
0.05% NaN3 
25mM EDTA 

Days 0-2 

Solution 2 4.2% sodium deoxycholate 
0.05% NaN3 

Days 2-4 

Solution 3 1% SDS 
0.05% NaN3 

Days 4-6 and Days 8-10 

Solution 4 0.05% NaN3 Days 12-14 

Solution 5 3% Triton X-100* 
0.05% NaN3 

Days 6-8 and Days 10-12 

*By volume  
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6.2.2 Isolation of Neonatal Cardiac Myocytes 

 
Neonatal primary cardiac cells were isolated from the hearts of 2 to 3 day old 

Sprague-Dawley rats utilizing a pre-established protocol [8]. Each heart was cut into 

three to four sections in ice-cold PBS phosphate buffer. All the sections were gently 

rinsed to remove blood cells and thereafter transferred to a secondary phosphate buffer 

solution for additional mincing. Tissues were minced into approximately 

1mm2 fragments and transferred to a dissociation solution (DS) consisting of 0.32mg/mL 

collagenase type 2-filtered (Worthington Biochemical Corporation, Lakewood, NJ) and 

0.6mg/mL pancreatin in phosphate buffer. The minced tissues and 15mL of DS were 

placed in an orbital shaker for 30 minutes at 37°C and 60 rpm to commence a serial 

digestion. Once the first digestion was completed, the supernatant was collected in 3mL 

of horse serum in order to neutralize the enzyme, and placed in a centrifuge at 1000rpm 

for 5 minutes at 4°C. The cell pellet was re-suspended in 5mL of horse serum and kept in 

an incubator at 37°C supplied with 5% CO2. Fresh DS was added to the partially digested 

tissue and the procedure for the digestion was repeated two to three times. The cells 

acquired during the serial digestion were pooled, centrifuged and suspended in culture 

medium (CM). The CM used consists of M199 (Life Technologies, Grand Island, NY) 

along with 20% F12K (Life Technologies), 10% fetal bovine serum, 5% horse serum, 1% 

antibiotic-antimycotic, 40ng/mL hydrocortisone, and 100ng/mL insulin. Once the cell 

isolation process had concluded, cell viability was determined by Trypan blue (4%) 

staining according to the manufacturer’s protocol.  
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6.2.3 Fabrication of Bioengineered Heart Muscle 

 
Each 35mm tissue culture plate used for heart muscle fabrication was coated with 

2mL of SYLGARD (PDMS, type 184 silicone elastomer) (Dow Chemical Corporation, 

Midland, MI). The plates were air dried for two weeks to allow the silicone coating to 

form properly and subsequently sterilized with 80% ethanol prior to utilization. Four 

minutien pins (Fine Science Tools, Foster City, CA) 0.1mm in diameter, were placed in 

the culture plate to form a 20mm X 20mm square.  

Fibrin gel was formed by adding 1mL of CM containing 10U/mL thrombin to the 

coated surface of each culture plate. Afterwards, 500µL of saline containing 20mg/mL 

fibrinogen was added. The culture plates were shaken well to ensure complete mixing of 

both solutions and complete plate coverage. Subsequently, the plates were placed in the 

incubator to promote the formation of the gel within 45 minutes. Primary cardiac cells 

were diluted in CM at 2 million cells/mL and plated in 2mL of CM for each plate after 

the gel was fully formed. The cells were cultured in an incubator at 37°C supplied with 

5% CO2 and underwent media changes every other day.  

 

6.2.4 Fabrication of Bioartificial Hearts  

 
Decellularized heart scaffolds were washed three times and placed in PBS 24 hours prior 

to construct formation to remove any trace of decellularization solutions. At four to five 

days after plating, the bioengineered heart muscle constructs were fully formed and ready 

for wrapping. The anchoring minutien pins were gently removed from the heart muscle 

constructs. Each artificial muscle was then lifted using two forceps and delicately 
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inverted on the petri dish surface. The artificial heart tissues were then re-pinned to the 

PDMS using minutien pins. A 1.58mm diameter tubule was inserted through the aorta of 

each of the decellularized rat hearts in order to be able to suspend the BAH [Figure 

30(a)]. The decellularized scaffolds were placed on the surface of the inverted tissues as 

can be seen in Figure 30(b). The fabricated constructs were unpinned and gently sutured 

around the outside of the decellularized scaffolds using sterile 6-0 polypropylene sutures 

(AD Surgical, Sunnyvale, CA) [Figure 30(C)]. The completely wrapped constructs were 

suspended in a 50 mL conical tube containing 15 mL of CM along with ε-aminocaproic 

acid (2 mg/ml) [Figure 30(d)]. The whole heart constructs were placed in an incubator at 

37°C and 5% CO2 for a period of 24 to 48 hours before the electrical properties were 

assessed.  

 
 
Figure 30 Process for the fabrication of bioartificial hearts 
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6.2.5 Design and Fabrication of the Flexible Electrodes 

 
Our laboratory obtained the commercially available RHD2000-Series Amplifier 

Evaluation system (Intan Technologies, Los Angeles, CA). This highly customizable 

system includes an Opal Kelly XEM 6010 USB/TPGA interface module, which is 

capable of supporting up to 256 low noise amplifier channels with sampling rates that 

range from 1 to 30kS/s. For the purpose of this study we used a sampling rate of 5kS/s 

and a bandwidth between 0.09Hz and 1.00kHz. Additionally we designed and fabricated 

16 highly flexible individual microelectrodes able to obtain EKG readings from native rat 

hearts and the bioartificial heart developed within our laboratory. Each electrode was 

manufactured using a 42AWG micro coaxial cable acquired from Mouser Electronics 

(Mansfield, TX). This cable has a perfluoroalkoxy (PFA) jacket, 0.3mm diameter, and an 

impedance of 50 ohms. The cable was cut into 15cm segments and stripped on both ends. 

One end was connected to a male crimp pin and placed inside a crimp connector housing. 

This permitted ease of connection of individual electrodes to a female pin header 

connector soldered to the electrode board used. The other stripped end of the cable was 

soldered to a 2cm long flexible spring with an internal diameter of 0.1mm and a hooked 

end [Figure 31(a)]. This spring gives greater flexibility to the system, while providing a 

compatible attachment to the tissues. The joint between the spring and coaxial cable was 

covered using standard silicone tubing, 0.51mm in inner diameter [Figure 31(b)]. The 

silicone tubing served as reinforcement to prevent loosening of the springs during testing 

and increase their durability. 
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Figure 31 Flexible electrode design using a micro coaxial cable and a 0.1mm spring 

 

6.2.6 Testing of Bioartificial Hearts (BAHs) with the System Developed 

 
The bioengineered hearts were suspended using a support stand with triangular base 

to hold the tubing previously inserted into the aorta. Each of the 16 electrodes was 

connected by carefully twisting the spring into the surface of the tissue construct. The 

electrodes were placed in a four by four array as accurately as possible and connected to 

the electrode board as shown in Figure 32(a). Once set up is complete, the electrode 

board sends the information collected at the tissue/electrode interface to the amplifier 

board and subsequently to the USB interface board via a serial peripheral cable. The 

action potential of each BAH was measured for a 10-minute period. Following, the 

constructs with the electrodes still attached were submerged in a solution containing 10% 

2mM epinephrine mix (Krebs, glucose, and epinephrine) and 90% culture media [Figure 

32(b)]. The electrical activity was then recorded for a 5-minute period.  
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Figure 32 Testing of bioengineered hearts before and after 

epinephrine with flexible electrodes system 

 

6.2.7 Testing of Native Rat Hearts with the System Developed 

 
Additionally, to validate our current system for EKG data collection, the 

electrophysiological properties of native mammalian tissue were evaluated. Briefly, the 

hearts of 2-3 month old anesthetized Sprague-Dawley female rats were removed and 

immediately mounted on a Lagendorff perfusion system via the aorta. The use of this 



 74 

perfusion system allows for the flow of a nutrient rich, oxygenated solution through the 

excised heart to maintain beating for several hours after removal from the rat. During the 

course of this study we used a modified Krebs carbonated solution containing: 120mM 

NaCl, 25mM NaHCO3, 5.4mM KCL, 1.2mM NaH2PO4, 1mM MgCl2, 1.8mM CaCl2, and 

5.5mM glucose. Each of the 16 microelectrodes was connected to the heart in one of three 

configurations as can be seen in Figure 33. This allowed us to test the versatility of the 

system to acquire action potentials in any desired area of the heart. In all three 

configurations four electrodes were placed in a line along the location of the 

interventricular septum and the remaining eight were evenly distributed between the left 

and right side of the heart. The action potential of each heart was recorded for a 20-minute 

period for each configuration amounting to a 60 minutes of testing per heart.  

 

6.2.8 Data Analysis 

 
After the data was collected for both the engineered hearts and the native hearts, the 

RHD files were run through an open-source m-file provided by Intan Technologies to 

import the recorded data into MATLAB for analysis. After reviewing and graphing each 

individual data set, the most visually applicable waves with minimal interference from 

physical, acoustic, or electronic sources were selected. In order to avoid nonconforming 

signals, we verified that the data was consistent throughout the different segments 

collected for each tissue specimen. The selected data files were then processed with the 

signal processing toolbox in MATLAB for cross correlation, to determine the lag in 

signals between a chosen reference and all other 15 channels. This information was used 

to create tables showing the time delays from channel to channel, as well as to construct 
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optical impulse propagation maps for cardiac constructs and rat hearts. Peak analysis was 

also performed in order to evaluate the collected waveforms, the QRS complex and 

obtain all associated properties. 

 

 

Figure 33 Different configurations used for the placement of the flexible electrodes 
during native rat heart testing 
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6.3 Results 

 
Hearts extracted from adult Sprague Dawley rats were subjected to a series of 

decellularization solutions following the protocol outlined in Table 1. During the 

decellularization procedure the hearts became distinctly clearer and more translucent as 

the process progressed until all the cells had been removed, leaving behind an 

extracellular matrix scaffold. In a previously completed study within our research group 

the acellular scaffolds were stained to show the absence of cells within the scaffold [31]. 

The results showed that after the two-week decellularization protocol Masson’s trichrome 

stains contained only blue stains and revealed no nuclei. While H&E stains showed only 

red stained networks with no nuclei.  

During the process of fabrication of the artificial heart muscle we plated each cardiac 

construct with 4X106 cells. We observed that in the third day after cell plating the 

delamination stage of the patch formation process had commenced. The delamination 

process lasts between 1-2 days before the construct is fully formed in the desired shape. 

The cardiac constructs started to contract spontaneously after 2 days in culture, which is 

the mechanism that drives the delamination process. We also noted that the constructs 

were able to maintain contractile performance for a period of 8 days, after which, a 

significant decrease in performance was observed. For this reason we proceeded to use 

the formed constructs for the formation of bioartificial hearts after four to five days in 

culture.  

Before the formation of the bioartificial hearts we rinsed the decellularized hearts in 

order to remove sodium azide. Sodium azide leads to the lysing of cells if not completely 

removed, leading to the death of viable cells and subsequently undermining functionality 
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of the 3D-AHM constructs. The heart muscle constructs were carefully inverted in order 

to envelop the acellular matrix for the formation of the heart model. This was done 

because cells tend to aggregate on the top surface layers of the fibrin gel during 3D-AHM 

formation. Therefore, inverting the heart muscle prior to wrapping exposed the majority 

of the functional cells to the outer surface allowing for ease of action potential 

measurement of the tissues.  

Once the tissues were fully formed and ready for testing within 24 to 48 hours we 

observed the electrophysiological properties of the heart constructs utilizing the system 

designed for this study. The action potentials of the heart model were acquired for a 

period of 10 minutes, but no significant waveforms were detected during testing. 

Subsequently, the heart constructs were submerged in an epinephrine media mix to 

increase the contraction rate of the tissues to be able to evaluate electrical impulse. The 

raw RHD files collected using the system were imported to MATLAB for analysis. By 

graphing each of the subsets of data collected we were able to select the most optimal and 

representative samples with minimal interference. 

The selected data was then run through a custom MATLAB program designed to 

obtain all the impulse propagation metrics possible. We first obtained a subplot of the 

waveforms collected in all 16 channels and displayed it in the same configuration they 

were placed on the surface of the tissues [Figure 34]. We observed an increase in the rate 

of contraction and amplitude of the electrical impulse. However, the data acquired though 

significant with respect to previous testing, displayed an erratic behavior hindering the 

construction of accurate optical impulse maps.  
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Figure 34 Action potentials of bioartificial hearts after submersion in epinephrine mix 

 
Next, we evaluated the electrophysiological properties of native hearts obtained from 

two to three month old Sprague Dawley rats to validate the system developed. 

Immediately after extraction, the hearts were mounted on a Lagendorff perfusion system 

via the aorta. This setup maintains the heart beating for several hours outside the body, by 

continuous flow of a nutrient rich, oxygenated solution through the excised heart. Each of 

the 16 microelectrodes was connected to the heart in one of three configurations as can be 

seen in Figure 33. This allowed us to test the versatility of the system to acquire action 

potentials in any desired area of the heart.  

The raw RHD files collected using the system were imported to MATLAB for 

analysis. The selected data was then run through a series of custom MATLAB programs 

designed to evaluate each of the individual configurations separately. First we 

constructed subplots of all three configurations used to determine the efficacy of the 

system to obtain EKG signals using all 16 channels. As can be seen in Figure 35 all 

configurations used yielded readable signals in all channels.  
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Figure 35 Subplots displaying the action potentials of native rat hearts collected using 
all three configurations 
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Next, we performed cross correlation analysis to obtain the values that each signal 

lags by with respect to a chosen reference channel. Cross-correlation provides a peak 

where the signals overlap, giving us the number of sample lags in between the signals. 

For the purpose of this study we chose the electrode placed at the top of the 

interventricular septum as the reference for each configuration. Since we know the 

sampling rate used during testing as well as the sample lags, we were able to calculate the 

time delay between waveforms. With the data set acquired we produced tables showing 

the time delay between each electrode and the chosen reference electrode [Figure 36]. We 

found that the delay times between the signals for configuration one were in the range of 

0ms to 40ms, for configuration two they were in the range of 0ms to 75ms, and for 

configuration three they were in the range of 0ms to 95ms.  

 

 
 
Figure 36 Time delay tables constructed for all three configurations used during testing 

 
Once the time delay tables were formed, we used these values to construct optical 

maps to monitor impulse propagation throughout mammalian hearts. These maps were 

constructed by assigning a range of colors to the time delay values acquired using the 

MATLAB command ‘imagesc’. Using this process we are able to expresses the impulse 

propagation from the chosen reference channel to all other channels visually with respect 

to time. We obtained 3 different optical maps corresponding to the three configurations 

used during testing, as can be seen in Figure 37.  
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Figure 37 Optical maps constructed using each of the three configurations used during 
testing 
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In each of the optical maps, it can be seen that moving from the reference in a 

downward direction along the interventricular septum, the time is incrementing as the 

distance increases for all three configurations. Additionally, an impulse propagation trend 

can also be seen throughout sections of the heart, most noticeably in configuration 1 

[Figure 37(a)]. Nonetheless, at certain channels the time delay is not gradually increasing, 

yielding asynchronicity in areas of the maps.  

Lastly, the previously chosen raw data files were also run through an m-file written to 

perform peak analysis of the acquired data. We extracted a 10 second segment and 

identified the QRS complex in the EKG signal, which can be seen more clearly in Figure 

38. We used this segments in order to calculate the amplitude of the R-wave, the time to 

peak, and the relaxation time of the signals acquired.  
 

 

Figure 38 Peak Analysis performed to obtain average R-wave amplitude and QRS complex duration of 
native rat hearts 
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Preliminary results gathered from the peak analysis of one of the hearts tested show 

average R-wave amplitudes of 4276.9 ± 1760µV. Further analysis needs to be completed 

in order to obtain time to peak, relaxation time values, and overall QRS complex duration 

interval. As well as, to obtain these values from all the data acquired from all native rat 

hearts tested during the course of this study. 

 

6.4 Discussion 

 
The heart is an intricate system incapable of self-repairing areas of tissue that have 

been damaged due to lack of oxygen brought on by myocardial infarction. Heart muscle 

tissue engineering focuses on alleviating such issues by providing the latest methodology 

for fabricating native tissue equivalents. The ultimate goal of which is to produce 

constructs that resemble native mammalian tissue in function and structure to repair, 

replace or even augment infarcted tissues. Developing phenotypically and physiologically 

relevant tissues requires us to assess the functional performance of the fabricated tissues. 

While strategies for engineering cardiac tissues have advanced significantly, there is still 

a need for proper instrumentation to fully evaluate and understand the tissue models 

developed in the laboratory. The research described in this chapter focused on the 

development of a versatile flexible system capable of measuring the electrophysiological 

properties of bioartificial hearts developed in-vitro, as well as those of native rat hearts.  

The decellularization protocol took place over the course of two weeks. The native rat 

hearts were immersed in the decellularization solutions instead of actively perfusing the 

them through the hearts as done in previous studies [32]. This was done in order to 

maximize the efficiency of the protocol and fully remove all cells from the heart. After 
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the decellularization of the hearts, the remaining extracellular matrix appeared to remain 

intact and ready for the formation of the heart constructs. In a previously developed study 

within our laboratory, the efficiency of our protocol was tested and characterization of the 

acellular scaffold was performed [31]. The results acquired from H&E and Masson’s 

trichrome staining during that study showed the striated extracellular matrix network 

without any cellular presence. Additionally, immunohistological staining of the acellular 

hearts showed a collagen rich network without any cells. 

The methodology used to generate 3D-AHM in this study represents a novel 

cardiovascular tissue engineering protocol for the generation of cardiac muscle. The 

formation process of the 3D-AHM begins with the isolation of primary cardiac cells from 

two-day-old rats. The isolation process yields cardiomyocytes, fibroblasts, endothelial 

cells, smooth muscle cells, cardiac stem cells, and pacemaker cells. The cells collected 

are then plated on a fibrin gel, where they begin to contract individually at different rates. 

Once approximately 40 hours after cell plaiting have elapsed, clusters of cells that have 

previously formed lead to a more uniform tissue level contraction [19]. Delamination of 

the tissue ensues, forming a geometrical shape designated by the placement of the 

minutien pins. The delamination process is usually completed within four to five days 

after seeding.  

There are three steps for the overall formation of the bioartificial hearts. The first step 

is based on the development of an acellular scaffold through decellularization. The 

second step is the development of functional heart muscle constructs. Lastly, the third 

step is the wrapping of the formed 3D-AHM around the treated heart. This is 

accomplished by inverting the muscle constructs and placing a decellularized heart on the 
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surface. Next, the construct is sutured in such a manner that it fully envelops and is in 

direct contact with the scaffold. This methodology has been proven to provide an 

effective delivery vehicle of functional cardiomyocytes to the decellularized scaffold in 

lieu of passive seeding of the cardiac cells. In previous studies coating or direct cell 

injections have proven inefficient due to the fact that most of the cells are washed away 

from the scaffold [32]. By enveloping the heart with our cardiac muscle construct, we are 

able to retain most of the cells providing a more functional heart model to test with our 

system.  

Study of the electrophysiological properties of tissue equivalents fabricated in vitro is 

crucial for proper tissue development. Proper electrical function drives the coordinated 

contractions of the heart and subsequently the flow of blood through the body. By 

understating the propagation of electrical impulses through the constructs, we can assess 

how closely these mimic native tissues and what necessary changes have to be made 

during the development and maturation process.  

Instrumentation previously developed for assessing the electrical impulses, has 

focused on muscle constructs rather than the more complex models used during this 

study. To fill the gap between planar tissue constructs and more complex native cardiac 

structures, we fabricated a highly flexible 16-microelectrode system that is compatible 

with the RHD200 Evaluation System from Intan Technologies. This system not only 

efficiently collects electrical impulse data from complex cardiac constructs; it also 

bypasses issues innate to previously developed systems. In a previous study, one research 

group used a custom fabricated cylindrical plexiglass chamber fitted into an electrically 

grounded brass casing. This system used 8 microelectrodes placed 1.5mm to 5mm away 
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from the site of stimulation on the heart muscle [4]. The data collected with this system 

showed fractionation and low amplitude, preventing analysis to obtain impulse 

propagation. A second group employing contact fluorescence imaging (CFI) was able to 

collect electrophysiological data by placing the target specimen in a chamber above a 

fiber bundle [20]. However, this system cannot be used with complex cardiac constructs. 

Lastly, two separate direct contact systems previously developed within our laboratory 

proved efficient at gathering all the desired metrics of 3D-AHM. However, neither of 

these systems can be accurately used to acquire the action potential of bioartificial hearts 

or native rat hearts.  

Our system recorded the action potentials of bioartificial hearts for a period of 10 

minutes, but no significant waveforms were detected during testing. This can be due to 

the fact that the tissues were only suspended in media from one to two days, leaving little 

time for the 3D-AHM to more functionally integrate with the acellular scaffold. In 

addition, the allotted time may not be sufficient to allow the tissues to recuperate from the 

invasive procedure of suturing them onto the decellularized heart. Testing of BAHs that 

have been in culture for more than two days is necessary to better understand the 

electrical properties of this model. 

 Since no usable data was acquired from previous testing, the heart constructs were 

submerged in an epinephrine media mix to increase the contraction rate of the tissues to 

be able to evaluate electrical impulse. Each of the subsets of data collected was evaluated 

to select the most optimal and representative samples with minimal interference. The 

selected data was then plotted to analyze the EKG signal seen in all 16 channels. We 

observed an increase in the rate of contraction and amplitude of the electrical impulse 
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proving the functionality of our system. However, the data acquired though significant 

with respect to previous testing, displayed an erratic behavior hindering the construction 

of accurate optical impulse maps. In order to bypass this problem in the future, it may 

prove pertinent to maintain the bioengineered hearts in culture for longer periods of time 

before assessing the electrical properties.  

Our system was also used to evaluate the electrical impulse of native hearts in one of 

three configurations as can be seen in Figure 33. This allowed us to test the versatility of 

the system to acquire action potentials in any desired area of the heart. The selected data 

was then run through a series of custom MATLAB programs designed to evaluate each of 

the individual configurations separately. We constructed subplots of all three 

configurations as can be seen in Figure 35. We observed that readable EKG signals were 

collected from each of the channels. These validates the versatility of ours system to be 

used in any configuration and with any three-dimensional construct desired.  

Computation of the time delay between each channel and the chosen reference was 

done by obtaining the maximum value of the cross correlation function. This value 

indicates the point where the signals are best aligned thus yielding the number of samples 

the signal is lagging by. These acquired values along with the sampling rate used  

(5.00kS/s) permitted the calculation of the time delay between each signal and the 

reference as seen in Figure 36. We chose the top electrode along the interventricular 

septum as the reference due to the fact that the electrical impulse first originates in the SA 

node, travels to the AV node, and then travels through the bundle of His and down the 

bundle branches, on either side of the interventricular septum. 
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With the calculated time delay values we constructed optical maps to visualize the 

propagation of the electrical impulse across the rat hearts for all three configurations 

[Figure 37]. A visual trend of gradually increasing time delays as distance increases down 

the interventricular septum can be seen in all three optical maps. This is what we 

expected to see due to the known impulse propagation in the heart. A trend in electrical 

impulse distribution can also be seen throughout other sections of the heart (most 

noticeably configuration 1), but it is not continuous at every point. This can be seen in the 

electrode located in the right ventricle adjacent to the third electrode down the 

interventricular septum. We hypothesize the disparity of impulse distribution seen here is 

due to a less than ideal connection at that point and can be easily fix by better securing 

the spring to the surface of the heart. Additionally, to better understand impulse 

propagation through the ventricles, it may be pertinent to obtain localized optical maps 

using an electrode towards the apex of the heart as the reference and individually 

evaluating the left and right sides of the heart. This is due to the fact that the electrical 

impulse propagation in the ventricles travels from the bottom of the ventricle up. 

Moreover, in the future flexible guides of the different configurations used should be 

designed, to accurately determine the distance between electrodes, in order to calculate 

conduction velocities using this system. 

From the data collected we identified the QRS complex of the EKG signal and 

performed preliminary analysis of the data. From our tests we found the average 

amplitude for the R-wave of one of the native rat hearts to be 4276.9 ± 1760µV, which is 

similar to the values previously obtained with our first system [18]. Further analysis 



 89 

needs to be performed in order to obtain time to peak, relaxation time, and overall QRS 

complex duration, to fully complete this study.  

 

6.5 Conclusion 

 
A novel 16-microelectrode flexible EKG sensing system was developed to assess the 

electrophysiological properties of BAH and native rat hearts. Testing of the system 

proved its ability to quantify time delay, impulse propagation, and other metrics 

pertaining to action potential of cardiac tissues. This system has a high range of 

flexibility, allowing it to be used with a wide variety of tissue models. However, the 

system has a shortcoming when it comes to defining the exact distance between 

electrodes needed to accurately calculate impulse propagation velocities. In the future, 

manufacturing stencils with different configurations could aid in the placement of the 

electrodes, and subsequently the calculation of conduction velocities. 
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