
University of Central Florida University of Central Florida 

STARS STARS 

Electronic Theses and Dissertations, 2004-2019 

2010 

Patterned Cell Cultures For High Throughput Studies Of Cell Patterned Cell Cultures For High Throughput Studies Of Cell 

Electrophysiology And Drug Screening Applications Electrophysiology And Drug Screening Applications 

Anupama Natarajan 
University of Central Florida 

 Part of the Medical Sciences Commons 

Find similar works at: https://stars.library.ucf.edu/etd 

University of Central Florida Libraries http://library.ucf.edu 

This Doctoral Dissertation (Open Access) is brought to you for free and open access by STARS. It has been accepted 

for inclusion in Electronic Theses and Dissertations, 2004-2019 by an authorized administrator of STARS. For more 

information, please contact STARS@ucf.edu. 

STARS Citation STARS Citation 
Natarajan, Anupama, "Patterned Cell Cultures For High Throughput Studies Of Cell Electrophysiology And 
Drug Screening Applications" (2010). Electronic Theses and Dissertations, 2004-2019. 1578. 
https://stars.library.ucf.edu/etd/1578 

https://stars.library.ucf.edu/
https://stars.library.ucf.edu/
https://stars.library.ucf.edu/
https://stars.library.ucf.edu/etd
http://network.bepress.com/hgg/discipline/664?utm_source=stars.library.ucf.edu%2Fetd%2F1578&utm_medium=PDF&utm_campaign=PDFCoverPages
https://stars.library.ucf.edu/etd
http://library.ucf.edu/
mailto:STARS@ucf.edu
https://stars.library.ucf.edu/etd/1578?utm_source=stars.library.ucf.edu%2Fetd%2F1578&utm_medium=PDF&utm_campaign=PDFCoverPages
https://stars.library.ucf.edu/
https://stars.library.ucf.edu/


 
 

PATTERNED CELL CULTURES FOR HIGH THROUGHPUT 
STUDIES OF CELL ELECTROPHYSIOLOGY AND DRUG 

SCREENING APPLICATIONS 
 
 
 
 
 
 

by 
 

ANUPAMA NATARAJAN 
B.S. University of Madras, India, 2000 

M.S. Clemson University, 2003 
 
 
 

A dissertation submitted in partial fulfillment of the requirements  
for the degree of Doctor of Philosophy 

in the Department of Biomedical Sciences 
in the College of Medicine 

at the University of Central Florida 
Orlando, Florida 

 
 
 
 

Summer Term 
2010 

 
 

Major Advisor: James J. Hickman 
 



 ii

ABSTRACT 

 
 

Over the last decade, the field of tissue and bio-engineering has seen an increase in the 

development of in vitro high-throughput hybrid systems that can be used to understand cell 

function and behavior at the cellular and tissue levels. These tools would have a wide array of 

applications including for implants, drug discovery, and toxicology, as well as for studying cell 

developmental behavior and as disease models. Currently, there are a limited number of efficient, 

functional drug screening assays in the pharmacology industry and studies of cell-surface 

interactions are complicated and invasive. Most cell physiology studies are performed using 

conventional patch-clamp techniques or random networks cultured on silicon devices such as 

Microelectrode Arrays (MEAs) and Field Effect transistors (FETs).  

The objective of this study was to develop high-throughput in vitro platforms that could 

be used to analyze cell function and their response to various stimuli. Our hypothesis was that by 

utilizing surface modification to provide external guidance cues for various cell types and by 

controlling the cell environment in terms of culture conditions, we could develop an in vitro 

hybrid platform for sensing and testing applications. Such a system would not only give 

information regarding the surface effects on the growth and behavior of cells for implant 

development applications, but also allow for the study of vital cell physiology parameters like 

conduction velocity in cardiomyocytes and synaptic plasticity in neuronal networks.  

This study outlines the development of these in vitro high throughput systems that have 

varied applications ranging from tissue engineering to drug development. We have developed a 

simple and relatively high-throughput method in order to test the physiological effects of varying 
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chemical environments on rat embryonic cardiac myocytes in order to model the degradation 

effects of polymer scaffolds.  Our results, using our simple test system, are in agreement with 

earlier observations that utilized a complex 3D biodegradable scaffold. Thus, surface 

functionalization with self-assembled monolayers combined with histological/physiological 

testing could be a relatively high throughput method for biocompatibility studies and for the 

optimization of the material/tissue interface in tissue engineering. 

Traditional multielectrode extracellular recording methods were combined with surface 

patterning of cardiac myocyte monolayers to enhance the information content of the method; for 

example, to enable the measurement of conduction velocity, refractory period after action 

potentials or to create a functional reentry model. Two drugs, 1-Heptanol, a gap junction blocker, 

and Sparfloxacin, a fluoroquinone antibiotic, were tested in this system. 1-Heptanol 

administration resulted in a marked reduction in conduction velocity, whereas Sparfloxacin 

caused rapid, irregular and unsynchronized activity, indicating fibrillation. As shown in these 

experiments, the patterning of cardiac myocyte monolayers increased the information content of 

traditional multielectrode measurements.  

Patterning techniques with self-assembled monolayers on microelectrode arrays were 

also used to study the physiological properties of hippocampal networks with functional uni-

directional connectivity, developed to study the mono-synaptic connections found in the dentate 

gyrus. Results indicate that changes in synaptic connectivity and strength were chemically 

induced in these patterned hippocampal networks. This method is currently being used for 

studying long term potentiation at the cellular level. For this purpose, two cell patterns were 

optimized for cell migration onto the pattern as demonstrated by time lapse studies, and for 
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supporting the best pattern formation and cell survival on these networks.  The networks formed 

mature interconnected spiking neurons.  

In conclusion, this study demonstrates the development and testing of in vitro high-

throughput systems that have applications in drug development, understanding disease models 

and tissue engineering. It can be further developed for use with human cells to have a more 

predictive value than existing complex, expensive and time consuming methods.  

 
 

 

 

 

 

 

 

 

 

 

 

 

 
 



 v

 

ACKNOWLEDGEMENTS 
 
 

I would like to thank Dr. Hickman for supporting and guiding me throughout my 

graduate years. He has been a true mentor. I would like to thank Dr. Molnar for providing me 

with invaluable ideas, suggestions and advice through the years. I would like to thank members 

of the Hybrid systems laboratory without whose help much of the work in this dissertation would 

not be possible.  And last but not the least I would like to thank members of my committee for 

feedback, and helpful suggestions. Thank you to all. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 vi

 

For Mom and Dad 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 vii

TABLE OF CONTENTS 
 
 
LIST OF FIGURES ....................................................................................................................... ix 
LIST OF TABLES.......................................................................................................................... x 
CHAPTER 1: INTRODUCTION................................................................................................... 1 

References:.................................................................................................................................. 8 
CHAPTER 2: GROWTH AND ELECTROPHYSIOLOGICAL PROPERTIES OF RAT 
EMBRYONIC CARDIOMYOCYTES ON HYDROXYL- AND CARBOXYL-MODIFIED 
SURFACES .................................................................................................................................. 10 

Introduction............................................................................................................................... 10 
Materials and Methods.............................................................................................................. 12 

Surface modification............................................................................................................. 12 
Surface characterization........................................................................................................ 14 
Embryonic rat cardiomyocyte culture................................................................................... 14 
Histology............................................................................................................................... 15 
Electrophysiology ................................................................................................................. 15 

Results....................................................................................................................................... 16 
Surface modification............................................................................................................. 16 
Morphological characterization of cardiomyocytes on functionalized surfaces................... 17 
Electrophysiology ................................................................................................................. 18 

Discussion................................................................................................................................. 18 
Conclusion ................................................................................................................................ 20 
References................................................................................................................................. 26 

CHAPTER 3: PATTERNED CARDIOMMYOCYTES ON MICROELECTRODE ARRAYS: 
TOWARDS THE DEVELOPMENT OF A FUNCTIONAL, HIGH INFORMATION 
CONTENT DRUG SCREENING PLATFORM.......................................................................... 30 

Introduction............................................................................................................................... 30 
Materials and Methods.............................................................................................................. 34 

Surface modifications of microelectrode arrays with PEG silanes....................................... 34 
Laser ablation and patterning of the microelectrode arrays.................................................. 34 
Contact angle measurements................................................................................................. 35 
X-Ray photoelectron spectroscopy ....................................................................................... 35 
Neonatal rat cardiomyocyte culture ...................................................................................... 36 
Multielectrode extracellular recordings ................................................................................ 37 

Results....................................................................................................................................... 38 
Surface modification of the microelectrode arrays ............................................................... 38 
Cultured neonatal rat cardiomyocytes on patterned surfaces in serum-free medium........... 40 
Extracellular recordings from patterned cardiomyocytes on the MEAs............................... 41 
Electrical stimulation optimization experiments .................................................................. 43 
Pharmacology and toxin studies ........................................................................................... 44 

Discussion................................................................................................................................. 45 



 viii

Surface modification, photolithographic patterning and patterned cardiac myocyte cultures 
on micro-electrode arrays...................................................................................................... 45 
Electrophysiology, toxin and drug effects ............................................................................ 46 

Conclusion ................................................................................................................................ 47 
................................................................................................................................................... 55 
................................................................................................................................................... 56 
References................................................................................................................................. 57 

CHAPTER 4: CREATING FUNCTIONAL NEURONAL NETWORKS ON 
MICROELECTRODE ARRAYS TO STUDY SYNAPTIC........................................................ 61 

Introduction............................................................................................................................... 61 
Materials and Methods.............................................................................................................. 64 

Surface cleaning.................................................................................................................... 64 
Surface modification............................................................................................................. 64 
Photolithographic patterning................................................................................................. 65 
Surface characterization........................................................................................................ 65 
Cell culture............................................................................................................................ 66 
Extracellular microelectrode recordings ............................................................................... 66 

Results....................................................................................................................................... 67 
Surface modification and patterning of hippocampal neurons on microelectrode arrays..... 67 
Extracellular recordings from patterned neuronal networks................................................. 69 

Discussion................................................................................................................................. 71 
References:................................................................................................................................ 79 

CHAPTER 5: DESIGNING PATTERN FEATURES TO STUDY TWO CELL 
HIPPOCAMPAL NETWORKS AND CELL MIGRATION IN SERUM FREE MEDIUM ...... 82 

Introduction............................................................................................................................... 82 
Materials and Methods.............................................................................................................. 83 

Surface cleaning.................................................................................................................... 83 
Surface modification of the acid washed slips...................................................................... 84 
Photolithographic patterning................................................................................................. 84 
Surface characterization........................................................................................................ 85 
Cell culture............................................................................................................................ 87 
Time lapse recording............................................................................................................. 87 

Results....................................................................................................................................... 88 
Discussion................................................................................................................................. 90 
References................................................................................................................................. 95 

CHAPTER 6: GENERAL DISCUSSION.................................................................................... 97 
References............................................................................................................................... 101 

 
 
 
 
 
 
 



 ix

LIST OF FIGURES 
 
Figure 2-1: Surface modification of the glass coverslips.............................................................. 22 
Figure 2-2:  Morphology of cardiomyocyte beating clusters on the functionalized surfaces at day 

5............................................................................................................................................. 23 
Figure 2-3: Characterization of beating cell clusters and cell morphology .................................. 24 
Figure 2-4: Electrophysiological characterization of cardiac myocytes grown on the 

functionalized surfaces at day 7 in vitro ............................................................................... 25 
Figure 3-1: XPS analysis .............................................................................................................. 49 
Figure 3-2: Patterned neonatal cardiomyocytes............................................................................ 51 
Figure 3-3: Action potential conduction in patterned cardiac myocyte monolayers. ................... 52 
Figure 3-4: Measurement of conduction velocity in patterned cardiac myocyte monolayers with 

electrical stimulation............................................................................................................. 53 
Figure 3-5: Measurement of refractory period after cardiac action potential. .............................. 54 
Figure 3-6: Effect of the gap junction blocker 1-Heptanol........................................................... 55 
Figure 3-7: Effect of the HERG channel antagonist Sparfloxacin. .............................................. 56 
Figure 4-1: XPS analysis of MEAs before and after surface modification with SAMs ............... 74 
Figure 4-2: Pattern design and patterned embryonic hippocampal neurons................................. 75 
Figure 4-3: Induction of LTP like activity in cultured hippocampal networks. ........................... 76 
Figure 4-4: Induction of LTP like activity in cultured hippocampal networks. ........................... 77 
Figure 4-5: Analysis of synaptic restructuring after ACPD addition ........................................... 78 
Figure 5-1: Chemically patterned surface chemistry characterization using XPS ....................... 92 
Figure 5-2: Metallized image of the two-neuron circuit design with different dimensions ......... 92 
Figure 5-3: Characterization of the effect of feature size and line width on cellular pattern 

formation............................................................................................................................... 93 
Figure 5-4: Time lapse sequences over 48 hours of a two-neuron circuit formation by somal 

translocation mode neuron migration ................................................................................... 94 
 
 
 
 
 
 
 
 
 
 
 



 x

 

 

LIST OF TABLES 
 
Table 2-1 Electrophysiological characterization of 1 week old cardiac myocyte culture grown on 

functionalized cultures .......................................................................................................... 21 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 1

CHAPTER 1: INTRODUCTION 
 
 

The idea of using cell-silicon hybrid systems for varied applications has been studied 

extensively over the last decade.  Such a system offers a result that is three fold. Cells have a vast 

array of receptors and resultant downstream pathways that respond to specific compounds in 

certain definite ways: (a) they are capable of responding to a wide variety of bioactive chemicals 

and can potentially offer information on the nature and structure of an unidentified toxin or drug. 

(b) The effects of certain drugs or toxins on specific cell types can also be studied using such a 

system. (c) In addition it also gives information about the functioning of the cell itself and how 

and why it responds to particular chemical, electrical or other stimuli. These factors make the 

development of in vitro cell-silicon hybrid systems into high throughput tools a priority in 

pharmacological industries, defense companies and for understanding the basic 

electrophysiological properties of cells. Currently, researchers are looking at using cell-based 

biosensors as high throughput systems for drug discovery and clinical diagnostics as well as for 

toxin detection [1-2]. These cell-silicon hybrid systems could also act as a replacement for 

animal testing and low throughput patch-clamp electrophysiology [2]. 

The significance of this project therefore lies in its applications. As mentioned above, the 

development of such a system into a high throughput drug side effect screening platform could 

make drug trials more efficient. Current drug trials involve screening for side effects towards the 

final stages of drug testing and involve a lot of time and money [3]. Tests are also usually done 

on animal models and are target oriented, in that they look at the effects on specific receptors, 

enzymes or ion channels. There is a significant need for a fast, inexpensive tool that can be used 
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to study drug side effects at the cellular and tissue level. The use of human cells or cells derived 

from human stem cells on such a hybrid platform could add another significant advantage.  

Tissue engineering is defined as the use of cells, engineering and different kinds of cell 

suitable materials to improve or replace biological functions of different parts of the body [4]. An 

important part of tissue engineering is to develop materials that can be used for delivering cells 

to a damaged area and allowing for cell survival, differentiation and growth. Such a 

microenvironment controlled by cells is maintained primarily by using 3 dimensional structures 

called scaffolds that are made up of materials such as different kinds of polymers. When these 

scaffolds degenerate over time, there will be significant effects on the cell physiology and 

functioning.   Current methods of studying polymer degeneration effects on cardiac cells involve 

complex methods using hydro gels. Such systems are hard to analyze, visualize, study and can be 

time consuming. Cells in such systems also tend to not last over long periods of time thus 

constraining the experiments to understand acute effects as compared to chronic long term 

studies. A relatively simple system of 2 dimensional cell cultures could give quick and accurate 

results on the effect of scaffold degeneration byproducts on the cells.  

Such hybrid systems could also be further developed to study disease models. By 

providing enhanced and accurate information about cell and tissue function, this platform could 

be used to study memory formation in neuronal systems and its basic building block, long term 

potantiation, and in cardiac cells the parameters QT interval and refractory period. This 

information could then be further utilized to understand diseases such as Alzheimer’s and cardiac 

Arrhythmia. 
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This dissertation outlines the development of high throughput systems primarily by 

controlling and changing the surface chemistry and the interface on which the cells are grown. 

We hypothesized that by manipulation of surface chemistry and by providing a defined 

environment for the cell growth, we could develop a system that will have accurate and enhanced 

responses to external stimuli. We further hypothesized that these responses would give 

information concerning the surface effects on cell function, would provide information on cell 

physiology as well as any changes due to drugs and toxins and help understand basic cell 

developmental and network behavior. We demonstrate that these systems can be tested and 

validated using different chemical compounds.  

This project is divided into two major objectives. The first part concerned the use of 

cardiomyocytes and the second half, the use of Hippocampal neurons to develop examples of 

high throughput devices. Cell-electrode hybrid systems are possible or effective if the cells are 

electrically active, form synaptic connectivity (neurons) or gap junction coupling 

(cardiomyocytes), communicate with each other and can mimic to a certain degree their in vivo 

behavior. Cardiomyocytes (myocardial cells or fibers or myocytes) are structurally linked by 

cell-to-cell contacts called gap junctions and form complex networks. The contraction of these 

cells produces an action potential electrical signal that can be monitored and recorded by a 

microelectrode array. This attachment of cardiac cells to each other enables the formation of a 

beating monolayer or sheet of cardiomyocytes. Previous research has shown that cardiomyocytes 

are sensitive to a wide range of toxins and give reproducible results [5-6]. Current research 

involves mainly using random monolayers of cardiomyocytes or cardiac tissue to study drug 

effects and physiological properties [7-9]. The use of patterned cardiomyocytes that form 
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connections over predetermined distances with specific orientation could allow a better 

understanding of important physiological properties of cardiac cells such as conduction velocity, 

refraction, QT interval and the effects of drugs or toxins on these parameters. In this study, the 

feasibility of using embryonic or neonatal rat cardiomyocytes on patterned microelectrodes as a 

high throughput system to study cardiac electrophysiology is examined.  

The brain, the ‘neural machine’ responsible for the mental processes of perceiving, 

acting, learning, remembering and the more complex concept of consciousness, is comprised of 

individual nerve cells [10].  The complexity of the human thought process depends not only the 

different types of neuronal cells, but more importantly on the way these different cells interact 

with each other to form ‘anatomical connections’[10]. To understand the computational 

mechanics of neuronal networks the electrical activity of multiple cells in a network has to be 

monitored and studied. The hippocampus, due to its involvement in learning and memory, is a 

region of interest to investigators in this field [11]. The hippocampus is located inside the 

temporal lobe, forms part of the limbic system and plays a part in memory and navigation. The 

hippocampus has three major pathways: 1) The perforant pathway 2) The mossy fiber pathway 

and 3) The Schaffer collateral pathway. A train of high frequency stimuli to one of these synaptic 

pathways leads to an increase in the amplitude of the excitatory post synaptic potential in the 

hippocampal neuron. This effect is called Long-term potentiation (LTP) and plays an important 

role in the explicit memory of mammals [10]. The study of hippocampal networks integrated 

with silicon devices could give new insight into LTP. In this study we used patterned neuronal 

networks on microelectrode arrays to analyze synaptic plasticity as well as to understand LTP in 

disassociated hippocampal cells as opposed to tissue slices. Different configurations of the 



 5

patterns needed were analyzed, as well as characterization of the surface chemistry that was 

needed for successful cell migration onto the patterns, as well as their differentiation and 

survival. 

As mentioned earlier, an important part of cell-silicon hybrid systems is the interface 

between the cell and the electrode. The cells need to strongly adhere to the electrodes and the 

surface used for this purpose should not only facilitate this but also help in long term cell 

survival and differentiation. The surface chemistry and its cell friendly properties are doubly 

important when patterning is involved [14]. Researchers have already shown the electrical 

activity of hippocampal cells grown on patterns of PDL (Poly-D-Lysine) on the surface of 

microelectrode arrays [12, 13] and on other surfaces with extracellular matrix proteins (ECM) 

[15-17]. In this study we  not only analyzed the use of proteins like fibronectin as viable surfaces 

for cell growth, survival and differentiation but also actively examine the use of self-assembled 

monolayers (SAMS) for this purpose.  

SAMs are ordered molecular assemblies that are formed by the adsorption of a surfactant 

onto a solid surface and are extremely useful in modifying the surface properties of a material. 

They were first utilized  by Nuzzo and Allar [18] and are a powerful research tool due to the fact 

that they are relatively easy to construct and manipulate. One of the major advantages SAM’s 

have over traditional protein surfaces is that they can be easily changed to alter surface properties 

like wettability, biocompatibility and protein/cellular adhesion. SAM’s can also be used to 

control surface properties that would aid in the differential attachment and functioning of cells. 

Different functional groups have been known to affect various cell types in regard to attachment, 

proliferation and differentiation. Cells mostly favor hydrophilic surfaces that contain amino or 
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carboxyl surfaces and have been shown not to grow well on certain hydrophilic (Poly-Ethylene-

Glycol) or hydrophobic surfaces (CF3CH3) [19-22].  Protein adsorption onto the surface, one of 

the factors crucial for cell adhesion, also varies with the type of the surface [21, 22]. Cell 

adhesion to SAM surfaces containing adsorbed proteins has also been shown to influence 

differentiation [23, 24].  

The use of serum-free medium in culture can also be used to control protein adsorption 

onto these surfaces. Since serum is absent in the medium, it facilitates the attachment of cells 

only in the cell adhesive regions. Serum tends to adsorb on most surfaces, making patterning 

almost impossible in cultures containing serum. Cells are known to deposit essential proteins 

needed for proper attachment and functioning in the absence of serum. But the absence of serum 

in the culture system decreases the number of variables that control the cell environment. Serum-

free cultures on different self-assembled monolayers are a reliable way to study cell-substrate 

interaction in a defined system [25].  Though it is known that cell attachment is mediated by cell 

surface receptors and non-specific interactions, the exact mechanism by which these receptors 

interact with SAMs is less known and studied [26, 27]. Specific functional groups such as NH2 

or NH3 have been shown to influence receptor mediated cell attachment to ECM in serum-free 

conditions [28]. Using SAMs on microelectrodes, the effect of surface on cell properties and 

functions can be better studied and helps in understanding the mechanisms underlying receptor-

surface interactions and how cells perceive environmental changes. 

This dissertation research examined the ideal surface chemistry needed for proper cell 

growth and survival over long periods, the right pattern features to facilitate cell migration and 

connectivity and the proper cell types that need to be used to develop a successful cell-electrode 
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hybrid system. It demonstrated the use of these techniques as applied to microelectrode arrays to 

not only study important cardiac electrophysiological parameters and changes when exposed to 

drugs and toxins but also to answer the question if neuronal networks on MEAs can be used to 

study synaptic plasticity. These hybrid systems are useful for applications in studying scaffold 

degeneration effects, neuronal networks, toxin detection, pharmacological testing, study cardiac 

disease models and understanding functions and behavior at the cellular level.  
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CHAPTER 2: GROWTH AND ELECTROPHYSIOLOGICAL 
PROPERTIES OF RAT EMBRYONIC CARDIOMYOCYTES ON 

HYDROXYL- AND CARBOXYL-MODIFIED SURFACES  
 
 

Introduction 
 
 

One of the most promising methods for the replacement of damaged cardiac muscle 

involves seeding cardiac myocytes or stem cells onto a bioresorbable scaffold. The tissue is 

allowed to maturate in vitro and then the construct is implanted at the appropriate location as 

prosthesis [1–4]. 

Poly(lactic acid) (PLA), poly(lactic-co-glycolic acid) (PLGA) and poly(glycolic acid) 

(PGA) are among the few biodegradable scaffold materials which have been approved for human 

use [5]. They have been extensively used in cardiac tissue engineering [2, 6, 7]. Degradation of 

PLA, PLGA and PGA in vitro and in vivo has been shown to be mediated by hydrolysis [8–12] 

producing degradation products with hydroxyl and carboxyl functional groups. Although PLA, 

PLGA and PGA have been extensively used in tissue engineering and considered biocompatible, 

the bioactivity of their degradation products has been much less studied, due to technical 

difficulties. In a recent paper, Sung et al. reported differential survival of cardiac myocytes when 

exposed to different degradation stages of PLGA scaffolds [13]. The composition of the scaffold 

significantly influenced the survival of the cells. In addition, degradation rate and survival of the 

cardiac myocytes were inversely correlated. There are several lines of evidence indicating that 

surface interactions are important in the development of cardiac myocytes. Clark et al. reported 

that cell–cell contact was a major determinant in the development of spontaneous activity 
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(beating) in adult feline cardiomyocyte cultures [14]. The culture surface had a significant role, 

not only in the attachment [15] of the cells, but also in cell signaling. Simpson et al. showed that 

the phenotype of cardiac myocytes was determined by the culture substrate (type I collagen) 

through a signaling process which involved the cardiac α-1 or β-1 integrin chain [16]. 

The goal of our study was to create a simple in vitro test system where the chemical 

environment (both contact and soluble) of the cardiac myocytes could be controlled and 

systematically varied. We were especially interested in the physiological reaction of the cells to 

hydroxyl- and carboxyl-functional groups in the culture system as a model of different 

degradation stages of PLA or PLGA scaffolds. Our defined system consisted of a functionalized 

surface to determine contact interactions between the cells and the culture-surface, as well as a 

serum-free culture medium developed earlier in our laboratory [17, 18]. In the development of 

this test system we concentrated on the study of the effect of the chemical environment of the 

cells, although there are several lines of evidence indicating that topology of the surface/physical 

properties of the 3D scaffold could also be important for the determination of growth and 

differentiation of the cells [19–22]. The surfaces were functionalized using self-assembled 

monolayers (SAMs) because of the flexibility of the method [23–26]. Almost any surface can be 

equipped with functionalized monolayers which possess the required specific electrical, optical 

or chemical properties [24, 27–31]. A wide variety of functional groups are available for surface 

modification [32]. SAMs have already been used for the study of cell–surface interactions [33–

36], cell patterning [37], control of protein adsorption [38–41] and prosthetic device 

biocompatibility [42–44]. Fields has suggested the use of SAMs to create bioactive surfaces with 

covalent protein-functionalization and controlled protein folding [45, 46]. 



 12

For physiological testing of the surfaces we utilized embryonic (vs. the more commonly 

used neonatal) rat cardiac myocytes, because in earlier studies we had developed a serum-free 

medium formulation which was shown to support the growth and differentiation of embryonic 

cardiac myocytes on our defined surfaces [17]. Serum-free culture conditions were essential for 

the testing of surface effects on the physiology of the cells because of the fast adsorption of 

serum proteins to the defined surfaces [47–52].We believe this method for testing the 

physiological effects of the degradation products of PLA and PLGA scaffolds (modeled by the 

hydroxyl and carboxyl functionalized surfaces) could be generalized for in vitro biocompatibility 

testing of these materials. The interface between the engineered material and the tissue can be 

mimicked by specific surface functional groups and the biological effects of these surfaces can 

be tested independently of the biomaterial’s bulk physical properties. Other applications would 

be in the development of clinically applicable biomaterials by surface modification of a material 

which already has excellent biofunctionality and bulk properties [53, 54]. 

Materials and Methods 

Surface modification 
 

The following surfaces were used in this study: (i) 

Trimethoxysilylpropyldiethylenetriamine (DETA), (ii) (3-aminopropyl)triethoxysilane (APTES), 

(iii) 11-mercaptoundecanoic acid (MUA, HS(CH2)10COOH) and (iv) 11-mercapto-1-undecanol 

(MUL, HS(CH2)11OH). These surfaces were used to model the hydroxyl and carboxyl groups 

produced during to scaffold degeneration. 

DETA surface modification:  Briefly, glass coverslips (Thomas Scientific, Swedesboro, 

NJ, USA; 6661F52, 22 x 22 mm, No. 1) were cleaned using an O2 plasma cleaner (Harrick, 
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Ithaca, NY, USA; PDC-32G) for 30 min at 400 mTorr. The DETA (United Chemical 

Technologies, Bristol, PA, USA; T2910KG) SAM was formed by the reaction of the cleaned 

surface with a 0.1% (v/v) mixture of the organosilane in freshly distilled toluene (Fisher, 

Pittsburgh, PA, USA; T2904). The coverslips were placed in the mixture, heated to 70°C, rinsed 

with toluene, reheated to 70°C and then oven-dried  

APTES Surface modification: Briefly, after O2 plasma cleaning, the glass cover slips were 

immersed in a mixture of 1% APTES (Sigma, St Louis, MO, USA) in freshly distilled and dried 

toluene for 60 min inside a nitrogen-purged glove box. They were then rinsed with fresh, dried 

toluene three times and cured in the oven at 110°C for 30 min. The APTES-modified SAMs 

were immersed in absolute ethanol (Sigma) until they were used. The carboxyl- and hydroxyl-

modified SAMs were prepared using the bi-functional cross-linker N-succinimidyl 4-

maleimidobutyrate (GMBS, Pierce, Rockford, IL, USA). The APTES SAMs were immersed in a 

solution of 2 mM GMBS in absolute ethanol after dissolution in a minimum amount of dry 

dimethyl sulfoxide (DMSO, Pierce) for approx. 60 min. They were then rinsed with absolute 

ethanol three times. The intermediate GMBS was immersed immediately in 10 mM MUA 

(Aldrich 45,056-1; 95%) with a minimum amount of dry DMSO, or 10 mM MUL (Aldrich 

44,752-8; 97%) with a minimum amount of dry dimethylforamide (DMF, Pierce) in absolute 

ethanol, for at least 1 h [56], followed by a final rinse in ethanol.  
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Surface characterization 
 

Surfaces were characterized by contact angle measurements using an optical contact 

angle goiniometer (KSV Instruments, Monroe, CT, USA; Cam 200) and by X-ray photoelectron 

spectroscopy (XPS) (Fisons Escalab 200i XL). XPS survey scans, as well as high-resolution S 

2p, N 1s and C 1s scans, utilizing monochromatic Al Kα excitation, were obtained [55]. The 

energy of the emitted electrons is measured with a hemispherical energy analyzer at pass 

energies ranging from 50 to 150 eV. The binding energy (BE) scale is referenced by setting the 

peak maximum in the Si 2p spectrum. The counts are normalized by the peak area of the Si 2p as 

an internal reference. Spectra were collected with the analyzer at 90°C with respect to the surface 

plane. A typical pressure in the analysis chamber during spectral acquisition is about 9-10 Torr. 

Embryonic rat cardiomyocyte culture 
 

Cardiomyocytes were obtained from rat embryos on the 14th day of embryonic 

development (E14) [57] according to a protocol approved by the Institutional Animal Care and 

Use Committee of the University of Central Florida. Briefly, rats were killed by inhalation of an 

excess of CO2. The hearts were removed from the embryos in Hibernate E medium (BrainBits, 

Springfield, IL, USA) and dissociated using type II Collagenase (Worthington, Lakewood, NJ, 

USA; LS004174, 125 units/g, 1 g/5 ml) in L-15 medium. The hearts in the collagenase solution 

were placed in the water bath (37°C, 90 rpm) for 20 min followed by gentle manual trituration. 
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The cell suspension was then centrifuged on a 4% bovine serum albumin (BSA, Sigma, A-3058) 

cushion at 300g, 4°C for 10 min. The cell pellet was then resuspended in the culture medium and 

plated on the surface-modified coverslips at a density of 1000 cells/mm2. The culture medium 

consisted of 100 ml Ultraculture medium (Cambrex, East Rutherford, NJ, USA), 5 ml B-27 

(Invitrogen, Carlsbad, CA, USA), 1 ml non-essential amino acids (Invitrogen, 11140-050), 1 ml 

L-glutamine (Invitrogen, 25030-164), 1 ml 1 M Hepes buffer (Sigma) and 0.375 gm dextrose 

(Sigma). The medium was changed on the first day after culture and thereafter every 3 days. 

Histology 
 

The coverslips were fixed with 3.7% formaldehyde in phosphate-buffered saline (PBS) 

for 10 min and permeabilized with 0.1% Triton X-100 in PBS solution for 5 min. The fixed cells 

were preincubated with 1% BSA for 20–30 min. Then, fluorescent phallotoxin was added to the 

coverslips (BODIPY 581/591 phalloidin, Invitrogen, B3416, 1:40 dilution in PBS). The 

coverslips in the staining solution were then kept at room temperature for 20 min and mounted 

with Citofluor mounting solution (Ted Pella) onto slides. The immunostainings were visualized 

using a Zeiss LSM 510 confocal microscope [17]. 

Electrophysiology 
 

Whole-cell patch-clamp recordings were performed in a recording chamber on the stage 

of a Zeiss Axioscope 2FS Plus upright microscope in L-15 medium at 22°C. Patch-clamp 

pipettes were prepared from borosilicate glass (BF150-86-10; Sutter, Novato, CA, USA) with a 

Sutter P97 pipette puller and filled with intracellular solution (in mM: K-gluconate 140, EGTA 

1, MgCl2 2, Na2ATP 5, Hepes 10; pH 7.2). The resistance of the electrodes was 6–8 M. Action 
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potentials were recorded in current clamp mode using a Multiclamp 700A amplifier (Axon, 

Union City, CA, USA). Signals were filtered at 2 kHz and digitized at 20 kHz with an Axon 

Digidata 1322A interface. Data recording and analysis was performed with pClamp 9 software 

(Axon). Membrane potentials were corrected by subtraction of the 15 mV tip potential, which 

was calculated using Axon’s pClamp 9 program.  

Results 
 

Surface modification 
 
 

Glass coverslips were functionalized with (i) Trimethoxysilylpropyldiethylenetriamine 

(DETA), (ii) (3-aminopropyl)triethoxysilane (APTES), (iii) 11-mercaptoundecanoic acid (MUA, 

HS(CH2)10COOH) and (iv) 11-mercapto-1-undecanol (MUL, HS(CH2)11OH), according to the 

protocol outlined in Fig. 2-1. Contact angle and XPS measurements were used for the 

verification of the surface modification process. Contact angle for the DETA, APTES, GMBS 

modified APTES, MUA and MUL surfaces was 48±3° , 45±4° , 60±2° , 66±3° and 56±3° 

respectively. The normalized intensity of nitrogen on APTES was 600 ± 200, calculated as the 

area under the high-resolution N 1s peak, divided with the internal reference peak, Si 2p. The C 

1s spectra of MUA and MUL show three distinct peaks. The first is around 284.5 eV, a peak 

characteristic of the internal units of aliphatic carbons (C–C and C–H) from MUA and MUL, the 

second is around 286 eV, a characteristic peak of alcoholic carbons (C–OH) from MUL and 

MUA, and the third is around 288 eV, corresponding to the carboxyl carbons (COOH) from the 

MUA. There is a small contribution from the crosslinker as well, but it is not considered 
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significant. Sulfur peaks, although small, were evident in the spectra from both the MUL and 

MUA cross-linked surfaces. The intensity of the peaks at 286 eV is higher on the MUL surface 

than on MUA, as expected, but does not give a clear cut distinction between the two surfaces. 

However, there is a five-fold difference in intensity of the carbonyl carbon peak from MUA vs. 

that from the MUL. There is obviously some contribution from the buried carbonyl peaks due to 

the crosslink, but the surface functional groups, as expected, dominate the XPS spectrum. The 

carbon data in conjunction with the sulfur data indicate derivitization of the surfaces with the 

respective end-groups. 

Morphological characterization of cardiomyocytes on functionalized surfaces 
 

The growth and differentiation of rat embryonic cardiomyocytes on the four 

functionalized surfaces (MUA, MUL, APTES and DETA) were studied over a two week period. 

At the early stage of the culture (1–3 days) the cells formed small, clearly separated, non-beating 

clusters [17]. By day 5 in vitro these clusters showed spontaneous beating on all surfaces. The 

best attachment and growth of the cardiac cells was observed on DETA, followed by those on 

the MUA surfaces. APTES was a close third with cell attachment and spontaneous activity 

almost similar to the MUA surface (Fig. 2-2). The MUL surface showed comparatively poor 

attachment and a significantly lower presence of beating cell clusters compared to the other three 

surfaces (Fig. 2-3). 

Histological analysis using BODIPY-conjugated phallotoxin showed that the beating 

islands consisted of cardiac myocytes. The beating islands varied in diameter, from approx. 260–

305 μm for each of the cell groupings, with an approximate range of 13–20 cells/island. At the 

single-cell level we were not able to detect any differences in the morphology of cardiac 



 18

myocytes grown on the functionalized surfaces. The measured parameters of cell size and shape 

were quantified by the ratio of the longest and shortest axis of the cells and measured by the NIH 

Image program, as shown in Fig. 2-3. 

Electrophysiology 
 

Whole-cell patch-clamp experiments were performed on beating cardiac myocytes grown 

on the functionalized surfaces at day 7 in vitro. There was no significant difference in any of the 

measured parameters between the four groups, except in the length of the action potentials (Fig. 

2-4 and Table 2-1). There was a significant fraction of cells on MUL that fired longer action 

potentials compared to any of the other functionalized surfaces. The differences in peak shape 

are shown in Fig. 2-4. The longer average action potential length in the MUL group was the 

result of the presence of a larger number of cells generating longer action potentials, as indicated 

in Fig. 2-4B. However, this cell population was not totally unique to the MUL surface, as this 

type of action potential was observed from cells on the other surface as well, but at a much lower 

frequency. Longer action potentials in the MUL, and less frequently in the other groups, were 

also observed in older 

Discussion 
 
 

The interaction of cardiac myocytes with the degradation products of the commonly used 

scaffold materials poly(lactic acid) (PLA), poly(lactic-co-glycolic acid) (PLGA) and 

poly(glycolic acid) (PGA) were modeled by culturing embryonic rat cardiac myocytes on 

functionalized coverslips presenting carboxyl and hydroxyl groups on the surface. Contact angle 
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measurements and XPS indicated the successful functionalization of the glass coverslips with 

SAMs presenting carboxyl and hydroxyl groups on the surface. Embryonic cardiac myocytes 

formed beating islands on all tested surfaces, DETA, APTES, MUA and MUL, but the number 

of attached cells and beating patches was significantly lower on the MUL surface compared to 

any of the other functionalized surfaces. Also, whole-cell patch-clamp experiments indicated that 

the average action potential length generated by the beating cardiac myocytes were significantly 

longer on MUL compared to the other surfaces. The decreased number of beating cardiac 

myocytes on the hydroxyl-functionalized surface was in agreement with recent observations 

reported by Sung and co-workers [13] using 3D scaffolds. They reported that there was a 

decreased survival of cardiac myocytes in advanced stages of degradation of the PLGA scaffolds 

(higher hydroxyl/carboxyl ratio) compared to non-degraded scaffolds. In contrast to the 

experiments of Sung et al. where 3D scaffolds were used for biocompatibility studies, thus 

limiting systematic studies, we have developed a general method to test the effect of the 

chemical environment on cardiac myocytes using self-assembled monolayer-based surface 

modifications in a serum free environment and used Sung et al. results as a reference and for 

validation. Moreover, we were able to measure physiological parameters, not only survival, in 

our system, which is not possible in 3D scaffolds. 

Our observation concerning the increased number of cardiac myocytes that generated 

long action potentials on MUL compared to the other functionalized surfaces might indicate that 

either (i) these long action potentials are generated by non-healthy cells and the ratio of non-

healthy/healthy cells was greater on MUL, which is in agreement with the decreased viability, or 

(ii) the hydroxyl groups on the surface affected the differentiation of the cardiac myocytes by 
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inducing the development of a phenotypically separate cell population, or (iii) surface properties 

selectively affected the survival of atrial vs. ventricular myocytes, which have different 

electrophysiological properties, or (iv) hydroxyl groups on the surface slowed down the 

differentiation process in these cardiac myocytes, because the action potential duration is 

shortened as the normal development of cardiac myocytes progresses. 

Further studies are needed to gain a deeper understanding regarding the impact of the 

chemical environment on the physiology of cardiac myocytes (as well as other cell types) 

because this information is essential for several tissue engineering applications. Our system, 

which consists of a serum-free culture medium and a defined surface, offers a tool for these 

studies. As more and more cells become available for culture under serum free conditions, our 

method can be extended to all of these cell types. In this study, we did not investigate the effect 

of substrate topography/texture on the physiology of the cells, only the chemical composition, 

but those important effects can also be modeled in our defined system. 

Conclusion 
 

Our simple method that used hydroxyl- and carboxyl-functionalized surfaces to test the 

effect of the different chemical environments that surrounds cardiac myocytes at different stages 

of the degradation of PLA, PLGA or PGA scaffolds gave the same result, decreased viability in 

the case of hydroxyl-functionalization, than earlier experiments using a complex 3D scaffold. In 

our system the chemical environment affected not only the survival, but also the physiology 

(action potential duration) of the cardiac myocytes. Surface functionalization with self-

assembled monolayers combined with histological/physiological testing could be a relatively 

high throughput method for biocompatibility studies and optimization  
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Table 2-1 Electrophysiological characterization of 1 week old cardiac myocyte culture 
grown on functionalized cultures 
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Figure 2-1: Surface modification of the glass coverslips 

Glass coverslips were covalently modified with the APTES SAM, MUA or MUL was then 
covalently attached to the APTES monolayer with a bi-functional cross-linker (GMBS). 
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Figure 2-2:  Morphology of cardiomyocyte beating clusters on the functionalized surfaces 
at day 5 

(A) MUA, (B) MUL, (C) APTES and (D) DETA. Scale bar = 100 μm. 
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Figure 2-3: Characterization of beating cell clusters and cell morphology 

(A) Beating cardiomyocyteclusters/ coverslip on the functionalized surfaces. There were 
significantly less beating clusters on MUL surface compared to MUA, APTES or DETA. 
There was no significant difference between MUA, APTES or DETA. Two-sample 
Student’s t -test, p < 0.05. 5 experiments with 3 parallel coverslips in each, mean ±SEM. (B) 
Ratio of the longest and shortest axis of the cells measured by the NIH Image program 
ImageJ. 
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Figure 2-4: Electrophysiological characterization of cardiac myocytes grown on the 
functionalized surfaces at day 7 in vitro 

(A, B) Representative action potential shapes on MUA and MUL surfaces, respectively. 
Note the different time-scales. (C) Action potentials were significantly wider on the MUL 
surface than on any of the other surfaces. Mean of 13–19 experiments ± SEM was shown. 
Two-sample Student’s t -test, p <0.05. D: The distribution of the action potential width 
showed that on the MUL surfaces there was a cell population generating unusually wide 
action potentials. Relative frequency was normalized to the total number of recorded cells 
on the given surface  
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CHAPTER 3: PATTERNED CARDIOMMYOCYTES ON 
MICROELECTRODE ARRAYS: TOWARDS THE DEVELOPMENT OF A 
FUNCTIONAL, HIGH INFORMATION CONTENT DRUG SCREENING 

PLATFORM  
 

Introduction 
 

The development of a high-throughput, high-information content device to study and 

understand cardiac electrophysiology is important in the field of cardiac physiology, tissue 

engineering and drug research. More than 850,000 people are hospitalized for arrhythmias each 

year and ventricular fibrillation (VF) is a leading cause of cardiac death [1]. Despite the intensive 

research in this area, the mechanism of VF is still poorly understood [2]. Past studies have 

indicated that VF is caused and sustained by circulating unstable wavelets originating from a 

sequence of wave break and re-entry [3]. Recent studies have also introduced the motor rotor 

hypothesis that explains VF by the presence of an excitation source that is unable to maintain a 

uniform conduction through the myocardium [2]. Other reasons include impairment due to local 

conduction blocks and slow conduction [4] caused by tissue heterogeneities [5] that stabilize re-

entry. However, no clear theory has emerged as the primary cause for VF and arrhythmia.  

Arrhythmia is a known side effect of commercial drugs. One of the mechanisms by 

which drugs could cause a potentially fatal form of ventricular tachy arrhythmia, called Torsades 

de pointes (Tdp), is through the prolongation of the QT interval (ECG analogue of the ventricular 

action potential). It has been reported that approximately 2-3% of all prescribed drugs can cause 

long QT syndrome [6, 7]. A broad range of cardiovascular drugs and antibiotics also have the 
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potential risk of causing drug induced Tdp [8,9]. At the same time, prolongation of the QT 

interval does not necessarily lead to Tdp; lengthening of the QT interval could even be 

antiarrhythmogenic, as it is considered a mechanism of action of the class III anti-arrhythmics 

[10,11]. Thus, a relatively high-throughput method to identify cardiac side effects and 

differentiate between arrhythmic and anti-arrhythmic effects at an early stage of drug 

development would have a significant impact. 

Gap junctions play an important role in the propagation of excitation in cardiac tissue. 

Changes in gap junction function affect major cardiac parameters, such as conduction velocity 

(CV). It has been observed in several cardiovascular diseases that the expression of connexins, 

protein molecules that form gap junction channels, is decreased or their distribution is changed, 

leading to a malfunction in gap junction coupling [12] Understanding the pharmacological 

modulation of cardiac gap junction channels would further aid the drug development enterprise. 

Introduction of a relatively high-throughput, functional, high information content in vitro 

method for cardiac side effect testing, which has high predictive value, would have a significant 

impact on drug development as it would reduce cost, time and the number of drugs failing in 

clinical trials [13]. In vitro testing would also reduce the need for animal testing and could be 

used to study drug effects with a functional assay, but at a cellular level. Other in vitro methods, 

such as whole heart experiments (Langendorff heart model) or the Purkinje fiber preparation are 

difficult and time consuming [13]. Traditional methods used to study QT interval prolongation at 

the cellular level include patch-clamp experiments. However, these experiments are time 

consuming, require a skilled operator and cannot be used to study cell to cell communication, 

cell coupling, action potential propagation or parameters such as CV and re-entry. Moreover, 
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evidence suggests that prolongation of QT intervals is not the best predictor of Torsades de 

pointes. The measurement of the length, or the variability in the length, of the refractory period 

after a cardiac action potential may have more relevance for predicting arrhythmic behavior [10].  

Cardiac myocytes cultured on microelectrode arrays (MEAs) have several benefits 

compared to either traditional patch clamp electrophysiology or isolated organ methods. The use 

of MEA’s in the investigation of cardiac side effects would provide information in a relatively 

high-throughput and low cost manner compared to standard patch-clamp electrophysiology. 

However, at this time, it is still a low information content method compared to standard methods 

and this has prevented its use in a wider number of applications. Cardiac myocytes on MEAs 

have been used in a limited number of studies to investigate the effect of toxins, such as 

pesticides [14] and cardioactive drugs [15] on cardiac field potentials. A commercial system has 

also been introduced to measure QT intervals in a relatively high-throughput fashion [16], but 

has seem limited application. However, cardiac myocytes can now be maintained over longer 

periods of time [17] thus chronic experiments such as monitoring network remodeling for 

disease models is now feasible. In addition, serum-free formulation for cardiac culture has also 

been developed [18]. 

This combination of factors suggests that the opportunity exists to develop the next level 

of sophistication for this technique. Investigating a patterned cardiac myocyte layer that is 

aligned with the electrodes of a MEA could solve several problems associated with the random 

spread of excitation in a cardiac monolayer, which makes evaluation of the obtained data, such 

as conduction velocity, difficult. It would also enable the development of specific open-loop or 

closed-loop stimulation protocols to measure critical parameters, such as the length of the 
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refractory period after the action potential. It could also be used to create a high-throughput, low-

cost functional reentry model. 

Several different methods have been developed for cell patterning. One category of this 

technique is based on direct placement of cells or extracellular matrix molecules on desired 

locations and includes patterning through microfluidic channels [19-21], microcontact printing 

[22] and inkjet printing [23]. Other methods utilize photolithography following surface 

modification using self-assembled monolayers (SAMs) [24-26]. The benefit of these methods is 

the compatibility of the technique with cheap automated silicon manufacturing steps and the 

ability of the cells to self-assemble after random plating.  

SAMs are one molecule thick monolayers attached to a surface composed of organic 

molecules, which have been extensively used for surface patterning [24, 27]. Surface 

modification with SAMs is also compatible with advanced photolithography methods [25, 28]. 

Studies have also shown that cells survive on these surfaces for extended periods of time [29], do 

not migrate off the patterned areas [29] and exhibit the typical morphology and physiology of the 

specific cell type [18, 31, 32]. 

The goal of this study was the development of patterned, neonatal rat, cardiomyocyte 

cultures on microelectrode arrays in a serum-free medium for the study of cardiac physiology 

and pharmacology utilizing a high-throughput technique, but with high information content. An 

adsorbed fibronectin foreground was used because it supported cardiac myocyte attachment and 

growth and a 2-[Methoxy(Polyethyleneoxy)Propyl]TrimethoxySilane (SiPEG) self-assembled 

monolayer was used as the cell repellent background because of its excellent protein adsorption 

resistant properties [33]. The measurement of conduction velocity with the patterned cardiac 
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myocyte monolayers was demonstrated and illustrated the feasibility to apply different 

stimulation protocols to the MEA/cardiac system. The action of 1-heptanol and Sparfloxacin on 

the cardiac patterns was also assessed. This method could easily be adapted for use with cardiac 

myocytes derived from human stem cells to eliminate interspecies differences in drug side effect 

screening and become an alternative to the existing more complex, expensive and time 

consuming methods. 

Materials and Methods 
 

Surface modifications of microelectrode arrays with PEG silanes 
 

MEA’s containing 60 titanium nitride, 10 µm diameter electrodes (Multichannel 

Systems, Germany) were cleaned before use by soaking the arrays in a detergent solution for 2 

hours followed by sonication for 10 minutes. The arrays were then oxygen plasma cleaned for 20 

minutes. Surface modification was completed by incubation of the MEAs in a 3 mM PEG silane, 

2-[Methoxypoly (ethyleneoxy)propyl]trimethoxysilane (MW = 460-590, Gelest), solution in 

toluene (with 0.35 ml of concentrated HCL) for 45 minutes at room temperature. The arrays 

were then rinsed once in toluene, twice in ethanol, twice in water and sonicated in water for 2 

minutes to remove the non-covalently linked material [30]. The arrays were air dried with 

nitrogen and stored in a dessicator overnight.  

Laser Ablation and patterning of the microelectrode arrays 
 

The microelectrode arrays were patterned using a deep UV (193 nm) excimer laser 

(Lambda Physik) at a pulse power of 230 mW and a frequency of 10 Hz for 45 seconds through 
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a quartz photomask (Bandwidth foundry, Eveleigh, Australia). The arrays were sterilized using 

100% ethanol and then incubated with 5 µg/ml of fibronectin in a Phosphate buffered solution 

(Invitrogen) for 20 minutes. The solution was removed and the surface was first rinsed with PBS, 

followed by the plating medium, and then dried before the cells were plated.  

Contact angle measurements 
 
 

The water contact angle was measured with a Ramé-hart goniometer (Ramé-hart Inc.). 

The contact angle of a static sessile drop (5 µl) of water was measured three times and then 

averaged. 

X-Ray photoelectron spectroscopy 
 

The XPS characterization of the plasma cleaned, PEG-silane and fibronectin derivitized 

MEA surfaces was performed with a Thermo ESCALAB 220i-XL X-Ray photoelectron 

spectrometer equipped with an aluminum anode and a quartz monochromator. The surface 

charge compensation was achieved using a low-energy electron flood gun and, when it was 

necessary, by masking the samples with Al foil (a small area was left un-covered for analysis). 

Survey scans were recorded in order to determine the relevant elements (pass energy of 50 eV, 

step size = 1 eV). High resolution spectra were recorded for the Si 2p, C 1s, N 1s, and O 1s peaks 

(pass energy of 20 eV, step size = 0.1 eV).  

The spectrometer was calibrated against the reference binding energies of clean Cu, Ag 

and Au samples. In addition, the calibration of the binding energy (BE) scale was made by 



 36

setting the C 1s BE in a hydrocarbon environment at 285 eV. Peak deconvolution was performed 

with Avantage version 3.25 software, provided by Thermo Electron Corporation.  

Neonatal rat cardiomyocyte culture 
 

The neonatal rat, cardiomyocyte culture was prepared using the cardiac isolation kit from 

Worthington [31]. All animal work was approved by the UCF IACUC and followed NIH 

guidelines. Briefly, two day-old rat pups were euthanized in a precharged CO2 chamber. Hearts 

were dissected and minced in ice cold Hanks balanced salt solution (HBSS). Cardiac myocytes 

were dissociated by incubation of the hearts in trypsin (100 µg/ml of HBSS) for 16 hours at 2-

8°C. The hearts in the trypsin solution were briefly warmed with a trypsin inhibiter before 

adding collegenase (300 units/ml, L-15 medium) for 45 minutes in a water bath at 37°C followed 

by mechanical trituration. The cell solution was filtered to remove any remaining tissue and 

centrifuged at 50g for 5 minutes at 22°C. The cells were resuspended in high glucose Dulbecco’s 

modified eagle medium (DMEM, Gibco/Invitrogen) supplemented with 10% Fetal Bovine 

Serum (Gibco/Invitrogen) and 1% penicillin streptomycin (Gibco/Invitrogen), preplated in Petri 

dishes and incubated at 37°C and 5% CO2 for 45 minutes. This was necessary to eliminate the 

fibroblasts. The supernatant from the Petri dishes was centrifuged at 50g for 5 min at 22°C. The 

cells were then resuspended in the plating medium. The serum-free plating medium consisted of: 

100 ml Ultraculture medium (Bio Whittaker Cambrex) supplemented with 10 ml B27, 1 ml L-

glutamine (Gibco/Invitrogen), 1 ml Penicillin Streptomycin , 0.375 g dextrose (Fisher Scientific) 

in 800 µl water, 1 ml non-essential amino acids and 1 ml of Hepes buffer (Gibco/Invitrogen) 

[32]. Additional growth factors were also added to improve cell survival in the serum-free 
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conditions. They included 0.1 µg/ml of L-thyroxine, 10 ng/ml of Epidermal growth factor 

(Sigma-aldrich) and 0.5 µg/ml of Hydrocortisone (BD biosciences). Cells were plated at a 

density of 1000 cells/mm2 on the microelectrode arrays. The medium was changed 24 hours after 

plating. Subsequent changing of the medium was performed every third day. 

Multielectrode extracellular recordings 
 

The cardiac myocytes were cultured on patterned metal microelectrode arrays (Planar 10 

µm electrodes, 200 µm separations, Multichannelsystems). A 60 channel amplifier (MEA1040, 

Multichannelsystems) was used to record electrical activity from the spontaneously beating 

cardiac cells. The same electrodes were also used for stimulation using a stimulus generator 

(STG 1002, Multichannel systems). The cells were stimulated utilizing 500 mV, 1 ms wide 

bipolar pulses at 2 Hz. The recording medium was the same as the plating medium with the pH 

adjusted to 7.3 using HEPES buffer. After a 30 minute incubation period, action potentials were 

detected and recorded using built in functions of the Multichannel System software. For drug 

experiments, 50 μM 1-Heptanol (Gibco/Invitrogen) was added to the bathing medium and 

recordings were performed before and 15 minutes after drug administration with additional 

recordings done at 15 minute intervals. For Sparfloxacin (Sigma-aldrich), 2 μM of the drug was 

added to the recording medium and recordings were taken in 15 minute intervals before and after 

drug administration. The data was further analyzed using software written using Matlab and 

Clampfit (Axon instruments). 
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Results 
 

Surface modification of the microelectrode arrays: 
 

Our laboratory routinely uses self-assembled monolayers to modify and pattern glass 

coverslips for cell culture applications [17, 18, 25, 37-39]. However, patterning cardiac myocytes 

on multielectrode arrays presented a challenge for three primary reasons. 1) The complex 

composition of the MEA surface made the verification of the surface modification step difficult, 

2) MEAs are expensive, thus methods needed to be developed that enabled them to be cleaned 

and refunctionalized for repeated use and 3) patterned cardiac myocytes do not grow optimally 

on the standard trimethoxysilylpropyldiethylenetriamine (DETA) surfaces [17] nor on clean 

glass. Thus, a cell resistant background surface was needed which was also resistant to protein 

adsorption as this would allow fibronectin incubation on the foreground and prevent it’s 

adherence to the background, enabling cardiac myocyte attachment. Thus, poly(ethylene glycol) 

(PEG) was chosen for the background because of its excellent protein adsorption resistance. X-

ray Photoelectron Spectroscopy (XPS) was used to test the results of the surface modifications 

and throughout the entire study for quality assurance purposes.  

PEG-silane modified MEAs: Figure 3-1 indicates a survey scan (Fig 1A) for oxygen plasma-

cleaned MEA showing distinct peaks for Si 2p (103.3 eV), Si 2s (153.6 eV), N 1s (397.4 eV), 

and O 1s (533 eV). This elemental composition is primarily due to silicon nitride, the material 

used to insulate the MEA leads. The very small C 1s peak is due to interstitial carbon, most 

possibly from air, that could not be completely eliminated. A survey scan of a PEG modified 



 39

MEA (Fig 1B) indicates almost the same elemental composition, but with two major differences. 

On the PEG modified MEA the C 1s peak is much larger, indicating the incorporation of PEG on 

the MEA surface. Moreover, in the high resolution XPS scans (Fig 3-1A(a) and 1B inserts) it is 

clearly visible that on the clean MEA surface the small C 1s signal consists of a single peak, 

centered at about 285 eV, which is characteristic for C-C bonds, whereas the large (note the Y 

axis scale on each insert) C 1s signal on the PEG-modified MEA consists of 2 peaks, one 

centered at 285 eV (C-C peak) and the other one is shifted approximately +1.5 eV from the first 

peak and is characteristic of the C-O bond in PEG. This finding is in agreement with the 

literature [33, 34] and is indicative of the incorporation of PEG on the surface.  

Contact angle measurements of the PEG-silane: The Contact angle measurements had an 

average of 38 ± 1º as expected for complete PEG coverage [33, 34] (Contact angle for clean 

glass is  < 5 degrees  and MEAs is 22 ± 3°). 

Fibronectin (FN) adsorption on the MEAs: As in the case of the unpatterned PEG-

modified MEA’s, the absorption of FN on an ablated MEA surface was observed in the survey 

spectrum as the appearance of a large and complex C 1s signal, which was not present on the 

survey scan of an unmodified MEA surface (Fig 3-1A). Figures 1C and D shows a comparison 

of the C 1s high resolution spectra before fibronectin (C) and after fibronectin adsorption (D). 

The high intensity C 1s signal seen in Fig 1D was deconvoluted into three peaks centered at 285 

eV (C-C), 286.4 (C-N and C-O) and 288.4 (N-C=O and O-C=O) eV, in agreement with 

published data[42,43]. The ratio of C286.4eV/C288.4eV was found to be approximately 1.18 

(theoretical 1.2).  Fibronectin adsorption on an ablated MEA was also indicated by the 

appearance of an additional N 1s peak in the spectra of the MEAs after fibronectin adsorption. 
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The high resolution N 1s spectrum of a clean MEA (Fig 3-1E) indicates only one N 1s peak 

centered at 397.4 eV, and is due to the insulating material (silicon nitride) [44]. The high 

resolution N 1s spectrum of FN adsorbed on a an ablated MEA (Fig 1F) clearly indicates a 

second N 1s peak centered at 400.3 eV, characteristic for nitrogen from amine and/or amide 

groups [43] From the above data it could be concluded that fibronectin was adsorbed on the 

MEA surface in the laser ablation areas.  

XPS analysis of an unpatterned PEG control coverslip incubated in fibronectin showed 

no fibronectin adsorption on the PEG background. XPS measurement indicates that ablation of a 

PEG monolayer by the laser exposure used in the patterning step was complete (data not shown). 

Survey scans for the MEA surface after PEG treatment followed by laser ablation indicated a 

carbon peak similar to a clean MEA (as on Fig 3-1A inserts (a) clean MEA and (b) after 

ablation). Oxygen plasma cleaning of the MEA experiments was performed both before and after 

surface modification. Utilizing this procedure the MEAs could be reused and refunctionalized at 

least 6 – 10 times without any observable degradation of the quality of the electrophysiological 

recordings. 

Cultured neonatal rat cardiomyocytes on patterned surfaces in serum-free 
medium: 

 
The growth and activity of neonatal rat cardiomyocytes on the patterned MEAs was 

assessed for over 2 weeks. The cells attached to the fibronectin, but not to the PEG background 

and showed clearly delineated regions (Figure 3-2A). This allowed the beating cells to grow 

exclusively over specific electrodes. The cells formed monolayers by day 2 and spontaneous 

contraction and beating activity began on day 4 and was consistent throughout the pattern. Cell 
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survival and activity improved markedly with the addition of L-thyroxine, epidermal growth 

factor and hydrocortisone to the culture medium indicated in the Methods. In a previous 

publication cells were shown to maintain spontaneous beating actively for up to 2 months in 

vitro [17].   

Extracellular recordings from patterned cardiomyocytes on the MEAs: 
 

The electrical activity of the spontaneously contracting cells patterned on the 

microelectrodes was extracellularly recorded using the MEA system. Cardiac myocytes formed a 

morphologically homogenous, integrated network of cells that communicated through gap 

junctions and displayed normal tissue electrophysiology. The recorded field potential (FP) 

signals correlated with the contraction cycle.  

In random cultures the direction and speed of the propagation of excitation (action 

potentials) has been shown previously to depend on a number of variables, including intercellular 

resistance across the gap junctions and the depolarizing sodium current [45-47] [35-37]. For 

extracellular MEA recordings, previous research had indicated that the excitation wave could be 

followed through the monolayer as the increasing delay in field potential peak times and could 

be used to determine the pathway of the excitation as it moved away from the initiation site [48]. 

However, a direct determination of the conduction velocity has been difficult in unpatterned 

monolayers, even though the timing of field potential generation could be estimated. With 

patterning of the cells on the electrode array, the exact path along which a spontaneous 

excitation wave traveled could be determined and then calculated distances used for velocity 

determination. Moreover, because of the pre-determined pathway there would be no need to 

image the propagation of the wave, just the measurement of the start and end times of the waves 
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on the patterns as recorded by the microelectrodes in the array. Thus, in later high-throughput 

applications significantly fewer electrodes will be possible for these measurements. Figure 3-3 

shows a typical recording and the direction of propagation was determined as shown in Figure 3-

3A. Figure 3-3B indicates the delay between field potentials at different electrodes on the 

pattern, which enabled the determination of the initiating signal. The signal propagation was also 

visualized using an Imaging software routine written in Matlab 6.5 [49]. The program converted 

recordings from the electrodes into a video showing the field potential movement across an 8 x 8 

grid. This program also indicated the origin of the signal, aiding in the calculation of the 

conduction velocity. Using the recording shown in the supplementary data (30 ms delay, 0.54 

mm distance) the conduction velocity was calculated to be 0.217 m/s for spontaneous firing of 

the patterned cardiomyocytes. The average conduction velocity over eight different MEAs was 

0.192 ± 0.012 m/s.  Previous research has shown that in vitro conduction velocities ranged from 

0.12 m/s [38] to 0.242 m/s [51]. In a computer simulation of action potential propagation in 

cardiac fibers in realistic conditions (taking into account extracellular solutions and spaces) the 

conduction velocity was 0.504 m/s [52]. In the human heart the action potential generated by the 

Sino-atrial node spread through the atria at a conduction velocity of 0.5 m/sec [53]. 

The conduction velocity of the signal on patterned cardiac monoloyers was also measured 

after stimulation. In these experiments, the cardiac pattern was stimulated at electrode 51 and 

the evoked response was recorded at electrode 72 across a distance of 0.77 mm (Figure 3-4A, B). 

The conduction velocity utilizing a field stimulation of 500 mV, 1 ms at 2 Hz was calculated as 

0.315 ± 0.013 m/s (n = 8). Previous research has indicated that rapid electrical stimulation in 

cultured, neonatal rat cardiomyocytes had an effect on the expression of Connexin 43 leading to 
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changes in conduction properties [39], including an increase in conduction velocity. The result 

from this study indicates that rapid electrical stimulation at 2 Hz caused an increase in the 

conduction velocity as well as a more reproducible value compared to the non-stimulated or 

spontaneous case. These results indicate that an accurate estimation of conduction velocity and 

propagation paths can be determined utilizing stimulation in addition to spontaneous signals. The 

measurement of conduction velocities also helped in the understanding of the 

electrophysiological properties of the cultured, neonatal rat cardiac model. The stimulated 

conduction velocities were also closer to the modeled values as well as those generated by the 

SA node in the heart in vivo. 

Electrical stimulation optimization experiments 
 

The stimulation protocol was optimized by determining a minimal threshold which 

reliably generated contraction from the cells. The cardiomyocytes were stimulated with 2 Hz, 

500 mV, 1 ms wide bidirectional pulses at different electrodes. As seen in Figures 3-4 A and B, 

the time-delay between the stimulation artifact and the FP at the different electrodes is in good 

correlation with the distance between the stimulation and recording electrodes. The excitation 

wave spread evenly on branched patterns as evidenced by the zero time difference at the end of 

the branches.   

As shown in Figure 3-5, paired pulse stimulation protocols could also be used with the 

defined cardiac patterns. By varying the time-delay between stimulations the absolute/relative 

refractory period after action potential generation could be mapped. If the stimulation delay 

between the two electrodes was too short, the second stimulus failed to evoke a second 

propagating action potential. This experiment enables new possibilities to study phenomena 
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difficult to measure in random (not constrained) monolayers, such as re-entry, refractory periods 

after action potentials and arrhythmia.  

Pharmacology and toxin studies 
 
 

 One of the most important applications of this system could be measurements to 

determine the effect of drugs, their side effects, and toxins on cardiac system function. Two 

pharmacological agents, 1-Heptanol and Sparfloxacin, were tested to demonstrate the usability of 

this system for pharmacological and toxicology studies. Patterned spontaneously beating 

cardiomyocytes were exposed to 50 µM 1-Heptanol in the recording medium and the field 

potentials were recorded at 15 minute intervals. A control recording was taken before the toxin 

application. As shown in Figure 3-5, 1-Heptanol had a marked effect on the propagation of the 

excitation wave; it significantly increased the delay of the FP between the two recording 

electrodes. The conduction velocity was calculated to be 0.006 ± 0.004, a significant decrease 

from 0.192 ± 0.012 m/s, the value measured before treatment. The increase in the time delay 

indicates a block and uncoupling of the gap junctions and this result clearly shows that the effect 

of a gap junction blocker can be analyzed using this system.  

 

Effect of Sparfloxacin: Sparfloxacin is a fluoroquinone antibiotic and HERG channel 

antagonist that is known to cause QT prolongation, Tdp and ventricular fibrillation [40, 41]. 

Application of 2 µM of Sparfloxacin to the recording medium caused a significant change in the 

spontaneous beating frequency within 25 minutes, with an increased FP length, non-synchronous 

contractions similar to fibrillation and burst-like beating activity as shown in Figure 3-65B. The 
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beating frequency changed from a stable value of 0.6 Hz-1 Hz to intra-bursts with a higher 

frequency range of 1 Hz -1.2 Hz. The loss of synchrony between the two electrodes measured 

also indicated a propagation block in the monolayer. 

Discussion 
 

Surface modification, photolithographic patterning and patterned cardiac myocyte 
cultures on micro-electrode arrays 

 

In this study, it was shown that the surface of commercial multielectrode arrays could be 

functionalized with SiPEG self-assembled monolayers. The PEG layer could be ablated and 

subsequently patterned using standard photolithographical techniques and that incubation of the 

patterns with 5 µg/ml fibronectin for 20 minutes did not affect the cell resistive properties of 

PEG, but significantly improved the attachment of cardiac cells to the glass surface. Surface 

analysis of the MEAs after modification indicated that both PEG-Silane modification and 

fibronectin adsorption on the ablated areas of the MEA surface was successful. The patterned 

commercial electrodes were re-usable 6-10 times without an observable decline in the quality of 

electrophysiological recordings after each cleaning. Rat neonatal, cardiac myocytes 

demonstrated normal physiology and formed beating monolayers on the areas designated by the 

patterns. 

Manipulating cells, determining their attachment, growth and differentiation in cultures 

has become more important in applications such as tissue engineering, toxin detection, drug 

screening and robotics. Unfortunately, there is no generally applicable method to pattern all cell 

types. The method developed here using a protein adsorption resistant background, SiPEG, 
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followed by protein adsorption (fibronectin) to the ablated area is a relatively simple, fast and 

cheap solution for this problem and could be generalized for ‘difficult to pattern’ cells.  

Electrophysiology, toxin and drug effects 
 
 

The patterned cells formed a confluent interconnected network of spontaneously 

contracting cells communicating via gap junctions. The activity of the cells could be measured 

using the embedded microelectrode array. The extracellular electrodes allowed not only 

recording, but also stimulation of the patterned cardiac myocyte monolayers. For the 

measurement of conduction velocity three different methods were used: 1) traditional video-

monitoring of the excitation wave in the monolayer, 2) measurement of the speed of the 

spontaneous excitation waves on the patterns via the microelectrode array and 3) measurement of 

the propagation of stimulation-evoked extracellular field potential. All of these methods 

produced consistent results which were in reasonable agreement with published in vivo data. 

Conduction velocity increased with rapid electrical stimulation indicating that changes in cell 

physiology can be studied using this method. Patterning of the monolayers made conduction 

velocity measurements simpler, faster and more reliable. In future commercial applications this 

may be a more cost effective and higher throughput technique for screening fcardiac side effects 

for drug candidates. It would also drastically reduce the number of required electrodes.  

We have also demonstrated that alternating stimulation at different electrodes on the 

patterns could be used to measure the refractory period after action potentials, an important 

parameter for determining potentially fatal pharmacological side effects. This technique could 

also be a valuable tool for the study of cardiac defects, such as reentrant arrhythmia. Further 
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development of this technology, especially for use with human cells, could significantly affect 

pharmaceutical drug development enabling additional paramaters for measurements in cardiac 

side effect screening.  

Two pharmacological agents, 1-Heptanol and Sparfloxacin, were used to demonstrate the 

effectiveness of this method for drug screening. Both of these compounds are known to have 

cardiac side effects. 1-Heptanol is a gap junction blocker, whereas Sparfloxacin is an antibiotic 

that was taken off the market due to cardiac side effects. Our results were in agreement with the 

literature as 1-Heptanol drastically decreased the conduction velocity in the cardiac myocyte 

monolayers without completely blocking the conduction, whereas Sparfloxacin caused 

fibrillations which initiated a complete conduction block. These results indicated that specific 

drug actions can be studied using this system. 1-Heptanol affected the conduction velocity 

properties, while maintaining the synchronicity of the beating cells. The addition of Sparfloxacin 

to the cells caused a loss in rhythmicity resulting in a burst-like activity similar to fibrillations 

that are shown to have occurred in animal and human trials for the drug. These promising initial 

results support the need for further development of this system as a high-throughput, high-

information content functional drug screening platform.  

Conclusion 
 

A simple and reliable method for patterning cardiac myocytes on multielectrode arrays 

was developed. This method is compatible with standard silicon manufacturing steps. Patterning 

of the cardiac myocytes increased the information content of the traditional multielectrode array 

recordings by enabling measurement of conduction velocity in a fast and simple approach. 
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Moreover, using these stimulation protocols, the measurement of the refractory period after the 

action potentials became possible. Measurement of the effect of drugs, with known cardiac 

effects, was in agreement with the literature. Further development of this method could result in 

cheaper, faster, pharmaceutical side-effect screening with higher predictive value. 
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Figure 3-1: XPS analysis  

A: Typical XPS survey spectra of oxygen plasma-cleaned MEA; Insert: C 1s high 
resolution spectrum of (a) clean MEA and (b) after PEG ablation. B: XPS survey spectra of 
a PEG modified MEA; Insert: High resolution C1s spectrum of PEG modified MEA. C: 
High resolution C 1s spectra of a clean MEA. D: High resolution C1s of Fibronectin 
adsorbed on a laser ablated PEG modified MEA (*: K 2p peak due to PBS, solvent for 
Fibronectin). 
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Figure 3-1: XPS analysis  

E: High resolution N 1s spectra of a clean MEA. F: High resolution N 1s spectra of 
Fibronectin adsorbed on a laser ablated PEG region on an MEA. 
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Figure 3-2: Patterned neonatal cardiomyocytes 

Patterned neonatal cardiomyocytes A, B: Phase contrast pictures on day 12. A: Field 
potentials measured at individual electrodes are marked in red. Electrode distance: 200 
µm, C: Pattern design and dimensions. D:  Immunostaining with Rhodamine phalloidin for 
F-actin indicating cardiac myofibrils (note the visible striations). Nuclei are stained with 
DAPI (blue).  
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Figure 3-3: Action potential conduction in patterned cardiac myocyte monolayers.  

A: phase contrast picture of cardiac myocyte patterns on the top of the substrate embedded 
electrodes (electrode distance is 200 µm) with a sketch of the conduction pathway on the 
completed pattern and with the recorded extracellular signals on the given electrodes. B: 
Overlay of the recorded traces showing the temporal relationship of the signals. 
Spontaneous AP was generated in the cardiac myocyte monolayer in the right fork of the 
pattern, close to electrode 74. AP spread through the pattern reaching electrode 74 first, 
electrode 72 second and with a much longer delay (according to the longer path) electrode 
52 last. Conduction velocity was determined based on the time delay in the signal between 
electrode 74 and 52 and the known pattern geometry. The calculated conduction velocity in 
this experiment was 0.192 ± 0.012 m/sec. 

 

 

 

 

 

 



 53

 
Figure 3-4: Measurement of conduction velocity in patterned cardiac myocyte monolayers 
with electrical stimulation. 

A: Electrodes 52 and 84 were stimulated alternatively with a time delay of 300 ms and the 
response was recorded at electrodes 72. B: E72 exhibited both long and short time delays in 
FP generation based on the distance the AP had to travel from the stimulation site. 
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Figure 3-5: Measurement of refractory period after cardiac action potential.  

Electrodes 63 and 85 (see pattern geometries on the left) were stimulated alternatively 
according to the following protocol: E63, 100 ms delay, E85, 400 ms delay, E63 again. Right 
panel shows recording at electrode 87. Stimulating E85 100 ms after the stimulation of E63 
failed to evoke an AP because this delay was too short, cells were stimulated in their 
refractory period. By chance, cell electrode coupling on electrode E85 was especially strong 
in this experiment, thus the extracellular recording approximately replicated the shape of 
the intracellular action potential illustrating the relationship of the action potential and the 
stimulation.When the stimulation delay between E63 and E85 was 250 ms, both 
stimulations evoked an action potential at electrode 87. 
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Figure 3-6: Effect of the gap junction blocker 1-Heptanol. 
 

A: Propagation of excitation between the two end points in the pattern (Electrodes 84 and 
52) before addition of the drug. The conduction velocity (CV) was measured to be 0.217 
m/sec B: Propagation of excitation after the drug. The CV was calculated as 0.006 m/sec C: 
Drug effect on CV measured over 5 MEAs. 
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Figure 3-7: Effect of the HERG channel antagonist Sparfloxacin. 

 A: Field potential recordings before addition of Sparfloxacin indicated stable beating 
frequencies and synchronous activity B: Field potential recording after the addition of 2 
µM Sparfloxacin showed burst like activity with higher intra-burst frequencies and no 
synchrony between electrodes. 
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CHAPTER 4: CREATING FUNCTIONAL NEURONAL NETWORKS ON 
MICROELECTRODE ARRAYS TO STUDY SYNAPTIC  

 

Introduction 
 

Studying the electrophysiology of electrically active cells has long been a basis for 

understanding neuronal cell function and various disease pathologies. In the vertebrate brain 

plasticity, specifically long term potentiation (LTP) and long term depression (LTD), have been 

widely studied as a cellular model for learning [1].  LTP is defined as a significant strengthening 

or enhancement in signal transmission between two synchronously stimulated neurons that is 

long lasting or persistent and is thought to be the synaptic basis underlying learning and memory. 

Although LTP was discovered in 1966 in the rabbit hippocampus the precise molecular 

mechanism involved in the enhancement or depression of synaptic transmission between two 

neurons is not clearly understood in part due to variation in species and brain region [2]. A 

clearer definition of LTP would also help in better understanding the pathology of diseases like 

Alzheimer’s and brain injuries.  

Hippocampal slices are currently the most widely used preparations and models for 

studying synaptic plasticity and LTP. LTP has been demonstrated in slice preparations in each 

major subsector of the rodent hippocampus [3, 4]. Experiments in the last decade have shown 

that LTP in CA3 neurons innervated by the Mossy Fiber pathway follows the Hebbian learning 

rule [5-7]. LTP at this synapse is defined by ‘an increase in amplitude and maximal initial slope 

of the extracellular field potential and a decrease in the threshold and latency of action potentials 

elicited by the stimulation of the potentiated projection’ [4, 8, 9].  
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In order to better understand LTP, it is essential to characterize the cellular and molecular 

changes that underlie enhancement of synaptic transmission. Disassociated hippocampal 

neuronal cultures not only allows us to control and define cell environment, cell connections and 

synapses but also makes it possible to closely monitor and study two-way communications 

between single cells. 

The traditional methods of functional electrophysiological studies involve extracellular 

field potential recordings and intracellular patch clamp techniques [10-12]. But patch clamp 

electrophysiology does not allow for long term continuous monitoring of changes associated 

with injury or chemical effects over several days. The last three decades has therefore seen an 

increase in research using silicon-based microelectrode arrays (MEA) and field effect transistors 

(FET).  MEAs are being increasingly used not only as a high-throughput biosensor devices [13] 

to study drug and toxin effects but also to examine the major physiological properties of 

electrical active cells such as neurons and cardiomyocytes [14, 15]. These silicon-cell hybrids 

allow for multi-site recordings from different parts of tissue slices or from many interconnected 

neuronal cells at the same time. They give both temporal and spatial information and because 

they are non-invasive, facilitate long term experiments. More importantly for the study of LTP, 

the simultaneous stimulation, recording and monitoring at different sites of the tissue or 

functional neuronal network provides more information about the plasticity of synaptic 

transmission. 

In this study it was shown that engineering a directed functional neuronal network on 

MEAs allows for the study of synaptic plasticity and can be further extended to examine two 

cells and individual cell physiology during LTP and LTD. For these experiments surface 
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patterning was used and serum-free medium to both guide cells and create an ideal system for 

cell growth and differentiation and provide a defined environment. Surface patterning techniques 

have been used over the last two decades to try to create a functional neuronal network. The 

techniques have varied over the years [16-20] as researchers established simpler and more 

efficient means to create patterned cells that have longer survival rates and better cell firing 

activity, with the goal of using them for high throughput pharmacological and toxicology 

research, including serving as tools to study disease models. Patterning allows the cells to grow 

in a more ordered way, thus mimicking the structured networks of the brain and representing a 

more accurate study. To this end, significant research has been done in this area, indicating that 

patterned neurons synapse and form electrical circuits [21, 22] with defined polarity [22] 

depending on the pattern. We have now designed directional patterns on MEAs that result in 

specific unidirectional axonal and dendritic growth.  

The activity of the neuronal networks was analyzed by studying the functional 

connectivity between two neurons. For our study, functional connectivity is defined by the 

ability of communicating neurons to fire almost synchronously and can be observed by cross-

correlation of the spike trains of the corresponding cells [6]. The time delays, if any, in spike 

activity, of concurrently firing neurons was measured and displayed using statistical tools. LTP 

in our system was defined as a significant and persistent change in functional connectivity that is 

expressed as a decrease in directional synaptic delay in the activation of a post-synaptic neuron 

by pre-synaptic stimulation. This could be measured using a cross-correlation diagram or as an 

increase in the directional granger causality as calculated from neuronal data. 
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Materials and Methods 
 

Surface cleaning 

 
Glass coverslips were cleaned using an acid wash protocol. Briefly a ceramic rack 

containing glass slips were soaked in a solution of 50/50 methanol (HPLC grade)/ hydrochloric 

acid (Reagent grade) or 15-30 min. They were then rinsed with deionised ultra filtered (DUIF) 

water three times and placed in a beaker containing concentrated sulfuric acid (reagent grade 

from fisher) for a minimum of 30 minutes. The rack of coverslips was rinsed thoroughly again 

and boiled in DUIF water for at least 30 minutes. The rack and slips were then rinsed in two final 

solutions of acetone and oven dried at 110 °C for 10-15 min or until dry. The contact angle was 

then confirmed to be less than 5 deg. Microelectrode arrays were plasma cleaned for 10 minutes. 

Surface modification  

 
The method used for surface modification is as described [22]. Briefly, Ceramic racks 

with the cleaned surfaces (Glass slips and MEAs) were immersed in a 0.1% (v/v) DETA ( N-1[3-

(Trimethoxysilyly)propyl] Diethylenetriamine ) in HPLC-graded Toluene solvent and heated to 

just below the boiling temperature for 30 minutes. It was then allowed to cool down to room 

temperature. HPLC-graded Toluene was then used to rinse the slips and the slips were reheated 

for 30 minutes as before. The surfaces are then oven dried for 2 hrs to overnight. After DETA 

ablation using deep UV laser (mentioned below), backfilling the ablated region was done using 

0.1% tridecafluoro-1,1,2,2-tetrahydrooctyl-1-trichlorosilane (13F) in chloroform solution. 
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Briefly the racks with the slips were immersed in the 13f solution for 5 minutes, rinsed in 

chloroform and oven dried for 15 minutes.  

 

Photolithographic patterning 
 

Patterns were made photolithographically by exposing the DETA monolayer to ArF laser 

irradiation through a quartz mask. The microelectrode arrays were patterned using a deep UV 

(193 nm) excimer laser (Lambda Physik) at a pulse power of 230 mW and a frequency of 10 Hz 

for 45 seconds through a quartz photomask (Bandwidth foundry, Eveleigh, Australia) 

 

Surface characterization  
 

The XPS characterization of the MEA’s as received, O2 plasma cleaned MEAs, DETA-

coated MEAs, laser ablated DETA and 13F-coated MEAs was done with a Thermo ESCALAB 

220i-XL X-Ray photoelectron spectrometer equipped with an aluminum anode and a quartz 

monochromator. The surface charge compensation was achieved by using a low-energy electron 

flood gun and when necessary by masking the samples with Al foil (a small area was left un-

covered for analysis). Survey scans were recorded in order to determine the relevant elements 

(pass energy of 50 eV, step size = 1 eV). High resolution spectra were recorded for Si 2p, C 1s, 

N 1s, and O 1s (pass energy of 20 eV, step size = 0.1 eV).  The spectrometer was calibrated 

against the reference binding energies of clean Cu, Ag and Au samples. In addition, the 

calibration of the binding energy (BE) scale was made by setting the C 1s BE of carbon in a 
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hydrocarbon environment at 285 eV. N 1s and Si 2p peak deconvolution were performed with 

Avantage version 3.25 software, provided by Thermo Electron Corporation.   

For surface wettability, a static drop (5 μL) of deionized water was applied to the sample 

surface at three different spots for three different readings and the average value was taken. 

Cell culture 
 

Hippocampal neurons were obtained from day 18 old rat embryos and prepared as 

previously described [23]. Briefly, hippocampi were dissected from the fetuses of timed-

pregnant Sprague-Dawley rats. The tissue was mechanically dissociated in a cold serum free 

dissection Hibernate E medium supplemented with B27 (2% v/v; Invitrogen), glutamax (1% v/v; 

Invitrogen) and antibiotic/antimycotic (1% v/v; Invitrogen). Prior to cell plating, patterned 

MEAs were sterilized with absolute ethanol and dried. Cells were plated on the MEAs at a 

density of approximately 75 or 200 cells/mm2, depending on the pattern. The serum free culture 

media was neurobasal medium supplemented with B27 (2% v/v; Invitrogen), glutamax (1% v/v; 

Invitrogen) and antibiotic/antimycotic (1% v/v; Invitrogen).  

Extracellular microelectrode recordings 

 
The Hippocampal neurons were cultured on patterned metal microelectrode arrays 

(planar 10 µm electrodes, separated by 200 µm, Multichannelsystems). A 60 channel amplifier 

(MEA1040, Multichannelsystems) was used to record electrical activity from the cells. The same 

electrodes were also used for stimulation using a stimulus generator (STG 1002, Multichannel 

systems). Stimulation experiments were done using a high frequency tetanic pulse at 100 Hz, 500 
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mV. The recording medium was the same as the plating medium with the pH adjusted to 7.3 

using HEPES buffer. After a 30 minute incubation and stabilization period, field potentials were 

detected and recorded using built in functions of the multichannel software. For chemical 

induction of synaptic plasticity, 30 µM 1S,3R ACPD (Aminocyclopentane-1S, 3R-dicarboxylic 

acid) was added to the recording medium and recordings were taken every 15 minutes. Data was 

then analyzed using Matlab and Clampfit (Axon Instruments) and statistical significance was 

determined using a student’s t test. 

 

Results 
 

Surface modification and patterning of hippocampal neurons on microelectrode 
arrays 

 
Our laboratory routinely uses self-assembled monolayers to modify and pattern glass 

coverslips for cell culture applications [24-29]. Surface modification of MEAs for creating 

neuronal networks was done using two self-assembled monolayers, DETA and 13F. Since 

neuronal networks using these SAMs were successfully created on glass coverslips we replicated 

the procedure on MEAs. XPS is a surface characterization technique with a probing depth of 

about 10 nm. It is useful to monitor the surface modification of the top 10 nm layer of the MEA 

after chemical treatment. The surface modification of an MEA from the initial pristine surface to 

the final modified surface which contains DETA hydrophilic patterns surrounded by a 13F 

hydrophobic background is suggestively depicted by the set of XPS survey spectra presented in 

figure 4-1. The chemical composition of the top 10 nm layer of the MEA as received (Fig 1A 

(a)) consist of silicon (Si 2p = 102.2 eV), carbon (C 1s = 285 eV), nitrogen (N 1s = 398.2 eV), 
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and oxygen (O 1s = 533 eV).  This chemical composition corresponds to the MEA’s insulation 

layer (500 nm thickness) which is made out of Si3N4 (silicon nitride). The silicon nitride surface 

was slightly oxidized, since a significant O 1s peak is detected by XPS (Fig 4-1A (a)). The 

presence of C in a hydrocarbon environment (C 1s = 285 eV) is mainly due to carbon 

contamination most likely through the MEA’s handling. By exposing the MEA to O2 plasma 

discharge, the surface was cleaned, and only traces of carbon (C 1s) were then detectable by XPS 

(Fig 4-1A (b)). At the same time there was a noticeable increase of signal from oxygen.  The 

relative O 1s intensity compared to the Si 2p intensity increased by about 60% after the O2 

plasma treatment.  

The chemical composition of the patterned (DETA-coated) and un-patterned (13F-

coated) portions of the MEA’s surface are shown in the XPS survey spectra in Fig 4-1A (c) and 

(e), respectively.  A significant C 1s peak centered at 285 eV was present in the XPS survey of 

the patterned portion of the MEA peak, which proves the DETA incorporation.  This peak was 

almost completely removed in the XPS survey spectrum of the Laser ablated MEA surface, as 

seen in Figure 4-1A (d). For the un-patterned, 13F-coated portion of the MEA’s surface, the XPS 

survey spectrum showed an F 1s peak at about 689 eV, a binding energy characteristic to an F-C 

bond. The C 1s peak was much less intense then the C 1s for DETA-coated portion of the MEA, 

and was split into 2 peaks. Fig 4-1 B indicates a set of high resolution C 1s spectra as described 

above. Clearly, there are 2 main peaks: the first centered at about 285 eV, and it is either due to 

adventitious C (b and d) or C in a hydrocarbon environment (c and e); the second line shifted 

about 6 eV to higher binding energy, and it was due to CF2 groups of the 13 F (e). Fig 4-1 C 

shows a set of high resolution N 1s spectra for the same samples as described above. In all cases 
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there was a dominant peak at about 398 eV, due to the Si3N4 insulation. For the DETA-coated 

portion of the MEA, besides the Si3N4 dominant feature, there was a second feature much smaller 

and shifted towards higher binding energy. Figure D shows the high resolution N 1s spectrum of 

the DETA-coated portion of the MEA, with the corresponding curve fitting. The Si3N4 dominant 

feature is centered at 398.2 eV. The smaller feature consist of 2 lines shifted towards higher 

binding energy of about 2 eV and 4 eV respectively.  These lines are characteristic of amine and 

protonated amine groups in DETA.  Contact angle values were around 51 ± 3°. 

Hippocampal neurons were plated at a density of 200 cells/mm2 on the patterned MEAs 

and formed neuronal networks by day 4 as shown in figure 4-2B 

Extracellular recordings from patterned neuronal networks 
 

Spontaneous electrical activity of the patterned Hippocampal neurons was extracellularly 

recorded by a 60 channel amplifier. Electrical activity of the patterned networks could be seen as 

early as day 12 and recordings were taken until 21 days in culture. Cell survival and activity on 

the patterned MEAs after 24 days decreased significantly. Control (unpatterned) MEAs were 

plated at 300 cells/mm2 while patterned MEAs were plated at 200 cells/mm2 to account for 

factors such as cell migration and a smaller cell adhesive region on patterned MEAs. Recordings 

were taken from both control and patterned MEAs on day 14 in 15 minute intervals. 

Synchronous burst activity was observed in many of the channels on control MEAs, however 

non-burst spiking activity was also seen as shown in figure 4-3A  

 
As shown in figure 4-3B, the patterned networks tended to synchronously fire and had a 

significantly higher bursting activity, demonstrating synaptic connectivity and communication. 
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This could be due to better connectivity brought about by patterning as opposed to random 

networks as well better recording brought about by the cells being situated on top of the 

electrodes. To test if LTP like behavior could be chemically induced, the group I/II mGluR 

agonist 1S, 3R ACPD (30μM) was added to the recording medium and activity was monitored 

over 5 hours. ACPD significantly increased bursting activity in both patterned and random 

networks (n = 5). In addition there was a significant difference between electrical activity in 

general between the control and patterned networks (Fig 4-3C).  This could indicate increased 

connectivity in patterned networks as well as more robust cell culture due to the presence of a 

more structured network. To calculate the percentage of spikes in the bursts, the number of 

spikes in each burst was divided by the total number of overall spikes over a 2 minute block.   

 
Data analysis of burst activity from neuronal networks 

 
The analysis of data from patterned networks is still a challenging work in progress. 

Certain basic programs were used to try to extract the information from the data sets. To identify 

firing patterns, analysis of spiking data was done using Peri-stimulus histograms (PST 

histogram) and Granger causality in Matlab.  PST histograms allows for an analysis of the 

spiking order and directionality of the network resulting in the identification of a pre- and post-

synaptic cell as indicated by the positive and negative correlation of the two channels  

The effect of ACPD in this system was further analyzed by looking at neuronal 

interactions before and after drug addition using the Granger causality algorithm. Figure 4-4A 

shows the interaction between the different channels on the patterned MEAs before the addition 

of ACPD.  Figure 4-4B depicts the interaction among different channels on the same patterned 

MEA five hours after exposure to ACPD.  The different colors represent the different synaptic 
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strengths between communicating neurons on the electrodes. In traditional slice 

electrophysiology, LTP is defined by the increase in the size of the postsynaptic cells response to 

presynaptic stimulation following a specific stimulus pattern or chemical induction.  Here it was 

observed that ACPD application increased neuronal connectivity and decreased interspike 

intervals though the directionality of the connections was not defined. A decrease in synaptic 

delay was observed between directionally connected channels following incubation of the 

patterned MEA with ACPD for after one hour.   

In addition to increases in granger causality and decreases in directional synaptic delay, 

in some cases it was also observed that ACPD introduced a decrease in synaptic efficacy or a 

depression.  Further probing of the literature indicated that ACPD has been shown in some cases 

to induce LTD at the Schaffer collateral – CA1 synapse of rodent brain slices.  Indeed, selective 

activation of group I mGluRs results in LTD at this synapse which may account for the observed 

depression in some of our experiments since ACPD also actives group I mGluRs.   

In addition to chemical induction of LTP in our system, LTP was induced by applying a 

high frequency tetanic pulse using the stimulus generator. Though the stimulation caused an 

immediate effect increasing the synaptic efficacy of the network the effect was not long lasting.  

Discussion 
 

In this study we showed that creating an engineered neuronal network on microelectrode 

arrays helps facilitate the study of synaptic plasticity in disassociated neurons. Though recent 

researchers have looked towards studying LTP and LTD in cell culture systems, most of this 

work involves random networks rather than patterned networks [30, 31]. The vast majority of 

current research into LTP includes hippocampal slice electrophysiology as opposed to cell 
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culture models. Using patterned neuronal networks provides a structured organization of the 

neurons allowing for a low level mimicking of certain functions of the brain. By providing ideal 

geometric constraints and cell growth conditions, including a defined environment, cell growth, 

differentiation, migration and synaptic connectivity was controlled. The ability to induce LTP in 

our system will allow us to further probe the mechanisms of LTP at the cellular and molecular 

level. Previous research in this area has shown LTP like activity in random networks with the 

addition of chemicals such as Bicuculine [32], but analyzing specific synaptic interactions 

between cells is almost impossible in such networks. The specific geometric pattern used for our 

experiments allows for the analysis of interspike intervals and synaptic changes between 

specifically connected cells rather than in a random network. In the future this could provide 

more information of how LTP is involved in communication between individual cells. 

Our results indicate that commercial microelectrodes can be modified with silanes. The 

electrode arrays can be re-used several times leading to the efficiency of the system. Cells grow 

and are viable for at least 3 weeks with good electrical activity on the patterns. Furthermore, an 

increase in synchronized activity in the patterned networks was demonstrated. This suggests that 

patterning reduces random cross-talk between cells and directs synaptic formation in a more 

constrained and organized manner. Significant increases in bursting activity with the patterned 

networks were also observed, a phenomenon generally seen with mature neurons in random 

networks. This agrees with previous work indicating that patterned networks generally tend to be 

more robust and electrically active than random networks [17]. In addition, our results also 

indicated that LTP induction in our system is more pronounced in patterned rather than random 

networks.  
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One of the major difficulties of this study was to define Synaptic plasticity and LTP 

induction in disassociated hippocampal cell culture models using extracellular recordings as 

opposed to traditional patch clamp intracellular signals. Traditional analysis of the changes in 

amplitude (patch clamp recordings) or slope (extracellular field recordings) of the postsynaptic 

potential becomes difficult in this situation. Though the study of LTP or LTD using this method 

allows for a simple, efficient and less time consuming protocol, the information gained is more 

limited. Changes in synaptic strength was measured by Granger causality, a method recently 

used to look at neuronal communication in the brain [33]. Granger causality is a concept based 

on predicting the actions of one time series based on the actions of another. We use this concept 

to see if one layer of neurons brings about a change in the second layer of neurons to which it is 

connected in a unidirectional manner or in other words to determine if there is a causal 

relationship between the two layers of chattering neurons. The use of neurons connected in a 

specific manner helps narrow down parameters and allows us to examine if there is a change in 

granger causality with regard to communicating cells. 

Here we demonstrate that patterned neuronal networks provide a simple, efficient, high-

throughput method to study synaptic plasticity at the cellular level. Currently we are working 

toward extending this model to a 2 cell system to narrow down LTP and LTD analysis to a single 

cell level. This system could find further uses in studying disease pathologies and drug effects on 

synaptic plasticity. 
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Figure 4-1: XPS analysis of MEAs before and after surface modification with SAMs 

A (a-e): the MEA as received (a), the MEA after O2 plasma cleaning treatment (b), with 
DETA (c) and 13 F (e)  As a control, the MEA surface has been also examined after 
exposing it to the LASER irradiation (d). C 1s, Si 2p, N 1s and O 1s high resolution spectra 
for the same set of samples (a-e) were also recorded and presented in Fig 1 B, C, D and E 
respectively.  
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Figure 4-2: Pattern design and patterned embryonic hippocampal neurons. 

 A: mask design for studying network activity, B: Phase pictures of patterned neuronal 
networks and two cell networks on microelectrode arrays on day 7 after culture. Extreme 
left image shows a two cell hippocampal network, center figure shows a grid like pattern of 
hippocampal cells. Scale bar: 200 µm. 
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Figure 4-3: Induction of LTP like activity in cultured Hippocampal networks.  

A: Left: Random network of Hippocampal neurons on day 14, Right: Recordings taken 
from 4 different electrodes from the random network show both burst and non-burst spike 
activity. A burst is defined as a collection of spikes which are indicated by the single 
vertical lines. Each panel indicates recordings from an electrode on the MEA. Degree of 
synchronous spiking is not high, B: Left: Patterned networks on day 14, Right: Recordings 
taken from 4 directionally connected channels showing a stronger and higher degree of 
synchronous burst activity. 
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Figure 4-4: Induction of LTP like activity in cultured hippocampal networks.  

C: Recordings taken 15 minutes after addition of 30 µM ACPD. Representative traces 
show more organized and increased synchronous spike activity.  D: Recordings taken 5 
hours after addition of 30uM ACPD show increased and synchronous bursting activity 
between interconnected neurons E:  Bar graph representing the percentage of spikes in 
bursts of the different treatment conditions (Mean ± SEM; n = 5). 
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Figure 4-5: Analysis of synaptic restructuring after ACPD addition. 

A: Granger Causality showing synaptic communication between the interconnected 
neuronal layers on the electrodes before ACPD addition B: Granger causality showing 
increased network activity after ACPD addition. The lines are color coded to indicate the 
strength of the synaptic activity with blue indicating a weaker synaptic strength and red 
the strongest synaptic strength. 
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CHAPTER 5: DESIGNING PATTERN FEATURES TO STUDY TWO 
CELL HIPPOCAMPAL NETWORKS AND CELL MIGRATION IN 

SERUM FREE MEDIUM 

Introduction 
 

Neuronal cultures have traditionally been grown from disassociated cells where the basic 

structure of the brain is destroyed. These in vitro systems form random synaptic connections and   

Patch-clamp electrophysiology has been extensively used to study single cell and network 

activity. The inherent drawbacks to this approach are the invasiveness of the cell isolation 

techniques which basically destroys the pre existing networks found in the CNS. Patch clamp 

electrophysiology also cannot be used to monitor large populations of cells. Planar 

microelectrode arrays (MEA) have been utilized over the last two decades in an attempt to record 

non-invasively from neuronal cells (1-3) to overcome some of the limitations in established 

techniques. However random cultures on microelectrode arrays present new challenges as the 

cells tend to not always establish themselves on top or near electrodes making specific site 

recording difficult in these cultures. Placing the cells directly on top of the electrode would better 

facilitate the proper study of the neuronal connectivity between neuronal cells in vitro. Surface 

modification and patterning would help in not only providing a solution to this problem but also 

establishes interconnections and aids in long term survival (4-7).   

A critical part of patterning is to provide the cell with two types of adhesion options. The 

foreground or the cell attractive region generally consists of molecules that include amino silanes 
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or ECM proteins including Fibronectin (8, 9). The background is a cell repulsive region that 

includes alkylsilanes, fluorinated silanes and polyethylene glycol moities that provides a protein 

cytophobic surface (8, 10). Previous research has (8, 11, 12) indicated that photolithographic 

patterning of SAMs can help create engineered neuronal networks. 

The ideal engineered connectivity to reproduce some of the basic functions of neuronal 

networks would consist of two cell patterns. Studying synaptic plasticity and interactions 

between these cells could yield information about Long term potentiation (LTP), drug effects and 

cell migration at the cellular level. In this study the geometric requirements needed for creating 

two cell networks was invetsigated. It is challenging to establish artificial neuronal circuits that 

precisely comply with pre-designed MEA circuit geometry by controlling individual neuronal 

migration and positioning in vitro thereby simulating the process of directed neuronal migration 

in vivo.  In this study, we demonstrated that neuron migration to a predetermined pathway and 

destination can be achieved by appropriate manipulation of substrate surface chemistry and 

pattern geometry in embryonic hippocampal neuronal cultures. 

Materials and Methods 
 

Surface cleaning 
 

Glass coverslips were cleaned using an acid wash protocol. Briefly a ceramic rack 

containing glass coverslips were soaked in a solution of 50/50 methanol (HPLC grade)/ 

hydrochloric acid (Reagent grade) for 15-30 min. They were then rinsed with deionised ultra 

filtered (DUIF) water three times and placed in a beaker containing concentrated sulfuric acid 

(reagent grade from fisher) for a minimum of 30 minutes. The racks of coverslips were rinsed 
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thoroughly again and boiled in DUIF water for at least 30 minutes. The rack and slips were then 

rinsed in two final solutions of acetone and oven dried at 110C for 10-15 min. The contact angle 

was confirmed to be less than 5 deg. 

 

Surface modification of the acid washed slips  
 

The method used for surface modification was based on that of previous protocols (8). 

Briefly, ceramic racks with the cleaned glass slips were immersed in a 0.1% (v/v) DETA ( N-

1[3-(Trimethoxysilyly)propyl] Diethylenetriamine ) in HPLC-graded Toluene solvent and heated 

to just below the boiling temperature for 30 minutes. It was then allowed to cool down to room 

temperature. HPLC-graded Toluene was used to rinse the slips and the slips were reheated for 30 

minutes as before. The slips were then oven dried for 2 hrs to overnight. 

After DETA ablation using deep UV laser irradiation (mentioned below), backfilling the 

ablated region was done using a 0.1% tridecafluoro-1,1,2,2-tetrahydrooctyl-1-trichlorosilane 

(13F) SAM in chloroform solution. Briefly, the racks with the slips were immersed in the 13f 

solution for 5 minutes, rinsed in chloroform and oven dried for 15 minutes 

 

Photolithographic patterning 
 

The required pattern was designed using either AutoCAD or CLEWIN software and the 

design was used to construct a quartz mask. Patterns were made photolithographically by 

exposing the DETA monolayer to ArF laser irradiation through the quartz mask. Deep UV 

ablation of DETA was done using a 193 nm Ar/F excimer LPX2001 laser beam (Lambda Physik, 
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Ft.Lauderdale, Fl) combined with a beam homogenizer (Microlas, Ft.Lauderdale, Fl). The 

ablation was done for a minimum of 30 seconds.  

 

 
 

Surface characterization 
 

The surface analysis of the modified slips was done using X-Ray photoelectron 

spectroscopy (XPS) and contact angle measurements. Three spots on a sample slip were 

analyzed using XPS. For each sample, survey scans and high resolution scans for the individual 

peaks of Fluorine (1s), Oxygen (1s), Carbon (1s) and Silicon (2p) and Nitrogen (1s) was 

performed. Using a standard curve fitting technique for the high resolution peaks, the individual 

elemental compositions, the relative values of fluorine with respect to the rest of the elements, 

and the ratio of nitrogen to silicon were calculated. More details were given in the previous 

chapter. XPS analysis is shown in figure 2. The wettability of the SAM surfaces was determined 

by contact angle goniometry (KSV Instruments, Cam 200). A static sessile drop of ultra pure 

deionized water (5μl) was dispensed on the monolayer surface (DETA and 13F SAMs).  The 

angle at which the water drop contacts the surface was measured.  The reported values represent 

the average of three independent measurements taken across the surface.   

Pd-Cu electroless metallization. The formation of DETA/13F SAMs pattern was confirmed by 

electroless metallization. The metallization process is an indirect method for visualization of 

organosilane patterns, because direct examination of patterns is difficult with a microscope. This 

method was adapted from Kind et al.(15) and slightly modified to better suit our system 
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(DETA/13F patterns). Copper (Cu) binds only to the amine groups of the DETA monolayer 

through a series of chemical reactions, but not to the 13F monolayer. In brief, the patterned 

substrates were first immersed in a disodium tetrachloropalladate (Na2PdCl4) solution for 15 min 

to allow the palladium chloride ions (PdCl4
-2) to directly bind to the amino groups of DETA. The 

solution was made with 10 mg Na2PdCl4 and 1.75 g sodium chloride (NaCl) dissolved in 50 ml 

distilled water, whose pH was adjusted to 1.0 with concentrated HCl. The substrates were then 

rinsed thoroughly with distilled water and immersed for 15 min in a solution of dimethylamine 

borane (DMAB) to allow the reduction of palladium chloride ions to palladium metal (Pd).  The 

DMAB solution was prepared by dissolving 1.7 g of DMAB in 50 ml distilled water. The 

substrates were again rinsed thoroughly with distilled water and subsequently immersed in a 

third solution called copper bath solution. This solution was prepared by dissolving 3 g of copper 

sulfate (CuSO4), 14 g sodium potassium tartrate (KNaC4H4O6·4H2O) and 2 g sodium hydroxide 

(NaOH) in 100 ml distilled water, followed by slow addition of formaldehyde (37.2%) (10 μl/ml 

of CBS). The formaldehyde functions as a reducing agent during metallization. Ultimately this 

leads to copper metal (Cu) deposition onto DETA. The palladium ions, which were bound to the 

amino groups of the DETA, served as the precursor for the deposition of copper ions.  This 

process allows metallization of Cu only on the DETA regions (i.e. patterned surfaces), which can 

be visualized by a light microscope. Figure 3 shows the metallized images of different kinds of 

patterns. 
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Cell culture 
 

Hippocampal neurons were obtained from day 18 old rat embryos and prepared as 

previously described (13). Briefly, hippocampi were dissected from timed-pregnant Sprague-

Dawley rats. The tissue was mechanically dissociated in a cold serum free dissection Hibernate E 

medium supplemented with B27 (2% v/v; Invitrogen), glutamax (1% v/v; Invitrogen) and 

antibiotic/antimycotic (1% v/v; Invitrogen).  

Prior to cell plating, patterned glass coverslips were sterilized with absolute ethanol and 

dried. Cells were plated on the glass coverslips at a density of approximately 75 cells/mm2.  The 

serum free culture media was neurobasal medium supplemented with  B27 (2% v/v; Invitrogen), 

glutamax (1% v/v; Invitrogen) and a antibiotic/antimycotic (1% v/v; Invitrogen).  

 

Time lapse recording 
 

Time lapse recordings were performed immediately after the cells were plated. The 

neurons were observed under an inverted microscope (Zeiss-Axiovert 100) equipped with Plan-

Neofluar 10x objective (Zeiss, Oberkochen, Germany) and in a humidified incubation chamber 

to achieve a constant temperature of 37ºC in a 5% CO2  atmosphere. Time-lapse pictures were 

captured with a Hamamatsu C8484-05G digital charge-coupled device camera (Hamamatsu 

Photonics, Shizuoka, Japan). Time-lapse experiments were run under the control of Okolab 

software (OKO-lab, Ottaviano, NA, ITALY). Live cell image sequences were exported using 

NIH ImageJ software to create the movies. 
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Results 
 

The surface characterization of the SAMs indicated successful surface modification with 

incorporation of both DETA and 13F (Figure 5-1). Further characterization was done using 

electroless metallization and as shown the fidelity of the patterns was confirmed (Figure 5-2). 

Surface wettability was determined using contact angle measurements. The average contact 

angle of DETA was 48 ± 2° and for 13F was 85± 2°.  Dissociated hippocampal neurons from 

embryonic rats were cultured on patterns of different dimensions, in a defined serum-free 

medium. The cells were found to attach to these patterns in a manner indicating their geometric 

preferences for cell body adhesion sites as well as process outgrowth. The design criteria of the 

neuronal circuit were simple and yet served multiple functionalities.  The two-neuron circuit was 

designed to study synaptic connectivity (16),  and to immobilize two neurons at determined sites. 

Ideally, each individual neuron adhered to the circular region or solid dot provided and put out 

an axon and dendrites along designated pathways. The two neurons thus formed synaptic 

connections that could then be used for studying circuit functionality. For the circuit geometry, 

each broken or dashed line comprised of two 2 µm X 10 µm bars separated by a 10 µm gap 

allowing for the shorter dendritic outgrowth (8). The solid dot also acted as the destination of the 

migrating neuron and became the somal adhesion site with a size of 20 µm in diameter. The 

distance between two somal adhesion sites was varied between a 100µm to 500 µm and the line 

width for process growth was varied between 1 and 4 µm. The continuous line and dashed or 

broken line on either side of the somal adhesion sites were designed so that axonal growth was in 

a specific, unidirectional pathway toward the second neuron in the circuit.  The arc shape design 

of the continuous line was to eliminate any other geometry influences (e.g. angles in a 
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rectangular shape circuit) on the migration process of the neurons. To determine the optimal cell 

density for seeding, the cells were plated on the patterned surfaces at cell concentrations ranging 

from 50 to 200 cells/mm2. The cell culture results suggested that the lower the cell density (less 

than 75 cells/mm2), the higher the restriction of cell attachment on the patterned surfaces.  

Conversely with higher cell densities (greater than 100 cells/mm2), then the greater the cell 

attachment and spreading over the patterned surfaces, which led to unwanted cluster formation at 

the cell adhesion sites (i.e. growth of multiple cells on the circular pad of the network geometry 

where single cell growth was optimal) and, as a result, complex network formation (Data not 

shown). The optimal cell density chosen for this study was 75 cells/mm2. The results also 

suggested that the line width between 2 and 3 μm provided the best environment for the axonal 

pathway.  We have not noticed much difference on the line length of the pattern, which means 

cells send their axons typically to any length tested (100 and 500 μm).  However, the line width 

between 200 and 300 μm provided more reproducible results for the axonal pathway as shown in 

the figure 5-3. These results indicate that geometrical dimensions of patterns greatly influence 

cell behaviors, in particular cell localization and migration. The cells cultured on the patterned 

surfaces survived up to 24 days on the patterned surfaces, which is more than sufficient for the 

study of electrophysiological behaviors of excitable neurons. 

Patterning using the two cell network also allowed for initial studies of cell migration. To 

observe how the neuronal circuits were formed on the chemically patterned glass substrate, time 

lapse recording was performed immediately after the hippocampal neurons were plated on 

surfaces. Initially, the neurons were uniformly distributed on the entire surface. The majority of 

neurons were located on the 13F background area and at different distances to the DETA 
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geometry cues. Some of the neurons were close to the dashed lines and some were near the 

continuous lines. Time lapse sequences revealed how a typical two-neuron circuit was formed on 

the patterned surface by directed neuron migration (Figure 5-4). We observed that the dashed 

line – dot combined geometry cues provided a somal translocation mode migration pathway and 

destination. At a specific time point, the neurons close to the dashed line were observed to 

quickly extend a leading process towards the somal adhesion site followed by a fast soma 

movement along the leading process. Finally, the cell body extended a neurite to form the axon 

along the continuous line and neurites along the smaller dashed lines (17) that form dendrites. 

The following neurite growth along the continuous lines established physical connection 

between two adhered neurons at somal adhesion sites leading to the formation of a two-neuron 

circuit.  

Discussion 
 

As shown in the previous chapters we have successfully modified the surfaces of not only 

clean glass coverslips but also commercial electrode arrays (that can be reused over time) with 

SAMs to form engineered neuronal networks with functional connectivity. In this study the 

pattern features were refined such that limit cell adherence was limited to the patterns of two 

cells. This would allow not only the study of cell-cell interaction, but also synaptic responses to 

enable investigations of synaptic plasticity phenomenon such as LTP at the single cell level. It 

also for the exploration of the concept of cell migration and neuronal process outgrowth, which 

is as of yet not clearly defined. As shown in the results the patterned surfaces provided adequate 

support for adhesion, survival, orientation, neurite outgrowth, and synapse formation for the 

mammalian embryonic hippocampal cells. This study helps determine the ideal parameters 
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needed for the formation of two cell networks providing the required pattern dimensions as well 

as cell culture optimal density requirements. It also indicated neuronal cell migration on a 

DETA/13F SAM surface for the first time.  

We have developed an in vitro system that allows for pyramidal neuron migration which 

can then be spatially and temporally analyzed. Neurite outgrowth was controlled by both 

environmental signals and geometric constraints which is different from what occurs in vivo. 

This raises the interesting question of whether these neurites are different in terms of cell surface 

receptors, motor proteins, signaling pathways, post-translational tubulin modification, etc. The 

presence of chemical groups on the surface leading to covalent attachments can modify the 

present of catalytic enzymes which can significantly alter the amount of tubulin within the cell 

(18). Further studies would involve a closer look at hippocampal neurites in this system and 

whether traditional neurite inhibitors can cause an effect and if so, in what way. The blocking of 

motor proteins such as Kinesin 1 which determine axon identity could also help in distinguishing 

these in vitro pyramidal cell neurites compared to those found in the brain. These experiments 

would then yield further information that can be used in in vitro studies involving stem cells 

differentiating into neurons. 
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Figure 5-1: Chemically patterned surface chemistry characterization using XPS  

XPS survey scans of the DETA control (blue), 13F on DETA (green) and 13F on ablated 
DETA (red). The scan of 13F on DETA showed very little incorporation of the 13F into the 
DETA monolayer. The scan of 13F on ablated DETA had negligible nitrogen peak but 
significant fluorine peak. Scale bar, 50µm.  
 

 
Figure 5-2: Metallized image of the two-neuron circuit design with different dimensions  
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Each solid dot has a diameter of 20 µm and the distance between the two dots varied from 
200 µm to 500 µm. Each dashed line contained two 2 µm x 10 µm bars separated by 10 µm 
gap. The two continuous lines had a maximum distance of 75 µm and each had 1 to 4 µm 
width.  

 

 
Figure 5-3: Characterization of the effect of feature size and line width on cellular pattern 
formation. 

A: Combination “fish pattern” design with 100,200,300,400 and 500 µm pattern diameters. 
Line width was also varied between 1 and 4 µm on different parts of the mask. B: The total 
number of cells on the patterns was approximately linearly related to the diameter of the 
patterns C: The number of correct cells (Sitting on the cell attachment sites) practically 
was not affected by any of the measured parameters D: The ratio of the correct patterns 
measured by the ‘pattern correctness index’ (Calculated as correct cells*correct cells/ total 

A B 

C D 
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cells) declined with increasing feature size, but it was only slightly dependent on the line 
width. 

 

 

 

 
Figure 5-4: Time lapse sequences over 48 hours of a two-neuron circuit formation by somal 
translocation mode neuron migration.  

From left to right in a clockwise direction: Within 23 hours after plating, the neuron on the 
13F region but close to the DETA dashed line developed short mutipolar processes. One 
short process randomly detected the DETA dashed line, and then it grew fast along the 
dashed line towards the somal adhesion site. When the tip of the leading process reached 
the somal adhesion site, it stopped growing but adhered and formed a circular growth cone 
with a diameter nearly identical to the size of the somal adhesion site. Around 12 hours 
later, soma translocated quickly through the leading process towards the somal adhesion 
site. After the soma reached the somal adhesion site, it assumes a flat and circular 
morphology with a diameter nearly identical to the somal adhesion site size. Axonal 
outgrowth starts along the continuous DETA line till it reached the neuron on the left side. 
Scale bar: 50 µm  
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CHAPTER 6: GENERAL DISCUSSION 
 

The combination of nanotechnology, surface chemistry and biomedical sciences provides 

numerous opportunities to develop hybrid systems that will play a significant role in the future of 

modern science (1, 2). This dissertation, done in two parts, showed the development of this 

prototypical system, which was relatively simple and can be further developed in industry for use 

in multiple applications. These include not only drug development and an understanding of how 

cells interact with each other and surfaces, but also as toxin sensors and in tissue engineering by 

demonstrating the interaction of cells with appropriate materials that can act as scaffolds that aid 

long term cell growth and survival (3-5). This was done primarily by controlling two vital 

parameters, the surface on which the cells grow and the defined environment, namely the 

medium in which the cells are cultured.  The control and manipulation of the surface using 

SAMs had a three fold purpose. It was used to improve cell growth and survival, study surface 

effects on cell function and development, and most importantly, for patterning. Patterning, the 

technique of providing the cells two different kinds of surfaces, control their movement and 

growth according to a specific design, is an important part of the development of these hybrid 

systems. It was significant in that it not only directed the formation of ordered networks of cells 

that mimics the more structured tissue in the body, but also helped situate the electrically active 

cells on recording/stimulating electrodes in microelectrode arrays. The use of serum-free 
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medium also defined the environment of the system and was critical in analyzing the output or 

response of the cells to different kinds of stimuli, be it to chemical or electrical.  

 The first part of this project used cardiomyocytes to develop two kinds of high-

throughput platforms. By manipulating surface chemistry and patterning, a simple method was 

devised to (a) study surface effects on cell growth and differentiation and (b) developed a system 

that can act as a drug side effect screening tool. First, to understand the effect of scaffold 

degeneration on cardiac mycoytes, the growth of embryonic rat cardiomyocytes on surfaces 

functionalized with SAMs was studied with SAMs that had hydroxyl and carboxyl functional 

groups to mimic the surface degradation of three biodegradable polymers, Poly (lactic acid) 

(PLA), poly (lactic-co-glycolic acid) (PLGA) and poly (glycolic acid) (PGA). Using simple 

surface modification techniques 4 different types of surfaces were prepared and embryonic rat 

cardiomyocytes, in serum free medium were cultured on these surfaces. The morphology, 

physiology and survival was then characterized. The effects of these surfaces on cell 

morphology, beating and physiology was examined and quantified. Results indicated that there 

were definite differences in cell electrophysiology, significantly in the case of surfaces 

functionalized with hydroxyl functional groups and the survival of cells on this surface was the 

lowest. This finding supported the work done in 3 dimensional scaffolds and hydrogels, which 

showed the dependence of cell survival on scaffold degeneration. Our results are significant in 

showing the increase in action potential duration of cells cultured on hydroxyl surfaces and 

showed the efficiency of such a system to study surface effects and could easily be reproduced to 

facilitate the study of implants and prosthetic devices as well as other applications in tissue 

engineering.  
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The vital part of any hybrid system is the interface and the first series of experiments in 

the chapter three delve into understanding what types of surface and environmental controls are 

necessary for the ideal growth of cardiomyocytes in defined patterns. It was found that 

embryonic rat cardiomyocytes did not form monolayer sheets on patterned MEAs that were 

functionalized with DETA/13F. The adsorption of the proteins Fibronectin or vitronectin to the 

DETA/13 patterns did not prove successful either as the proteins uniformly adsorbed everywhere 

including on the 13F. This led to the development, as shown in chapter three, of a new type of 

surface modification of the MEAs, using neonatal rat cardiomyocytes.  Poly-ethylene glycol 

(PEG) has been shown to be very resistant to protein adsorption (6) and proved to be ideal for a 

Fibronectin/PEG modification of the MEAs for supporting patterned cardiomyocytes growth and 

survival in serum-free conditions. The series of experiments indicate the feasibility of such a 

system to determine vital cardiac parameters at the cell and tissue level. Conduction velocity was 

measured to a high degree of accuracy and the system was used to study the effects of different 

toxins on these parameters. The results showed that this system can be used to study cardiac 

disease models, conduction block, QT interval, refractory period and changes in these parameters 

when exposed to a drug. This is highly significant, as this system can be developed into a high 

throughput drug development platform that could reduce animal testing and analyze drug side 

effects at the cell and tissue levels. Such a system would even advance the study of side effects 

on human cells..  

The next two chapters used the technique of patterning to study a high throughput 

neuronal platform. Experiments were done to functionalize the surface of commercial 

microelectrode arrays with SAM patterns. Initial studies involved pattern design, to improve the 
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resolution of patterns that would best support network formation and cell survival in serum-free 

conditions. We designed, optimized and characterized two cell networks in vitro. The results 

indicated cell migration onto such patterns and the electrophysiology demonstrated the synaptic 

connectivity. Such two cell networks would be extremely useful in not only studying 

developmental behavior at the cellular level but would also give information concerning cell 

interactions. The design was further changed into a uni-directional grid pattern to study synaptic 

plasticity. Though decades of research have gone into understanding memory formation and the 

phenomenon underlying it termed Long term potentiation (LTP) and Long term depression 

(LDP)(7-10), there are still many questions that are unanswered in this field especially at the 

cellular level. Studies into LTP thus far have looked at hippocampal tissue slices (7, 11). In this 

study, we have attempted to demonstrate LTP in an ordered network of disassociated cells, so 

that the effects of cell responses on factors such as memory formation could be better understood 

at the cellular level. Using an engineered network of cell layers positioned on electrodes with a 

unidirectional functional connectivity, these experiments demonstrated synaptic responses 

similar to LTP. The structural re-organization of the network and the synaptic strengthening of 

cell interactions, by chemical induction, showed the efficacy of this system to study drug effects 

in disease models. Such a system would help make significant strides in understanding LTP in 

Alzheimer’s and be used for drug screening and testing. 

   In conclusion, this dissertation outlined the steps involved in the successful 

development and testing of high throughput hybrid systems that have varied applications ranging 

from implant development,  understanding cell developmental behavior, and most importantly in 

disease models and as a fast, efficient, high-throughput in vitro drug side effect screening 



 101

platform.  Information from such a system can lead to significant improvements in technology 

utilized by the pharmacology industry and give valuable insight into many diseases. 
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