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ABSTRACT 

DEVELOPMENT AND APPLICATIONS OF A MICROFLUIDIC VASCULAR MIMIC 

By 

Paul A. Vogel 

Vascular wall biology and interactions with bloodstream components are areas of continued 

interest due to the high prevalence of cardiovascular disease and stroke. Cell types comprising 

the vascular wall, as well as those found in the bloodstream, are frequently isolated and 

cultured in vitro to determine their biological roles, including their involvement in disease 

progression. Recently, microfluidic systems have emerged as desirable platforms for mimicking 

biological systems, offering precise control of cellular environments. Here, work is presented 

that advances microfluidic technology and improves the utility of microfluidic systems for cell-

based assays and cell culture.  

The endothelium is an important component of the vascular wall due to its role as a 

protective barrier, as well as its involvement in several important vascular functions. In vivo, the 

endothelium plays a vital role in the regulation of vascular tone by releasing several factors that 

cause vessel dilation, of which nitric oxide (NO) is one of the most potent. The endothelial cells 

comprising the endothelium are influenced by many environmental factors, such as shear stress 

generated by flowing blood and the degree of confluence of the endothelial monolayer. 

Presented here is the development of novel microfluidic system capable of mimicking the 

vasculature by incorporating microfluidic channels that enable blood flow past cultured 

endothelial monolayers. Importantly, this microfluidic vascular mimic is successfully integrated 

with a transendothelial electrical resistance (TEER) measurement system that allows for the 



 

 

monitoring of endothelial monolayer confluence and barrier integrity. This microfluidic system 

is used to highlight the impact of monolayer confluence on cellular behavior by showing that, in 

response to flowing red blood cells (RBCs), confluent endothelial monolayers produce 

significantly more NO than less confluent monolayers. 

C-peptide, a potential drug for type 1 diabetes, is known to improve blood flow by a 

previously unknown mechanism. This dissertation hypothesizes that C-peptide is capable of 

indirectly inducing vessel dilation by stimulating the release of adenosine triphosphate (ATP) 

from flowing RBCs, which can diffuse to the endothelium to bind purinergic receptors on the 

endothelial cell surface, ultimately resulting in endothelial NO production. To investigate this 

hypothesis, the microfluidic vascular mimic is utilized to monitor cell-cell communication, 

revealing C-peptide is capable of stimulating endothelial NO production by a mechanism 

mediated by the RBC which requires P2Y purinoreceptor activation by ATP. Importantly, it is 

shown that in order to observe this NO production, C-peptide must be prepared with Zn
2+

.  

This proposed mechanism describes how Zn
2+

/C-peptide may improve blood flow indirectly 

as a result of activity within the bloodstream. However, since C-peptide has never been 

observed exogenous of the bloodstream in vivo, it is unclear whether all C-peptide bioactivity 

results similarly, or if C-peptide can also escape the bloodstream to directly stimulate cells in 

surrounding tissue. To assess the ability of C-peptide to penetrate the vascular wall, the 

microfluidic TEER system is employed to determine the ability of C-peptide to permeate the 

endothelium, revealing that C-peptide can permeate confluent endothelial monolayers in vitro, 

suggesting that C-peptide may escape the bloodstream in vivo. Collectively, this work shows 

that C-peptide may have a more comprehensive biological role than is currently assumed. 
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Chapter 1 - Introduction 

In vitro cell-based assays have become widely used in the bioscience, biotechnology, and 

drug discovery fields as they allow precise control of the environment surrounding the cells, 

enabling the observation of cellular responses to specific environmental queues of interest. 

Replicating a biological environment in vitro greatly simplifies the system under investigation, 

and also provides an opportunity to monitor specific phenomenon that may not be observable 

in the more sophisticated environments found in vivo. However, in order to successfully 

extrapolate results derived from in vitro studies to the biology of the intact system found in 

vivo, all necessary components that influence the biological activity of interest should be 

included in an in vitro biological mimic. Microfluidic technology provides a platform which most 

adequately meets these requirements as microfluidic devices can mimic microenvironments 

found in vivo dimensionally, while also allowing precise control of important aspects of the 

microenvironment, such as chemical signaling[1-3], physiological stresses[4-6], temperature[7-

9], and degree of cell-cell interactions,[10, 11].  

Biomedically, microfluidic systems have provided valuable platforms for the modeling of 

cellular monolayers in vitro. In order to investigate cell monolayer biology with an in vitro 

model, the layer of cells comprising the wall must be confluent, display a restrictive paracellular 

pathway, high electrical resistance, physiologically relevant cell architecture, and functional 

expression of transporter mechanisms while being easy to culture.[12, 13] Microfluidic 

technology can meet these requirements, providing the successful development of a method to 

determine monolayer confluence of cells cultured on a microfluidic device. Cellular monolayers 

are of particular interest because they form barriers in vivo that often regulate solute transport. 
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These barriers are responsible for selectively trafficking some solutes and macromolecules 

between the distinct regions defined by the barrier, while completely excluding others. 

Importantly, this activity is often responsible for the exclusion of harmful toxins, maintaining 

concentration gradients, influencing drug pharmacodynamics, and influencing the physiology of 

various cell types by manipulating the cellular environment and regulating the introduction of 

molecules that impact cell behavior. Not surprisingly, the malfunction of cells comprising 

monolayers, including breakdown of monolayer barrier integrity, has been implicated in various 

disease states, such as: congenital deafness[14-16], inflammatory bowel disease[17], 

diabetes[18, 19], multiple sclerosis[20, 21], and even allergies.[22, 23]  

Depending on the tissue they developed from in vivo, these cellular barriers are comprised 

of endothelial or epithelial cells. Each of these cell types is similar in function, and, in fact, 

endothelial cells are often thought of as specialized epithelial cells. Epithelial cells line most 

structures and cavities in the body, such as the digestive, respiratory, and urinary tracts, as well 

as many glands, whereas endothelial cells line the lymph and cardiovascular systems. 

Importantly, endothelial cells line all blood contacting surfaces in the body, from the internal 

lining of all types of blood vessels, to the outer lining of heart valves. These cells are involved in 

several distinct and important functions including, but not limited to: regulation of vascular 

tone[24-26], fluid filtration[27, 28], neutrophil recruitment[29, 30], hemostasis[31, 32], 

pathogen exclusion and host response[33-35], as well as hormone trafficking.[36, 37] 

Importantly, since many endothelial functions like these are influenced by the degree of cell 

confluence, a determination of cell confluence prior to experimentation is imperative and 

should be routine. Nevertheless, the overwhelming importance of endothelial functions is 
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continuing to be realized, and as a result, the unsurpassed ability of microfluidic technology to 

mimic biological systems has been exploited for in vitro research of important vascular 

processes.[38, 39] 

1.1 - Monitoring Cell Monolayer Barrier Integrity 

Endothelial permeability is frequently studied because it is fundamental for understanding 

pathological and physiological cardiovascular processes. Molecules can permeate the 

endothelium by transcellular or paracellular mechanisms.[40] For example, molecules can 

permeate the endothelium paracellularly by passive diffusion between interendothelial 

junctions (the space between adjacent endothelial cells). Additionally, the transport of 

macromolecules, such as plasma proteins, is often accomplished by fluid-phase or absorptive 

(receptor mediated) transcellular transport mechanisms where the molecule trafficked through 

the cell. Generally, macromolecules are encapsulated and transported from the apical side 

(facing the bloodstream) of the cell, through the cellular cytosol, to be endocytosed on the 

abluminal, or basolateral side (facing the interstitium, or the region opposite of the 

bloodstream), a process that is receptor mediated. In a similar transcellular mechanism of 

transport, the fusion of multiple caveolae can transiently form a transcellular channel spanning 

the entire length of the endothelial cell allowing for passive diffusion of plasma proteins 

through the cell in a mechanism not requiring receptor mediation. Additionally, aquaporins can 

form channels across the lipid bilayer that is highly specific for water soluble molecules, thus 

creating a transendothelial pathway for water and water solutes.  

Endothelial cells molecularly regulate permeability by the formation of tight junctions 

between adjacent endothelial cells, causing the paracellular diffusion of most molecules to be 
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prohibited.[41, 42] In fact, tight junctions have been discovered to be primarily responsible for 

the regulation of endothelial permeability.[43] Surprisingly, tight junctions can limit paracellular 

transport so much that only small water soluble molecules with an ionic radius of less than 3 

nm are typically capable of permeating these tight junctions, predominantly limiting 

interendothelial diffusion to only ions.[40] Tight junctions form a continuous, circumferential 

barrier surrounding endothelial cells that serves as a boundary between the apical and 

basolateral domains, as well as a fence within the plasma membrane, offering protection to the 

cells from the external environment while mediating the paracellular exchange of 

substances.[43] Structurally, tight junctions are composed of clusters of integral proteins, some 

of which span the intercellular space and interact with adjacent integral intracellular proteins of 

nearby cells to complete the protein cluster and form an intercellular boundary.  

Several integral transmembrane proteins are responsible for forming cell-cell contacts, 

including: the claudin family of proteins (1-24), occludin, tricellulin, JAM-A, CAR, CLMP, ESAM, 

JAM4, and CRB3.[44] These integral proteins are organized based on structure in three classes. 

The first class includes claudins, occludin, and tricellulin, all of which include four 

transmembrane regions, two extracellular loops, and two cytoplasmic tails. Another class 

includes CRB3, which is characterized by a short extracellular domain, a single transmembrane 

domain, and a short cytoplasmic tail. CRB3 differs from the other integral membrane proteins 

as the function of the extracellular domain is not yet clear. The remaining integral proteins 

make up another class, and are characterized by two immunoglobulin-like domains. These 

integral proteins are linked to the actin cytoskeleton of the cell by classic scaffolding proteins, 

such as the zonula occludens (ZO) proteins (ZO-1, ZO-2, and ZO-3) among others.[44] Together, 
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the protein network forms a barrier capable of mediating paracellular transport. Importantly, 

the complexity of the tight junctional network depends on cell type, yielding differences in 

barrier integrity and function between different tissues and organs.[45] It is also important to 

note that tight junctional control of permeability is not statically controlled, but is an organized, 

dynamic process controlled by molecular signaling.[46] While tight junctions are primarily 

responsible for regulating monolayer permeability, another protein cluster can also play a role 

in paracellular transport by forming adherens, but these junctions are primarily responsible for 

providing structural support to tissue. However, an ideal measure of endothelial barrier 

integrity will account for any restriction in permeability caused by tight junctions and adherens 

junctions, since adherens junctions are essential to the maintenance of endothelial barrier 

function.[47] 

Interest in cell monolayer integrity has led to the development of several techniques to 

evaluate this integrity. Cell confluence and integrity can be determined in vitro by a variety of 

methods, including: the acquisition of an image of the cells by optical microscopy, measuring 

the permeability of radiolabeled or fluorescently tagged molecules, immunostaining for 

proteins characteristic of tight junctions, and measuring transendothelial/epithelial electrical 

resistance. Each of these methods has utility in various situations, however they are drastically 

different and, therefore, the significance and meaning of results acquired by each method 

should be well understood.  

1.1.1 - Optical Microscopy 

A simple method for verifying confluence of cultured cells is by the visual assessment of a 

bright-field image of the cells acquired via optical microscopy.  This method is quite fast and 
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simple, and requires minimal training to learn. Additionally, visualization of the cells allows for 

the inspection of cell morphology and detection of undesirable bacteria. While the general 

health and extent of confluence can be estimated by this method, it is a qualitative and fairly 

subjective technique. Conclusions resulting from the visual assessment of a cell culture by 

different individuals are never quantitative and can vary, inevitably introducing bias to the 

method. Furthermore, it is difficult to detect voids between non-manipulated cells and 

impossible to verify the presence of tight junctions by optical microscopy. These issues are 

often compounded when only a small area of the cell culture is examined, as is typical for this 

method. For these reasons, only a subjective and qualitative estimation of cell health and 

confluence can be obtained by this method without modification of the cell, whereas a 

quantitative measure of monolayer barrier integrity is preferred.  

Ideally, a quantitative measure of cell confluence is attainable so that bias does not 

influence the measurement, yielding more accurate and objective conclusions than those 

derived from qualitative measurements. Furthermore, an analysis that encompasses the area of 

the entire cell culture is preferable so that areas of compromised barrier integrity are not 

overlooked. Not surprisingly, developments have been made in order to improve these issues 

and broaden the utility of the technique, often by modifying the cells prior to analysis, but not 

always. Recently, a method for quantitatively determining monolayer confluence was reported 

that involves using optical phase microscopy in conjunction with computer software to detect 

intercellular voids.[48, 49] Detection of these voids by commonly used bright-field optical 

microscopy is not plausible due to the minimal variations in light intensity between paracellular 

voids and areas covered by the transparent cells. In contrast, optical phase microscopy results 
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in the destructive interference of light that passes through a specimen, causing the areas 

covered by cells to be dark with a light background allowing for the differentiation and 

quantification of these different phases by computational image analysis. However, the 

successful detection of small paracellular voids requires a detailed image, an issue that 

potentially increases the likelihood that areas of compromised barrier integrity are unnoticed 

since the analysis of an entire cell culture with a single image is often not feasible. Furthermore, 

these techniques are limited to verifying monolayer confluence since the modes of transport 

across the monolayer, or factors associated with proper barrier function, are not investigable 

by these methods and therefore are not ideal techniques for determining monolayer 

permeability and barrier function. 

An additional method for verifying cell confluence is immunostaining proteins characteristic 

of tight junctions (occludins, ZO-1, and ZO-2) for detection by fluorescence microscopy.[50] This 

method has proven useful for verifying barrier function of endothelial monolayers,[51-53] in 

addition to detecting reductions in barrier function in response to various biological signals.[54-

56] Furthermore, this method allows for the visualization of paracellular voids so that areas of 

barrier compromise can be detected by eye. Undoubtedly, this is a powerful method for 

determining tight-junctional control of paracellular transport and the extent of monolayer 

barrier integrity; however this labeling technique is not quantitative. While bias in this 

measurement is minimized, a visual detection of paracellular voids is still required, which may 

be accidentally overlooked. Furthermore, this method is limited to a single determination 

observation for a specific cell culture, eliminating the possibility of a time-lapse analysis of 

barrier integrity or confluence of the cultured cell monolayer, unless compared to a separate 
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cell culture that serves as a control. Additionally, a label-free determination of barrier integrity 

is preferred as labeling techniques can sometimes alter cell behavior, an important 

consideration if further experimentation is necessary post-labeling. Additionally worth noting is 

a microscopy technique, ion conductance microscopy, and while it is not an optical technique, it 

has been adapted for evaluating monolayer barrier integrity since an image in very fine detail of 

practically any surface can be obtained.[57, 58] However, this method is not yet capable of 

providing a quantitative measurement of barrier integrity for the complete cell layer. 

1.1.2 - Permeability Assays 

A straightforward method for the determination of barrier integrity is to monitor the 

pervasion of an analyte through the monolayer of cells.[59] Typically, endothelial cells are 

cultured upon a polycarbonate membrane that has been coated with an adhesion molecule 

such as fibronectin or collagen.[60] After the cells are thought to reach confluency, the 

membrane is placed in a diffusion cell as shown in Figure 1.1 (typically a cell culture insert 

placed in the well of a microtiter multiwell plate), while permeation of an analyte from the 

apical (abluminal) to the basolateral (luminal) compartments is monitored.[60-63] These 

analytes, or tracers, are typically fluorescently or isotopically labeled.[64] Resulting 

permeability coefficients are useful for verifying the barrier integrity of a biological mimic, or 

for estimating the ability of a drug of interest to permeate a barrier in vivo.[65] Some typical 

tracers include sodium fluorescein, lucifer yellow, fluorescein isothiocyanate (FITC) labeled 

dextrans, [
14

C] labeled sucrose[66], and [
3
H] labeled albumin[67]. By determining permeation 

coefficients of an analyte across a monolayer of cells, a quantitative determination of barrier 

integrity is achieved that is dependent on the entire cell culture area.  
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Figure 1.1 - A microtiter cell culture insert (membrane insert) is shown resting in a microtiter 

well, forming a diffusion cell most commonly used for permeability assays. Typically, a 

monolayer of cells is cultured upon a collagen or fibronectin coated membrane at the bottom 

of the membrane insert. The permeation of analytes or drugs of interest from the apical 

solution to the basolateral solution can be monitored to estimate the in vivo permeability of 

particular cellular barriers, represented by the cultured cells, to the molecules under 

investigation. Also, the confluence and barrier integrity of the cultured cellular monolayer can 

be determined by monitoring the permeation of a tracer molecule from the apical 

compartment to the basolateral compartment and calculating a permeability coefficient, which 

is proportional to layer barrier integrity. For interpretation of the references to color in this and 

all other figures, the reader is referred to the electronic version of this dissertation. 
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The determination of permeation coefficients has become a dominant method for 

predicting drug absorption in vivo.[68] Monitoring drug permeation across a cultured 

monolayer of cells is often superior to other methods for predicting drug absorption in vivo 

because it accounts for all modes of transport of a drug through a cellular barrier. Drugs are 

able to permeate cellular barriers in order to reach a desired organ of interest by paracellular 

and transcellular mechanisms as discussed previously.[40] All possible transcellular mechanisms 

are accounted for when determining permeation coefficients of a particular analyte, as well as 

paracellular transport around individual endothelial cells through interendothelial junctions. 

However, if a confluent endothelial monolayer is intact, transport through interendothelial 

junctions will be under tight junctional control where typically only small molecules with a 

molecular radius of less than 3 nm, such as glucose, urea, and small ions, will successfully 

permeate the monolayer paracellularly.[40] 

In addition to drug absorption studies, permeation coefficients of a molecule are 

particularly also useful for determining factors that can alter or influence monolayer 

permeability in vivo.[69, 70] However, cell monolayer confluence is dependent on complete 

endothelial coverage and the development of tight junctional intercellular contacts, and since a 

healthy endothelial barrier will still allow transcellular transport, a superior measurement for 

monitoring monolayer growth and confluence should involve the permeation of molecules 

whose permeation is primarily restricted by interendothelial junctions as opposed to 

transcellular transport. For example, interendothelial junctions under tight junctional control 

restrict all molecules aside from very small molecules (molecular radius < 3 nm), the 

interendothelial flux of small water soluble molecules are generally determined primarily by cell 
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confluence as opposed to transcellular transport and, therefore, a measurement of that flux 

will adequately gauge cell growth, confluence, and barrier integrity.   

1.1.3 - Measuring Transendothelial Electrical Resistance (TEER) 

A continuous endothelial monolayer under tight junctional control forms a barrier capable 

of restricting the motion of molecules as small as ions,[71] and because of this, a 

straightforward way to determine cell monolayer confluence and barrier integrity is by 

measuring the ability of the monolayer to restrict the motion of ions. TEER measurements 

determine the resistance to current induced by an endothelial monolayer when a potential 

difference is applied across the cellular barrier. The ability of the monolayer to restrict the 

interendothelial flux of ions, measured by current, is dependent upon the degree of endothelial 

confluence and barrier integrity induced by the formation of tight junctions between the cells. 

In this construct, a fully confluent cell monolayer with a high degree of barrier integrity will 

have a decreased current response, and therefore increased electrical resistance, when 

compared to a cell monolayer with compromised barrier integrity, assuming that potential 

applied across each monolayer is of equal magnitude.  

By measuring the ability of a monolayer of cells to restrict the motion of ions, a quantitative 

measure of monolayer confluence and barrier function can be obtained. For example, the most 

common TEER evaluation is the measurement of the electrical resistance induced by the 

cellular monolayer. Not only is measuring TEER a quantitative technique, these measurements 

encompass the entire monolayer and thereby offer a characterization of the overall barrier 

function of the collective cell culture as opposed to only a portion of the cell layer, as is typical 

of most optical techniques for determining confluence. Importantly, TEER measurements are 
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quite useful for verifying monolayer confluence, as TEER values change exponentially during 

periods of cell growth and death, but remain constant while the cells are at a confluent state. 

Therefore, comprehensive cell confluence can be verified by multiple sustained TEER 

measurements over a period of time. 

It should be noted that the relationship between transport of solutes (as measured by 

permeability coefficients) and electrical resistance is nonlinear.[65, 72] This is because solute 

transport depends on the sum of transport across all transcellular and paracellular 

pathways[64], while electrical resistance is believed to be dependent on the paracellular 

permeability of small ions through the interendothelial junctions between endothelial cells.[65] 

These junctions generally restrict the paracellular transport of hydrophilic and large 

molecules.[72, 73] While both measurements are indicative of barrier integrity, one must 

acknowledge the meaning of each measurement when performing experiments. 

Obtaining TEER of a cell monolayer to evaluate confluence and barrier integrity is 

particularly beneficial as it does not damage the cell or alter cell phenotype, and requires only a 

matter of seconds to perform each measurement. Experimentally, these advantages make TEER 

measurements uniquely suitable for time-lapse analysis of monolayer integrity due to the 

ability to repeatedly acquire a quantitative measure of monolayer integrity in a timely fashion 

without altering cell behavior or phenotype. Consequentially, TEER measurements are 

frequently involved in investigations of factors affecting cell monolayer barrier solidification[74-

76], as well as compromise[77-79], in studies where a basal monolayer integrity can be 

achieved and verified prior to measuring change in barrier integrity in response to stimuli of 

interest. These studies have the experimental advantage of confirming monolayer barrier 
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integrity prior to investigation, yielding the associated benefits mentioned previously, while 

also eliminating the need for separate cell cultures for negative controls that are often 

necessary for methods that only allow a one-time measurement of barrier integrity, such as 

immunostaining tight junctional proteins. This ensures that a change in barrier integrity is truly 

in response to the intended stimuli, eliminating the assumption that the control cell monolayer 

exhibits identical barrier integrity as the experimental cell monolayer prior to experimentation. 

These experimental benefits are in addition to the fundamental advantages granted by the 

ability to perform multiple measurements without altering cell behavior, resulting in a method 

that allows for the verification of cell monolayer confluence prior to experimentation which, in 

turn, ensures proper cellular behavior and increased reproducibility between biological models. 

As a result of these important experimental advantages, measuring TEER has become the most 

commonly used method for investigating cell growth and confluence.    

The first reports of monitoring TEER across a cultured monolayer of brain endothelial cells 

were in 1987[80, 81]. Since then, performing TEER measurements has become a common and 

simple technique with the production of commercial instruments. Most of the commercially 

based methods for measuring TEER across endothelial cell cultures adhered to microporous 

filters or culture inserts employ Volt-Ohm resistance meters equipped with “chopstick” 

electrodes, or chamber electrodes as shown in Figure 1.2. The same microtiter technology used 

to create a diffusion cell for permeability studies may be used for measuring TEER across a 

monolayer of cells. However, endothelial cells cover all blood-contacting surfaces of the 

cardiovascular system and, due to their location, they experience constant exposure to 

hemodynamic shear stress generated by flowing blood. In vitro, applying shear stress on 
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endothelial cells is critical for the expression of certain cellular responses because shear stress 

has been shown to regulate many functions of the endothelium in vivo.[82] Additionally, many 

functions of the endothelium are mediated by cell-cell communication,[30, 83-90] so the 

presence and the degree of cell-cell interactions should be considered in an in vitro model of 

the vasculature.  
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Figure 1.2 - A traditional TEER measurement utilizes a microtiter membrane insert that fits into 

a traditional well plate. The cell layer is cultured on the polycarbonate membrane at the 

bottom of the insert and placed into the well, which contains cell media. The TEER 

measurement is performed by placing electrodes in the basolateral compartment on the 

outside of the insert and in the apical compartment on the inside of the insert containing the 

cell layer, and measuring the resistance between the two, which is primarily determined by the 

barrier integrity of the cultured cells. 
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1.1.4 - Importance of Monitoring Barrier Integrity in Vascular Mimics 

It is fundamentally important that models of biological systems be comprised of fully 

confluent monolayers of cells to form barriers that each exhibit physiologically relevant 

paracellular permeability because healthy tissue barriers are comprised of confluent 

monolayers of cells in vivo. Determination of cellular monolayer barrier integrity, specifically 

tight junctional control of transendothelial permeability, is quite important since cell behavior, 

including responses to agonists/antagonists and transport of molecules, has been shown to 

vary with cell confluence and integrity.[91-100] The dependence of cell behavior on barrier 

integrity highlights the importance of accurately reproducing conditions found in vivo when 

modeling biological systems in vitro. As a result, cell monolayer integrity should be determined 

to more accurately reproduce realistic cell physiology, granting a more appropriate cellular 

response to stimuli and more realistic monolayer permeability. 

Physiologically, conclusions stemming from experimental results involving cellular 

monolayers that are confirmed to be confluent are generally more accurate due to added 

physiological relevance in terms of cell behavior and response, adding credibility to the work. 

Also, measuring barrier integrity to determine monolayer confluence reduces variability 

between different cell culture models, which is often rather large, allowing for the direct 

comparison of a particular model to different models, as well as to in vivo conditions. 

Furthermore, verifying monolayer confluence increases reproducibility between models of the 

same type, which is sometimes low, by ensuring the cultured cells are at the same stage of 

growth at the time of experimentation. Collectively, these experimental advantages have 

caused the widespread and common practice of obtaining a determination of confluence in 
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studies involving monolayers of cells, and furthermore, measurements of barrier integrity are 

now often requisite for acceptance of results from such studies. Additionally, the ability to 

monitor cell confluence and barrier integrity in a vascular model introduces a new scope of 

potential research, specifically the investigation of factors affecting cell proliferation, death, 

and permeability and corresponding alterations in cellular behavior. 

1.2 - Mimicking the Vasculature 

The human cardiovascular system is composed of the heart, blood, and the circulatory 

network of blood vessels, or the vasculature. The blood consists of several components, the red 

blood cell (RBC), being the most common blood cell, the platelet, the leukocyte, and the 

plasma, in which the other blood components are suspended. The plasma is primarily water 

(over 90% by volume), and makes up about 55% of whole blood by volume with the average 

human having about 5 to 6 liters of whole blood. The blood vessels can be described simply as a 

network of tubes in which blood can flow throughout the body. Blood vessels are surrounded 

by smooth muscle that is capable of expansion and contraction. This smooth muscle is lined 

with a continuous monolayer of endothelial cells to form the endothelium, which completely 

lines the interior  of all blood vessels and surrounds flowing blood as depicted in Figure 1.3. 

Together, the smooth muscle and the endothelium form the vascular wall, providing separation 

between flowing blood and the surrounding tissue. The heart pumps blood through the 

vasculature, first through arteries, which are oxygen rich, to arterioles and finally capillaries. As 

the blood is pumped farther through the vasculature and away from the heart, the blood 

vessels begin to decrease in diameter from arterioles to capillaries, which have the smallest 

diameter. Arterioles and capillaries are considered resistance vessels because they resist the 
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flow of blood at varying degrees depending on vessel diameter, which ranges from 20 µm to 

250 µm, with arterioles generally having larger diameters than capillaries. Importantly, the 

hematocrit, or percentage of blood occupied by RBCs by volume is typically about 45%, but can 

be reduced to less than 10% in resistance vessels.[101]  
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Figure 1.3 - A cross-sectional view of a resistance vessel. Flowing blood components, such as 

the RBC, are contained in the core of the vessel. Surrounding the flowing blood and lining the 

interior of all blood vessels is a confluent and continuous monolayer of endothelial cells, which 

collectively form the endothelium. The endothelium forms a barrier, separating the flowing 

blood from exterior smooth muscle, which is responsible for contracting and relaxing the blood 

vessel to regulate vascular tone. In the smooth muscle, the potent vasodilator, NO, is capable of 

causing vessel relaxation; however the source of this NO is under investigation. In two 

prominent mechanisms, the primary source is either NO directly released from the RBC, or NO 

produced in the endothelium in response to ATP released from the RBC.  
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Interestingly, it is within these resistance vessels, particularly capillaries that nutrients such 

as oxygen are provided to surrounding tissues and organs, with RBCs being the principal carrier 

of oxygen in the blood stream. In order to adequately supply nutrients to surrounding tissue, 

blood vessels are capable of relaxing to accept cardiac output, especially in regions where RBCs 

(and therefore oxygen supply) may be scarce ( often ≤10% hematocrit). After the exchange of 

nutrients, blood is circulated back up to the heart through veins that increase in diameter as 

the heart is approached. Importantly, the deoxygenated blood is pumped by the heart to the 

lungs where the entire cardiac output is accepted for reoxygenation before returning to the 

heart, completing the cycle, to be once again pumped throughout the body with a renewed 

oxygen supply. 

Perhaps the most important aspect of the cardiac cycle is the ability of resistance vessels to 

dilate, allowing blood to flow to nutrient poor tissue, and thereby selectively regulating blood 

flow to increase distribution efficiency. In 1988, groundbreaking work reported that nitric oxide 

(NO) plays a primary role in regulating vessel dilation through activity in the smooth muscle 

that results in relaxation of the muscle, increasing vessel diameter and increasing local blood 

flow. However, in the time since this work, there has been considerable debate as to the source 

of this NO. Regardless of the specific source of this NO, the most important determinant of 

continuous NO production, and thus the most important factor in local blood flow and vessel 

dilation, is shear stress generated by flowing blood. Therefore, the source of this NO is a topic 

of intense research focus due to its fundamental importance in vascular function and disease. 

As a result of this research focus, two general arguments have primarily been put forth, the first 

hypothesis citing the RBC as a direct source of NO, and the second citing the endothelium as 
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the source of NO as depicted in Figure 1.3. These hypotheses and associated evidence will be 

discussed in detail within the following sections.  

Vascular wall biology, and interactions with bloodstream components (e.g., RBCs, platelets, 

and leukocytes), is an area of continued interest due to the high prevalence of cardiovascular 

disease and stroke, as well as the growing realization of its increasingly important roles in many 

fundamental vascular functions, such as vessel dilation. As stated previously, in order to 

investigate vascular wall biology with an in vitro model, the layer of cells comprising the wall 

must be confluent and display a restrictive paracellular pathway, high electrical resistance, 

physiologically relevant cell architecture, and functional expression of transporter mechanisms 

while being easy to culture.[12, 13] Unfortunately, meeting these criteria is challenging due to 

the intricate environment found in vivo in which various aspects of the environment and 

sometimes multiple cell types collectively contribute in complex mechanisms to facilitate 

biological phenomena of interest. As a result, important biological functions are often 

multifaceted in nature, often being influenced by several environmental queues and cell types 

while, in turn, influencing other subsequent biological activity. This collective regulation of 

biological activity where the interplay between several factors ultimately dictates the 

conception and magnitude of a single biological event is common in the vasculature. As a result, 

many factors must be considered when attempting to replicate the environment found in vivo 

because the exclusion of elements affecting the desired activity in question will yield 

biologically irrelevant behavior, potentially resulting in incorrect conclusions based on 

extraneous results. Unfortunately, the factors affecting a specific biological event are not 

always known and, in fact, are often the focus of in vitro research. Thus, the adequate 
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reproduction of the biological system of interest is a persistent challenge. Regardless, the fact 

remains that obtaining meaningful finings in vitro that accurately correlate to activity observed 

in vivo hinges on successful reproduction of aspects of the environment that are required for, 

or play a role in, the activity under investigation. 

In order to address these challenges, technologies and methods, including microfluidic 

technology, have been developed that enable more accurate mimicry of biological systems. For 

example, microtiter technology is the most commonly used platform to mimic the vasculature, 

and is described in section 1.1.2. Briefly, endothelial cells are cultured upon a well insert, which 

is placed in a microtiter well containing a buffer solution, ultimately resulting in a diffusion cell. 

Alternatively, cells can be simply cultured in the wells of a microtiter plate. These methods 

allow for the culture of an intact endothelium where many components of an in vivo 

environment can be reproduced, such as pH, molecular content, temperature, and gas content. 

Additionally, cellular response to added stimuli is easily observable by several methods, 

including fluorescence or chemiluminescence monitoring, absorption changes, alterations in 

cell morphology and scintillation counting. Conveniently, a large microtiter based infrastructure 

exists so that high throughput monitoring of cellular response by these methods is achievable 

via instrumentation commonly found in typical clinical or biological laboratories. Unfortunately, 

microtiter technology cannot investigate many vascular functions and activities.  

Microtiter technology inadequately reproduces several important biological characteristics 

of the vasculature that are crucial for producing or regulating an abundance of vascular events 

involved in normal vascular function, in addition to activities resulting from various diseases, or 

those involved in the progression of cardiovascular disease. Specifically, microtiter technology 
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fails to account for the flow of blood, or in some cases the presence of blood whatsoever. 

Importantly, the fluid shear stress resulting from blood flow is critical for essential vascular 

functions, such as vasodilation as previously discussed, and is determinant in several 

fundamental functions of the endothelial cell, as well as the red blood cell. Unfortunately, the 

majority of studies involving the vascular wall are performed in static systems that do not 

adequately represent dynamic in vivo conditions where shear stress is essential for important 

biological phenomenon. Furthermore, the inherent geometries of microtiter systems are not 

capable of reproducing the microenvironments found in vivo. For example, these geometries do 

not adequately reproduce physiologically relevant distances between cells, limiting the ability 

to derive meaningful conclusions from results where cell-cell communication plays a role. The 

importance of each of these aspects will be discussed in further detail in the subsequent 

sections describing important components of the vascular system, especially in the regulation 

of vascular tone.   

1.2.1 - The Endothelial Cell 

In order to properly describe various measurements of barrier integrity and the importance 

of such measurements, the endothelial cell was introduced in Section 1.1 where several cellular 

functions observed in vivo were discussed in addition to important cellular architecture 

involved in regulating endothelial permeability. To briefly reiterate, endothelial cells cover all 

blood-contacting tissue in a continuous monolayer which forms a barrier that separates flowing 

luminal blood from the surrounding tissue. Interestingly, endothelial cells form tight junctional 

cell-cell contacts that restrict interendothelial permeability, and collectively, these endothelial 

cells form a continuous monolayer that serves as a protective barrier called the endothelium. 
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As such, the molecular regulation of vascular permeability prevents pathogen transport to and 

from the bloodstream, while facilitating the selective transport of macromolecules and solutes 

between the tissue interstitium and the luminal blood, and vice versa.  

In addition to these important biological functions, the endothelium plays a vital role in 

regulating vascular tone.[102] The first evidence that the endothelium is crucial for vascular 

tone regulation was the observation by Furchgott and Zawadzki that the endothelial lining was 

required for the observation of acetylcholine induced relaxation in isolated sections of rabbit 

aorta.[103] Relaxation induced in the presence of the endothelium was attributed to an 

endothelial-derived relaxing factor, or EDRF, and that soluble guanylyl cyclase in the 

surrounding smooth muscle cells was the target of the EDRF upon its calcium-dependent 

release from the endothelium.[104, 105] Eventually, several observations led Furchgott and 

Ignarro to independently determine that nitric oxide (NO) was the EDRF, marking the discovery 

of the first gaseous signaling molecule. Subsequently, it was determined that endothelial NO 

release indeed did account for the biological activity of the EDRF.[106] Finally, the L-arginine – 

NO-synthase pathway was identified as the enzymatic source of endothelial NO 

production.[107, 108] Importantly, endothelial nitric oxide synthase (eNOS) was identified as 

the enzyme responsible for the conversion of L-arginine to L-citruline and NO as shown in 

Figure 1.4. [109] Furthermore, eNOS activity was found to be dependent on calmodulin activity 

and an increase of free intracellular Ca
2+

 levels.[110] In accordance with the impact of the 

discovered role of the endothelium in vasorelaxation and subsequent identification of NO as 

the EDRF, Furchgott, Ignarro, and Murad won the Nobel Prize in Medicine in 1998. 
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Following these important findings, external factors inducing or influencing endothelial NO 

production are still being investigated, however several stimuli have been identified, including: 

bradykinin, acetylcholine, prostacyclin, estrogen and adenosine triphosphate (ATP).[111-114] 

These factors stimulate a signaling cascade resulting in the enzymatic oxidation of L-arginine to 

L-citruline and NO by eNOS. The catalysis of this reaction requires a number of essential 

cofactors such as calmodulin (CaM), FAD, NADPH, tetrahydrobiopterin (H4B), and flavin 

mononucleotide.[115] Upon stimulation by an external factor, these proteins and transduction 

molecules required for NO production are co-localized in membrane compartments to jointly 

form the active “eNOS signaling complex” that is responsible for enzymatic endothelial NO 

production.[115] It is important to note that eNOS exhibits a CaM-binding motif where CaM 

binds eNOS to facilitate NADPH-mediated electron flux required for NO production by the 

complex, however, Ca
2+

 binding to CaM enhances the binding of Ca-CaM to eNOS and electron 

flux of the complex is dependent on CaM phosphorylation and dephosphorylation.[116, 117]  
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Figure 1.4 - Mechanism describing the production of nitric oxide (NO) in the endothelium.  Free 

intracellular calcium binds calmodulin to form the calcium calmodulin complex (Ca-CaM), which 

stimulates endothelial nitric oxide synthase (eNOS) by facilitating electron transfer through the 

complex and thereby increasing the oxidation rate of NADPH to NADP
+
. The oxygen dependent 

oxidation of NADPH by eNOS provides electrons for the enzymatic conversion of L-arginine to 

citruline and NO. Therefore, the increase in electron transfer kinetics resulting from Ca-CaM 

binding ultimately increases NO production in the endothelium. For simplicity, other essential 

proteins and signaling molecules which are involved in the signaling complex formed during 

endothelial NO synthesis are discussed previously, but not pictured. 

 



27 

 

Prior to the identification of NO as the EDRF, it was shown that its production required an 

increase in intracellular Ca
2+

 concentration as previously discussed. Additionally, after CaM was 

shown as a necessary cofactor for eNOS activity, it was shown that Ca
2+

 enhances CaM binding 

to eNOS. Subsequently, it has been shown that shear induced NO production can be 

accomplished at basal [Ca
2+

] levels when eNOS is phosphorylated to increase activity, however 

free intracellular Ca
2+

 was still required for NO production. Summarily, these results indicate 

that intracellular [Ca
2+

] plays an important role in endothelial NO production and regulation of 

vascular tone. Interestingly, P2 purinergic receptors, specifically the P2Y purinoreceptor located 

on the endothelial cell membrane,[118] regulates intracellular [Ca
2+

] by mediating Ca
2+

 influx in 

response to agonist binding.[119]  

The P2 purinoreceptors are G-coupled protein receptors that have a wide distribution of 

physiological roles throughout the body and in various cell types, most of which have been well 

established.[120, 121] However, purinergic signaling has recently been implicated in the 

regulation of vessel tone by a mechanism that is not yet well established.[122] Upon binding of 

an external agonist, the endothelial P2Y purinoreceptor influences vasodilation by initiating a 

purinergic signaling cascade that results in the production of smooth muscle relaxing factors by 

the endothelium, including NO, which seems to be the most potent.[106, 123-130] This activity 

can be achieved by extracellular ATP levels, as ATP is the primary agonist of the P2Y 

receptor.[131, 132] Additionally, the resulting endothelial NO upon P2Y activation can be 

attributed to eNOS activity resulting from purinergic signaling.[133-135] It has been shown that 

ATP in the blood plasma can increase endothelial NO production and induce vasodilation in 
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humans via purinergic signaling,[136] and malfunction of this ATP mediated P2 purinergic 

pathway is observed in several disease states, such as hypertension and diabetes, where 

vasodilation is dysfunctional leading to blood flow issues.[137]  

Upon successful production of NO by endothelial cells, the gaseous radical can only diffuse a 

short distance as the half-life of NO in physiological solution is short, being on the order of 

seconds.[138] Within this time frame, NO can diffuse to smooth muscle cells since the 

endothelium is surrounded by, and in direct contact with, smooth muscle in vivo. In smooth 

muscle cells, NO can activate the soluble guanylyl cyclase resulting in the enzymatic production 

of cGMP from GTP. Increases in intracellular cGMP levels result in vasorelaxation. This 

regulation of vascular tone by cGMP may be mediated by a number of mechanisms, but is 

thought to be primarily due to cGMP induced changes in the concentration of free Ca
2+

 in 

smooth muscle cells.[139] Physiologically, the most important determinant of the continuous 

production of NO, and therefore the most important factor in regulating local blood flow and 

vascular tone is shear stress generated by flowing blood.[115] However, the mechanism of 

vasodilation in response to shear stress had not yet been well established, although it is clear 

that shear induced NO is regulatory of vascular tone via its activity in the smooth muscle 

cell.[140] Regardless of this knowledge, the source of this NO is a topic of considerable debate 

in the literature. To date, the leading proposed mechanisms of shear induced vasorelaxation 

involve the red blood cell. 

1.2.2 - The Red Blood Cell 

RBCs, or erythrocytes, are the most common type of blood component and are the primary 

carrier of nutrients, primarily oxygen (O2), through the bloodstream to replenish more hypoxic 
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(oxygen deprived) tissue and organs as discussed formerly. RBCs consist mainly of water and 

hemoglobin, a metalloprotein consisting of four subunits. Hemoglobin contains heme groups 

whose iron reversibly binds oxygen that is subsequently released throughout the body in 

regions of lower oxygen content and usually replaced by carbon dioxide, a common waste 

product of tissue. Upon oxygen binding or release, hemoglobin fluctuates between two 

confirmations called the relaxed and tense states, respectively.[141, 142] Furthermore, NO can 

also bind oxygenated hemoglobin at a specific cysteine residue as s-nitrosothiol. Interestingly, 

this NO is released readily when hemoglobin is deoxygenated and in the tense state.[143] As a 

result of these findings, it has been suggested that the red blood cell regulates vasodilation 

directly by releasing this NO in regions where the RBC is exposed to low oxygen content. 

Interestingly, because the RBC releases oxygen, and therefore NO, primarily in resistance 

vessels where shear stress is experienced by the RBC and the endothelium alike, it is proposed 

that this RBC derived NO could be the source of shear related NO that is important for blood 

flow and oxygen replenishment, even though this NO is released in response to hypoxia, or low 

oxygen content, and not shear.[144] 

An additional hypothesis implicating the RBC as the direct source of shear induced NO 

production is based on the ability of deoxygenated hemoglobin to act as a nitrite reductase, 

producing NO by the enzymatic reduction of nitrite.[145] This hypothesis is supported by 

research showing that nitrite injections reduce blood pressure in the human arm.[146] 

However, it has been shown that nitrite is capable of stimulating ATP release from the RBC, a 

finding that adds credibility to the hypothesis discussed below.[147] Interestingly, each of these 

hypotheses that suggest that NO produced in association with shear stress that regulates vessel 
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dilation is actually a result of the RBCs response to hypoxia and not shear stress. Furthermore, 

in each hypothesis, it is suggested that this NO originates from the RBC directly. In this 

construct, the NO released from the RBC would be required to diffuse from a location in the 

vessel and through the endothelium to reach the smooth muscle cell where NO is known to 

induce vasodilation. Unpublished data resulting from studies in the Spence lab suggest that NO 

produced by hypoxic RBCs is essentially blocked by an endothelium. These results are 

supported by the short half-life of NO in physiological solutions.[148] However, it is important 

to note that endothelial permeability varies between organs as stated formerly, so the 

importance of RBC derived NO could potentially vary based on the anatomical location of 

release. 

In a final alternate hypothesis, the ability of the RBC to release ATP can indirectly result in 

NO production by the endothelium that induces vasodilation. It has been shown that the RBC 

contains millimolar levels of ATP[149] that can be released in response to several stimuli, 

including shear stress[150], hypoxia[151, 152], pharmaceutical agents[90, 153], and Zn
2+

-

activated C-peptide[154]. Notably, the mechanism of this ATP release is not a passive process, 

or a result of cell lysis, but rather an active process mediated by a G-protein coupled receptor, 

of which the mechanism has been elucidated by Sprague et al.[155-158] Also, it has been 

shown that this ATP release can be inhibited pharmacologically, verifying that this process is 

indeed regulated.[155, 159]  

As shown in Figure 1.6, ATP is proposed to be an important regulator of vascular tone 

resulting from its activity in purinergic signaling, which is discussed in Section 1.2.1. In this 

construct, ATP released in the bloodstream by RBCs can activate the endothelial P2Y 
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purinoreceptor, resulting in NO production by a mechanism shown to result in vasodilation as 

discussed previously. Furthermore, by this mechanism, NO is produced in response to shear 

stress, adding probability that this mechanism is the source of NO produced in association with 

shear stress, the origin of which has been, and is currently, debated in the literature. 

Furthermore, the production of endothelial NO has been shown to be capable of, and in some 

cases, necessary for the relaxation of blood vessels as mentioned earlier.  In addition to 

determining the mechanism of shear induced vasorelaxation, identifying other factors 

influencing vessel dilation is an active area of research due to the biological importance of the 

regulation of vascular tone.     

1.2.3 - C-peptide 

C-peptide, whose sequence is shown in Figure 1.5, is a 31 amino acid peptide produced in 

the beta cells of the islets of Langerhans within the pancreas and released in equimolar 

amounts with insulin into the bloodstream.[160, 161] For the first few decades after its 

discovery in the late 1960's, C-peptide was thought to have minimal physiological effects after 

release into the bloodstream.[162] However, numerous reports since the mid 1990's have 

confirmed that C-peptide is a bioactive peptide that can have significant beneficial effects in 

organs, tissue, and even cultured cells such as endothelial cells.[163-165] Studies involving Type 

1 diabetic subjects who are unable to naturally produce C-peptide due to beta cell destruction 

have shown that C-peptide improves nerve conduction and regeneration[166], renal 

function[167], inflammation,[168] and blood flow[169, 170] via unknown mechanisms. Diabetic 

patients are known to develop hypertension as well as other cardiovascular problems, which 

are often ameliorated by C-peptide treatment, although the mechanism by which C-peptide 
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impacts diabetic blood flow is currently unknown, as are any influences on blood flow in 

healthy individuals. However, in light of the importance of NO in the regulation of vascular 

tone, it is clear that if C-peptide is capable of stimulating endothelial nitric oxide production, it 

could account for the C-peptide induced improvement in blood flow observed in Type 1 

diabetic subjects.  

Interestingly, in separate studies, diabetic complications related to blood flow have been 

shown to be related to endothelial dysfunction,[171] and nitric oxide production, suggesting 

that C-peptide may be capable of stimulating NO production in the bloodstream that is most 

likely derived from the endothelium.[172] The fundamental importance of endothelial derived 

NO for the regulation of vessel tone has been well-established and, as a result, the 

identification of factors influencing NO production in the endothelium has become a highly 

active area of research which garners much attention due to the associated biological impact. 

For these reasons, a potential role for C-peptide in endothelial NO regulation is particularly 

exciting. This potential activity would not only provide an explanation for observed 

improvements in diabetic blood flow by a process which has so far eluded identification, but 

also reveal a fundamentally important and overlooked role of C-peptide in regulating vascular 

tone.  

 A relationship between C-peptide and eNOS, the enzyme responsible for regulating 

endothelial NO concentration, has been reported in many different types of complications 

associated with diabetes, as well as in various tissues and organs, both in vivo and in vitro.[173, 

174] Reports of C-peptide-stimulated NO production in the endothelium could have great 

importance, especially in the pulmonary endothelium, where the flow of RBCs through the 
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pulmonary bed allows re-oxygenation of the RBCs prior to delivery of that oxygen to organs and 

tissues throughout the body as described previously. In accordance with the importance of 

pulmonary NO production, Sprague et al. has shown that ATP derived from RBCs stimulates NO 

production in the pulmonary circulation.[175]  Interestingly, C-peptide stimulates the release of 

ATP from RBCs.[154] However, in order to observe increased ATP release from RBCs, C-peptide 

was introduced to a metal source, such as zinc, prior to incubation with RBCs. In this construct, 

C-peptide may have the ability to stimulate NO production in the endothelium indirectly by 

purinergic signaling, as mediated by C-peptide stimulated release of ATP from RBCs. 

Importantly, the potential involvement of RBC derived ATP in the proposed mechanism again 

highlights the importance of flow in in vitro vascular experiments, as flowing RBCs under the 

influence of shear stress release more ATP than static RBCs.[155, 159, 176, 177] However, in 

order to thoroughly investigate these prospective roles of C-peptide, multiple cell types, 

separated by physiologically relevant distances, would need to be investigated in a biologically 

accurate mimic of the vasculature. 

Similar to the proposed mechanism for C-peptide induced vasorelaxation, much of the 

observed biological effects of C-peptide can potentially be attributed to processes occurring in 

the cardiovascular system resulting indirectly from C-peptide activity within the bloodstream.  

However, it is unclear if the broad influence of C-peptide is elicited entirely from activity in the 

bloodstream, or if C-peptide is also capable of escaping the bloodstream to influence cell 

behavior directly. Some activity stimulated by C-peptide extending beyond the vascular system 

is difficult to explain in paradigms where C-peptide is confined to the bloodstream, such as the 

observed improvements in diabetic neuropathy and nerve conduction. While the capability of 
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C-peptide to escape the bloodstream has yet to be investigated, nor has C-peptide ever been 

detected exterior to the vasculature in vivo, some reports insinuate that C-peptide is potentially 

trafficked across the endothelium to leave the bloodstream.  

For example, It has been previously shown that C-peptide specifically binds to endothelial 

cells, which is of importance since the transport of macromolecules is generally by transcellular 

and specific mechanisms.[178] The existence of a binding structure for C-peptide is still in 

question, however, since this specific binding has not yet been shown by conventional 

radioligand binding and, furthermore, a specific receptor for C-peptide has not been identified. 

Additionally, the homology pattern of C-peptide is markedly different from most signaling 

peptides.[179] However, C-peptide has been shown to be internalized by endosomes to enter 

human endothelial cells.[180] Additionally, this internalization can be inhibited by nocodazole 

and monodansylcadaverine (MDC), signifying that C-peptide enters the cell by a mechanism 

which is receptor mediated and requires microtubule assembly. Interestingly, microtubules 

have been shown to facilitate transcellular transport and also influence endothelial 

permeability and integrity.[181-184] Also, some endothelial cell types express PEPT membrane 

proteins, which promiscuously facilitate the transcellular transport of peptides.[185, 186] In 

addition to human endothelial cells, C-peptide can also enter fibroblasts and human embryonic 

kidney cells where it is capable of influencing gene transcription,[187, 188] suggesting that C-

peptide is capable of directly influencing cells exogenous of the bloodstream and again 

demonstrating the ability of C-peptide to permeate cellular membranes. Collectively, these 

results indicate that C-peptide is potentially selectively trafficked across the endothelium by a 

transcellular transport mechanism. 
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When considered jointly, these results indicate that C-peptide can plausibly exit the 

bloodstream but do not, however, provide sufficient evidence to conclusively confirm or reject 

this hypothesis. The ability or inability of C-peptide to permeate a cultured endothelium can 

provide valuable insight as to whether some biological effects of the peptide are initiated 

directly, or if all of these effects are result indirectly from activity in the bloodstream. However, 

in order to determine the potential involvement of each of these potential mechanisms, further 

investigation of the ability of C-peptide to escape the bloodstream is required. In order to more 

decisively determine the aptitude for C-peptide to leave the bloodstream, an assay of 

endothelial permeability to C-peptide should be accomplished, since the endothelium serves as 

the primary barrier separating flowing blood from the interstitium.  

Importantly, these permeability studies must account for transcellular transport, which is 

the probable mode of transport of C-peptide across the endothelium in vivo. This requirement 

is most adequately satisfied by permeability assays, which can be performed to quantitatively 

monitor the permeation of C-peptide across a cultured endothelium. However, shear has been 

shown to influence changes in endothelial permeability,[189] and therefore, shear will ideally 

be incorporated in the permeability assay. More importantly, the endothelial cellular barrier 

should be characterized in terms of barrier function and confluence to ensure that C-peptide is 

required to permeate an endothelial monolayer that closely resembles the true endothelium. A 

more conclusive and accurate deduction of the ability of C-peptide to permeate the 

endothelium in vivo may be accomplished via the utilization of a biological mimic that includes 

the flow capabilities required to replicate shear stress, as well as RBCs. Unfortunately, these 

important biological aspects are not accounted for by the microtiter diffusion cell, which is the 
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conventional platform utilized to perform permeability assays as previously discussed. 

Therefore, a contrasting platform that accounts for these biological aspects is ideal since 

conclusions stemming from results obtained using this alternate biological model will likely be 

significantly more accurate and credible as a result of the enhanced physiological relevance 

achieved when compared to conventional microtiter platforms. 
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Figure 1.5 - The amino acid sequence of C-peptide. Subsequent to cleavage from insulin, the 31 

residue peptide is capable of increasing ATP release from RBCs, an activity which is proposed to 

mediate NO production in the endothelium. 
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Recently, our group has shown that if C-peptide is incubated in a solution containing certain 

divalent metal ions prior to addition to a RBC solution, the resulting metal activated C-peptide 

was able to facilitate glucose uptake into, and increase ATP release from RBCs.[154, 190] 

Remarkably, these results could not be reproduced in the absence of a metal, indicating that C-

peptide must first be introduced to a metal source for some, if not all bioactivity. These findings 

were further supported when mass spectrometric analysis of a solution containing active C-

peptide not deliberately introduced to a metal, revealed that the peptide had indeed formed an 

at least one adduct with a metal.[154, 191] Although C-peptide has been shown to be active in 

the presence of multiple metal ions[154, 190, 192, 193], it has been shown that zinc is present 

at millimolar levels within beta cells where C-peptide is produced and cleaved from proinsulin 

prior to release into the bloodstream.[194] Therefore, zinc is the most bioavailable metal 

source for C-peptide prior to secretion, increasing the probability that zinc is responsible for the 

bioactivity of C-peptide in vivo.  

To date, most studies involving the exogenous addition of C-peptide to humans, animal 

models, and cell models have not directly co-administered a metal as the influence of metal on 

C-peptide bioactivity is largely under-recognized. Interestingly, some studies report that C-

peptide only elicits bioactivity when co-administered with insulin, which often contains Zn
2+

 at 

levels as high as 0.5% by mass.[195] Furthermore, it has been shown that C-peptide is capable 

of increasing RBC membrane deformability, however these effects were abolished in the 

presence of EDTA, which is known to strongly chelate metals.[196] Hypothetically, it is feasible 

that C-peptide samples often unintentionally contain metals, sometimes rendering C-peptide 

bioactive, which could explain the inconsistent activity observed in clinical trials. If this is the 
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case, it could provide an explanation for the surprising lack of findings regarding mechanistic 

aspects of C-peptide bioactivity, despite the discovery that C-peptide is responsible for many 

beneficial functions in vivo. Due to the development of a now well-established method for C-

peptide preparation with Zn
2+

, our lab is uniquely well suited for investigating the mechanisms 

of C-peptide bioactivity as indicated by our ability to reproducibly demonstrate various C-

peptide bioactivies in the presence of a metal. 

1.2.4 - Current Hypothesis Regarding Vasodilation and the Influence of C-peptide 

Recent findings have shown that circulating ATP impacts vascular tone by purinergic 

signaling, specifically as an agonist of the endothelial P2Y receptor, which results in eNOS 

mediated production of endothelium NO, a potent vasodilator.[197-200] These findings 

corroborate previous work by Sprague showing that RBC-derived ATP stimulated NO production 

and vasodilation in the rabbit pulmonary circulation. While it is debated whether this 

mechanism is primarily responsible for the regulation of vascular tone, it is the only proposed 

mechanism where NO is derived from the endothelium as opposed to the RBC. Consequential 

to the short half-life of NO in vivo, endothelial derived NO can likely more efficiently stimulate 

vasorelaxation than NO derived from the RBC since the diffusional distance to the smooth 

muscle is reduced. Furthermore, RBC derived NO is required to permeate the barrier formed by 

the endothelium before reaching the smooth muscle, a problem that is largely avoided by NO 

produced by the endothelium. This assumption is supported by unpublished data from the 

Spence lab suggesting that RBC derived NO is blocked from reaching the smooth muscle by the 

pulmonary endothelium. In addition, the continuous production of NO most important for 

regulating vascular tone has been repeatedly associated with shear stress, which is known to 
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influence circulating ATP levels by stimulating its release from the RBC. In contrast, the known 

primary mechanisms proposed in the literature for NO release from the RBC are in response to 

hypoxia as opposed to shear stress. 

Considering these recent developments implicating ATP in the purinergic regulation of 

vascular tone, factors affecting circulating levels of ATP may be fundamentally important for 

maintaining healthy blood flow by association. It is well established that the RBC contains 

millimolar levels of ATP, which can be released into the blood stream by several stimuli. 

Interestingly, C-peptide, when carefully prepared with a metal source, has been shown to 

significantly increase ATP release from the RBC. These results are exciting because in patients 

with type 1 diabetes who have impaired C-peptide production, vascular ailments arise, 

including hypertension, which can be ameliorated by improved blood flow resulting from C-

peptide therapy. However, the mechanism by which C-peptide improves diabetic blood flow is 

unknown. Figure 1.6 displays the proposed mechanism by which C-peptide regulates vascular 

tone. In this construct, C-peptide may have the ability to stimulate NO production in the 

endothelium by purinergic signaling, as mediated by C-peptide stimulated release of ATP from 

RBCs. As discussed earlier, endothelial derived NO has been shown to be crucial for the 

regulation of vascular tone.  
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Figure 1.6 - The proposed mechanism of RBC mediated vasorelaxation. In response to a 

stimulus, such as C-peptide interaction or shear stress, the RBC releases ATP, which is capable 

of diffusing to the endothelium. As an agonist of the G-coupled P2 purinoreceptors, ATP binds 

the P2Y purinergic receptors located on the endothelial cell membrane, which initiates a 

purinergic signaling cascade. In response to ATP agonist, P2Y increases calcium flux into the cell, 

leading to an increase in free intracellular Ca
2+

, which can bind CaM to form the Ca-CaM 

complex. In this active conformation, Ca-CaM is capable of binding the calmodulin-binding 

domain of eNOS to stimulate the enzymatic conversion of L-arginine to L-Citruline and NO 

(Figure 1.4).  NO produced in the endothelium is able to diffuse to the smooth muscle cells to 

activate soluble guanylyl cyclase (sGC), resulting in the enzymatic production of cyclic 

guanosine monophosphate (cGMP) from guanosine triphosphate (GTP) and leading to 

relaxation of smooth muscle, dilating the blood vessel. 
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If C-peptide can indeed stimulate endothelial NO production, C-peptide may be 

revolutionary for the treatment of type 1 diabetes due to the ability to improve blood flow, but 

also due to its potential ability to mediate glucose clearance from the bloodstream via 

increased glucose uptake by the RBC. Potentially even more importantly, if shown to influence 

endothelial NO production, C-peptide may be crucially important for maintaining healthy 

vascular tone in general. Specifically, C-peptide may play an important role in maintaining 

appropriate levels of circulating ATP by influencing the degree of ATP release from RBCs, since 

healthy individuals typically have concentrations of C-peptide varying in the single-digit 

nanomolar range circulating in the bloodstream at any given time,[201, 202]. Importantly, if C-

peptide is shown to potentially influence purinergic regulation of vascular tone, by inference, C-

peptide may be fundamentally important for maintaining healthy blood flow, which has so far 

been overlooked. Of course, in order to verify this hypothesis, an in vitro model of the 

vasculature will need to be developed that is capable of reproducing important aspects of the 

vasculature. This model will require geometries that mimic resistance vessels and the inclusion 

of multiple cell types separated by physiological diffusional distances so that biologically 

relevant cell-cell communication can be monitored. Ideally, a measure of endothelial 

monolayer confluence will be possible in conjunction with flow capability to reproduce shear 

stress that is so influential in the vasculature.  

1.3 - Microfluidics 

1.3.1 - Fabrication and Background  

Microfluidic technology has been largely and broadly influential in various fields of science, 

leaving behind a rich history. For example, microfluidic technology famously made significant 
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contributions to the successful sequencing of the human genome.[203-207] Microfluidic 

technology offers several general experimental advantages that are attractive for a vast range 

of research, causing the preferential use of microfluidic devices in lieu of other well established 

technology and instrumentation which, in turn, has led to significant and diverse scientific 

contributions. For example, some of the most appreciated advantages offered by microfluidics 

are: small sample volume, low reagent consumption, minimal waste, and high throughput.[208-

210] In fact, microfluidic technology is commonly called “lab on a chip” technology since often 

microfluidic devices can accomplish tasks, sometimes with improved results, that usually 

require whole instruments, of which microfluidic devices are a small fraction of the size. Due to 

these conveniences, since the 1980s microfluidic technology has been applied in research 

throughout various scientific fields, however more recently, microfluidic systems have begun to 

emerge as useful platforms for cell based assays.[30, 88, 113, 211-217]  

Arguably, microfluidic technology first became amenable to cell culture research when a 

soft lithographic technique for the rapid prototyping of polydimethylsiloxane (PDMS) 

microfluidic devices was developed in the late 1990s by the Whitesides laboratory.[218, 219] 

PDMS, being a gas permeable polymer, was the first suitable material for use in microfluidic 

fabrication that also allowed for gas exchange, a requirement for cell survival.[220, 221] 

Additionally, the fabrication of PDMS microfluidic devices by soft lithography is generally less 

complicated for the wide range of other materials often utilized for microfluidic 

construction.[222] While PDMS, as a material for microfluidic fabrication, has several 

disadvantages, [223] such as hydrophobicity, absorption and adsorption of substances, as well 

as high flexibility, it has several advantages for cell-based research. Firstly, PDMS is gas 
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permeable, allowing cellular oxygen and carbon dioxide exchange, which is required for cell 

survival. Furthermore, PDMS is a transparent material, allowing for visualization of cells, optical 

analysis, and imaging.[210] 

1.3.2 - Microfluidics to Mimic Biological Systems 

The inherent geometries and dimensions of microfluidic systems are well suited for 

mimicking in vivo physiological conditions and monitoring cell behavior within these 

microenvironments. As mentioned previously, microfluidic technology offers precise control of 

important aspects of the microenvironment, leading to more physiologically relevant models of 

in vivo systems. For these reasons, when considering all technology available for modeling 

biological systems, a microfluidic platform would serve as an accurate and physiologically 

relevant model of the vasculature. For example, an in vitro cell layer mimic capable of 

incorporating flow, and other biologically relevant cells, such as the RBC, would be paramount 

for mimicking a true vascular barrier. However, the various cells would have to be in close 

proximity to allow for cell-cell communication. These issues are well addressed with 

microfluidic systems, as it is possible to mimic the small distance between the blood vessel and 

the endothelium.[211] Blood flow is also easily accomplished by incorporation of channels that 

have diameters similar to resistance vessels (capillaries and arterioles) found in vivo,[211] and 

thereby incorporating shear stress at a biologically relevant magnitude, a crucially important 

aspect since shear stress is influential to cell behavior. In accordance with the importance of 

shear stress, and the ability to simulate this force in microfluidic systems, a myriad of shear-

related microfluidic experiments have been accomplished, such as studies on migration,[224] 

adhesion,[30, 225, 226], enrichment,[227] and shear-induced NO production.[90, 113]   
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Not surprisingly, microfluidic technology has been used by the Spence group and others to 

mimic the vasculature.[30, 88, 113, 228-232] Also, as a result of these same beneficial 

properties of microfluidic systems, several microfluidic organ mimics have been accomplished, 

including the lung[233, 234], kidney[235, 236], heart[237], and digestive system[238] in work 

coined “organ on a chip” research. Additionally, microfluidic technology has been utilized to 

model neurons.[239, 240] Interestingly, a majority of these microfluidic mimics of biological 

systems feature cellular monolayers comprised of epithelial or endothelial cells, as do 

numerous other microfluidic biological models, indicating their importance in vivo. As 

previously discussed, it has been shown that the degree of confluence can alter the behavior of 

these cells, and thus a method for the determination of monolayer barrier integrity is beneficial 

in all experimental situations and necessary in some. Also, since epithelial and endothelial cells 

often form barriers in vivo that often influence drug delivery, and are implicated in various 

diseases, measurements of monolayer barrier integrity and permeability are the basis of a 

majority of research involving these processes.  

1.3.3 - Monitoring Barrier Integrity on a Microfluidic Device 

Using microfluidic systems for the analysis of cellular monolayers has been contributive and 

progressive towards understanding complex biological systems, although reliably measuring 

cell monolayer integrity in these microfluidic devices is challenging. Cell monolayer integrity can 

be measured in a number of ways that are described previously in Section 1.1. Interestingly, 

these methods are used in the vast majority of experimentation regarding monolayers, except 

for those performed using microfluidic systems. Subsequent to the start of the work presented 

in the following chapters, microfluidic platforms have been reported that are capable of 
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determining cell monolayer integrity of various cell types by monitoring permeation,[241-243] 

as well as TEER,[244-246] demonstrating the need for such devices. However, the microfluidic 

device featured in chapter 2 is the first microfluidic vascular mimic capable of measuring TEER, 

which is relatively simple and timely to fabricate compared to similar devices.[97] Similarly, 

microfabricated cell culture chambers have been developed capable of measuring cell 

monolayer confluence, however these models lack flow capabilities.[247-249] Also, additional 

devices with this important capability have been reported subsequent to publication of the 

device presented in Chapter 2.[250-253]  

Importantly, the ability to determine monolayer barrier integrity without affecting cells 

cultured within a microfluidic device, and also simultaneously eliciting shear stress generated 

by flowing blood, offers the potential for dynamic experiments while accurately mimicking a 

true biological system. In order to achieve this goal, TEER is a preferred method for determining 

monolayer barrier robustness since it allows for repeated quantitative measuring without 

altering cell phenotype or damaging the cells. In addition to the potential for time-lapse 

microfluidic studies, such a device would further ensure proper cellular behavior by confirming 

the confluence of cultured cells, adding credibility and accuracy to results. For these reasons, 

the unprecedented development of a microfluidic vascular mimic with integrated TEER 

capabilities could be significantly useful for elucidating mechanisms of important physiological 

events and functions of the vascular system, providing cell-cell interactions are permitted.   

1.3.4 - Cell-Cell Communication in Microfluidic Systems 

A substantial advantage of microfluidic systems yet unparalleled by other technologies is 

the ability to incorporate varying cell types separated by physiologically relevant distances, 
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which are often exceedingly diminutive and therefore challenging to reproduce with alternative 

technology.[254] Furthermore, microfluidics allows for cell culture, in addition to the flow of 

cells, reproducing the shear forces experienced by cells in vivo in a manner not easily 

accomplished by other techniques. In the cardiovascular system, it has been shown that shear 

stress is necessary for certain cellular responses and impacts cellular behavior, including that of 

the endothelial cell and RBC, and it is one mode by which these cells interact. By employing 

microfluidics, the Spence group has shown repeatedly that for cell types found in the 

vasculature, various stimuli, such as shear force, are capable of eliciting a response from one 

cell type that, in turn, influences the behavior of a second.  

For example, it was shown that in addition to C-peptide, shear stress can cause an increase 

in ATP release from RBCs,[150, 155] which can subsequently stimulate platelet NO 

production,[90] as well as endothelial NO production.[89, 97, 113, 211, 255] Interestingly, NO is 

capable of decreasing ATP release from RBCs by a potential feedback mechanism of the 

endothelial cell and platelet in response to ATP release from the RBC.[256] Additionally, the 

effects of an anti-adhesion drug were determined by monitoring platelet adhesion to a cultured 

endothelium under flow conditions.[30] These examples of monitoring cell-cell interactions to 

elucidate mechanisms of biological events by the Spence group adds to an increasing amount of 

literature highlighting the utility of microfluidic technology for mimicking biological systems and 

monitoring cell-cell communication.[257-259] Due to the architectural advantages and flow 

capabilities of microfluidic systems, a microfluidic device capable of characterizing monolayer 

barrier integrity can feasibly be developed to elucidate the mechanism by which C-peptide and 

shear play a role in influencing vascular tone. The displayed ability of microfluidic devices to 
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mimic biological systems in a manner accurate enough to monitor cell-cell interactions 

evidences the plausibility of this endeavor.   

1.4 - Goals and Motivation 

Motivated by the associated impact of elucidating the mechanism by which C-peptide 

influences vascular tone, specifically by the potential ability to stimulate NO production in the 

endothelium, the development of a vascular mimic will be attempted in order to investigate the 

potential involvement of C-peptide in this fundamentally important biological process. Also, the 

ability of C-peptide to escape the bloodstream is potentially of high biological importance since 

the direct involvement of C-peptide in biological processes is possible, not only in the vascular 

system, but throughout the entire body. For example, the biological influence of C-peptide may 

be restricted to effects that are accomplished indirectly as a result of activity within the 

bloodstream, or C-peptide may be able to both indirectly and directly stimulate cell types 

exogenous of the vasculature, provided C-peptide can permeate the vascular wall to physically 

interact these cells. In the latter case, the scope of the physiological influence of C-peptide may 

be extensive and diverse, similar to insulin, but also severely under-recognized by the scientific 

community.  

In order to investigate these important possibilities, many important biological aspects must 

be considered when developing a model of the vasculature in order to achieve meaningful and 

biologically relevant results. For example, due to the involvement of multiple cell types in the 

proposed mechanism for C-peptide induced vasorelaxation, specifically the RBC and endothelial 

cell, a vascular model including these multiple cell types is required. Furthermore, since it is 

proposed that ATP released from the RBC acts as an extracellular signaling molecule that 
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directly interacts with endothelial cells to stimulate NO production in the endothelium, the RBC 

and the endothelial cells must be separated by physiologically relevant distances in the vascular 

mimic in order to accurately replicate the diffusional distance to the endothelium experienced 

by ATP released from circulating RBCs in vivo. In addition to the release of signaling molecules, 

endothelial cells and RBCs both respond to shear stress generated from the drag force 

produced by the direct contact of flowing blood with the stationary endothelium. Importantly, 

shear stress greatly impacts each cell type in vivo, and also directly influences several 

fundamental aspects of the processes under investigation. For example, shear stress has been 

shown to impact ATP release from the RBC, and also greatly increase endothelial barrier 

integrity. Also, since endothelial cells comprising the endothelium form a confluent barrier in 

vivo, and endothelial behavior and response to environmental queues has been shown to vary 

with monolayer barrier integrity and confluence and, therefore, the properties of endothelial 

cells cultured within the vascular mimic should ideally replicate the true endothelium by 

forming a completely confluent monolayer that exhibits proper barrier integrity. This criterion is 

important for the successful observation and elucidation of biologically relevant cell-cell 

communication mechanisms, since physiologically correct cellular responses to stimuli are often 

dependent on monolayer barrier integrity and confluence. Additionally, the most important 

factor determining the permeability of cellular monolayers to molecules is the integrity of the 

barrier formed by the monolayer. Therefore, in order to accurately determine ability of a 

molecule to permeate a cellular monolayer, conditions found in vivo should be replicated and 

confirmed prior to experimentation by first measuring the barrier integrity and confluence of 

cultured cells.  



50 

 

To successfully address each of these important aspects of biological systems observed in 

vivo, a microfluidic vascular mimic will be developed to determine a potential mechanism of C-

peptide induced endothelial NO production, as well as the endothelial permeability to C-

peptide. While microfluidics have recently proven useful for cell based assays, a vascular mimic 

with integrated flow capabilities, as well as cell layer confluence measurement capabilities, has 

not yet been developed. The design of the microfluidic vascular mimic will ideally allow for the 

incorporation of each of the important biological aspects that are often not addressed by 

conventional microtiter biological models, such as: multiple cell types, physiologically relevant 

architecture, and shear stress. Additionally, the ability to confirm cell monolayer confluence, 

which is rarely accomplished in microfluidic platforms, and often easily accomplished in 

microtiter platforms, will also ideally be integrated in the microfluidic vascular mimic. The 

development of such a vascular mimic can potentially be utilized to reproduce and decipher 

highly complicated biological phenomena, including those involving cell-cell communications, 

with unparalleled accuracy. Therefore, such a device may be capable of replicating conditions 

found in vivo to such an extent that the potential mechanism by which C-peptide stimulates NO 

production in the endothelium may be elucidated.  Furthermore, such a device could be utilized 

to investigate the ability of C-peptide to permeate the endothelium in vivo with a high degree 

of biological relevance in comparison to conventional techniques.  
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Chapter 2 - Development of a Microfluidic Device Capable of Measuring TEER 
 

2.1 - TEER Measurements on a Microfluidic Vascular Mimic 

Studying vascular wall biology and interactions with blood components is an important area 

of research due to the prevalence of cardiovascular diseases in which these interactions are 

implicated in disease progression. Efforts to understand the cardiovascular system has led to 

the development of vascular models that replicate conditions found in vivo. The goal of these 

models is to simplify the system so that a more detailed and convenient analysis can be 

performed with focus placed completely on certain components of the system that are 

convoluted in whole organisms. In an in vivo situation, flowing blood is always surrounded by 

an endothelial cell monolayer that forms a vascular wall. The endothelial cells and the blood 

components are continuously interacting in a dynamic fashion via cell-cell communication 

where flowing blood is able to elicit endothelial cellular responses, and the endothelial cells are 

also capable of influencing cellular behavior of various blood components. Examples of 

important biological events caused by these interactions between different cell types in the 

vascular system are continually emerging. These interactions between various cell types are 

biologically important and, as a result, a drive for the development of technologies capable of 

elucidating the mechanisms of cell-cell communications is underway. Also, cell types that are 

found in close proximity in vivo are often cultured together in vitro so that interactions between 

the cells are accounted for, yielding more physiologically relevant cellular responses and, 

therefore, increasing the validity of experimental results.  
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TEER measurements have been universally established as a non-invasive and reliable 

method for evaluating and monitoring the growth of cellular monolayers. As such, a simple way 

of performing TEER measurements on in vitro biological systems was made commercially 

available by World Precision Instruments in the mid-1980’s as discussed previously in section 

1.1.3. A version of this instrumentation is still available and is commonly used for cell based 

assays. This TEER system was previously integrated into microfabricated cell culture systems in 

an important step towards integrating TEER measurements with microfluidic technology.[1, 2] 

Unfortunately, the resulting microsystem did not allow for flow, an important requirement for 

adequately mimicking certain biological systems as discussed in section 1.3.2.  

Microfluidic systems have recently proven useful for mammalian cell culture and cell-based 

assays,[3-6] including the culture and subsequent cellular assay of cell types found in the 

vasculature.[5, 7-10] The inherent geometries and dimensions of microfluidic systems are well 

suited for mimicking in vivo physiological conditions and monitoring cell behavior within these 

microenvironments. An in vitro cell layer mimic capable of incorporating flow, and other 

biologically relevant cells, such as the RBC, would be paramount for mimicking a true vascular 

barrier. However, the various cells would have to be in close proximity to allow for cell-cell 

communication. These issues are well addressed through microfluidic systems, as it is possible 

to mimic the small distance between the blood vessel and the endothelium.[7] Blood flow is 

also easily accomplished by incorporation of channels that have diameters similar to 

capillaries.[7] Furthermore, microfluidic systems lend themselves to high throughput 

techniques,[11-14] and could provide a more realistic model of a vascular wall. Microfluidics 

have the unique ability to adequately model in vivo conditions to the extent that cell-cell 
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communications can be observed, an ideal property that is absent in many conventional 

biological mimics.  

Microfluidics have recently been utilized for vascular research by our group and others, 

highlighting the utility of microfluidics as in vitro models of the vasculature.[5, 10, 15-20] 

However, since many vascular mimics include an endothelial monolayer of cells, it is important 

to remember that cellular responses have been shown to vary with cell monolayer confluence 

as discussed in Section 1.1. Because of this, a measure of cell barrier integrity, such as TEER 

determination, is common practice during studies involving cell monolayers, including those 

often found in models of biological systems, prior to experimentation involving these 

monolayers. A confirmation of cell monolayer confluence prior to experimentation adds 

credibility to experimental results by ensuring more physiologically appropriate cellular 

behavior, which is quite advantageous for elucidating the mechanisms of cell-cell 

communication where cell responses may be difficult to detect. These benefits offer ample 

incentive for the integration of a TEER measurement system with a microfluidic vascular model. 

However, this work illustrates the first microfluidic vascular mimic capable of performing TEER 

measurements.[21] Perhaps more importantly, this work describes the first microfluidic device 

capable of measuring TEER that also includes flow capabilities.[22] Since this work began, other 

examples of microfluidic devices capable of monitoring barrier integrity of various cell types 

have appeared in the literature, suggesting the potential importance of such devices.[23-25]  

2.2 - Methods 

2.2.1 - Device Fabrication 
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Soft lithography techniques are used to produce PDMS slabs from silicon masters. Briefly, 

silicon masters are spin coated with 4 mL of SU8-50 photoresist (MicroChem Corp.) at 500 rpm 

for 15 seconds, followed by a 1000 rpm spin cycle for 30 seconds. The wafer is then allowed to 

rest on a hotplate at 95°C for 15 minutes. A transparency mask is placed over the wafer, and 

subsequently exposed to UV light for 1 minute for a 100 µm thick feature[26]. The wafer is then 

transferred again to a hotplate at 95°C for 7 minutes before it is developed in propylene glycol 

methyl ether acetate (Sigma) to remove excess photoresist. The resulting completed silicon 

master is suitable for rapid prototyping of PDMS slabs with embedded features. The process for 

fabricating a silicon master is depicted in Figure 2.1a. 

PDMS slabs are prepared by mixing Dow Corning’s Sylgard 184 bulk polymer (Ellsworth 

Adhesives, Germantown WI) with curing agent in a desired ratio by mass. A 20:1 ratio of bulk 

polymer to curing agent mixture is used where sealing is desired, whereas a more rigid 5:1 

mixture is utilized on edges, or wherever a more rigid area was desired. The PDMS mixture is 

well stirred and then degassed by vacuum prior to pouring onto a silicon master. Each layer of 

PDMS is subsequently cured by heating for 12 minutes at 75°C.[27] The cured PDMS slab can be 

removed from the silicon master. Any raised features on the silicon master will be embedded in 

the PDMS slab. The process of rapid prototyping PDMS slabs from a silicon master is depicted in 

Figure 2.1b.  Outlets and wells are punched in the PDMS slabs using 1/8 in. and 1/4 in. paper 

hole punches. A 23 gauge luer stub adapter is employed to punch inlets, and then plumbed 

using 20 gauge stainless steel tubing to allow for connectivity to syringe pumps. After the 

microfluidic device is constructed, it is irreversibly sealed by heating for 30 minutes at 75°C. 
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Figure 2.1 - Soft lithography techniques are used for the rapid prototyping of PDMS slabs from 

silicon masters. Briefly, as shown in (a), a silicon wafer is spin-coated with SU-8 photoresist, and 

a negative mask is placed over the photoresist prior to UV light exposure. The photoresist 

exposed to light cross links to form a rigid polymer structure, and the remaining SU-8 polymer is 

dissolved by a developing agent, resulting in a silicon master with raised features. As shown in 

(b), PDMS polymer and curing agent is mixed in a desired ratio and degased prior to pouring 

over the silicon master. The PDMS is then cured at 75° C for 15 minutes and subsequently 

removed from the master, yielding a PDMS slab with embedded features.  
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The construction of the microfluidic device requires three PDMS slabs as shown in figure 

2.2.  The middle slab of PDMS has channels whose dimensions are 200 μm wide by 100 μm tall, 

which are prepared using standard soft lithographic techniques as described above. At one end 

of each channel, inlets are punched, and in the center of each channel, a 1/8
 
in. hole is punched 

to act as a well. The top PDMS slab has no channels or other features, but does contain two 

columns of wells, one column that aligns with the wells punched in the center of each channel, 

and one column that aligns with the end of each channel on the middle slab of PDMS. The 

column of wells in the center of each channel on the middle PDMS slab is separated by the 

column of wells on the upper PDMS slab by a polycarbonate membrane. The pore size of the 

membrane is typically 0.22 μm, but 0.1-1.0 μm pore sizes have been used in our group. The 

column of wells on the upper PDMS slab lying above the end of the channels on the middle 

PDMS slab act as waste wells for excess solution that has passed beneath the polycarbonate 

membrane.  An aluminum strip is placed underneath the column of wells that are punched in 

the center of the channels on the middle PDMS slab. The aluminum strip is then sealed in place 

with a bottom slab of PDMS that has been halved using a scalpel, also without any channels or 

other features. The bottom slab of PDMS is cut in half in order to allow access to the inlets that 

are punched in the middle slab of PDMS, which is required for plumbing of the channels.  

The aluminum strip running beneath each of the membranes serves as a stationary 

common electrode that is sufficient for TEER measurements across every membrane. The well 

punched in the center of each channel on the middle PDMS slab allows solution that is flowing 

through the channel to contact the electrode. The electrode can be polished by sanding the 

electrode surface with a Dremel tool to remove debris and subsequently reused. 
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Figure 2.2 - The microfluidic TEER device is fabricated from 3 PDMS slabs. The device contains a 

series of flow channels integrated with a common electrode below the cell layer, which is 

cultured on the polycarbonate membrane. A second copper top electrode (not pictured) is 

placed in the wells of the top layer of PDMS to perform a TEER measurement directly across the 

cell monolayer.  
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2.2.2 - Pumping and Attachments 

Syringe pumps (Harvard Apparatus) are employed to drive 500 µL Hamilton Gastight 

syringes for controlled flow of solution in the microfluidic channels. Tygon tubing is interfaced 

to the syringes using an adapter connecting a male luer syringe to a female 1/16 in. 

compression fitting (Upchurch/IDEX scientific). The Tygon tubes are interfaced with the 

microfluidic device using 20 gauge stainless steel tubing (New England Small Tube Company), 

which fits securely into both the Tygon tubing and the microfluidic inlets described in 2.2.1.  

A top electrode consists of a 16 gauge copper wire that has been secured with epoxy to a 

pipet tip, forming a disk electrode. The epoxy is used to secure the wire in the pipet tip to 

prevent capillary effects of the solution and likely improving the reproducibility between 

measurements by maintaining a constant effective electrode area (area of the electrode 

allowed to contact solution). The top electrode is then clamped in place using a ring stand, and 

the microfluidic device is raised until the top disk electrode rests inside of the well in which a 

TEER measurement is desired. The outer diameter of the pipette tip and the inner diameter of 

the 1/8 in. well are nearly identical, so the electrode rests directly in the center of the well for 

every measurement.  

2.2.3 - bPAEC Culture 

Bovine pulmonary artery endothelial cells (bPAEC) are purchased from Lonza and arrive 

frozen. They are cryogenically frozen for storage, and are thawed to room temperature and 

then added to a T-75 tissue culture flask containing 12 mL of cell culture media that has been 

equilibrated at 37°C. Cell culture media is prepared from Lonza’s EGM MV media containing 5% 

fetal bovine serum with gentamicin and phenol red. Subsequently, bPAECs are incubated at 37 
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°C and 5% CO2 atmosphere until confluence is reached. Media is changed the day after plating 

the cells, and then every two to three days thereafter. When the cells reach approximately 80% 

confluence as identified by optical microscopy, subculturing is performed.  

Seeding cells in the wells of a microfluidic device is accomplished by first coating the 

polycarbonate membrane with fibronectin. Fibronectin (Invitrogen) is dissolved in phosphate 

buffered saline (PBS) to prepare a 1000 µg/mL stock solution. The stock solution is aliquoted 

and frozen until use. When cell seeding is desired, an aliquot of stock solution is thawed and 

diluted to 100 µg/mL and 10 µL of solution are added to each microfluidic well. The solution is 

allowed to completely evaporate to yield a fibronectin coating on the polycarbonate 

membrane.  

bPAECs are cultured in T-75 tissue culture flasks, and are removed by pipetting 2 mL of a 

0.25% trypsin solution onto the cells and incubated for 2 minutes. The trypsin solution is 

removed by aspiration and immediately replaced with 6 mL of cell media. The cells are 

repeatedly rinsed and the bottom of the flask is gently rapped to promote removal of the 

adhered cells. The resulting cell suspension is centrifuged at 500 g for 5 min. and the 

supernatant removed. The cells are then resuspended in 1 mL of cell media and 10 µL of the 

suspension are added to each well of the microfluidic device. Cell media is replaced after 1.5 

hours, and then again every 3 hours afterwards. If the cells are allowed to incubate overnight, 

18 µL of cell media are added to each well, and the device is stored in a covered petri dish with 

a Kimwipe saturated with water in order to prevent evaporation of the cell media. Media is also 

replaced prior to each TEER measurement in order to maintain electrolyte concentration in the 

electrochemical cell for each measurement.  
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2.3 - Results 

2.3.1 - TEER Measurement Method Development 

A custom LabView (National Instruments) program was written in-house and implemented 

to perform TEER measurements. The software applies a 20 Hz square wave with a magnitude of 

0.75 V across the membrane for 2 seconds as shown in Figure 2.3a. This potential is applied 

using the analog output of a DAQ board (National Instruments), and the resulting current is 

measured at an acquisition rate of 1000 Hz. The resultant current signal (Figure 2.3b) is then 

analyzed via MATLAB (Mathworks), automatically performing curve fitting and integration in 

real time. The resultant current signal is averaged and integrated to provide charge, which is 

plotted as a function of time as in Figure 2.4. 

A typical TEER device, discussed in section 1.2.3, is comprised of a small volume cup that 

contains a membrane.  This cup then sits in a larger well and, when both are filled with liquid 

(e.g., a physiological buffer), a voltage can be applied and the current passing through the 

membrane can be determined.  Specifically, a standard TEER measurement is performed with a 

four electrode system, and consists of an instrument that applies a potential through a battery-

powered square wave generator at approximately 12 Hz.  Additional sensing electrodes are 

employed to measure the resulting current through a built-in traditional multimeter.  

To simplify fabrication of our device and eliminate the need for four electrodes, the device 

shown in Figure 2.2 was constructed.  Current resulting from a potential applied across cellular 

monolayers cultured in the wells of the completed device can be measured and characterized.  

When the system is operational with added electrolyte solutions and endothelial cell layers 
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cultured upon the polycarbonate membranes, it can be modeled as an RC circuit. As such, 

applying a steady potential should yield a current profile as predicted by Equation 2.1,  

 ( )
t

RC
oI t I e

−
=  (2.1) 

where I  is current, t  is time, oI  is the initial current, R  is  resistance, and C  is capacitance.  

The resulting current decays were averaged and integrated with respect to time, the result of 

which is the average charge passed through the circuit in a single pulse as described by 

equation 2.2 

 
Q V

I t c
t R

∂∂ = + =
∂∫ . (2.2) 

where Q is charge, and V is voltage. Equation 2.2 describes the inverse relationship between 

resistance and average charge. Therefore, TEER values are reported in units of coulombs, which 

are inversely proportional to resistance, and represent the average charge passed through the 

electrochemical cell during a single potential pulse as described by Equation 2.2. Due to the 

inverse relationship of average charge and resistance, the average charge will reach a minimum 

charge at maximum cell confluence, which is indicative of the maximum resistance measured 

by commercial systems when maximum cell confluence is achieved. 

 In order to report an estimate of resistance in the electrochemical cell, total current was 

determined by 

 

0

t

Q I t c= ∂ +∫  (2.4) 
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where Q  is the average charge determined by the TEER system, I is the total current, and t∂ is 

the time interval of the applied square wave. After the total current is determined, resistance 

can be determined by 

 
V

R
I

=  (2.5)  

where R  is resistance, V  is the magnitude of the applied square wave potential, and I  is the 

total current determined by Equation 2.4. While measurements acquired using the microfluidic 

TEER system introduced in this chapter are typically reported in units of charge, TEER values are 

conventionally reported in units of ohms·cm
2
, which requires normalization to the area of the 

cultured cell monolayer. In order to accurately determine the area of microfluidic wells, calipers 

are employed to measure the diameter of each well, from which the cross-sectional area of the 

well is determined in units of cm
2
. It was determined that the microfluidic wells had an average 

well diameter of 1.76 ± 0.08 mm (n=10 wells), which is used to calculate TEER estimates in 

Figure 2.6. The TEER data can then be presented in ohms·cm
2
, by finding resistance as discussed 

previously, and multiplying by the area of the microfluidic well.  
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Figure 2.3 - Shown in the top graph is the bipolar pulsed perturbation signal used in the system, 

a 20 Hz square wave. The resulting current is then measured as a function of time as shown in 

the bottom graph, yielding current decays that resemble those typically seen in an RC circuit. 

These current decays are then averaged and integrated, and the resulting charge value is 

presented as a TEER signal in units of charge. 
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2.3.2 - Validation of TEER Measurements  

 The ability to measure resistance using the integrated TEER system was first examined by 

performing measurements across solutions containing various KCl concentrations. Since salts, 

such as KCl, completely dissociate in aqueous solutions to form ions, the concentration of ions 

in the resulting solution is proportional to the amount of salt dissolved, assuming the solvent 

does not contain ions initially. Therefore, by applying a constant potential across an ionic 

solution, a resulting current will be induced that can be measured, which is directly 

proportional to the conductivity of the solution and inversely proportional to solution 

resistance. The data in Figure 2.3a represents the applied quare wave potentials (ranging from -

750 mV to 750 mV at 20 Hz for 2 seconds), while the data in Figure 2.3b is the resultant current 

decay profiles that coincide with the applied potentials. Charge is obtained by averaging the 

current decays resulting from the 20 negative applied potential pulses, and integrating with 

respect to time. The curve in Figure 2.4 shows charge plotted as a function of KCl concentration 

above and below the membrane.  Summarily, as the salt concentration increases in the device, 

the current passed per potential pulse increases, resulting in an increased charge as shown in 

2.4.  The waveforms shown in 2.3a, the current profiles in 2.3b and the resultant integration of 

averaged area in 2.4 were all performed using the computer controlled interface to generate 

the waveforms, collect the resultant current data, and analyze the data.   
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Figure 2.4 - A cross-sectional view of the microfluidic device is shown in (a). Solutions 

containing various concentrations of potassium chloride (KCl) are pumped into the channels of 

the microfluidic device, and a solution of the same concentration is pipetted into the overlying 

wells. TEER measurements are shown to correlate linearly with KCl concentration in (b), 

displaying the ability of the device to measure conductance, which is inversely proportional to 

resistance, and therefore indicative of resistance between the two electrodes. (n=4, errors are 

SD) 

  



86 

 

 The methods for performing conventional TEER measurements using microtiter based 

techniques vary somewhat from the methodology we used to accomplish TEER measurements 

on a microfluidic platform. For instance, microtiter based measurements utilize a four electrode 

system in order to eliminate junction potentials. The necessity to simplify the system in a 

smaller microfluidic based platform required the incorporation of only two electrodes, so 

junction potentials are present in the microfluidic system. Additionally, a two electrode system 

restricts the addition of a proper reference electrode. These inherent differences account for 

TEER values being reported in units of coulombs, which are easier to calculate in our case, and 

are still a satisfactory measurement of barrier integrity, and relative changes in that integrity, as 

shown in Figure 2.5. However, the data is also presented in Figure 2.6 using conventional TEER 

units of ohms·cm
2
. 

2.3.3 - Monitoring bPAEC Monolayer Barrier Integrity on a Microfluidic Device 

After it was determined that the total charge passed correlated with conductivity of an 

electrochemical cell, the device was employed to estimate confluence of a monolayer of 

bPAECs. In order to culture the cells within the wells of the microfluidic device, a fibronectin 

coating was first added to the polycarbonate membrane representing the bottom of the well to 

promote cell adhesion, as described in section 2.2.3. Cells are then added to each well, and cell 

barrier integrity is monitored by performing TEER measurements as the cells become confluent. 

A side view of the device with the cells in place on the polycarbonate membrane is shown in 

figure 2.5. After seeding on the membrane, the bPAECs were given time to adhere to the 

fibronectin matrix. During adhesion, the cells ability to develop into a confluent layer was 

monitored at various time points using the integrated TEER measurement system.  The 
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resulting data, shown in Figures 2.5, demonstrates that the cells are able to form a more 

resistive barrier with time, reaching a plateau after approximately 8 hours. Initially, after cell 

seeding on the fibronectin-coated membrane, the applied potential resulted in approximately 

22.3 ± 1.6 μC (40.9 ± 2.9 ohms·cm
2
).  However, after 8 h, this value dropped to 3.5 ± 0.4 μC 

(259.1 ± 27.4 ohms·cm
2
), a statistically significant decrease (p<0.001, n = 4 devices).  A 

statistically non-significant change between 8 h and 17 h suggested that the cells had reached 

an optimum resistivity. 
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Figure 2.5 - A cross-sectional view of one channel of the microfluidic device, where TEER 

measurements are performed directly across an endothelial monolayer cultured on a 

polycarbonate membrane. Shown in (b) are the results of TEER measurements performed on 

endothelial cells over the course of 17 h in units of μCoulombs, demonstrating the cells reach 

confluence at approximately 8 h. (n=4, errors are SD) 
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Figure 2.6 - TEER measurements performed on endothelial cells over the course of 17 h are 

reported in conventional TEER units of ohms·cm
2
. These values are estimated from the TEER 

measurements displayed in Figure 2.5b. These results again demonstrate that the cells reach 

confluence at approximately 8 h, as suggested by the peak in TEER signal at that time. (n=4, 

errors are SD) 
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2.4 - Discussion 

The method for constructing the microfluidic device is depicted in Figure 2.2. Utilizing a 

single aluminum strip as a single electrode for each microfluidic well eliminated the need for 

including an individual electrode for every microfluidic well, simplifying the design and software 

requirements compared to other microfluidic devices capable of TEER measurements that have 

emerged since the development of our device.[23, 24, 28] Additionally, minimizing the number 

of individual electrodes also eliminates the need to make numerous electrical connections, 

simplifying experimental setup while decreasing the probability of errors that arise from device 

handling and interfacing the device to external hardware. Designing the microfluidic TEER 

device in a non-complex manner was intentional so that the device can be easily reproduced 

and implemented for work in our laboratory, and in other research laboratories that intend to 

culture cell monolayers in microfluidic devices. Also, since the device can be fabricated and 

utilized simply and quickly, with minimal experimental setup and automated data collection 

and analysis, the device can be prepared and used by researchers with only modest experience 

in microfluidics.  

In general, microfluidics are evolving towards more intricate devices that can be used for 

complicated analyses involving increasingly complex research interests. As a result, microfluidic 

devices are better suited for solving sophisticated and interesting questions in research, but 

often entail a complicated and timely fabrication procedure that can only be accomplished by 

microfluidics experts. Additionally, microfluidic devices that include sophisticated design 

features requiring difficult and time consuming fabrication processes often limits the 

widespread use of the technology. Furthermore, important experimental results are often 
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convoluted by complex microfluidic designs, as is the likelihood of device errors arising from 

design flaws. For these reasons, the microfluidic TEER device was designed simply, however it is 

still capable of performing complex analyses to study multifaceted research problems as shown 

by experimental results obtained by the device over the course of this work.  Fortunately, the 

microfluidic device presented in this work can be constructed relatively quickly, requiring only 

3-4 hours for fabrication, and is comprised of materials, such as PDMS, that are well studied 

and frequently used in microfluidics. The microfluidic design showcased in this work was, 

however, modified to maximize simplicity, reliability and reproducibility of the devices.    

In order to fabricate the device, PDMS was selected as a fabrication material for several 

reasons. Firstly, the device is intended to contain biological samples containing live cells, which 

require a supply of gases, such as oxygen and carbon dioxide, in order to survive and behave 

properly.[29] Healthy cell culture is most amenable in PDMS microfluidic devices because it is a 

non-toxic, gas permeable polymer that does not compromise cell health by restricting the 

diffusion of gases to and from cells within the device. Also, PDMS is well-studied and frequently 

used for microfluidic device construction because soft lithography permits highly detailed 

microfluidic features and rapid prototyping.[30] PDMS is also optically clear, enabling optical 

measurements.  

Furthermore, track etched polycarbonate membranes were selected as a cell culture 

support because the support should be porous, allowing for diffusion of molecules between the 

flowing solution and the cultured cells, which is required for cell-cell communication and 

permeability assays. Additionally, polycarbonate membranes have been integrated into PDMS 
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microfluidic devices for years in the Spence group.[20] These aspects of the device remained 

unchanged during development of the device. 

Microfluidic devices with integrated electrodes commonly entail a complicated design in 

order to successfully incorporate the electrodes, as well as lengthy fabrication times (on the 

order of days). However, the benefits provided by the ability to measure TEER in a vascular 

mimic provide incentive to overcome these challenges. Integration of the TEER system 

ultimately increased the quality of experimental results obtained using the device, and also 

addressed the overall absence of TEER measurements in microfluidic research.  Initially, the 

device was constructed with wire electrodes sealed in PDMS that addressed each channel 

individually, a design that was modified for several reasons. Additionally, each wire had to be 

interfaced to external hardware sequentially, which forces repeated handling of the device and 

often compromised structural integrity. Here, the design was improved by using a single wire 

that ran perpendicular to the channels so that each well could be addressed using one 

electrode, similar to the aluminum electrode in the optimized final design, which reduced 

fabrication time, device complexity, and handling during experiments. Unfortunately the 

resulting microfluidic device was unreliable because upon solution contacted with the wire, the 

solution would leak along the length of the wire due to capillary effects resulting from the 

inability to completely seal a round wire in a PDMS microfluidic device.  

The issues that arise by attempting to seal a metal electrode in PDMS were also 

encountered by others when constructing a microfluidic TEER device.[23] The problem was 

ultimately resolved by adding a channel to the PDMS design that was completely dedicated to 

containing the wire. The wire is pushed into the channel, and the voids in the channel 
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surrounding the wire were filled with uncured PDMS mortar by syringe injections. The wire was 

then able to be secured into place after the completed device was cured.  This method 

successfully resolves the issue, but requires a complicated fabrication procedure coupled with a 

long fabrication time where the device must be allowed to cure overnight for two consecutive 

nights. This issue was alternatively avoided this work by choosing an aluminum foil as an 

electrode material because it is able to lie flush between two PDMS slabs, and with a thickness 

of less than 200 µm, adequate sealing is accomplished. The width of the aluminum foil strip is 

also always prepared in dimensions so that the width of the foil is greater than that of the 

overlying wells. This helps prevent leakage in the device, and ensures that the electrode area 

that makes contact with the solutions contained in the channels is as similar as possible from 

channel to channel, leading to more reliable and reproducible TEER measurements. 

The electrode areas resulting from using foil instead of wire were greatly increased. The 

average effective electrode areas of the bottom electrodes in the microfluidic device are a 

result of the size of well that is punched in the center of each channel. These wells are punched 

with a 1/16 in. hole punch, resulting in an average electrode area of about 2.4 mm
2
. The 

resulting macroelectrodes are often avoided in electrochemistry due to the production of large 

charging currents required to form a double layer at the electrode surface. These charging 

currents are sometimes so large that any faradaic current is not observable, which is not ideal 

when using faradaic current to determine characteristics of an electrochemical cell, such as 

resistance. However, the perturbation potential used in the TEER system, displayed in Figure 

2.4a, is a 20 Hz square wave applied for 2 seconds. Because a potential pulse is applied for only 

0.05 sec before being reversed, the resulting current response provides primarily kinetic 
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information. It is hypothesized that cell monolayer confluence in the electrochemical cell 

affects the kinetics of faradaic processes, as well as the kinetics of double layer formation, 

resulting in an ideal situation where even charging current can be used to measure TEER. The 

validity of this hypothesis is supported by the TEER measurements performed using the device 

where successful determination of conductivity and cell monolayer barrier integrity were 

accomplished as shown in Figures 2.4 and 2.5, respectively. In a situation that is unique to our 

microfluidic TEER system due to our measurement methods, the integration of 

macroelectrodes in the device design was acceptable since charging current can be used in 

addition to faradaic current the determine TEER. For these reasons, we were able to forego the 

complications of integrating microelectrodes into the device, such as sealing wires in PDMS.   

Interestingly, the applied perturbation potential, shown in Figure 2.4a, was not chosen 

because of the advantages discussed previously, but rather for three other reasons. Firstly, the 

measurement technique was implemented as one of the first successful methods for 

determining resistance in a small electrochemical cell, including the microscale electrochemical 

cells that are basically inevitable in microfluidic devices.[31, 32] Secondly, the square wave 

potential is an ideal choice because it can only polarize the cells for a short time interval, an 

important feature because polarization of cells for extended periods of time has been shown to 

influence cell behavior[33, 34], and even cause cell lysis.[35] Lastly, since TEER measurements 

have become a commercialized and standard measurement technique outside of microfluidic 

research, we were able to use well established methods to develop our method for determining 

TEER. A simple way of performing TEER measurements on in vitro biological systems was made 

commercially available by World Precision Instruments in the mid-1980’s. A version of this 
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instrumentation is still available and is commonly used in microtiter based experiments as 

discussed in section 2.1. The square wave potential applied by the microfluidic TEER system 

shown closely resembles the perturbation potential used in the commercially available TEER 

system, which applies a 12 Hz square wave potential and measures current to determine TEER. 

However, the methodology used to determine TEER in the microfluidic system varies somewhat 

from the traditional TEER device, where a four electrode system is employed to determine TEER 

rather than the two electrode system utilized in the microfluidic TEER system.  

The development of a two electrode system arose from the necessity to simplify the 

method on a smaller microfluidic platform. A four electrode system is used in a standard TEER 

system in order to eliminate junction potentials, which are present in the microfluidic TEER 

device. Also, the resistance in an electrochemical cell in response to an amperometric potential 

is typically determined by analyzing steady state current. However, for reasons discussed 

previously, the nature of the applied square wave potential restricts the system from reaching a 

steady state. Consequently, estimations of resistance in the microfluidic electrochemical cell 

are determined when the system is kinetically controlled and charging current contributes to 

the current. As a result of these differences, we can only estimate TEER in units of ohms·cm
2
 

because determination of resistance is required. Regardless, TEER data is presented in 

ohms·cm
2
 in figure 2.6 in an effort to compare our system to traditional measurements, 

resulting in measurements similar to literature values.[36, 37] Even as estimates of TEER values 

with units of ohms·cm
2
 tend to match literature values, presenting TEER values in units of 

µCoulombs avoid estimation, and still provide a measurement of cell monolayer confluence, 

and changes in that confluence, as shown in Figure 2.5. 



96 

 

The current response to the applied square wave in Figure 2.4b resembles a current decay 

commonly seen in a typical RC circuit. These types of responses to a constant DC potential are 

common and well characterized, allowing for simple isolation of important properties of the 

electrochemical cell as discussed in section 2.3.1. Due to the predictability of the current 

response observed, the manipulation of data to determine TEER values was able to be 

completely automated allowing for the development of a simple user interface in which a TEER 

value can be determined in seconds without the need for additional manipulation of data.   

The data presented in Figure 2.5 displays the ability of the microfluidic device to 

successfully perform measurements to quantitatively determine conductance in an 

electrochemical cell. A microfluidic system capable of measuring conductance is not novel, but 

it is a powerful tool used previously in vascular mimics, primarily to isolate rare cells from 

circulating blood samples.[38] The purpose of determining the conductance of our microfluidic 

electrochemical cell was to verify that our specific method for determining TEER was valid, as 

the technique for determining conductance in the microfluidic device is the same as used to 

determine TEER. The ability to measure conductance with a wide linear range indicates that the 

software employed to perform TEER measurements, as well as the microfluidic design, was 

robust enough to interrogate the barrier integrity cell monolayer.  

The data presented in Figures 2.5 and 2.6 demonstrates the capacity for quantitatively 

determining endothelial cell barrier integrity using the microfluidic TEER system. The initial 

TEER measurement at 0 hours was taken immediately after the cells had been added to the 

microfluidic well, and before seeding on the fibronectin network was possible. This initial TEER 

measurement yielded an average charge of 22.3 ± 1.6 µC (or 40.9 ± 2.9 ohms·cm
2
) , a value over 
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6 fold greater than that obtained at 8 hours of 3.5 ± 0.4 µC (or 259.1 ± 27.4 ohms·cm
2
) when 

the cells had reached optimal confluence. These findings illustrate the sensitivity of the TEER 

system, and the ability to detect slight variations in cell monolayer confluence. Furthermore, a 

non-statistical change in TEER measurements obtained from 8 h to 17 h shows that the bPAEC 

monolayer had reached an optimal confluence that was verifiable by the device. Prior to the 

these findings, our group would allow 1.5 to 2 hours for bPAEC seeding on microfluidic devices, 

which does not allow for complete confluence according to the data in Figure 2.5. After 

obtaining this data, cells were allowed to seed overnight to ensure confluence, which greatly 

increased the reproducibility of cell based experiments in our lab. 

An additional important feature of the device, aside from the ability to measure TEER, is the 

ability to culture endothelial cells that are separated in a biologically relevant distance from a 

capillary that allows for the flow of solution, such as a blood sample, producing a potential 

microfluidic vascular mimic. The ability to mimic the vasculature using microfluidics has been 

accomplished previously[20, 39, 40], however this work is the first example of a microfluidic 

vascular mimic capable of measuring TEER.[21] Utilization of the microfluidic TEER device as a 

vascular mimic will be the topic of the upcoming chapters. Since publication of this work, one 

other microfluidic vascular mimic capable of performing TEER measurements has appeared in 

literature[28], re-emphasizing the importance of confirming and monitoring cell monolayer 

integrity, even in microfluidic devices. Since the primary incentives for inventing the device was 

to perform endothelial permeability studies and to study cell-cell communication between 

flowing RBCs and a vascular wall comprised of a monolayer of endothelial cells, integrating 

TEER measurement capabilities was a priority in the development and fabrication of the device. 
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Often, when performing research involving monolayers of cells, a quantitative measure of 

monolayer barrier integrity is essentially prerequisite to any investigation involving the cell 

layer, an aspect not previously addressed in microfluidic research. Additionally, confirmation of 

cell monolayer confluence is important for proper cellular behavior as discussed in Section 

1.2.4. 

Data presented in Figure 2.5 exhibits the ability of the microfluidic device to confirm the 

barrier integrity of bPAECs, which is a cell type particularly interesting to our group due to our 

intention to mimic the cardiovascular system. However, other biological research has recently 

been performed using microfluidics to mimic specific organs, resulting in a new genre of 

research termed “organ on a chip” research.  Organ on a chip research involves employing 

microfluidic devices in order to create crude reproductions of important organs, ideally 

reducing the need for animal models. Several microfluidic organ mimics have been 

accomplished, including the lung[41], kidney[42, 43], heart[44], and digestive system[45]. 

Importantly, all of these models join numerous previously developed microfluidic systems that 

require a monolayer of cells. While the importance of verifying cell monolayer confluence prior 

to experimentation has been well understood for decades[46], an alarmingly small number of 

microfluidic platforms capable of performing such measurements have been developed, 

especially considering that cell monolayers have been cultured in microfluidic devices for over a 

decade.[47] Hypothetically, the lack of microfluidic devices capable of performing these simple 

measurements is due to the engineering challenge of including the required components in a 

microfluidic platform. Therefore, a simple method for including TEER measurement capabilities 

in microfluidic experiments where cell monolayers are required would be paramount for 
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confirming the validity of experiments performed. We anticipate that the microfluidic TEER 

device is capable of performing TEER measurements across cell barriers comprised of any cell, 

in addition to bPAEC monolayers. The integration of a TEER measurement system would surely 

aid in validating experiments performed in organ on a chip research and any research involving 

cell monolayers cultured in microfluidic devices.  

2.5 - Conclusions 

Summarily, the work presented here describes the fabrication of a novel microfluidic 

vascular mimic that can determine TEER of endothelial monolayers, providing a reliable and 

sensitive method for monitoring cell barrier integrity. When performing microfluidic 

permeability assays, this ability to measure cell monolayer barrier integrity is essentially 

required to validate results by confirming proper barrier function of the cell layer.  Importantly, 

this novel device is the first example a microfluidic platform with integrated TEER capabilities 

that also enables flow. Therefore, this device, in contrast to other similar devices, takes 

advantage of desirable flow characteristics that are typical of microfluidic platforms, and that 

have led to the widespread use of microfluidics.  Furthermore, the flow of solutions through 

microfluidic channels which are dimensionally similar to resistance vessels is easily 

accomplished, yielding the first microfluidic vascular mimic with integrated TEER capabilities. 

These desirable properties are unique to the microfluidic TEER system presented here and, 

therefore, this device can be used to mimic the vasculature with unparalleled accuracy. 

Verifying cell confluence prior to experimentation is crucial to validating results, and since 

microfluidics have become a popular platform for cellular assays, the device presented here is a 

powerful tool for providing credibility to microfluidic research involving cell monolayers. Since 
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the microfluidic TEER system is simply designed and fabricated, integration into other 

microfluidic platforms used to study cell monolayers should be trivial. Additionally, using the 

microfluidic TEER system is intuitive since experimental setup is minimal, and obtaining TEER 

values is completely automated. Also, the device can potentially be integrated with microtiter 

technology since the microfluidic wells are arranged in an array format, similar to a 96-well 

plate. In this construct, conventional microtiter instrumentation can be used to perform high 

throughput cell-based assays, while still taking advantage of the flow and TEER measurement 

capabilities of the microfluidic device that are not permitted by microtiter platforms. This work 

provides a simple method for ensuring proper cellular response in a vascular mimic, thus 

increasing the value and accuracy of experimental results, including the results presented in 

upcoming chapters. These benefits are particularly favorable when studying cell-cell 

communication, cell monolayer permeation, or any other cellular response involving the 

monolayer.  
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Chapter 3 - Monitoring Cell-Cell Communication in a Microfluidic-Based Vascular 

Mimic 

3.1 - Microfluidics to Mimic the Vasculature 

As discussed in Chapter 1, vascular wall biology, and interactions with bloodstream 

components, such as the red blood cell, is an area of continued interest due to the high 

prevalence of cardiovascular disease and stroke. In order to investigate vascular wall biology 

with an in vitro model, the layer of cells comprising the wall must be confluent, display a 

restrictive paracellular pathway, high electrical resistance, physiologically relevant cell 

architecture, and functional expression of transporter mechanisms while being easy to 

culture.[1, 2] Additionally, a determination of cell confluence prior to experimentation is 

important because cellular activity (i.e., responses to agonists/antagonists, transport of 

molecules, etc.) has been shown to vary with cell confluence and integrity.[3-12] While these 

criteria for an in vitro mimic of the vascular wall seem straightforward, reproducing the actual 

environment found in vivo is quite challenging.  

Most in vitro models reported in the literature are based on stationary cultures or co-

cultures (multiple cell types cultured together) to attempt to reproduce the intricate 

environment of the true vascular barrier. Generally, isolated endothelial cells are cultured 

within a microtiter insert upon a polycarbonate membrane that has been coated with an 

adhesion molecule such as fibronectin or collagen to promote cell adhesion to the 

membrane.[13] The cells are allowed to reach confluence, and the membrane is placed in a 

diffusion cell where a cell-based assay is performed.[13] These methods are discussed in detail 

within section 1.1.2. While this methodology has proven useful, the use of buffer in the 
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diffusion cell and lack of flow on the apical side of the model fail to adequately mimic the 

microvasculature. In an even simpler experimental design, cell-based assays are commonly 

performed on cells cultured within wells of a microtiter plate. These methods for studying cell 

biology are adequate in many situations, resulting in their widespread use, however these 

platforms again lack important properties required to accurately mimic the vasculature.  

Endothelial cells cover all blood contacting areas of the cardiovascular system and, due to 

their location, are constantly exposed to the hemodynamic shear stress of flowing blood. Shear 

stress is known to regulate endothelial cell behavior, and is a determinant in the expression of 

certain cellular responses.[14] It is also known that other cell types, such as the RBC, can alter 

endothelial cell behavior and vice versa via cell-cell communication.[15-18] Therefore, an 

accurate vascular mimic should include flow to account for shear stress, multiple cell types in 

close proximity to account for cell-cell communication, as well as a method for determining cell 

monolayer confluence to ensure proper cell behavior. Unfortunately, the most commonly used 

aperture for measurements involving the integrity of a cell layer is the diffusion cell, which does 

not account for the shear stress due to blood flow, or the presence of blood. The ability to 

measure cell monolayer integrity, however, is easily accomplished in diffusion cells by 

measuring TEER or performing permeation studies, which has become common practice.   

The shortcomings of conventional vascular mimics are well addressed with microfluidic 

systems, as it is possible to mimic the small distance between the blood vessel and the 

endothelium.[19] Blood flow is also easily accomplished by incorporation of channels that have 

diameters similar to resistance vessels (capillaries and arterioles) found in vivo.[19] For these 

reasons, microfluidic systems have been employed for shear-related endothelial cell 
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experiments involving cell-cell communication, such as studies on migration[20], adhesion[15], 

and shear-induced NO production[18]. The advantages of using microfluidic technologies to 

model the vasculature have been realized as indicated by numerous reports of microfluidic 

devices capable of mimicking the vasculature.[21, 22] However, the ability to measure cell 

monolayer confluence on a microfluidic device was yet to be accomplished at the start of this 

work. Very recently, however, microfluidic devices have been developed to monitor cell 

monolayer permeation [23] and measure TEER [24, 25], illustrating the importance of such 

devices. 

The integrated microfluidic TEER system reported in Chapter 2 is capable of mimicking the 

vasculature by enabling the flow of RBCs past an immobilized layer of endothelial cells whose 

barrier integrity has been characterized by the integrated TEER system. This device is the first 

microfluidic vascular mimic capable of determining cell monolayer confluence, and also the first 

microfluidic device capable of measuring TEER that also enables flow.[26, 27] This device 

provides a vascular mimic with multiple cell types separated by physiological distances, allowing 

for cell-cell communication. Additionally, this device incorporates flowing blood to account for 

shear stress, as well as a method for determining TEER to ensure cell monolayer confluence 

prior to experimentation. Importantly, the TEER measurement capabilities of the device allow 

for a confirmation of monolayer barrier integrity and confluence of cell layers cultured within 

the wells of the device prior to experimentation. Measuring TEER to verify layer confluence and 

barrier integrity prior to cellular investigations helps ensure physiologically appropriate cellular 

responses of cultured cells, thus improving reproducibility between experiments and also 

increasing the value and accuracy of experimental results, as well as conclusions stemming 
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from these results. These benefits are particularly favorable when studying cell-cell 

communication, cell monolayer permeation, or any other cellular response involving the 

monolayer. As such, cell monolayer confluence was confirmed prior to experiments carried out 

during the course of this work. 

3.2  - The Potential Role of C-Peptide in Vessel Dilation 

C-peptide is a 31 amino acid peptide produced in the pancreas and released in equimolar 

amounts with insulin as discussed in Chapter 1.[28, 29] In brief summary, for the first few 

decades after its discovery in the late 1960's, C-peptide was thought to have minimal 

physiological effects after release into the bloodstream.[30] However, numerous reports since 

the mid 1990's have confirmed that C-peptide is a bioactive peptide that can have significant 

beneficial effects in organs, tissue, and even cultured cells such as endothelial cells.[31-33] 

Studies involving Type 1 diabetic subjects who are unable to naturally produce C-peptide have 

shown that C-peptide improves nerve conduction and regeneration[34], renal function[35], 

inflammation,[36] and blood flow[37, 38] via unknown mechanisms.  

In vivo, the endothelium plays a vital role in regulating blood flow and pressure throughout 

the entire vascular system. It is able to produce and release NO, a potent vasodilator that can 

participate in the relaxation of the smooth muscle cells surrounding blood vessels.[31, 39-41] In 

smooth muscle cells, NO produced by the endothelium stimulates the activation of soluble 

guanylyl cyclase (sGC) that converts guanidine triphosphate (GTP) to cyclic guanidine 

monophosphate (cGMP), resulting in relaxation of the smooth muscle and subsequent dilation 

of the vessel.[42, 43] Indeed, if C-peptide is capable of stimulating endothelial NO production, it 
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could account for the C-peptide induced improvement in blood flow observed in Type 1 

diabetic subjects.   

A relationship between C-peptide and the enzyme responsible for regulating endothelial NO 

concentration, namely endothelial nitric oxide synthase (eNOS), has been reported in many 

different types of complications associated with diabetes, as well as in various tissues and 

organs, both in vivo and in vitro.[44, 45] Reports of C-peptide-stimulated NO production in the 

endothelium could have great importance, especially in the pulmonary endothelium, where the 

flow of RBCs through the pulmonary bed allows re-oxygenation of the RBCs prior to delivery of 

that oxygen to organs and tissues throughout the body.  In accordance with the importance of 

NO production, Sprague et al. has shown that ATP derived from RBCs stimulates NO production 

in the pulmonary circulation.[46]  Interestingly, C-peptide stimulates the release of ATP from 

RBCs.[47] In this construct, C-peptide may have the ability to stimulate NO production in the 

endothelium directly and indirectly, as mediated by C-peptide stimulated release of ATP from 

RBCs via a mechanism proposed and elaborately discussed within Section 1.2.4. Importantly, 

the potential involvement of RBC derived ATP in the proposed mechanism again highlights the 

importance of flow, as flowing RBCs under the influence of shear stress release more ATP than 

static RBCs.[48-51] Elucidating these potential mechanisms of cell-cell communication will be a 

primary focus of the work presented in this chapter.  

3.3 - Effects of Metal Binding on C-Peptide Bioactivity 

Recently, our group has shown that if C-peptide is incubated in a solution containing 

divalent metal ions prior to addition to a RBC solution, the resulting metal activated C-peptide 

was able to facilitate glucose uptake into, and increase ATP release from RBCs.[47, 52] 
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Interestingly, these results could not be reproduced in the absence of a metal, indicating that C-

peptide must first be introduced to a metal source for some, if not all bioactivity. This was 

further supported when mass spectrometric analysis of a solution containing active C-peptide 

not deliberately introduced to a metal, revealed that the peptide had indeed formed an at least 

one adduct with a metal.[47, 53] C-peptide has been shown to be active in the presence of 

multiple metal ions[47, 52, 54, 55], however it has been shown that zinc is present at millimolar 

levels within insulin secretory granules where C-peptide is produced and cleaved from 

proinsulin.[56] Therefore, Zn
2+

 is used to activate C-peptide throughout this work because 

when C-peptide is produced in vivo, zinc is the most bioavailable metal source, increasing the 

probability that zinc binds C-peptide for bioactivity in the body. 

3.4 - Measuring Intracellular Nitric Oxide 

The production and release of NO from bPAECs has been observed by the Spence group 

frequently, by electrochemistry [57, 58] and through the use of the fluorogenic probes DAF-FM 

DA[17-19, 59] and DAF-FM[60]. Electrochemistry is a useful technique for measuring NO 

because it provides direct detection of the analyte as opposed to a derivative. However, 

electrode fouling is often an issue in biological systems, which is compounded by the high 

oxidizing potentials required for NO detection. Also, the electrochemical detection of NO is not 

entirely selective, often resulting in the detection of peroxynitrite and nitrite in addition to NO. 

Furthermore, the relatively poor detection limits that are typical for electrochemical techniques 

could also be problematic. As a result of these shortcomings, electrochemistry was not chosen 

as a method for measuring NO during this work.  
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The use of fluorogenic probes to measure NO is an indirect detection method often 

requiring long derivatization times. However, a fluorogenic determination of NO provides the 

significant advantage of detection by fluorescence microscopy or flow cytometry, which is 

easily achieved in a common laboratory. Additionally, since NO can be measured optically by 

this method, it is amenable to high throughput screening, an advantage easily taken advantage 

of when coupled with microfluidic technology. Also, DAF-FM and DAF-FM DA have been 

reported to have extremely low detection limits at around 3 nM.[61] It should also be noted 

that DAF probes have been shown to be susceptible to reductants such as ascorbate, 2-

mercaptoethanol, and glutathione, thereby diminishing NO induced fluorescence.[62] However, 

DAF-FM DA, a cell permeable probe, has been shown to produce emission that is highly 

dependent on intracellular NO concentration, as it is not sensitive to O2
-
, NO2

-
, NO3

-
, H2O2, or 

ONOO
-
, all of which are common interferences in most methods for determining NO.[63]   

DAF-FM reacts with NO in the presence of oxygen to form triazole derivatives, which emit 

green fluorescence similar to fluorescein as shown in Figure 3.1. This DAF probe is not cell 

permeable, and therefore is used in our group to measure changes in NO release from cells. 

Alternatively, DAF-FM DA has an identical structure to DAF-FM, with the addition of two 

acetate groups as shown in Figure 3.2. The acetate groups of DAF-FM DA increase cell 

permeability compared to DAF-FM, allowing DAF-FM DA to enter the cell where the acetate 

groups are cleaved by intracellular esterases, rendering the molecule confined to the cell with a 

structure identical to DAF-FM. The DAF-FM which has been confined to the cell can then react 

with NO in the same fashion described previously, yielding fluorescence that is proportional to 

the intracellular NO concentration. The DAF probe is confined to the cell in large quantities and, 
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therefore, any NO subsequently produced by the cell will react with the probe, enabling the 

detection of intracellular NO production in response to a given stimulus.  
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Figure 3.1 - Shown in the top of the image is the structure of DAF-FM, a fluorogenic probe for 

NO. Below is a potential mechanism for the formation of fluorescent DAF-FM-NO. This 

mechanism illustrates the reaction between NO and molecular oxygen to form a peroxynitrite 

intermediate before forming DAF-FM-NO. DAF-FM-NO fluorescence is detectable at 

wavelengths similar to fluorescein, with an excitation wavelength of 485 nm and emission of 

515 nm. 
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Figure 3.2 - The structures of DAF-FM and DAF-FM DA are shown on the left, the difference 

being the acetate groups of DAF-FM DA. As illustrated here, in contrast to DAF-FM, DAF-FM DA 

is capable of penetrating the cell membrane to the intracellular space where esterases cleave 

the acetate groups, which results in intracellular DAF-FM. Nitric oxide can then react with 

intracellular DAF-FM, producing the fluorescent DAF-FM T in amounts proportional to 

intracellular NO concentration.    

 

 

 

 

O

O

O

F F

HNH2N

OAcAcO

DAF-FM DA - Non fluorescent

Cell membrane

Esterases

O

O

O

F F

HNH2N

OO

DAF-FM - Weakly fluorescent

O

O

O

F F

NN

OO

DAF-FM T - Fluorescent

N

NO

O

O

OOO

H2N HN

F F

DAF-FM

IntracellularExtracellular



116 

 

DAF-FM DA was selected to determine whether endothelial NO production is altered by cell 

monolayer confluence, or by the actions of Zn
2+

-activated C-peptide in the bloodstream. As 

discussed previously, it is hypothesized that Zn
2+

-activated C-peptide can ultimately increase 

endothelial NO production by increasing ATP release from RBCs via a mechanism which involves 

cell-cell communication between the RBC and the endothelial cell. Since we could not predict 

the magnitude of C-peptide induced endothelial NO production, DAF-FM DA was a desirable 

choice for NO determination as a result of optimal detection limits that enable the observation 

of even slight changes in NO production. Also, due to the permeability of PDMS to gas, NO can 

diffuse in any direction from the endothelial monolayer and avoid detection by an extracellular 

probe, so an intracellular probe was desired. Additionally, optical detection schemes easily 

integrate with microfluidic technology, enabling simple measurements in a high-throughput 

fashion using common laboratory instrumentation.  

3.5 - Methods 

3.5.1 - Device Fabrication 

The microfluidic device developed during the work described in Chapter 2 was used to 

accomplish the research presented throughout this chapter. Section 2.2.1 details the 

fabrication of the microfluidic vascular mimic. All polycarbonate membranes had a pore size of 

0.6 µm.  

3.5.2 - bPAEC Culture  

The methods for maintaining bPAEC cultures, as well as the subsequent seeding and culture of 

these cells within microfluidic devices, are described in detail  in section 2.2.3. 
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3.5.3 - TEER to Verify bPAEC Monolayer Confluence in Device 

TEER measurements were performed routinely prior to flow experimentation to ensure 

bPAEC monolayer confluence. Section 2.3.1 includes the method used for acquiring TEER 

measurements, including the associated software and data manipulation. Cell monolayer 

confluence was confirmed by multiple sustained TEER measurements.   

3.5.4 - Sample Preparation 

Human blood samples were obtained from healthy volunteers by venipuncture.  All 

procedures were followed according to approved Michigan State IRB protocol.  Briefly, whole 

blood was collected from the donor into plastic blood collection vials (Becton, Dickinson and 

Company), each containing 158 USP units of spray-dried lithium heparin to prevent coagulation. 

The whole blood was then consolidated and centrifuged.  After removal of the plasma and 

buffy layer by aspiration, RBCs were washed 3 times with a physiological salt solution (PSS, pH 

7.4) containing (all from Sigma-Aldrich): 4.7 mM KCl, 2.0 mM CaCl2, 140.5 mM NaCl, 12.0 mM 

MgSO4, 21.0 mM tris(hydroxymethyl)aminomethane, 5.6 mM glucose, and 5% bovine serum 

albumin.[47] Crude C-peptide (Genscript) was purified by HPLC and prepared in distilled and 

deionized water (DDW, 18.2 MΩ), resulting in an 8.3 µM stock solution with is stored at 4°C.  

For samples containing Zn
2+

-activated C-peptide, a 2.0 µM working solution of human C-

peptide was prepared in DDW and combined with the same volume of a 2.0 µM Zn
2+ 

solution 

also prepared in DDW.[47] For samples containing C-peptide without Zn
2+

, only C-peptide was 

added, followed by the same volume of DDW in the absence of Zn
2+

.  Similarly, samples lacking 

C-peptide contain only the desired volume of Zn
2+

 solution with an equal volume of DDW. For 
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samples lacking C-peptide and   Zn
2+

, a volume of DDW was added equaling the volume of the 

other samples, ensuring that the volume of DDW was constant throughout all samples used for 

a given experiment. After the Zn
2+

 and C-peptide solutions were allowed to rest for around 5 

min, PSS was added to the solution, immediately followed by the appropriate volume of 

washed RBCs, resulting in a solution of RBCs at 7% hematocrit. The appropriate volumes of 2.0 

µM Zn
2+

 and 2.0 µM C-peptide working solutions were added so that final concentrations in the 

7% RBC samples were always 20 nM. For samples lacking RBCs, PSS was added in lieu of RBCs to 

yield a 20 nM C-peptide solution.  

3.5.5 - PPADS to Inhibit Purinergic Signaling 

PPADS (pyridoxalphosphate-6-azophenyl-2',4'-disulfonic acid) (Sigma-Aldrich) is dissolved in 

Hanks balanced salt solution (HBSS) for a 100 µM stock solution. The stock solution was stored 

at -20°C as single use aliquots to prevent repetitive thawing. Aliquots were thawed at room 

temperature immediately before use and diluted in HBSS for a 10 µM working solution. 

Selected bPAECs were incubated with 10 µL of 10 µM PPADS solution for 30 minutes. After the 

incubation period, the solution was removed and rinsed with HBSS multiple times to remove 

color prior to the addition of DAF-FM DA. Care was taken to prevent light exposure by PPADS, 

as it is a light sensitive molecule. 

3.5.6 - Sample Introduction in Microfluidic Flow Experiments 

Syringe pumps (Harvard Apparatus) are employed to drive 500 µL Hamilton Gastight 

syringes for controlled flow of solution in the microfluidic channels. Tygon tubing is interfaced 

to the syringes using an adapter connecting a male luer syringe to a female 1/16 in. 
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compression fitting (Upchurch/IDEX scientific). The Tygon tubes are interfaced with the 

microfluidic device using 20 gauge stainless steel tubing (New England Small Tube Company), 

which fits securely into both the Tygon tubing and the microfluidic inlets described in previously 

in Section 2.2.1. RBC samples were prepared as described above and propelled via syringe 

pump at a rate of 1.0 µL·minute
-1

 for 30 minutes in all flow experiments. The syringes were 

rotated periodically throughout experiments to prevent RBC settling.  

3.5.7 - Measuring NO Production of bPAECs Immobilized on Device 

For measurements of intracellular NO production in endothelial cells immobilized in the 

wells of a microfluidic device, the cell permeable fluorescent probe DAF-FM DA (Invitrogen) was 

used. DAF-FM DA is dissolved in anhydrous dimethyl sulfoxide (DMSO) for a 5 mM stock 

solution that could be stored at -20°C, but was often used immediately in experiments. A 100 

µM working DAF-FM DA solution was prepared immediately before experimentation by diluting 

stock solution in HBSS. 10 µL of DAF-FM DA working solution were added to each well and 

allowed to incubate with bPAECs for 30 minutes. After incubation, the probe was removed and 

replaced with phosphate buffered saline (PBS), prior to flow of the RBCs.   

Fluorescence images of the bPAECs were obtained using an Olympus MVX10 microscope 

(Olympus America Inc.) prior to flow, and again after flow completion, and the difference in 

mean gray value analyzed. The difference in fluorescent signal is presented as the average gray 

value intensities of the integrated areas taken from each acquired image. Images acquired 

before and after flow for each well were analyzed sequentially so that the areas chosen for 

both integrations were the same. Figure 3.3 displays an image of the microfluidic vascular 

mimic during bPAEC NO determination via fluorescence microscopy. 
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Figure 3.3 - An integrated microfluidic TEER device is shown in (a) prior to use. Panel (b) shows 

the microfluidic TEER device during a flow experiment prior to using fluorescence microscopy to 

study confluent cells cultured in the wells of the device. An examination of intracellular NO 

production of cells cultured in the wells of the microfluidic TEER device by fluorescence 

microscopy is shown in (c). 
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3.6 - Results 

3.6.1 - Meeting bPAEC Culture Requirements 

The success of the work described here requires complete confluence of bPAEC 

monolayers, as well as the observation of cell-cell communication, requiring proper and 

reproducible behavior of the cultured cells. Due to these requirements, bPAEC culture was held 

to high standards as shown in Figure 3.4. Prior to immobilization in a microfluidic device, 

bPAECs cultured in tissue flasks were examined to confirm optimal confluence, proper 

morphology, absence of bacteria, and minimal vacuoles, which is generally indicative of healthy 

cells. Also, since bPAEC monolayers were cultured on a polycarbonate membrane, the cells 

could not be imaged because the polycarbonate membrane is not optically clear, again 

highlighting the advantages of TEER capabilities on a microfluidic device. TEER was used to 

ensure confluence, but full coverage of the membrane by bPAECs was also often confirmed by 

cell staining with a nuclear dye, Hoechst 33342. This dye binds to the nuclear material of viable 

cells, allowing for visualization of the cells by optical microscopy when excited with 350 nm 

light and resulting in emission at 461 nm. Cells were often stained with this dye in addition to 

DAF-FM DA because their optical properties do not interfere. This method can be used to 

confirm full coverage of the polycarbonate membrane by bPAECs, but is incapable of 

confirming confluence as it does not allow for the confirmation of tight junctions between the 

cells.  
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Figure 3.4 - A bright-field image of a monolayer of endothelial cells is shown. Cells were 

cultured to a high degree of confluence and verified to have the appearance shown here prior 

to seeding in microfluidic wells.  During examination, the cells are checked for a cobblestone 

appearance, a lack of vacuoles (generally indicates healthy cells), as well as a lack of any visible 

bacteria.  
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3.6.2 - bPAEC Monolayer Confluence Influences NO Production 

In order to display the importance of confirming cell monolayer confluence, a real 

physiological event was monitored, namely intracellular NO production within bPAEC 

monolayers of varying confluence as determined by the TEER system. Cells were allowed to 

adhere for either 1.5 h or 8 h, and their barrier integrity, or lack thereof, was verified via TEER 

measurements. After barrier integrity was confirmed, human RBCs were hydrodynamically 

pumped through the channel underlying the endothelial cell-modified membrane for 30 min at 

a flow rate of 1.0 µL·min
-1

.  The movement of the RBCs through these channels has been shown 

by our group to stimulate the release of ATP from the RBC.[19, 48]  This released ATP is able to 

migrate through the pores of the membrane and interact with the endothelial cell, stimulating 

the resultant production of NO by the endothelium as shown in Figure 3.5. 

Intracellular NO production was measured using DAF-FM DA as the fluorogenic intracellular 

probe in conjunction with fluorescence microscopy. The NO production was measured in 

endothelial cells that had not reached confluence (1.5 h after seeding on the membrane) and 

for cells that were deemed confluent by the TEER measurement (8 h after seeding on the 

membrane). The difference in NO production (as indicated by fluorescence emission intensity) 

prior to pumping the RBCs to that 30 min after was measured. As shown in figure 3.5, those 

cells that had reached confluence (8 h post-seeding) produced 34% more NO than those cells 

that had not reached confluence (1.5 h post-seeding), a difference that is statistically significant 

(p<0.05). Importantly, data not shown here also demonstrated that measurements of NO 

production obtained at various points after confluence had been reached showed statistically 

insignificant changes. 
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Figure 3.5 - A side view of the measurement system utilized to detect NO in the endothelial 

layer is shown in (a). A solution of RBCs in PSS is pumped under a membrane containing an 

endothelial layer cultured for 1.5 or 8 h. A significant increase (P < 0.05, n = 3, errors are SD) in 

NO production is observed when the cells reached confluence at 8 h, as shown in the inset bar 

graph. 
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3.6.3 - Mechanism Determination: C-peptide Stimulated Endothelial NO Production 

Using the microfluidic vascular mimic, RBCs treated with 20 nM C-peptide and Zn
2+

 (RBC + 

Zn + C-peptide), 20 nM C-peptide (RBC + C-peptide), and 20 nM Zn
2+

 (RBC + Zn) were pumped 

beneath bPAECs cultured on a polycarbonate membrane as shown in Figure 3.6.  PSS containing 

20 nM C-peptide with Zn
2+

 was also pumped beneath bPAECs to determine if the mechanism 

leading to NO production is RBC-mediated.  Fluorescence images were taken prior to flow, and 

again after flow completion and the difference in mean gray value was analyzed.  The 

difference in fluorescent signal is presented in Figure 3.6 as the average gray value intensities of 

the integrated areas taken from each acquired image.  It was observed that the endothelial 

cells that were allowed to interact with RBCs treated with C-peptide and Zn
2+

 had an 88.6 ± 

7.5% increase in fluorescence intensity, indicative of NO production, when compared to 

untreated RBCs.  The RBCs treated with only C-peptide or only Zn
2+

 did not generate statistical 

change in intracellular NO production within the endothelial cells when compared to untreated 

RBCs.  Also, a statistically significant decrease in endothelial NO production was observed in the 

absence of RBCs (p<0.02) (Buffer + C-peptide + Zn). To confirm the possibility that the increase 

in endothelium NO production was due to ATP binding to the endothelial P2Y receptor, PPADS, 

a purinergic receptor inhibitor was incubated with the endothelial cells for 30 min prior to flow 

of RBCs that had been incubated with Zn
2+

/C-peptide. This PPADS incubation resulted in a 

complete reversal of the increase in NO production measured when comparing the flow of 

RBCs incubated with Zn
2+

/C-peptide to RBCs alone. 
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Figure 3.6 - A cross sectional view of a single channel of the microfluidic device utilized to 

detect NO produced by the endothelial layer is shown (a). Images of wells of a microfluidic 

device containing endothelial layers that had been exposed for 30 min. to untreated flowing 

RBCs, or flowing RBCs treated with Zn
2+

/C-peptide, are compared in (b).  An 88.6% ± 7.5% 

increase (n = 3, p < 0.001) in intracellular endothelial NO production was observed when RBCs 

were pumped in the presence of Zn
2+

/C-peptide and compared to RBCs alone in (b). 

Interestingly, a statistical change in endothelial NO production was not observed when RBCs 

exposed to C-peptide alone or Zn
2+

 alone are compared to RBCs alone. A statistical decrease 

(n=3, p<0.02) in endothelial NO production was observed when comparing PSS lacking RBCs to 

RBCs alone.  Additionally, when endothelial cells were incubated with PPADS, a purinergic 

receptor inhibitor, prior to flow of RBCs treated with Zn
2+

-activated C-peptide, an increase in 

NO production was no longer observed. (* denotes p<0.001, ** denotes p<0.02) 
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3.7 – Discussion 

As shown in figure 3.5, bPAECs that had reached confluence after 8 hours produced 34% 

more NO than those cells that had not reached confluence (1.5 h post-seeding), a difference 

that is statistically significant (p<0.05).  Also, data not shown also demonstrated that 

measurements of NO production obtained at various points after confluence had been reached 

showed statistically insignificant changes.  Coupled with the data in figure 3.5, the TEER 

measurements showing no changes in barrier integrity after confluence was reached represent 

the importance of TEER measurements prior to investigating the cellular activity of the layered 

cells. For example, the increase in fluorescence intensity could be due to improved cell-cell 

communication between the endothelium and the RBCs, altered endothelial cell behavior, or it 

could simply be due to more cells in the membrane after a small period of growth. In all 

likelihood, the behavior of the endothelial cells was altered, resulting in increased NO 

production upon reaching a confluent state, since eNOS activity has been shown to be 

associated with the presence of endothelial cell-cell contacts.[64] In any case, one seemingly 

indisputable experimental advantage to making the TEER measurements prior to the cellular 

investigation is having a quantitative measure of cell growth prior to addition of agonists or 

antagonists.  Such knowledge has the potential to increase reproducibility of cellular assays 

performed on a specific cell type, as well as enhance precision between assays from different 

cultures.  Performing TEER measurements prior to experiments with agonists or antagonists 

allows for more realistic, and in this case, enhanced cellular responses, allowing for more 

accurate conclusions stemming from experimental results.  
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The flow capabilities of this device enable hemodynamic shear stress on RBC’s, creating a 

more biologically relevant mimic of the vasculature than conventional platforms capable of 

measuring TEER. Perhaps more beneficial is the ability to study cell to cell interactions and 

communication in vitro, while maintaining an environment that geometrically resembles the 

vasculature in vivo. In order to display the importance of performing TEER measurements prior 

to cellular investigations, we chose to study a cellular response that changes as a function of 

cell confluence, while showcasing the ability of the device to closely mimic and monitor 

biological events, namely endothelial intracellular NO production in response to flowing RBCs. 

However, we expect the ability to measure cellular barrier integrity, and relative changes in that 

integrity on a microfluidic platform, to enable studies in a broad variety of fields. Drug 

permeability studies, as well as elucidating the mechanisms of cellular barrier breakdown in 

disease states are some examples of studies made possible by this device. Additionally, since 

TEER measurements do not damage cells, or influence cell phenotype, this device could be used 

to monitor the influence of agonists or antagonists on cell barrier integrity in real time.  

After it was determined that the TEER capability of the device allowed for an increase in 

reproducibility between cell assays and helped ensure proper cell behavior, we were prepared 

to elucidate the mechanism of C-peptide induced endothelial NO production, which would help 

clarify the observed improvements of blood flow in type 1 diabetic subjects since NO is a potent 

vasodilator. The first observation suggesting that C-peptide stimulates NO release was that in 

rat models of type 1 diabetes, C-peptide induced glucose utilization was altered by the 

inhibition of endothelial nitric oxide synthase (eNOS) via the eNOS inhibitor L-NNA.[65] It has 

also been demonstrated that C-peptide-mediated arteriolar vasorelaxation is dependent on 
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concentrations of NO in the vessel.[31, 66] Specifically, in the presence of insulin, C-peptide 

induced a vasodilatory effect in isolated rat cremaster muscle arterioles that could be reversed 

by L-NNA, again implicating eNOS in the mechanism.[31]  

Subsequent to these findings, results from other studies have emerged that suggest a 

relationship between C-peptide and NO production.  For example, in diabetic polyneuropathy, 

it has been shown that impaired expression of eNOS is the cause of decreased endoneurial 

blood flow resulting from decreased amounts of NO in diabetic models, ultimately resulting in 

slowed acute nerve conduction.[67-70] However, complete C-peptide replacement in these 

models normalized blood flow and vascular conductance.[67] Importantly, C-peptide had no 

effect on lipid peroxidation or superoxide dismutase activity, showing that the effects are not 

due to reduced oxidative stress and, instead, may be due to a NOS-related mechanism. Also, 

during the diabetic control and complications trial (DCCT), a relationship was established 

between circulating C-peptide and risk for vascular complications[71], which is thought to be 

primarily mediated by NO release from endothelial cells.[45, 72-74] Summarily, there is growing 

evidence that C-peptide improves blood flow of diabetic subjects by an eNOS dependent 

increase in NO production.  

In previous microfluidic studies by our group, it was revealed that flowing RBCs are able to 

stimulate endothelial NO production.[19] In a separate microfluidic study conducted by our 

group, it was demonstrated that ATP could also stimulate endothelial NO production by a 

process that could be inhibited by L-NAME, a competitive inhibitor of NOS.[18] This work builds 

upon previous work demonstrating that the RBC itself can increase NO production by a process 

requiring RBC derived ATP, implicating the RBC as a regulator of vascular tone.[75-77] 
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Additionally, it has been shown that patients with pulmonary hypertension have impaired ATP 

release from their RBCs, further implicating RBC derived ATP in vasodilation.[78] Moreover, ATP 

release from diabetic RBCs is significantly less than that released from RBCs obtained from 

healthy, non-diabetic subjects.[79] However, C-peptide has been shown to normalize this 

release.[47] Interestingly, our group has revealed the ability of C-peptide to increase ATP 

release from RBCs, but only if C-peptide had first been carefully prepared in a solution 

containing Zn
2+

 prior to interaction with RBCs.[47, 52] Collectively, results from these studies 

suggest that C-peptide, upon zinc activation, could increase ATP release from RBCs that, in turn, 

could indirectly stimulate an increase in endothelial NO production. 

The mechanism of ATP release from the RBC has been studied as discussed in Section 1.2.3. 

Also, the mechanism of ATP induced endothelial NO production has been elucidated, and is also 

described in depth in Chapter 1. Importantly, the purinergic P2Y receptor, located on the 

endothelial cell membrane[80], influences vasodilation in response to an agonist by producing 

smooth muscle relaxing factors, including NO, which seems to be the most potent.[41, 81-88] 

This activity of the P2Y purinoreceptor can be achieved by extracellular ATP levels, as ATP is an 

agonist of P2Y.[89, 90] Additionally, upon P2Y activation, an intracellular signaling cascade is 

initiated that results in the activation of eNOS [91-93], which has already been shown to play a 

role in C-peptide activity as discussed before. Understanding P2Y signaling is quite important 

for this work because the P2Y receptor is responsible for sensing and responding to 

extracellular signaling molecules, such as ATP, as is the case in the proposed mechanism for 

metal activated C-peptide induced endothelial NO production. Stated simply, the P2Y 

purinoreceptor is the proposed link between the RBC and the endothelium, and in order to 
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show that C-peptide can increase endothelial NO production as a result of increased ATP 

release from the RBC, the receptor will have to be implicated in the mechanism experimentally.  

The proposed mechanism for endothelial NO stimulation by C-peptide is RBC mediated, and 

as such, is proposed to be an indirect, downstream consequence of C-peptide’s action in the 

bloodstream. However, previous studies involving C-peptide application to cultured bovine 

aortic endothelial cells (bPAECs) resulted in an increased NO production and eNOS mRNA 

expression by an unknown mechanism not mediated by the RBC.[44]  However, these results 

could not be replicated in our lab by directly applying C-peptide solutions at varying 

concentrations (physiologically relevant up to 10 times that amount) to cultured bPAECs. In 

contrast, results using other known stimuli such as ATP or a calcium ionophore did stimulate a 

significant production of NO, [44] thus providing evidence that the cells could produce NO 

which we could successfully measure. 

Based on the importance of NO production in the pulmonary bed, it was somewhat 

surprising that C-peptide would evoke changes in aortic endothelium, but not in bPAECs.  

Unlike other organs, the lungs must accept the entire cardiac output, requiring the blood 

vessels in the lung bed to dilate and accept this output while simultaneously maintaining a 

reasonable blood pressure. Consequentially, the ability of the endothelial cells in the 

pulmonary bed to produce NO becomes especially important as all RBCs must return to the 

lungs for reoxygenation. Not surprisingly, there have been many reported stimuli of NO in the 

pulmonary endothelium, including but not limited to bradykinin, acetylcholine, prostacyclin, 

and adenosine triphosphate (ATP).[18, 94, 95] Regardless of the inability to directly stimulate 

NO production in bPAECs, C-peptide may be capable of indirect stimulation via its ability to 
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increase the release of ATP from RBCs as discussed previously. Of course, a system capable of 

investigating such cell to cell communication would be requisite to answer such a question. 

The microfluidic TEER system introduced in chapter 2 enables the flow of blood components 

in a channel with dimensions mimicking a resistance vessel that is separated from a cultured 

endothelium by physiologically relevant distances. Therefore, ATP released from the flowing 

RBCs can diffuse to the endothelial layer, as it would in vivo. Here, RBCs in the presence and 

absence of C-peptide (with and without the addition of Zn
2+

)
 
were pumped underneath a 

monolayer of bPAECs that had been incubated with DAF-FM DA for NO detection.  In the 

presence of Zn
2+

-C-peptide, a significant increase (p<0.001) in NO production by the bPAECs 

was measured as shown in Figure 3.6.  When RBCs with C-peptide alone (or Zn
2+

 alone) were 

pumped underneath the bPAECs, there was no increase in NO production observed. 

Furthermore, when a PSS solution containing Zn
2+

-activated C-peptide, but lacking RBCs, was 

pumped beneath bPAECs, a decrease in NO production was observed when compared to basal 

levels produced by RBCs alone (p<0.02), proving that the Zn
2+

-activated C-peptide induced NO 

production is mediated by the RBC. These results also suggest that flowing RBCs play a role in 

maintaining basal NO production in the bloodstream. Additionally, when bPAECs were 

incubated with PPADS to inhibit the P2 purinoreceptors, flowing RBCs containing Zn
2+

-activated 

C-peptide could no longer cause an increase in NO production. Collectively, these results prove 

that C-peptide increases endothelial NO production by stimulating the release of a known 

endothelial P2Y agonist, ATP, from RBCs and thereby enhancing P2Y purinoreceptor activity by 

increasing levels of ATP antagonist, which stimulates purinergic signaling cascade known to 
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result in increased endothelial NO production. Therefore, even though C-peptide may not be 

able to stimulate NO directly in all cell types, its ability to stimulate the release of ATP from the 

RBC may enable C-peptide to stimulate NO production in certain types of endothelial cells 

through purinergic receptor signaling, just as it does in bPAECs. 

C-peptide therapy has been shown to significantly reduce renal complications by increasing 

glomerular hyperfiltration,[96] microalbuminuria[35] and eNOS expression.[97] C-peptide also 

increases the Ca
2+

 influx to the renal tubular cells.[98]  It is well-established that renal P2 

receptors are determinants in the function of glomerular filtration and renal 

hemodynamics.[99]  In light of the findings presented in Figure 3.6 showing the ability of C-

peptide to influence purinergic signaling in bPAECs, it is quite possible that C-peptide influences 

renal function by purinergic signaling as well, potentially explaining the observed C-peptide 

induced improvements in diabetic renal function.   

The potential impact of C-peptide’s effect on ATP release and purinergic receptor-based 

signaling reaches beyond the endothelium alone.  For example, previous studies have shown 

that C-peptide appears to have no direct effect on platelets.[100]  To date, unpublished studies 

in our group involving platelets and C-peptide interacting directly, with our without any metal 

added, have resulted in similar conclusions. However, our group and others have recently 

reported that the P2X purinoreceptor on the platelet surface (an ATP-gated Ca
2+

 channel) may 

be play a more crucial role in platelet function than originally perceived.[101, 102] In this 

paradigm, the ability of C-peptide to stimulate ATP release from RBCs may indirectly affect 

purinergic receptor signaling on the platelet, similar to that shown here for the 

endothelium.[27] Indeed, recent reports have shown that RBC-derived ATP has a profound 
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effect on platelet adhesion to the endothelium, [15] and it is already well known that platelet 

activation is a result of purinergic signaling.[103-105] 

Another important aspect of the results presented here is the role of the metal in C-peptide 

activity.  It has been reported that chromium and iron have similar effects to zinc in rendering 

C-peptide “bioactive”.[47]  However, it is important to remember that the studies reported for 

all three of these metals are more pharmacological than physiological as they were performed 

in vitro where a metal was selected by researchers. Specifically, C-peptide is found in the 

bloodstream at single-digit nanomolar levels, and bioavailable levels of chromium and iron are 

sub-nanomolar concentrations as well.  Assuming the metal binds C-peptide, at these 

concentrations, chromium, iron, or any other metal capable of binding to C-peptide’s 

carboxylate-containing amino acids (glutamate and aspartate) could not outcompete sodium, 

potassium and other metals found in the bloodstream found at concentrations 6 orders of 

magnitude higher in the millimolar range.  However, in the pancreatic beta cell granules where 

C-peptide is produced, the concentration of zinc is known to be in the millimolar range.[56]  

Therefore, it is possible that zinc would have the ability to bind to C-peptide after cleavage from 

the proinsulin C-peptide hormone in the beta cell granules prior to excretion into the 

bloodstream.  

This work clearly shows that C-peptide is incapable of eliciting endothelial NO production 

unless Zn
2+

 is introduced, indicating that C-peptide can only influence purinergic signaling in the 

presence of a metal. Of course, most studies to date involving the exogenous addition of C-

peptide to humans, animal models, and cell models have not directly co-administered a metal. 

Interestingly, some studies report no effects from C-peptide unless co-administered with 
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insulin, which often contains Zn
2+

 at levels as high as 0.5% by mass.[106] Additionally, our 

group has found by mass spectrometric analysis that C-peptide produced commercially often 

contains metal contaminants. It is feasible that C-peptide samples often unintentionally contain 

metals, frequently rendering C-peptide bioactive, which could explain the inconsistent activity 

observed in clinical trials.  

3.8 - Conclusions 

In summary, the results presented here show that the degree of pulmonary endothelial 

monolayer confluence is a determinant in NO production, where confluent cells produce more 

NO relative to non-confluent cells. This finding highlights the importance of performing TEER 

measurements prior to experimentation involving cell monolayers to ensure proper behavior, 

which adds credibility to results and increases reproducibility between experiments. 

Additionally, through a mechanism that has been expounded during this work, C-peptide is 

identified as another factor influencing NO production in the pulmonary endothelium. It was 

determined that C-peptide, only in the presence of Zn
2+

, stimulates RBC mediated NO 

production resulting from purinergic signaling in a cultured pulmonary endothelium. C-peptide 

is able to increase ATP release from RBCs, and, as an agonist of the P2Y purinoreceptor, ATP is 

capable of triggering a purinergic signaling cascade resulting in endothelial NO production.  

While the involvement of C-peptide in purinergic signaling provides an explanation for the 

improvements in blood flow observed in diabetic patients during C-peptide therapy, this 

involvement may provide an explanation for the collective bioactivity of C-peptide observed 

throughout the body. Additionally, the requirement of a metal for C-peptide activity could 

explain inconsistencies in activity observed in C-peptide clinical trials. After all, the proper 



136 

 

treatment of C-peptide with Zn
2+

 reproducibly increases RBC mediated NO production in 

pulmonary endothelial cells cultured in vitro within the microfluidic vascular mimic. Due to the 

well-established ability of NO derived from the endothelium to regulate vessel dilation in vivo, 

Zn
2+

-activated C-peptide can potentially relieve, or prevent, the common type 1 diabetic 

ailments resulting from a compromised ability to properly regulate vessel tone and, therefore, 

would be a promising drug candidate. Furthermore, C-peptide may be a determinant involved 

in the fundamentally important role of maintaining appropriate vascular tone in healthy 

individuals, a potential activity that has been previously overlooked. 
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Chapter 4 - Determining Endothelial Permeability to C-peptide 

4.1 - Biological Activity of C-peptide: Direct and/or Indirect Mechanisms 

C-peptide has been shown to act in vivo to maintain general health, having influence in 

various organs and throughout the body. This is evident by C-peptide induced improvements in 

type 1 diabetic patients who are incapable of producing endogenous C-peptide, including 

improved nerve conduction and regeneration[1], renal function[2], inflammation,[3] and blood 

flow.[4] In spite of the importance and scope of these physiological actions, until the work that 

was presented in Chapter 3 elucidating a mechanism by which C-peptide can improve blood 

flow, the mechanisms by which C-peptide exerts its beneficial effects in vivo were largely 

unknown. Work presented in Chapter 3 describes how C-peptide is capable of indirectly 

stimulating NO production in the endothelium via its ability to enhance ATP release from the 

red blood cell.  NO is unique in that it was the first gaseous signaling molecule, inducing vessel 

dilation by diffusing to the smooth muscle cells that surround blood vessels. C-peptide is 

secreted into the bloodstream with insulin, however it has never been determined if, like 

insulin, C-peptide can leave the bloodstream. The work presented in Chapter 3 shows that C-

peptide is capable of influencing cell-cell communication and purinergic signaling, allowing C-

peptide to expand its influence beyond the bloodstream. However, whether the entirety of C-

peptide stimulated bioactivity is a result from its activity in the bloodstream, or if particular 

activity is a result of direct stimulation by C-peptide in tissue exterior of the bloodstream is still 

indefinite. In order to potentially influence biological functions directly, the ability of C-peptide 

to permeate the endothelium to exit the bloodstream will be of obvious importance. 
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It has been previously shown that C-peptide is able to specifically bind to endothelial cells, 

which is saturated concentrations of ~ 1 nM, which is of importance since the transport of 

macromolecules is generally transcellular and specific.[5] This specific binding, however, has 

not yet been shown by conventional radioligand binding. Currently, a specific receptor for C-

peptide has not been identified as the alleged binding structure is elusive. Furthermore, the 

homology pattern of C-peptide is markedly different from most signaling peptides.[6] However, 

C-peptide has been shown to be internalized by endosomes to enter human endothelial 

cells.[7] Additionally, this internalization can be inhibited by nocodazole and 

monodansylcadaverine (MDC), signifying that C-peptide enters the cell by a mechanism which is 

receptor mediated (clathrin) and requires microtubule assembly. Interestingly, microtubules 

have been shown to facilitate transcellular transport and influence endothelial permeability and 

integrity.[8-11] Additionally, some endothelial cell types have been shown to express PEPT 

membrane proteins, which are proteins that promiscuously facilitate the transcellular transport 

of peptides.[12, 13] These results mutually suggest that C-peptide can potentially leave the 

bloodstream and directly stimulate various cell types exterior of the cardiovascular system. In 

addition to human endothelial cells, C-peptide can also enter fibroblasts and human embryonic 

kidney cells where it is capable of influencing gene transcription,[14, 15] suggesting that C-

peptide is capable of directly influencing cells exogenous of the bloodstream and again 

demonstrating the ability of C-peptide to permeate cellular membranes. The ability or inability 

of C-peptide to permeate a cultured endothelium can provide insight as to whether some 

biological effects of the peptide are initiated directly, or if all of these effects are a result of 

activity in the bloodstream. 
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4.2 - Enzyme-Linked Immunosorbent Assay (ELISA) for C-peptide Detection   

ELISA is a powerful method for the detection and quantification of proteins or peptides in 

complex biological samples. As shown in Figure 4.1, antibodies are used to bind a particular 

protein or peptide antigen that is of interest, allowing for their detection with great specificity. 

Briefly, at least one antibody with specificity for a particular antigen of interest is immobilized 

at the bottom of a well of a microtiter plate. A sample with an unknown amount of antigen is 

then added to the well where binding occurs to the antibody. After binding for a specific 

duration of time, the remaining sample is removed, leaving the antigen of interest bound to the 

antibody, thereby extracting it from often complex biological samples. In order to detect the 

antigen, generally a secondary antibody that has been bioconjugated to an enzyme is added, 

and the secondary antibody specifically binds the immobilized antigen. Subsequently, an 

enzymatic substrate is added to produce a detectable signal such as color change, which is 

proportional to the quantity of antigen in the sample. Described here is a sandwich ELISA, 

however other ELISA methods with similar general principles to exist. Importantly, ELISA not 

only detects proteins and peptides with high specificity, impressive lower detection limits are 

also commonly achieved. For example, detection limits as low as 200 pg/mL have been 

reported.[16] Since C-peptide exists at low nanomolar levels in vivo, ELISA is a suitable 

technique for the detection and quantification of C-peptide in complex physiological samples 

resembling those found in biological systems. 
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Figure 4.1 - Shown is a diagram illustrating C-peptide detection by sandwich ELISA. Complex 

biological samples containing C-peptide are added to wells of a 96-well plate, the bottoms of 

which have been coated with a primary antibody for human C-peptide.  C-peptide is allowed to 

bind to the antibody for a period of time, after which a secondary antibody is added to the 

solution, which also binds to sandwich C-peptide between the two antibodies.  Following 

incubation, an enzyme is added that binds to the secondary antibody and, subsequently, a 

substrate is added that allows the catalytic production of a detectable substance by the 

enzyme.  In the case of C-peptide ELISA, this reaction yields a product which changes the color 

of the solution during the enzymatic process, which is stopped after an interval of time, causing 

the amount of color produced to be proportional to C-peptide concentration. The absorbance 

of the solution is read at 450 nm using a multiwell plate reader, allowing for quantification of C-

peptide in complex biological samples. 
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4.3 - Methods  

4.3.1 - Bovine Pulmonary Artery Endothelial Cell Culture 

General methods for bPAEC culture are described in Chapter 2. Briefly, seeding cells in the 

wells of a microfluidic device or microtiter insert is accomplished by first coating the 

polycarbonate membrane with fibronectin. Fibronectin (Invitrogen) and dissolved in phosphate 

buffered saline (PBS) to prepare a 1000 µg/mL stock solution. The stock solution is aliquoted 

and frozen until use. When cell seeding is desired, an aliquot of stock solution is thawed and 

diluted to 100 µg/mL and 10 µL of solution are added to each microfluidic well, or 50 µL are 

added for microtiter inserts. The solution is allowed to completely evaporate to yield a 

fibronectin coating on the polycarbonate membrane.  

As described in Section 2.2.3, bPAECs are cultured in T-75 tissue culture flasks, and are 

removed by pipetting 2 mL of a 0.25% trypsin solution onto the cells for 2 minutes. The trypsin 

solution is removed by aspiration and immediately replaced with 6 mL of cell media. The cells 

are repeatedly rinsed and the bottom of the flask is gently rapped to promote removal of the 

adhered cells. The resulting cell suspension is centrifuged at 500 g for 5 min. and the 

supernatant removed. The cells are then resuspended in 1 mL of cell media and 10 µL or 200 µL 

of the suspension are added to each well of the microfluidic device or microtiter insert, 

respectively. Cell media is replaced after 1.5 hours, and then again every 3 hours afterwards. 

For microtiter cell culture inserts, 450 µL of cell media is added for each replacement. If the 

cells are allowed to incubate overnight, 18 µL of cell media are added to each microfluidic well, 

and the device is stored in a covered petri dish with a Kimwipe saturated with water in order to 
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prevent evaporation of the cell media. Microtiter cell culture inserts are also incubated 

overnight with 450 µL of cell media.  

4.3.2 - TEER Measurements 

Immediately prior to TEER measurements or experimentation, 1 mL of media is added to 

each microtiter well containing an insert. Media contained in either the microtiter insert, 

microtiter well, or microfluidic well was replaced immediately prior to permeability assay or 

TEER measurement. TEER measurements on a microfluidic device were obtained using the 

integrated TEER system by methods described in Chapter 2. TEER evaluation of bPAECs cultured 

in microtiter cell culture inserts was accomplished using a commercially available TEER meter 

(Millicell-ERS, EMD Millipore). TEER values obtained by the device were normalized to the 1.13 

cm
2
 cell culture area of the microtiter cell culture inserts by multiplying each TEER value by the 

cell culture area. Prior to all permeability assays, TEER confirmation of bPAEC monolayer 

confluence was performed by measuring two sustained TEER measurements. Typically these 

measurements were obtained 1.5 hours apart, and upon a positive confirmation of cell 

monolayer confluence a permeability assay was subsequently performed, generally within the 

following hour.  

4.3.3 - Microfluidic C-peptide Permeability Assay: Sample Preparation 

Human blood samples were obtained from healthy volunteers by venipuncture.  All 

procedures were followed according to approved Michigan State IRB protocol.  Whole blood 

was collected from the donor into plastic blood collection vials (Becton, Dickinson and 

Company), each containing 158 USP units of spray-dried lithium heparin to prevent coagulation. 

The whole blood was then consolidated and centrifuged.  After removal of the plasma and 
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buffy layer by aspiration, RBCs were washed 3 times with a physiological salt solution (PSS, pH 

7.4) containing (all from Sigma-Aldrich): 4.7 mM KCl, 2.0 mM CaCl2, 140.5 mM NaCl, 12.0 mM 

MgSO4, 21.0 mM tris(hydroxymethyl)aminomethane, 5.6 mM glucose, and 5% bovine serum 

albumin.[17] Crude human C-peptide (Genscript) was purified by HPLC and prepared in distilled 

and deionized water (DDW, 18.2 MΩ), resulting in an 8.3 µM stock solution which is stored at 

4°C.  For samples containing Zn
2+

-activated C-peptide, a 2.0 µM working solution of human C-

peptide was prepared in DDW and combined with the same volume of a 2.0 µM Zn
2+ 

solution 

also prepared in DDW.[17] For samples lacking C-peptide and Zn
2+

, a volume of DDW was 

added equaling the volume of the other samples, ensuring that the volume of DDW was 

constant throughout all samples used for a given experiment. After the Zn
2+

 and C-peptide 

solutions were allowed to rest for around 5 min, PSS was added to the solution, immediately 

followed by the appropriate volume of washed RBCs, resulting in a solution of RBCs at 7% 

hematocrit. For samples lacking RBCs, PSS was added in lieu of RBCs to yield a 20 nM C-peptide 

solution. The appropriate volumes of 2.0 µM Zn
2+

 and 2.0 µM C-peptide working solutions were 

added so that final concentrations in the 7% RBC samples were always 20 nM.  

4.3.4 - Microfluidic C-peptide Permeability Assay: Flow Studies 

After bPAEC monolayer confluence was determined by the integrated TEER microfluidic 

device, existing media was removed from the well and replaced with 12 µL of fresh cell media. 

The solutions described above were propelled by syringe pumps (Harvard Apparatus) equipped 

with 500 µL Hamilton Gastight syringes for controlled flow of solution in the microfluidic 

channels. These solutions were propelled at a flow rate of 1.0 µL/min for 1 hour beneath the 
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cultured endothelial monolayers where C-peptide may permeate the bPAEC layers and finally 

reach the overlying cell media that is contained within the microfluidic wells as shown in Figure 

4.2. During flow, the microfluidic device and a Kimwipe saturated with water were covered by a 

petri dish to prevent evaporation. After flow completion, 7 µL of solution were removed from 

each microfluidic well and diluted 11 or 12 fold in cell media prior to C-peptide determination 

by ELISA (EMD Millipore). The dilutions were performed so that the final concentration of the 

solutions rested within the linear range of the assay, typically 0 nM – 2 nM for these particular 

human C-peptide ELISA kits. ELISA was performed as instructed by included directions, though 

purified stock C-peptide solutions were used to prepare standard solutions as opposed to C-

peptide standard solutions included with the kit in order to accurately represent the matrix of 

the experimental solutions. A calibration curve, with standards ranging from 0-2 nM, was 

obtained on each day that microfluidic permeability assays were performed, from which C-

peptide concentrations were determined in the solutions within microfluidic wells. These 

solutions contain only C-peptide that successfully permeates the cultured endothelium from 

solution flowing in the underlying microchannel.   

4.3.5 - Microtiter C-peptide Permeability Assay: Sample Preparation 

For samples containing Zn
2+

-activated C-peptide, a 2.0 µM working solution of human C-

peptide was prepared in DDW and combined with the same volume of a 2.0 µM Zn
2+ 

solution 

also prepared in DDW.[17] For samples lacking C-peptide and Zn
2+

, a volume of DDW was 

added equaling the volume of the other samples, ensuring that the volume of DDW was 

constant throughout all samples used for a given experiment. After the Zn
2+

 and C-peptide 
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solutions were allowed to rest for around 5 min, appropriate amounts of cell media were added 

to achieve 10 nM, 20 nM, and 30 nM C-peptide solutions. Unfortunately, these experiments do 

not permit the use of blood samples since RBCs settle in static systems, rendering the system 

physiologically irrelevant and potentially adversely affecting analyte diffusion and permeation, 

again highlighting the advantages of microfluidic platforms for permeability assays and 

biological mimicry.   

4.3.6 - Microtiter C-peptide Permeability Assay: Static Studies  

Following the confirmation of bPAEC monolayer confluence by the Millicell-ERS TEER meter, 

the cell media contained in the microtiter inserts and wells was removed. The cell media 

removed from the cell culture insert was replaced by 450 µL of 10 nM, 20 nM, or 30 nM C-

peptide solutions, resulting in the addition of 4.5 pmol, 9 pmol, or 13.5 pmol of C-peptide, 

respectively. After the addition of C-peptide to the cell culture inserts containing the bPAEC 

monolayers, 1.0 mL of cell media was added to the wells of the microtiter multiwell plate which 

contained the inserts, so that the added cell media surrounds the cell culture inserts, 

completing the diffusion cell as depicted in Figure 4.3. In this experimental platform, C-peptide 

is added to the apical region of the diffusion cell represented by cell culture inserts, and 

allowed to pervade the cultured endothelium to the basolateral region, represented by the 

microtiter wells. The microtiter multiwell plate is then sealed with a plastic multiwell plate 

sealer to prevent solution evaporation and then allowed to rest in the incubator (37°C) for 3.5 

hours, during which C-peptide permeation from the apical region of the monolayer to the 

basolateral region.  
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Following this incubation, dilutions of the solutions contained within the cell culture inserts 

and microtiter wells were performed so that the resulting C-peptide concentrations fell within 

the linear range of ELISA. Typically, for example, if 4.5 pmol of C-peptide was added, the 

solutions in the cell culture insert were diluted 6 fold and the solutions from the surrounding 

wells were diluted 2 fold. Similarly, when a total of 9 pmol of C-peptide is added, the solutions 

in the microtiter inserts and wells underwent 11 fold and 2 fold, respectively. Finally, in cases 

where the amount of C-peptide added totaled 13.5 pmol, 18 fold and 3 fold dilutions of the 

solutions contained in the microtiter inserts and wells were performed, respectively. The C-

peptide content of the solutions resulting from these dilutions was determined by ELISA and 

correlated back to determine the amount of C-peptide contained in the original solutions 

extracted from the diffusion cell prior to dilution.  

4.4 - Results 

4.4.1 - Microfluidic Assay of C-peptide Endothelial Permeability  

The ability of C-peptide to permeate a cultured endothelium was investigated by the 

microfluidic vascular mimic, in conjunction with ELISA. Specifically, a physiological solution 

containing C-peptide was allowed to flow beneath a cultured monolayer of bPAECs for 1 hour, 

and C-peptide was allowed to permeate the cell layer to reach an overlying cell media solution 

contained by a microfluidic well that initially lacked C-peptide. Importantly, these bPAEC 

monolayers are characterized by the integrated TEER microfluidic system and deemed 

confluent by multiple sustained TEER measurements prior to permeability studies. Initially, a 

collective average TEER value for the bPAEC monolayers included in permeability assays of 3.69 

± 0.26 µC was obtained, followed by an average value of 3.67 ± 0.22 µC approximately 1.5 
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hours later, resulting in an average change in TEER of 0.15 ± 0.06 µC. The content of C-peptide 

contained by the basolateral solutions within the microfluidic wells was investigated by 

determining C-peptide concentration via ELISA. Any C-peptide contained within these 

basolateral solutions was capable of permeating the monolayer and, therefore, their C-peptide 

concentration was used to gauge ability of C-peptide to permeate the endothelium.  

The C-peptide concentrations determined within these solutions are displayed in Figure 4.2. 

In the case where a 7% RBC solutions containing 20 nM C-peptide were flowed, the final C-

peptide concentration of the basolateral cell media solutions overlying the confluent 

endothelial layers reached 17.09 ± 2.00 nM, as determined by ELISA. However, when a 

physiological solution lacking RBCs was streamed beneath the cultured endothelial layers, the 

overlying cell media solutions reached 18.91 ± 1.91 nM C-peptide concentrations. These 20 nM 

C-peptide solutions that either included RBCs, or lacked RBCs, were also flowed beneath bare 

polycarbonate membranes, and C-peptide that was allowed to permeate these membranes 

that were devoid of any bPAEC layers to finally reach the overlying cell media solutions. By 

flowing 20 nM C-peptide solutions containing 7% RBCs, the overlying solutions were verified by 

ELISA to contain 18.31 ± 1.93 nM C-peptide in the absence of bPAEC monolayers. Also, in the 

absence of RBCs, the flowing 20 nM C-peptide solution beneath bare polycarbonate 

membranes caused the basolateral solutions to reach 19.91 ± 1.62 nM C-peptide 

concentrations. In order to confirm that the biological matrices of the solutions investigated by 

ELISA were not influencing experimental results, a physiological solution lacking C-peptide, but 

containing RBCs at 7% hematocrit was flowed beneath the cell layer, and the basolateral 

solution overlying the bPAECs was found to contain 0.12 ± 0.69 nM C-peptide.  
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Figure 4.2 - A cross-sectional view of one channel of the microfluidic vascular mimic used to 

assess the permeability of a pulmonary endothelium to C-peptide under flow conditions is 

shown in (a). The permeation of C-peptide was monitored by detecting, via ELISA, C-peptide 

that permeates to basolateral solutions (in 30 minutes) from flowing apical solutions containing 

20 nM C-peptide. As shown in (b), it was found that basolateral solutions overlying a cultured 

endothelium (black bars) reached 17.09 ± 1.16 nM and 18.91 ± 1.11 nM C-peptide 

concentrations when flowing C-peptide solutions either contained, or did not contain RBCs, 

respectively. Additionally, when endothelial layers were not cultured on polycarbonate 

membranes (red bars), and flowing apical solutions either contained, or did not contain RBCs, 

the basolateral solutions reached 18.31 ± 1.12 nM and 19.91 ± 0.94 nM C-peptide 

concentrations, respectively. Also, as a negative control, if C-peptide is not added to apical 

solutions, negligible C-peptide concentrations were found. (n=3, errors are SEM) 
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4.4.2 - Static Microtiter Assay of C-Peptide Endothelial Permeability 

The ability of C-peptide to permeate a cultured endothelium was also investigated with 

microtiter techniques. In this construct, bPAECs were cultured in microtiter cell culture inserts, 

and confirmed confluent by multiple sustained TEER measurements obtained using a Millicell-

ERS TEER meter. Collectively, initial TEER values to confirm bPAEC confluence averaged 190.26 

± 7.65 Ω·cm
2
, which were followed by measurements obtained approximately 1.5 hours later, 

averaging 190.92 ± 4.90 Ω·cm
2
, resulting in an average change in TEER of 4.90 ± 2.23 Ω·cm

2
 over 

the specified time period. In contrast, for cell culture inserts not containing bPAEC monolayers, 

average TEER values of 139.74 ± 3.96 Ω·cm
2
 were obtained. By using this experimental 

platform, solution flow and the inclusion of RBCs was not permitted. Instead, after TEER 

evaluation, 10 nM, 20 nM, and 30 nM C-peptide solutions prepared in cell media were added to 

the microtiter cell culture inserts, resulting in the total addition of 4.5 pmol, 9 pmol, or 13.5 

pmol of C-peptide, respectively. For 3.5 hours following C-peptide addition, C-peptide was 

allowed to potentially permeate the confluent cell layer and reach the solution contained by 

the microtiter well in which the cell culture insert rests.  C-peptide content was determined in 

the apical and basolateral compartments of the diffusion cell by ELISA and presented in Table 

4.1.  

When a total of 4.5 pmol of C-peptide is added to the diffusion cell, 4.11 ± 0.44 pmol are 

recovered from the apical region and 0.54 ± 0.6 pmol are recovered from the basolateral region 

after the allotted time period. Similarly, when 9 pmol of C-peptide is initially added, 7.67 ± 0.37 

pmol and 1.12 ± 0.08 pmol of C-peptide is detected in the apical and basolateral regions, 

respectively. Finally, when 13.5 pmol is initially added to the apical region of the diffusion cell, 
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11.92 ± 0.46 pmol and 1.57 ± 0.26 pmol of C-peptide is ultimately detected in the apical and 

basolateral regions, respectively. Alternatively, in diffusion cells not containing cultured bPAEC 

monolayers, if 9 pmol of C-peptide is added to the apical side of the bare polycarbonate 

membrane, the amounts of C-peptide detected in the apical and basolateral regions totaled 

5.50 ± 0.27 pmol and 3.98 ± 0.27 pmol, respectively.  
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Figure 4.3 - The permeability of the pulmonary endothelium to C-peptide was investigated by 

monitoring C-peptide permeation from the apical compartment of a microtiter diffusion cell, 

pictured in the upper right, to the basolateral compartment. 9 pmol of C-peptide is added to 

the apical compartment and, after 3.5 hours of rest, C-peptide in each compartment is 

quantified by ELISA and reported. As the graph shows, when 9 pmol of C-peptide is initially 

added and allowed to permeate a confluent bPAEC layer (black bars), 7.67 ± 0.37 pmol and 1.12 

± 0.08 pmol of C-peptide is detected in the apical and basolateral regions, respectively. 

However, if 9 pmol of C-peptide is added to the apical side of a bare polycarbonate membrane 

(red bars), the amounts of C-peptide detected in the apical and basolateral regions totaled 5.50 

± 0.27 pmol and 3.98 ± 0.27 pmol, respectively. (n=4, Errors are SD) 
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Table 4.1 - The permeability of an endothelial monolayer to C-peptide was investigated by 

performing microtiter permeability assays, the results of which are reported here. C-peptide 

was quantified in the basolateral and apical compartments via ELISA 3.5 hours after adding 

varying quantities of C-peptide to apical compartments. Prior to each permeability assay, 

proper bPAEC barrier function was confirmed by measuring TEER. (n=4, Errors are SD) 

 

C-peptide added 

(pmol) 
bPAECs 

Apical C-peptide 

(pmol) 

Basolateral C-peptide 

(pmol) 

Average TEER 

(Ω·cm
2
) 

4.5 yes 4.11 ± 0.44 0.54 ± 0.06 190.4 ± 5.4 

9 yes 7.67 ± 0.37 1.12 ± 0.08 188.1 + 6.4 

13.5 yes 11.92 ± 0.046 1.57 ± 0.26 194.2 ± 6.2 

9 no 5.50 ± 0.27 3.98 ± 0.27 - 

 

4.5 - Discussion 

Determining the ability of C-peptide to permeate an endothelial layer in vitro would be a 

significant contribution towards determining if the peptide can escape the bloodstream in vivo. 

Importantly, since C-peptide is confirmed to be a bioactive peptide,[18] and is important for 

regulating many fundamental biological functions throughout the body as discussed earlier, a 

mechanistic understanding of these activities could be quite lucrative, scientifically. However, 

most of the discovered anatomically diverse biological impacts of C-peptide on the 

cardiovascular system and other organs are not currently understood mechanistically, or 

otherwise. In fact, aside from the work presented in Chapter 3, it has not yet been determined 

if C-peptide acts to induce biological events in various anatomical locations by directly 

interacting with the cell types that are primarily responsible for a specific event, or if these 

events are indirect consequences of C-peptide activity in the blood stream. The capability of C-

peptide to act by direct mechanisms throughout the body is dependent on the ability of C-
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peptide to permeate the endothelium in vivo. Therefore, all direct mechanisms can potentially 

be ruled out by showing that C-peptide is incapable of penetrating an endothelial layer since 

such findings would strongly suggest that C-peptide is confined to the bloodstream in vivo. For 

these reasons, in addition to the results presented in Chapter 3 showing that C-peptide acts 

indirectly to influence purinergic signaling, the ability of C-peptide to permeate a cultured 

endothelium was investigated.  

In order to determine the ability of C-peptide to permeate an endothelial layer, a 

microfluidic vascular mimic was used in conjunction with conventional microtiter techniques. 

These two platforms have stark differences however, with microfluidic technology allowing for 

the flow of RBCs and, in contrast, microtiter technology is a static system and, therefore, does 

not permit flow. Additionally, the inclusion of RBCs is physiologically irrelevant in a static 

system, especially considering the tendency of RBCs to sink in static solutions, which would 

cause RBCs to coat the apical membrane and influence the diffusion and permeation of 

analytes between the apical and basolateral compartments. Furthermore, the work presented 

in Chapter 3 describes how RBCs can drastically influence endothelial cells, namely by their 

ability to release ATP, which ultimately stimulates endothelial nitric oxide synthase (eNOS). 

Importantly, eNOS has been shown to play a predominant role in regulating vascular 

permeability in vivo,[19-21] and furthermore, flowing RBCs have been shown to release more 

ATP than static RBCs.[22, 23]  Since endothelial barrier integrity is the primary determinant of 

vascular permeability,[24] flowing RBCs will ideally be present in a vascular model, an important 

shortcoming to consider when performing microtiter based permeability assays. 
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Perhaps the most important aspect of a physiologically relevant vascular model is the 

incorporation of shear stress generated by flowing blood. For instance, shear stress has been 

shown to increase eNOS activity that, as stated earlier, plays a role in vascular permeability by 

influencing the barrier integrity of the endothelium. Also, in addition to increasing ATP release 

from RBCs, shear influences the metabolic state of RBCs,[25] as well as interactions between 

flowing RBCs that can lead to changes in viscosity and aggregation.[26] While the ability to 

increase eNOS activity is of fundamental importance, especially for permeation research, shear 

stress impacts endothelial cell behavior even more drastically. For example, shear stress alters 

endothelial morphology,[27] tissue factor expression,[28] signal transduction between adjacent 

endothelial cells,[29] intracellular signaling,[30, 31] and gene expression.[32, 33] Collectively, 

this myriad of influences makes shear stress a principal determinant of endothelial cell behavior 

and health.[34] Summarily, in contrast to microfluidic systems, microtiter technology does not 

account for the dramatic role of the RBC or shear stress in vascular function. 

Furthermore, a microfluidic platform enables the flow of a solution with a specific C-peptide 

concentration which, in this case, is more physiologically correct than adding a finite amount 

since the concentration of circulating C-peptide is relatively constant in vivo. For these reasons, 

recovered C-peptide is reported as a concentration and an amount for microfluidic and 

microtiter permeability studies, respectively. Not surprisingly, the inherent differences between 

the two platforms influence experimental results, as well as perception of these results. For 

example, when employing the microfluidic vascular mimic to determine the ability of C-peptide 

to permeate a cultured endothelium, a 20 nM C-peptide solution flowing apical to the cell 

monolayer and not containing RBCs resulted in enough C-peptide permeating the cultured 
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endothelium to ultimately raise the overlying basolateral solution, which initially lacks C-

peptide, to 18.91 ± 1.91 nM within an hour. In contrast, after adding a 20 nM C-peptide 

solution also not containing RBCs, for a total of 9 pmol, to the apical compartment of a 

microtiter diffusion cell, 1.12 ± 0.08 pmol of C-peptide successfully permeated the endothelial 

monolayer to the basolateral compartment in 3.5 hours.  

Interestingly, the microfluidic permeability assay provides the unique perception that the 

basolateral solution nearly equilibrates with the apical flowing solution within an hour. In 

contrast, in over triple the time allotted for the microfluidic assay, the microtiter permeability 

assay reveals that only about 10% of the total C-peptide added to the apical compartment of 

the diffusion cell successfully reaches the basolateral compartment, which actually contains a 

higher volume of solution than the apical compartment. In fact, this was the case for each 

microtiter based permeability assay, regardless of the quantity of C-peptide added. However, 

these results are to be expected since shear has been shown to influence changes in 

endothelial permeability.[35] As an example, one study shows that shear stress can increase 

the permeability of a cultured endothelium 4-fold compared to an endothelium under static 

conditions.[36] Interestingly however, since the microfluidic wells contained only 12 µL of 

solution, only about 0.23 pmol of C-peptide would have to permeate the endothelial layer to 

result in a 19 nM solution. Hypothetically, if it took a full hour for this to occur, only 0.8 pmol 

would permeate to the basolateral solution in the same timeframe allotted in the microtiter 

permeability assay, suggesting the two results may not be so contrasting and also further 

highlight the varying perspectives that each platform provides. Obviously, in order to confirm 

this, the kinetics of this equilibration would need to be determined for the basolateral solution 
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in the microfluidic vascular mimic. Regardless, due to the small sample volumes typical of 

microfluidic systems, C-peptide permeation can be determined in a shorter duration than with 

microtiter systems. However, even considering the short duration of the microfluidic 

permeability assay, the ability of the endothelial monolayer to hinder C-peptide permeation to 

the basolateral region was not observed as it was microtiter permeability assay when 1.12 ± 

0.08 pmol of C-peptide was detected in the basolateral chamber when the diffusion cell 

contained a cultured endothelium, compared to 3.98 ± 0.27 pmol detected when it did not.  

Another aspect of the microfluidic approach towards studying permeation is the ability to 

determine the influence of blood or other common biological matrices on analyte permeation. 

For example, if blood was included in the flowing physiological C-peptide solution, the 

basolateral solution reached 17.09 ± 2.00 nM, compared to 18.91 ± 1.91 nM for a flowing 

solution lacking RBCs. While not statistically different, the basolateral solutions slightly differed 

in concentration by around 2 nM, depending on the presence of RBCs. This effect was again 

observed when bPAECs were not cultured on the polycarbonate membrane and the flowing 20 

nM C-peptide solutions containing RBCs, or lacking RBCs, resulted in basolateral solution 

concentrations of 18.31 ± 1.93 nM and 19.91 ± 1.62 nM, respectively. Interestingly, 

unpublished data from our group has reproducibly shown that in a RBC solution at 7% 

hematocrit, C-peptide is able to interact with the RBC and thus lower the concentration of free 

C-peptide in the solution by 2 nM. Collectively, these data suggest that interactions between 

the RBC and C-peptide may act to lower the concentration of bioavailable C-peptide in vivo, 

which may be considerable since C-peptide is typically found at single-digit nanomolar levels in 

the bloodstream. Similarly, a small change can be observed that is dependent on the presence 
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of endothelial cells. While not statistically significant, after 1 hour of flow in the absence of 

endothelial cells, each measurement of C-peptide concentration in basolateral solutions is 

approximately 1 nM lower than in the presence of endothelial cells. While this change is slight, 

it is interesting that C-peptide has been shown to specifically bind to endothelial cells via an 

event that is saturated at approximately 1 nM levels.[5, 37]  

Despite such vast differences, a strength shared by each platform is the ability to confirm 

endothelial monolayer confluence and barrier integrity. Clearly, a confirmation of barrier 

integrity is incredibly advantageous, especially for permeability assays, adding significant 

credibility to experimental results and conclusions stemming from these experimental results. 

In the permeability studies presented, multiple sustained TEER measurements were obtained as 

verification of bPAEC confluence. These measurements, typically obtained 1.5 hours apart, 

yielded dismal changes over time, averaging to 0.15 ± 0.06 µC and 4.90 ± 2.23 Ω·cm
2 

for the 

microfluidic and microtiter assays, respectively. These confirmations that every cultured 

endothelium used to assay C-peptide permeation formed confluent barriers increase the 

likelihood that results derived from these assays will correlate to true activity in vivo.  

An additional similarity between the two experimental platforms is that each technique 

conclusively confirms that C-peptide is capable of permeating a cultured endothelium. These 

results suggest that C-peptide may be able to perform biological functions by direct and indirect 

stimulation of cell types throughout the body. If C-peptide is truly capable of escaping the 

bloodstream, it may act as an important hormone that functions universally in the body, similar 

to insulin. This activity would support the recent concept that type 1 diabetes is actually a 

double-hormone deficiency disorder, with late complications potentially being derived from 
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chronic lack of C-peptide.[18] These results, in conjunction with the ability of C-peptide to 

specifically bind,[5, 37] and also become internalized by endothelial cells,[7] suggest that C-

peptide likely has an endothelial transcellular transport mechanism. This is further supported 

by C-peptide’s ability to be internalized by,[7, 14] and induce biological events in cell types 

exterior to the bloodstream.[15]  

4.6  - Conclusions 

In summary, these results are the first to suggest that C-peptide is capable of permeating 

the endothelium in vitro, implying that C-peptide can likely also permeate the endothelium in 

vivo. These findings suggest that, in addition to indirect influences shown in Chapter 3, C-

peptide may have direct influences on various cell types throughout the body. Since C-peptide 

has never been detected exterior of the bloodstream, these novel findings suggest that C-

peptide may have a much more comprehensive role in physiology and health than is currently 

assumed.  
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Chapter 5 - Conclusions and Future Directions 

5.1 - Conclusions 

5.1.1 - Microfluidic TEER Measurement Device 

Since the 1980s, microfluidic technologies have filled important niches in many scientific 

fields.[1, 2] More recently, microfluidics have been shown to be very useful for in vitro cell 

based assays, in particular the study of cellular monolayers or single cells, due to their 

unsurpassed ability to control cellular environments and mimic biological systems found in 

vivo.[3-7] However, in vitro cell culture and analysis is a longstanding science that has been 

consistently advancing since the 1910s,[8, 9] with cellular monolayers being cultured and 

studied as early as the 1920s.[10, 11] Over time, as the understanding of the physiological 

importance cellular monolayers increased, monolayer barrier integrity became a well-studied 

research topic by the 1950s, especially in regards to the impact of confluence and barrier 

integrity on cell behavior.[12-14] To meet this demand, TEER measurement devices have been 

made commercially available since the mid-1980s and have been further developed for the high 

throughput analysis of monolayer barrier integrity. However, regardless of the knowledge 

acquired from ongoing work building on research initiated in the 1950s showing the importance 

of quantitatively measuring barrier integrity to ensure appropriate cellular behavior and 

response, the copious amounts of microfluidic assays of cellular monolayers have not included 

such measurements. This is especially surprising since cellular monolayers have been routinely 

cultured in microfluidic devices for over a decade.[15, 16] Within the past two years, the first 

microfluidic devices capable of determining barrier integrity by measuring analyte 
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permeability,[17] or TEER,[18-21] have appeared in literature, which includes the microfluidic 

TEER system presented in Chapter 2, indicating the necessity for such devices.  

Collectively, these devices and the microfluidic TEER measurement device presented in 

Chapter 2 finally addresses the long withstanding need for a microfluidic platform with 

monolayer barrier characterization capabilities. However, the microfluidic device presented in 

Chapter 2 is novel as it is the first microfluidic capable of measuring barrier integrity that serves 

as a vascular mimic, and also the first microfluidic device capable of monitoring barrier integrity 

that has been further utilized to observe real biological events.[21] For example, work 

presented in chapter 3 shows that confluent endothelial cells, as determined by the microfluidic 

TEER system, are capable of producing significantly more nitric oxide (NO) in response to 

flowing red blood cells (RBCs) than non-confluent cells, a difference that is statistically 

significant. These results highlight the importance of confirming monolayer confluence prior to 

investigations involving the monolayer, since important physiological responses are sometimes 

drastically altered by the extent of cell layer confluence.  

Additionally, the simplicity of the design and construction of the device adds to its novelty, 

as similar devices are considerably more complicated in comparison, facilitating the unique 

potential for the successful integration of the TEER system with preexisting microfluidic 

platforms via the same design strategy employed during this work to develop the TEER device. 

Since measuring TEER of a cellular monolayer cultured in a microfluidic device can provide the 

same fundamental information and physiological accuracy as in conventional platforms, it is 

expected that the development of this technology has provided the necessary foundation so 

that TEER measurements can, and optimistically will be, used as extensively and routinely in 
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microfluidics as they are in other platforms. In any event, the work described throughout 

involving cellular monolayers is benefitted by the TEER measurement capabilities of the 

microfluidic vascular mimic. Given the ability to confirm and monitor cell monolayer 

confluence, cellular responses were consistently of optimal physiological relevance and 

occasionally enhanced, such as it was for RBC stimulated NO production in confluent 

endothelial cells mentioned previously. Additionally, a dramatic increase experimental 

reproducibility was accomplished as a result of the ability to investigate cellular responses with 

consistently optimal physiological relevance, which surely enhances the accuracy and 

applicability of conclusions stemming from these investigations, adding credibility to the work. 

While these advantages illustrate the importance of confirming monolayer confluence prior to 

experimentation, they also exhibit the ability of this particular device to mimic the vasculature 

with unparalleled biological accuracy as a result of its integrated TEER measurement 

capabilities.  

5.1.2 - C-peptide Induced Vasodilation  

Previously, C-peptide has been shown to improve blood flow in diabetic patients by an 

unknown mechanism.[22, 23] Interestingly, separate studies have shown that, diabetic 

complications related to blood flow are related to endothelial dysfunction,[24] and a potent 

vasodilator, nitric oxide.[25] Also previously, our group has established that C-peptide, if 

activated by Zn
2+

, is capable of increasing ATP release from RBCs.[26] Interestingly, ATP has 

been shown to bind endothelial P2Y, a purinoreceptor capable of initiating a purinergic 

signaling cascade which results in endothelial nitric oxide synthase (eNOS) activation, the 

enzyme responsible for producing and regulating NO in the endothelium. Mindful of these 
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previous findings, it was hypothesized that C-peptide is capable of indirectly participating in 

purinergic signaling, as mediated by C-peptide stimulated release of ATP from RBCs, which 

ultimately results in increased endothelial NO production.  Since NO derived from the 

endothelium has been identified as one of the most potent vasodilators yet discovered,[27] if C-

peptide was determined to increase endothelial NO production, it would provide an 

explanation for C-peptide induced improvements in diabetic blood flow. The microfluidic 

vascular mimic with integrated TEER capabilities developed during the work presented in 

Chapter 2 was employed to examine the proposed mechanism of C-peptide induced endothelial 

NO production in work described in Chapter 3.  

In order to examine the proposed mechanism, RBC solutions containing Zn
2+

-activated C-

peptide were flowed in the channels of the vascular mimic beneath a cultured endothelium, 

and intracellular endothelial NO production was measured and compared to NO production 

resulting from flowing RBC solutions not containing C-peptide. It was determined that flowing 

RBC solutions containing Zn
2+

-activated C-peptide are capable of increasing endothelial NO 

production by almost 90% relative to RBC solutions lacking C-peptide. Interestingly, this effect 

was not observed if physiological RBC solutions containing only Zn
2+

, or only C-peptide were 

flowed beneath the endothelial layer. This result shows that C-peptide requires Zn
2+

 to 

stimulate endothelial NO production, adding to other findings in the Spence group 

demonstrating the necessity of a metal for C-peptide bioactivity.[26, 28-30] Additionally, it was 

discovered that C-peptide is indeed capable of increasing endothelial NO production, however 

these results alone do not show conclusively that this NO production is a result of purinergic 
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signaling mediated by ATP released from RBCs as a result of Zn
2+

-activated C-peptide 

stimulation. Instead, the RBC was revealed to mediate the NO production when physiological 

solutions lacking RBCs, but still containing Zn
2+

-activated C-peptide did not stimulate an 

increase in NO production when flowed beneath the cultured endothelium. In order to show 

that RBC derived ATP is involved in the proposed mechanism, endothelial cellular monolayers 

were incubated with PPADS, a P2Y purinoreceptor inhibitor, flowing solutions containing RBCs 

and Zn
2+

-activated C-peptide were no longer able to increase NO production, resulting in a 

complete reversal of the increase in NO production measured when comparing the flow of 

RBCs incubated with Zn
2+

/C-peptide to RBCs alone. Collectively, these results prove that Zn
2+

-

activated C-peptide increases endothelial NO production by stimulating the release of a known 

endothelial P2Y agonist, ATP, from RBCs and thereby enhancing P2Y purinoreceptor activity by 

the stimulated increase in ATP antagonist levels, which prompts a purinergic signaling cascade 

known to result in increased endothelial NO production.  

The novel findings, presented in Chapter 3, revealing the involvement of C-peptide in 

purinergic signaling and endothelial NO production provides an explanation for the observed 

improvements in blood flow of diabetic patients. Additionally, these findings show the potential 

for C-peptide as a drug candidate for the treatment of type 1 diabetes. Of course, in order to 

elicit these desired effects as a drug, C-peptide would have to be properly introduced to a 

metal, particularly Zn
2+

, prior to administration. Unfortunately, this vital step has been 

overlooked previously, potentially explaining irreproducible activity of C-peptide observed 

during clinical trials that contrast with the reproducible stimulation of endothelial NO 
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production by Zn
2+

-activated C-peptide. Plausibly, since C-peptide is often co-administered with 

insulin, and insulin often contains substantial (0.5% by mass) zinc impurities, C-peptide may be 

unintentionally introduced to a metal source eliciting varying degrees of biological activity upon 

administration, ultimately leading to inconsistent and irreproducible outcomes. Nevertheless, 

this work conclusively shows that, only in the presence of Zn
2+

, C-peptide stimulates nitric oxide 

production in a cultured pulmonary artery endothelium via RBC-mediated purinergic signaling.  

Interestingly, the ability of C-peptide to treat diabetic complications suggests that a chronic 

lack of C-peptide leads to the development of these complications and, more importantly, C-

peptide plays a vital physiological role in maintaining human health. Therefore, C-peptide may 

not only improve diabetic blood flow, but it may be vital for regulating vascular tone in healthy 

individuals via the mechanism confirmed by this work. As a result, C-peptide may be of far more 

physiological importance than originally thought, which is supported by the discovered 

involvement of C-peptide in purinergic signaling, since purinergic signaling is responsible for 

regulating numerous biological processes throughout the body.[31] For these reasons, RBCs 

may play an equally important role in regulating vascular tone. As discussed in Chapter 1, it is 

well-known that NO produced in the blood vessel is primarily responsible for the fundamentally 

important task of regulating vessel tone, however the source of this NO is debated in the 

literature. Generally, the consensus is that this NO is produced in vascular regions of high shear 

stress generated by flowing blood, such as in resistance vessels. However, generally these 

regions are also where oxygen is exchanged from the blood to the surrounding tissues in 

response to hypoxia, which has been shown to cause NO release from RBCs. In this construct, 

NO is either derived from RBCs in response to hypoxia, or from the endothelium in response to 
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shear stress, however the mechanism by which the endothelium is still under discussion. 

However, one promising hypothesis largely developed by Sprague et al. links NO production in 

the endothelium to the RBC by ATP,[32] specifically by the ability of the RBC to release ATP. 

This hypothesis is supported by the known vasodilatory effects of circulating ATP achieved by 

stimulating NO production in the endothelium via the same purinergic signaling event involved 

in mechanism elucidated during this work for C-peptide stimulated NO production.  Also 

supporting this hypothesis is work performed in the Spence lab showing that flowing RBCs 

release more ATP than static RBCs.[33] Collectively, these results, and others not discussed, 

support the hypothesis that ATP released from RBCs in response to shear stress is able to 

stimulate endothelial NO production by purinergic signaling.[34]    

Further supporting this hypothesis are the results discussed earlier, and obtained while 

investigating endothelial NO production in the microfluidic vascular mimic during work 

presented in Chapter 3. Specifically, when a physiological solution not containing RBCs was 

allowed to flow beneath the cultured endothelium, a significant decrease in endothelial NO 

production was observed (p<0.1) in comparison to NO production resulting from a flowing 

solutions that contain RBCs. This result shows that flowing RBCs under the influence of shear 

stress can cause an increase in NO produced in the cultured endothelium. However, this 

activity, which was reported by the Spence group previously,[35] does not conclusively show 

that this NO is produced as a result of the previously identified ability of shear stress to 

stimulate ATP release from RBCs. In the same study, however, if selected endothelial layers 

were incubated with PPADS, a purinergic receptor inhibitor, the NO production in response to 

flowing solutions containing RBCs was statistically the same as NO produced in uninhibited 
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endothelial layers in response to flowing physiological solutions not containing RBCs. 

Collectively, these results suggest that shear induced ATP released from RBCs is capable of 

stimulating NO production in the pulmonary endothelium via purinergic signaling.  

In summary, these studies show that C-peptide, in the presence of Zn
2+

, is capable of 

indirectly stimulating NO production in the pulmonary endothelium by mechanism mediated by 

the red blood cell. Furthermore, these studies display the involvement of C-peptide in 

purinergic signaling, and since purinergic signaling is involved in numerous biological processes, 

it may be by this mechanism that C-peptide accomplishes vast biological activity throughout the 

body. Additionally, since C-peptide is capable of stimulating NO production in the endothelium, 

the peptide may play a crucial and overlooked role in maintaining basal NO levels in the 

bloodstream and regulating vascular tone. Also, by the same purinergic mechanism, RBCs under 

the influence of shear stress are capable of stimulating endothelial NO production. The source 

of shear induced NO production is under considerable debate in the literature, however this 

work shows reveals that sheared RBC are at least partially responsible for generating shear 

induced NO, and it is by this mechanism that RBCs may regulate vascular tone. 

5.1.3 - Endothelial Permeability to C-peptide 

Determining the ability of C-peptide to permeate an endothelial layer in vitro would be a 

significant contribution towards determining if the peptide can escape the bloodstream in vivo. 

This is important to determination since, aside from the work presented in Chapter 3, it has not 

yet been determined if C-peptide acts to induce biological events in various anatomical 

locations by directly interacting with the cell types that are primarily responsible for a specific 

event, or if these events are indirect consequences of C-peptide activity in the blood stream. 
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Since the capability of C-peptide to act by direct mechanisms throughout the body is dependent 

on the ability of C-peptide to permeate the endothelium in vivo, an in vitro study was 

performed to determine the likelihood that C-peptide can escape the bloodstream to act by 

direct mechanisms, or if the peptide is likely confined to the bloodstream, implying that all 

bioactivity is carried out indirectly by influences within the vasculature. To accomplish this 

investigation, the ability of C-peptide to permeate an endothelial layer was observed using the 

microfluidic vascular mimic in conjunction with conventional microtiter techniques.  

Despite such vast differences between these models, a strength shared by each platform is 

the ability to confirm endothelial monolayer confluence and barrier integrity. As such, complete 

endothelial monolayer confluence was determined prior to each permeability assay, thereby 

ensuring the cultured cells most accurately mimic the true pulmonary endothelium. In work 

presented in Chapter 4, each experimental platform conclusively shows that C-peptide is 

capable of permeating a cultured endothelium. These results suggest that C-peptide may be 

able to perform biological functions by direct and indirect stimulation of cell types throughout 

the body. For example, work discussed previously suggests that C-peptide is capable of 

indirectly stimulating smooth muscle cell to induce vasorelaxation as a result of activity in the 

bloodstream. However, if C-peptide is truly capable of escaping the bloodstream, it may act as 

an important hormone that functions universally in the body by direct and indirect 

mechanisms, similar to insulin. This activity would support the recent concept that type 1 

diabetes is actually a double-hormone deficiency disorder, with late complications potentially 

being derived from chronic lack of C-peptide.[36] The ability of C-peptide to induce biological 

events in cell types exogenous of the bloodstream has been previously shown,[37] however it is 
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currently unclear if C-peptide is capable of reaching these cells. These results suggest that C-

peptide may indeed be capable of direct interactions with cells external of the cardiovascular 

system as indicated by the ability to permeate a cultured endothelium. Since C-peptide has 

never been detected exterior of the bloodstream, these novel findings suggest that C-peptide 

may have a much more comprehensive role in physiology and health than is currently assumed. 

5.2  - Future Directions 

5.2.1 - Microfluidic TEER System 

Currently, a strongpoint of the TEER system is the simplicity of device design and 

fabrication, which is easily accomplished by using soft lithography for the rapid prototyping of 

polydimethylsiloxane (PDMS) devices as discussed in Chapter 2. While PDMS offers many 

advantages for microfluidic cell based assays and culture, as a material for microfluidic 

fabrication PDMS has several disadvantages,[38, 39] such as hydrophobicity, absorption and 

adsorption of substances, as well as high flexibility. These disadvantages render PDMS 

microfluidic devices undesirable in various situations. For example, a future direction of the 

TEER device is to study the pharmacokinetics and pharmacodynamics (PK/PD) of various drugs, 

however unpublished data from the Spence lab shows that several drugs absorb in PDMS, 

rendering the current device incapable of analyses of those drugs. Additionally, the flexibility of 

PDMS facilitates unintentional wrinkling of the polycarbonate membranes, which leads to 

leaking in the microfluidic device. Another issue regarding the current device design not related 

to PDMS as a fabrication material is the throughput attained using a single moving top 

electrode for TEER determination. Currently, the electrode must be manually inserted in the 

solution overlying the cultured cells for each measurement. This method does not achieve the 
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desirable high throughput generally accomplished by microfluidic analyses. However, these 

disadvantages may be addressed by compromising simplicity, a tradeoff likely favorable in this 

case.  

5.2.1.1 - Polystyrene (PS) as a Material for Microfluidic Fabrication 

Recently, methods for micromolding and rapid prototyping of PS by soft lithography have 

been accomplished by work performed in the lab of Nancy Albritton,[40] as well as in the labs 

of Dana Spence and Scott Martin that was recently submitted for publication. PS is amenable to 

cell culture and is very well characterized for such, as it is the material most commonly used to 

construct tissue culture flasks and Petri dishes. Remarkably, PS is capable of alleviating the 

current disadvantages of PDMS as the material used to construct the microfluidic TEER system, 

such as absorption of small molecules and high degrees of flexibility. PS would greatly increase 

the robustness of the device and surely decrease the frequency of leaking, however the 

construction of PS microfluidic devices is substantially more complicated and time consuming 

than constructing PDMS devices. However, this issue is alleviated by the robustness of PS 

microfluidic platforms, potentially allowing the device to be reused for multiple experiments. Of 

course, a method for high throughput TEER analysis would need to be developed for the PS 

microfluidic device. 

Recent advances in the Spence and Martin labs have showed promise for the successful 

development of a PS microfluidic device capable of high throughput TEER analysis. Figure 5.1 

shows a potential design for such a device, which includes an array of electrodes integrated into 

a bottom layer of PS for use in in the microfluidic TEER measurement system 2.0.  While 

microfluidic-based TEER systems have been reported, these systems have yet to be used in an 
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array format allowing for high throughput analysis. Here, it is proposed that such an array can 

facilitate proper timing of cell subculturing in the microfluidic system that will allow for the 

culture of cells over a period of time that may extend from days to weeks, during which various 

cell based assays are possible, including PK/PD determinations for drugs of interest. 

The approach shown in Figure 5.1 can be used to integrate TEER measurement capabilities 

in a PS device.  As is shown in Figure 5.1, the group of Scott Martin has recently been able to 

embed microelectrode arrays in polystyrene-based microchips.  This was accomplished by 

melting polystyrene powder in the presence of a gold SEM grid that was affixed to a connecting 

wire.  Once the chip was cooled, it could be polished to a flat surface.  Subsequently, it was 

found that these embedded electrode arrays can be used for amperometric detection in 

polystyrene-based microchips, suggesting that they can be used to successfully determine 

TEER.  In this study, the arrays will be made to reside below each reservoir (Figure 5.1), and a 

separate set of reservoir electrodes (conventional wires) will be directed through a relay 

(controlled by LabView) into the reservoir so that the TEER value for each reservoir can be 

monitored in an automated fashion. This separate set of reservoir electrodes will be used to 

replace the single moving top electrode described previously, and importantly, these reservoir 

electrodes will be arranged in an array format. By using relays, a specific relay can be triggered, 

completing the circuit and allowing for the TEER reading for that particular reservoir to be 

attained.   

The successful development of this proposed microfluidic TEER system would increase the 

robustness of the current design to a great extent. The proposed device would likely be 

reusable and prevent the absorption of small molecules into the device. Most importantly, the 
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throughput of the proposed device would be greatly increased relative to the current TEER 

system, since an array of reservoir electrodes can be used in lieu of the single moving reservoir 

electrode requiring the tedious manual placement in each reservoir for every TEER 

measurement. In contrast, reservoir electrodes in an array format would allow for automated 

high throughput TEER analysis without human involvement. Collectively, this increase in 

throughput, in addition to minimal absorption and increased device sturdiness will likely greatly 

increase the utility and applicability of the microfluidic TEER device. 
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Figure 5.1 - Side-view of microchip with integrated TEER measurement.  For simplicity, a 4-

reservior array is shown.  Also shown is a micrograph of a 4-microelectrode (gold) array that is 

embedded in polystyrene, which was fabricated in the lab of Scott Martin. The potential of the 

preliminary 4-microelectrode gold array as an effective platform for TEER analysis is illustrated 

by the previous utilization of the array in a microfluidic platform to detect analytes by 

amperometry, an electrochemical technique that is experimentally similar to the method used 

to determine TEER. 
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5.2.2 - C-peptide Induced Vasodilation 

5.2.2.1 - Elucidate Zn
2+

/C-peptide Interactions 

The specifics of how Zn
2+

 is capable of rendering C-peptide capable of biological activity are 

currently unknown. Speculatively, Zn
2+ 

is capable of binding C-peptide, possibly inducing a 

biologically active conformation of the peptide. In support of this proposed interaction, circular 

dicrhroism (CD) spectroscopic analysis performed in the Spence lab of Zn
2+

-activated C-peptide 

and C-peptide alone suggest that in the presence of Zn
2+

, a conformational change may occur. 

Also, a Scatchard binding curve has been obtained in the Spence lab for Zn
2+

 binding to C-

peptide, which suggests that a single Zn
2+

 atom is capable of binding C-peptide. Additionally, 

mass spectrometric analysis of the active complex has revealed that C-peptide was likely bound 

to a metal, as discussed in Chapter 1. Aside from these results, as well as the observed change 

in the biological activity of C-peptide in the presence of Zn
2+

, there is no further evidence for 

Zn
2+

/C-peptide binding. These results do have not identified specific binding regions, or 

conclusively shown that binding results in an active conformation of the peptide.  

As shown in Figure 5.2, C-peptide exhibits five negatively charged residues in vivo that are 

likely capable of Zn
2+

 binding and, therefore, provide insight as to where Zn
2+

 may bind the 

peptide. However, since preliminary data shows that only 1 Zn
2+

 atom binds C-peptide, it is still 

unclear which residue or residues it may bind. In order to conclusively show that C-peptide 

does bind Zn
2+

 to achieve an active conformation, nuclear magnetic resonance (NMR) 
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spectroscopic analysis of C-peptide, as well as the Zn
2+

/C-peptide complex should be obtained. 

NMR is commonly used for the structural analysis of proteins and peptides,[41, 42] and could 

be used to determine Zn
2+

 induced conformational changes, and even elucidate specific binding 

regions. If it is ultimately shown that Zn
2+

 does not bind C-peptide, other interactions are 

possible that may result in C-peptide bioactivity. For example, C-peptide may not itself be 

responsible for bioactivity. Instead, zinc may be responsible for this observed bioactivity and C-

peptide could simply be a carrier of the metal, responsible for delivering zinc to various cell 

types and thereby facilitating zinc transport through the bloodstream and into cells. This 

hypothesis is supported by the vast and fundamental physiological roles of zinc, including links 

to diabetes and nitric oxide production.[43-45]  
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Figure 5.2 - The amino acid sequence of C-peptide is shown, which arrows highlighting residues 

that are negatively charged in vivo, and thus likely capable of binding free Zn
2+

 ions. 
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5.2.2.2 - Investigation of Zn
2+

/C-peptide Activity In Vivo 

Currently, several animal models of human type 1 diabetes exist.[46]  To conclusively show 

the important potential bioactivity of C-peptide in the presence of Zn
2+

, C-peptide should be 

administered alone, or co-administered with Zn
2+

 and the resultant physiological effects 

determined. Resulting improvements in blood pressure, nerve conduction, inflammation, etc. 

could be measured and attributed to Zn
2+

-activated C-peptide. This study would be the first to 

determine the potential for Zn
2+

-activated C-peptide as a drug for type 1 diabetes. Also, the 

necessity of zinc activation can truly be evaluated in a comparative clinical investigation for the 

first time. This investigation would be the most fundamental and conclusive method for 

determining the physiological effects of C-peptide, as well as the necessity of zinc activation.    

5.2.3 - Endothelial Permeability to C-peptide 

5.2.3.1 - Choosing Endothelial Cell Type 

The work presented earlier revealing the ability of C-peptide to permeate a cultured 

pulmonary endothelium is novel in the sense that it is the first investigation into the potential 

ability of C-peptide to escape the bloodstream in vivo, and is, therefore, the first evidence 

suggesting that C-peptide does indeed leave the bloodstream in vivo. Since these results 

suggest that C-peptide may have a much more comprehensive role in physiology and health 

than is currently assumed, it is an important first step in determining the true scope of C-

peptide’s physiological influence throughout the body. However, to determine the true scope 

of biological activity, more research is required. These findings suggest that C-peptide is capable 

of permeating the pulmonary vasculature. However, it is well known that endothelial cells form 
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barriers of varying integrity, depending on their function in a specific organ or anatomical 

location.[47] In fact, endothelial permeability has been shown to be heterogeneous within the 

same organ.[48] Therefore, endothelial cell types that are specific to the particular organ or 

anatomical location influenced by C-peptide should be investigated to determine their 

particular permeability to C-peptide. 

For example, C-peptide has been shown to improve diabetic neuropathy,[49] suggesting 

that C-peptide may be able to leave the bloodstream to enter the brain and directly improve 

nerved function. However, the endothelial cells lining blood vessels in the brain are highly 

specialized, forming an endothelial barrier called the blood brain barrier, which is far less 

permeable than endothelial layers found elsewhere in the body.[50] In consideration of this, in 

order to examine whether C-peptide directly facilitates improvements in nerve conduction and 

myelination, brain microvascular endothelial cells should be used to identify their permeability 

to C-peptide. 

5.2.3.2 - Kinetics of Permeation and Comparisons 

The kinetics of permeation of a particular analyte can be measured by the permeation 

coefficient of a particular analyte. The permeation assays reported in chapter 4 were 

performed merely to determine whether C-peptide was capable of penetrating a cultured 

endothelium. Since it was determined that C-peptide is capable of permeating the cultured 

pulmonary endothelium, permeation coefficients of C-peptide, as well as another well studied 

tracer molecules should be determined. By determining two permeation coefficients, the 

relative kinetics of permeation can be established, allowing for comparative studies. Several 

tracer molecules have been identified, such as phenol red and FITC-albumin, which are semi-
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impermeable to endothelial monolayers.[51, 52] An experiment to support the results showing 

that C-peptide is capable of permeating an endothelium would be a comparative permeability 

assay, where the permeation coefficient of C-peptide obtained and compared to a semi-

impermeable tracer molecule. If the permeability coefficient of C-peptide is higher than that of 

the semi-impermeable tracer, then it would be expected that C-peptide is able to permeate 

that particular endothelial cell type in vivo. However, since there exists no true negative control 

for endothelial permeation, or in other words, there is not a specific tracer molecule that is 

truly incapable of permeating endothelial cells in vitro, these semi-impermeable tracer 

molecules are generally used to monitor changes, or differences, in endothelial barrier 

integrity.  

5.2.3.3 - Permeability of C-peptide Mutants 

While a specific receptor for C-peptide has yet to be identified, it has been previously 

shown that C-peptide is able to specifically bind to endothelial cells by a binding event that is 

saturated at around 1 nM concentrations, which is of importance since the transport of 

macromolecules across the endothelium is generally accomplished by a transcellular and 

specific mechanism.[53] Also, C-peptide has been shown to be internalized by endosomes to 

enter human endothelial cells,[54] by a process which can be inhibited by nocodazole and 

monodansylcadaverine (MDC), signifying that C-peptide enters the cell by a mechanism which is 

receptor mediated and requires microtubule assembly. Interestingly, microtubules have been 

shown to facilitate transcellular transport and influence endothelial permeability and 

integrity.[55-58] These results suggest that there is a receptor responsible for trafficking C-

peptide across the endothelium. In data not presented here, endothelial permeability to C-
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peptide was shown not to be dependent on the presence of Zn
2+

, suggesting that the proposed 

receptor may be promiscuous. However, in order to gain insight as to whether the mechanism 

of C-peptide transport is receptor mediated, the endothelial permeability to C-peptide mutants 

can be determined. Since receptors are often specific, the endothelial permeation of a C-

peptide mutant may be halted or hindered due to inability to specifically bind the supposed 

receptor. 
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