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PREFACE 

The entirety of the cell culture space needed to be set up and cleaned prior to 

experimentation. This included replacing tubing in the incubator, assembling the 

microscope, water bath, cell counter, and dewar, and cleaning the entire room. Cell 

culture techniques were taught by Daniel Racz from the Chaple Lab and adjusted per lab 

requirements as needed.  ELISA techniques were obtained from a supplier protocol and 

demonstrated by Desiree Denman from the Dalhaimer lab. All other techniques were 

sourced from literature review and colleagues. Three undergraduate students, and a 

SMaRT student were educated on the protocols and two undergraduate students maintain 

certain aspects of the cell culture lab and will continue this project.  
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ABSTRACT 

Healthy human hearts function with two ventricles; however, single ventricle 

defects (SVD), a type of congenital heart defect, results in one of these ventricles not 

functioning properly.  A series of surgeries, culminating in the Fontan procedure, are used 

to correct these defects, which can vary widely. The resulting Fontan physiology of the 

heart can cause comorbidities as the patients grow, such as pulmonary hypertension and 

dysrhythmias. Because this subject is understudied, it is important to determine the 

connection between Fontan physiology, the comorbidities, and the potential cause of the 

complications. It is expected that the Fontan population is to double within the next 20 

years. We hypothesize that wall shear stress plays a role in pulmonary hypertension, 

which may be a potential cause of Fontan failure. This work aims to determine a 

connection between wall shear stress and expression of various molecular markers by 

exposing cells to various stress conditions using an orbital shaker. We found that vascular 

endothelial growth factor, nitric oxide, and lipids may be a potential molecular marker in 

clinical settings for the detection of Fontan failure.  
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CHAPTER ONE: Introduction and General Information 

Congenital Heart Defects 

Congenital heart defects (CHD) are one of the most common congenital 

malformations [1]. CHD encompasses any structural problem with the fetal heart, but one 

of the most severe cases is single ventricle defects (SVD) [2]. SVD is characterized by 

one functioning heart ventricle, rather than two (Figure 1). Healthy blood circulation 

involves the emptying of vena caval blood into the right atrium, proceeding to the right 

ventricle, and then to the lungs via the pulmonary arteries. After blood oxygenation in the 

lungs, the blood proceeds back to the left atrium via the pulmonary veins, into the left 

ventricle, and then the aorta. From the aorta, oxygenated blood is delivered to the body. 

In patients with SVD, the blood flow is abnormal through the heart, causing the mixing 

of oxygenated and deoxygenated blood in one single ventricle. The altered blood flow 

results in a lower oxygen saturation, usually below 75% [3]. The low oxygen saturation 

causes babies to have trouble breathing at birth, giving them a blue skin tone, deeming 

the term “blue babies” [4]. The low oxygen saturation can result in hypoxia induced cell 

damage and cell death if the SVD is not treated. CHD and SVD affect a small percentage 

of the United States population, and recent advances in care has increased expected 

survival into adulthood to approximately 90%. However, the life expectancy is still 

significantly lower than patients with normal heart physiology [5]. 

Fontan Procedure 

Multiple procedures are needed to correct SVD [6]. The Fontan procedure is the 

last step of the reconstruction surgeries. The procedure was developed to improve quality 

of life for those with SVD [5]. The original Fontan procedure developed in the 1960’s 

was a direct rerouting of the right atrium to the PA; however, many modifications have 

been made to improve life expectancy and quality of life [7]. The procedure was designed 

to bypass the right ventricle to ensure the left side has a functioning pump resulting in 

Fontan physiology [5], [8]. The Fontan procedure can vary greatly due to patient specific 

needs, which causes a wide variety in resulting Fontan physiologies. With the success of  
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Figure 1: An Example of Normal Heart Physiology vs. SVD Physiology [9] 

Fontan procedures to treat SVD, the number of adults Fontan adults is growing, but the 

survivors can develop comorbidities because of their changed heart physiology [9].  

Fontan Failure 

Although the patients are surviving through childhood and into adulthood, the 

procedure may lead to something known as “Fontan Failure”, which results in mortality 

or the need for a heart transplant. This failure is a loosely applied term that characterizes 

Fontan Failure as exercise intolerance, reduced cardiac output, or late stages of heart 

failure including plastic bronchitis [9]. Out of a study of 455 adult Fontan survivors 

(AFS), 41% of them died, and the others required some sort of medical intervention. The 

majority of these AFS were young to middle aged, with a severely limited life expectancy 

[10]. Additionally, the number of adult patients is expected to double in the next 20 years; 

therefore, it is vital for researchers to understand Fontan failure and progression (Figure 

2) [4]. 
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Figure 2: Mortality rates for Fontan Patients; A) Mortality projections based on constant 
risk, B) mortality projections based on current trends; AP = atrio-pulmonary, LT = 
lateral tunnel, ECC = extra-cardiac conduit [11] 
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Comorbidities: Pulmonary Vascular Resistance and Remodeling 

Developed comorbidities may be a potential cause for Fontan Failure. Fontan 

patients can suffer from dysrhythmias, bronchitis, pulmonary hypertension, and 

hypoxemia, likely as a result from their Fontan procedure many years ago [9]. 

Researchers hypothesize that the developed comorbidities manifest because of the altered 

PA blood flow in Fontan patients. This altered blood flow through the PA may lead to 

increased pulmonary vascular resistance (PVR). PVR may be a large factor in Fontan 

failure, but PVR is not completely understood [12]. PVR is the resistance to blood flow 

in the pulmonary circulation and is caused by several factors.  In the case of the Fontan 

patient, vessel diameter is constricted in response to the low oxygen levels, leading to 

increased resistance and causes pulmonary hypertension [13]. Pulmonary hypertension is 

characterized by artery pressures in excess of 25 millimeters mercury (mmHg) and often 

is a result of a ventricle failure and lack of oxygen. Pulmonary hypertension is 

accompanied by a phenomenon known as pulmonary vascular remodeling. Remodeling 

occurs when the arteries or veins undergo structural changes in response to micro 

environmental changes. The intima, composed of mostly endothelial cells (ECs), may 

remodel as a result of higher pressure and lack of oxygen, due to the expression of 

various molecular markers [14].  The entirety of the arterial walls may thicken over time 

and eventually progresses to complete occlusion of the arteries (Figure 3) [15].  The 

thickened walls increase PVR, potentially revealing a connection between Fontan and 

PVR, and pulmonary vascular remodeling [14]. 

Wall Shear Stress 

Pulmonary vascular remodeling may be the result of endothelial cell exposure to 

pathological wall shear stress (WSS). WSS is generated as blood flows against the 

vasculature. WSS is a measurement of force over area, and the stresses are felt in the 

arteries, tangentially across the wall. The WSS is decreased in Fontan physiology, and the 

reduced shear created on the ECs causes changes in cell morphology, behavior, and 

signaling pathways [15]. The WSS results in the induction of several different molecular 

markers. For Fontan patients, molecular markers may include lipids and proteins. The  
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Figure 3: Variations of Pulmonary Vascular Remodeling [16]. Fontan comorbidities may 
result in the hypertrophic, large artery variation of remodeling. 

induction of the markers may have connections to inflammatory responses, proliferation 

changes, gene expression, and other complications [17]. WSS and the induced 

biomarkers are hypothesized to be connected to CHD. There are over 2000 papers on this 

connection, yet there is a minimal amount that acknowledge the potential connection with 

Fontan specifically in 2024. Despite prior research, the EC response to WSS in the 

pulmonary artery remains widely unknown.  

Research Objective 

The goal of this thesis is to determine molecular marker response to altered stress 

conditions by subjecting human pulmonary artery endothelial cells (HPAECs) to shear 

stresses via orbital shaker. The molecular marker response may show insight into the 

potential connections between pulmonary vascular remodeling, WSS, and Fontan failure, 

leading to biomarker discovery and therapeutic development for SVD. 
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CHAPTER TWO: Literature Review 

Modeling Equations 

Pulmonary Vascular Resistance  

The equation for pulmonary vascular resistance is related to Ohm’s law, where the 

input pressure represents mean pulmonary artery pressure. Output pressure represents 

pulmonary venous pressure. Total blood flow is representative of cardiac output, as seen 

in (1) [18]. Poiseuille’s flow is used for modeling pulmonary vascular resistance. This 

law relates flow to pressure, radius, length, and viscosity (2). This means small decreases 

in vascular radius dramatically reduces flow (Figure 4). Although these models are used 

for PVR, these are only approximations because it assumes blood flow is constant, linear, 

and Newtonian [19]. Physiologically, flow is pulsatile and non-Newtonian- blood 

becomes less viscous at high flow rates [20]. 

(1) 𝑃𝑉𝑅 =
ூ௡௣௨௧ ௉௥௘௦௦௨௥௘ିை௨௧௣௨  ௉௥௘௦௦௨௥௘ (௠௠ு௚)

்௢௧௔௟ ஻௟௢௢ௗ ி௟௢௪ (
ಽ

ౣ౟౤౫౪౛
)

 

(2) 𝑅𝑒𝑠𝑖𝑠𝑡𝑎𝑛𝑐𝑒 =
଼௟

గ௥ర
 

Wall Shear Stress 

The hemodynamic theory of the Poiseuille Hagen equation, which is a solution to 

the incompressible Navier Stokes equation (4), relates the flow rate to the vessel size. 

This is what was previously derived for the resistance equation (2). The pressure driving 

flow acts on the cross-sectional area yielding equation (5). The frictional force results in 

the WSS along the inner surface area of the tube (6). Finally, the shear stress equation is 

derived in equation (7) (Figure 5) [21].  

(4) Δ𝑃 =
(଼ொఎ௅)

గ௥೔
ర  

(5) 𝐹௣ = 𝐴Δ𝑃 

(6) 𝐹ఛ = 𝑆ఛ = 2𝜋𝑟௜𝐿ఛ 

(7) 𝜏 =
ସொఎ

గ௥೔
య  
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Figure 4: Poiseuille Relationship- Small decreases in vascular radius dramatically 
reduces flow [22]. 

 
Figure 5: Hemodynamic Wall Shear Stress- Representation of vessel wall and shear stress 
derivation [22] 
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CHD and SVD Molecular Markers  

Cardiovascular disease (CVD) is a group of conditions that affect structures of the 

heart and vascular system, and CHD falls under this umbrella. General CVD is more 

widely studied and therefore there is more information about potential molecular markers 

of cardiovascular dysfunction. Per Google Scholar search, since 2024, there are over 

27,000 articles on CVD molecular markers, giving a well-rounded insight into these 

diseases. CHD and SVD are slightly less studied, producing an article count of 8,000 and 

4,000 articles since 2024 respectively. A trend within these articles is study of the central 

dogma of the “omics” cascade. The cascade represents the flow of information through 

biological systems (Figure 6), and is of interest because it helps to connect the dots 

between predictive molecular markers and comprehensive understanding of cellular 

functions [23]. Genomics is outside the scope of this thesis. 

 
Figure 6: The Central Dogma [24] 
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Transcriptomics: RNA 

With CVD, the cells will either up or down regulate certain genes in response. 

Because CVD is a large umbrella term, there are several genes that could be expressed, 

and may additionally be expressed in CHD. Shear stress in the heart can create an 

upregulation of platelet endothelial cell adhesion molecule-1 (PECAM-1).  PECAM-1 

mediate and regulates cardiac function and serves mainly as a communicative molecule. 

The fibrillin gene and TGF-Beta pathway have been found to likely be genetic and 

contribute to arterial remodeling. The TGF-Beta pathway is also crucial in vascular 

growth and inflammation [16]. Growth Differentiation Factor 15 (GDF-15) is a 

transforming growth factor that is expressed in the heart during oxidative stress and has 

been correlated with CHD. There is also N-Terminal Pro-B_type Natriuretic Peptide (NT-

proBNP), a biomarker secreted in the ventricles as a response to high pressure- NT-

proBNP is a well-known maker for CHD [25].  

Transcriptomics: Vascular Endothelial Growth Factor 

The protein, vascular endothelial growth factor (VEGF), is the main growth factor 

involved in proliferation and migration, and plays a role in angiogenesis. Angiogenesis is 

induced by hypoxia and increased shear stress. VEGF is well studied in the heart and 

considered a biomarker for CVD. High levels of VEGF are normal in a healthy heart. 

When the heart function is not optimal, a VEGF change is suspected to occur [26]. In an 

attempt to maintain homeostasis, overtime the cells may overproduce VEGF [27]. VEGF 

is a vital contributor to the survival of fetuses developing CHD. Feucht et al. found that 

VEGF is required for proper vascular development, and a severe lack of VEGF can 

potentially cause CHD [28].  

Metabolomics: Nitric Oxide 

Nitric oxide (NO) is produced by the endothelial nitric oxide synthase (eNOS) 

and plays a crucial role in preventing cardiovascular disease.  VEGF is induced by NO 

and connects to eNOS receptors due to hypoxia.  NO serves as a vasorelaxant that 

prevents the proliferation of smooth muscle cells [29]. With CVD, endothelial cell 

function is altered, reducing the expression of NO, creating a wide range of effects [30]. 

The downregulation of eNOS is a result of the hypoxic microenvironment from the SVD 
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patient’s physiology. NO is also decreased in infants with CHD. Sometimes, this lack of 

NO in the body is treated with inhaled NO [31]. The inhaled NO has demonstrated to 

decrease arterial pressure and increase oxygen saturation [32]. 

Metabolomics: Lipids 

A key molecular marker for CVD are lipids, of particular note- 

phosphatidylethanolamine (PE) and triglyceride (TG). HPAEC membranes are mostly 

composed of PE lipids, which are also found in the mitochondrion [33]. PE lipids have 

varying functions, but generally are related to membrane topology and oxidative 

phosphorylation [34]. TG lipids are found in the fat deposits of mammals and are one of 

the greatest indications of CVD when levels are elevated [35]. Lipidomics in infants with 

CHD reveals that PE, phosphatidylcholine (PC) and phosphatidylinositol (PI) were 

detected as important lipid classifications [36].  

Role of Shear Stress in Fontan 

Transcriptomics: RNA 

Fontan patients also have a distinct gene transcriptome, and there are expression 

distinctions between pre operative and post operative samples [37]. for example, Protein 

Delta Homolog 1 (DLK-1), an angiogenesis starting epidermal growth factor, was found 

to be over expressed in surviving Fontan patients. On the other hand, there is Suppression 

of Tumorigenicity 2 (ST2), an interleukin receptor that is a marker for remodeling, 

apoptosis, and heart failure. There is also von Willebrand Factor (vWF), an endothelial 

cell produced mediator of inflammation. Increased levels of vWF have shown an increase 

risk of heart failure, especially in Fontan patients [25].  

Transcriptomics: Vascular Endothelial Growth Factor 

Fontan molecular markers also include VEGF, and the molecular response is 

similar to CHD. Cells may release VEGF in response to injury, which in turn induces 

proliferation of the cells. In a study by Evans et al, pulmonary hypertension correlated 

with an increase in VEGF production [38]. This suggests that at higher laminar shear, and 

lower complex shear, there will be higher concentrations of VEGF. Saraf et al. found 

similar respective concentrations of VEGF and showed the VEGF levels increased with 

worsening Fontan failure [39]. 
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Metabolomics: Nitric Oxide 

In the Fontan physiology, eNOS is decreased, and therefore NO production is 

limited [40]. There is evidence that pulmonary hypertension induced endothelial 

dysfunction could be caused by decreased NO production [41]. NO also has connections 

between increased proliferation and remodeling due to its ability to induce VEGF 

production [14], [29].  

Metabolomics: Lipids 

Lipids play an important role in signaling pathways and metabolic regulation. In 

the context of shear stress in Fontan patients, literature review has shown potential lipids 

are PE, PC, and (sphingomyelin) SM, which makes them of interest as potential 

biomarkers for Fontan Failure [42]. In a study in 2020, blood samples were collected 

from Fontan patients and a metabolomic examination was completed. Michel et al. found 

that these lipids were significantly under expressed in comparison to a healthy person. A 

potential cause for this is the decrease in shear stress in the Fontan system, which has 

been shown to alter cell signaling pathways [42].   

Research Gap 

 The gap in this research arises as the largest population of Fontan patients enters 

adulthood. In the past, there has been a limited number of patients who underwent the 

procedure, however, that population is growing now, and can be studied to potentially 

prevent Fontan failure (Figure 7) [43]. The research completed in this thesis entails 

applying shear stresses to a culture of primary endothelial cells, with the goal of 

determining a connection between molecular markers and WSS. The molecular markers 

may give insight into a connection between WSS, pulmonary avascular resistance, and 

Fontan Failure. 

Methodology Justification 

Cell Culture Techniques 

Cell culture techniques vary widely, and there are several methods to seeding, 

culturing, and passaging cells. Booyse et al., in 1975, utilized bovine arterial endothelial 

cells over a series of 14 months to determine their viability over time. Cells were grown 

in a Hepes buffer and FBD, then cultured to 90% confluency. Subculture passaging was  
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Figure 7: Growing Fontan Survivor Population [11] 

performed with trypsin-EDTA over 35 passages. It was discovered that this methodology 

did not cause any apparent change in morphology [44]. Even though this paper was 

written in 1975, these techniques are still used. For example, in a 2003 article by 

Chatterjee et al., bovine vascular endothelial cells were cultured in Dulbecco’s modified 

Eagle’s Medium, FBS, and penicillin/streptomycin [45]. Although these cells were 

sourced from bovine, human cells require similar media and care. A study similar to this 

thesis used human umbilical vein endothelial cells (HUVECs) to determine the induction 

of genes from shear stress. In that study, the authors used medium, FBS, heparin, 

endothelial cell growth supplement (ECGS), and penicillin/streptomycin [46]. This 

general methodology serves as the basis for the cell culture in this work. After 

experimentation, cells need to be removed from the flask for subculturing or collection. 

This is because the cells are adherent and require assistance either enzymatically or 

mechanically to detach. A common method of this is utilizing trypsin EDTA, tapping, or 

scraping of the cells. Trypsin EDTA is a combination of the digestive enzyme trypsin, and 
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EDTA which is a chelating agent. It aids in detaching cells by weakening peptide bonds. 

There has been speculation that this mixture causes a change in results of testing, 

however in a study by Hemming, et. Al, the authors found that there was no effect [47].  

In some cases, the trypsin EDTA does not completely detach the cells, or the researcher 

desires a method with no chemicals. This method would involve mechanically tapping or 

scraping the cells from the flask. Utilizing both methods would result in the highest 

quality of detached cells for further subculturing or collection. Subculturing involves 

“splitting” the quantity of cells between a few flasks to allow for proliferation. A 

traditional method of this is to split the cells from 1 to 3 flasks because the population 

doubling rate for HPAECs is approximately upwards of 4 days [48]. On the other hand, 

for collection, the methodology depends on the requirements of the testing. 

Applying Shear Stresses 

Dekker et al. used ta parallel plate-type flow chamber to apply shear stresses [46]. 

This technique for applying shear stress is one of the most common methods used in 

vitro. It is simple in design, and the stresses are well defined due to the geometry of the 

chambers [49]. Another method of applying shear stresses, is that of the cone and plate. 

Franzoni et al, developed a cone and plate geometry that was used to deliver stresses. The 

authors found that the device applied uniform stresses and that the flow conditions could 

be reproduced [50]. Cone and plate geometries are also quite common and used in shear 

stress research [51]. Another method for applying shear stress on the cells is the use of an 

orbital shaker. An orbital shaker is a device that is used to induce shear stress via circular 

movement on platform. A study completed by Hyosoo et. al, showed that the orbital shear 

stress created by the shaker, is not a consistent shear force. This is because the inner and 

outer portions of the experimental wells, show different results [52]. However, this is not 

necessarily a downside to this method, while the outer wall of the well may experience 

laminar flow similar to that of normal physiological conditions, the center experiences a 

low shear stress which is characteristic of the Fontan physiology [53]. The availability 

and ease of use of these orbital shakers also demonstrate its advantages.  
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Detection of Molecular Markers  

Messenger ribonucleic acid (mRNA) sequencing can measure gene expression 

and often provides a more complete picture than DNA sequencing because RNA 

transcription plays a critical role in cell growth and development. There are different 

variations, however the most widely used technology is bulk sequencing; it reveals the 

average gene expression to understand molecular mechanisms [54].  It works by isolating 

the RNA, selecting or depleting the RNA, and then synthesizing cDNA to form a library. 

Enzyme linked immunosorbent assays (ELISA) are a common laboratory technique that 

detects various biomarkers from fluid samples. It works by quantifying an antigen and 

allowing it to bind with an antibody. Unbound antibodies are washed away after an 

enzyme substrate is added [55]. During this test, a visible color change takes place, which 

can be interpreted both qualitatively and quantitatively by absorbance. There are different 

variations of ELISA. For biomarkers in HPAECs, the indirect sandwich ELISA proves to 

be the best option, as it is highly sensitive, highly specific, and flexible with 

discrepancies. This ELISA uses a coated plate to determine total concentration of 

biomarkers in complex samples [56]. Liquid chromatography-mass spectrometry 

(LCMS) is an analytical technique used to analyze metabolites and lipids from biological 

samples. There are varying techniques when preparing and processing samples. For 

example, hydrophilic interaction chromatography (HILIC) analysis aids in solid-phase 

extraction, the preferred method for cell samples. The samples are passed through a 

column that responds to light absorption, resulting in an intensity peak. The mass 

spectrometer then completes a mass-based detection of the compounds- the molecules are 

ionized, and separated by mass-to-charge ratios [57].  

Collagen Co-Cultures 

The previous techniques and studies used HPAECs in a monolayer of cells; these 

methods are insightful for internal cell signaling, however key aspects of the external 

microenvironment are neglected. To fully understand the mechanisms, collagen co-

cultures can be used to model the structural elements of the pulmonary artery. Collagen I, 

is the most abundant type of collagen in the human body, and serves as a structural 

component for blood vessels [58], [59]. Using collagen gels demonstrates cell migration, 
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signaling between cell types, and allows for spatial analysis of biomarkers. Constructing 

the collagen gels proves to be a difficult task despite having the same general preparation 

method across disciplines. In a study by Ziegler et al, the authors utilize a methodology 

originating from the 1970s- it involves diluting the collagen with NaOH, FBS, and cell 

culture media to prepare a gel. The endothelial cells were then seeded onto the collagen 

gel as the cells would have been onto a flask with no collagen [60]. A study completed in 

2016 used a similar preparation method, demonstrating that, although difficult, the 

method is the gold standard for preparing collagen gels for a co-culture [59]. 
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CHAPTER THREE: Methodology 

Materials 

A methodology workflow can be seen in Figure 8 and full table of materials is provided 

in Table 1. 

1D Cell Culture 

 Primary human pulmonary artery endothelial cells (HPAEC) were cultured in 

endothelial cell growth medium. The culture was supplemented with 0.02 mL/mL fetal 

calf serum (FCS-10), 0.004 mL/mL endothelial cell growth supplement (ECGS/H), 0.1 

ng/mL epidermal growth factor (hEGF-0.05), 1 ng/mL basic fibroblast growth factor 

(hbFGF-0.5), and 1 μg/mL hydrocortisone (HC) for growth and culture. For experimental 

purposes, the media consisted of only 0.02 mL/mL FCS-10 to avoid assay signaling. The 

cells were thawed in a water bath at 37 degrees Celsius (°C) and seeded at 10,000 cm2 

into T75 culture flasks to maximize cell growth prior to subculturing. The cells were then 

incubated at 37°C and 5% carbon dioxide (CO2) in an Isotemp incubator. For passaging, 

0.05% trypsin-EDTA and mechanical tapping were used to induce cell detachment from 

the flasks. All unused cells were distributed between cryovials and pelleted in 

cryopreservation media, then placed in a slow cooler in a -80˚C freezer for 24 hours. The 

cryovials were then transferred to a liquid nitrogen dewar until testing. Testing was done 

at passages between passages 4-8 in 12-well plates, and specific experimental groups can 

be seen in Table 2. Certificates of analysis for the HPAECs can be found in the appendix 

on page 77. 

Computational Fluid Dynamics  

 A series of computational fluid dynamics simulations were completed to validate 

the experiment. The simulations were completed by committee member, Dr. Bryan Good, 

in which he used Open Foam to simulate the shear stresses in the 12-well plates from the 

orbital shaker. Good utilized the programming to collect average, maximum, and 

minimum stress values. In addition, graphics interchange formats and still images were 

collected from these simulations. The following equations were used in the analysis of 

the orbital shaker motion:  
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Figure 8: Methodology Work Flow- Cell culture, incubation, application of shear stresses 
via orbital shaker, collection of samples via spotting and Eppendorf tube, testing via 
ELISA, LC-MS, and Bulk RNA 

Table 1: List of Materials including amounts needed for 12-well plates, the source, and 
part number 
Material Amount for 12 

Well Plate 
Source Part Number 

HPAEC 100,000 cells PromoCell 501Z019.10 
Cell Media 1 mL/well PromoCell C-22210 
FBS 5% Gibco C-39210 
Trypsin 1 mL/well Gibco 25200072 
PBS 2 mL/well Gibco 10010031 
CryoSFM 2 mL/vial PromoCell C-29920 
Trypan Blue 20 μl Gibco 15250061 
Cryovials 12 vials/plate Thermo Scientific UX-06754-96 
VEGF ELISA 1 kit Sigma Aldrich RAB0508-1KT 
NO ELISA 1 kit Sigma Aldrich MAK454-1KT 
Bulk mRNA 1 kit QIAGEN - 
Incubator N/a Thermo Scientific - 
Centrifuge N/a Thermo Scientific - 
Water Bath N/a Thermo Scientific - 
Cell Counter N/a Invitrogen - 
Microscope N/a VWR - 
Biosafety Cabinet N/a Thermo Scientific - 
Pipets Several VWR varying 
Mr. Frosty 1 Thermo Scientific 5100-0001 
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Table 2: Final Experimental Groups and Naming Convention 

 Supernatant Cells 

0 RPM 

1S 1C 
2S 2C 
3S 3C 
4S 4C 

5S 5C 

25 RPM 

6S 6C 
7S 7C 
8S 8C 
9S 9C 
10S 10C 

50 RPM 

11S 11C 
12S 12C 
13S 13C 
14S 14C 
15S 15C 

75 RPM 

16S 16C 
17S 17C 
18S 18C 
19S 19C 
20S 20C 

100 
RPM 

21S 21C 
22S 22C 
23S 23C 
24S 24C 
25S 25C 
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Where TAWSS is time averaged wall shear stress, and OSI is oscillatory shear index. 

Forces in the x and y directions can be calculated with angular velocity in radians per 

second, shaking diameter in meters, and time point in seconds [61]. 

Shear Stress Application 

 For the WSS experiment, cells were passaged and seeded on 12-well plates at 

~100,000 cells/cm2 and allowed to achieve 90% confluency prior to experimentation. 

Experimental groups were determined (Table 2) and replicated three times at 0 rotations 

per minute (RPM), 25 RPM, 50 RPM, 75 RPM, and 100 RPM. The remaining 

supernatant from the wells were aliquoted in tubes in volumes of 1 mL for each 

experimental group. The cells were then trypsinized, stained using trypan blue, and then 

counted with a Countess cell counter in replicates of 3. After the experiment, the cells 

were trypsinized, stained using trypan blue, and then counted once again. 2 μl of cell  

suspension was spotted onto glass slides, for future potential Mass Spectrometry Imaging 

(MSI). The remaining cellular samples were separated in tubes in volumes of 1 mL of cell 

suspension for each experimental group. These slides and tubes were stored at -80˚C until 

testing. 

Bulk mRNA 

The bulk mRNA protocols were followed as provided in the kit from the provider 

(QIAGEN). RNA library preparation was completed by the University of Tennessee 

Genomics Core (UTGC).  

Vascular Endothelial Growth Factor and Nitric Oxide ELISA 

The ELISA protocols were followed as provided in the kit from the provider 

(Sigma Aldrich). This documentation can be found in the appendix on pages 64 and 68. 

After the protocol, the plates were put into a microplate reader and read at the specific 

absorbance needed. 
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LC-MS 

Lipid extractions and mass analyses were performed at the Biological and Small 

Molecule Mass Spectrometry Core (BSMMSC) at the University of Tennessee Knoxville 

(RRID: SCR_021368). Benchtop total lipid extractions were performed on 40µL of 

sample using a modified version of the Bligh and Dyer extraction protocol. Briefly, 

750µL of 1:2 chloroform:methanol, 250µL of chloroform, and 250µL of water were 

added to each sample. Samples were vortex and centrifuged for 10 minutes at 17,000 x g. 

The lower organic phase was collected and the aqueous layer re-extracted with 250µL 

chloroform. The combined organic layers were dried under a steady stream of nitrogen 

and resuspended in 150µL 9:1 methanol:chloroform and stored at 4 ºC prior to mass 

analysis. 

Polar lipids were separated and analyzed using hydrophilic interaction 

chromatography (HILIC) coupled to a high-resolution mass spectrometer (HRMS). The 

chromatographic separations were performed as previously described. All solvents used 

were LCMS grade (Fisher Scientific). The separations were performed using an UltiMate 

3000 UHPLC system (Dionex). Mobile phase A consisted of 10mM ammonium acetate 

in 50:50 acetonitrile:water (pH8) and mobile phase B consisted of 10mM ammonium 

acetate in 95:5 acetonitrile:water (pH8). The separations utilized an Acquity BEH HILIC 

column (1.7µm, 2.1 x 100mm; Waters) with a 10-minute linear gradient from 100% to 

80% mobile phase B and one minute equilibration at 100% mobile phase B. The flow rate 

was set to 0.5mL/min throughout the separation. The eluent was introduced to a Q 

Exactive Plus orbitrap mass spectrometer (Thermo Scientific) via electrospray ionization 

(ESI). For a more comprehensive analysis, each sample was analyzed with both positive 

and negative polarity modes. Ionization parameters were as follows: spray voltage was 

set to 3.3kV, capillary temperature of 350°C, sheath, aux, and sweep gases were set to 25, 

10, and 0 arbitrary units, respectively, and S-lens RF level was set to 50. Mass analysis 

was performed using data dependent acquisition. The scan range was 100-1500 m/z with 

a resolution of 140,000 and AGC target of 3e6. The fragmentation scans used a stepped 

collision energy of 15, 30, and 45 eV with 35,000 resolution, AGC target of 1e5, and 

dynamic exclusion of 10s. 
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Water soluble metabolites were also extracted and analyzed at the BSMMSC. 

Extractions were performed at 4ºC using an established protocol. An aliquot of each 

sample (40µL) was mixed with 1.3mL of extraction solvent (4:4:2 

acetonitrile:methanol:water with 0.1 M formic acid. The mixture was left at - 20ºC for 20 

minutes prior to centrifuging at 17,000 x g for 5 minutes. The supernatant was collected 

and the pellet was re-extracted with 200µL extraction solvent. The combined supernatant 

was dried under a steady stream of nitrogen and resuspended in 200µL of water and 

stored at 4 ºC prior to mass analysis. 

Metabolomics samples were separated using a previously validated UHPLC-

HRMS method. The 25 minute separations were carried out using a Synergi Hydro-RP 

column (2.6µm, 100 mm x 2.1 mm, 100 Å; Phenomenex) with an UltiMate 3000 UHPLC 

system (Dionex). Mobile phases consisted of 97:3 water: methanol with 11mM 

tributylamine and 15 mM acetic acid (A) and 100% methanol (B). All solvents used were 

LCMS grade (Fisher Scientific). The eluent was introduced to an Exactive Plus Orbitrap 

Mass Spectrometer via electrospray ionization with negative polarity. The mass spectral 

analysis was performed as described previously. 

Data Analysis 

 ImageJ was used to set the scale, measure length, and width of the cells. An 

average of the measurements was taken from multiple cells using the built-in 

measurement tools. Excel was used for basic calculations including percent fold change 

noted in (12). JMP was used for numerical data analysis. A one-way analysis of variance 

(ANOVA) was run on the data sets and used to produce the figures seen throughout the 

thesis. Also, in JMP, the non parametric tests, Kruskal Wallis and Dunn, were run to 

establish statistical significance. Standard errors are shown instead of standard deviations 

because of the small biological sample size. The standard error shows the precision rather 

than the deviation from the mean [62].  

(12) 𝑓𝑜𝑙𝑑 𝑐ℎ𝑎𝑛𝑔𝑒 =
௙௜௡௔௟

௙௜௡௔௟
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Literature Review 

 Literature review was completed with Google Scholar, UTK Libraries, and Zotero 

annotation for citation generation. 

Development of 2D Cell Culture 

Attempt of the collagen gel was completed with rat tail collagen. The collagen 

was neutralized using ammonium hydroxide, cell culture media, and PBS as listed in the 

appendix on page 75 and deposited into 12-well plates to set into a gel. 
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CHAPTER FOUR: Results and Discussion 

Preliminary Shear Results 

Preliminary testing was conducted with HPAECs under shear stresses for a grant 

submission using T25 flasks as the culture vessel. The geometry of the T25 flasks was not 

ideal, as their surface area consumed materials at a high rate and cells took longer to 

reach confluency in a T25 flask- 2,800,000,000 cells. Additionally, the geometry was 

inconsistent with the goals for the project; T25 flasks are rectangular in shape, and 

corners created irregular stresses. To eliminate these concerns, 6-well, and 12-well plates 

were used for the next experiments. HPAECs were subjected to shear stresses at 15, 115, 

and 215 RPM for 0-72 hours at passages 4-6. Experimental groups can be seen in Table 

3. 

Cell Counts  

Cell count was lower at low RPM but increased toward 115 RPM. However, at 

215 RPM, the cell count dropped (Figure 9), (Table 4). Although there was no statistical 

difference between the RPM groups likely due to large variation, the trends in data are 

discussed. It is expected at higher RPM to have higher cell counts due to shear induced 

proliferation, the results at 215 RPM may likely be connected to cell signaling pathways 

being severely disrupted. Another potential cause for the low count at 215 may be the 

magnitude of the stresses being too high and shearing the cells from the flask. There is 

also evidence that the increased shear also reduces cell viability and increases apoptosis 

rates via the Akt phosphorylation pathway [63]. The Akt phosphorylation pathway was 

found in another study to mediate the activation of eNOS, leading to increased NO 

production in higher shear stresses [64]. Because the cell counts decreased, this led to the 

choice to lower the range of RPM slightly to allow for cell proliferation and viability to 

lower the risk of cells hearing off of the flasks. Realistically, higher RPM represents 

healthy shear as found in the human body and would be approximately 1.4 Pa or 0.14 

dyne/cm^2 [65]. Therefore, lower RPM would be more representative of Fontan 

physiology.  
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Table 3: Preliminary Experimental Groups and Naming Convention.  No names were 
noted for stationary 115 RPM because this experiment was completed quickly. 
 Time (Hours) 

72  48  24  0  
RPM 15  A1 B1 C1 D1 

A2 B2 C2 D2 
A3 B3 C3 D3 

115  X1 Y1 Z1 - 
X2 Y2 Z2 - 

215  E1 F1 G1 H1 
E2 F2 G2 H2 
E3 F3 G3 H3 

 
Figure 9: Preliminary Experiment- Final Cell Counts; 0, 15, 115, 215 RPM. No 
statistical differences. Highest final cell count was at 115 RPM, and lowest at 15 PRM. 
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Table 4: Preliminary Experiment- Final Cell Counts; No values were noted for stationary 
115 RPM because this experiment was completed quickly.  

Time (Hours) 
72 48 24 0 

RPM 15 125,700 188,400 188,400 62,700 
1,005,000 78,600 228,600 266,700 
94,200 738,000 125,700 188,400 

115 1,884,000 519,000 750,000 - 
125,700 15,690 31,500 - 

215 219,600 705,000 534,000 690,000 
298,200 690,000 549,000 942,000 
172,500 801,000 330,000 1,335,000 

Metabolomics: Lipids 

LCMS was completed on both cells in positive and negative mode for preliminary 

lipidomics in the endothelial cells. The preliminary lipid profiles revealed that PI 34:2|PI 

16, SM 12, PI 39, and PE 38:4 were some of the highest expressed lipids after being 

subjected to 24 hours of 115 RPM. All these lipid species have been implicated in CVD, 

including the comorbidities of the Fontan procedure. PI lipids play a large role in 

signaling pathways, specifically apoptosis, SM lipids are connected to signaling as well, 

and PE lipids maintain the cellular membranes. In regard to their roles in the heart, PI 

lipids have been show to increase and remodel cells due to increased work [66]. Both SM 

and PE lipids have been linked to vasoconstriction and hypoxia [36], [67]. Of particular 

note, PE 38:4 has been linked to hypertension in CVD and may play a potential role in 

remodeling [68], [69].  Additional significant lipid species and their corresponding 

cardiovascular relationship are listed in Table 5, the most prominent correlation being 

between PC lipids and CVD disease mortality. 

Experiment 1 

Further developing the research plan, there was a switch to 6-well plates to 

minimize overconsumption of materials, as well as to match the circular motion of the 

orbital shaker. RPM was set to 50, 100, and 200 RPM because there was no statistical 

difference and at 215 RPM, the cells were thought to be losing function. The time frame 
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Table 5: Experiment 1- Significant Lipids; 
Lipid p Value Relationship 
PI 36:1 0.0035 Atherosclerosis, cardiac death [70] 
PC 38:6 0.0211 Cardiovascular disease mortality, hypertension [71] 
PE 34:2 0.0241 Cardiovascular disease [68] 
PC 32:2 0.0321 Cardiovascular disease mortality [71]  
PC 34:2 0.0377 Cardiovascular disease mortality [71] 
PC 32:1 0.0408 Hypertension [69] 
PC 30:1 0.0497 Cardiovascular disease mortality [71] 

was reduced from 72 hours to 24 hours because there was no statistical difference found 

over an extended period. The addition of varying passages was to determine if the age of 

the cells had any impact on their biomarker expression. The experimental groups for 

experiment 1 are shown in Table 6.  

Computational Fluid Dynamics 

 The computational fluid dynamics for experiment 1 are not as refined as those for 

the final experiment. The CFD for this experiment required the addition of more accurate 

fluid density and viscosity, mesh refinement, and longer run-time to ensure steady-state 

stresses. However, the CFD did reveal some key points to consider for the results of 

experiment 1. In Figure 10 B) and C), there is a distinct line of higher magnitude stress. 

This was revealed to be the “line” of the cell culture media sloshing in the well plate. The 

cells encountered a higher magnitude of stress when the cell culture media would first 

spin around the plate. Especially in the 200 RPM case, the stress pattern follows the cell 

culture media exposing the cells to air. The CFD for the 200 RPM case showed that the 

cell culture media did not completely cover the well plate, instead left certain areas 

exposed. This exposure was confirmed by dying the media to reveal open space on the 

well plate. Because of this, the results for the 200 RPM case may be affected, as the cells 

must be covered by cell culture media at all times to survive. This exposure to air may be 

representative of hypoxic conditions because cell culture media acts as the delivery 

mechanism of oxygen to the cells. These CFD simulations also revealed that 200 RPM is 

representative of healthy human physiology. 
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Table 6: Experiment 1 Groups and Naming Convention 
 Passage 

4 6 12 
RPM 0 A1 B1 C1 

A2 B2 C2 
A3 B3 C3 

50 D1 E1 F1 
D2 E2 F2 
D3 E3 F3 

100 G1 H1 I1 
G2 H2 I2 
G3 H3 I3 

200 J1 K1 L1 
J2 K2 L2 
J3 K3 L3 

                   

                   

               
 
Figure 10: Experiment 1- Wall Shear Stress Simulations; Demonstrate example of fluid 
motion in the well plate. Values seen in figure are not directly correlated to the same time 
points. A) 50 RPM, B) 100 RPM, C) 200 RPM. Scale is in Pascals (Pa).  

A. 

C. 

B. 
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Cell Counts and Viability 

With higher RPM there was more cell proliferation, but less viability compared to 

the lower RPM which has less proliferation and more cell viability. This aligns with 

preliminary testing, as well as literature review that higher shear causes higher 

proliferation rates [63].  Additionally, higher passages had a higher apoptotic rate than 

their lower passage counterparts. The proliferation in higher passages decreased in 

comparison to the lower passages (Figure 11), (Table 7). The potential cause for a low 

proliferation rate and higher apoptotic rates in higher passages could be senescence. 

Senescence is the life of the cell, and eventually how it stops proliferating and is 

programmed for cell death. Wagner et al., suggests the cellular pathways are disrupted by 

senescence, leading to an increase in apoptosis supporting the idea that cellular ageing 

plays a role in arteriosclerosis. Arteriosclerosis is the hardening of the arteries which is 

characterized by abnormal thickening. As previously stated, one of the comorbidities of 

Fontan failure is arterial remodeling [72]. Arteriosclerosis was found to have excessive 

cellular apoptosis in a study by Bennet et al. [73]. Although not completely understood, a 

connection between levels of VEGF and arteriosclerosis has also be investigated [26]. 

There was a statistical difference between the passages and their cell count. Passage 6 had  

Table 7: Experiment 1- Final Cell Counts; Raw Data 

  
Passage 

4 6 12 

RPM 

0 
523000 471000 31400 
262000 126000 52300 
194000 110000 62800 

50 
131000 246000 298000 
209000 262000 330000 
25000 377000 303000 

100 
162000 94200 73200 
178000 173000 52300 
126000 575000 41900 

200 
146000 215000 15700 
146000 204000 20900 
120000 251000 26200 
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Figure 11: Experiment 1-Percent Change Cell Counts and Viability; There was a 
statistical significance between the cell counts for passages 6 and 12, with a p value of 
0.0056. 

the highest counts in comparison to passages 4 and 12. The statistical significance is 

specifically between passages 6 and 12. There is a potential connection to the doubling of 

age, in which senescence may be more noticeable. There is also a chance this is due to 

lack of experience with cell culture techniques, as there was no literature supporting this 

data. There was no statistical difference with viability. 

Morphology 

Cells were expected to lengthen and align in the direction of the shear stresses 

[48], [74]. The data collected aligned with this hypothesis, as the cells lengthened by 

approximately 58% and thinned by approximately -16% between 0 and 100 RPM. The 

morphology was significant between the dimensions of length and width. In addition, 

there was significance between passages 4 and 6 with a p value of 0.0043 between 

passages 6 and 12 with a p value of 0.0026, and between passages 4 and 12 with a p 
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value of 0.0001. Figure 12 B) represents the 200 RPM trial- the cells are seen aligning in 

the direction of the stresses and are generally more uniform in arrangement than the 0 

RPM trial. This alignment occurs in healthy human hearts because the vasculature is 

maintaining homeostasis in favor of proper vasodilation and vasoconstriction. 

Particularly in Fontan patients, vasodilation is of more interest. Vasodilation widens 

blood vessels, increases blood flow, and decreases blood pressure. This helps with 

preventing hypoxia and pulmonary hypertension, which are some of the well-known 

comorbidities of Fontan Failure [75],[10]. Because the morphology of the lower RPMs 

does not match the morphology of healthy cells in the body, it may suggest that cell 

signaling is disrupted and cells are not producing the necessary markers to survive. When 

cells adopt this morphology, the cells develop stress fibers, serving as important cellular 

components for adhesion, migration, and contractility [76]. HPAECs in a healthy human 

body are typically exposed to steady unidirectional shear stress, so although the  

morphology aligned with literature, the orbital nature of the applied shear stresses is not 

an accurate representation of shear stress in the body [75].  

Transcriptomics: Vascular Endothelial Growth Factor 

There was no statistical difference RPM or passage regarding VEGF 

concentrations, however there are trends to be discussed. The function of the cell is 

linked to its morphology; therefore, it was hypothesized function would be altered. Lower 

concentrations of VEGF were measured in the higher RPM, however, this contradicts 

previous studies where VEGF concentration was expected to increase with shear. The 

VEGF concentration was expected to rise as a response to high shear [26],[27] (Figure 

13), (Table 8). Despite the opposite results, a potential cause for the lower concentration 

is that KLF2 has been shown to suppress the induction of VEGF in higher shear. There 

was also a higher concentration of VEGF in lower passages, in which the cells have not 

been passaged as many times. This may be connected to the senescence of primary 

human cells and that the cells lose function in higher passages [22], [77].  



31 
 

 

Figure 12: Experiment 1- Morphology Microscopy Images; A) 0 RPM, B) 200 RPM. Cell shape and pattern changes from A) to  

B)

A.               B. 
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Table 8: Experiment 1- VEGF Concentration (pg/mL); Raw data for VEGF ELISA 
averaged between RPM and passage. Highest concentrations in passage 4 and 50 RPM. 
 RPM AVERAGE 

0  50  100  200  

Passage 4 0.21 0.69 0.37 0.07 0.34 
6 0.18 0.42 0.08 0.31 0.25 
12 0.37 0.09 0.08 0.07 0.15 

AVERAGE 0.25 0.40 0.18 0.15 
 

 
Figure 13: Experiment 1- VEGF Concentration (pg/mL); The highest concentration of 
VEGF was in passage 4 at 50 RPM. The lowest was in passage 12. 
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Final Experiment 

 For the final experiment in this thesis, the 6-well plates were swapped for 12-well 

plates for optimization of time and materials. Various passages were not tested, because 

there was no statistical significance between the collected data, and the scope of the 

project does not involve determining differences between the “age” of the cells. The 

maximum RPM was decreased from 200 to 100 in hope of replicating the Fontan shears 

more accurately. This led to the development of the experimental groups mentioned in the 

methodology section seen in Table 2.  

Computational Fluid Dynamics 

 Because the first experiment simulations were not as refined, the results showed 

that 200 RPM was representative of healthy human WSS. After completing the final CFD 

simulations it was found that the designated shear groups are significantly lower than  

expected. 100 RPM is most representative of average Fontan WSS although it is 

significantly lower. There is a correlation between decreases in RPM and decreases in 

WSS. Also, the oscillatory shear index (OSI) demonstrated values similar to the Fontan 

physiology, in which are averaging about 0.4-0.5 [78], [79] (Table 9) (Figure 14). A 

value of OSI this high suggests that the flow over time drastically changes from 

unidirectional to oscillatory flow patterns. The surprising results of the final CFD 

simulations (Figure 15) would lead to revisiting the higher RPM cases. As noted, the first 

experiment CFD results showed that at 200 RPM, there was a fluid motion that exposed 

the cells to air potentially resulting in the corresponding cell counts and viability. It is 

now known that the magnitude of shear was not likely the issue, instead the volume of 

media. A rerun of the experiment at higher RPMs may be valuable to have a control  

group more similar to that of healthy human physiology. Nevertheless, molecular marker 

expression has shown changes in trend from low to high RPM, demonstrating that there  

may be a connection between WSS and molecular marker induction. 

Cell Counts and Viability 

The cell counts collected in the final round of experimentation were similar to 

past trials with a few key differences. The 75 RPM group produced the highest cell count
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Figure 14: Final Experiment- TAWSS and OSI 

Table 9: Final Experiment- Average Values from CFD Simulations; Values in the table 
are averaged over time and then averaged over the entire well plate.  
RPM Average 

TAWSS 
Average Min 
TAWSS 

Average 
Max 
TAWSS 

Average 
TAWSS Std 
Dev 

OSI 

25 0.0021 0.0008 0.0042 0.0008 0.0713 
50 0.0039 0.0007 0.0077 0.0016 0.3261 
75 0.0124 0.0062 0.0182 0.0028 0.3979 
100 0.0373 0.0231 0.0562 0.008 0.4088 

 

RPM
25 50 75 100

0

0.1

0.2

0.3

0.4

Average TAWSS
OSI
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Figure 15: Final Experiment- Computational Fluid Dynamics;  A) OSI 25 RPM, B) OSI 
50 RPM, C) OSI 75 RPM, D) OSI 100 RPM, E) TAWSS 25 RPM, F) TAWSS 50 RPM, G) 
TAWSS 75 RPM, H) TAWSS 100 RPM 

after applying the shear stresses. There is also a varied increase from 0 RPM to 100 RPM, 

which was expected to occur. However, what caused the peak at 75 RPM is not 

completely understood. The percent change in viability remains somewhat constant, 

except for the drop at 75 RPM (Table 10), (Figure 16). The drop may potentially be 

connected to the spike of cell counts. In a study by Fisher et al. it was determined that 

endothelial cell turnover is elevated in areas with complex flow, potentially explaining 

the low cell counts in 100 RPM, and low viability in each group, especially the 75 RPM. 

The increase in apoptosis causes varying responses in gene expression resulting in 

complex signaling cascades [80]. 
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Figure 16: Final Experiment- Cell Count and Viability Percent Change;  Largest percent change for both count and viability in 
75 RPM

RPM
0 25 50 75 100

-200

-100

0

100 Mean(Percent Change Count)
Mean(Percent Change Viability)
Standard Error
Standard Error
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Table 10: Final Experiment- Counts and Viability; Raw Data 
 RPM Count Viability 
0  106379 21.67 

153465 34.33 
116843 27 
200551 29.33 
111611 21.33 

25  179624 38 
127307 25.67 
83708.4 21 
108123 25 
136026 28 

50  111611 22 
235430 36.67 
294723 34 
247637 30.67 
206655 12.67 

75  184856 12.67 
284260 12.67 
340065 23 
469116 33.67 
156953 34 

100  97659.8 19.33 
99403.7 46 
184856 9.333 
151721 53.33 
127307 13.67 
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Morphology 

Consistent with results from the preliminary study and experiment 1, the cells 

lengthened and aligned in the direction of the shear stresses. Cells lengthened by 

approximately 43.35% and thinned by approximately -25.78% between 0 and 100 RPM 

(Figure 18). Microscopy images reveal the morphology of the cells to the human eye. At 

0 RPM, the cells are more confluent, randomly arranged, and are normal in shape. When 

increasing RPM, the cells are more sparse, their morphology changes, and cells slightly 

arrange in a pattern (Figure 17 A) represents the stationary group, Figure 18 E) 

represents the 100 RPM group). This pattern cannot be seen as clearly as in Figure 12 

with 200 RPM.  From the results in the Final Experiment Cell Count and Viability 

section, it can be suggested this less confluent pattern of the cells in the higher RPM can 

be related to the higher apoptosis rates induced by the complex flow patterns, resulting in 

less viability.   

Transcriptomics: Bulk RNA 

The bulk RNA library formation was difficult to begin because the preliminary 

gel electrophoresis revealed that the RNA was degraded. The RNA integrity numbers 

(RIN) for the samples were below 5, which is not optimal. A proper RIN would be above 

7. Possible sources for the degradation include the expiration date of the RNA kit, the 

freezing media of the cell samples, the cell counts, or the amount of time that the cells 

were frozen. After the process of elimination, the probable source of error is the freezing 

medium of the cells- the media was altered in order to prevent incorrect assay signaling. 

The lack of proper cryoprotectant likely resulted in the cells lysing prematurely and 

degrading the RNA. 

Transcriptomics: Vascular Endothelial Growth Factor 

Consistent with literature review and opposite to the unexpected results in 

experiment 1, VEGF concentration increased from low to high RPM (Figure 19) (Table 

11). There is also a slight peak in concentration at 50 RPM, which suggests that this may 

be similar to Fontan stresses in the body. As previously stated, VEGF concentration 

increases with high laminar shear, which is healthy, and increases at low complex shear, 
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Figure 17: Final Experiment- Morphology Microscopy Images; A) 0 RPM, B) 25 RPM, 
C) 50 RPM, D) 75 RPM, E) 100 RPM. 

A.                                                            B. 

C.                                                            D. 

E. 
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Figure 18: Final Experiment Morphology- percent change of length increased and width decreased toward 100 RPM. There was 
a statistical significance between length and width percent change with a p value of 0.0001.
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.  

 
Figure 19: Final Experiment- VEGF Concentration (pg/mL); 100 RPM with a p value of 
0.0270, and difference in RPM with a p value of 0.0463. 

Table 11: Final Experiment- VEGF Concentration (pg/mL); 
RPM Concentration 
0 0.7087 
0 0.5999 
0 0.6449 
25 0.7799 
25 0.8661 
25 0.5024 
50 0.8736 
50 0.7724 
50 0.5924 
75 0.7124 
75 0.6936 
75 0.5587 
100 0.9599 
100 0.9823 
100 0.9374 
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which is representative of the Fontan physiology [38], [39]. While it is contradictory that 

there are higher levels in healthy hearts, and abnormal hearts, there is a potential 

connection between the Fontan physiology and elevated levels of VEGF. Both of these 

correlations may be markers of angiogenesis, as this process occurs in an attempt to 

provide more oxygen to the body as a result of hypoxia [39]. This increase may also be 

cause by injury, in which the endothelial cells release VEGF, leading to pulmonary 

vascular remodeling in Fontan patients [38]. The remodeling occurs because of the 

signaling cascade that takes place between the HPAECs and smooth muscle cells- 

increasing the proliferation of the smooth muscle cells [38]. The remodeling as a result, is 

disordered [40]. 

Metabolomics: Nitric Oxide 

The NO assay revealed results that also aligned with literature review. It was 

found that the concentration of NO increased with an increase in RPM (Figure 20) 

(Table 12). NO is known to down regulate gene expression of adhesive proteins, to 

inhibit platelet adhesion and induce VEGF expression. The inhibition of platelet adhesion 

prevents aggregation and clotting of blood. This is healthy for the body, as it prevents 

plaque buildup and blood clots from forming. Therefore, it is possible that the 

downregulation of NO may play a role in the higher viscosity of Fontan blood in addition 

to the shear thinning properties of blood. NO has also been found to prevent smooth 

muscle cell proliferation, therefore preventing remodeling [30]. In the case of the Fontan 

physiology, eNOS, the signaling pathway for NO, is reduced as a result of pulmonary 

hypertension, resulting in the previous effects to be the opposite [29].  

Metabolomics: Lipids 

In the final experiment, the samples were tested for specific lipid species and 

general metabolites. Within the lipids category, the most prominent species were 

Digalactosyldiacylglycerol  (DGDG) and fatty acids (FA). The highest percent changes 

involved DGDG, which is a lipid species that is typically found in plant chloroplasts, 

which potentially suggests that there may have been cell contamination in the 75 RPM 

group. DGDG is found in various types of cell contamination such as yeast or mold. 

Although there was no visible contamination during microscopy analysis, this reveals 
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Figure 20: Final Experiment- NO Concentration (µM); Concentration increased from 25 
to 100 RPM. 

Table 12: Final Experiment- NO Concentration (µM); Raw data 
RPM  Concentration 
0 0.2942 

0 0.2907 
0 0.2659 
25 0.2729 
25 0.1382 
25 0.2694 
50 0.2800 
50 0.2552 
50 0.2623 
75 0.2871 
75 0.2942 
75 0.3332 
100 0.2729 
100 0.2871 
100 0.3580 

RPM
0 25 50 75 100

0

0.1

0.2

0.3

Mean
Standard Error
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why the previous results may have been altered, as contamination also results in cell 

dysfunction, and there may be signaling from these contaminants. Despite this potential 

discrepancy, DGDG lipids play a significant role in membrane morphology and NO 

regulation, as it acts like a bioregulator [81]. FA lipids can be converted by different 

pathways into various phospholipids such as the lipids found in the preliminary results. 

FA lipids are the building blocks to more specific lipid species, however FA lipids do play 

a critical role in the cardiovascular system (Table 13) [82]. The general trend was that 

lipids were downregulated at higher RPMs in contrast to the lower RPMs. For general 

metabolites, the largest percent changes were acetyl lysine and n-acetyl glutamine both of 

which have been linked to the implications of remodeling as well as CHD [83]. 

Additional metabolites along with their relationship to the cardiovascular system are 

found in Table 14; of interest, guanosine has been linked to NO regulation via the NO-

cyclic guanosine monophosphate pathway (NO-cGMP). NO-cGMP plays a vital role in 

smooth muscle cells, platelet activity, cardiac contractility, and cell proliferation [84]. The 

metabolites were also downregulated at higher RPMs in comparison to lower RPMs. 

These lipids and metabolites were compared before and after application of the shear 

stresses (Figure 21). 

Developing a Collagen Co-Culture 

 The development of a collagen gel proved to be difficult, and this part of the study 

will be ongoing. There are multiple techniques for developing a collagen cell culture, as 

seen in the appendix. A collagen gel was the desired outcome for this study because of 

the goal to seed pulmonary artery smooth muscle cells into the gel, and then seed 

HPAECs on the top of the gel. This study design was to simulate a vessel wall more 

accurately. However, there were several failed attempts prior to obtaining just a collagen 

gel with no cells. The protocol as listed in the appendix was used, but adjustments to the 

measurements had to be made. These changes were made because the pH of the resulting 

collagen gels was either too acidic or basic. Proper gelling of the collagen relies on the 

pH to be between 7-8, and this is also necessary for the survival of the HPAECs and 

future smooth muscle cells. The pH must be similar to that of blood, which is 7.4. With 

the improper pH, the collagen gels were not solidifying and resulted in a broken layer 
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Table 13: Final Experiment- Significant Lipids and the Relationship to the 
Cardiovascular System 
Lipid p Value Relation 
FA 20:3 0.0003 Cardiovascular mortality [85] 
FA 22:6 0.0033 Cardiomyopathy, remodeling, heart failure [70], [86] 
FA 22:5 0.0108 Cardiomyopathy, remodeling [86] 
FA 22:4 0.0164 Cardiomyopathy, remodeling [86] 
PC 32:1 0.0441 Hypertension [69] 

 
 

 

Table 14: Final Experiment- Significant Metabolites and the Relationship to the 
Cardiovascular System  
Metabolite p Value Relation 
Guanosine 0.0026 Hypertension, congenital heart disease, Fontan 

treatment [84], [87] 
Deoxyuridine 0.0111 Proliferation changes, congenital heart disease 

[88] 
2-hydroxyglutaric acid 0.0478 Decreased cardiac output, decline in contractile 

function, cardiomyopathy [89], [90] 
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Figure 21: Final Experiment- LCMS Results Percent Change; A) Lipids B) Metabolites 
  

A. 

B. 
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floating in cell media. To adjust the pH, different volumes of media, PBS, and chemicals 

were used to determine the proper ratio. Without any success, a series of literature had to 

be reviewed for guidance on how to create a collagen gel. Despite this setback, steps 

were created on what not to do (Figure 22). 

Limitations 

 In this work, there are limitations. For example, cell culture was a new technique 

in the Crouch Imaging Lab. Another limitation is the environment in which the 

experiment took place. Although set up for cell culture, the lab is suboptimal due to the 

location, which is the interior of a public workspace without locks, and the walls do not 

go to the ceiling. This proves difficult to maintain sterility and may be a potential cause 

for the discovered contamination. Additionally, the orbital shaker has limitations in 

methodology because it does not provide consistent stresses throughout the sample.  The 

center and exterior wall cells experience different magnitudes of stress, potentially 

altering results. There is also the aspect that Fontan physiology varies widely amongst 

patients- no two patients will have the same results from their surgery. Because there are 

so many physiologies, there would be several different molecular markers induced for 

each patient, and similarities would need to be noted for multiple patients to create a 

conclusion regarding the Fontan markers. Also, standard errors may be large for some 

results because of limitations from primary human cell culture. For example, the cells 

used in this thesis, although from the same lot and source, come from two separate stock 

orders. This may have resulted in variability causing inconsistency with contamination. 

 
Figure 22: Final Experiment- Collagen gel attempts; A) Clump of collagen, B) Broken 
collagen gel, C) Denaturized collagen, D) Bubbling and broken collagen gel, E) 
Bubbling collagen solution 
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CHAPTER FIVE: Conclusions and Recommendations for Future Work 

Conclusions 

 The data collected over the course of this thesis indicates the potential connection 

between varying shear stresses and molecular markers. There is evidence that the 

collected data has relevance to pulmonary hypertension, pulmonary vascular resistance, 

and pulmonary vascular remodeling caused by shear stresses. With further development, 

this study has the potential to connect the molecular markers to Fontan Failure. The 

concentrations of VEGF and NO align with trends found in people with CHD and the 

Fontan procedure, in which they increase and decrease at lower levels of shear stresses 

respectively. Metabolites and specific lipids discovered also have relation to congenital 

heart disease, pulmonary hypertension, and contractile dysfunction. Regarding the bulk 

RNA attempt, it was concluded that the storage media likely lysed the cells, degrading the 

RNA- therefore, the trials will be repeated to correct this. The repetition of the trials will 

also allow for potential correction of the 75 RPM group, as the results for this group were 

abnormal in each test. However, there is evidence that the tested molecular markers do 

change with a change in WSS, ultimately demonstrating the need for further refining of 

this project. 

Future Work 

Collagen Co-Culture 

 This project is expected to be ongoing to potentially lead to better diagnostics and 

therapeutics for Fontan failure. To do this, further development of collagen co-culture 

will be required. In a study by Ziegler et. Al, the authors utilize a method of seeding 

smooth muscle cells into the collagen gel and then seeded the HPAECs on the gel 

(Figure 23) [60]. This would simulate anatomy closer to that of the arteries because of 

the cellular layers that make up the vessel wall and reveal information about cellular 

signaling between cell types. Also, at low flow rates in the body, it is the collagen that 

determines organization of the endothelial cells. Fisher et. al demonstrated the importance 

of collagen regarding alignment and morphology.  [80]. This is of interest because mass 

spectrometry imaging (MSI) analysis could be completed on the collected samples to 

reveal spatial lipidomic data.  
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Figure 23: Collagen Co-Culture Schematic- Endothelial cells seeded on top of collagen 
gel containing embedded smooth muscle cells. 
 

MSI and Preparation 

Mass spectrometry imaging (MSI) gives insight into spatial distribution of 

biological samples. MSI can detect hundreds of molecules with no prior knowledge of the 

molecules present [17]. With the collagen co-culture, the MSI would provide insight into 

cellular signaling between cell types by showing the distribution of lipids in a cross 

section of the collagen. Prior to the completion of the MSI, the development of a 

collection and fixation preparation protocol would need to be determined. The collagen 

samples could be removed via razor blade and then sectioned in quarters for a more 

manageable size. Fixation and preparation would entail the comparison of formalin fixed 

paraffin embedding, flash freezing, or gelatin embedding samples to discover the best 

methodology of cell culture prep for MSI. The “golden standard” is fixed paraffin 

embedding. This is because of its properties to preserve features and results in minimum 

decay of the cells during long term storage [17]. Flash freezing is where samples are 

frozen immediately by liquid nitrogen. This method limits degradation of biomolecules, 

which is best for MSI [17]. Gelatin embedding involves placing samples in liquid gelatin 

solution and allowing it to solidify for sectioning. Gelatin embedding is a good 

alternative because it minimizes matric crystal formation and background signal [91]. 

The varying preparation methods need to be compared to determine the best option for 

MSI. 

3D Culture 

A step will also need to be taken to more accurately represent the shape of the 

pulmonary artery and Fontan physiology in the culture vessel. The anatomy and stresses 
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could be accomplished by utilizing a tube and pump system to represent the artery and 

blood flow, which could eventually be developed into a full heart system. HPAECs could 

be cultured on the interior of the tube, and media ran through the tube with a pump 

similar to that of Sato et al. [92]. A three-dimensional culture would be beneficial as well- 

utilizing a Fontan physiology mold to simulate the shear stresses. As per work done by 

Dr. Bryan Good, a silicone model of Fontan anatomy could be 3D printed and placed in a 

circulatory flow loop (Figure 24). These methodologies would overcome previous 

limitations of Fontan research by studying patient specific anatomy and the effect on 

endothelial dysfunction. 

Viscosity 

The media used in this thesis is less viscous than blood. Precisely, the viscosity of 

the media is approximately 0.9 centipoise (cP) which is lower than blood at 3.5 cP. 

Viscosity refers to the fluid’s resistance to flow, and in the Fontan system, blood is more 

viscous. Blood is more viscous in the Fontan anatomy because the shear stress is lower- 

this is due to blood being thinning. [20], [93]. Higher viscosity causes more pulmonary 

 
Figure 24: 3D Culture Model; A) Patient TCPC Cad Model, B) 3D Printed TCPC Model, 
C) MCFL with D) silicone TCP Model Incorporated 



51 
 

vascular resistance, potentially contributing to pulmonary hypertension in Fontan 

survivors. To accomplish the adjustment of viscosity, 4% high molecular dextran would 

be added to the media. The change of the media viscosity would enhance the applicability 

to Fontan physiology and its correlation to PVR. 

Patient Specific Analysis 

Currently, there is an ongoing collaboration with the University of Tennessee 

Health Sciences Center (UTHSC) in Memphis, Tennessee. The collaborators are willing 

to provide patient data such as catheterization labs, blood samples, and potentially hearts 

removed during transplant. Data as such would provide the opportunity to complete 

patient specific analysis. Magnetic resonance imaging (MRI) could be used to create 

shear stress simulations, which could eventually be translated into cell culture modeling. 

The blood samples will be analyzed with LCMS, ELISA, and Bulk RNA to compare to 

previously in vitro cell culture collected data. This could provide insight and comparison 

of potential biomarkers of Fontan Failure. The hearts would in an invaluable asset, as the 

hearts could be prepared for imaging, and primary cell collection for culture. Although 

difficult, primary cell culture from formalin fixed hearts utilizing the correct protocols. It 

is important to consider that the resulting Fontan physiology varies amongst patients, and 

obtaining real life samples would contribute greatly to the development of this project. 
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APPENDIX 

Cell Culture Protocols 

Maintaining a Sterile Environment 

Wash hands and wear proper protective equipment prior to touching the cells. PPE 

includes a lab coat, gloves, booties, goggles, mask, and tying back of long hair. Change gloves 

after touching any items outside of the biosafety cabinet. Do not let coat sleeves touch the inner 

surface of the biosafety cabinet. Do not touch pipet tips with hands or let them touch any other 

surface besides the fluid being pipetted. Always change pipet tips before collecting stock fluids 

to avoid cross contamination. Reduce the amount of time that bottles and flasks are opened by 

keeping caps on until use. Change water bath water frequently, and do not let bottles flip over in 

the bath. Always use autoclaved water. Clean frequently. 

Thawing Cells 

When thawing from stock, follow supplier information and procedures. To thaw from 

cryopreserved lab cells, open the dewar and remove the vials of which are to be thawed. Hold the 

vial in a water bath to quickly thaw the cells, be sure to not submerge the cap. Pipet the cell and 

cryopreservation media from the cryovial and deposit into a fresh cell flask with new media. 

Label the cell flask with the date, type of cells, type of media, and the passage. Change the media 

the day after to allow the cells to adhere to the flask. 

Making Media 

In order to make new media, thaw out all necessary media components, spray with 

alcohol and place in the biosafety cabinet. Use a vacuum and filter system to filter the media 

components and mix them thoroughly. Label the new bottle with media components and the date. 

Media Change 

For a media change, warm cell media from the making media procedure and spray with 

alcohol and add to biosafety cabinet. Place cell flasks that need a media change in the biosafety 

cabinet. Remove used media and deposit in a bleach bucket with a pipet. Add the necessary 

amount of new media back to the flask. Cell media should be changed every 2-3 days. 

Splitting Cells 

Cell splitting should be done when cells reach 70-90% confluency. To split cells, begin 

by following the media change procedure until the removal of used media step. Add 5 mL of 

saline to cell flask and swirl, then remove and deposit to bleach bucket. Repeat twice. Add 5 mL 
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of trypsin EDTA to cell flask, and incubate for 5-10 minutes; cell adhesion levels can be 

monitored by observing on the microscope. Once cells have detached, add double the amount of 

cell media and aspirate in the cell flask to neutralize the trypsin EDTA. Remove mixture and add 

to a tube with labeled information. Place in the centrifuge at 1640 RPM for 5 minutes. A thin 

white layer of cells should form in the bottom of the tube. Dispose of mixture into the bleach 

bucket without disturbing the cell pellet. Resuspend the cells in fresh media and count the cells 

with a cell counter. Add to the necessary amount of new cell flasks and label with date, cell type, 

media type, and passage. 

Freezing Cells 

To freeze cells, proceed by following the splitting cells procedure until the post centrifuge 

resuspension step. After dumping remaining media post centrifuge, resuspend the cells in an 

approved cryopreservation media. Aspirate the cells while maintaining a constant speed and 

count the cells with the cell counter. Make note of the number of cells being frozen, then deposit 

the cryopreservation media and cell mixture into cryovials accordingly. Label each cryovial with 

the date, type of cells, and passage number. Place cryovials into a slow freezing capsule, and then 

place it into a -80 freezer. After at least 24 hours, remove the capsule, remove the vials, and place 

the vials in a liquid nitrogen dewar.  

Cell Contamination 

Contamination can happen at any time, from mostly any cause. There are three main 

types of contamination- bacteria, viruses, and yeast. Signs of contamination may include the 

media changing colors, cloudy media, or observation of other particles besides cells on the 

microscope. Antibiotics can be used to clear bacterial contamination.  

Autoclaving 

Fill glass bottles with water and slightly screw the caps back on. Do not tighten them- 

screw as to only keep them from falling off the bottle. Place a strip of autoclave tape over the cap 

to keep it from boiling off in the autoclave. Place bottles with water in a secondary, autoclave 

safe container. Use a cart to transfer bottles to autoclave. Place the secondary container with 

bottles into the autoclave. Close the autoclave door and turn the lock to slightly past hand tight. 

Refer to local protocols for exact parameters. Begin a cycle, and once completed return to the 

autoclave. Remove secondary container and bottles with great caution to avoid hot water burns. 

Use autoclave gloves and PPE. 
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Liquid Nitrogen Handling 

Be sure to wear proper PPE, including cryo gloves. Roll dewar to liquid nitrogen tank, 

remove insulated lid, and insert nitrogen tube into dewar. Ensure that the tube is in the hole in the 

bottom of the dewar. Turn on liquid nitrogen, and fill dewar to approximately 9 inches. 
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Protocols 

Nitric Oxide ELISA  
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VEGF ELISA 
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Collagen Gel 

 

  

  Certificate of Analysis    

Collagen, Type I, Rat Tail  

(Extracted from rat tail tendons)  

Catalog # 08-115  

Lot # 4061395  

Source:  Rat tendon excised from tail.  

Physical Form:  Liquid (Slight turbidity may be observed. Turbidity does not affect product 

functionality).  

Formulation:  100 mg in 30.8 mL 0.02N acetic acid.   

Concentration:  3.25 mg/mL.  

Storage and Stability:  Stable for 1 year at 4°C from date of shipment.  DO NOT FREEZE.     

FOR RESEARCH USE ONLY; NOT FOR USE IN DIAGNOSTIC PROCEDURES.  NOT 

FOR HUMAN OR ANIMAL CONSUMPTION   

Quality Control Testing     

Cell Adhesion Assay:  This lot of collagen has been Endotoxin:  This lot of collagen has been 

tested for tested for uniform gelation and for attachment of and endotoxin levels, and is < 1 

EU/µg. spreading of PC-12 rat cells.  

Mycoplasma Testing:  This lot of collagen has been tested and found negative for the presence 

of mycoplasma.  

Coating Procedures  

Firm Collagen Gel 

Pipette 0.25-0.3 mL of undiluted collagen into 35mm culture dishes and spread evenly.  

Place the culture dishes in ammonia vapor chamber for 2-4 minutes (use ammonium hydroxide 

and saturate a sterile cotton ball in a closed container).  

Remove cotton and add 5 mL of sterile, distilled water to the culture dishes, allow to stand for 1 

hour and aspirate.  
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Repeat the previous step 3 four times to rid the substrate of ammonia.  

Leave the last rinse in dish and hold overnight at 4°C.  

Aspirate the final rinse and replace with sterile medium or balanced salt solution with 1-2% 

serum. Store at 4°C until use.  

EMD Millipore Corporation, 28820 Single Oak Drive, Temecula, CA 92590, USA 1-800-437-

7500  

Technical Support: T: 1-800-MILLIPORE (1-800-645-5476)  •  F: 1-800-437-7502 

www.millipore.com 08-115/05-MAR-2014/RevC/NJA  

Catalog # 08-115  

Lot # 4061395  

Collagen Coating using PBS  

Dilute collagen solution with PBS to 5-10 µg/cm2.  

Add diluted collagen to cover the surface.  

Incubate at room temperature for 10-30 minutes and aspirate.  

Wash with PBS or medium (washing is not always necessary).  

Collagen Coating using EtOH  

Dilute collagen solution with 30% Ethanol to 2.5 µg/cm2.  

Add diluted collagen to cover the surface.  

Allow the Ethanol to evaporate under sterile conditions.    

Cover and store at 4°C.  

Unless otherwise stated in our catalog or other company documentation accompanying the 

product(s), our products are intended for research use only and are not to be used for any other 

purpose, which includes but is not limited to, unauthorized commercial uses, in vitro diagnostic 

uses, ex vivo or in vivo therapeutic uses or any type of consumption or application to humans or 

animals.  

2009-2014: Merck KGaA, Darmstadt. All rights reserved.   No part of these works may be 

reproduced in any form without permission in writing.    

EMD Millipore Corporation, 28820 Single Oak Drive, Temecula, CA 92590, USA 1-800-437-

7500  

Technical Support: T: 1-800-MILLIPORE (1-800-645-5476)  •  F: 1-800-437-7502 

www.millipore.com 



77 
 

Cell Culture Certificate of Analysis 
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