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ABSTRACT OF THE DISSERTATION 
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Cardiovascular diseases are the global leading causes of morbidity and mortality that 

includes conditions affecting the heart and blood vessels, with little or no treatment options 

in many severe cases. Calcific aortic valve disease (CAVD) is one of the most common 

chronic heart problems that involves build-up of calcified deposits on the aortic valve 

leaflet, resulting in hardening of valve leaflets and inefficient valve function, thereby 

severely compromising the systemic blood circulation. Currently, there are no treatment 

options or diagnostic tools for early and intermediate stages of CAVD, and the main factors 

associated with early formation of CAVD remain unclear. Severe treatment options for 

CAVD include transcatheter aortic valve replacements (TAVR) and surgical aortic valve 

replacements (SAVR) with mechanical or bioprosthetic valves, which involve various 

potential risks and are therefore limited to a selective patient subset.  

A major obstacle in developing therapeutic targets for early CAVD intervention is an 

absence of human tissue model systems that can assess the responses to potential treatments. 
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While forces generated by blood flow are known to affect cardiovascular development and 

remodeling, these hemodynamic forces induce molecular cues that are often communicated 

amongst various cell types, and the links between flow patterns and development of CAVD 

requires further investigation. Common animal models for cardiovascular diseases such as 

ovine and porcine models, do not mimic the human response following heart valve 

therapeutics.  Therefore, understanding the specific effects of flow oscillations on human 

valve pathology can also help to establish the foundation for developing a human 

engineered tissue model system for early stages of CAVD, thereby forming a testbed for 

effective drug discovery. Using the oscillatory shear index (OSI) as a parameter to quantify 

the degree of flow oscillations, this PhD dissertation provides identification between a 

specific OSI-level and the clear induction of CAVD. In this regard, for 3D tissue culture 

assessment, an oscillatory flow bioreactor was built and used. This bioreactor facilitates a 

controlled oscillatory flow environment that allows mechanistic and longitudinal studies 

of evolving CAVD at the organ-level and may serve as a potential platform to facilitate 

drug discovery for effective pharmaceutical management of CAVD. 
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Chapter I: Introduction and Motivation 

1.1. Statement of Problem 

The cardiovascular system is comprised of the heart and blood vessels that provide 

nutrients and remove wastes throughout the systemic circulation. While heart valves and 

vasculature differ in cell types and are subject to different environmental forces, they both 

undergo continuous remodeling that involve paracrine regulation between respective cell 

types and can become susceptible to calcification due to improper cell communication. 

Cardiovascular diseases are global leading causes of morbidity and mortality that includes 

conditions affecting the heart, blood vessels, and heart valves. While plaque morphology 

in valvular and vascular diseases are similar, current available therapeutic targets for 

vascular calcification are ineffective in treating heart valve calcification. Understanding 

the similarities and differences in the development of calcification between valvular and 

vascular systems due to environmental factors can help provide insights to identify future 

treatment options, particularly valvular pathologies that are less studied in comparison to 

vascular diseases. Heart valve complications such as calcific aortic valve disease (CAVD) 

are one of the most prevalent conditions involving hardening of valve leaflets due to 

mineral deposition, which can lead to reduced cardiac output, increased regurgitation, and 

eventually heart failure. Statistical data show a worldwide increase of CAVD cases by 

124% between 1990 and 2017 [1]. Currently, there are no treatment options or diagnostic 

tools for early and intermediate stages of CAVD, and the main factors associated with early 

formation of CAVD remain unclear. Treatment options for severe CAVD include 

transcatheter aortic valve replacements (TAVR) and surgical aortic valve replacements 

(SAVR) with mechanical or bioprosthetic valves. However, these treatment options 
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involve various potential risks and are often limited to a selective patient subset. A major 

obstacle in developing therapeutic targets for early CAVD intervention is an absence of 

human tissue model systems that can assess the responses to potential treatments, 

recognizing that animal models are unable to adequately mimic the human response [2]. 

The aortic valve consists of three equal-sized leaflets that form three lines of coaptation. In 

some cases, two or more than three leaflets are found. Each valve leaflet contains a 

ventricularis layer that faces the heart’s ventricle, a fibrosa layer that faces the aorta, and a 

spongiosa layer that is sandwiched between the ventricularis and fibrosa layers. Due to the 

valve structure and direction of blood flow, the ventricularis layer is mainly dominated by 

laminar flow with high shear stress, whereas the fibrosa layer is subject to low shear stress 

and oscillatory flow. While clinical observations have mainly correlated CAVD with the 

fibrosa layer [3] [4], the links between flow patterns and development of CAVD need 

further investigation. We have identified flow oscillation as a factor and regulator for valve 

calcification, and we showed that valve tissue exposure to high flow oscillations under low 

shear stresses can lead to substantial risk of valve calcification. 

A monolayer of valve endothelial cells (VECs) resides on the outer surfaces of aortic valve 

leaflets. Deeper within the leaflets are sublayers of valve interstitial cells (VICs). Valve 

remodeling is a continuous physiological response that involves paracrine regulation 

between VECs and VICs, and diseases such as CAVD can result from abnormal 

communication between these cell types. VECs are known to respond to hemodynamic 

stimuli and can result in pro-inflammatory phenotypic changes under disturbed flow [5]. 

Using the oscillatory shear index (OSI) as a parameter to quantify the degree of flow 

oscillations [6], we studied the effects of various OSI flow profiles on VECs, and their 
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communication with VICs that leads to valve calcification. We demonstrated that VECs 

exposed to high oscillation leads to higher risk of VIC calcification compared to exposure 

to low or moderate flow oscillation. Furthermore, we introduced a novel oscillatory 

bioreactor model system that allows mechanistic and longitudinal studies of evolving 

CAVD at the organ-level that can be used as a potential platform to facilitate drug 

discovery to prevent or slow the progression of severe valve calcification. 

1.2. Specific Aims 

Flow environments on cardiovascular tissues can significantly impact cellular interactions, 

including paracrine regulation in both the vasculature, as well as in heart valves. While 

plaque morphology in the vascular and valvular systems are similar as they both involve 

calcific mineral deposition and undergo pathological remodeling due to environmental 

forces, the etiology of valve calcification can be quite distinct from vascular calcification. 

Of particular focus is the effect of oscillatory flow from blood flow patterns on 

biomechanical-induced pathology in vascular versus valvular components in the systemic 

circulation. In addition, currently available therapeutic targets for vascular calcification are 

ineffective in the management of valvular calcification. 

Clinical observations have shown atherosclerotic plaque formation mainly on vascular 

bifurcation sites [7]. Bifurcations regions also exhibit higher variations of flow oscillation 

compared to straight segments [8]. In heart valves, previous studies have shown that 

oscillatory flow can result in pro-inflammatory responses and VEC dysfunction, which can 

lead to phenotypic switching of quiescent VICs to osteogenic phenotypes [5] [9]. To further 

determine the magnitude of oscillatory flow patterns under a low, but nonetheless 

physiologically relevant level of time-averaged valve leaflet shear stress (1 dyne/cm2) and 
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its association with pathology, an OSI parameter is used to quantify changes in the direction 

of shear stress [6]. The effect of valve tissue calcification due to OSI as a key regulator of 

shear-dependent mechanotransduction has not been studied. We hypothesize that a 

combination of high degrees of flow oscillations trigger pathological events, as clinical 

observations have correlated plaque formation mainly on regions that are subject to 

oscillatory flow environments.  

Specific Aim 1. Evaluate the extent to which paracrine signaling-mediated events from 

VasECs cultured under dynamic conditions in low (OSI = 0), moderate (OSI = 0.25), and 

high (OSI = 0.50) OSI environments alter VasSMC gene expression. Human aortic 

endothelial cells (HAECs) will be conditioned under different OSI environments at a 

physiologically relevant magnitude of time-averaged shear stress (1 dyne/cm2) for arterial 

tissues. To establish paracrine communication by exposing biochemical end-products from 

HAECs to its sublayer cell type, human aortic smooth muscle cells (HASMCs), 

conditioned media of each OSI group from HAECs will be collected and subsequently 

reused to culture HASMCs. We expect that HAECs exposed to high OSIs and HASMCs 

exposed to HAEC end-products generated from conditioning under high OSI (OSI = 0.50) 

will significantly induce more pro-remodeling gene expressions compared to other OSI 

groups. This aim is a non-biased approach that seeks to establish a database of cellular 

responses in the vascular endothelium due to exposure to various oscillatory flow 

environments, as well as paracrine regulation between HAECs and HASMCs in response 

to inflammation or pathology in the vascular system. 

Specific Aim 2. Evaluate the extent to which paracrine signaling-mediated events from 

VECs cultured under dynamic conditions in low (OSI = 0), moderate (OSI = 0.25), and 
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high (OSI = 0.50) OSI environments lead to VIC calcification. VECs will be conditioned 

under different OSI environments at a physiologically relevant magnitude of time-averaged 

shear stress (1 dyne/cm2) for aortic valve leaflet tissues. To establish paracrine 

communication by exposing biochemical end-products from VECs to VICs, conditioned 

media of each OSI group from VECs will be collected and subsequently reused to culture 

VICs with PC ingredients. We expect that VICs exposed to VEC end-products generated 

from conditioning under high OSI (OSI = 0.50) in conjunction with PC environments will 

exhibit significantly higher calcification levels compared to other OSI groups. The goal of 

this aim is to identify OSI-mediated paracrine signaling between VECs and VICs that 

promotes valvular calcification by focusing on the endpoint responses and genes of interest.  

Specific Aim 3. Assess calcification and impact on valve performance in tri-leaflet 

engineered valve tissue (3-dimensional) culture consisting of bio-scaffolds seeded with 

valvular cells conditioned in vitro under dynamic fluid-induced mechanical environments 

with time-averaged shear stress and the most calcific OSI from Aim 2 in PC media in a 

bioreactor system. Using computational fluid dynamics (CFD), OSI environments in the 

bioreactor chamber will be quantified and validated using pressure and flow probes. VECs 

and VICs will be seeded in cylindrical porcine small intestinal submucosa (PSIS) bio-

scaffolds and sutured in tri-leaflet configurations to be conditioned in PC environments 

under a valve-relevant magnitude of time-averaged shear stress (1 dyne/cm2) in 

conjunction with static and most pro-calcific OSI determined from Aims 1 and 2 in the 

bioreactor system. Histological assessments, mechanical properties, and valve 

hydrodynamic functions will be evaluated on conditioned tissues to determine level of 

calcification and effect on valve performance. Under a physiologically relevant magnitude 
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of time-averaged aortic leaflet shear stress, we expect that tissues exposed to high OSI (OSI 

= 0.50) in a PC environment will exhibit significantly higher calcification compared to 

static conditions. The goal of this aim is to formulate an in vitro framework for our 

engineered tissue model system for recreating the etiology of human aortic valve 

calcification. 

Impact. The proposed study will provide an insight to relation between OSI and the 

development of CAVD in aortic valves. In addition, the study will introduce a novel 

bioreactor system that provides an environment to recapitulate progression of human aortic 

valve calcification. The bioreactor system can serve as a future testbed for drug discovery 

that targets calcific bio-molecular cues to prevent or slow the progression of CAVD. 
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Chapter II: Background 

2.1. Unidirectional Laminar Flow vs. Oscillatory Laminar Flow 

Laminar flow is a type of flow pattern characterized by smooth and parallel movement of 

fluid particles with little or no mixing between adjacent layers. This flow type is 

deterministic, in which future fluid behavior can be determined by specifications of fluid 

flow at an earlier time point. In most areas of the circulatory system, laminar flow is the 

normal condition of blood flow, consisting of concentric layers of blood movement with 

the highest velocity at the center of the vessel. Fluid velocity is generally determined by 

the viscosity based on laminar flow conditions. High fluid viscosity indicates higher 

resistance between each layer of flow, while low viscosity generally implies lower 

resistance. Laminar flow can be categorized as unidirectional laminar flow and oscillatory 

laminar flow (Figure 1) [10] [11] based on Reynold’s number [12]. 

 

Figure 1. Flowrate over time under unidirectional laminar flow vs. oscillatory laminar 

flow conditions [13]. 
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Unidirectional laminar flow consists of a constant flow rate and a constant steady flow 

direction, whereas fluid motion from oscillatory laminar flow is subject to a dominant 

frequency that is present throughout the overall flow movement due to an external force or 

a boundary condition while simultaneously maintaining a constant overall flow rate.  

To quantify the level or intensity of oscillatory flow, an oscillatory shear index (OSI) 

parameter is used [6]: 

𝑂𝑆𝐼 =
1

2
(1 −

|∫ 𝜏𝑤𝑑𝑡
𝑇

0
|

∫ |𝜏𝑤|
𝑇

0
𝑑𝑡

) 

Equation 1. OSI equation, T = cycle duration, t = time, and τw = wall shear stress [6]. 

The OSI equation (Equation 1) is defined by the ratio between the net temporal shear 

stresses in the forward direction to the total temporal shear stress magnitude, which can be 

in both forward and reverse directions. The OSI values range between 0 (no oscillation) to 

0.50 (full oscillation), and the values in between are mainly moderate oscillation. This 

dissertation utilizes various OSI values to determine their effects on cardiovascular tissue 

remodeling. 

2.2 Transition and Flow Turbulence 

While a non-zero OSI flow pattern describes flow disturbance, this flow pattern remains 

distinct from flow turbulence. Flow turbulence occurs as flow pattern becomes irregular, 

such that future flow path becomes unpredictable based on previous fluid specifications, 

and a transitional flow is the presence of both laminar and turbulent characteristics (Figure 

2). Laminar and turbulent flows in pipelines are generally determined by the Reynolds 

Number (Re, Equation 2), which is a dimensionless ratio between inertial forces and 

dynamic viscosity within the fluid.  
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𝑅𝑒 =
𝜌𝑉𝐷

𝜇
 

Equation 2. Reynolds Number, Re. ρ = fluid density, V = flow velocity, D = characteristic 

linear dimension, and µ = dynamic viscosity. 

The flow is laminar when Re < 2300, transient when 2300 < Re < 3500, and turbulent when 

Re > 3500 [12]. Laminar flow is mainly observed in most cardiovascular regions, however, 

locations such as branching of vessels, changes in boundary conditions such as stenosis or 

protruding plaques, turbulent flow can be observed even under normal physiological flow 

velocities [14]. Typical range of Re of blood through aorta varies between 10 to 4000 [15]. 

However, due to the pulsatile nature blood flow combined with curvature and presence of 

stenosis, flow can become transient and turbulent at lower Re [16]. 

 

Figure 2. Flowrate profile under turbulent flow conditions [13]. Flow pattern becomes 

irregular and cannot be predicted based on previous flow path. 

2.3. Vascular Anatomy and Hemodynamics 

The vascular wall consists of vascular endothelial cells (VasEC) in the tunica intima layer, 

in which are directly in contact with blood flow, and a sublayer of vascular smooth muscle 

cells (VasSMC) in the tunica media layer (Figure 3). The outermost layer, tunica adventitia, 

serves as an external coat on the vasculature consisting of connective tissues and nerves 

that are responsible for vasodilation and vasoconstriction [17]. Vascular remodeling 
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involves paracrine signaling between VasECs and VasSMCs, and diseases such as 

atherosclerosis can result from improper communication between these cell types. 

 

Figure 3. Structure of the arterial wall comprising of vascular endothelial cells in the 

tunica intima layer and vascular smooth muscle cells in the tunica media layer [18]. 

Clinical observations show that regions exposed to oscillatory shear are most affected by 

plaque formation [19]. Most oscillatory shear stresses are found in arterial bifurcation sites 

(Figure 4), and these sites are more susceptible to developing atherosclerosis [20].  

 

Figure 4. A straight segment of vasculature with laminar flow on the upstream and a 

bifurcation site on the downstream that is subject to oscillatory flow [18]. 

2.4. Aortic Valve Anatomy and Hemodynamics 

The aortic valve facilitates unidirectional blood movement from the heart ventricles to the 

aortas to provide systemic blood distribution. Aortic valve function relies on the action of 
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thin, membranous leaflets that open and close in each cardiac cycle. Each leaflet consists 

of three layers: the ventricularis, the spongiosa, and the fibrosa layers (Figure 5). The 

ventricularis faces the ventricle compartment of the heart and is mainly comprised of 

elastin that is aligned in the radial direction. The fibrosa layer faces the aortic side of the 

leaflet and consists of mainly collagen aligned in the circumferential direction [21]. The 

spongiosa layer is sandwiched between the ventricularis and fibrosa layers and are mainly 

comprised of glycosaminoglycans (GAGs) [22].  

 

Figure 5. Aortic valve anatomy and valve hemodynamics. Valve tissues consist of fibrosa, 

spongiosa, and ventricularis layers. Oscillatory flow is commonly found on the fibrosa 

layers while laminar flow mainly dominates the ventricularis layers [23]. 

Due to the valve structure and blood flow direction, the ventricularis layer is mainly 

dominated by high shear stress and unidirectional laminar flow, while the fibrosa layer is 

subject to low shear stress and oscillatory flow [23]. 

2.5. Vasculature Plaques vs. Valve Calcification 

Clinical observations have shown that regions exposed to oscillatory shear forces are most 

affected by plaque development or formation of calcification in both vascular and valvular 
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systems [19]. Vascular atherogenesis often initiates from endothelium dysfunction, which 

leads to unbalanced production of nitric oxide and formation of atherosclerotic plaques due 

to smooth muscle cell infiltration and proliferation (Figure 6) [24] [25].  

 

Figure 6. Plaque formation in blood vessels. Image was created from Servier Medical Art 

Commons (http://smart.servier.com). Servier Medical Art by Servier is licensed under a 

Creative Commons Attribution 3.0 Unported License. 

Valve pathology often begins with injury in the valve endothelium, in which increases 

production of inflammatory cytokines that trigger lipid accumulation, resulting in eventual 

valve calcification (Figure 7) and valve tissue degeneration [26] [27]. In both vascular and 

valvular pathologies, the processes involve injury on the respective endothelium, leading 

to inflammatory responses and increased immune cell activities. 

 

Figure 7. Healthy (A) and calcified (B) aortic valves in the closed configuration [18]. 

2.5.1. Vascular Pathology 

Text for the following subsection taken from: 

http://smart.servier.com/
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[18] C. Hsu, J. Hutcheson and S. Ramaswamy, "Oscillatory Fluid-Induced 

Mechanobiology in Heart Valves with Parallels to the Vasculature," Vascular Biology, vol. 

2, no. 1, pp. R59-R71, 2020. 

 

Vascular diseases often initiate with damage to the endothelium. The vessel wall consists 

of two major cell types, VasECs and VasSMCs. VasECs form monolayers that line blood 

vessel walls, while VasSMCs form multiple layers that cover the outer surface of the lumen. 

The VasECs secrete signals required for migration and proliferation of VasSMCs [28]. The 

endothelium is known to play critical roles in initiation and progression of diseases [29]. 

During vascular injury, smooth muscle cells undergo a process of contractile-to-synthetic 

phenotypic switching. The synthetic vascular smooth muscle cells tend to migrate and 

proliferate to enhance vascular repair [30]. Under normal conditions, the synthetic 

phenotype returns to the non-proliferative, contractile state. However, this plasticity in 

smooth muscle cells allows cells to respond, resulting in remodeling or, in some cases, 

pathology, which leads to atherosclerosis, stenosis, or hypertension [31]. Environmental 

cues including growth factors, inflammatory mediators, and mechanical stresses may 

trigger phenotypic changes in vascular smooth muscle cells. Disruption of VasEC-

VasSMC paracrine communication can also lead to arterial tissue destabilization and 

regression [28]. 

2.5.2. Biomechanical Context in the Vasculature 

Text for the following subsection taken from: 

[18] C. Hsu, J. Hutcheson and S. Ramaswamy, "Oscillatory Fluid-Induced 

Mechanobiology in Heart Valves with Parallels to the Vasculature," Vascular Biology, vol. 

2, no. 1, pp. R59-R71, 2020. 

 

Blood vessels maintain integrity and function via VasSMC contractions and relaxations 

[32]. Studies have found that large production of basal nitric oxide in combination with α1‐



14 
 

adrenergic responses facilitates high compliance and prevents stiffening effects of 

VasSMC contractions at high pressures [33]. Other studies have suggested a significant 

correlation between arterial stiffness and blood pressure, smoking, and circadian rhythms 

[34] [35] [36]. Nonetheless, the hemodynamics have shown to influence plaque formation 

and regression in blood vessels, specifically the effects of absolute wall shear stresses and 

levels of oscillations on vascular lesions [37]. The linkage between blood flow oscillations 

and atherosclerosis are based on two premises: the mass transport theory and the shear 

stress theory [38]. The mass transport theory suggests that prolonged contact between 

blood components and the vessel wall under oscillatory flow conditions increases transport 

of certain substances. For instance, transport of bioactive compounds such as low-density 

lipoproteins may increase at sites of high oscillatory flow due to prolonged exposure of 

these compounds to the vessel wall. The shear stress theory, on the other hand, focuses on 

the effects of mechanical forces due to blood flow on vascular physiology. Some studies 

suggest that regions exposed to low wall shear stress magnitudes in combination with blood 

flow oscillations promote plaque progression [39]. Other studies showed an inconclusive 

correlation between oscillatory wall shear stress and intimal thickening [40]. The two 

theories are not mutually exclusive, as both influence plaque formation. Shear stresses can 

also alter the permeability of blood vessel walls, thereby indirectly affecting molecular 

mass transport [41]. The combined effects of both hemodynamic parameters in the 

initiation of atherosclerosis remains unclear. It should be noted that hemodynamic 

parameters other than wall shear stress and oscillatory flow may also be involved in the 

onset of atherosclerosis [42]. 
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2.5.3. Valvular Pathology 

Text for the following subsection taken from: 

[18] C. Hsu, J. Hutcheson and S. Ramaswamy, "Oscillatory Fluid-Induced 

Mechanobiology in Heart Valves with Parallels to the Vasculature," Vascular Biology, vol. 

2, no. 1, pp. R59-R71, 2020. 

 

Heart valves are subject to various ranges of mechanical stresses. In response to cyclic 

changes in mechanical loading, the valves undergo continuous remodeling, which can lead 

to pathology [43]. Valve anomalies are generally associated with inflammation, 

osteogenesis, apoptosis, necrosis, leaflet thickening, or formation of calcium nodules [44]. 

Early calcific lesions are characterized by increase in expression of cell adhesion molecules 

as well as pro-inflammatory cytokines such as transforming growth factor-β1 [45] and bone 

morphogenetic proteins [46]. These cytokines can then induce valve interstitial cells to 

switch to a fibrotic or osteoblastic phenotype [47] [48], which results in loss of valve tissue 

homeostasis, upregulation of cathepsins [49], and formation of calcific lesions. 

2.5.4. Biomechanical Context in Heart Valves 

Text for the following subsection taken from: 

[18] C. Hsu, J. Hutcheson and S. Ramaswamy, "Oscillatory Fluid-Induced 

Mechanobiology in Heart Valves with Parallels to the Vasculature," Vascular Biology, vol. 

2, no. 1, pp. R59-R71, 2020. 

 

As valve formation involves mechanically dependent processes of extracellular matrix 

(ECM) maturation, it has been observed that valve maintenance relies heavily on 

mechanotransduction, which initiates from a healthy hemodynamic environment [50]. 

Valve injury, on the other hand, can also be caused by changes in the hemodynamic 

environment that induces wear-and-tear of the endothelial valve tissue [21]. Once 

endothelial injury occurs, numerous active mechanisms are triggered, such as inflammation, 
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lipid accumulation, and changes in growth factors and cytokines, resulting in valve 

degeneration and calcification [26] [51]. Studies have revealed that earliest calcium 

deposits form at the cusp attachments of the valve leaflets, which experience the maximum 

level of flexural stress. These stresses may induce tissue degeneration and ultimately 

calcification [27] [51]. 

The responses of the valvular endothelium are, in some respects, similar to the vascular 

endothelium. For example, in both cases, the transport of compounds depends on the 

direction of blood flow on the valve endothelial surface [52] and the alignment of VECs is 

dependent on the magnitude and direction of shear stress [53]. However, an important 

distinction is the fact that aortic VECs align perpendicular to the direction of blood flow, 

whereas their vascular counterparts align in the parallel direction [54]. 

2.6. Bioreactor Systems 

Bioreactors are devices that provide an ideal, controlled, and physiologically relevant 

environment for growing organisms such as cells, bacteria, or yeasts, and they are 

commonly used in industrial processes to produce antibodies, pharmaceuticals, and other 

organic byproducts. Common types of bioreactors include spinner flasks, rotation wall 

vessels, and perfusion systems. Other more complex types of bioreactor systems can be 

custom-built, provided that the system feeds adequate air and nutrients into the organism 

components while minimizing contamination and gas bubbles during dynamic culture. 

Bioreactor culture can help increase biocompatibility of the engineered valve tissues, 

which involve seeding cells on a scaffold and exposing tissues under a dynamic 

environment of interest that is similar to physiological conditions.  
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A flow perfusion bioreactor system is a semi-open system that allows continuous dynamic 

culture of cell and tissue components in an environment that feeds cells with fresh media 

while removing spent media. The tissue samples are subject to continuous mechanical 

stimulation, fresh nutrients, and waste removal throughout the entire culture period. 

Traditional batch bioreactor, on the other hand, all nutrients are fed into the bioreactor at 

the start of the culture with nothing added to or removed from the system during the entire 

culture process. The nutrient and waste product concentration change over time; therefore, 

batch bioreactor culture is a closed but unsteady system. 

2.7. Summary 

Flow oscillations play an important role in the early onset of developing cardiovascular 

calcification. Previous studies and clinical observations have correlated disturbed flow 

with endothelial inflammation and tissue calcification [3] [23]. Using OSI to study the 

effects of a specific flow oscillation on cardiovascular calcification may provide new 

insights to early development of CAVD. In addition, designing and constructing a novel 

bioreactor platform that induces valve tissue calcification may assist with development of 

diagnostic tools for early detection and the assessment of drug interventions for the 

treatment of CAVD, thereby avoiding or delaying the need for a prosthetic valve 

replacement. 
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Chapter III: Aim 1 – Effect of OSI on vascular pathology at the cellular level 

3.1. Introduction 

The vascular endothelium is known to respond to hemodynamic stimuli during continuous 

remodeling, and atherosclerosis often occurs at sites of VasEC dysfunction, particularly in 

regions exposed to oscillatory flow compared to unidirectional flow. Studies have shown 

significant changes in cardiovascular cell phenotype under various dynamic environments 

such as flow, flexure, and stretch [55]. Loss of endothelial integrity has been found in 

regions exposed to disturbed flow patterns at low shear stress, leading to reduced 

production of nitric oxide and an increase in VasEC apoptosis, resulting in accumulation 

of low-density lipoprotein cholesterol [56]. The cholesterol build-up therefore promotes 

VasSMC proliferation, migration, and osteogenic differentiation, resulting in calcification 

within the atherosclerotic plaques [57]. In this regard, there may be a range of flow 

oscillations that maintains or compromises vascular tissue integrity. It has been widely 

accepted that biomechanical cues due to environmental forces are critical in the 

maintenance of cardiovascular tissue homeostasis, however, using OSI as a key regulator 

to determine cell communication and molecular regulation has not been thoroughly 

explored. In this specific aim, we investigated the paracrine regulation of biochemical end-

products between VasECs and VasSMCs in response to exposure to physiologically 

relevant oscillations through transcriptomic analyses of gene expressions of the above two 

vascular cell types. 

Flow of genetic information stored in a DNA template involves transcription into RNA, 

followed by protein translation [58]. Expression of genetic information can vary due to 

environmental factors that determine the phenotype of the cell or tissue [59]. Common 
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methods such as northern blots and quantitative polymerase chain reaction (qPCR) are 

limited to measuring a small set of transcripts. RNA sequencing, in contrast, enables 

genome-wide quantification of gene expression that elucidates deep profiling of potential 

phenotypic changes under different physiological or pathological settings. 

3.2. Methods 

HAECs and HASMCs were purchased from Cell Biologics, Inc. (Chicago, IL) and 

PromoCell GmbH (Heidelberg, Germany), respectively. Both cell types were expanded in 

culture flasks using Endo Cell Growth Medium (Cell Applications, Inc., San Diego, CA) 

and Smooth Muscle Cell Growth Medium 2 with supplements (PromoCell GmbH, 

Heidelberg, Germany) with an addition of 1% penicillin-streptomycin (PS) in the 

respective growth medium. HAECs were seeded using a gelatin matrix coating for 24 hours 

at 2.0 x 105 cells per channel in 24-well Bioflux plates consisting of 8 microfluidic channels 

per plate (Fluxion Biosciences, Inc. Alameda, CA). The HAECs were then conditioned for 

48 hours in the Bioflux shear stress cell assay system at an average shear stress magnitude 

of 1 dyne/cm2 under the following OSIs: static (0 OSI/no flow), steady flow (0 OSI/steady 

flow), 0.25 OSI (moderate oscillation), and 0.50 OSI (full oscillation). The conditioned 

media from HAEC groups were collected and subsequently used to culture HASMCs in 

T25 flasks for 48 hours. Three samples of each cell type per flow group were conducted, 

and RNA was extracted and quantified in all HAEC and HASMC samples using TRIzol 

reagent (Invitrogen, Waltham, MA). The extracted RNA was suspended in 15 µL of 

UltraPure DEPC-treated Water (Invitrogen, Waltham, MA) and delivered to the RNA 

sequencing facility in the Center for Genome Technology at University of Miami. A total 

of 24 samples were delivered to conduct RNA sequencing. 



20 
 

The RNA samples were sequenced via paired-end reading, which enabled both ends of the 

RNA sample to be sequenced, allowing alignment algorithms to map reads over repetitive 

regions more precisely. Upon termination of the reads, a database of FASTQ files 

consisting of base pairs were provided as raw data. The raw data was then transferred to 

the Department of Biostatics at Florida International University for further alignment of 

base pairs, mapping base pairs with existing human gene cards, and calculating total 

number of raw counts for each specific gene. Initial FASTQ data processing was conducted 

by Ms. Zhenghua Gong from Dr. Changwon Yoo’s team using Python and delivered to us 

as .csv files containing all detected genes from the reads with the respective counts for each 

cell type in all sample groups. 

Further data processing was conducted using MATLAB 2022a (Mathworks, Natick, MA) 

by Asad Mirza, a PhD candidate from the CV-PEUTICS Laboratory using a built-in 

rnaseqde function. Read counts from the .csv file was normalized by dividing each 

sample’s raw counts size factor, which was estimated by a pseudo-reference sample [60]. 

The reference sample was estimated by the geometric mean of each gene across all sample 

groups, and the median of the ratio of the counts to this reference was used as the size 

factor. The differences in the gene expressions between groups were determined by 

comparing the fold change for each gene. A logarithmic scale of base 2 (log2) of the fold 

change was reported to symmetrize the shifts of data points. The rnaseqde function uses 

an exact test to determine differences between each flow group [60] [61], and a significance 

with a threshold of p-value was set to less than 0.05. The genes that were deemed 

significant had a log2 > 1 and were reported into upregulated or downregulated genes with 

respect to each flow group.  
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3.3. Results 

 

Figure 8. HAEC Log2 fold change gene expression comparisons across all flow groups. 

We examined the effect of OSIs on HAECs and paracrine communication with HASMCs 

via secretion of biomolecular cues. Following 48 hours of OSI conditioning on the HAECs 

and 48 hours of conditioning of HASMCs using spent media from HAECs, a total of 56,308 

genes were found our raw RNA sequencing results. A database of upregulated and 

downregulated gene expressions was generated for each cell type and each flow group 
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(Figure 8 and Figure 9). The genes were arranged by heat map color spectrum with the 

highest significance in shown in red and lowest significance shown in blue. Table 1 and 

Table 2 summarize the top 15 genes in order of significance for HAEC and HASMC, 

respectively.  

 

Figure 9. HASMC Log2 fold change gene expression comparisons across all flow groups. 

Future studies involve further mining of the RNA sequencing data to better understand 

relation between flow groups and gene expressions for each cell type. However, in the 
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scope of examining genes associated with cardiovascular remodeling, we further selected 

a few genes of interest to compare between the groups in HAEC (Figure 10) and HASMC 

(Figure 11), specifically CDH5 (VE-Cadherin), MMP10, and SELE (E-selectin) in the 

HAECs and ACTA2, MYH11, and TAGLN in the HASMCs. 

Table 1. HAEC Top 15 Genes in Order of Significance between Flow Groups 

 

 

Up Regulated

Log 2 

Fold 

Change

P-Value Down Regulated

Log 2 

Fold 

Change

P-Value Up Regulated

Log 2 

Fold 

Change

P-Value
Down 

Regulated

Log 2 

Fold 

Change

P-Value

THBS1 1.161 0 TAGLN -6.76 0 THBS1 1.45 0 TAGLN -7.21 0

NEAT1 3.418 9.22E-17 KRT19 -4.36 0 PRSS35 5.2 4.82E-26 KRT19 -5.63 0

SEMA3G 3.21 6.73E-14 PLAT -3.34 0 TM4SF18 3.56 7.91E-22 PLAT -3.68 0

FABP4 2.9 6.33E-13 ALDOA -1.79 0 LIPG 3.23 1.87E-20 HMGA1 -2.61 0

PRKY 3.05 2.96E-11 TGM2 -1.58 0 HMGCS1 3.22 4.69E-17 TGM2 -2.47 0

ITGA11 3.256 4.23E-11 GAPDH -1.47 0 PTGS2 3.12 9.68E-17 ALDOA -1.94 0

MMRN1 2.49 7.77E-11 PKM -1.38 0 TBC1D4 2.88 9.27E-16 GAPDH -1.78 0

NGFR 4.605 7.89E-11 ACTB -1.12 0 ITGA11 3.47 2.04E-15 PTRF -1.67 0

CSGALNACT1 2.597 1.50E-10 ACTG1 -1.05 0 LRRC4 3.36 2.55E-15 PKM -1.61 0

TM4SF18 2.696 1.55E-10 GS1-600G8.5 -7.69 8.02E-39 RSRP1 3 2.62E-15 ACTB -1.58 0

RSRP1 2.729 2.59E-10 CADM3 -6 1.01E-32 HMGCR 2.93 4.30E-15 ACTG1 -1.41 0

PILRB 4.393 9.06E-10 NEFL -7.39 9.72E-32 PDGFD 2.92 7.57E-15 MT-CO3 -1.37 0

NPTX1 4.921 1.67E-09 CCND2 -4.61 1.03E-24 TLL1 4.08 8.00E-15 MT-CO2 -1.37 0

ZNF704 3.645 2.66E-09 SERPIND1 -5.04 1.92E-24 PIEZO2 2.76 1.07E-14 ANXA2 -1.32 0

HERC2P2 2.811 3.13E-09 KRT7 -4.72 3.04E-21 NEAT1 2.55 5.35E-14 MT-CYB -1.27 0

Static (Control) vs Steady Flow Static (Control) vs 0.25 OSI

Up Regulated

Log 2 

Fold 

Change

P-Value
Down 

Regulated

Log 2 

Fold 

Change

P-Value Up Regulated

Log 2 

Fold 

Change

P-Value Down Regulated

Log 2 

Fold 

Change

P-Value

MMRN1 3.25 0 TAGLN -6.01 0 PRSS35 3.75 2.77E-14 IFI6 -2.18 6.35E-14

THBS1 1.773 0 KRT19 -4.91 0 DHCR24 1.94 1.84E-07 LGALS9 -1.71 1.02E-08

SEMA3G 3.737 2.30E-27 PLAT -3.7 0 MSMO1 1.92 2.49E-07 AC002075.4 -Inf 2.36E-08

NEAT1 4.195 8.18E-25 MT2A -2.66 0 HMGCS1 1.96 4.29E-07 FAM101A -1.58 5.13E-08

RSRP1 3.629 6.33E-24 ALDOA -2.62 0 PSAT1 1.72 7.36E-07 MAGED4B -3.19 2.06E-07

ZNF704 4.569 5.16E-23 HMGA1 -2.57 0 GEM 2.83 1.33E-06 MX1 -1.68 3.73E-06

HERC2P2 3.614 2.02E-22 LGALS1 -2.46 0 PHGDH 2 2.37E-06 RP11-497H16.5 -Inf 4.00E-06

RP11-159D12.2 4.682 2.62E-22 SH3BGRL3 -2.46 0 LDLR 1.66 2.86E-06 MYO15A -4.3 4.28E-06

PIEZO2 3.376 1.23E-21 GAPDH -2.25 0 ACAT2 1.85 3.22E-06 PDE2A -1.34 7.46E-06

NKTR 3.131 1.24E-21 PKM -2.09 0 TMEM97 1.98 3.69E-06 RP11-19P22.8 -6.32 1.08E-05

PRKY 3.546 1.50E-21 PFN1 -1.89 0 SQLE 1.7 4.92E-06 CST1 -6.28 1.14E-05

ITGA11 3.825 1.65E-21 ENO1 -1.86 0 PTGS2 1.65 6.29E-06 CTXN1 -1.35 1.62E-05

HERC2P3 4.902 4.12E-21 MT-CO2 -1.53 0 RP11-399J13.2 3.33 1.16E-05 HYI -1.23 1.94E-05

LIPG 2.951 1.64E-20 ACTB -1.5 0 FAM129A 1.64 3.14E-05 TRBC2 -1.52 2.25E-05

LPL 4.132 4.53E-20 PTRF -1.5 0 HMGCR 1.53 4.13E-05 ZNRF3-AS1 -Inf 2.27E-05

Static (Control) vs 0.5 OSI Steady Flow vs 0.25 OSI
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Table 2. HASMC Top 15 Genes in Order of Significance between Flow Groups 

 

Up Regulated

Log 2 

Fold 

Change

P-Value Down Regulated

Log 2 

Fold 

Change

P-Value Up Regulated

Log 2 

Fold 

Change

P-Value
Down 

Regulated

Log 2 

Fold 

Change

P-Value

LPL 1.817 3.44E-07 NGFR -8.5 7.86E-62 ADAMTS18 1.6 2.45E-11 PRSS35 -5.89 7.21E-76

SLC7A14 2.352 4.13E-06 ISG15 -1.76 2.19E-12 ABCG2 1.62 5.05E-10 NGFR -7.72 1.70E-39

CCDC144B 2.021 4.16E-06 IFI6 -1.7 8.08E-12 GJA5 2.19 1.07E-09 PHGDH -3.89 8.68E-34

ADAMTS18 1.392 1.34E-05 ADM2 -2.66 9.51E-10 ITGB4 1.68 7.22E-09 FAM129A -3.27 1.31E-31

NCAM2 2.305 1.91E-05 RP11-110G21.2 -Inf 1.06E-09 PDE2A 1.38 1.22E-08 ASNS -3.19 1.38E-30

ANKRD36 1.626 2.47E-05 AC004556.1 -3.56 1.02E-08 NEAT1 1.62 5.46E-08 PSAT1 -2.89 3.33E-28

RP11-566E18.1 1.699 3.76E-05 RP11-338E21.2 -Inf 4.11E-08 MIR503HG 1.87 6.91E-08 ADM2 -3.55 1.40E-23

RP11-159D12.2 1.363 3.77E-05 IL32 -1.3 2.04E-07 PKHD1L1 2.14 8.85E-08 JDP2 -2.67 8.95E-21

ZNF117 1.331 4.36E-05 PGF -1.28 3.25E-07 ART4 1.94 1.25E-07 DHCR24 -2.36 3.83E-19

HERC2P3 1.394 4.82E-05 RP11-497H16.5 -5.36 4.76E-07 SLC7A14 2.35 1.59E-07 ACAT2 -2.34 6.28E-19

CXCL12 3.598 6.48E-05 NUPR1 -1.81 5.26E-07 ACSM3 1.48 2.46E-07 SLC6A9 -3.81 2.11E-18

ANKRD36C 1.585 8.85E-05 NRGN -1.27 6.15E-07 KCNN3 1.35 3.07E-07 CHAC1 -2.28 6.54E-16

ADRA2A 2.614 0.000108 ASNS -1.64 7.38E-07 ABCA1 1.34 3.16E-07 TMEM97 -2.22 2.52E-15

GOLGA8A 1.525 0.000118 FAM129A -1.62 1.01E-06 TNFSF10 1.67 3.98E-07 FDFT1 -1.74 1.73E-14

CXCL8 1.274 0.000124 ZNRF3-AS1 -6.04 1.04E-06 ABCA6 1.32 5.93E-07 GEM -3.08 3.10E-14

0.25 OSI vs 0.5 OSISteady Flow vs 0.5 OSI

Up Regulated

Log 2 

Fold 

Change

P-Value
Down 

Regulated

Log 2 

Fold 

Change

P-Value
Up 

Regulated

Log 2 

Fold 

Change

P-Value
Down 

Regulated

Log 2 

Fold 

Change

P-Value

PDK4 2.82 0 CD248 -3.43 0 RSAD2 Inf 0 ACTA2 -4.12 0

SERPINE1 1.71 0 HSPB6 -2.21 0 OASL 13.72 0 COL3A1 -2.841 0

ITGA5 1.6 0 COL1A1 -1.66 0 CCL5 10.9 0 COL1A1 -2.79 0

TIMP1 1.56 0 COL6A1 -1.28 0 MX1 8.787 0 HSPB6 -2.101 0

FTH1 1.15 0 C7 -7.42 1.37E-68 OAS1 8.652 0 CALD1 -2.021 0

FOXS1 3.5 2.18E-28 APOE -5.13 5.51E-49 IFIT2 7.895 0 COL1A2 -1.916 0

MFSD2A 4.73 2.80E-27 PPL -4.96 3.16E-46 IFIT1 7.819 0 COL5A1 -1.887 0

CCL5 4.59 4.05E-25 CHRDL1 -5.57 5.40E-42 OAS3 7.743 0 FN1 -1.738 0

DUSP4 3.3 1.47E-22 C3 -4.54 3.01E-40 OAS2 6.963 0 COL6A1 -1.736 0

MT1L 2.93 3.30E-22 OLFML1 -4.15 4.68E-34 ISG15 6.794 0 CCDC80 -1.732 0

KRT86 3.56 5.93E-21 SCG2 -3.92 4.26E-33 IFI6 6.375 0 TAGLN -1.562 0

RASD1 3 1.17E-20 STEAP4 -3.9 8.45E-33 IFIT3 6.126 0 FBN1 -1.546 0

ALOX15B 4.32 2.74E-20 KIF26B -3.73 1.14E-31 HMOX1 3.707 0 COL6A2 -1.538 0

PPP1R14C 3.17 6.84E-20 TMEM119 -3.86 3.32E-31 WARS 3.541 0 THBS1 -1.288 0

OLAH 3.23 9.07E-20 H19 -6.24 1.22E-30 MT2A 2.383 0 COL4A2 -1.243 0

Static (Control) vs Steady Flow Static (Control) vs 0.25 OSI
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Highest total number of significantly upregulated and downregulated gene expressions in 

HAEC is observed between the Static vs. 0.50 OSI groups, while lowest significant 

differences are found between Steady vs. 0.25 OSI. In HASMCs, on the other hand, highest 

total number of significantly upregulated and downregulated genes was observed between 

Up 

Regulated

Log 2 

Fold 

Change

P-Value
Down 

Regulated

Log 2 

Fold 

Change

P-Value
Up 

Regulated

Log 2 

Fold 

Change

P-Value
Down 

Regulated

Log 2 

Fold 

Change

P-Value

RSAD2 Inf 0 ACTA2 -3.66 0 OASL Inf 0 TXNIP -3.81 0

OASL 14.04 0 COL3A1 -2.92 0 RSAD2 Inf 0 ACTA2 -3 0

CCL5 11.46 0 COL1A1 -2.77 0 OAS1 11.1 0 CTGF -2.15 0

MX1 8.923 0 COL1A2 -1.88 0 MX1 8.19 0 COL3A1 -1.99 0

IFIT2 8.272 0 COL5A1 -1.84 0 IFIT2 8.08 0 PDK4 -1.81 0

IFIT1 7.946 0 FN1 -1.75 0 IFIT1 7.87 0 COL4A1 -1.78 0

OAS3 7.768 0 COL6A1 -1.57 0 OAS3 7.84 0 POSTN -1.74 0

OAS2 7.175 0 COL6A2 -1.5 0 OAS2 7.12 0 COL1A2 -1.7 0

ISG15 6.976 0 COL4A2 -1.26 0 IFIT3 6.85 0 FN1 -1.69 0

IFIT3 6.431 0 CARMN -6.65 4.18E-27 ISG15 6.77 0 COL4A2 -1.59 0

IFI6 6.417 0 C7 -5.73 5.55E-26 IFI6 6.47 0 SPARC -1.43 0

WARS 3.862 0 A2M -5.21 8.33E-25 CCL5 6.28 0 THBS1 -1.34 0

HMOX1 3.625 0 FER1L4 -4.9 9.83E-21 HMOX1 4.08 0 COL1A1 -1.15 0

MT2A 2.638 0 APOE -4.68 3.19E-19 WARS 4 0 GSDMB -4.4 1.36E-18

FTH1 1.522 0 FMO2 -5.22 9.77E-19 CMPK2 Inf 4.70E-102 KRT86 -4.46 4.70E-17

Static (Control) vs 0.5 OSI Steady Flow vs 0.25 OSI

Up 

Regulated

Log 2 

Fold 

Change

P-Value
Down 

Regulated

Log 2 

Fold 

Change

P-Value Up Regulated

Log 2 

Fold 

Change

P-Value Down Regulated

Log 2 

Fold 

Change

P-Value

OASL Inf 0 TXNIP -3.39 0 AC004556.1 3.266 5E-04 AC068580.5 -Inf 0.003

RSAD2 Inf 0 PAPPA -2.66 0 ZP1 Inf 0.001 FREM3 -3.45 0.003

OAS1 11.1 0 PDK4 -2.4 0 RP11-111H13.1 Inf 0.001 RP11-872J21.3 -Inf 0.005

IFIT2 8.47 0 CTGF -2.07 0 DMC1 Inf 0.001 EIF3CL -1.82 0.006

MX1 8.34 0 COL3A1 -2.06 0 IFIT1B Inf 0.002 RP11-367F23.2 -5.63 0.007

MX2 8.21 0 POSTN -1.88 0 TEX22 4.328 0.004 RAET1L -5.98 0.007

IFIT1 8.01 0 FN1 -1.69 0 RP11-214K3.24 5.295 0.005 CNR1 -1.51 0.013

OAS3 7.88 0 COL4A1 -1.67 0 AC011551.3 Inf 0.005 CXCR4 -2.6 0.014

OAS2 7.35 0 COL1A2 -1.66 0 CTD-2369P2.5 4.317 0.006 AC112198.1 -4.97 0.015

IFIT3 7.17 0 COL4A2 -1.6 0 METTL24 Inf 0.006 CARD8-AS1 -2.78 0.016

ISG15 6.96 0 SPARC -1.26 0 RP11-38G5.4 Inf 0.006 PDGFB -4.91 0.018

CCL5 6.85 0 COL1A1 -1.12 0 ABCG4 Inf 0.007 TMEM100 -2.65 0.019

IFI6 6.52 0 SERPINE1 -1.01 0 HRASLS2 4.73 0.007 DLG5-AS1 -3.28 0.02

WARS 4.33 0 SERPINA5 -Inf 3.96E-23 CTD-2619J13.27 4.102 0.008 SHH -Inf 0.02

HMOX1 4.01 0 KRT86 -4.93 1.76E-19 EMCN 4.326 0.009 RP11-297N6.4 -2.81 0.025

0.25 OSI vs 0.5 OSISteady Flow vs 0.5 OSI
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Steady vs. 0.50 OSI groups, and the lowest significant differences were found between 

0.25 OSI vs. 0.50 OSI. 

 

Figure 10. HAEC gene expression of CDH5, MMP10, and SELE in all flow groups 

 

Figure 11. HASMC gene expression of ACTA2, MYH11, and TAGLN in all flow groups. 

3.4. Discussion 

A 48-hour conditioning time was applied to observe gene expression variations due to 

exposure to various OSIs in HAECs and paracrine signaling of biomolecular cues in 

HASMCs [62]. Highest total number of significantly upregulated and downregulated gene 

expressions in HAEC was observed between the Static vs. 0.50 OSI groups, suggesting 

that Static and 0.50 OSI groups result in most different cellular responses. Lowest total 

number of significantly upregulated and downregulated gene expressions in HAEC was 
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observed between Steady vs. 0.25 OSI groups, indicating that cellular responses to steady 

flow and 0.25 OSI, or moderate oscillation, are most similar compared to other static or 

other OSI groups.  

Of the original 56,308 genes from the raw counts, we specifically examined the 

upregulation and downregulation of a few genes related to cardiovascular remodeling. 

Increased expression of CDH5 was observed in the steady flow, 0.25 OSI, and 0.50 OSI 

groups (Figure 10). This may suggest an increase in maintaining lateral endothelial junction 

due to loss of cell contact in the HAECs from exposure to flow [63]. We also observed a 

significant increase in expression of MMP10 in the steady flow, 0.25 OSI, and 0.50 OSI 

groups. This may be an indication of vascular remodeling promoted by inflammatory 

stimuli [64]. The SELE (E-selectin) marker exhibited a gradual increase in expression as 

the OSI increased, with a significant increase (p < 0.05) in 0.50 OSI compared to the Static 

group, indicating that high flow oscillations may have triggered potential endothelial 

activation which may be associated with endothelial dysfunction [65].  

The HASMCs exhibited significant downregulation of ACTA2, MYH11, and TAGLN 

expressions in the 0.25 OSI and 0.50 OSI groups (Figure 11). These three genes are 

associated with maintaining smooth muscle cell spindle-like shape and cell contractility, 

therefore a downregulation of these genes may indicate loss of smooth muscle cell 

contractility [66].  

3.5. Summary 

RNA transcription is the process of synthesizing a segment of RNA based on a section of 

a DNA template. The RNA segments are then converted into amino acid sequences that 

later formulate into proteins, which ultimately establish the phenotypic expressions of a 
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cell. Dysregulated RNA transcription can cause diseases and cancers; therefore, RNA 

sequencing provides information on potential protein expressions and changes and 

regulation of cell phenotypes. We utilized the paired-end sequencing method to determine 

the amount of gene counts for each gene detected. Paired-end reads sequence both ends of 

the RNA fragment, providing reasonably robust estimates and improved accuracy. This 

method has therefore become a cost-effective alternative to traditional single-end strategy 

[67]. We found that the OSI flow groups exhibited changes in the pro-remodeling 

expressions of HAECs and loss of contractility expressions in the HASMCs. This suggests 

the possibility of increased immune responses from the endothelium due to increased OSI 

conditions. In the next chapter, we continue our investigation into the effects of OSI on 

valvular cell types with our focus specifically on genes of interest and calcification as 

endpoint responses beyond gene expression. 
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Chapter IV: Aim 2 – Effect of OSI on valvular calcification at the cellular level 

4.1. Introduction 

Text for the following subsection taken from: 

[23] C.-P. Hsu, A. Tchir, A. Mirza, D. Chaparro, R. Herrera, J. Hutcheson and S. 

Ramaswamy, "Valve Endothelial Cell Exposure to High Levels of Flow Oscillations 

Exacerbates Valve Interstitial Cell Calcification," Bioengineering, vol. 9, no. 8, 2022. 

 

Calcific aortic valve disease, one of the most prevalent chronic heart problems, involves 

hardening of aortic valve leaflets due to calcium phosphate deposition, resulting in stenosis, 

regurgitation, and reduced cardiac output. Clinical data have shown a global increase in 

over 100% of CAVD cases in the past 30 years [1]. Current treatment options for early 

CAVD intervention are not available, and the main factors associated with development of 

CAVD remain unclear. Heart valves are subject to various mechanical stresses from 

hemodynamic flow environments, and heart valve remodeling occurs in response to cyclic 

mechanical loading [18]. Healthy cardiac function requires the aortic heart valve to 

facilitate unidirectional flow from the left ventricle into the aorta to the systemic circulation 

during systole, with minimal blood flow resistance. 

Most aortic valves consist of three equal-sized leaflets forming three lines of coaptation. 

Bicuspid aortic valve malformations are some of the most common congenital heart 

conditions that affect approximately 1–2% of the population [68]. Each valve leaflet 

contains a ventricularis layer, a spongiosa layer, and a fibrosa layer (Figure 5). The 

ventricularis consists of mainly elastin fibers and faces the left ventricle. The fibrosa layer 

is mainly composed of collagen and faces the aortic side of the heart. The spongiosa layer 

is sandwiched between the ventricularis and fibrosa layers and is mainly composed of 

glycosaminoglycans [69]. Due to the valve structure and direction of blood flow, laminar 
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flow with high shear stress is mainly observed on the ventricularis side, while the fibrosa 

layers are mainly dominated by low shear stress and oscillatory flow [21]. CAVD mineral 

deposition is most often clinically observed on the fibrosa layer. 

Studies have shown that low shear stresses are commonly associated with vascular lesions 

and calcifications [19] [25]. Specifically, regions of valve tissues that experience low wall 

shear stress, coupled with blood flow oscillations, triggers inflammation [3]. This 

pathological mechanical environment is present on the heart valve’s fibrosa layer [5]. To 

further specify and quantify flow disturbances to valve calcification, we utilized OSI as a 

parameter to correlate precise flow oscillation magnitudes with the development of CAVD. 

OSI is a measurement of flow disturbances that quantifies the ratio between the forward 

flow net temporal shear stress to the total temporal shear stress magnitude that is assumed 

to be always positive (Equation 1), and the OSI value ranges between zero (no oscillation, 

or steady flow) to 0.50 (full oscillation, or forward flow in half the temporal cycle and 

reversed flow in the other half) [6]. Using OSI as a quantitative description of flow 

oscillations to connect to valve calcification has not been previously investigated. If there 

is an association between OSI and heart valve calcification, this can subsequently be used 

to create a human calcific valve engineered tissue model system to assess emerging 

therapeutics to treat calcific valve disease. As a first step, we therefore examined VIC 

responses to the paracrine signaling of biochemical end-products from VECs that were 

exposed to varying OSI values. 

The valve endothelium is known to respond to hemodynamic stimuli during continuous 

remodeling, and CAVD often initiates at sites of VEC dysfunction, particularly in regions 

exposed to oscillatory flow compared to unidirectional flow. In this aim, we utilized the 
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OSI parameter to quantify the level of flow oscillations on the valve endothelium, exposed 

the VECs under dynamic culture of different OSI values, and subsequently immersed the 

VICs in VEC-conditioned media with PC components to further investigate paracrine 

effects on VIC calcification. We found that VIC-induced calcification was augmented 

under maximum oscillatory flow conditions in valvular cell types from both human and rat 

species. These findings establish a basis to engineer in vitro calcific human valve tissues, 

which can later be applied to test the effectiveness of potential therapeutics to treat aortic 

valve calcification. 

4.2. Methods 

4.2.1. In Vitro Experiments and Calcification Assessments Using Rat Cells 

Text for the following subsection taken from: 

[23] C.-P. Hsu, A. Tchir, A. Mirza, D. Chaparro, R. Herrera, J. Hutcheson and S. 

Ramaswamy, "Valve Endothelial Cell Exposure to High Levels of Flow Oscillations 

Exacerbates Valve Interstitial Cell Calcification," Bioengineering, vol. 9, no. 8, 2022. 

 

Rat (species: Rattus norvegicus) VECs and VICs were purchased from Celprogen, Inc. 

(Torrance, CA) and Innoprot (Bizkaia, Spain), respectively. The VECs were expanded in 

extracellular matrix coated T75 culture flasks (Celprogen, Inc., Torrance, CA) with rat 

valvular endothelial primary cell culture complete growth media with serum and antibiotics 

(Celprogen, Inc., Torrance, CA), and the VICs were expanded with Dulbecco’s modified 

Eagle medium (DMEM) containing 10% FBS and 1% PS in non-coated T75 culture flasks. 

VECs were then seeded with gelatin at 2.0 × 105 cells per channel in a 24-well Bioflux 

plate consisting of 8 microfluidic channels per plate (Fluxion Biosciences, Inc., Alameda, 

CA) using DMEM containing 10% FBS and 1% PS. Upon 24 hours after seeding and 

confirmation of VEC attachment, the VECs were then conditioned for 48 hours in a shear 
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stress cell assay system (Bioflux, Fluxion Biosciences, Inc., Alameda, CA) at an average 

shear stress magnitude of 1 dyne/cm2 to promote an atherogenic environment [24]. Each 

Bioflux well plate with the cells was conditioned under an OSI flow group for 48 hours, 

and a total of four flow groups was investigated: static (0 OSI/no flow), steady flow (0 

OSI/steady flow), 0.25 OSI (moderate oscillation), and 0.50 OSI (full oscillation). 

Conditioned media from all four VEC flow groups were collected separately from each 

Bioflux plate, and an equal volume of pro-calcifying (PC) media was added to each of the 

collected VEC-conditioned media groups. The final VEC-conditioned PC media mixture 

consisted of 1.8 mM CaCl2 (Sigma-Aldrich, St. Louis, MO), 3.8 mM NaH2PO4 (Sigma-

Aldrich, St. Louis, MO), 0.4 units/mL of inorganic pyrophosphate (Sigma-Aldrich, St. 

Louis, MO) [70], and 5% FBS with 1% PS [71]. The VEC-conditioned PC media was then 

subsequently used to statically culture VICs in 12-well plates for 7 days, with one media 

change that was performed on day 4 for the respective VEC-conditioned flow groups. Upon 

termination of VIC exposure to media from various VEC-conditioned flow groups, VIC 

calcification was measured using alizarin red staining (ARS, Ricca Chemical Company, 

Arlington, TX). The alizarin red dye was then extracted and quantified with a microplate 

reader at 405 nm (Synergy HTX Multimode Reader, Biotek Agilent, Santa Clara, CA). 

Three replicates were conducted for each conditioning group, and data were evaluated 

using a one-way ANOVA in conjunction with Tukey’s post hoc analysis in SPSS (IBM, 

Armonk, NY) with statistical significance identified when p < 0.05. Key phenotypic 

markers expressed by VICs conditioned in various VEC-paracrine communicated flow 

groups were also assessed using real time quantitative polymerase chain reaction (RT-

qPCR) at three replicates per target gene per flow group. Data from RT-qPCR consisted of 
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cycle threshold, or CT values, which were analyzed using the Livak method ΔΔCT [72] to 

compute fold change with Fresh PC as the control group and Actb as the housekeeping 

gene [73]. The Fresh PC media consisted of only pro-calcifying ingredients with no 

paracrine signaling from VECs. 

4.2.2. In Vitro Experiments and Calcification Assessments Using Human Cells 

Human (Species: Homo sapiens) VECs and VICs were purchased from Lonza Bioscience 

(Basel, Switzerland) and Innoprot (Bizkaia, Spain), respectively. Both cell types were 

expanded in culture. VECs were seeded for 24 hours at 2.0 x 105 cells per channel in 24-

well Bioflux plates (Fluxion Biosciences, Inc. Alameda, CA) consisting of 8 microfluidic 

channels per plate. The VECs were conditioned for 48 hours in the Bioflux shear stress cell 

assay system at an average shear stress magnitude of 1 dyne/cm2 under the following OSI 

conditions: static (0 OSI/no flow), steady flow (0 OSI/steady flow), 0.25 OSI (moderate 

oscillation), and 0.50 OSI (full oscillation). The conditioned media from VEC groups were 

subsequently collected, and a portion were ultracentrifuged at 50,000 RPM (~100,000g) 

for 70 minutes. After ultracentrifugation, the non-exosomal (NonEX) supernatants were 

transferred into separate tubes while the exosome (EX) pellets were re-suspended in fresh 

PC media. Both groups were subsequently used to culture VICs in 24-well plates with 

equal concentration of PC ingredients consisting of 1.8 mM CaCl2, 3.8 mM NaH2PO4, and 

0.4 units/mL of inorganic pyrophosphate [70] at 5% FBS and 1% PS [71]. VIC culture 

duration lasted for 7 days with no media change. The Fresh PC positive control group 

consisted of only PC ingredients with no VEC-conditioned media. The negative control 

groups were VICs exposed to VEC-conditioned media but with no PC components. VIC 

calcification was quantified using ARS at absorbance wavelength of 405 nm after dye 
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extraction with 10% (v/v) CH3COOH. ARS quantification was normalized to the amount 

of protein secreted in each respective well. Protein quantification was conducted using the 

Pierce BCA Protein Assay Kit (Thermo Fisher Scientific, Waltham, MA) with a microplate 

reader at wavelength 562 nm. Three replicates were conducted for each control and 

experimental group, and statistical analysis was performed using a one-way ANOVA in 

conjunction with Tukey’s post hoc analysis in SPSS (IBM, Armonk, NY). Statistical 

significance was identified when p < 0.05. 

4.3. Results 

4.3.1. Rat Valvular Cell Assessments 

Text and images for the following subsection taken from: 

[23] C.-P. Hsu, A. Tchir, A. Mirza, D. Chaparro, R. Herrera, J. Hutcheson and S. 

Ramaswamy, "Valve Endothelial Cell Exposure to High Levels of Flow Oscillations 

Exacerbates Valve Interstitial Cell Calcification," Bioengineering, vol. 9, no. 8, 2022. 

 

Figure 12. Rat VIC calcification in oscillatory flow conditioned VEC media with PC 

components with respective ARS stains. Plot data are expressed as means with n = 3 

samples with error bars representing standard error of the means (SEM) [23], Statistical 

significance: ****p<0.001, ***p<0.005, **p<0.05. 
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The ARS results revealed the highest VIC calcification in the 0.50 OSI group (Figure 12). 

Specifically, statistical assessments showed significantly increased calcification in the 0.50 

OSI group compared to the 0 OSI Static (p < 0.05), 0 OSI Steady (p < 0.05), and 0.25 OSI 

(p < 0.05) groups. Comparisons of VIC calcification between Fresh PC vs. 0 OSI Static 

and 0 OSI Steady vs. 0 OSI Static were also significantly different (p < 0.05), while VIC 

calcification between 0.25 OSI vs. 0 OSI Static and 0.25 OSI vs. 0 OSI Steady groups were 

not significantly different (p > 0.05). VIC calcification between Fresh PC and 0.50 OSI 

groups were also not statistically significant (p > 0.05). 

 

Figure 13. Rat VIC gene expression after 7-day exposure to pro-calcifying VEC-

conditioned media [23]. 
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Gene expression results (Figure 13) indicated upregulation in calcific genes in the Fresh 

PC and 0.50 OSI groups, specifically Runx2, Mmp2, Tnap, and Bmp2. The highest alpha-

SMA expression was also observed in the Fresh PC group, and the highest expression of 

type I collagen (p = 0.0503) was observed in the 0.25 OSI group. However, the fold changes 

were not statistically significant (p > 0.05) across the groups. 

4.3.2. Human Valvular Cell Assessments 

 

Figure 14. Human VIC calcification after 7-day exposure to oscillatory flow conditioned 

VEC media with added PC components. Statistical significance: **p<0.05. 

VIC calcification after exposure to the original, not ultracentrifuged VEC-conditioned 

media (Figure 14) showed no significant calcification differences between all flow groups 

(p > 0.05) except for Fresh PC vs. 0.25 OSI (p < 0.05). VIC calcification after exposure to 
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ultracentrifuged EX-PC VEC-conditioned media (Figure 15) showed no significant 

differences between all flow groups (p > 0.05). VIC calcification after exposure to 

ultracentrifuged NonEX-PC VEC-conditioned media (Figure 16) showed a significantly 

lower calcification in all groups compared to the Fresh PC control, except for 0.50 OSI. 

Significant calcification is observed between the 0.50 OSI vs. Steady flow (p < 0.05) and 

the 0.50 OSI vs. 0.25 OSI (p < 0.005). 

 

Figure 15. Human VIC calcification after 7-day exposure to ultracentrifuged oscillatory 

flow conditioned VEC media’s exosomal pellet with added PC components. No statistical 

significance was observed between the groups. 
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Figure 16. Human VIC calcification after 7-day exposure to ultracentrifuged oscillatory 

flow conditioned VEC media’s non-exosomal supernatant with added PC components. 

Statistical significance: ***p<0.005, **p<0.05. 

4.4. Discussion 

In the rat valvular cell studies, highest VIC calcification was observed in the 0.50 OSI 

group. Specifically, statistical assessment showed significantly increased calcification in 

the 0.50 OSI group compared to the Static (p < 0.001), Steady flow (p < 0.005), and 0.25 

OSI (p < 0.005) groups. Comparisons of VIC calcification between 0.25 OSI vs. Static and 

0.25 OSI vs. 0 OSI (steady flow) were found to be not significant (p > 0.05). This finding 

suggests that VECs exposed to low-to-moderate levels of flow oscillations maintain a 
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quiescent VIC phenotype via paracrine signaling. On the other hand, augmented calcific 

conditions coupled with high oscillatory flow regions (OSI = 0.50) on VECs leads to 

substantial risk of increasing VIC calcification. This corroborates current theories of 

increased VIC calcification under disturbed flow [5] and the fact that calcification occurs 

on the fibrosa layer of valve leaflets where flow oscillations are mainly observed [23]. 

However, whether molecular targets in this VEC-to-VIC paracrine regulated pathway can 

be targeted to reduce valve calcification needs to be further investigated. 

Presence of paracrine regulation from VECs also seem to generally lower gene expressions 

associated with osteogenic differentiation of VICs, specifically Tnap and Runx2, which 

exhibited highest expression in the Fresh PC group. In the OSI groups, an increase in 

Mmp2 and Bmp2 expressions was observed in VICs exposed to the 0.50 OSI conditioned 

media, in which may be associated with remodeling. 

In the human valvular cell studies, significant VIC calcification was observed in 0.50 OSI 

NonEx-PC group. This suggests that non-exosome signaling such as cytokines released by 

the VECs are primarily responsible for inducing calcification in the VICs when cultured 

under biomechanically induced high OSIs in combination with PC environments. 

4.5. Summary 

Valve remodeling involves paracrine regulation between VECs and VICs, and improper 

communication between these two cell types can lead to valve calcification. As VECs are 

known to respond to hemodynamic stimuli, specifically previous studies have shown pro-

inflammatory phenotypic changes in VECs when exposed to substantial disturbed flow 

[22], the relay of these pro-inflammatory biomolecular cues resulted in phenotypic 

switching of quiescent VICs to an osteogenic phenotype. We studied the role of OSI as a 
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regulator for valve calcification on 2D cellular level from two species, and we observed 

that high flow oscillations promote pro-inflammatory VEC phenotypes that leads to 

substantial risks for valve calcification. In the next chapter, we further investigate high 

oscillatory flow effects on valve tissue calcification and valve hydrodynamic performance 

using a co-culture VEC-VIC system under PC environments. 
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Chapter V: Aim 3 – An in vitro engineered tissue model system to recreate the etiology 

of valve calcification 

 

5.1. Introduction 

A major obstacle in developing therapeutic targets for CAVD is an absence of human tissue 

model systems that can recreate the etiology of valve calcification and reliably assess 

responses to a potential treatment. In this study, a bioreactor was developed to deliver flow 

oscillations in an in vitro environment to further study the relation between OSI and valve 

calcification. The bioreactor system provided a controlled flow environment for valvular 

tissue growth, which consisted of seeding and co-culturing of VECs and VICs on a bio-

scaffold. One of the goals of this bioreactor system is to produce de novo calcified human 

valve tissues that mimic the morphology of CAVD at early stages. The system enables 

longitudinal mechanistic studies with evolving levels of calcification in engineered valve 

tissues exposed to dynamic flow culture and can also potentially serve as a platform for 

discovery and assessment of future potential therapeutics that is needed for the long-term 

care of patients with CAVD. 

5.1.1. Bio-scaffolds vs. Synthetic Scaffolds 

Previous studies conducted by Brittany Gonzalez, PhD (FIU 2020) from CV-PEUTICS 

laboratory involved seeding of HBMSCs (RoosterBio, Inc., Frederick, MD) in both porcine 

small intestinal submucosa (PSIS, CorMatrix Cardiovascular Inc., Roswell, GA) bio-

scaffolds and poly glycolic acid-poly L-lactic acid (PGA-PLLA, Biofelt, Biomedical 

Structures, Warwick, RI) synthetic scaffolds, followed by conditioning in a perfusion 

bioreactor system under a physiologically relevant pulsatile aortic flow environment for 14 

days to observe changes in HBMSC differentiation into cardiovascular phenotypes. We 
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utilized the extra samples generated from previous studies to determine the choice of 

scaffold for the current aim. Conditioned PSIS and PGA-PLLA samples were fixed in 10% 

(w/v) formalin (Fisher Scientific, Waltham, MA) and embedded in optimal cutting 

temperature (OCT) compound (Fisher Scientific, Waltham, MA) prior to sectioning at 16 

µm using a cryostat. Sectioned samples were then stained with elastin mouse monoclonal 

primary antibody (Novus Biologicals, Littleton, CO) and goat anti-mouse polyclonal 

secondary antibody (Thermo Fisher, Waltham, MA), as well as 4',6-diamidino-2-

phenylindole (DAPI, 0.2 µg/mL, Cayman Chemical, Ann Arbor, MI). Stained samples 

were then imaged using a confocal microscope (Nikon Eclipse Ti, Minato, Tokyo, Japan), 

shown in Figure 17.  

 

Figure 17. Elastin (green) deposition in PSIS (top) vs. in PGA-PLLA (bottom) [74] 

The images showed that HBMSCs seeded on PSIS bio-scaffold facilitated higher 

production of elastin ECM under flow mechanical conditions compared to PGA-PLLA 
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synthetic scaffolds. This suggests that ECM on PSIS bio-scaffolds allowed valvular cells 

to communicate and further secrete engineered matrices such as elastin that will be useful 

for enhancing cardiovascular regeneration. Therefore, PSIS bio-scaffold was selected to 

continue with our co-culture of VECs and VICs. 

5.1.2. Cardiac Output, GOA, and EOA 

Average normal adult resting cardiac output (CO) is approximately 5 liters per minute at a 

heart rate (HR) of 70 beats per minute (BPM). The amount of blood pumped by the heart 

is dependent on the demand for oxygen, therefore regulation of cardiac output is heavily 

determined by the nervous system, endocrine system, and paracrine signaling [75]. To 

determine stroke volume (SV) for a normal resting CO, we used the following Equation 3: 

𝐶𝑂 = 𝐻𝑅 × 𝑆𝑉 

Equation 3. Cardiac output is the product of heart rate, measured in beats per minute, 

and the stroke volume, measured in liters per minute 

𝑆𝑉 =
𝐶𝑂

𝐻𝑅
=

5 𝑙/𝑚𝑖𝑛

70 𝑏𝑝𝑚
= 0.0714

𝑙

𝑏𝑒𝑎𝑡
= 71.4 𝑚𝐿/𝑏𝑒𝑎𝑡 

Equation 4. Using Equation 3 to determine nominal adult resting heart stroke volume 

 

Figure 18. GOA vs. EOA 
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While atrium and ventricular chamber sizes can remain constant, the SV can be affected 

by the inflow shape of the valve leaflet and the cross-sectional area of the aorta. During 

ventricular ejection, a jet stream from blood acceleration is produced and the momentum 

from this acceleration continues downstream beyond the aortic valve to a point where the 

cross-sectional area is minimal, forming the effective orifice area (EOA), or the narrowest 

flow cross-sectional area in the flow stream (Figure 18). The geometric orifice area (GOA), 

conversely, is measured at the anatomic valve opening that is upstream of the EOA [76].  

5.1.3. Bernoulli’s Principle and Modified Bernoulli’s Equation 

Bernoulli’s principle relates the speed of a fluid to the pressure gradient of the fluid. Within 

a horizontal flow, points of higher fluid velocity will have less pressure than points of 

slower velocity. 

𝑃1 +
1

2
𝜌𝑣1

2 + 𝜌𝑔ℎ1 = 𝑃2 +
1

2
𝜌𝑣2

2 + 𝜌𝑔ℎ2 

Equation 5. Bernoulli's equation, consisting of pressure (P), density (ρ), flow velocity (v), 

and elevation (h) 

Assuming a horizontal flow, ℎ1 = ℎ2, and that 𝑣2 ≫ 𝑣1 under valvular stenosis or high 

regurgitation conditions, the equation can be re-written as: 

∆𝑃 =
1

2
𝜌𝑣2

2 

Blood density is equal to 1060 kg/m3 and pressure in the original Bernoulli’s equation is 

measured in mmHg. Given that 1 mmHg = 133 Pascals, or 133 kg/ms2, we can re-write the 

above equation as: 

∆𝑃 =
1

2
∗

1060

133
∗ 𝑣2

2 

∆𝑃 = 3.985 ∗ 𝑣2
2 
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∆𝑃 = 4𝑣2
2 

Equation 6. Modified Bernoulli's Equation 

The modified Bernoulli’s equation (Equation 6) was first introduced to determine the EOA 

of valves based on flow rate through the valve [77]. When transvalvular pressure is 

measured, the Bernoulli’s equation can be used to convert pressure gradient into velocity 

through the valve opening. An increased flow velocity across the valve is associated with 

stenosis or narrowing of the valve [78]. 

5.1.4. Elastic Modulus (Young’s Modulus) and Hertzian Theory 

The elastic modulus, or Young’s modulus, is used to characterize stiffness of materials and 

is defined as the ratio between stress and strain within the elastic regime. The stress and 

strain parameters are governed by Equation 7 and Equation 8, respectively. In biological 

samples, differences in stiffness are found between various cell phenotypes, as well as 

between normal and diseased conditions [79] [80]. 

 

Figure 19. Young's modulus is determined by the linear region before yield strength from 

a stress-strain curve [81] 
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𝜎 =
𝐹

𝐴
 

Equation 7. Stress is defined by force divided area 

𝜖 =
∆𝐿

𝐿
 

Equation 8. Axial strain is the ratio between change in length over the original length 

 

Figure 20. Overview of the Young's Modulus of different materials [82] 

The Hertz model is commonly used to approximate nanoindentation experiments of 

biological samples [83]. The model assumes an isotropic and linear elastic material that 

occupies an infinitely extending space. In addition, the indenter is also assumed to be 

undeformable with no additional external interaction between the indenter and the sample. 

5.2. Methods 

5.2.1. Bioreactor Design and CFD 

A novel pulsatile flow bioreactor system that facilitates oscillatory flow conditions was 

designed and manufactured with acrylic material at FIU’s machine shop facility. The 

exterior of the bioreactor was cylindrical shaped, and the interior consisted of three separate 

concentric compartments at 43 mm in diameter and 39 mm in length to house three valves 

Figure 23. Prior to fabrication, SolidWorks (Dassault Systemes, Waltham, MA, USA) 

assemblies (Figure 23) consisting of three 1-mm thick hollow cylindrical scaffolds were 
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placed inside the three-valve bioreactor chamber to simulate aortic valves in a controlled 

flow environment. The assemblies were saved in .step files and imported into ANSYS 

(Ansys, Inc., Canonsburg, PA) for CFD simulations within Windows 10, 64-bit operating 

system (Microsoft, Inc., Redmond, WA, USA), where mesh processing was carried out 

with Fluid Meshing software. The meshed geometry consisted of 1157524 elements and 

225850 nodes (Figure 21). An inlet square velocity waveform (Figure 22) was identified 

to produce an OSI of ~ 0.50 and a time-averaged wall shear stress (TAWSS) in the order 

of 0.1 – 0.4 Pa (1 – 4 dyne/cm2) on the scaffold’s outer wall surfaces. The fluid was 

assumed to be incompressible with a density of 1.01 g/cm3 and a dynamic viscosity of 1.27 

cP [84]. A no-slip condition on the bioreactor wall was assumed in the simulation and a 

convergence criterion of 1 x 10-6 was set for the residuals. 

 

Figure 21. Bioreactor flow domain (top) and meshed elements (bottom) 
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Figure 22. Input square waveform of 1 cardiac cycle. Waveform was used to generate the 

desired TAWSS and OSI in our bioreactor using the Vivitro Superpump (Vivitro Labs, 

Victoria, BC, Canada). 

 

Figure 23. Bioreactor schematic. Detailed mechanical drawings in Appendix I. 

Design verification was conducted with a magnetic volumetric flow probe from the Vivitro 

Pulse Duplicator System (Vivitro Labs, Victoria, BC, Canada) shown in Appendix II. 

5.2.2. Valvular Cell Seeding and Valve Tissue Conditioning in Bioreactor 

Human VECs and VICs from Aim 2 were expanded in respective flasks and culture media. 

Prior to cell seeding, three cylindrical PSIS bio-scaffolds with 26 mm in diameter, 1 mm 
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in thickness, and 36 mm in length were sutured to custom, 3D-printed valve holders of 

polylactic acid (PLA) material along its annulus and three posts (Figure 24 and Figure 25), 

forming a tri-leaflet configuration mimicking the native aortic valve under flow conditions. 

All bioreactor components and sutured bio-scaffolds were sterilized with ethylene oxide 

(EtO, AN 306, Anprolene, Andersen Products Inc., HawRiver, NC) for 12 hours. 

 

Figure 24. PSIS geometry and material texture 

 

Figure 25. 3D printed valve holders in aortic tri-leaflet configuration with three posts 

Cell seeding consisted of a co-culture arrangement that included both VECs and VICs, 

with a VEC to VIC ratio set to 34:27 [85]. The VICs were seeded first for 96 hours in 

rotisserie, followed by seeding of VECs for an additional 72 hours [85]. Total cell seeding 

density was set to ~ 1.2 million cells/cm2 [55] [86]. Seeding media consisted of DMEM 
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(Fisher Scientific, Waltham, MA) with 10% FBS (Atlanta Biologics, Atlanta, GA), 1% PS 

(HyClone, Fisher Scientific, Waltham, MA), 82 µg/mL L-ascorbic acid 2-phosphate 

(AA2P) (Sigma-Aldrich, St. Louis, MO), and 2 ng/mL basic fibroblast growth factor 

(bFGF) (Corning, Fisher Scientific, Waltham, MA) [86].  

 

Figure 26. (A) Drained bioreactor with three conditioned PSIS valves. Each valve was 

seeded with VECs and VICs and conditioned in PC media under 0.50 OSI flow environment. 

(B) Removal of conditioned valves from bioreactor chambers. (C) Three PSIS valves, each 

seeded with VECs and VICs and conditioned in static PC media. (D) Bioreactor 

conditioning of PSIS valves with PC media. 

Seeded valve tissues were subject to static conditioning (0 OSI) and 0.50 OSI in the 

bioreactor system (Figure 26) in DMEM with 5% FBS, 1% PS, 82 µg/mL AA2P, 2 ng/mL 

bFGF, 1.8 mM CaCl2, 3.8 mM NaH2PO4, and 0.4 units/mL of inorganic pyrophosphate for 

7 days with no media change (PC components same as Aim 2). Conditioned samples were 

then fixed in 10% w/v histological grade formalin (Fisher Scientific, Waltham, MA) at 4°C 
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overnight. The samples were placed in the Vivitro Pulse Duplicator (Vivitro Labs Inc., 

Victoria, BC, Canada) for hydrodynamic testing and then embedded in OCT compound 

(Figure 27) and stored in -80°C for sectioning, staining, and histological assessments. 

 

Figure 27. Embedding of samples in OCT compound after hydrodynamic testing 

Embedded samples were later sectioned at 16 µm using a cryostat. To observe co-culture 

seeding of VECs and VICs, sectioned samples were subsequently stained with rabbit anti-

CD31 primary antibody (PA5-14372, Thermo Fisher, Waltham, MA) and mouse anti-

αSMA (REF 14-9760-82, Invitrogen eBioscience, Thermo Fisher), followed by donkey 

anti-mouse and anti-rabbit polyclonal secondary antibodies (ab150108 and ab150073, 

Abcam, Cambridge, UK). Stained samples were imaged using a confocal microscope 

(Nikon, Eclipse Ti, Minato, Tokyo, Japan). To observe the level of calcification in the 

conditioned samples, sectioned samples were stained with ARS (Ricca Chemical Company, 

Arlington, TX) and imaged with AmScope (United Scope, LLC, Irvine, CA).  
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5.2.3. Valve Hydrodynamic Assessments 

Hydrodynamic testing was performed using a pulse duplicator system (Vivitro Labs Inc., 

Victoria, BC, Canada) filled with 0.9% saline solution with the PSIS valve mounted in the 

aortic position (Figure 28).  A flow probe was affixed between the aortic and ventricular 

chambers and pressure transducers were inserted in the atrial, ventricular, and aortic 

locations (AMpack, Vivitro Labs Inc., Victoria, BC, Canada).  Tests utilized a stroke 

volume of 71.4 mL, a heart rate of 70 BPM, and an input flow waveform comprising of a 

35% systolic-65% diastolic configuration (S35 Waveform, Vivitest software, Vivitro 

Laboratories). 

 

Figure 28. Schematic of the Vivitro pulse duplicator for valve hydrodynamic testing 

The experimental groups included three bioreactor 0.50 OSI-conditioned valves and three 

statically conditioned PSIS valves. A bi-leaflet mechanical valve, a bioprosthetic tri-leaflet 

valve, and three raw PSIS tri-leaflet valves were used as controls (Table 3). Data consisted 

of transvalvular pressure (ΔP) and volumetric flowrate (Qrms) in the valve’s open 

configuration, in addition to regurgitation factor (RF%), and valve EOA. Statistical 

analysis was performed for each parameter using a one-way ANOVA and SEM in 
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conjunction with Tukey’s post hoc analysis in SPSS (IBM, Armonk, NY). Significance 

was identified when p < 0.05. 

Table 3. Valve in open and closed configurations during hydrodynamic testing 

Valve Type 
Open 

Configuration 

Closed 

Configuration 
Diameter (mm) 

Mechanical 

  

26 

Bioprosthetic 

  

27 

Raw PSIS 

  

26 

Static (0 OSI) 

Conditioned PSIS 

with VECs and 

VICs 

  

26 

Bioreactor (0.50 

OSI) Conditioned 

PSIS with VECs 

and VICs 

  

26 
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5.2.4. Mechanical Properties of Conditioned Valves 

Nanoindentation was performed with assistance from Dr. Lihua Lou using Dr. Arvind 

Agarwal’s laboratory equipment in the Department of Mechanical and Materials 

Engineering. Conditioned PSIS valves were cut into three rectangular strips from each 

sample group for nanoindentation. A flat-end indenter probe with a diameter of 500 µm 

was used, and a 10% indentation depth of the sample’s thickness was applied at a loading 

of 2 µm/s for 40 µm at the center of the samples shown in Figure 29. Raw data consisted 

of load and displacement, and the Hertz model was used to approximate the Young’s 

modulus of the samples [87].  

 

Figure 29. Flat-end circular indenter over a PSIS sample 
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5.3. Results 

5.3.1. CFD Results and Cell Seeding Verification 

 

Figure 30. CFD simulation results of wall shear stress and OSI ranges on conditioned 

valve surfaces 

The CFD simulation was an effective way to identify a bioreactor setup and an inlet flow 

waveform that produces a flow environment of our interest, specifically high OSI in 

combination with low TAWSS (Figure 30). Majority of the valve surfaces away from the 

scaffold edges were subject to high OSIs accompanied by low TAWSS. 

Immunofluorescent images showed distribution of CD31 (green) and αSMA (red) from our 

co-culture system consisting of VECs and VICs in bioreactor and static conditions (Figure 

31).  
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Figure 31. Immunofluorescent staining of bioreactor (A) and static (B) samples. Quantified 

intensities of aSMA in red (p = 0.17), CD31 in green (p = 0.061), and DAPI in blue (C). 
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5.3.2. Valve Hydrodynamic Assessments 

Valve hydrodynamic test results included valve regurgitation factor (%), transvalvular 

pressure (mmHg), volumetric flowrate (mL/s), and EOA (cm2). Lowest regurgitation was 

found in the mechanical valve (Figure 32), and the unconditioned raw PSIS valve had the 

highest regurgitation factor. While the static PSIS and bioreactor PSIS valves have a 

significantly lower regurgitation factor compared to bioprosthetic and raw PSIS, there is 

no significant difference observed between the static and the bioreactor PSIS valves. All 

other groups, apart from static PSIS vs. bioreactor PSIS, were statistically different. 

 

Figure 32. Regurgitation factor comparison between experimental and control groups 

Transvalvular pressure in the aortic position measures the difference between aortic and 

ventricular pressures. Our results show that the raw PSIS and bioreactor PSIS valves had 

the lowest transvalvular pressures, while the mechanical, bioprosthetic, and static PSIS 

valves were relatively higher. Statistical significance was observed between all groups 

except for mechanical vs. bioprosthetic and raw PSIS vs. bioreactor PSIS, as shown in 

Figure 33. 
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Figure 33. Transvalvular pressure comparison between experimental and control groups 

Highest EOAs were observed in the raw PSIS and bioreactor PSIS valves (Figure 34). 

Statistical significance was not observed between raw PSIS vs. bioreactor PSIS. In contrast, 

the EOAs of mechanical valve, bioprosthetic, and static PSIS valves were significantly 

smaller than raw PSIS and bioreactor PSIS valves. 

 

Figure 34. EOA comparison between experimental and control groups 
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Lowest volumetric flow rate was found in the raw PSIS valve, in which is also significantly 

lower than mechanical and bioprosthetic valves (Figure 35). However, there is no statistical 

difference between raw PSIS vs. static PSIS, raw PSIS vs. bioreactor PSIS valves, and 

static PSIS vs. bioreactor PSIS. 

 

Figure 35. Volumetric flowrate comparison between experimental and control groups 
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5.3.3. Mechanical Properties of Conditioned Valves 

 

Figure 36. Young's moduli of raw PSIS, statically calcified PSIS, and bioreactor (OSI) 

calcified PSIS samples. Statistical significance: **p<0.01, ***p<0.001 

The OSI group in Figure 36 represents PSIS valves conditioned in high OSI in a bioreactor. 

Highest Young’s modulus was observed in the static PSIS valves, and the lowest in the raw 

PSIS valves. Significant differences were also found between raw PSIS vs. static PSIS, 

static PSIS vs. bioreactor PSIS, and raw PSIS vs. bioreactor PSIS. 

5.3.4. Calcification Assessments of Conditioned Valves 

ARS was conducted on sectioned bioreactor PSIS valves, raw PSIS valves, and static PSIS 

valves to show calcification levels in each group (Figure 37). The ARS images show small 

areas of calcification in the static PSIS valves and the bioreactor PSIS valves. The raw 

PSIS valves were not calcified. Significant differences (p<0.05) were observed between 

bioreactor PSIS vs. raw PSIS and static PSIS vs. raw PSIS. Marginally significant 
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differences (p = 0.07) [88] [89] were observed between bioreactor PSIS vs. static PSIS, 

with calcification in the bioreactor PSIS valve being relatively higher than calcification in 

static PSIS valve. 

 

Figure 37. ARS images of bioreactor PSIS valve (A), static PSIS valve (B), raw PSIS valve 

(C), and quantified level of calcification (D). 

5.4. Discussion 

The bioreactor system was an effective setup to generate a desired flow environment for 

valve tissue engineering. It can serve as a platform to recreate the etiology of human tissue 

remodeling, as well as to study the mechanisms associated with these cellular activities and 

potentially intervene with the processes. In this aim, we designed and fabricated a 
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bioreactor that delivered low shear stress (1 – 4 dynes/cm2) and high OSI (0.50 OSI) while 

allowing valve tissues to maintain its original leaflet movement during conditioning. The 

goal of this aim was to create calcific valve tissues in the bioreactor using human VECs 

and VICs seeded on scaffolds, and our ARS images showed calcified regions in the 

bioreactor-conditioned valves. A separate static group using the same VECs and VICs 

seeded in PSIS and a negative control group consisting of raw PSIS valve with no cells 

were also conducted for comparison. ARS images (Figure 37, Figure 41, and Figure 43) 

showed similar calcification regions between bioreactor PSIS valves and static PSIS valves, 

respectively. However, the calcification intensity in the bioreactor PSIS valves was 

marginally significantly higher than the static PSIS valves (p=0.07) [88] [89]. The raw 

PSIS valves, on the other hand, had no ARS stains. The ARS stains in both static PSIS and 

bioreactor PSIS valves indicate early onset of valve calcification. The ARS stains between 

static (0 OSI) and bioreactor (0.50 OSI) PSIS valves were also similar to our findings in 

aim 2’s 2D cellular studies shown in Figure 14. A higher ARS stain in the bioreactor PSIS 

valves may indicate increased VIC activation, leading to increased αSMA expression as 

shown in our immunofluorescent stains (Figure 31). The immunofluorescent images also 

showed aggregation of both CD31 and αSMA proteins interspersed across the scaffolds, 

despite VICs being seeded 96 hours prior to seeding VECs in the co-culture to mimic VEC 

on the outer layer exposed to fluid shear stress. Expression of αSMA was also observed to 

be higher in the bioreactor (0.50 OSI) valves compared to the static samples. Though not 

statistically significant, this observation concurs with our 2D gene expression findings 

shown in Figure 13 [23]. 
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The static PSIS valves exhibited the highest Young’s modulus compared to the raw PSIS 

and bioreactor PSIS samples. The raw PSIS had a significantly lower Young’s modulus 

than both static PSIS and bioreactor PSIS groups, indicating that the VEC-VIC co-culture 

conditioning generated a layer of tissue on the PSIS scaffold therefore increasing the elastic 

modulus of the scaffold. The static PSIS valve, however, had a significantly higher 

Young’s modulus than the bioreactor PSIS valve, and this may be due to compromised 

valve tissue under the 0.50 OSI environment. Alternatively, the high OSI may be protecting 

the valve under dynamic culture by redistributing calcified deposits in a way that maintains 

the EOA and transvalvular pressures, thereby delaying valve failure. 

 

Figure 38. Hydrodynamic results of Raw PSIS valve, Static PSIS valve, and Bioreactor 

PSIS valve. (A) Regurgitation factor, (B) Transvalvular pressure, ΔP, (C) Effective orifice 

area, EOA, and (D) Volumetric flowrate, Qrms. 

Using parameters obtained by the Vivitro pulse duplicator, an ideal healthy valve should 

have low RF, low transvalvular pressure, high EOA, and high flowrate. Hydrodynamic 
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data showed significant differences in individual parameters between each group (Figure 

38). The bioreactor PSIS valve exhibited a relatively higher RF than the static PSIS valve, 

but the differences were not statistically significant. The raw PSIS and bioprosthetic valves, 

on the other hand, exhibited a significantly higher RF than both static PSIS and bioreactor 

PSIS valves. A high RF can be an indicator of valve stenosis. Based on literature, mild 

regurgitation is observed between 0 – 15%, and severe regurgitation is when RF is greater 

than 50% [90]. Apart from the raw PSIS valve, all other valves tested in this aim exhibited 

mild regurgitation characteristics. The raw PSIS valve showed grade II intermediate 

regurgitation (15 – 30%) [90], and this may be due to a thinner valve leaflet with higher 

curve flexibility, therefore more prone to leakage from the static head pressure in the closed 

configuration. 

Transvalvular pressures of the bioreactor PSIS valve was significantly lower than the static 

PSIS valve. Interestingly, both the mechanical and bioprosthetic valves exhibited the 

highest transvalvular pressures while the raw PSIS showed the lowest pressure gradient. 

According to the modified Bernoulli’s equation (Equation 6), a high transvalvular pressure 

indicates a high jet velocity across the valve. A transvalvular pressure of 30 mmHg or more 

is considered high gradient and may be an indication of valve stenosis [91], and our results 

showed that all valves were not stenotic based on transvalvular pressure values. 

The volumetric flowrate of all tested valves showed the least variation between groups. No 

significant differences were found between volumetric flowrate of static PSIS and 

bioreactor PSIS valves when compared to the clinically available bioprosthetic and 

mechanical valves. As echocardiograms (ECHO) detect movement of blood through the 

heart based on flow volume, this may be one of the main reasons why current ECHO 
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machines are unable to differentiate minor differences between early onset of valve 

calcification from healthy valves, and that CAVD becomes only detectable after 

intermediate to late stages of calcification, where flowrate is significantly lower, and RF 

becomes significantly visible. Despite the lack of differences between both calcific valves 

and clinically available valves, the raw PSIS valves showed significantly lower volumetric 

flowrate when compared to both mechanical and bioprosthetic. This also corresponds to 

the raw PSIS valve having the lowest transvalvular pressure gradient, in which slows down 

the flow of fluid. 

Hydrodynamic assessments showed highest EOA in the raw PSIS and bioreactor PSIS 

valves, while lowest EOAs were observed in the clinically available mechanical and 

bioprosthetic valves. Between static PSIS vs. bioreactor PSIS, the EOA was also 

significantly lower in the statically conditioned group. Since small EOA corresponds to 

higher jet velocity, and that high jet velocity indicates higher transvalvular pressure based 

on Bernoulli’s principle, naturally the bioprosthetic and mechanical valves with the highest 

transvalvular pressures exhibited significantly smaller EOAs, and that the raw PSIS group 

with the lowest transvalvular pressure showed highest EOA. 

According to our nanoindentation results combined with hydrodynamic data, we observed 

that an increase in valve stiffness leads to potential loss of leaflet flexibility and poor 

coaptation. This was reflected in our hydrodynamic assessments, where smallest EOA was 

observed in the static PSIS valve which exhibited the highest Young’s modulus. A small 

EOA leads to high jet velocity and high transvalvular pressure based on modified 

Bernoulli’s principle. This theory was also reflected in static PSIS valve showing highest 



66 
 

transvalvular pressure. In summary, we observed a trend that correlates stiffness and 

transvalvular pressure, where the higher the stiffness, the higher the transvalvular pressure. 

Overall, our aim 3 showed that bioreactor can be an effective device for valve tissue 

engineering. The ARS images showed early onset of calcification with bioreactor slightly 

more calcified than static valves. Even though the bioreactor conditioned valves had a 

higher level of calcification, the hydrodynamic assessments showed better performances 

in the bioreactor PSIS valves compared to static PSIS valves with a significantly higher 

EOA and significantly lower transvalvular pressure. This suggests that the concomitant 

high OSI and calcification ingredients present on the bioreactor PSIS valve delayed valve 

failure by maintaining a larger EOA and smaller transvalvular pressure via distribution of 

calcification that high OSI induces, which was not possible in the statically cultured valve. 

Through dynamic tissue culture, the bioreactor was able to better maintain the functionality 

of valve leaflets compared to statically calcified valves. However, to confirm that the 

bioreactor recapitulates early onset of human valve calcification, further protein 

assessments will need to be conducted in comparison to the statically calcified valves. 

Some of the study limitations include choice of pro-calcific media may alter specific 

mechanisms, in which certain ingredients may result in varied gene expressions. Other 

limitations include an absence of significant correlation between bioreactor and statically 

conditioned level of calcification, aSMA, and CD31 expressions. In addition, during 

bioreactor conditioning, the valve holder closest to the bioreactor outlet was not always 

fully secured in place.  
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5.5. Summary 

Calcific aortic valve disease is one of the most prevalent chronic heart problems, and the 

risk of mortality is associated with valve stenosis from increased mineralization, leading to 

eventual heart failure. Due to a lack of an early diagnostic tool and proper CAVD treatment, 

development of a platform for therapeutic discovery would present a breakthrough in the 

management of CAVD. Our data suggests that valve tissues exposed to high flow 

oscillations present a similar level of calcification compared to statically conditioned 

valves, though the bioreactor generated a shear-dependent mechanotransduction 

environment that is more similar to the physiological development of CAVD compared to 

static conditions. In addition, the high OSI condition seem to redistribute calcified deposits 

in a manner that maintains valve function and delays valve failure. By generating early 

CAVD tissues using the bioreactor, the system also allows further studies on progressive 

deterioration of valve hydrodynamic functions due to changes in mechanical properties in 

tissue integrity. 

Impact and Future Studies 

Our results showed the bioreactor PSIS valves had higher level of calcification, however 

they also exhibited better valve hydrodynamic performance compared to the static PSIS 

valves. Additional immunostaining for glycosaminoglycans (GAG) can be conducted to 

confirm if the bioreactor recapitulates early onset calcification pathology [92]. Other future 

studies include conducting protein analysis of conditioned media from the bioreactor 

system and static conditioning via methods like mass spectroscopy to determine 

calcification pathways for potential drug development. The bioreactor system could then 

be used as a testbed for therapeutic treatment or intervention for early onset of CAVD. 
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Visual inspection of high-speed camera videos shows a possible delay in valve closing in 

the bioreactor PSIS valve compared to the control raw PSIS valve. Assessments of GOA 

of the valve across one cardiac cycle can be conducted to determine GOA as a function of 

time (Figure 39). 

Integration of such function would reveal the total valve open area cross the cardiac cycle, 

and differentiation of the function would provide the rate (cm2/s) at which the valve opens 

and closes in that cardiac cycle. While current clinical echocardiograms evaluate valve 

functions in a similar manner as the Vivitro system and may be unable to detect early valve 

calcification, development of new instruments that can detect the closing time of aortic 

valves may be able to assess early valve calcification, such as relative closing time between 

S1 and S2 sounds which occur before systole and diastole, respectively. 

 

Figure 39. GOA of bioreactor PSIS valve in the open configuration 

To determine optimal valve performance based on transvalvular pressure, EOA, RF, and 

volumetric flow rate, the values of these parameters from a set of healthy valves can be 

collected. This generates a database for all four parameters that defines healthy valve 

performance. The parameters can then be plotted on individual axes, and regions with the 
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densest dataset can be found to determine a function that calculates the most optimal valve 

performance. The same approach can also be applied to determine a function of diseased 

valve performance. 
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Appendix I: Bioreactor Mechanical Drawings 
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Appendix II: Bioreactor CFD Verification 

 

 
Figure 40. CFD velocity profile (top) and measured volumetric flow rate using Vivitro's 

magnetic flow probe (bottom) 

 

Using the continuity and area equations, 

𝑄 = 𝑉𝐴 

𝐴 =
𝜋𝑑2

4
 

Where Q is volumetric flow rate in mL/s, V is flow velocity in m/s, and A is the outlet 

cross-sectional area (Appendix I) perpendicular to flow direction in m2, we estimated V to 

be approximately 0.5 ~ 0.6 m/s from the CFD diagram. 
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At 0.5 m/s, 

𝑄 = 𝑉𝐴 = 𝑉 ∗
𝜋𝑑2

4
 

= 0.5
𝑚

𝑠
∗

𝜋 ∗ 0.022

4
𝑚2 

= 1.57 ∗ 10−4
𝑚3

𝑠
= 157 𝑚𝐿/𝑠 

At 0.6 m/s, 

𝑄 = 𝑉𝐴 = 𝑉 ∗
𝜋𝑑2

4
 

= 0.6
𝑚

𝑠
∗

𝜋 ∗ 0.022

4
𝑚2 

= 1.88 ∗ 10−4
𝑚3

𝑠
= 188 𝑚𝐿/𝑠 

CFD volumetric flow ranges between 157 mL/s and 188 mL/s. Measured result from flow 

probe was 171 mL/s, which lies within the CFD range. 
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Appendix III: Vivitro Pulse Duplicator Pressure/Flow Data and Statistical Analyses 

 

Equations used to calculate hydrodynamic functionality: 
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Pressure and flow curves per cardiac cycle: 
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Appendix IV: Mechanical Nanoindentation 
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Appendix V: ARS Images and Quantification 

 

Figure 41. ARS images of bioreactor-conditioned valves. VECs and VICs were seeded in 

PSIS and conditioned at 0.50 OSI with PC media for 7 days. 

Table 4. ARS Quantification - Bioreactor Conditioned Samples 

Bioreactor Calcification 

Quantification (AU) 

Sample 1 Sample 2 Sample 3 

0.4243 0.3118 0.4071 

0.5694 0.4455 0.4169 

0.4163 0.4526 0.3836 



90 
 

 

Figure 42. ARS images of raw PSIS. 

Table 5. ARS Quantification - Raw PSIS Samples 

Raw PSIS Calcification 

Quantification (AU) 

Sample 1 Sample 2 Sample 3 

0 0 0 

0 0 0 

0 0 0 
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Figure 43. ARS images of statically conditioned valves. VECs and VICs were seeded in 

PSIS and placed in static environment with PC media for 7 days. 

Table 6. ARS Quantification - Static Conditioned Samples 

Static Calcification 

Quantification (AU) 

Sample 1 Sample 2 Sample 3 

0.3681 0.4670 0.3109 

0.3433 0.2904 0.3357 

0.5000 0.3715 0.3165 
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Bioreactor Sample 1 
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Bioreactor Sample 2 
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Bioreactor Sample 3 
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Static Sample 1 
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Static Sample 2 
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Static Sample 3 
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Appendix VI: Immunofluorescent Stains 

 

Figure 44. CD31 (green) and αSMA (red) immunofluorescent stains after conditioning in 

bioreactor with co-culture of VECs and VICs 
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Figure 45. CD31 (green) and αSMA (red) immunofluorescent stains after conditioning in 

static with co-culture of VECs and VICs 
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MATLAB Code for immunofluorescent z-stack quantification 

(Normalized to total tissue area): 
 
%{ 
    Quantifying Normalized Tissue Code 
 
    Originally By: Daniel Chaparro 
    Edited By: Denise Hsu 
    Further Edits By: Asad Mirza 
 
    Last Updated On: 10/13/2022 
%} 
clear,clc,close all force 
% Grab folder path of interest where image stacks are located 
folder_path=uigetdir; 
if folder_path==0 
    error('Folder Not Selected, Stopping Code') 
end 
% Go into that folder 
cd(folder_path) 
% Grab all files that end in .nd2 
f_all = dir('*.nd2'); 
%% Process Images 
 
% Load neural network for denoising 
if ~exist('net','var') 
    try 
        net = denoisingNetwork('DnCNN'); 
        net_loaded=1; 
    catch 
        net_loaded=0; 
    end 
end 
% For each image found 
full_loop=tic; 
for ii = 1:length(f_all) 
    image_loop=tic; 
    % Grab the file name 
    f=f_all(ii); 
    % Parse the file name parts 
    [filepath,name,ext] = fileparts(f.name); 
    % Use BioFormats toolbox's bfopen to open the image and access its data 
    main = bfopen([f.folder,'\',f.name]); 
    chan = 3; % Number of channels images 
    slices = size(main{1},1)/chan; % Number of slices in each image 
    pix = 0.6215;   %Microns per pixel 
    pixz = 1.777;   %Microns per Zstack 
    % For each slice in the image file 
    for n = 1:slices %slice number 
        slice_loop=tic; 
        fprintf('Processing Slice %1.0f out of %1.0f of Image %1.0f titled 
%s\n',n,slices,ii,name) 
        %----Indexing the channels from the main matrix----% 
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        rs = n*chan;    %red channel (asma) 
        gs = n*chan-1;  %green channel (cd31) 
        bs = n*chan-2;  %blue channel (DAPI) 
        %----Extracts channels from each slice of each image----% 
        imr{n} = main{1,1}{rs,1}; 
        img{n} = main{1,1}{gs,1}; 
        imb{n} = main {1,1}{bs,1}; 
        %----Find only the area expressioned by the molecule and exclude 
        %the non tissue portion of the image 
 
        % Locally brighten the image 
        denoisedimr = imlocalbrighten(imr{n}); 
        if net_loaded 
            % Apply neural network to image if the net is loaded 
            denoisedimr = denoiseImage(denoisedimr,net); 
        end 
        % Apply median filter 
        denoisedimr = medfilt2(denoisedimr,[3 3]); 
        % Convert image from uint16 to uint8 
        denoisedimr = uint8(255*mat2gray(denoisedimr)); 
        % Adjust contrast 
        denoisedimr = imadjust(denoisedimr); 
        % Threshold image - manual threshold 
        BW = denoisedimr > 15; 
        % Active contour 
        iterations = 100; 
        BW = activecontour(denoisedimr, BW, iterations, 'edge'); 
        imr_filt{n}=imr{n}.*uint16(BW); 
 
        % Locally brighten the image 
        denoisedimg = imlocalbrighten(img{n}); 
        if net_loaded 
            % Apply neural network to image if the net is loaded 
            denoisedimg = denoiseImage(denoisedimg,net); 
        end 
        % Apply median filter 
        denoisedimg = medfilt2(denoisedimg,[3 3]); 
        % Convert image from uint16 to uint8 
        denoisedimg = uint8(255*mat2gray(denoisedimg)); 
        % Adjust contrast 
        denoisedimg = imadjust(denoisedimg); 
        % Threshold image - manual threshold 
        BW = denoisedimg > 15; 
        % Active contour 
        iterations = 100; 
        BW = activecontour(denoisedimg, BW, iterations, 'edge'); 
        img_filt{n}=img{n}.*uint16(BW); 
 
        % Locally brighten the image 
        denoisedimb = imlocalbrighten(imb{n}); 
        if net_loaded 
            % Apply neural network to image if the net is loaded 
            denoisedimb = denoiseImage(denoisedimb,net); 
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        end 
        % Apply median filter 
        denoisedimb = medfilt2(denoisedimb,[3 3]); 
        % Convert image from uint16 to uint8 
        denoisedimb = uint8(255*mat2gray(denoisedimb)); 
        % Adjust contrast 
        denoisedimb = imadjust(denoisedimb); 
        % Find complement of image 
        denoisedimb = imcomplement(denoisedimb); 
        % Threshold image - manual threshold 
        BW = denoisedimb < 150; 
        % Active contour 
        iterations = 100; 
        BW = activecontour(denoisedimb, BW, iterations, 'edge'); 
        imb_filt{n}=imb{n}.*uint16(~BW); 
 
        %----Evaluates mean intensity of each optical section----% 
        avg_asma(ii,n) = mean(mean(imr_filt{n}>0)); 
        avg_cd31(ii,n) = mean(mean(img_filt{n}>0)); 
        avg_dapi(ii,n) = mean(mean(imb_filt{n}>0)); 
        fprintf('Processing Slice %1.0f Finished in %3.2f 
seconds.\n',n,toc(slice_loop)) 
    end 
    % Go to the last row and only grab those values 
    avg_asma=avg_asma(end,:); 
    avg_cd31=avg_cd31(end,:); 
    avg_dapi=avg_dapi(end,:); 
    % Plotting 
    hold on 
    figure(1) 
    % Clear figure 
    clf 
    hold on 
    % Plot each color for molecule of interest 
    plot(avg_cd31,'g'),xlabel('Optical Section') 
    plot(avg_asma,'r'),xlabel('Optical Section') 
    plot(avg_dapi,'b'),xlabel('Optical Section') 
    ylabel('Fluorescence Intenstiy') 
    legend('CD31','ASMA','DAPI') 
    % Save the figure as a high quality png 
    file_name=[name '.png']; 
    print(gcf,file_name,'-dpng','-r300') 
    % Close figure 
    close all force 
    % Find ratio of image intensity across optical sections after normalzing 
with 
    % total signal intensity found. 
    asma(ii,:) = 
mean(avg_asma,2)./(mean(avg_asma,2)+mean(avg_cd31,2)+mean(avg_dapi,2)); 
    cd31(ii,:) = 
mean(avg_cd31,2)./(mean(avg_asma,2)+mean(avg_cd31,2)+mean(avg_dapi,2)); 
    DAPI(ii,:)= 
mean(avg_dapi,2)./(mean(avg_asma,2)+mean(avg_cd31,2)+mean(avg_dapi,2)); 
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    % Clear data for next image 
    clear avg_asma avg_cd31 avg_dapi imr img imb 
    fprintf('Processing Image %1.0f Finished in %3.2f 
seconds.\n',ii,toc(image_loop)) 
end 
fprintf('Total Processing time was %3.2f mins.\n',toc(full_loop)/60) 
%% Export Image Intesnity Data to Excel Sheet 
T=table(asma,cd31,DAPI); 
T.Properties.RowNames={f_all(:).name}; 
writetable(T,'Img_Results.xlsx','WriteRowNames',true,'FileType','spreadsheet') 
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