


ABSTRACT: INTERFACIAL COATING TO IMPROVE THE 

BIOCOMPATIBILITY OF BIOPROSTHETIC VALVES 

By: Madeleine Ava Roseen 

Bioprosthetic valves (BPVs) recapitulate physiological blood flow for patients with late-stage 

heart valve failure, but the fixed xenograft tissues deteriorate over time. BPVs fail in roughly 

15 years, requiring over 300,000 replacement surgeries in the US per year. Technologies that 

increase the lifespan of these valves would decrease the frequency of replacement surgeries 

and increase patient quality of life. Failure of BPVs is not well understood but is thought to 

be due to the altered properties of BPVs compared to native valves and their interactions 

with the body. BPVs are fixed with glutaraldehyde before implantation, which is necessary to 

minimize host immune response, but alters the material and mechanical properties of BPVs. 

To improve their longevity, BPVs need to be shielded from the degrading bodily interactions 

and their physiological properties restored. Towards this goal, a hydrogel coating method 

was optimized and applied to BPV tissue. Hydrogels are well-characterized for their 

biocompatibility and tunable characteristics. Herein we evaluated the use of two hydrogels – 

poly(ethylene glycol) diacrylate (PEGDA) and poly(ethylene glycol) diacrylamide – for their 

ability to bind to the surface and improve the characteristics of BPVs. Initially, the coating 

method was verified for efficacy on a BPV model system using only PEGDA. The model 

demonstrated that the coating method was successful in depositing a hydrogel layer which 

significantly reduced protein adhesion compared to uncoated controls, an important 

improvement. The coating was then transitioned to glutaraldehyde-fixed tissue to assess its 

efficacy on BPVs. Both hydrogels showed significant, near-continuous coating along the 



 
 

surface, as well as the restoration of physiologically lower protein adhesion levels and 

mechanical stiffness. These results confirm that the coating method optimized during this 

research can alter BPVs and has the promise to transform this important medical device for 

the better. 
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1 INTRODUCTION AND SPECIFIC AIMS 

In the four-chambered heart, the aortic valve maintains unidirectional blood flow through 

the left ventricle into the aorta. Valve disease is common in the elderly, especially due to 

calcification, and the incidence rate of valve disease continues to rise.2–4 Current treatment 

for late-stage heart valve failure requires surgical valve replacement with either a mechanical 

or a bioprosthetic valve. Mechanical valves are durable, but require a lifelong anticoagulant 

regimen, which can negatively interact with other medications and underlying diseases. 

Bioprosthetic valves (BPVs) better recapitulate physiological blood flow but deteriorate over 

time which necessitates secondary surgeries to replace the failed implant. To improve patient 

quality of life and reduce these secondary surgeries, the lifespan of BPVs needs to be 

increased. 

 

BPVs are fixed with glutaraldehyde before implantation, which minimizes the host immune 

response towards the xenogeneic material. While fixation is a critical step, it is thought to 

lead to early valve failure.5,6 More specifically, the process of glutaraldehyde fixation causes a 

disruption in the homeostasis of valves by fixing the valvular cells.7–10 Furthermore, the 

fixation of valves causes bulk changes in the biomechanical properties due to crosslinking of 

extracellular matrix proteins, leading to an overall stiffer substrate.11–13 Other failure modes 

associated with BPVs might not be caused by fixation directly but may be caused by its 

inability to fully protect the valve from the host immune system.14–17 

 

Many researchers are trying to improve the lifespan of BPVs, but few changes have been 

successfully implemented in the clinic. While numerous areas for improvement have been 
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explored, issues arise with them all. Further, research that has successfully altered BPVs at 

the benchtop have not translated to clinical use. This is likely due to the significant 

alterations required to the valve that require full vetting for FDA approval. Creating a new 

valve, therefore, is not only about making strides in reducing calcification, but also about 

designing these changes using FDA-approved methods for expedited clinical use. 

 

My research aimed to avoid the pitfalls of previous BPV research by altering BPVs in way 

that would expedite FDA approval. A coating method was created to deposit hydrogel on 

BPVs using a patented chemical crosslinking approach that mitigates the issues of traditional 

polymerization techniques.18 I hypothesized that a hydrogel layer would help protect the 

valve from interactions with the body while also imparting properties that are closer to 

physiological than fixed tissue. The hydrogel layer polymerizes through the propagation of 

free radicals generated through a two-step process. The process utilizes the reaction of 

glucose and glucose oxidase to create free radicals without toxic byproducts and in mild 

conditions. Unlike the pH- and photo-crosslinking methods, this method does not require 

incubation in highly acidic solutions and can work on surfaces with irregular topography. 

Further, hydrogels are already approved for use in certain medical devices which would ease 

the FDA process.  

 

Overall, the goal of the research performed in this thesis was to analyze the efficacy of our 

hydrogel coating process to alter BPVs. Two hydrogel-forming polymers were used to test 

the coating process: poly(ethylene glycol) diacrylate (PEGDA) and poly(ethylene glycol) 

diacrylamide (PEGDAA). PEGDA is a well-known hydrogel polymer that is frequently used 

in biomaterial applications. PEGDA hydrogels have limited immune response, low 
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cytotoxicity, low levels of protein and cellular adhesion and can be designed to have physical 

properties similar to tissue.19–22 PEGDAA has similar properties to PEGDA but has an 

elongated lifespan in physiological conditions.23 To accomplish my research goal, the work 

was broken into two sub aims: 1) optimize the hydrogel coating method on a model surface 

using PEGDA and 2) transition the coating method to bioprosthetic valve tissue and 

measure efficacy using both PEGDA and PEGDAA. 

 

Aim One: Interfacial Coating Method for Amine-Rich Surfaces using Poly(ethylene glycol) 

Diacrylate Applied to Bioprosthetic Valve Tissue Models 

Reasoning: This aim optimized a two-step coating method for inducing hydrogel 

polymerization on bioprosthetic valves. Our hypothesis was that a poly(ethylene glycol) 

diacrylate (PEGDA) coating would impart advantageous surface properties onto the fixed 

tissue surfaces. However, bioprosthetic valve tissue is optically dense and has significant 

autofluorescence across most channels, making analysis time-consuming and unsuitable for 

optimization through iteration. Thus, a valve tissue-mimicking model was used, which 

recapitulated the surface of bioprosthetic valve tissue and had favorable optical properties 

that allowed for expedited testing. 

Methods: Valve-mimicking models were coated using a two-step coating method while 

varying the molecular weights of PEGDA, coating time, and coating conditions. Coated 

samples were analyzed against non-coated samples to test for changes in coating deposition, 

protein adhesion, and mechanical properties. In addition, fixed valve tissue was coated using 

the optimized settings used for the model. 
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Results: Coated samples were shown to have a thin and nearly continuous hydrogel layer 

after the two-step coating method. The substance deposited on the models was verified to 

be PEGDA through X-ray photoelectron spectroscopy (XPS). The parameters that best 

optimized coating thickness and repeatability were 6kDa PEGDA with a 2-minute coating. 

The coating was shown to decrease protein adhesion on the model without altering the 

surface mechanical properties. Initial testing on actual valve tissue showed evidence of 

coated areas that were discrete, minimal, and distantly spaced along the surface. 

Conclusions: The two-step method we developed was successful optimized to coat valve 

models and reduce surface fouling. When these parameters were applied to tissue, the 

coating was minimal, but could be improved by varying the concentrations of the coating 

solutions. 

 

Aim 2 – Poly(ethylene glycol)-based Coatings for Bioprosthetic Valve Tissues: Towards the 

Restoration of Physiological Behavior 

Reasoning: Based on the successful implementation of PEGDA coatings on valve models 

but the limited coating on valve tissue, the coating process needed to be further optimized to 

ensure a complete coating of valve tissue. Due to concerns about the degradation rate of 

PEGDA, an alternative coating polymer, poly(ethylene glycol) diacrylamide (PEGDAA) was 

evaluated. PEGDAA shows similar characteristics to PEGDA but has an extended 

degradation time in vivo, which would be advantageous for use in the implanted bioprosthetic 

valve. 

Methods: A modified version of the two-step coating method was applied to valve tissue 

using either PEGDA or PEGDAA. Coated samples were compared with physiological 
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tissue, uncoated bioprosthetic tissue, and various coating method controls. Samples were 

tested for coating deposition, mechanical properties, protein adhesion, and crosslinking 

amount. 

Results: Both PEGDA and PEGDAA deposited a continuous coating onto valve tissue 

using the further optimized two-step coating method. In all aspects tested, PEGDA and 

PEGDAA gave comparable results. Samples coated with either PEGDA or PEGDAA were 

shown to have reduced protein adsorption and softer mechanical properties compared with 

uncoated fixed tissues, even though the crosslinking within the leaflet tissue remained 

consistent. 

Conclusions: Changes implemented in the coating method between Aims 1 and 2 increased 

the coating on tissue to the nearly continuous layer seen on the model. This was 

accomplished with both PEGDA and PEGDAA by increasing the concentration of initial 

linker in the first step of the coating and altering the PEG weight fraction from 20% in 

PEGDA to 30% in the PEGDAA. The coating also reduced protein fouling of the surface, 

as seen on the coated model system. However, unlike in the model system, the coating 

process was shown to soften the mechanical behavior of the fixed valve leaflet tissue 

towards a more physiological, unfixed level of stiffness. This softening was not due to 

changes in fixation, as the leaflet crosslinking was unaffected by the coating process. 

1.1 SUMMARY 

This doctoral dissertation contains the literature review and research accomplished to 

develop a better bioprosthetic valve. In Chapter 2, background literature review on how 

natural aortic valves, and the cardiovascular system in general, fail due to calcification is 

discussed. Chapter 3 extends the literature review to analyze historic and current aortic valve 



6 
 

replacements and discuss best practices for designing aortic valve replacements in future 

research. The research of my hydrogel coating is in Chapter 4 and Chapter 5 where I first 

apply the coating to the valve- mimicking model and then later to fixed-tissue. The thesis 

closes with Chapter 6 where overall conclusions and possible future directions of the 

research are analyzed. 



 
 

 
Parts of this chapter have been published as - Gomel, M. A.,* Lee, R., & Grande-Allen, K. J. 
(2019). Comparing the role of mechanical forces in vascular and valvular calcification 
progression. Frontiers in cardiovascular medicine, 5, 197. *maiden name 
 

2 BACKGROUND: CALCIFICATION OF NATIVE TISSUES 

2.1 INTRODUCTION 

In the cardiovascular system, the four-chambered heart works with surrounding vasculature 

to pump blood throughout the body. While the heart valves and vasculature are different in 

gross morphology, cellular structure, and in the forces they experience in the body, they both 

calcify and become fibrotic due to disease. Calcification is the irregular deposition of 

mineralized crystals that change both the micro- and macro-scale properties of tissue. It is a 

complex, ill-defined disease despite continuous investigation and is still being actively 

investigated. Although both heart valves and vasculature exhibit calcification and share some 

of the underlying processes leading towards mineralization, few significant correlations 

between the two have been made. In fact, while these conditions are seemingly similar, 

treatments that help reduce calcification in vasculature have been shown to have no effect 

on valvular calcification. As such, most research has looked at vascular and valvular 

calcification separately although they share similar risk factors and may have overarching 

parallels. Understanding the key differences and similarities between these two anatomic 

areas where calcification occurs may guide research efforts towards better treatments for 

both. 

 
In valves, calcification is present as Calcific Aortic Valve Disease (CAVD). CAVD is the 

mineralization of heart valves that includes nodule formation and stenosis – the narrowing 

of the valve opening. 24 CAVD begins as a mild sclerosis of the valve that worsens to 

stenosis and late-stage calcification. Of the adult population older than seventy-five years 
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old, 2.8% are reported to have either moderate or severe calcific aortic stenosis.2 The 

calcification of valves was once thought to be a passive degradation over time, although 

multitudes of studies now prove that it is an active and highly regulated process that involves 

biochemical signaling, mechanical stimuli and cellular responses. 25,26 Calcification of aortic 

valves starts on a nanoscale level with calcific nodule formation. These nano-nodules 

coalesce to form larger micro- and macro-scale nodules. Currently, there is no treatment for 

valvular calcification and most patients do not experience noticeable symptoms until the 

disease has progressed substantially. When the disease is highly advanced, valvular 

replacements are required to restore healthy physiology. As the aortic valve controls the 

laminar flow of blood into the vascular system, disturbed flow from calcified valves can have 

downstream effects on the vascular system.27 

 
Vascular calcification is commonly observed as atherosclerosis or as a downstream 

secondary effect of a different disease. A majority of individuals over the age of 60 have 

calcification exhibiting as enlarging calcium deposits found in their arteries.28 Similar to 

CAVD, vascular calcification was initially linked to natural processes associated with aging29, 

but is now understood to be a complex disease in need of further study. Common 

conditions such as diabetes, osteoporosis, kidney failure and menopause are associated with 

vascular calcification.30,31 Furthermore, vascular calcification can be a downstream effect of 

valvular calcification due to the changes in the mechanical environment brought on by the 

malformed calcified valves.28,32,33 

 
Due to the extreme prevalence of calcification in our society, and the lack of nonsurgical 

interventions for valvular calcification, there is a need to fully understand these two diseases, 

their similarities, and their differences. Understanding the key differences between vascular 
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and valvular calcification along with the role of mechanical force in their progression will 

help pinpoint strategies for highly specific treatment options. 

 

2.2 CARDIOVASCULAR STRUCTURE AND FUNCTION 

2.2.1 Valvular 

The heart is comprised of four chambers that are separated from one other and from nearby 

vasculature by four valves. Out of the tricuspid, mitral, pulmonary and aortic valves, the 

aortic valve is often the source of the most clinically serious. 

The aortic valve (AV) separates the left ventricle of the heart from the aorta and is 

responsible for maintaining the unidirectional flow of oxygenated blood. Three semilunar 

leaflets form the AV and connect at the aortic root inferior to the sinuses of Valsalva (Figure 

1A). The three leaflets meet at junctions called commissures (Figure 1B). 

 
As seen in Figure 1A, two of these leaflets have superior outflows to the coronary arteries 

and are thus referred to as the left and right coronary leaflets.27 The remaining leaflet is 

denoted as the non-coronary leaflet. 

 
In adults, the AV leaflets are avascular with a tri-layered structure of cells and extracellular 

matrix (ECM), which is essential to the overall mechanics of the valve34 The layers of the AV 

leaflets are denoted based on their orientation to the ventricle and aorta.35 The layer closest 

to the ventricle is the ventricularis and is mostly comprised of elastin fibers (Figure 2A). The 

ventricularis is lined on its outer surface with valvular endothelial cells (VECs) and contains 

valvular interstitial cells (VICs). On the aortic side, the fibrosa layer has a similar orientation 

of cells to the ventricularis with VECs lining the outside of the valve and VICs in the interior 
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but consists of ECM rich in collagen fibers. Between these layers, there is the spongiosa, 

which is populated by VICs surrounded by ECM laden with proteoglycans and 

glycosaminoglycans (GAGs). 

 

 

 

 

Figure 1: Gross Morphology of the Aortic Valve and Branching Carotid Artery 
(A) Bisected aortic valve opened to show the three leaflets (outlined in yellow). On the left, the two 

coronary leaflets can be seen with the coronary outflows circled in white super ior to the leaflets. (B) An 
intact aortic valve shows the leaflets coapting, s tarting at the commissure edges (black arrows). (C) The 
carotid artery at its bifurcation–the separation of one large artery into multiple smaller arteries. Shown 
with white arrows, the common carotid splits into the internal and external carotids. Tissue obtained 

from young adult (6–9 month) porcine specimens (Animal Technologies, Tyler, TX).  
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The varying ECMs of AV leaflets impart differing mechanical properties to each of the 

leaflet layers.34 Elastin gives the ventricularis layer elastic recoil, which is important for the 

repeat flexing of this layer during the cardiac cycle. The fibrosa layer contains crimped and 

circumferentially-oriented collagen that gives valve tissue its unique anisotropic and 

nonlinear stress-strain response and its strength.19,36–39 In terms of dry weight, the whole 

valve leaflets are comprised mostly of collagen type I and III40,41 with type I being more 

abundant.42 The spongiosa acts like an intermediary between the ventricularis and fibrosa, 

dispersing the strong forces felt by both and cushioning the overall effect.39 Hyaluronan is a 

series of repeating disaccharides that forms the majority of the spongiosa. Hyaluronan’s 

negative charge attracts water molecules, which gives the spongiosa its unique mechanical 

properties.40,43,44  

 
As mentioned previously, the AV leaflets consist primarily of two cell types: VICs and 

VECs. VECs line the surface of the valve leaflets on the ventricularis and fibrosa sides. 

These cells directly interact with blood and the shear forces associated with its flow through 

the valve. VECs are mechano-sensitive cells that regulate valve hemostasis based on the 

mechanical forces they experience.45 VECs help to maintain physiological balances between 

the valve and its environment but are often considered one of the first mechanisms in valve 

calcification. These cells can go through an Endothelial to Mesenchymal Transition 

(EndoMT), which can cascade down to an osteogenic genotype and initiate calcification.46,47 

 
VICs are located throughout the three layers of the AV leaflets, but are more populous in 

the fibrosa layer.48 VICs have multiple phenotypes that can be found in the valve.49–52 

Quiescent VICs (qVICs) are the most abundant in healthy adult valve tissue. qVICs can 

transition to activated VICs (aVICs) through changes in transforming growth factor and 
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smooth muscle alpha actin levels.53 During fetal development, aVICs are responsible for 

initially producing ECM and creating the valve.54 After birth and throughout childhood, the 

number of aVICs decreases rapidly. In adults, aVICs are observed when a stress or trauma 

incite the cells to transition from qVICs to aVICs. VICs sense these traumas through their 

innate mechano-sensitivity, which allows them to respond to changes in the mechanical 

environment. aVICs can further differentiate into osteoblastic VICs (oVICs), which produce 

higher levels of alkaline phosphatase and can lead to calcification.55–57 In healthy valves, the 

interaction between VICs and VECs is an important deregulator in calcification, producing 

anti-fibrotic factors that reduce the abundance of oVICs.58 It has also been shown that VICs 

can decrease the propensity of cells going through EndoMT to become osteoblastic.47 

 

Figure 2: ECM and Cell Composition of Aortic Leaflets and Vascular Walls 
Both (A) aortic valve leaflets and (B) vessel walls are tri-laminar structures with specific cell and 

extracellular matrix in each layer. These specialized layers impart different mechanical properties to the 
tissues, which are important for their functions.  
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2.2.2 Vasculature 

The vascular system works to carry blood and lymph throughout the body. Arteries carry 

oxygenated blood away from the heart to the organ systems, while veins return 

deoxygenated blood to the heart and lungs. Capillaries are small blood vessels that aid in the 

exchange of oxygen between blood and surrounding tissue throughout the body and in the 

lungs. Most arteries and veins branch from larger vessels (Figure 1C). Arteries and veins 

consists of three layers: an endothelium, smooth muscle cells, and connective tissue.59 The 

connective tissue found in vasculature mainly consists of elastin and collagen, which 

determine the tissue’s mechanical properties. While the proportion of collagen to elastin in 

the vessel wall changes through the body, together they usually account for roughly 60% of 

the vessel’s dry weight.60 Similar to their roles in valves, elastin provides elastic recoil, 

extensibility and load bearing to the vasculature whereas collagen also affects tissue strength 

and extensibility. 

 
The innermost vessel layer, the tunica intima, is the thinnest and is comprised of a single layer 

of flat endothelial cells, and a polysaccharide ECM (Figure 2B). The tunica media, the middle 

layer, consists of concentric elastic fibers, circumferentially aligned collagen, and vascular 

smooth muscle cells.60,61 The vascular smooth muscle cells (VSMCs) are largely responsible 

for the ability of vasculature to carry blood and lymph throughout the body. In arteries, the 

tunica media makes up the thickest layer, about 50% of the dry weight, as greater musculature 

is needed to distribute blood throughout the entire body. The outermost layer is the tunica 

externa, which is made entirely of collagen and elastin. The tunica externa is the thickest layer in 

veins. In both arteries and veins, the tunica externa is also the primary location of the vasa 



14 
 

vasorum, the network of capillaries supplying the cells within thick-walled blood vessels with 

oxygen and nutrients. The capillaries of the vasa are mainly comprised of endothelial cells.  

 

The contraction and relaxation of the VSMCs in the tunica media change the physical volume 

within the blood vessels and have the ability to control local blood pressure. Many vessel-

related pathological conditions can be traced back to problems stemming from VSMCs and 

their responses to mechanical stimulation. Issues regarding hypertension are due to higher 

levels of vasoconstriction by these smooth muscle cells.62 Furthermore, plaque formation, 

inflammation, and atherosclerosis, which accompany calcification, are heavily driven by the 

excessive proliferation of vascular smooth muscle cells.63 

 

2.2.3 Comparison of Anatomy and Composition 

Both valves and vasculature are important regulators in the movement of blood throughout 

the body. Valves and vasculature are both comprised of a specific, layered structure of cells 

and ECM that defines their mechanical attributes. While both consist of elastin and collagen, 

the variation in ECM densities between the two tissues shows the variation in the 

mechanical stimuli to which they respond. Vascular anatomy is dominated by elastin, which 

allows the tissue to respond elastically to varying blood pressures. The aortic valve has a tri-

layered structure with more collagen than elastin owing to the demanding need of 

mechanical strength while still maintaining elastic recoil. The endothelial cells present at the 

blood interfaces of these tissues are essential to both vascular and valvular health and 

homeostasis. The cellular components found within the interior of valves and vasculature are 

vastly different and are likely key contributors to their pathologies as described later. 
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2.3 PHYSIOLOGICAL MECHANICAL FORCES 

2.3.1 Valvular Forces 

The aortic valve experiences roughly 3 billion cycles of opening and closing during the 

average human lifespan.64 The cardiac cycle involves both systole and diastole, which impart 

different forces on the AV leaflets.34,65 During systole, blood pumps from the ventricle out to 

the aorta causing the AV leaflets to separate and bend towards the sinuses of Valsalva 

(Figure 3B). Three forces are felt during this stage of the cardiac cycle: VICs experience 

bending strain in the leaflets at the annulus (the line of attachment to the aortic root), and 

VECs experience both laminar shear against the ventricularis as blood is ejected from the 

ventricle and oscillatory shear in-between the fibrosa and the aortic wall. 

 

Figure 3: Diastolic and Systolic Forces on the Valve Leaflets 
(A) Forces experienced during diastole include compression and oscillatory shear on the fibrosa VECs 
and tensile strain on the VICs. The oscillatory forces (shown with yellow dashed arrows) are thought to 
be the cause of initial calcification. (B) Under  systolic forces, the ventricularis VECs experience straight 

shear while the VICs feel bending forces. 
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As the valve closes for the ventricle to be refilled during diastole, the AV leaflets coapt under 

axial pressure, generating a tensile strain along the length of the leaflets in the VICs (Figure 

3A). The fibrosa side of the AV leaflets undergo significant oscillatory forces due to the 

filling of the sinuses of Valsalva.35 During this backfilling, the coronary and non-coronary 

leaflets experience differing forces. The coronary leaflets have arterial outflows where blood 

flows through straight shear and therefore reduces the oscillatory nature of the 

hemodynamic force. However, on the non-coronary leaflet there is no outlet and thus the 

blood pools and exerts significant oscillatory shear forces. 

 

Over the full cardiac cycle, the ventricularis experiences higher and unidirectional forces due 

to blood flow, while the fibrosa has lower wall shear stresses (WSS) that are bidirectional – 

especially in the non-coronary leaflet.66 Findings by Cao et al. also show that WSS varies 

across the leaflet orientation, with radial WSS being significantly a higher component to the 

total WSS than is circumferential. As discussed later, these variations in forces experienced 

by different locations in the AV play a large role in the initiation and progression of 

calcification. 

 

2.3.2 Vascular Forces 

In vasculature, the force of blood flow within the vessels - pulsatile endothelial shear stress - 

is the most significant and prominent. The intensity of shear stress faced by vasculature 

differs based on both the shape of the vessel and the location of the vessel within the body 

(Figure 4). Straight regions of arterial trees face laminar blood flow that provides high and 

constant pressure (>15 dyne/cm2). Vascular regions that branch and curve experience non-

uniform, irregular, and disturbed blood flow. Due to the variability in blood flow in these 



17 
 

curved regions, the WSS applied to the vascular endothelial cells is noted to be much lower 

than in straight regions (<4 dyne/cm2).67,68 Bifurcations in arterial trees can show low shear 

stress and are the greatest targets for diseases like calcification, among other clinical 

conditions.69 Due to the low shear stress and the recirculation of blood in the oscillatory 

flow, blood components have more time to interact with the vascular wall leading to 

pathologies. 

 

Figure 4: Hemodynamic Forces in Vasculature 
Wall shear stresses in vasculature tissue is highly dependent on geometry. At straight sections, high 

unidirectional shear forces are predominant. At bifurcations and curved regions, oscillatory shear (shown 
with yellow dashed arrows) is experienced at lower pressures and leads to calcification.  
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In healthy vasculature experiencing high and constant WSS, molecules responsible for anti-

inflammatory, anti-thrombotic, anti-apoptotic properties and vasodilation are consistently 

expressed and upregulated while molecules known for inflammatory responses are 

downregulated. One of the many molecules controlled by shear stress is nitric oxide (NO). 

Similar to its role in valves, NO is necessary for healthy vasculature due to its anti-

inflammatory properties.70 High shear stress serves as a continuous stimulus for the 

endothelium to produce NO and prevent pathological changes such as calcification and 

atherosclerosis. High shear stress also controls the migration, differentiation, and 

proliferation of VSMCs. Healthy vasculature with high pressure ensures that the VSMCs 

remain in the tunica media and don’t proliferate in the intima. VSMCs in the intima produce 

fibrillar collagen, which, over time, contribute to atherosclerotic plaque.67,68 

 

2.3.3 Comparison of Mechanobiology 

In summary, straight segments of the vasculature are exposed to mostly laminar shear 

stresses at a near consistent pressure. At branches in the vasculature and directly 

downstream of the branches, these stresses shift to become more oscillatory, lower 

magnitude shear stresses. Despite this change at the geometric variation, overall the majority 

of stresses are unidirectional and constant. In contrast, the aortic valve is under multiple 

types of stresses that are constantly changing due to the cyclical opening and closing of the 

valve. The mechanical forces experienced by the ventricularis and fibrosa sides of the valve 

leaflet differ, and the non-coronary leaflet experiences different forces than the coronary 

leaflets. Both the non-coronary leaflet and the regions of the vasculature distal to 

bifurcations experience lower, more oscillatory forces compared to the rest of the 
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vasculature and the other valve leaflets, respectfully. These anatomic distinctions and 

associated stresses are shown to be a key factor in calcification discussed later in this review. 

 

2.4 CALCIFICATION OF CARDIOVASCULAR TISSUE 

2.4.1 Valvular Calcification 

Clinically, mineralization of the aortic valve is observed in patients who are in the late stages 

of CAVD because patients tend not to seek treatment for mild and moderate cases as 

symptoms are not yet severe.71 Due to insensitive testing modalities, early calcification is also 

difficult to study in vitro as extremely low calcium levels are difficult to distinguish from 

background noise. Thus, the initiation of calcification either in situ or in vitro remains 

undetermined and debate on the exact mechanisms that initiate calcification in valves still 

persists. In fact, until recently calcification was considered a passive deterioration of the 

heart valve instead of the active disease it is now understood to be. While specifics are 

unclear, it is now well accepted that there is a complex crosstalk between cells, ECM, 

biochemical cues and biomechanical changes during CAVD, and that these interactions drive 

mineralization. 

 

Calcification in the aortic valve can appear as osteogenic nodules similar to that found in 

bone.72 When calcification starts, small scale crystals form within the AV leaflets.73 The 

initiation of these crystals is still being investigated. As described below, some studies 

propose that the process of activated VICs remodeling their surroundings causes these 

crystals, while others focus on endothelial disruption allowing calcium phosphate from the 

blood into the tissue. A combination of these factors is likely. Once initiated, calcification 
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causes a positive feedback loop of mechanical changes, ECM remodeling and VIC activation 

which promote further calcification progression (Figure 5). 

 

Figure 5: Calcification Changes Cell Expression in the Aortic Valve 
The oscillatory shear stresses experienced by VECs on the fibrosa side of the valve can lead to 

endothelial layer disruption as well as specific changes in cellular pathway expressions. Changes in 
cellular expression can change the macro structure of the valve leaflets, which creates a positive feedback 

loop instigating calcification. Changes marked with red diamonds have been expressly linked to 
mechanical shear stresses in the aortic valve.  

 

The progression of calcification follows a reliable pattern based on the mechanical 

environment of the leaflets and cells.74 Of the three leaflets, the non-coronary leaflet is the 

most likely to calcify.73,75–77 This susceptibility is likely due to the changes between the 

oscillatory shear forces experienced by the non-coronary leaflet compared to the more 

laminar shear on the coronary leaflets as discussed earlier. VICs in the non-coronary leaflet 

have an increased expression of calcific markers, more osteogenic differentiation, and more 

mineralization compared to the coronary leaflets.77 

 
Individual leaflets also show expressional differences based on the different sides of the 

leaflet and the physical forces these sides experience. Ge et al. has shown through 
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computational modeling that the endothelial cells on the fibrosa and ventricularis experience 

extremely varying shear forces.78 The fibrosa layer of AV leaflets is consistently proposed to 

be the initiation point for calcific nodules,79 since it is directly exposed to the bidirectional 

oscillatory shear forces at the valve/blood interface. This would also be consistent with the 

observation that oscillatory forces are highest for the non-coronary leaflet, therefore the 

fibrosa side that is in contact with these forces would be most affected by mineralization. 

Usually, calcification originates at the line of attachment where the leaflet meets the valve 

wall or in the belly region of the leaflet.73 Calcification continues to propagate in a radial 

manner that follows the lines of highest shear stress in the leaflets.80  

 
The changing mechanical environment of the cells is accompanied by disruption of the 

leaflet ECM. Collagen becomes more disorganized and distinguishing between the tri-layered 

ECM becomes more challenging.48,81 As detailed earlier, the tri-layered structure is integral to 

the overall function of the AV. The hyper-physiological mechanical forces experienced by 

the valve in calcification negatively impacts the function of the spongiosa. While normally 

the spongiosa has minimal collagen when compared to the fibrosa, during calcification the 

spongiosa has significant collagen deposition due to aVICs.82 This change in ECM reflects 

the impaired mechanics, as the spongiosa normally works to absorb and dissipate the forces 

experienced by the other two layers but in CAVD the central layer loses this ability. The 

collagen deposition in this layer follows the progression of calcific nodule formation as it 

moves from the superficial fibrosa side throughout the leaflet. 

 
At the micro-level, there are still many questions to be answered about the effects of 

mechanical stimulation on cellular pathway activation and inactivation. Specific pathways 

such as Wnt,83,84 NOTCH,85 TGF-β,86 and BMP87 have been shown to play an important role 
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in calcification but little is known about how the mechanical environment of the valve 

affects most of these pathways.88 

 
Recent breakthroughs have revealed new understanding of the role of mechanical force in 

influencing these pathways. Pairing finite-element analysis with in vitro cell culture, Weinberg 

et al. showed that endothelial cells exposed to ventricularis-like stresses had higher levels of 

“atheroprotective” factors than endothelial cells under fibrosa-like stresses.89 NOTCH1, a 

transmembrane protein important in regulating endothelial cells, has been shown to be 

activated by shear stresses in aortic VECs.90 Oscillatory shear stresses on endothelial cells in 

vitro were shown to cause an upregulation of cells going through EndoMT as demonstrated 

by increased 𝛼SMA expression, and had higher levels of inflammation as shown by ICAM1 

and NFKβ1 expression.91 

 

The calcific aberrations in AV leaflets are credited with increasing local stiffnesses of the 

leaflet. With this local stiffness increase and the disruption of the underlying ECM, both 

VECs and VICs vary their responses and drive the valve further towards calcification. VECs 

upregulate their production of inflammatory cytokines such as TGF-β, which makes VECs 

more likely to go through EndoMT.92 The disruption of the endothelial layer also allows for 

the infiltration of inflammatory cells into the AV leaflets. These inflammatory cells, which 

are predominantly macrophages, can play active roles in the progression of calcification and 

remodeling of surrounding ECM.93,94 

 
Endothelial disruption can also affect the underlying mechanical properties of the valve, 

which can then in turn promote VIC differentiation.95 VECs have been shown to signal the 

activation and calcification of VICs through the regulation of NO,96,97 an important inhibitor 
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of calcification.98–100 The disruption of the endothelial layer also allows for an influx of 

inflammatory cells into the cell as well as an upregulation of osteogenic mediators (potential 

drug targets). 

 
VICs have been widely reported to transition to an activated state when their relative ECM 

becomes stiffer.101,102 For both aVICs and VECs, the process of EndoMT can hasten their 

transition towards an osteogenic phenotype, creating larger nodules of calcification. Thus, 

the cycle of calcification continues as the mechanical properties of the valve progress further 

from physiological, as ECM changes further, and as more cells become activated.103 

 

Figure 6: The Effects of Calcification on Blood Flow in the Aortic Valve 
Healthy valve leaflets are able to move according to blood flow which allows them to open completely 

under systolic forces and coapt under diastolic. In calcified valves, leaflets lose their flexibility and become 
rigid. This results in valves that can nei ther open or close fully, which reduces mean ejection fraction and 

increases regurgitation. 
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In late stage calcification, the aortic leaflets become thickened with calcific nodules and 

overproduction of ECM. The changes in the macro geometry of the leaflets significantly 

affects the ability of the valve to successfully coapt. While healthy valves fully open under 

systolic pressure and fully coapt under diastolic, the more rigid and thick calcified valves are 

impeded in either movement. This reduced motion lowers the ejection fraction of the valve 

while also increasing retrograde leakage into the ventricle (Figure 6). 

 

2.4.2 Vascular Calcification 

Shear stress is required for the proper physiological functioning of the endothelial layer in 

vessels. Prolonged and continuous pulsatile shear stress ensures that the genes necessary for 

shielding vessel walls from inflammation are being properly transcribed.104 Low shear stress 

is responsible for numerous potential causes for calcification. Interestingly, decreases in 

vascular shear stress may be attributed in part to calcification of the aortic valve, because the 

aortic valve is the regulator for downstream pressure in the vasculature. When the aortic 

valve is compromised by calcification, pulse pressure in arteries are markedly lower than in 

the physiologically healthy system.31,105 Disruption of the physiological hemodynamics causes 

noted disruption of the endothelial layer leading to calcification. Changes in the endothelial 

layer, markedly EndoMT, have been shown to contribute to atherosclerotic plaque 

calcification.106 

 
Similar to valvular calcification, vascular calcification itself, brought on by atherosclerotic 

plaques and other clinical conditions, may reduce WSS, further propagating more 

mineralization in a vicious cycle. Although it is unknown whether calcification causes 

changes in shear stress or conversely whether changes in shear stress cause calcification, it 
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has been demonstrated that regions of vasculature with lower shear stresses have more 

atherosclerosis and calcification, suggesting that some relationship exists.68,107  

 
The production of NO is stimulated through constant, pulsatile shear stress. In vascular 

regions experiencing low shear stress, NO becomes less available, leaving vasculature prone 

to thrombosis and inflammation. Furthermore, low shear stress downregulates the powerful 

vasoconstrictive molecule prostacyclin, further threatening the onset of calcification in 

vessels.67  

 
Low shear stresses, associated with vasculature downstream of a bifurcation, also put vessels 

at risk for infiltration of VSMCs from the tunica media into the endothelial cell layer of the 

intima.68 Proliferation of VSMCs in the intima causes overproduction of fibrillar collagen, 

which eventually coalesces to form the structure of calcific plaques that calcify over time. 

Additionally, the increase residence time of blood in contact with the vessel wall associated 

with lowered shear stress results in the increase of LDL cholesterol uptake by vasculature 

and the upregulation of reactive oxygen species (ROS). The LDL particles become oxidized, 

which triggers the recruitment of inflammatory cells in an attempt to rid the vessels of these 

“foreign” particles. These inflammatory cells are able to easily infiltrate arterial wall due to 

the low shear stress and high residence time, which is a major contributing factor to the 

calcification of vasculature.68 As a result of these changes, inflammation and atherosclerosis 

are found to occur at greater rates in vascular regions distal to bifurcations.68,69,108 

 
Bifurcations themselves are also prone to calcification. The forces experienced at the point 

of bifurcation differ from those in straight arterial regions, leaving these regions at greater 

risk for variable blood pressure. Since they experience a lower mean WSS, bifurcations 

consequently face the risks associated with low shear stress as mentioned earlier. 
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Furthermore, bifurcations frequently encounter reversed flow during systole, increasing the 

residence of blood in those regions, again contributing to calcification as previously 

discussed.109 

 
Other molecular bases for the onset of vascular calcification are plentiful. One of the most 

significant contributors is osteopontin (OPN), a matrix protein largely responsible for the 

inhibition of calcification. OPN blocks the growth of calcium crystals throughout the body, 

which prevents the pathogenic onset of ectopic calcification.30 In an in vitro study of bovine 

smooth muscle cells, exogenous OPN treatment inhibited the spread of calcification.110 

Furthermore, mice lacking OPN and Matrix Gla Protein (MGP), an inhibitor of bone 

morphogenic protein, had greater instances of calcification compared to their healthy mice 

counterparts.111,112 Reduction of MGP has also been linked to inducing EndoMT via 

activation of both elastases and kallikreins resulting in further calcification.113 Interestingly, 

rats with high levels of calcification were found to have greater concentrations of MGP 

compared to healthy counterparts.114 This suggests that MGP might have a role in 

minimizing the propagation of further calcification. Osteoprotegerin (OPG), like OPN and 

MGP, is also speculated to play a role in vascular calcification. OPG is believed to inhibit 

RANKL, which is responsible for the maturation of osteoclast progenitors. Mice deficient in 

osteoprotegerin were found to have calcification of the aorta and renal arteries.115 

 
Beyond decreases in shear stress, another calcification-related change in the vasculature is 

the degradation of elastin fibers. Although VSMCs are normally found in an ECM rich in 

elastin, the rate of synthesis of elastic fibers by adult VSMCs is very low, which is 

detrimental in diseases involving degradation of elastin.116 The degradation of elastin fibers is 

highly correlated with calcification in vessels. It has been shown that cells going through 
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EndoMT during calcification secrete elastases that contribute to this degradation due to the 

reduction in MGP mentioned previously.106 Elastic fibers are crucial in vascular tissues’ 

ability to recoil and respond to normal (pressure-related) stresses,117 and alterations in those 

stress responses can greatly contribute to vascular calcification. In vivo studies in rats have 

shown that areas of elastin breaks in vessels were significantly correlated with higher levels 

of calcium depositions.105,118 Furthermore, the breakdown of elastin fibers in areas with 

calcification caused decreased arterial compliance, and rats exhibiting greater levels of 

calcification had greater vascular wall thickness overall.118 As with shear stress and 

calcification, the causal effect between decreased elasticity and calcification is unknown, but 

such relationships may indicate that increased stiffness can have an effect on vulnerability to 

vascular calcification. 

 
While much of this discussion has focused on the calcification of the intimal layer of arteries, 

the tunica media similarly experiences calcification. Medial artery calcification (MAC), also 

known as Mönnckeberg’s arteriosclerosis, leads to the stiffening of the elastic fibers in the 

smooth muscle layer of the arterial wall. MAC, once thought of as benign, has been 

recognized to be one of the greatest indicators of cardiovascular death.105,119 MAC is most 

commonly associated in patients with chronic kidney disease and type II diabetes mellitus.119 

 
MAC has similar chemical triggers as with the calcification of the intimal layer, such as 

overexpression of MGP and the under-expression of OPN. In patients with chronic kidney 

disease, the greater levels of calcium phosphate found in the blood leads to depositions 

predominantly into the elastin-rich medial layer. The depositions create calcium phosphate 

crystals, which triggers the VSMCs to express bone-related genes, such as OPN.120 
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In type II diabetes mellitus, hydroxyapatite is the most abundant mineral deposited, leading 

to MAC.68,105 Crystallization of hydroxyapatite results in depositions of calcium in the medial 

layer, leading to the arterial stiffening. Reduced elasticity and reduced arterial compliance not 

only further propagates vascular calcification, but can also lead to decreased blood flow in 

diabetic patients. As a result, presence MAC is often the major factor in determining the 

necessity of amputation of limbs in type II diabetes mellitus.105,119 MAC may also simply be 

associated with aging. Due to the effect of aging on reduced elasticity of tissues and general 

renal insufficiency amongst many other factors, calcification may develop as a consequence 

of a natural biological process.105 

 

2.4.3 Comparison of Calcification Pathology 

Vascular and valvular calcification have independent and convoluted disease pathways, even 

though they do have some similarities in how the diseases progress. Calcification is observed 

in both appearances to revolve around a disrupted endothelial layer. This initial disruption is 

similar in both diseases; lower pressure, oscillatory shear is present on the non-coronary 

valve (the one most often presenting calcification) and in the segments of vasculature most 

prone to calcify. Mechanical properties of both vascular and valvular tissue change during 

the progression of the disease, specifically by becoming more rigid and less elastic. Due to 

changes in the mechanical and cellular environments, NO concentrations are reduced in 

both presentations of calcification. 

 

While there are many similarities in the calcification of vasculature and valves, there are also 

significant differences that should not be overlooked (Table 1). In CAVD, the VICs play a 

large role in manipulating the ECM environment and differentiating into osteogenic cells. 
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These myofibroblast cells are dissimilar to VSMCs, although VSMCs are also not terminally 

differentiated. Possibly the most noteworthy difference between these calcifications is in the 

presentation of the calcific nodules in the tissue. In CAVD, mineral deposits create calcific 

nodules similar to new bone deposition, whereas vascular calcification presents as a lipid-

laden plaque. 

 

Table 1: Overview of Similarities and Differences of Calcification in Valves and Vasculature  

 

2.5 VARIATION IN DISEASE PREDICTION AND TREATMENT 

2.5.1 In CAVD 

Valvular stenosis and calcification can be predicted through their risk factors of diabetes, 

smoking, hypertension, abundance of lipids in the blood system, and various metabolic 

syndromes.121 Further indicators of disease are smoking, higher body mass index, and high 

cholesterol.2 Unlike some heart conditions, people of male gender are more prone to 

stenosis and calcification than females.122 The most correlated risk factor for CAVD, 

however, is aging. While it is now accepted that calcification is not due to passive 

degradation throughout patient lifetime, aging is still the best predictor of disease onset. 

Over time, the amount of calcium and other minerals accumulating within the valve 

increases, which creates a propensity towards calcification.123 
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Currently, the only treatment for patients with a highly calcified valve is surgical replacement. 

No non-surgical treatment exists, although statins (a common treatment for atherosclerosis) 

were previously tested on CAVD patients but showed no decrease in disease progression. 

Recent findings have also suggested that vitamin K treatment in patients with mild and 

moderate stenosis can reduce the progression of aortic calcification, although due to the 

limited patient population this study did not show changes in valve functionality.124 Due to 

complications with surgery and relatively high event-free survival statistics in mild cases, 

patients who have aortic calcification but are asymptomatic are usually recommended to 

withhold from surgery.125 In contrast, patients with severe calcification are frequently 

referred to get immediate treatment as the event-free survival rate at one year is only 60%, 

and drops to 47% and 20% at two and four years, respectively.125,126 

 
Options for replacement are either mechanical valves or biological valves. Mechanical valves 

used to make up the majority of implanted valves, but have been surpassed in use by 

biological valves.127,128 Mechanical valves require daily anti-coagulant medication due to the 

immune response elicited at the metal-blood interface. Biological valves can either be 

cryopreserved human explants or chemically fixed animal tissue. Due to a lack of organ 

donors, bioprosthetic implants are mostly made from porcine or bovine tissue. Bioprosthetic 

valves have an average life span of 15 years before failure due to structural deterioration, 

requiring reoperation to replace the valve again.129 Patient outcomes at reoperation are 

poorer due to increased age and poorer overall health of most patients. The major recent 

advancement in the field of bioprosthetic valves has been the introduction of trans-catheter 

heart valve replacement.130,131 This system allows for the delivery of a biological valve via 

intravenous balloon catheterization. Studies of the long-term performance of trans-catheter 

valves show this implementation method improves outcomes for high risk patients by 
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circumventing the need for open heart surgery while still maintaining the implant 

integrity.132,133 However, this treatment is currently only used on those not fit for surgery and 

remains a small fraction of total replacement surgeries. 

 
The newest research in heart valve replacement is tissue-engineered heart valves (TEHVs) 

which are not currently commercially available but show promise in initial studies and animal 

models.134–136 The intention of TEHVs is to have a replacement valves that adapts and grows 

with patients, as that is one of the main limitations of bioprosthetic valves, and is a necessary 

adaptation for pediatric patients.137 Pediatric recipients of artificial heart valves require 

replacement surgeries more often than their adult counterparts due to their growing bodies 

and their higher susceptibility to prosthetic valve complications and failure.130,138 Indeed, 

young age remains the primary risk factor for early failure of bioprosthetic valves.138,139 Thus, 

the emergence of TEHVs would be a valuable addition to the range of commercially 

available valve implants. TEHVs are generally created through a combination of ECM 

scaffolding populated with cells. These cells can either be added during the TEHV creation, 

or a decellularized scaffold can be implanted and recellularized via circulating cells in the 

blood stream.129,140 Early clinical attempts at TEHVs, however, have suffered from fibrosis-

like failure due to the continuous activation of the reseeded cells causing rampant collagen 

formation.137 The functional performance of the TEHVs has also been found to decrease 

over time as adverse remodeling of the valve prohibits successful coaptation, although initial 

studies from Emmert et al. have demonstrated that changing the initial geometry of TEHVs 

can reduce undesirable remodeling.141 While progress in this field is underway, performance 

issues such as these have prevented TEHVs from becoming a commercial reality as of yet.142 
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2.5.2 In Atherosclerosis 

A prediction of vascular calcification is largely contingent upon the preexisting conditions a 

patient may have. As stated earlier, vascular calcification is very rarely found in isolation. 

Patients who are diabetic, post-menopausal, experience renal failure, or suffer from other 

conditions that downregulate calcium inhibitors should be cognizant of the greater risk for 

vascular calcification they face.105,118 Similarly, individuals already experiencing aortic 

calcification and/or early-stage atherosclerosis need to be consistently monitored for 

worsening calcification of peripheral vasculature.  

 
The treatment and regulation of concomitant conditions associated with vascular 

calcification may have an ability to control vascular calcification and prevent the worsening 

of symptoms. When paired with advanced kidney disease, treatments focus on reducing 

circulating calcium and phosphate levels.143 When vascular calcification is seen with 

atherosclerosis, statins have are used to reduce the rate of disease progression.144 While this 

treatment does not cause diseased tissue to revert to normal, it is effective in pausing the 

enlargement of atherosclerotic plaques.145 

 
Treatment options specific to combatting vascular calcification are not a current clinical 

prospect, although treatments are currently under investigation in animal studies. Vitamin K, 

specifically vitamin K2, has been found to be inversely related to severe aortic 

calcification.146 Proteins dependent on vitamin K have been studied to potentially inhibit 

vascular calcification, such as MGP. Availability of vitamin K is a major factor for the 

activation of these proteins. Increasing intake of this vitamin therefore has the potential to 

prevent the progression of calcification.146 In a more recent study, post-menopausal women, 

who are at greater risk for vascular calcification, were shown to have a decreased risk of 
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coronary calcification with increased vitamin K2 intake.147 Less studied options include 

statins, bisphosphonates, TNAP inhibitors, and non-steroidal anti-inflammatory drugs.143 

While these treatments must be investigated further, preliminary studies have found results 

in the ability to control either plaque or calcification in non-vascular regions, providing hope 

that applications in vasculature may exist.31 

 
Surgical treatments are an option for late-stage vascular calcification. In late-stage 

calcification, the diameter of the carotid artery can significantly reduce causing higher odds 

of fatal strokes. Carotid endarterectomies are common practice when patient’s carotid artery 

is severely calcified (> 70% reduction in diameter) to remove material from the artery. For 

these patients, endarterectomies can reduce their 5-year risk of stroke occurrence from 12% 

to 6%.148 Recent studies have found that a modified version of this surgery, eversion carotid 

endarterectomy, might have better peri-operative outcomes but performs similarly for post-

operative outcomes.149 

2.5.3 Comparison of Diagnosis and Treatment 

Predicting onset of either form of clinical calcification remains an inexact science. CAVD is 

predicted predominantly via advanced age while vascular calcification is monitored when a 

known disease initiator is already present. While there are no non-surgical treatments for 

CAVD, the progression of vascular calcification can be hindered by treating the preceding 

disease that instigated the calcification. Statins are lipid-lowering drugs that have been shown 

to be effective at reducing the progression of atherosclerotic plaques. Even with the 

similarities between CAVD and vascular calcification, when statins were used to treat CAVD 

there was no evidence that they halted calcification. This is likely due to the extreme 

differences in their presentation of calcification. The plaques formed in atherosclerosis are 
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lipid-rich deposits whereas CAVD is a more mineral and bone-like morphology. 

Correspondingly, the lipid-lowering statins had little effect in CAVD. Based on the research 

presented in this review, treatment options targeting CAVD should be investigated using 

either aspects of the disease that are unique to calcified valves, or bona fide commonalities 

between the two diseases. For instance, both a reduction in NO production and the 

disruption of the endothelial layer are shown to be initiators of severe valvular and vascular 

calcification. Targeting these pathways may lead to treatments that would be functional for 

both diseases. 

2.6 CONCLUSIONS 

Cardiovascular calcification is pervasive throughout the older population of adults in the 

United States. As our national demographic skews toward having longer expected lifespans, 

calcification will only become a more dominate issue. Thus, important steps need to be taken 

in researching treatments and interventions. As found in both in the aortic valve and in 

vasculature, calcification modifies the physiological environment of tissue beyond repair. 

While they are often studied separately, the processes of valvular and vascular calcification 

share many similarities that might be worth exploring. Specifically, the oscillatory shear 

stresses at both the non-coronary leaflet of the aortic valve and downstream of bifurcations 

in vasculature seem to play a vital part in the initiation and progression of calcification. 

Further, the role of disrupted endothelium layers is significant in both areas of calcification. 

They also share NO inhibition which destabilizes the interior cells (VICs and VSMCs 

respectively) and leads to calcification. With these similarities, the differences between 

valvular and vascular calcification must be appreciated to study them properly. The 

mechanical environment of the AV is cyclic and multidimensional, whereas vasculature 
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experiences more steady flows. Further, the differences between their interior cells, their 

phenotypes, regulation of ECM and mechano-sensitivity likely plays a large part in the 

variations observed between these diseases. In summary, valvular and vascular calcification 

requires further study to explore proper treatment options. It may be beneficial to look at 

these seemingly incongruous diseases jointly to learn more about the initiation, progression 

and inhibition of calcification.



 
 

 
Parts of this chapter have been published as - Roseen, M. A., Fahrenholtz, M. M., Connell, J. 
P., & Grande-Allen, K. J. (2020). Interfacial Coating Method for Amine-Rich Surfaces using 
Poly (ethylene glycol) Diacrylate Applied to Bioprosthetic Valve Tissue Models. ACS Applied 
Bio Materials, 3(3), 1321-1330. 

3 BACKGROUND: FAILURE OF VALVE IMPLANTS 

3.1 INTRODUCTION 

As discussed in the last chapter, calcification in heart valves can lead to a need for 

replacements. Heart valve replacements, however, are themselves fallible and can cause 

further harm to patients. Many researchers are trying to improve heart valves, but few 

changes have been successfully implemented in the clinic since the first iterations of the 

devices before the turn of the century. To truly understand what is limiting the application of 

research and to design a clinically relevant valve, a full look at where valves started, current 

iterations, failures, current research aims, and best strategies for clinical implementation must 

be evaluated. 

3.2 THE HISTORY OF VALVE IMPLANTS 

When discussing heart valve implants, it is first important to note that there are two distinct 

classes of valves: metal and biological. Metal-based valve implants will be denoted as 

mechanical valves whereas tissue-based implants are deemed bioprosthetic valves (BPVs). 

While both mechanical and bioprosthetic valves were initially developed and implanted in 

the 1940s and 1950s, significant changes have been made since then. Initially, valves were 

surgically implanted along the descending aorta and the failed patient valve was left in 

place.150,151 This was mostly due to the lack of cardiac bypass at the time, which restricted the 

ability to safely implement open-heart surgeries. 
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3.3 MECHANICAL VALVE IMPLANTS 

3.3.1 The Introduction and Iterations of Mechanical Valve Implants 

Implantation surgery changed in 1960 when Dr. Dwight Harken performed the first 

successful mechanical valve implantation in situ to truly replace the failed valve with a new 

implant.152,153 This valve was a caged-ball design that restored unidirectional blood flood in 

the heart (Figure 7).  

 

Figure 7: Historic Ball-in-Cage Valve Replacements 154 

 

Ball valves have a metal or polymer ball that is free to move along one axis, but is restricted 

on one end by a metal cage and on the other end by the sewing ring used by surgeons to 

adhere the prosthetic valve to the aortic wall.154,155 The ball will sit flush with the lower 

sewing rim during diastole to block blood flow from returning to the ventricle. During 

systole, the force of the blood (as the ventricle contracts) would shift the ball forward until it 

met the metal cage, allowing blood to flow around the exterior of the ball and into the aorta. 

The design of the initial ball-in-cage valves has proven to be successful over decades of 

prosperous patient outcomes, and the Starr-Edwards ball valve is still in use today with only 

minor changes from the original model (Figure 8).154–156 
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Figure 8: Variations on the Starr-Edwards Ball-in-Cage Valves 154 

 

Variations of mechanical valves for both the aortic position and the mitral position were 

implemented over the next few years. In general, these valves all tried to do one thing: 

replicate the environment of the physiological valve. To do this, engineers designed valves to 

increase the blood flow area, effectively decreasing the shear forces blood was exposed to 

and increasing the biocompatibility of the devices. This design can was implemented in non-

tilting disc valves (Figure 9) and tilting disc valves (Figure 10).157,158 Non-tilting disc valves 

were plagued with failure of the struts that connected the disc (sometimes called a poppet) 

and fracture of the discs themselves. The tilting disc models do not share these failures.  

 

Figure 9: Non-Tilting Disc Valves 154 
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Figure 10: Tilting Disc Valve 154 

 

3.3.2 The Current Mechanical Valves and their Failures 

Further improvement on mechanical valves resulted in the bi-leaflet valve.159 As seen in 

Figure 11, these valves best replicates the physiological system using two leaflets. While the 

aortic valve has three leaflets, this two-leaflet system is much closer to mimicking native 

blood flow patterns than previous devices. Initially, however, the bi-leaflet design in the 

Gott-Daggett valves showed significant issues arising from areas of blood stagnation. 

Unmoving blood prompted the formation of clots and caused thromboembolisms. The 

most successful bi-leaflet valve was designed by St. Jude Medical and is still in use today. 

Made from pyrolytic carbon, the dual leaflets were able to hinge near the center point of the 

valve opening and minimize stagnant blood.154 
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Figure 11: Bi-Leaflet Valves 154 

 

Although bioprosthetics are becoming more popular amount patients, 20% of implanted 

valves are mechanical.128 As discussed previously, the Starr-Edwards ball-in-cage valve and 

the St. Jude bi-leaflet valve are surgically implanted in thousands of patients alive today.158–160 

These mechanical valves have shown long-term effectiveness in patients. In a retrospective 

study, patients implanted with the St. Jude valve between 1978 and 2012 were studied for 

trends in long-term mortality and other cardiac events. Overall, patients implanted with the 

bi-leaflet device in the aortic position had a 44.5% 30-year survival rate.159 Patients had a 

88.6% chance of valve-related mortality after 30 years. The St. Jude bi-leaflet valve was the 

gold standard but, since St. Jude Medical was acquired by Abbott in 2017, it has been 

remarketed as the Abbott Regent™ valve. The next iteration of bi-leaflet design is seen in 

the Medtronic Open Pivot Mechanical Heart Valve which reduces thrombosis creation by 

altering the pivot locations were clots formed on other devices.  
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The downside to mechanical valves is that is highly advisable that patients be on a life-long 

anti-thrombotic medicine. All mechanical valves change the hemodynamics within the aorta 

compared to a natural valve. The turbulent flow of blood paired with blood clotting proteins 

contacting the metal prosthetics can cause thrombotic events and result in death if 

untreated.161 For this reason, willing patients are put on lifelong protocols of warfarin. 

Current recommendations state that patients with a mechanical valve who are not high risk 

for thromboembolism should take warfarin daily to reach an international normalized ratio 

(INR, a clinical measure of blood clotting) between 2.0-3.0, increasing to an INR of 2.5-3.5 

for those who are high risk. A regimen of daily aspirin is also recommended. 

 

Issues that arise from mechanical valves are mostly patient nonadherence to drug regimens. 

The longest survival currently documented of a patient refusing warfarin was 37 years.161 

This patient is quite the anomaly as most face severe complications when the anti-

thrombotic is stopped. The suggested dose of warfarin also precludes many patients from 

choosing mechanical valves. Current clinical recommendations for women that are in 

childrearing years are to receive bioprosthetic valves as warfarin can be deadly during 

pregnancy and birth.162 There are also complications that can arise in elderly patients who are 

taking other drugs whose interactions with warfarin can be deadly.163 Due to the required 

drug regimen, many patients are now opting to receive bioprosthetic implants instead of the 

mechanical valves. 
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3.4 BIOPROSTHETIC VALVE IMPLANTS 

3.4.1 The Beginnings of Bioprosthetic Valves 

Although tissue-based prosthetics were introduced in 1965, it wasn’t until Carpentier 

introduced glutaraldehyde fixation pre-treatments for tissue valves that they became a viable 

option for patients.150,151  

 

Initially, bioprosthetic valves were composed of an aortic valve removed from a porcine 

cadaver. This valve then underwent a glutaraldehyde fixation treatment and was attached to a 

surgical ring to allow for implantation. Glutaraldehyde fixation was performed to reduce the 

immune response of the body to a foreign object. Compared to the few valves that were 

implanted before Carpentier’s improvement, these fixed valves had much better durability. 

While the scientists designing mechanical valves have strived for years to replicate the natural 

hemodynamics of valves, bioprosthetic valves do this inherently (Figure 12).164  

 

Figure 12: Bioprosthetic Valve with Suture Ring165 
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3.4.2 Variations of Bioprosthetic Valves 

Bioprosthetics now account for 80% of the prosthetic heart valve market.128 Over the past 

few decades, bioprosthetics are becoming more used in patients because their rates of 

survival are equivalent to those of mechanical valves, while having no required anticoagulant 

drug regimens. Currently, these prosthetics are most popular in the elderly and in patients 

who are not suitable for mechanical valves. In fact, due to their limited lifespan in the body, 

they are recommended against for non-elderly patients. 

 

When discussing bioprosthetic valves, there are two notable variables: animal donor and 

stent design. While initial implants were only made from porcine specimens, BPVs are now 

made from bovine tissue as well. Unlike porcine valves, the natural bovine aortic valve is 

much larger than a human valve and therefore is not compatible for surgical implantation. 

Instead, bovine pericardium is removed in sheets and formed into the correct tri-leaflet 

design (Figure 13).166 Like porcine tissue, bovine pericardium must be treated with 

glutaraldehyde prior to implantation. 
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Figure 13: Bovine Pericardial Valves166 
A) Model of how the cylindrical sheets match the physiological shape of valves. B) Model of the 
coaptation of the valves. C) The pericardial sheets contained using a sewing ring and struts. D) 

Schematic of how the sheets are introduced to the sewing ring.  

 

Initial designs of both bovine and porcine valves included rigid stents to ensure the proper 

shape of the valve remained in the face of mechanical deformation. Rigid stents are 

dependent on structural points at the three commissures along with a structural ring. Due to 

tearing along the stent-tissue interface, it was assumed that these structures were too rigid 

and were causing increased stress along the joints.166 In the late 1980s and early 1990s, 

measures were taken to try and remedy this flaw. Initially, the stent height was fluctuated to 

try to relieve some of the stress.167 Through finite element analysis, it was shown that a 

shorter structure height (one proposed stent modification) would not reduce the leaflet 

stresses. Next, flexible stents were introduced to mitigate the stress issue. Although initial 

computational data suggested that this modification would significantly reduce the stress at 

the commissures of the valve,168 in clinical practice the supposed benefits of this design have 

been unclear. Due to the flexibility of the stents, it has been possible for deformations 
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during the initial valve insertion to cause lasting problems. Moreover, as with rigid stents, 

flexible stents still show tearing at the interfacial points.166 

 

Just before the turn of the century, stentless valves entered the market. The motivation for 

these valves was that since stented valves were considered by some to be too bulky and to 

reduce the size of the valve the patient could accept, it made sense to try to eliminate stents 

completely. Stentless valves, as the name implies, do not have the rigid struts found in other 

porcine valves, and are instead fabricated just from tissue with or without a sewing ring. 

Theoretically, stentless valves would have better hemodynamics and would fit patients’ 

hearts with better accuracy. Furthermore, a stentless valve could only be prepared from fixed 

porcine aortic valves as bovine pericardial tissue must be sewn into a stent framework to 

form the necessary design. Results from studies of stentless valves have been predominantly 

positive, showing improved survival and minimized incidence of adverse events in patients 

who received stentless valves compared to Carpentier-Edwards stented valves.169 In general, 

the stentless valves do show better hemodynamics, but they have also been associated with a 

significantly more complex and longer surgery.166,170,171 Thus, while stentless designs do show 

some improved outcomes, these benefits are negated due to the high degree of difficulty of 

the surgery and the strain it puts on patients during surgery. Now that stentless valves have 

been on the market for more than 20 years, long-term studies have shown higher 

percentages of reoperation for stentless valves compared to their stented counterparts.170 

3.4.3 Current Bioprosthetics 

Before their acquisition by Abbott, St. Jude Medical had a market command in bioprosthetic 

valves with their Biocor™ stented tissue valves, which have shown impressive long-term 

performance. Biocor™ valves had a freedom from reoperation of 91.9% at 10 years, a 
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statistic that remained incredibly high at 86.5% even at 20 years.172,173 Currently, Abbott, 

Medtronic and Edwards Lifesciences have competing bioprosthetic valves with the Trifecta, 

the Mosaic Ultra™, and the Inspiris Resilia, respectively. Between these, the Medtronic 

device appears to have the more favorable outcomes.174 While the Trifecta is too new to 

compare retrospective survivability, when compared directly to the Mosaic Ultra™, the 

Trifeca has  less prosthesis-patient mismatch and a lower gradient compared to the 

Mosaic.175 However, the Abbott valve has been shown to deteriorate faster than expected.176–

178 The Inspiris Resilia valve from Edwards Lifesciences can is currently under study with 2-

year outcomes showing more than 90% freedom from mortality.179 This cannot be compared 

to the survival rates of the much longer studies for the Mosiac Ultra™, however the Inspiris 

Resilia might not need the same longevity these valves have. The Inspiris Resilia has the 

potential for expansion to allow for future transcatheter aortic replacements via valve-in-

valve procedures meaning that it can allow for degradation of the valve while not requiring 

secondary open-heart surgery.180 

 

The Abbott and Medtronic valves are particularly noteworthy due to their trademarked post-

glutaraldehyde anti-calcification treatments. For the Trifecta, this process is called the Linx™ 

anti-calcification treatment, which is stated to improve the valve via lipid extraction, 

reduction of remaining aldehydes, and stabilization of collagen.181–184 The specifics of the 

Linx™ treatment are not detailed, but based on the outcomes of the valves, it is possibly a 

combination of an alpha-amino oleic acid (AOA) treatment (used for the Medtronic devices) 

and an incubation with ethanol. Ethanol pre-treatment has been shown previously to cause a 

reduction in calcification and is currently used as a negative control in small animal studies of 

calcification.185 These treatments, as well as the glutaraldehyde incubation seen in the Inspiris 
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Resilia, aim to reduce the free aldehydes left by fixation and reduce points of calcification. 

The Linx™ and the AOA treatment go further to reduce other sites of calcium bonding like 

phospholipids.  

3.4.4 Failures of Bioprosthetics 

While they have significant advantages over mechanical valves in terms of hemodynamics, 

bioprosthetic valves are not recommended for patients unless they are either over the age of 

65 or have health concerns that prevent them from obtaining a mechanical valve.186 The 

reasoning for this is that BPVs have a limited lifespan (median time to failure is 15 years) 

compared to the near infinite lifespan of mechanical valves.129 

 

BPVs typically fail in a few distinct ways; valves can calcify, tear, or stenose. Calcification is 

the most common of the three.7–9,13,164,187 Calcification in BPVs is different than that of 

natural valves as described in the previous chapter. While it is the most common failure 

mode of BPVS, there is debate in the field regarding the precise cause of this calcification. 

 

Calcification is hypothesized to stem from the initial glutaraldehyde treatment used in 

preparing BPVs. Although glutaraldehyde fixation is an essential process in order to reduce 

the immune response and chance of implant rejection, the chemical treatment significantly 

changes the properties of the tissue and limits the lifespan of the valve.6,188 Specifically, 

fixation alters cellular and biomechanical properties that help regulate hemostasis of the 

tissue.7–9 The surface endothelial cells are especially important in modulating long-term 

immune response, degradation kinetics, and hemocompatibility.10 The changed properties 

are one of many causes of dysfunction and eventually result in valve failure.5 
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Additionally, the negation of immune response glutaraldehyde fixation offers is not 

complete, and it has been shown that α-Gal epitopes are maintained in the BPV after 

fixation. Iterations between these epitopes and the anti-Gal antibodies that are plentiful in 

the body deteriorate valves.14–16 This is especially problematic as some people have α-Gal 

allergies, which then promotes early failure of BPVs.16,17  Due to these and other failure 

modes, biological valves only have a lifespan of roughly 15 years, necessitating over 300,000 

replacement surgeries in the US per year.129 

 

3.5 CURRENT AREAS OF RESEARCH TO IMPROVE BIOPROSTHETICS 

The issues surrounding BPVs have been present since their conception and identifying 

strategies to mitigate the problems has been an equally long journey. Today, researchers 

continue to pin down how to improve BPV longevity and diminish the failure modes. The 

majority of current research can be partitioned into three categories: developing tissue-

engineered prosthetics, altering the fixation process, and using a protective coating.  

3.5.1 Tissue Engineered Valve Research 

Tissue engineered valve (TEV) designs are a possible route to create a replacement valve that 

could grow with the patient. Unlike traditional mechanical or bioprosthetic valves, TEVs 

combine a scaffold, cell source and bioactive factors to form a living tissue that mimics 

physiological elements and could potentially grow as if it were a natural valve. Creating a 

growing valve is especially exciting for patients who have congenital heart defects or valve 

failure at a young age – patients who currently have a poor prognosis using bioprosthetic 

valves.126 
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Research into TEVs usually uses one of two primary scaffold types, either decellularized 

aortic valve tissue or combinations of natural and synthetic polymers. Focus on decelluarized 

scaffolds over the past few years has been in modifying them for use in transcatheter aortic 

valve replacements surgeries.189 However, these implants are seen to lose their mechanical 

integrity, and they have proven challenging in recruiting ingrowth of new cell populations.190 

The native heart valve normally contains a mixture of cell populations, and enticing these 

cells to seed in place correctly and start depositing their own natural ECM has been a 

limiting factor in this work. Furthermore, issues with tissue overgrowth and inflammation 

have been observed in longer-term studies.191 

 

Pre-clinical studies have shown that in vivo animal models survived 9 months with a 

decellularized scaffold.192 However, this scaffold was placed on the right side of the heart in 

the pulmonary valve position. This side of the heart is exposed to much lower mechanical 

forces than the left side of the heart and might not equate to a successful implant for the 

aortic valve. In a study where the TEV was placed orthotopically to the aortic valve site, cell 

infiltration and animal survival was demonstrated, but some of the grafts were already 

calcifying by the end of the 9 month study.193  

 

Clinical trials, especially of the SynerGraft® valve from CryoLife, have shown potential 

promise in adults for the pulmonary position but disastrous complications in trials for 

pediatric patients.194,195 These complications are particularly unfortunate for younger patients 

since they are the targeted demographic for much of the TEV research. The differences 

observed between the pre-clinical studies and the clinical studies are likely due to the changes 



50 
 

in tissue explants. For the sheep studies, allographic tissue is used. However, due to 

shortages in donated tissue, access to human allograph tissue is inconsistent and therefore – 

like bioprosthetic valves themselves – these are done with xenograft tissue. 

 

There is a considerable research interest in limiting the failure due to the xenograft nature of 

the TEVs. It has been shown that TEV failure can been linked to antigens remaining on the 

decellularized tissue – even the same alpha-Gal/anti-Gal interaction that is seen to cause 

failure in BPVs, which has prompted studies to limit the potential for interaction with this 

antigen.196–198 Other investigations have aimed to reduce this failure mode by improving re-

endothelialization of allogenic or homogenic cells to limit immune response.190  

 

Besides the research hurdles that must be crossed before a TEV is used clinically, there are 

also many practical limitations that stall this research. Regulations defining TEV as a specific 

type of medical device have not been properly established in the United States due to the 

extreme heterogeneity between various TEVs.142 Also, since many designs of TEVs are 

intended to be re-endothelialized with patient-specific cells prior to implantation, there 

would need to be a vast level of cooperation between industry and medical facilities to 

enable bona fide commercialization of TEVs. Thus, for the foreseeable future TEVs are not 

a solution for increasing bioprosthetic valve durability.  

3.5.2 Altering Fixation Process to Reduce Calcification 

Trials to limit calcification have studied the effects of modifying the normal glutaraldehyde 

fixation process, either by altering the amount of glutaraldehyde solution or by changing the 

fixative used. As previously mentioned, the fixation step during BPV preparation is essential 
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to limit immune response to the implant. Therefore, while alterations can be made to the 

fixative step, this step cannot be omitted. 

 

It has been reported that calcification was decreased in BPVs treated with high (3%) 

glutaraldehyde concentrations compared to the average 0.2%.199 Similarly, others have found 

that increasing the concentration of glutaraldehyde just slightly to 0.5% can result in marked 

decrease in calcification and less effect on the mechanical properties.200 The reduction in 

calcification was most evident in the residual aortic wall but cusp calcification was still seen 

after 6 months. Cuspal calcification can significantly affect the hemodynamics of the valve 

and reduce the tight seal between the leaflets that is especially important at the commissures. 

Therefore, this reduction in calcification is promising but further innovation is necessary to 

fully suppress all calcification in the valve. 

 

Other studies have successfully mitigated calcification by using fixatives other than 

glutaraldehyde. A study in rats showed a decrease in calcification using a novel mix of 

carbodiimide neomycin trisulfate with a pentagalloyl glucose crosslinking chemistry to fix 

bioprosthetics without glutaraldehyde.201 In fact, there are numerous fixative methods that 

are currently being testing in vitro and in small animal studies.202–206 However, outside of the 

AOA treatment used with the Medtronic devices that was implemented years ago, these 

methods have not been translated to a clinical setting in the United States. 

 

One clinical trial in Poland showed tested the efficacy of a tissue-based prosthetic with a 

different fixative method in 133 patients. This study showed only a 3.2% mortality rate at 4 

years.205 The RESILIA™, used in this study, uses Edwards Integrity-Preservation (EIP™) 
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technology that has not been described in great detail for proprietary reasons, but is stated to 

diminish the number of calcium binding sites within leaflet tissue to reduce calcification.207 

However, in-patient data needs to be collected for much longer than 4 years to verify that 

calcification has been minimized. 

 

3.5.3 Coatings to Minimize Valve Failure 

While the two approaches described above represent the vast majority of research strategies 

to improve BPVs, there have been some previous efforts to coat valves to minimize failure. 

These strategies revolve around the idea of endothelialization. This is not a new idea; in fact, 

TEV research has long advocated for a live endothelial layer in heart valve implants to 

provide the homeostatic balance of the valve. TEV strategies and the concept of applying a 

biomaterial coating to a BPV are different approaches that have the same end goal: to create 

an environment suited for endothelial cell growth and proliferation.10,208–210 These methods 

revolve around using extracellular matrix components to entice the cells to adhere. 

Specifically, hyaluronic acid,208 elastin,209 chondroitin sulfate,10 chitosan,211,212 and fibrin213 are 

heavily used in this field. They are deposited on valves and usually modified with vascular 

endothelial growth factor to promote cellular attachment. 

Coating is done via many ways including polyelectrolyte multiplayer film190 others used acidic 

aqueous solutions to adsorb coatings to the surface,211 or penetrating tissue with solutions 

that are then crosslinked and immobilized.208,209 These coatings show improved cellular 

attachment compared to uncoated bioprosthetic valves. Coatings for creating a live cell layer, 

however, diminishes the enormity of the issues surrounding BPV failure. The act of 

incorporating cells will not solely improve calcification on the long-term scale. The ability for 

endothelial cells to regulate homeostasis in native, living valves relies significantly on the 
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interplay between these surface cells and the interstitial cells within the valve.214 In situ 

endothelialization by circulating cells has been attempted, but these efforts are challenged by 

the low numbers of suitable cells in the blood.215  

 

A much smaller subset of this research uses the properties of the coating itself to reduce 

calcification instead of relying on endothelial cells. This area of research is what has led to 

the most recent changes in bioprosthetic valves. As discussed in Chapter 3.4.3, newer 

bioprosthetic valves from Abbott, Medtronic and Edwards Lifesciences have coatings that 

reduce calcium without incorporating cells. These coatings rely on attaching to free 

aldehydes on the surface of BPVs that are left after the fixation step. This is done through 

alpha-amino oleic acid treatments, and other proprietary coatings. These coatings have 

shown significant reduction in calcification over time.174,184,216,217 

Outside of these companies, the Wang group out of Sichuan University uses a dopamine-

modified alginate to reduce calcification without any additional cellular attachments.218 The 

coating allows for ionic exchange to occur, both with calcium and sodium ions, which 

reduces the calcium deposition in the valves. There are some concerns with this approach, 

namely that the coating deposition is done prior to glutaraldehyde fixation, which could alter 

the ability of glutaraldehyde to fully crosslink the tissue. Furthermore, calcification was 

reduced, but the coated samples still showed calcium deposition and the in vivo study was not 

carried out to the usual 90 days to fully determine calcification rate. However, despite these 

limitations, this research shows the interesting idea that the coating could impart anti-

calcification benefits to the tissue without the addition of cells. 
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3.6 DISCONNECT BETWEEN RESEARCH AND IMPLEMENTATION 

When critically examining the issues with bioprosthetic valves, it would be remiss to not 

observe the problem in the larger context of medical devices. Although scientists have 

developed approaches to reduce calcification, this research often seems to stall before it can 

amount to clinical change. The reason for this disconnect could be because none of these 

developments are worth the cost of FDA approval. It is likely that these process changes, 

while scientifically sound in reducing calcification, result in bioprosthetic materials that are 

too different from current models and must be treated as new medical devices. 

 

Generating a new device has a large impact on the FDA application and approval process. 

The two main avenues to retrieve approval are the 510(k) pathway or a de novo application. 

The 510(k) pathway applies to medical devices that are iterations of currently used devices 

and thus an inventor only need to prove the efficacy of the change. In this instance, the 

previous medical device is called a predicate device. The de novo application is intended for 

medical devices that are completely new or that did not have enough evidence for the 

predicate devices in the 510(k). There is a distinct difference in the cost, time and studies 

needed to prove efficacy between these two pathways, the 510(k) being the considerably 

easier path than the de novo. 

 

In terms of the BPVs, in order to correctly use the current devices as predicates, any changes 

to the method of fabrication would need to be done after the last step of processing, i.e, 

after the glutaraldehyde fixation. Many of the research approaches discussed above would 

alter the glutaraldehyde or manipulate the surface before fixation. These changes could 
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therefore change the behavior of the fixation and therefore cannot use the base 

glutaraldehyde-fixed valves as predicate devices. 

 

Furthermore, there may be other scientific aspects of the modification that need FDA 

approval. As with the base valve, any additions, be they chemical or biological, can have 

predicates as well. Therefore, using materials that have been proven safe for other medical 

needs would quicken the pace of approval. 

 

Many tissue engineered valves fail to gain FDA support due to safety issues with re-

cellularization. Unless done in situ (a process that can have its own issues), the re-

cellularization step (after decellularization of the donor tissue) requires a patient biopsy to 

grow the autologous cell population in vitro. These cells must then be expanded and used to 

infiltrate the scaffold. This process not only takes weeks, but it also has potential issues of 

contamination and human error.  

 

Thus, it is highly likely that the most efficient route to create a clinically viable BPV will 

mandate that modifications need to be performed within the constraints of the 510(k) 

pathway. Scientists should strive to develop modifications that include previously approved 

materials and processes that can adequately scale for production. Moreover, areas for human 

error must be minimized as much as possible. 

3.7 CONCLUSIONS 

Over the years, both mechanical and bioprosthetic valves have changed to better support 

patient health. However, both devices still have critical drawbacks that reduce the quality of 
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life of patients needing these valves. Specifically looking at BPVs, structural deterioration 

and calcification limit the longevity of the valves to a mere 15 years on average, a time frame 

that is even shorter in patients under 60 years of age. These limitations have led to years of 

research to pursue a better valve implant. While many areas of improvement have been 

explored, issues have arisen with them all. Furthermore, research efforts that have led to 

reduced calcification rates have unfortunately not translated to clinical use. This disconnect 

is likely due to the significant alterations required to the valve, resulting in the need for full 

vetting for FDA approval. Creating a new valve, therefore, is not only about making strides 

in reducing calcification, but also about designing these changes using FDA-approved 

methods for expedited clinical translation.  



 
 

 
Parts of this chapter have been published as - Roseen, M. A., Fahrenholtz, M. M., Connell, J. 
P., & Grande-Allen, K. J. (2020). Interfacial Coating Method for Amine-Rich Surfaces using 
Poly (ethylene glycol) Diacrylate Applied to Bioprosthetic Valve Tissue Models. ACS Applied 
Bio Materials, 3(3), 1321-1330. 

4 AIM ONE: INTERFACIAL COATING METHOD FOR 

AMINE-RICH SURFACES USING POLY(ETHYLENE 

GLYCOL) DIACRYLATE APPLIED TO BIOPROSTHETIC 

VALVE TISSUE MODELS 

4.1 ABSTRACT 

Bioprosthetic heart valve implants are beset by calcification and failure due to the 

interactions between the body and the transplant. Hydrogels can be used as biological blank 

slates that may help to shield implants from these interactions, however, traditional light-

based hydrogel polymerization is impeded by tissue opacity and topography. Therefore, new 

methods must be created to bind hydrogel to implant tissues. To address these 

complications, a two-step surface-coating method for bioprosthetic valves was developed. A 

previously developed bioprosthetic valve model (VM) was used to investigate and optimize 

the coating method. Generally, this coating is achieved by first reacting surface amine groups 

with an NHS-PEG-acrylate while also allowing glucose to absorb into the bulk. Then, 

glucose oxidase, poly(ethylene glycol) diacrylate (PEGDA), and iron ions are added to the 

system to initiate free-radical polymerization that bonds the PEGDA hydrogel to the 

acrylates sites on the surface. Results showed a thin (~8 μm), continuous coating on VM 

samples that is capable of repelling protein adhesion (2% surface fouling versus 20% on 

uncoated samples) and does not significantly affect the surface mechanical properties. Based 

on this success, the coating method was translated to glutaraldehyde-fixed valve tissue 
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samples. Results showed non-continuous but evident coating on the surface, which was 

further improved by adjusting the coating solution. These results demonstrate the feasibility 

of the proposed two-step surface coating method for modifying the surface of bioprosthetic 

valve replacements. 

4.2 INTRODUCTION 

Poly(ethylene glycol) diacrylate (PEGDA) is a well-known hydrogel polymer that is 

frequently used in biomaterial applications. PEGDA hydrogels have limited immune 

response, low cytotoxicity, low levels of protein and cellular adhesion and can be designed to 

have physical properties similar to tissue.19–22 They have been used as biomaterials for drug 

delivery,219–221 injectable therapeutics,222,223 and regenerative medicine 224–226. Beyond the 

overall biocompatibility and important surface properties, PEGDA is also highly 

customizable and bioactive molecules are easily incorporated into the hydrogel.  

 

Due to the unique surface properties of PEGDA, we explored its application as a thin 

coating for bioprosthetic valves. Bioprosthetic valves (BPVs) are made from analogous 

tissue which can more accurately reconstitute overall geometry and bulk mechanical 

properties than mechanical valves. The tissue used for bioprosthetic valves is treated with 

harsh fixatives, usually glutaraldehyde, prior to implantation. Fixation is necessary to reduce 

the risk of implant rejection and acute immune response, however, the harsh chemicals 

significantly change the properties of the tissue and there is debate on the what 

concentration and duration of fixation produces the best valves.6,188 Specifically, fixation 

alters surface properties that help regulate hemostasis of the tissue.7–9 The surface properties 

are especially important in modulating long-term immune response, degradation kinetics, 
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and hemocompatibility.10 The changed surface properties are one of many causes of 

dysfunction and eventually result in valve failure.5  

 

Further, glutaraldehyde fixation does not fully retard immune responses. Findings have 

shown that half of α-Gal epitopes are maintained in the BPV after fixation and that 

interactions with the anti-Gal antibodies in the body are deteriorating valves.14–16 This is 

especially problematic as anti-Gal is plentiful in the body and some people may have α-Gal 

allergies, which then promotes early failure of BPVs.16,17  Due to these and other failure 

modes, biological valves only have a lifespan of roughly 15 years, necessitating over 300,000 

replacement surgeries in the US per year.129 This evidence shows further modification to the 

BPVs is necessary to create a surface that is more biocompatible and immunologically inert. 

 

We hypothesized that the innate characteristics of PEGDA would improve the 

compromised fixed tissue surface. Previously, coating tissue with a hydrogel layer was not 

feasible. Hydrogels polymerize through free-radical interactions that are primarily 

accomplished through either photo-crosslinking with either visible or ultraviolet (UV) 

light.227 Both of these processes would be incompatible for coating BPVs. Photo-

crosslinking of hydrogels, whether visible or UV, is unsuitable for tissue as it cannot be 

controlled. Due to tissue’s opacity and irregular surface topography, light scatters and 

reflects chaotically which creates unpredictable hydrogel geometry. Further, in future studies 

we aim to add bioactive molecules to the coating which would be degraded or undergo 

undesirable reactions when exposed to UV light. Proteins, ligands, and drugs that may be 

incorporated to further improve the coating, reduce α-Gal interactions, or decrease blood 

clotting would be denatured by the use of ultraviolet light.  
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We created a novel coating method to deposit PEGDA on BPVs using a patented chemical 

crosslinking approach that mitigates the issues of traditional polymerization techniques.18 

The hydrogel layer polymerizes through the propagation of free radicals generated through a 

two-step process. The process utilizes the reaction of glucose and glucose oxidase to create 

free radicals without any toxic byproducts and in mild conditions. Unlike the pH- and 

photo-crosslinking methods, this method does not require incubation in highly acidic 

solutions and can work on surfaces with irregular topography.  

 

A previously designed BPV surface model was used to initially optimize the two-step coating 

method.228 The valve model (VM) mimics the residual toxicity of glutaraldehyde, the surface 

mechanical properties, and the amine reactivity of fixed aortic valves, while minimizing the 

variability inherent within biological tissue. After analyzing the coating on the VM, we 

performed a pilot study to coat glutaraldehyde-fixed valve tissue (GFVT) as a direct 

comparison for BPVs. We found that our coating method fully covered VM samples and 

significantly decreased their protein fouling compared to uncoated controls. When 

transitioned to GFVT samples, the coating was deposited but not continuous and coating 

density was improved with slight variations to the coating procedure. 

4.3 MATERIALS AND METHODS 

4.3.1 Synthesis of the Bioprosthetic Valve Surface Model 

The previously developed hydrogel-based VM served as the primary platform for 

optimization of the surface coating.228 Briefly, the VM base was prepared by mixing 

4.5% w/v 10 kDa PEGDA, synthesized as previously described,229 and 0.5 mg mL-1 collagen 
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type I (Corning, Corning, NY) in a photoinitiator solution of 3% w/v triethanolamine 

(TEOA, Sigma-Aldrich, St. Louis, MO), 0.0655 M 1-vinyl-2-pyrrolidinone, 0.02 mM Eosin Y 

(Sigma-Aldrich), and 0.35% v/v N-vinylpyrrolidone (NVP, Sigma-Aldrich). This base 

hydrogel solution was aliquoted into 5 mm diameter wells and crosslinked under white light 

for 30 seconds. Next, 3 mM CRKRLQVQLSIRT peptide (American Peptide Company, 

Sunnyvale, CA) was mixed with photoinitiator solution with 0.01 mM Eosin Y, 0.03275 M 

HBS with 3% TEOA and droplets of the solution were placed atop the base hydrogels. This 

solution was exposed to white light for 1.5 minutes and the gels were then thoroughly 

washed in phosphate buffered saline (PBS). The hydrogels were then crosslinked in 0.01% 

v/v glutaraldehyde for 24 hours at room temperature and washed in PBS before 

experimental use. 

4.3.2 Processing of Glutaraldehyde-Fixed Valve Tissue Samples 

Glutaraldehyde-fixed valve tissue (GFVT) samples were made by fixing porcine aortic valve 

leaflets (Animal Technologies, Tyler, TX) in a 0.2% v/v solution of glutaraldehyde for 3 days 

at room temperature.228,230 Valves were then washed and stored in PBS. Samples were made 

by taking 5 mm diameter biopsies from the belly region of the fixed tissue. 

4.3.3 Ninhydrin Assay for Amine Counts 

VM and GFVT samples were assessed for amine counts compared to their unfixed 

counterparts. Ninhydrin test kit (Anaspec, Fremont, CA) was used according to 

manufacturer’s directions to quantify amine counts for the samples. GFVT biopsies or VM 

samples were placed in glass test tubes and incubated in 600 µL of ninhydrin solution for 8 

min at 120°C. 200 µL of solution was removed from each test tube and placed in a 96 well 

plate for absorbance readings at 570nm on a Spectramax M2 Microplate Reader (Molecular 
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Devices, San Jose, CA). Dilutions of bovine serum albumin (BSA, Millipore Sigma, 

Burlington, MA) were used to create a standard curve which was related back to amine count 

using the known number of amine residues on BSA. 

4.3.4 Shrink Temperature Analysis via Differential Scanning Colorimetry 

Crosslinking was assessed via Differential Scanning Colorimetry (DSC). Samples of GFVT 

and fresh tissue were cut into 3 mm round biopsies and individually sealed within Tzero 

Hermetic Pans (TA Instruments, New Castle, DE). An empty pan was also sealed and used 

as the control sample. One test sample along with the empty pan was placed in the DSC and 

underwent the following heating protocol: warm to 25°C, isothermal 1 min at 25°C, ramp 

5°C/min until reaching 100°C.185 After the heating process was completed, peak enthalpy 

was found via integration of the enthalpy/time curve using the DSC installed software. 

Shrinkage temperature was defined as temperature at peak enthalpy.    

4.3.5 Two-Step Surface Coating Method* 

GFVT and VM samples were coated via a two-step reaction process (Figure 14). In the first 

reaction step, done overnight at 4°C, 3 mM N-hydroxysuccinimidyl (NHS)-PEG(2000)-

acrylate (Creative PEGWorks, Chapel Hill, NC) in PBS served to react with surface amine 

groups and leave acrylate groups suitable for hydrogel crosslinking. Concurrently with the 

first reaction stage, 5 g L-1 glucose (Fisher Scientific, Hampton, NH) was allowed to soak 

into the samples. 

 

In the second reaction, the GFVT or VM samples were submerged in a solution of 20% w/v 

6 kDa PEGDA, synthesized as previously described,229 19.64 U μL-1 glucose oxidase (Sigma-

Aldrich), and 4.744 mM iron(II) sulfate heptahydrate (Sigma-Aldrich) for 2 minutes 231. 
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Formation of radical species necessary for hydrogel crosslinking were formed through a 

chain of reactions. First, glucose absorbed during the first reaction diffused out in this 

second reaction, forming a locally high concentration at the surface, which then reacted with 

glucose oxidase to form hydrogen peroxide. Finally, hydrogen peroxide underwent a redox 

reaction with iron ions to generate hydroxyl and hydroperoxyl radicals close to the tissue 

surface to polymerize PEGDA with the surface acrylate anchor points. 

 

Figure 14: Two-Step Coating Schematic for Amine-Rich Surfaces 
Schematic of the two-step reaction process involving Reaction 1(A) and Reaction 2(B). Reaction 1: A) 

The reaction of surface amines with NHS-ester-poly(ethylene glycol) acrylate to add reactive acrylate 
groups to the surface; glucose absorbed into bulk. Reaction 2: Initially, glucose oxidase reacts with 

diffusing glucose to create H2O2 localized to the tissue surface. The H2O2 reacts with Iron (II) Sulfate 
Heptahydrate to create free radicals which propagates the hydrogel polymerization. C) The chemical 

reactions that happen during Reaction 2 to form free radicals (bolded).  
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4.3.6 Measurement of Coating Thickness under Varying Coating Conditions 

The conditions of the second stage of the coating reaction were varied to test for changes in 

coating thickness. VM models underwent the first reaction of the coating process as stated 

above. In the second reaction, either 6 kDa or 20 kDa PEGDA was used. Twenty kDa 

PEGDA was chosen as a baseline because it is the most similar in tensile properties to 

tissue, while 6 kDa PEGDA was used to compare changes that may occur due to shorter 

molecular chains.232 To visualize the surface coating, NHS-rhodamine dye (Thermo Fisher 

Scientific, Waltham, MA) was mixed with PEGDA to create an acryl-PEG-rhodamine. The 

resulting fluorophore was incorporated into the glucose oxidase, iron and PEGDA solution 

at 30 μM during the second step of the coating procedure. 

 

Each sample was cryo-embedded and sectioned to analyze the coating thickness. Briefly, 

coated VMs were soaked for at least 24 h in 30% w/v sucrose in PBS then transferred to 

O.C.T. compound (Sakura, Torrance, CA) for a minimum of 3 days. The VMs were then 

embedded in Cryo-Gel (Electron Microscopy Sciences, Hatfield, PA) and flash-frozen in 

liquid nitrogen. Embedded VMs were then allowed to equilibrate to -20°C before sectioning 

with a cryotome at -20°C. Sections were fixed to slides by drying at 90°C for 15 min.  

 

Sectioned samples were imaged with a Nikon A1-Rsi confocal (Nikon, Tokyo, Japan) and 

the Nikon NIS Elements software (Nikon) was used to measure the thickness of the coating 

based on the objective calibration. For each sample, 5 slices were used for imaging and each 

slice was used to create 10 measurements. The results were compared between 6 and 20 kDa 

samples by use of a repeated measures ANOVA to account for the multiple measures taken 

per slice. 
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4.3.7 Bioindentation Mechanical Testing 

A bioindenter (BHT, Anton Paar, Ashland, VA) was used to test the local surface 

mechanical properties of coated and uncoated VM samples. Indentation was carried out 

using a 400 μm diameter ruby conical indentation tip with a constant loading rate up to a 

maximum load of 100 μN. Analysis of the resulting unloading curve by the Oliver & Pharr 

method was carried out by the instrument indentation software (version 6.1.15, Anton Paar). 

The calculated indentation modulus, a measure of stiffness, was then used for analysis.  

4.3.8 Protein Adsorption Assay 

Susceptibility to fouling of surfaces was measured by exposing coated and uncoated VM 

samples and negative control samples to 50 μg mL-1 tetramethylrhodamine-conjugated 

bovine serum albumin (Molecular Probes, Eugene, OR) in PBS for 20 min at 22°C. Samples 

were then washed thrice for 10 minutes each with PBS and observed with a Nikon A1-Rsi 

confocal microscope. FIJI/ImageJ software (NIH, Bethesda, MD) was used to analyze the 

images for total area of the gels and area with protein fouling.233 

 

Negative controls of pure PEGDA hydrogel samples were prepared for these tests through 

photoinitiated hydrogel polymerization. Briefly, a photoinitiator solution was prepared with 

10 M Eosin Y, 1.5 v/v % triethanolamine, 32.8 mM N-Vinyl-2-Pyrrolidone in HEPES 

buffered saline and mixed with 10 kDa PEGDA to reach 4.5 w/v %. This solution was 

aliquoted into 5 mm diameter wells then crosslinked for 1.5 minutes under white light. 

4.3.9 Scanning Electron Microscopy on Coated Tissue 

After coating, GFVT samples were washed repeatedly with deionized water to remove any 

remaining reactants or salts that might interfere with imaging. Samples were then dehydrated 
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with an ethanol gradient, sitting for 30 min in each of the following % v/v ethanol: 50, 70, 

80, 90. Samples were then further dried for 90 minutes in 100% ethanol. After drying 

overnight, samples were sputter coated and imaged with a Quanta 400 ESEM (FEI, 

Hillsboro OR) under high vacuum. 

4.3.10 X-ray Photoelectron Spectroscopy on Coated Tissue 

X-ray Photoelectron Spectroscopy (XPS) was used to confirm the presence of the PEGDA-

based coating on GFVT samples. Samples were dehydrated as described for SEM, then 

survey and C1s elemental spectra were recorded for the samples using a PHI Quantera XPS 

system (Physical Electronics, Chanhassen MN). MultiPak software (Physical Electronics) was 

used to deconvolute the C1s elemental spectra into four general component peaks: C-C 

(284.8 eV), C-O (also C-N, 286 eV), C=O (288 eV), and O-C=O (290 eV) 234–236. Percent 

area of the C-O peak was normalized to the C-C peak to obtain a measure of the increase in 

PEGDA on the surface, since PEGDA is primarily comprised of C-O bonds. 

4.3.11 Statistical Methods  

All statistical testing was carried out using R statistical software (R Core Team, 2018).237 

Experimental data was analyzed with either Student’s t-test for analysis between 2 groups or 

an ANOVA with post-hoc Tukey’s tests to show differences between 3 or more groups. 

Results were considered significantly different for p<0.05. For bioindentation testing and 

thickness measurements, multiple regions were tested per independent sample. A correction 

was applied for repeated measures in the ANOVA and post-hoc Tukey’s tests to show 

differences between groups. 238  
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4.4 RESULTS 

4.4.1 Fixed VMs and Tissue Have Decreased, but Ample Amines 

Ninhydrin assay showed that glutaraldehyde reacted with and thereby removed a significant 

amount of free amines in both tissue and VMs (Figure 15A). Fresh tissue had 2.21 ± 0.1x1022 

reactive amines, a magnitude that was reduced by 96% to 8.29 ± 3.7x1020 in fixed tissue. 

Similarly, unfixed VM had an initial amine count of 5.57 ± 1.3x1020 that decreased by 58% 

after glutaraldehyde treatment to 2.33 ± 2.66x1020. Fixation of tissue was verified by 

analyzing shrink temperature changes between fresh and fixed tissue. There was a significant 

difference (p<0.0001) between the fresh (65.3 ± 0.7) and fixed tissue (87.9 ± 0.4) (Figure 

15B). Fixation can also been observed in the tissue due to the optical differences between 

fresh and fixed samples (Figure 15C). 

 

Figure 15: Sample Verification 
A) Amine count for tissue and VM samples both showed significant, roughly 10 -fold, reduction after 

treated with fixative. The fixed samples still showed high amine counts between 1019 -1021 (n=6 for all 
groups except fresh tissue where n=3). B) The fixation process sig nificantly altered the shrink 

temperature of tissue samples (n=8 for both groups). C) Fresh tissue (r ight) is clearer and whiter than 
fixed tissue (left) and more pliable. Fixed tissue had to be held down with magnets (grey circles) to 
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remain open as it naturally would curl inwards. Box plots shown with full maximum and minimum, 
*p<0.05, **p<0.0001. 

4.4.2 Coating Method Formed Hydrogel Layer Formation on VM Surface 

VM samples were coated with our two-step method, then cryosectioned and stained to 

assess coating thickness. A thin, continuous or nearly continuous coating was observed in all 

samples (Figure 16B-C). Coating thickness was measured as 8.0 μm ± 3.6 μm for 6 kDa 

PEGDA coating and 12.0 μm ± 6.4 μm for 20 kDa PEGDA coating (Figure 16A). No 

significant difference was detected between the two PEGDA molecular weights. The 6 kDa 

PEGDA coating was used in the remainder of the studies.  

 

Figure 16: Coated VMs Show Consistent Thickness and Continuous Coating 
A) VM samples coated with either 6 kDa PEGDA or 20 kDa PEGDA show no significant change 

in coating thickness. Box plot shown with full maximum and minimum (n=3). B) Representative images 
of cryosectioned VM samples with rhodamine-tagged coating show nearly consistent coating (white) along 

the length of the VM surface at 10x and C) 20x. Scale bars are B = 1 mm, C = 0.1 mm.  
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4.4.3 Coating Limited Protein Adhesion on VM Samples  

Resistance to surface fouling is a critical feature of any blood-contacting device; therefore, 

the surface coating method was analyzed for its ability to resist fouling by serum albumin 

proteins. Uncoated VMs, coated VMs, and PEGDA-only hydrogels were incubated with a 

fluorescently-tagged bovine serum albumin to measure protein adsorption in terms of 

percentage of overall surface area. Uncoated VMs showed substantial protein adsorption, 

mean = 19.5%, that was significantly reduced in the coated VMs, mean = 2.1% (Figure 17A-

B). The coated VMs showed no statistical difference (p>0.8) compared to the negative 

control PEGDA hydrogel which had 0.02% fouling area (Figure 17C). 

 

Figure 17: Coating Repels Protein Adhesion 
Protein deposition was significantly greater on the positive control uncoated VM surface (A) as compared 

to the coated VM (B) or the PEGDA-only negative control (C). The statistics (D) indicate that the 
coating successfully repelled acute protein deposition (*p < 0.001). Scale bar = 500 μm, n = 17-19. 

Red – tetramethylrhodamine-conjugated bovine serum albumin; green – PEGDA autofluorescence. Box 
plot shown with full maximum and minimum, n=19, 17 and 18 respectively.  
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4.4.4 VM Surface Mechanics Were Not Altered by Coating 

To determine whether the surface coating altered the mechanical properties of the tissue, the 

micro-scale compressive modulus was measured by bioindentation. Uncoated VM samples 

had a baseline indentation modulus of 27.18 ± 6.55 kPa, and addition of the coating resulted 

in a similar modulus of 24.83 ± 6.46 kPa (Figure 18).  

 

Figure 18: Coating Does Not Affect Surface Mechanics  
Bioindentation of coated and uncoated VM samples revealed no significant differences in indentation 

modulus between either condition. Box plot shown with full maximum and minimum, n = 8.  

4.4.5 Two-Step Coating Method Deposited PEGDA on Fixed Porcine Aortic Valves 

SEM analysis showed obvious deposition of material when the coating process was applied 

to GFVT samples (Figure 19D, white arrows), indicated by dark areas on the surface that 

were not observed in control samples (Figure 19A). At higher magnification, these patches 

showed smooth topography (Figure 19E-F) compared to controls (Figure 19B-C). To 

improve the coating coverage, variations in reaction time and concentration of radical-
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producing reactants were tested. Initially, reaction time was increased from 2 to 5 minutes, 

resulting in larger and more continuous areas of coating deposition (Figure 19G-I). We then 

increased the concentration of GOx from 19.64 U μL-1 to 196.4 U μL-1 and further increased 

reaction time to 30 minutes (Figure 19J-L). Finally, the increased time and GOx was paired 

with an increase in glucose concentration from 5 g L-1 to 300 g L-1 (Figure 19M-O). The 

increase in glucose oxidase concentration clearly increased the coverage area of the coating 

as compared to the previous formulation for the same 30-minute reaction time. In contrast, 

we did not observe any changes in the coating coverage area with the increase in glucose. 
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Figure 19: Improving Coating Deposition on Tissue 
Representative SEM images of uncoated GFVT (A-C), and coated GFVT (D-O) at 100x, 1,000x, 
and 10,000x magnification. Initially, the same coating solution as optimized in the VMs was tried on 

GFVT (D-F), we then varied the coating solution to increase coatin g density. Coating time was 
increased from 2 minutes to 5 minutes (G-I), time was then increased to 30 minutes and GOx 

concentration was increased from 19.64 U μL-1 to 196.4 U μL-1 (J-L), and glucose concentration was 
increased from 5 g/L to 300 g/L, respectively (M-O). In all coated groups at low magnification (100x 
and 1000x, respectively for the first and second columns), the coating appears as dark and smooth spots 

on the valve tissue (indicated by white arrows) with larger, more continuous spots seen w ith increasing 
solution concentrations. At high magnification (10,000x, last column ), the coated regions are seen as 

more continuous with increasing reaction time (I), GOx (L) and glucose (O) when compared to both the 
uncoated GFVT (C) and the coated GFVT using the original concentrations (F). In fact, such a thick 
coating formed on the samples in these groups that the samples became stuck to the coating well, resulting 
in the pulled-looking formations observed in (J), (M), and (N) when the samples were rem oved from the 

coating solution. Scale bar = 40 μm (1000x), or 400 μm (100x), 4 μm ( 10,000x). 
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4.4.6 Chemistry of Surface Coating Verified through XPS 

To confirm that the observed deposits were indeed the PEGDA-based coating, XPS was 

used to interrogate the surface chemical composition. The coated GFVT samples were 

expected to have an increased C-O bond contribution to the C1s spectrum compared to 

uncoated GFVT controls due to the PEGDA on the surface. Coated GFVT spectra were 

also compared to the VM construct as the VM is mostly comprised of PEGDA. The C1s 

spectrum of coated GFVT samples showed a shoulder at 286 eV, similar to the position of 

the main peak in the C1s spectrum of our VM (Figure 20A). When the spectrum was 

deconvoluted to analyze the C-O/C-C ratio, it was observed that the VM showed the 

highest ratio while the control GFVT had the lowest (Figure 20B). Coated GFVTs made 

using high (196.4 U μL-1) GOx concentrations in the coating solution resulted in significantly 

increased C-O/C-C ratios compared to control GFVT samples (p<0.01). Furthermore, an 

increasing trend in C-O/C-C ratio was observed with increasing GOx concentration, 

consistent with SEM observations. 
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Figure 20: Deposited Material Shown to be PEGDA 
Representative C1s spectra (A) from XPS show a unique  shoulder at ~286 eV for the coated 

bioprosthetic tissue versus the control tissue samples. This is at the same location as the primary peak for 
the VM, which is composed mainly of PEGDA, indicating deposition of PEGDA on the surface of the 
coated tissue. Deconvolution of the spectra (B) revealed a significant difference between the ratio of the C -
O peak area (~286 eV) and C-C peak area (284.8 eV) between the VM and the fixed valve with and 
without coating (* p ≤ 0.01, † p = 0.068.). Additional glucose oxidase added to the coating resulted in 
an observable increase in the C-O/C-C ratio versus previous coated and uncoated samples. Vertical lines 

indicate 286 eV and 284.8 eV, respectively (A). Results reported as mean ± SD, n = 3.  

4.5 DISCUSSION 

This work describes our successful development of a two-step surface coating method to 

alter the surface of glutaraldehyde-fixed aortic valves. We have demonstrated the ability of 
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our coating method to deposit PEGDA hydrogel on VM and GFVT surfaces. Further, this 

continuous surface coating on VM samples shows reduced protein fouling compared to 

uncoated controls. We also demonstrated that the coating does not alter the important 

mechanical properties of the VM. Compared to traditional light- or pH-based hydrogel 

polymerization, our method is not reliant on smooth surface topography, avoids toxic 

solvents and can be applied to opaque samples. The PEGDA hydrogel is also well 

characterized for being adaptable and editable for further optimization of the tissue surface. 

Through this initial step of getting hydrogel formation on VMs and GFVTs, we have taken 

the first step towards replicating the physiological tissue surface atop the fixed tissue 

implant.  

 

Our initial studies validated the ability of our coating technique to create a hydrogel layer on 

the VM. The coating method relies on amine groups on the surface of both the VM and 

GFVT to attach the hydrogel. During the fixation process, it is well understood that free 

amines on tissue surfaces are significantly reduced.239 However, our data indicates that while 

reduced, there are still ample amines on the surfaces of our VM and GFVT samples (Figure 

15). Glutaraldehyde concentration and fixation duration vary wildly throughout the 

published literature.11,240,241 Our fixation level was sufficient to show distinct changes between 

the fresh and fixed tissues (Figure 15) and was within previously published values,  but on 

the lower side of the spectrum.230 Lower degrees of fixation were not concerning since the 

10-fold change that was found between amine counts in 0.2% GFVT samples and fresh 

samples has been shown to be maintained in 4% glutaraldehyde-fixed tissue.242 Since amine 

count is preserved, this coating procedure is applicable to valves fixed with higher 

glutaraldehyde concentrations as well. 
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Coating thickness was not significantly affected by PEGDA chain length (Figure 16) or by 

varying the reaction time between 2 and 5 minutes (data not shown). Previous work on this 

type of glucose oxidase-mediated hydrogel film formation by Hume, et al., showed a 

significant effect of reaction time on hydrogel film thickness, with coatings of up to 500 μm 

obtained within 60 seconds of reaction for a similar sized hydrogel 231, whereas we observed 

coatings only 8-12um thick after 5 minutes. Larger PEGDA macromers (6 kDa and 20 kDa) 

were used in this study as compared to the previous study, which used 400-500 Da PEGDA. 

The larger molecular weights used here may increase steric hindrance, making it more 

difficult to generate a thick coating within a short reaction time. Larger PEGDA macromers 

were used in this study because they closely mimic the mechanical properties of GFVT. 

Other options to create a thicker coating would be to increase the weight fraction of the 

PEGDA in solution or to increase the free radical-forming components. However, a thinner 

coating is likely more appropriate for this application. Thicker coatings would alter the 

geometry of the valve leaflets and could interfere with coaptation. Further, a thick coating 

could lead to bulk mechanical changes that were avoided with the current thin coating. 

 

We found that the surface coating on the VM was effective in resisting protein deposition 

(Figure 17). Previous studies have thoroughly documented the anti-fouling properties of 

PEGDA 243–245, which we also confirmed with the PEGDA-only hydrogel negative control in 

our study. While the VM is PEGDA-based, the surface modifications done to mimic GFVT 

tissue alter its propensity towards surface fouling, as shown by the substantial protein 

deposition on the surface. Most importantly, coating the VM surface with our PEGDA-

based coating method resulted in significantly reduced protein deposition and no difference 



77 
 

between the coated VM and the negative PEGDA-only control. These results not only 

support the VM as a relevant model to study surface modifications on GFVT tissue, but also 

demonstrate the effectiveness of the coating method in resisting protein adsorption – a 

critical feature of blood-contacting materials. While the protein adsorption studies in this 

paper are an initial insight into the repellent abilities of the coating, one limitation of using 

the VM surfaces is that adequate testing of the immune responses cannot be performed. 

Further testing, once the coating has been optimized for GFVT, will transition to studying 

immune response, specifically whether the coating can limit alpha-Gal/anti-Gal interactions. 

 

Another possible concern with surface coating had been the mechanical properties of the 

tissue surface, but the elastic modulus was not affected by the coating (Figure 18). Our 

previous work showed that the surface mechanical properties of the VM did not significantly 

differ from those of GFVT samples 228. In this study, we show that the addition of the 

surface coating does not significantly change the surface mechanical properties of VM. This 

result is consistent with expectations, as the measured thickness of the coating on the VM 

was only ~8 μm and the maximum depth during indentation was ~30 μm. Therefore, we 

expect that the measured properties are dominated by the thick underlying matrix. It is 

important to note that the use of bioindentation measurements in this work were performed 

in lieu of larger scale tension and compression testing. Indentation measurements can 

provide initial insight into the mechanical properties and are well suited for studying surface 

characteristics, especially considering the soft nature of the substrate. Bioindentation is a 

region-dependent method of analysis that was performed due to limitations with the VM. 

On the large scale, the VM was mostly comprised of PEGDA. Therefore, while the VM 

recapitulates surface properties of the GFVT, it did not match the bulk mechanical 



78 
 

properties. Large-scale mechanical testing would not parse differences between coated and 

uncoated samples due to the similarity in bulk mechanics. 

 

Given the success of the coating method on the VM, we expected comparable results when 

the coating method was translated to GFVT. Since tissue samples are opaque and highly 

autofluorescent, SEM was used as an alternative imaging technique to observe the 

deposition of coating. We found that the coating was much less continuous on the tissue 

samples, as shown in Figure 19. Only small areas were observed to have complete coverage 

of the underlying matrix, but within those areas the SEM images showed an evident hydrogel 

layer attached to the GFVT. Also, with increased reaction time (Figure 19G-I), an increase in 

area of coverage was qualitatively observed.  To improve the surface coverage of the coating 

on GFTV samples further, we increased the concentrations of glucose oxidase (Figure 19J-

L) and glucose (Figure 19M-O). Previous studies have shown that increasing glucose oxidase 

concentration increases the rate of reaction 246, whereas increases in glucose concentration 

were previously reported to increase the coating thickness but not rate of reaction 247,248. In 

the present study on GFVT samples, we observed greater surface coverage for the same 

reaction time by increasing the glucose oxidase concentration ten-fold. There was no clearly 

observable increase in thickness due to this increase, although quantitative data is needed. 

These results indicate that the addition of glucose oxidase increased the rate of reaction at 

the surface. In groups with low glucose oxidase, one problem contributing to the low surface 

coverage may have been the delocalization of the radical initiation reaction. In previous 

studies, it was reported that the reaction rate of glucose with glucose oxidase (and 

downstream, hydrogen peroxide with iron) must be sufficiently fast to prevent delocalization 

of the radical initiation 248,249. Similarly, this delocalized polymerization may have resulted in 
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the reduced coating coverage seen in low GOx GFVT. By increasing the glucose oxidase 

concentration, the formation of radicals was more effectively confined to the surface to be 

coated, resulting in more surface coverage in the high GOx GFVT samples. 

 

The future aim of this work is to use the PEGDA coating as a scaffold to impart anti-calcific 

regulators into the implant. While the coating already shows important surface changes, 

further modifications can be done to specifically limit calcification. For instance, antibiotics 

and anti-thrombotic drugs can be deposited within the hydrogel for sustained and targeted 

drug releases. Modification could also be done to the surface to support an endothelialized 

layer using cell adhesion ligands,250 which is thought to be the most important regulator of 

calcification. Further work will be necessary to fully coat the GFVT before transitioning to 

additional modifications.  

4.6 CONCLUSIONS 

In this work, we have successfully optimized a two-step surface coating method using a 

previously developed bioprosthetic valve surface model. We found that a thin coating 

formed on VMs, was functional in preventing protein adhesion, and did not significantly 

influence surface mechanical properties. Translation of the coating method to 

glutaraldehyde-fixed porcine valve tissue resulted in a non-continuous surface coating of 

PEGDA, but the area of coverage was significantly increased with increased glucose oxidase 

concentration. Further optimization will be needed to increase the coverage area and 

thickness of the coating on tissue to produce a fully functional non-fouling layer. Overall, 

this two-step coating method was successful in depositing PEGDA-based hydrogel coating 

on the surface of VMs and showed initial success in coating GFVT.



 
 

 
 

5 AIM TWO: POLY(ETHYLENE GLYCOL)-BASED 

COATINGS FOR IMPROVED BIOPROSTHETIC VALVE 

TISSUES: TOWARDS RESTORATION OF 

PHYSIOLOGICAL BEHAVIOR 

5.1 ABSTRACT 

Bioprosthetic valves (BPVs) have a limited lifespan in the body necessitating 

repeated surgeries to replace the failed implant. Early failure of these implants has been 

linked to various surface properties of the valve. Surface properties of BPVs are significantly 

different from physiological valves due to the fixation process used when processing the 

xenograft tissue. To improve the longevity of bioprosthetic valves, efforts need to be taken 

to improve the surface properties and shield the implant from the bodily interactions that 

degrade it. Towards this goal, we evaluated the use of hydrogel coatings to attach to BPV 

tissue and impart surface properties that are close to physiological. Using a previously 

published coating method, we deposited hydrogel coatings of poly(ethylene glycol) diacrylate 

(PEGDA) and poly(ethylene glycol) diacrylamide. Hydrogels are well-characterized for their 

biocompatibility and highly tunable surface characteristics. Coated samples were evaluated 

against physiological tissue and uncoated glutaraldehyde-fixed tissue for deposition of 

hydrogel, surface adherence, mechanical properties, and fixation properties. Results showed 

both PEGDA and PEGDAA deposited coatings were nearly continuous across the valve 

leaflet surface. Further, the PEGDA and PEGDAA coated samples showed restoration of 

physiological levels of protein adhesion and mechanical stiffness. Interestingly, the coating 
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process rather than the coating itself altered the material behavior yet did not alter the 

crosslinking from fixation. These results show that the PEG-based coatings for BPVs can 

successfully alter surface properties of BPVs and help promote physiological characteristics 

without interfering with the necessary fixation. 

 

5.2 INTRODUCTION 

As the incidence of heart valve failure continues to increase, the need for improved valve 

implants becomes a more pressing concern. Based on the most recent data from the 

American Heart Association, hospitalizations due to valvular failure have increased from 

105,000 in 2014 to 120,000 in 2016.3,4 This jump is mostly accounted for in the increased 

incidence in hospitalization due to aortic valve diseases specifically. 

 

While valve implantation strategies have improved over the years with the transcatheter 

aortic valve implant system, bioprosthetic valves (BPVs) still have the same limited lifespan 

of roughly 15 years once implanted in the body.129 BPVs can fail in multiple ways, but the 

most common is failure due to calcification as a component of structural tissue 

damage.9,251,252 Calcification of BPVs is different than the calcification that occurs in 

physiological valves. Calcification in physiological valves is thought to be an active cellular 

process but in BPVs this is not possible due to the fixation process that is used in the 

fabrication of BPVs.  

 

BPVs are fixed with glutaraldehyde before implantation, which minimizes the host immune 

response towards the xenogeneic material. While this fixation is a critical step, this treatment 
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is thought to lead to eventual tissue failure.5,6 More specifically, the process of glutaraldehyde 

fixation leads to the death of the valvular cells, which are key to maintaining homeostasis in 

living tissues.7–10 In living valves, the crosstalk between valvular endothelial cells and valvular 

interstitial cells is known to regulate calcium levels in the leaflet tissues.47,121 Since the cells 

within BPVs are glutaraldehyde-fixed, calcium can inflow from the blood without the 

appropriate cellular pathways to expel it to maintain physiological calcium levels. 

Furthermore, the fixation of valves causes bulk changes in the biomechanical properties due 

to crosslinking of extracellular matrix proteins, leading to an overall stiffer material 

behavior.11–13 

 

Other failure modes associated with BPVs might not be caused by fixation directly but may 

be caused by its inability to protect the valve from the host immune system. The interaction 

of alpha-Gal epitopes on the valve and anti-Gal antibodies ubiquitously found in the blood 

stream have been shown to degrade valve tissues.14–17 

 

Previous methods to improve BPV lifespan by decreasing calcification can be categorized as 

either changing the fixation process or altering the valve post-fixation. As glutaraldehyde 

fixation has been shown to be a key contributor to structural tissue failure, this step is a 

priority candidate for process modification. Indeed, there have been many promising studies 

that have reduced calcification by using a different fixative, but these efforts have not 

translated to clinical success.202–204,206,212 This is likely due to the high bar needed to obtain 

FDA approval for BPVs prepared with different fixatives: a change to the most substantial 

part of a class III medical device requires full reassessment of its abilities. In comparison, if 

changes are made to the post-glutaraldehyde fixation process, only the modification needs to 
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be proven safe, as a glutaraldehyde fixed BPV would be considered a predicate device for 

FDA approval purposes. The FDA process would be further simplified if the alterations to 

the BPV were also previously cleared by the FDA for use in a class III device. 

 

To this end, we have designed an alteration to BPVs that relies on poly(ethylene glycol) 

diacrylate (PEGDA) to coat the tissue with a protective hydrogel barrier after glutaraldehyde 

fixation. Poly(ethylene glycol) is distinguished as a Generally Recognized as Safe food-grade 

polymer, has a broad clinical history, and is commonly used in research due to its surface 

characteristics.219,221–223 It is often referred to as a “blank slate” as it is non-adherent but can 

be modified to suit many different applications.19–22 Hydrogels such as PEGDA have not 

been examined as potential coatings for BPVs as previously the irregular topography and 

opacity of porcine valve tissues were overwhelming hindrances in performing the 

photopolymerization processes necessary for hydrogel creation. We recently reported an 

improved hydrogel coating method that uses a two-step process to initiate hydrogel 

polymerization via free radicals.253 This method was shown to be successful on a model 

system and is not limited by topography or opacity.  

 

The work in this paper shows the successful translation of our coating process from the 

model system onto glutaraldehyde-fixed valve tissue. To optimize its efficacy on tissue, the 

concentrations of the first step of the coating process was increased to create a fully coated 

tissue compared to what was seen previously. We evaluated the coating for its deposition on 

tissue, ability to create a non-adherent surface, mechanical properties and fixation properties. 

The coating was studied using both PEGDA and poly(ethylene glycol) diacrylamide 

(PEGDAA). PEGDAA has similar properties to PEGDA but is more resistant to hydrolytic 
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degradation under physiological conditions.23 Although PEGDAA has not been used 

previously in a medical device, its superior biostability profile makes it a worthy candidate 

for coating BPVs. 

 

5.3 METHODS 

5.3.1 Making Fixed Tissue Samples 

Aortic valve leaflets were dissected from 6-9-month porcine hearts obtained from a 

commercial abattoir (Animal Technologies, Tyler, TX). Leaflets were rinsed in PBS at room 

temperature for 1 hour. Depending on the final sample type, leaflets were either transferred 

to fixative or left unfixed in PBS for the Fresh Valve controls (FV) (Figure 21). Leaflets to 

be fixed were incubated in 0.2% glutaraldehyde in phosphate-buffered saline for 72 hours at 

room temperature. Fixed tissue was stored in PBS at 4°C until use. Samples that were fixed 

but not further modified were designated Uncoated Fixed Valves (UFV). All samples were 

biopsied at the belly region before use (Integra LifeSciences, Plainsboro, NJ). 

5.3.2 Synthesis of PEGDA and PEGDAA  

PEGDA and PEGDAA were synthesized as previously described.23 Briefly, poly(ethylene) 

diol 6 kDa (Sigma Aldrich) or poly(ethylene) diamine 7.5 kDa (JenKem Technology, Plano, 

TX) were dissolved in anhydrous dichloromethane under nitrogen atmosphere (1 mol 

equiv). Triethylamine (2 mol equiv) was added dropwise first, followed by dropwise addition 

of acryloyl chloride (4 mol equiv). The reaction was stirred for 24 hours, then washed with 2 

M potassium bicarbonate (8 mol equiv) and dried with anhydrous sodium sulfate. Products 

were precipitated in cold ether, filtered, and dried under vacuum. Successful synthesis was 

confirmed with 1H NMR analysis (Varian MR-400). Greater than 85% conversions of 
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hydroxyl to acrylate end groups and amine to acrylamide end groups were observed for 

polymers utilized in this study.  PEGDA: 1H NMR (CDCl3): 3.6 ppm (m, −OCH2CH2−), 

4.3 ppm (t, −CH2OCO−), 6.1 ppm (dd, −CH=CH2), 5.8 and 6.4 ppm (dd, −CH=CH2). 

PEGDAA: 1H NMR (CDCl3): 3.6 ppm (m, −OCH2CH2−), 6.5 ppm (s, −CH2−NH−), 6.4 

ppm (m, −CH=CH2); 5.6 and 6.1 ppm (m, −CH=CH2). 

5.3.3 Coating Two-Step Coating Procedure with PEGDA and PEGDAA 

Fixed leaflet biopsies were coated via a two-step coating process as previously described.214 

During the first step, the tissue surface was functionalized with an acrylated PEG linker. 

Briefly, 30 mM N-hydroxysuccinimidyl (NHS)-poly(ethylene glycol) (2000)-acrylate (Creative 

PEGWorks, Chapel Hill, NC) was reacted with  amine groups remaining on the tissue 

surface after fixation. It has been shown that roughly 10% of amines remain after full 

fixation.242  Concurrently, the tissue is also soaked in 5 g/L glucose at 4°C overnight (Fisher 

Scientific, Hampton, NH) to allow for diffusion-based radical initiation in the second step as 

described previously. 

 

In the second step, the functionalized tissues were coated with either poly(ethylene glycol) 

diacrylate (PEGDA) or poly(ethylene glycol) diacrylamide (PEGDAA) hydrogels (Figure 21). 

For coated samples, specimens were submerged in a solution of 0.196 U/μL glucose oxidase 

(Sigma-Aldrich, St. Louis, MO), 4.744 mM iron(II) sulfate heptahydrate (Sigma-Aldrich), and 

either 20 w/v % 6 kDa PEGDA or 30 w/v % 7.5 kDa PEGDAA for 1 minute. The 

diffusing glucose at the surface of tissue reacts with the glucose oxidase to form free radicals 

and initiate the hydrogel polymerization. The iron(II) sulfate heptahydrate reacts with the 

byproducts from this reaction and ensures that no non-biocompatible toxins stay in solution. 



86 
 

Samples were then swelled in PBS overnight and stored in PBS at 4°C until use. Coated 

samples were denoted as either AC for PEGDA-coated or AAC for PEGDAA-coated. 

 

5.3.4 Preparation of Coating Controls  

Coating controls used in this study were step one-only coated fixed valves (SOC) and no 

PEG coated fixed valves (NPC) (Figure 21). NPC samples went through glutaraldehyde 

fixation, the first step, and at the second reaction step no PEGDA or PEGDAA was added 

to the solution, allowing for free radical formation without hydrogel coating. This served as a 

control for the coating process. SOC samples went through glutaraldehyde fixation and the 

first step of the coating reaction but were placed in PBS instead of continuing with step two. 

Both sample types were stored at 4°C in PBS until use.  
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Figure 21: Schematic of Sample Preparation 
Aortic valve leaflets dissected from porcine specimens went through various treatments for sample 

preparation. The left side denotes the different treatment solutions  that were given to the leaflets, while 
the right shows the sample nomenclature at that step. Untreated samples were designated as Fresh Valves 
(FV). Glutaraldehyde fixation was the first step in all other sample preparations, and the last step for 
Uncoated Fixed Valves (UFV). The first step of the coating reaction added glucose and an AC -PEG-

SCM linker molecule. Samples were either stopped at this stage as Step One only Coated Controls 
(SOC) or continued to the second step of coating. Coating was performed  with glucose oxidase, iron, and 

a PEG molecule. If no PEG molecule was added this was denoted as a No PEG Coated Control 
(NPC). PEGDA and PEGDAA Coated samples (AC and AAC) were made by including their 

respective molecule into the coating solution. Fluore scently tagged coated samples of both PEGDA and 
PEGDAA had an additional AC-AF680 molecule mixed into the solution (FAC and FAAC).  



88 
 

5.3.5 Coating Visualization 

Acrylate-poly(ethylene glycol)-Alexa Fluor 680 (further identified as AC-AF680) was 

synthesized by reacting 5 kDa acrylate-poly(ethylene glycol)-amine (BiochemPEG, 

Watertown, MA) with Alexa Fluor 680 NHS Ester (Thermo Fisher Scientific, Waltham, MA) 

at a molar ratio of 1.2:1 in a solution of 20 mM HEPBS, 100 mM NaCl, 2 mM CaCl2, and 2 

mM MgCl2 at pH 8.0. Unreacted fluorophore precursors were dialyzed out of the solution 

using a 3.5 kDa molecular weight cutoff dialysis membrane (Repligen, Waltham, MA) in pure 

water for 3 days. Water was changed at hours 1, 2, 24, 26, and 28. The AC-AF680 solution 

was then frozen and lyophilized for experimental use. During the second stage of the coating 

process, 30 μM AC-AF680 was added to both PEGDA and PEGDAA coating solutions to 

visualize coating deposition. Coated samples that underwent this alteration were labelled as 

FAC and FAAC to denote the added fluorescence. 

 

FAC, FAAC and UFV samples were image using the IVIS® Lumina K Series III 

(PerkinElmer, Waltham, MA) using the built-in spectral unmixing software. The unmixing 

software collected a series of images at excitations between 580-660 nm at 20 nm increments 

and emission at 710 nm. Autofluorescence and Alexa Fluor 680 imaging controls were used 

to accurately measure the fluorescence. Samples were imaged first on the ventricularis side, 

then the fibrosa side. Total fluorescence was measured per sample area. Samples were 

normalized to UFV. 

 

Fluorescently coated samples were taken from the IVIS, placed ventricularis-side down, and 

cut with razor blades to be imaged along the cross section. Sections were kept hydrated in 

PBS, protected from light, and imaged using a confocal microscope (Nikon, Tokyo, Japan). 



89 
 

5.3.6 Protein Adsorption Assay  

Protein adsorption was assessed by incubating the AC, AAC, FV, and UFV samples 

in 250 mg/mL Alexa-Fluor 680-tagged bovine serum albumin (AF680-BSA; Thermo Fisher 

Scientific) at 37°C for 2 hours. Samples were then washed 3x10 minutes in PBS on a rocker 

at room temperature to remove non-adhered protein. Samples were protected from light 

during incubation and the washing steps. Adsorption of the AF680-BSA was measured using 

the IVIS® Lumina K Series III as described above. Autofluorescence and Alexa-Fluor 680 

imaging controls were used as references for accurate measurement of the adhered BSA. 

Samples were normalized to the results from the UFV samples to assess percent decrease in 

protein adsorption. 

5.3.7 Mechanical Testing for Young’s Modulus 

Samples were cut into rectangular test strips along the radial axis for mechanical testing. The 

samples were imaged using a Leica DMLS Laboratory Microscope (Leica Microsystems, 

Wetzlar, Germany) and FIJI software was used to quantify width and length.[38] Samples 

were loaded into the Bose ElectroForce Mechanical Tester (Bose, Framingham, MA), and 

the grip to grip length of the sample was recorded. The tissue samples underwent tension 

preconditioning at a rate of 0.5 Hz moving in a triangular wave pattern for 0.2 mm for 10 

cycles. Samples were then pulled to failure at a rate of 0.05 mm/s. Force (g), displacement 

(mm), and time (s) data were recorded every hundredth of a second. Force and displacement 

were normalized to the original cross-sectional area and length, respectively, to calculate the 

stress-strain curves. Young’s modulus was determined as the slope of the linear region of 

these curves. 
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5.3.8 Calorimeter Analysis for Crosslinking 

The crosslinking of samples was measured on a Differential Scanning Calorimeter (DSC 250, 

TA Instruments, New Castle, DE) as previously published.[36,39] In brief, samples were cut 

into 3 mm diameter cylinders and hermetically sealed within instrument pans (TA 

Instruments). Samples were analyzed against an empty pan as a control. Sample temperature 

was brought to 25°C then ramped up 5°C/min until reaching 100°C. Peak enthalpy was 

calculated by integrating the sample readout on the enthalpy/time graph using the DSC 

system software. Shrinkage temperature was measured at peak enthalpy. 

5.3.9 Statistical Methods 

One-way ANOVA and post-hoc Tukey’s tests were calculated using Graphpad Prism 

software (Graphpad Software, San Diego, CA), with p<0.05 considered statistically 

significant. Data was normalized to UFV controls where stated. The UFV controls were 

averaged per experimental run and the average was used to normalize data from all other 

samples in the same run. Since multiple controls were used and multiple runs were 

performed, UFV data was plotted to show the spread of normalized data. Data is shown as 

mean ± standard deviation. Boxplots are shown with full minimum and maximum values 

and a central line at the mean. 

 

5.4 RESULTS 

5.4.1 Visualization of Coating on Tissue 

Coated samples were visualized as whole biopsy punches and as cross sections. Whole 

biopsy punches were analyzed in the IVIS on both the ventricularis and fibrosa sides. Both 

PEGDA and PEGDAA-coated samples showed significant coating deposition on the 
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fibrosa side compared to uncoated fixed valves (FAC: p<0.05; FAAC: p<0.001; Figure 22). 

On the ventricularis side, the amount of coating for FAC was significantly different from 

that of UFV, although the FAAC coating amount approached significance (FAC: p<0.01; 

FAAC: p=0.05; Figure 22B). Deposition of coating was further confirmed via confocal 

imaging of sample cross sections (Figure 22C and D). Hydrogel coating was observed via 

AC-AF680 fluorescence (cyan) on both the ventricularis and fibrosa sides. Tissue was 

visualized in red by autofluorescence at 561 nm.   

 

Figure 22: Coating Visualization 
Fluorescently tagged PEGDA and PEGDAA was used to visualize coating on tis sue. Fluorescence was 
measured on the A) ventricularis side and B) fibrosa side of UFV, FAC, and FAAC samples. Both 

sides of the coated samples were found to have significantly or a near-significant trend of more 
fluorescence, indicating coating deposition. Fluorescence was normalized to that of UFV samples. ** 
p<0.01; * p<0.05; ^ p=0.05; n=4 for UFV; n= 7 for FAC; n = 10 for FAAC. Cross sections 
show coating deposition on C) FAC and D) FAAC samples. Coating included Alexa Fluor 680 for 

visualization which fluoresces in the far red, shown in cyan. Tissue autofluorescence, in red, was used to 
delineate the edge of the tissue. Coating is seen on both the ventricularis (V) and fibrosa (F) sides.  
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5.4.2 Coatings Reduce Protein Adsorption 

Protein adsorption was measured to assess the ability of the coating to protect the fixed 

valve. Both AC and AAC were shown to reduce the amount of protein adsorbed onto the 

tissue compared to uncoated fixed valves (UFV) (AC: p<0.001; AAC: p<0.005; Figure 23). 

Compared to UFV, protein adsorption was reduced by 52 ± 14% and 52 ± 22% on 

PEGDA- and PEGDAA-coated valves, respectively, and neither were statistically different 

from FV (AC: p>0.999; AAC: p>0.999). No difference in protein adsorption was observed 

between ACs and AACs (p>0.9999). NPC samples had a large range of protein adsorption 

and were significantly different from only AAC (p<0.05). NPC samples showed a trend of 

being different from FV and AC (FV: p=0.07; AC: p=0.05) but were not different from 

UFV (p=0.8).  

 

Figure 23: Assessing Protein Adsorption onto Surfaces 
UFV samples were shown to have significantly higher protein adsorption than FV, AC, and AAC 

samples as measured with normalized fluorescence. NPC samples were seen to  be significantly different 
from AAC only but trended towards a significant difference with AC and FV. Fluorescence was 

normalized to the UFV samples. * p<0.05; ^ 0.05<p<0.08; n = 5, 15, 8, 7, and 8 from left to 
right. 
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5.4.3 Mechanical Properties Change with Coating and Coating Process 

Analysis of the Young’s modulus across samples showed that UFV (2.92 ± 1.20 MPa) had a 

greater stiffness compared to FV (1.06 ± 0.46 MPa) (p<0.005; Figure 24). Interestingly, the 

addition of PEGDA coating significantly reduced the stiffness of AC (1.43 ± 0.81 MPa) 

compared to the UFV (p<0.05); however, the difference between the UFV and AAC (1.62 ± 

0.67 MPa) was only a trend (p=0.06). No difference was found between the stiffnesses of 

FV and that of either of the two coatings (AC and ACC: p>0.8). SOC samples were also 

found to be significantly less stiff than UFVs (p<0.005). 

 

 

Figure 24: Young’s Modulus for Variations of Coating  
Coated samples (AC and AAC) showed no significant difference compared to FV, NPC, or SOC 
samples. UFV samples had significantly greater stiffness compared with FV, AC, and SOC and a 

near-significant result when compared with AAC. * p<0.05; ^ p=0.06; n= 7 for FV, UFV, AC, 
AAC; n = 6 for SOC; n=8 for NPC. 

5.4.4 Crosslinking Not Affected by Coating Process 

Shrinkage temperature, also knowns as peak enthalpy temperature, was assessed in samples 

of FV, UFV, SOC, and NPC to evaluate changes in crosslinking. FV had a significantly 

lowered peak enthalpy temperature (65.1 ± 0.7°C) compared to any of the fixed samples 
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(p<0.0001 against all groups; Figure 25). The peak enthalpy values were all very similar for 

the fixed samples (UFV: 86.9 ± 0.3°C; SOC: 86.9 ± 0.7°C; NPC: 87.2 ± 0.3°C; p>0.6 for all 

comparisons).  

 

Figure 25: Peak Enthalpy Temperature Not Affected by Coating Process 
Enthalpy was elevated in all fixed samples when compared to FV. **** p<0.0001 against all other test 

groups. n=5 for all groups.  

5.5 DISCUSSION 

Glutaraldehyde fixation of porcine tissue is known to contribute to calcification and the 

eventual failure of bioprosthetic valves. Various studies have been done to combat these 

issues including changing fixation solutions,199–206 endothelializing the tissue surface via 

various coating procedures, 10,208–210 but none of these approaches have resulted in significant 

clinical changes. 

 

Our work describes the successful translation of our patented method to coat bioprosthetic 

valve tissue with poly(ethylene glycol)-based hydrogels.18,253 Although coating BPVs is a 
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constant effort in this branch of research, a continuous hydrogel coating has not previously 

been achieved. Herein we evaluated the use of two different hydrogels: poly(ethylene glycol) 

diacrylate (PEGDA) and poly(ethylene glycol) diacrylamide (PEGDAA). PEGDA is a well-

studied polymer with a long clinical history in a variety of biomedical and clinical 

applications. PEGDAA is similar to PEGDA with a PEG backbone, but their endgroups are 

different (Figure 21). Whereas PEGDA has acrylate endgroups, the acrylamide endgroup of 

PEGDAA replaces the ester bond with an amide, making it significantly less susceptible to 

hydrolysis.23  

 

These results demonstrate that hydrogel layers were achieved with both PEGDA and 

PEGDAA, and that they showed similar characteristics. Both coatings diminished the 

deleterious effects of the fixation on the tissue and promoted natural tissue properties 

including returning the natural level of protein adsorption and physiological mechanical 

properties. The coating process maintained the necessary crosslinking from fixation to 

reduce potential immune responses.  

 

Coating by both PEG types was demonstrated on a bulk scale along both sides of the fixed 

valve tissue and along individual cross sections. Interestingly, the fibrosa side of the valves, 

regardless of PEG type, had significantly more coating than the ventricularis. This increase 

in coating thickness is likely due to the innate curvature of the fixed valve specimens (biopsy 

punches). The exaggerated curve of some of the specimens altered the intended chemical 

reaction profile of the coating process. It was intended that the free radicals would either be 

used at the surface for hydrogel propagation or diffuse away into solution. However, 

significant curvature of the surface may have created a pocket where more free radicals were 
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trapped instead of dispersed, resulting in the thickened hydrogel layer. Curvature of the 

leaflet is an innate property of the valve tissue and was seen to increase hydrogel layer 

thickness regardless of PEG type. This side-dependent coating thickness was not present 

when the valve biopsy was less distinctly curved (e.g., Figure 22C). Regardless, both the 

fibrosa and the ventricularis sides were demonstrated to have coating along their lengths in 

the cross-sectional profiles.  

 

This method produced a robust, substantial coating along the length of the valve specimen. 

This result was an improvement over our previous report in which a continuous coating was 

only achievable on a model system and showed patchy and limited deposition on tissue.253 

The minor coating discontinuities found in this study were likely due to sample handling 

when creating cross sections. As detailed in the methods, valves were placed ventricularis-

side down against an abrasive material to increase friction and better control the sectioning 

of the biopsies. This process likely damaged some of the coating on the ventricularis 

artifactually. 

 

Analysis of protein adsorption demonstrated that the coatings imbued the tissue with the 

nonadherent surface characteristics of PEG. Both the PEGDA- and PEGDAA-coated 

samples showed reduced protein adhesion compared to uncoated fixed valves and no-PEG 

coated controls. Moreover, the protein adsorption of PEG-coated samples was not 

significantly different from that of fresh valves. This result shows that the glutaraldehyde 

fixation process significantly changes the likelihood of protein deposition, but that coating 

with either PEGDA or PEGDAA can reduce the protein adhesion back to physiological 

levels. Assessment of the no-PEG control samples verified that this reduction was due to the 
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PEG and not the coating process. These results were anticipated as PEG-based hydrogels 

have been previously shown to be protein repellant and are often used to prevent 

adsorption.23,253 Our previous research analyzing a PEGDA coating on a tissue model system 

also showed significant protein reduction after the coating was applied.253  

 

It is also important to note that the ventricularis was the leaflet side that was analyzed during 

the protein adhesion assays. It has been suggested that influx of ubiquitous calcium or 

interactions with the anti-Gal antibody along the ventricularis may be significant 

contributors to bioprosthetic valve calcification. Therefore, it is crucial to build the non-

adherent shield on this side. While the ventricularis was shown to have less coating than the 

fibrosa, the coating consistency was nonetheless enough to impart the nonadherent qualities 

of the PEG hydrogels. Further testing into the ability of the coating to reduce platelet 

activation would give a more detailed view of the effectiveness of this coating once 

implanted in the body. PEG hydrogels have previously shown no platelet activation in a 

bioreactor setup and would likely have similar results in this coating.254 

 

Interestingly, the stiffness of the fixed leaflet specimens that were coated with PEG was 

reduced compared with the uncoated samples, especially for the PEGDA coating. It is well 

established that glutaraldehyde fixation increases the stiffness of valves and can ultimately 

lead to tissue tearing, calcification, and stenosis.6,188 This increased stiffness was 

demonstrated here in the comparison of Young’s modulus between the uncoated fixed and 

fresh valve samples. In contrast, there was no significant difference between the Young’s 

moduli of fresh valves and valves coated with either PEG, suggesting a restoration of the 

tissue towards physiological stiffness regardless of PEG type. The mechanical properties of 
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PEG hydrogels are dependent upon the molecular weight and weight fraction of the PEG.19 

Although PEGDAA has not been studied extensively, it has been shown to have similar 

material properties as PEGDA.23 For the molecular weight and w/v % used in this study, 

PEGDA has been reported to have a Young’s modulus of approximately 86 kPa.19 The 

reduction in Young’s modulus for the coated samples may be due to the addition of this 

much softer substrate. 

 

However, it is unlikely that this change is solely due to the deposition of coating as the SOC 

samples (step-one controls, which had no coating) were also less stiff from the uncoated 

fixed valves. In contrast, the NPC samples (no-PEG controls, which were treated with 

glucose oxidase and iron heptahydrate) showed a wide range of moduli and therefore were 

not significantly different from any other sample. This result suggests that the linker 

molecule and/or glucose addition at the first step of the coating somehow alters the tissue 

mechanics. It has been documented that hyperglycemia in vivo can cause changes in the 

mechanical behaviors of tissue.255–258 However, glycation-based crosslinking increases tissue 

stiffness, which is the opposite of what was observed here. In theory, the linkage of the 

acrylated-PEG molecule to the amine groups on the surface of the tissue should not affect 

the bulk mechanical properties of the tissue that was seen. 

 

A calorimetry analysis demonstrated that the altered biomechanics of coated samples were 

not due to changes in tissue crosslinking, as measured by shrink temperature.185 The shrink 

temperature measurements showed that the peak enthalpy temperature for fresh valves was 

significantly lower than for all levels of fixed tissue regardless of the coating process. No 

differences were observed between the UFV (uncoated fixed valves), SOC, or NPC samples, 
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which indicates that the coating process did not interfere with crosslinking of the fixed valve 

and is therefore not the cause of the material property differences. One limitation of this 

analysis was that the PEG-coated samples (AC and AAC) were not included in this study as 

the PEG coating would affect shrink temperature and prevent comparison between groups. 

However, if a change in crosslinking was the cause of the altered biomechanics, it should 

have been evident in the SOC samples, since those had a Young’s modulus lower than the 

uncoated fixed valves. 

 

Although it remains unclear why the elastic modulus in the coated samples was reduced 

compared to the uncoated fixed tissues, it is compelling that this process restored the 

physiological Young’s modulus without altering the crosslinking. Glutaraldehyde crosslinking 

is an important step in the creation of BPVs as it reduces the immunogenicity of the 

xenograft material and shields it from the innate immune response. Many investigators have 

attempted to modify the glutaraldehyde solution in favor of other fixatives that are less 

harsh. However, none of these solutions have made it through FDA clearance as they 

change the biomaterial significantly and thus require new testing. Preserving glutaraldehyde 

fixation allows for using current clinically used BPVs as predicate devices when applying for 

FDA approval through the 510(k) pathway, which is faster than going through a new device 

premarket approval pathway as would be necessitated by having a different fixative.259 

 

The PEGDA and PEGDAA coatings were not shown to be significantly different in the 

tests performed here, and either would make a suitable coating for BPVs. However, it is 

predicted that functional differences between these PEG types would become evident in 

longer duration studies. PEGDAA has improved degradation kinetics compared to PEGDA 
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and studies targeting this difference would likely show PEGDAA as the preferable coating 

type for sustained efficacy.23 In the future, it will be important to conduct fatigue testing and 

biaxial mechanical testing to assess the durability of the coating in the mechanical 

environment of the aortic valve. Moving from in vitro to in vivo, the rat subdermal animal 

model would be a logical choice to assess whether the PEG coatings can adequately shield 

the fixed tissue from calcification. Ultimately, larger animal models such as sheep would be 

needed to fully test a coated valve prototype in situ. 

5.6 CONCLUSIONS 

Our patented two-step coating process was successfully applied to fixed tissue after 

glutaraldehyde fixation. Both PEGDA and PEGDAA treatments showed coating deposition 

that was continuous across the valve leaflet surface, resulting in limited protein adsorption. 

Interestingly, the coating process was shown to restore the material behavior of fixed valves 

to that of fresh valve tissues yet did not alter the crosslinking from the glutaraldehyde 

fixation. As the polymers were seen to be equivalent in all categories, either could be used as 

a successful BPV coating. Due to the previous use of PEGDA in medical devices, PEGDA 

would encounter an expedited process for clearing the coating through the FDA; however, 

PEGDAA would likely have a longer lifespan in the body due to its enhanced biostability. 

These results show that PEG-based coatings for BPVs have promise to transform this 

important medical device for the better. 



 
 

 
 

6 CONCLUSIONS AND FUTURE DIRECTIONS 

6.1 CRITICAL NEED  

The research discussed in this thesis shows the successful creation and testing of a hydrogel 

coating system for bioprosthetic valves. This research marks an important milestone in the 

ongoing endeavor to improve bioprosthetic devices. As thoroughly outlined in the 

background, millions of people around the globe suffer from debilitating illness due to valve 

diseases. Currently, the only treatment for these patients is complete surgical replacement of 

the valve, but their medical problems do not end with this surgery. With a bioprosthetic 

valve lifespan of roughly 15 years in patients, there is an ever-increasing need for secondary 

replacement surgery to replace the failed prosthetics. Thus, there is a critical motivation to 

lengthen the lifespan of BPVs to reduce the number of re-implantation surgeries. 

 

Over the past few decades, researchers have made significant strides to improve valve 

implants. Efforts have included optimization of the stent design, tissue engineered heart 

valves, alternatives to the valve fixation process, and coatings to endothelialize the surface of 

valves. While this progress has led to some reduction in calcification in preclinical studies, 

the majority of work has not led to clinical translation.  

 

In summation, there is a current medical need that has been unmet by previous research to 

improve the lifespan of bioprosthetic valves. The research described in this thesis was aimed 

at relieving this need through a hydrogel coating to improve the biocompatibility of 

bioprosthetic valves. 
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6.2 RESEARCH CONCLUSIONS 

The culmination of this work resulted in coated bioprosthetic valve samples that were shown 

to have surface and bulk mechanical properties that were similar to native unfixed valve 

tissues. In aim one, the initial coating method with PEGDA was verified using a model 

system, which allowed for easier visualization and analysis compared to tissue. When the 

coating was applied to the model system, it was shown to coat the model surface 

consistently, reduce protein adsorption, and restore the mechanical behavior of the 

underlying model. 

 

In aim two, the coating method was then translated to fixed porcine aortic valve tissue 

biopsies to mirror bioprosthetic valves. Here, the coating method was used to apply both 

PEGDA and PEGDAA coatings to the surface. Using this method, PEGDA and PEGDAA 

coatings deposited consistently, created a surface that resisted protein adsorption, and 

restored physiological mechanical properties. The PEGDA and PEGDAA coatings behaved 

similarly for all characteristics evaluated. 

6.3 IMPACT TO THE FIELD AT LARGE 

This research shows that there is potential to improve the durability and longevity of 

bioprosthetic valves using this coating. While characteristics such as opacity and irregular 

surface topography had previously hindered the ability to polymerize hydrogels to the 

surface of tissue, the two-step coating method subverts those issues. Thus, the ability to 

deposit hydrogel onto fixed tissue opens a new area of research.  
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Hydrogels continue to evolve as an area of study with continued interest. In particular, many 

ways of modifying hydrogels to have desired characteristics have been developed. Thus, now 

that it is possible to adhere hydrogel layers on tissue, there is an opening to optimize the 

approach to modify hydrogels specifically for an improved surface for bioprosthetics. Some 

interesting avenues to explore in this area might be drug elution, cell attachment, or 

biomolecule addition. 

 

The addition of drugs into the pores of the hydrogel would allow for targeted and controlled 

release. Using these drugs, it would be possible – for some period of time – to affect the 

fixed tissue and surrounding area with blood thinners and negate the need for systemic 

administration via oral medications. Through the incorporation of antibiotics, this approach 

might also be used to reduce the risk of hospital-acquired infection that could occur during 

the valve implantation. Further, as research progresses and more information is revealed 

about the initiation of calcification, targeted anti-calcification factors could be incorporated 

into the hydrogel layer for either short-term or extended release.  

 

Restoration of the endothelial layer on bioprosthetic valves has been an aspirational goal for 

many investigators. However, the deleterious surface characteristics of fixed tissue in 

bioprosthetic valves have been shown to hinder attachment and growth of these cells. Using 

the hydrogel coating as a base, cell attachment ligands could be added to create a cell-

covered surface. Further, incorporation of interstitial cells in the coating along with 

endothelial cells lining the coating would help recreate the homeostatic balance that is 

observed in natural valves. To create a more biocompatible environment for the cells, 

bioactive molecules such as extracellular matrix components can be added into the hydrogel. 
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Hydrogel coatings that are not dependent on surface topography also have use in areas 

outside of bioprosthetic valves. Indeed, all blood-contacting medical devices could benefit 

from the reduced surface fouling properties of PEG. Specifically, woven meshes and braided 

textiles used ubiquitously in biomedical applications could be altered to include the hydrogel 

coating for a reduction in infiltrating particles. Additionally, other tissue implants such as 

vascular or skin grafts could be improved with the hydrogel coating. Specifically for skin 

grafts, this coating could help keep the necessary levels of moisture and hydration at the 

surface, since that usually presents a challenge for an exposed surface. 

 

This research also allows for the redirection of research efforts aimed at changing the 

glutaraldehyde fixation step in bioprosthetic valve production. While many are investigating 

altered fixation methods, the work in this thesis shows that it is possible to reduce the 

adverse effects of glutaraldehyde fixation while maintaining crosslinking. Thus, it becomes 

unnecessary to alter the fixative and this work can be suspended for other possible research 

avenues to improve bioprosthetics. 

 

With continued effort and drive in this area, the likelihood of creating a new bioprosthetic 

valve with improved characteristics and an extended lifetime in the body would be possible. 

Through the use of the proposed methods with materials that are already FDA approved, 

the ability to make a clinically viable implant becomes an option. 
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6.4 FUTURE DIRECTIONS 

While the research herein describes the successful creation of a hydrogel coating to improve 

bioprosthetic valves, there remain critical next steps needed to translate the coating from the 

benchtop to a clinical setting. The following is a critical examination of the required in vitro 

and in vivo studies needed to fully vet the hydrogel coating for clinical use. Specifically, these 

future studies would assess the abilities of the hydrogel in terms calcification and longevity. 

To create a fully effective product, the coating needs to make a substantial improvement on 

the current state of bioprosthetic valves. This improvement would be demonstrated in an 

extension in the lifespan of the valve implants, likely due to the suppression of calcification 

progression in the valves.  

 

6.4.1 In Vitro Studies for Longevity Testing Using Cyclic Mechanical Stimulus  

The heart is a mechanically varied environment that undergoes tensile, compressive and 

shear forces. The valves particularly have a wide range of forces imparted on them that they 

must withstand to correctly direct the flow of blood. To fully characterize the hydrogel 

coating, it is necessary to study how the dynamic environment of the valve would affect the 

integrity of the coating. To this end, analysis after long-term mechanical loading is necessary.  

 

The FDA has specific regulations under which heart valve implants must be tested. For 

valves, the standard ISO 5840 states that valve bioprostheses must withstand 200 million 

cycles to be considered a viable implant. In situ, a cycle would consist of a systolic and 

diastolic period where the valve leaflets are first stretched and sheared with passing blood 

flow and then closed to blood ejection and pressurized, respectively. The ability to replicate 
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this dynamic environment in a research lab is not feasible without expensive, large 

machinery. Thus, prioritizing which mechanical loading condition to test is important. 

 

The longevity of the hydrogel coating would most likely be challenged due to the tensile 

forces inducing stretch. As with any coating, extreme stretch of the underlying substrate 

(here, the valve leaflet) could cause separation and delamination. Thus, it is most imperative 

to test the longevity of the coating under tension. When tension is applied in a hydrated 

medium, shear forces are also created which allows the study of both effects. 

 

A suitable tensile conditioning study would provide proof of concept testing for the 

coating’s ability to withstand mechanical stimulus. Samples would be mounted to our 6-

sample plate holder and attached to the lab’s biaxial mechanical testing rig. To maintain 

hydration of the samples, the rig is surrounded by a tank to allow for a PBS bath. Control 

samples would be coated samples that are mounted into the plate holder and rig but are left 

unstretched (static) for the duration of the testing. Otherwise, samples would undergo cycles 

of tension and release to mimic the systolic/diastolic cycles of the heart. Samples would be 

pulled to 40% strain to replicate the in situ strain rates seen in the radial diffraction among 

valves.260 This stretch would be performed by using a triangle wave form on the mechanical 

system, ramping from a strain of 0% to 40% using the input cyclic stretching rate. Although 

it is possible to stretch the samples in two directions simultaneously using this rig, only the 

radial direction would be tested as it experiences a higher strain than the circumferential 

direction and is therefore more likely to be the direction in where failure is observed. 
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Whereas PEGDA and PEGDAA coatings were found to be equivocal in the testing defined 

within earlier chapters, long term testing would likely showcase the longer lifespan of 

PEGDAA, which would be preferable for an implant coating. However, it is up for debate 

as to which of these hydrogels will hold up better to mechanical conditioning. As PEGDA 

degrades due to hydrolysis, it is likely that necessary attachment sites to the tissue would be 

impacted leading to coating delamination. However, since the PEGDAA used herein has a 

larger molecular weight, 7.5 kDa compared to the 6 kDa molecular weight of PEGDA, it 

initially is likely to have less attachments to the tissue due to steric hindrance of the larger 

molecule. Therefore, while it is more likely that PEGDAA will prove to maintain integrity 

better than PEGDA, either could show degradation with mechanical conditioning. 

 

To comply with the FDA ISO, samples would need to be analyzed for 200 million cycles. 

This, however, poses a problem as this would take roughly 6 years at physiological rates. 

Even at a supra-physiological rate of 100 Hz, which would equate to a heart rate of 6,000 

BPM, it would require a study period of 24 days to reach 200 million cycles. The system max 

rate is 100 Hz so the mechanical tester within the research lab could operate at this speed, 

but it is unlikely to be able to do so for 24 days straight without overheating the 

components. Furthermore, issues would arise with sterility due to the length of this assay. 

The mechanical tester is not a sterile environment and even with the addition of 

antimicrobial solution, it is unlikely to keep the large tank in the mechanical tester without 

microbial growth of some kind for almost a month. Therefore, it will take optimization and 

testing to see what the highest rate of testing to amount to the largest cycles achieved would 

be.  
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6.4.2 In Vivo studies for Calcification Progression Using a Small Animal Model 

As detailed previously, calcification of bioprosthetic valves is the major cause of valve 

failure. Thus, the most important aspect that should be examined in the future is to verify 

the efficacy of our hydrogel layer. 

 

The initiation of calcification in bioprosthetic valves has not been well defined in the 

scientific literature, but this is not due to a lack of study. Calcification is a complex and 

varied outcome that can be the final effect of many different disease onsets. Researchers 

disagree on what exactly causes calcification and, thus, it is extremely difficult to model. 

Currently no in vitro model of calcification is well accepted in published reports. This 

culminates in a need to use animal testing. 

 

The subdermal rat model is the gold standard for calcification progression in valve 

implants.261–265 Unlike calcification in implants that can take years to present, calcification in 

the rat subdermal model happens on the order of weeks. To consider the hydrogel coating a 

success, coated samples would need to show reduced calcification compared to uncoated 

valves. Along with the analysis of calcification, the excised samples can also be tested to 

assess the presence of inflammatory responses. 

 

Testing would be done by anesthetizing rats and creating subdermal pockets along their 

dorsal side. One pocket per sample would be placed to ensure correct characterization of 

samples at extraction.  As a single animal would be implanted with multiple test and control 

samples, the number of animals needed for this anslysis is considerably reduced. 
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This testing would require many controls to fully characterize the calcification progression. 

The first would be a negative control of fixed tissue treated with ethanol. This treatment has 

been previously shown to reduce calcification in these short-term studies. Our positive 

control would be uncoated fixed tissue as it is well-studied and the calcification rate in the 

subdermal model is defined. Including a group of coating controls, such as the no-PEG 

coated samples detailed in Aim 2, would allow results to distinguish whether it was the 

coating or the coating method that created any differences. Finally, coated samples using 

both PEGDA and PEGDAA would be the test groups for this study. 

 

As PEGDA and PEGDAA performed equivalently in previous tests, it is likely that they 

would show a similar reduction in the calcification rate compared to uncoated controls. 

However, as this study proceeds over multiple months, I would hypothesize that PEGDAA 

would continue to have a lower calcification rate while the PEGDA samples would start 

calcifying at the same rate as the uncoated valves. This speculation is based on the hydrolysis 

of PEGDA when exposed to aqueous surroundings.23 Once the coating has been 

hydrolyzed, it would provide no protection and would revert towards the uncoated valve 

rates of calcification. 

6.5 SUMMARY 

In conclusion, the work conveyed in this dissertation has the potential to impact the critical 

need for a bioprosthetic valve with a longer lifespan. It has created new possible avenues of 

research to continue curtailing the failure modes of bioprosthetics and shielding them from 

interactions with the body. While this research opens many new areas to explore, likely the 
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most relevant and immediately necessary studies are the in vitro and in vivo testing methods to 

characterize the hydrogel layer over time. Overall, this research has made significant headway 

in the betterment of bioprosthetic valves and opened the door for future improvements that 

can be clinically translatable.
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7 APPENDICES 

7.1 METHODOLOGY FOR DEGRADATION DUE TO CYCLIC MECHANICAL 

STIMULUS STUDY 

The methodology for mechanical testing was discussed in Aim 2 Chapter 5.2.5. The following are 

the alterations needed for the long-term mechanical testing study proposed in Chapter 6.4.1, notably 

the change in coating formulation and the change to the mechanical testing holders. 

7.1.1 Changes in Coating for Mechanical Samples 

Samples for the degradation study are different than for the others. Unlike the rest of the studies 

that have been analyzed via fluorescence, this study will require longer time points so fluorescence 

cannot be used. The Alexa Fluor conjugate that we previously used for imaging the coating is not 

stable for long periods of time in solution and therefore would not be appropriate for the multiday 

testing. 

Instead, for this study, a Silane-PEG-Acrylate (Creative PEGWorks PHB-1976) will be added to the 

coating. Similar to the addition of Alexa Fluor in Chapter 5, the Silane-PEG-Acrylate will be added 

in the second step of the coating method. Initially testing will be necessary to see how high of a 

concentration of silane is needed to be analyzed accurately. Silane concentration will be measured 

using mass spectroscopy (ICP-MS, PerkinElmer). If there is significant delamination of the coating 

during extended mechanical testing, silane concentrations should be shown to decrease compared to 

controls. 
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7.1.2 Modifications to the Biaxial Mechanical Testing System 

The silane coated samples will be used in our biaxial mechanical testing system (Electroforce Planar 

Biaxial System, TA Instruments). While the tester can be used for biaxial testing, only unidirectional 

tension will be used. The system sample holders can only hold single samples so new sample holders 

were designed to accommodate up to six samples, Figure 26. The new holder fits into the system 

using two holes on the vertical edge that screw into the mechanical arm of the tester, Figure 27. This 

edge also has an indented portion to better tightly hug the mechanical arm and reduce rotational 

movement. Along the horizontal edge, six threaded screw holes allow for the attachment of samples. 

Two holder plates are aligned parallel to each other to attach to both sides of the testing samples. 

Two of these holders were machined with the help of the Rice University Research Support Shop 

and are ready for use. 

 

Figure 26: Technical Drawing of the Six-Sample Holder 
Technical drawing made in SolidWorks for use in machining the holder. Units shown are in millimeters and the 

six threaded screw holes fit M3 screws. 
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Figure 27: 3D Model of Six-Sample Holder 

7.2 METHODOLOGY FOR CALCIFICATION TESTING IN SUBDERMAL RAT MODEL 

STUDY 

Since this study requires the use of animals, the Institutional Animal Care and Use Committee 

(IACUC) must be consulted and approve any research. This study was approved as IACUC 

#1239881-6 under the name “Subdermal rat studies investigating biomaterial coatings for reduced 

calcification of prosthetic valves” by the Rice University IACUC. Thus far, two animals have been 

successfully implanted with the sample constructs with thirty-one animals expected after the corona 

virus shutdown is lifted. Below are excerpts from the IACUC protocol pertaining to the use of the 

animals. 

7.2.1 Number of Animals Planned 

Based on a power analysis using literature values for estimated effect size, 6 animals per test group 

are needed to provide statistical significance.185,266 This was calculated using a power analysis using 

power = 80%, alpha = 0.01 and the most relevant statistics from literature. While this study has 5 

test groups, we have designed the study so that 5 samples (one from each group) can be implanted 

in a single animal (discussed in depth below). This changes the necessary number of animals from 
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180 (6 animals per test * 2 tests * 3 timepoints * 5 test groups) to 36 (6 animals per test * 2 tests * 3 

timepoints). 36 animals are needed as there are two destructive techniques we will be using for post-

analysis and therefore need an n=6 for each. The test groups are as follows: 

Negative Control – fixed porcine tissue treated with ethanol 

Positive Control – fixed porcine tissue 

Coating Control – fixed porcine tissue with the coating procedure without hydrogel 

Test Group 1      – fixed porcine tissue with our coating hydrogel variation 1  

Test Group 2      – fixed porcine tissue with our coating hydrogel variation 2 

After the surgery, half (n=6) of the samples will be used to quantify the calcium content in the 

samples while the other half will be used to image the calcium deposits within the tissue. 

7.2.2 Timeline of Animal Use 

Rats will arrive from a commercial vendor and will be allowed to acclimatize for at least one week 

before surgical manipulation. 

Rats will undergo survival surgery under general anesthesia and analgesia involving implanting of 5 

types of heart valves with various treatments in a subcutaneous pocket on the flank.  The implanted 

valve is 5mm radius by 2 mm depth cylinder requiring a pocket of dimensions 6 by 3 mm.  The skin 

will be closed with simple interrupted stiches or wound clip or surgical skin glue or subcuticular 

pattern stitches. 

All rats will be checked daily for the first 3 days postoperatively. Body weights will be collected on 

day one and two as well as general attitude, activity, behavioral signs of pain and/or distress and the 

condition of the surgical incision. If there are no complications on day 3 then the rats will be 
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checked once per week for body weights attitude, appearance of the surgical incision until the rats 

are euthanized for harvest of the implants. 

Timeline: 

Day -7: Rats arrive to Animal Research Facility and be allowed to acclimate to new facility/food. 

Day 0: Rats weighed, anesthetized and subcutaneous pockets created for implant of valves. 

Day 1, 2, 3 postoperatively:  Animals checked each day for: 

• Appearance/attitude: are they bright alert and responsive (BAR) or quiet, are eyes bright and 

open and ears erect or are they squinting eyes and pressing ears to head indicating evidence 

of pain; Activity:  are they moving about the cage normally or moving slowly or abnormally 

with hunched posture or walking on toes 

• Behavior: do they appear normal or are they removed from the group? Aggressive? 

Vocalizing? Ruffled fur?  

• Surgical Incision: is it apposed? Is there any redness, swelling or discharges? 

• Hydration/Appetite:  body weight data will be collected daily for the first 3 days to assess 

appetite and hydration status as well as evidence of skin tent. 

Day 4-End: Rats will be checked once per week for Appearance/Activity/ surgical incision and once 

per week for body weight data.   

Day 7 or 21 or 90:  Animals will be anesthetized followed by CO2 euthanasia by tank and a 

secondary euthanizing procedure. The valve implants will then be harvested for assessment. 

Human Endpoint: This study involves minor subcutaneous surgical implants of small devices under 

strict aseptic surgical procedures with anesthetics and analgesics so the expectation is that this will 

not compromise the health and wellbeing of the animal. If the surgical incision dehisces (opens) an 
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attempt will be made to close it again with skin glue.  If there is evidence that the subcutaneous 

pocket is compromised for example the site shows signs of infection with redness swelling and/or 

purulent discharges that site will be treated with removal of the implant, saline flushes and topical 

antibiotics will be applied to prevent the other sites from being compromised and implant data can 

be collected from the other sites.  If infection becomes systemic as evidenced by a lethargy, ruffled 

hair coat, squinting eyes and hunched posture the mouse will be euthanized. If at any point the 

mouse loses >20 % weight loss or has a body condition score <2 the mouse will be euthanized. 

7.2.3 Surgical Plan 

Fasting of rats is not necessary as they do not vomit. All surgeons will wear a clean isolation gown, 

surgical face mask and sterile surgical gloves. All surgical instruments and disposables (swabs and 

gauze) will be wrapped and sterilized by autoclaving and marked with chemical indicators that turn 

brown to indicate adequate sterilization. Up to 5 rats may be performed in a batch surgery and the 

instruments will be wiped clean with alcohol or sterile saline to remove blood or debris and 

resterilize the instrument tips in a hot bead sterilizer between animals.  If the surgeon must prep the 

next animal the surgeon’s gloves will be changed between rats. 

Rats will be prepared for surgery: Day 0: 

• Rats will be placed in the anesthesia tank for induction using 5% isoflurane and .5-1 L of O2 

flow until recumbent in the tank and nonresponsive to being moved (~1-2 minutes) at 

which time they will be reduced to 3% and placed on a warm surgical table (using a hot 

water pump) nose cone at 2% /0.5-1 L of O2 . 

• Preemptive analgesic will be administered: meloxicam 1-2 mg/kg SC (5mg/mL 

concentration) OR carprofen 5mg/kg SC (50mg/mL) OR ketoprofen 5 mg/kg SC 

(100mg/mL). Only 1 NSAID pain reliever will be used depending on product availability. 
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• The fur will be clipped with a clipper at site of incision approximately 2 cm larger than 

anticipated incision length.   

• The surgical incision site will be prepped with 3 alternating scrubs of a chlorhexidine scrub 

or betadine scrub and 70% alcohol finishing with povidone iodine solution or chlorhexidine 

solution.  These are applied in a circular fashion from inside to outside taking care not to 

overly wet the rat or going back to center with the same applicator sponge. 

• The animal must be draped with sterile draping. The use of Glad Press’n Seal has been 

tested in the ARF over one year of use and has been found to remain sterile when used 

properly to prevent contamination of the drape material.    

• Bupivacaine 0.25% < 1 ml/kg local infiltration along incision site will be performed prior to 

incision if the analgesic is available. If not, lidocaine 2% (20mg/mL) at a dose of 10mg/kg at 

the incision site will be used. 

• Prior to incision the depth of anesthesia will be affirmed by a lack of response to a vigorous 

toe pinch.  

• Three 5-8 mm incisions will be made along the back of the spine to allow for 5 pockets to be 

made on either side of the rat. Two incisions will be made lateral to the spinal column to 

create four pockets and the third incision will be created caudally to the first two creating a 

unilaterally adjacent pocket to the spine for the 5th sample, Figure 28: Schematic of Sample 

Placement for Animal Surgeries 

• . These incisions will be made using a 10-15 sterile surgical blade through the skin layer only.  

Gentle digital pressure with a gauze 2x2 sponge will provide hemostasis.  Using gentle tissue 

handling a dissecting scissor will be introduced into the incision and using blunt and sharp 

dissection a lateral pocket will be made between the subcuticular layer and the muscle to 
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allow for introduction of the heart valve.  The pocket will be made large enough to prevent 

any tension, pressure or stretch of the skin that could result in necrosis or self-directed 

behavior by the rat. 

• The skin will be closed with 4-0 vicryl in a simple interrupted pattern and/or wound clip or 

surgical skin glue or subcuticular pattern stiches. 

• The surgical site will be cleaned around the suture site of any betadine or blood 

contamination avoiding the actual incision site.  Local 2.5 % each lidocaine/prilocaine cream 

(EMLA) will be applied adnexal to the incision site for pain relief.   

• The isoflurane and oxygen will be discontinued, and the rats will be observed until recovered 

from general anesthesia as evidenced by remaining sternal and moving about the cage. 

 

7.2.4 Euthanasia 

Rats will be anesthetized preferably in their home cage using  the Euthanex® lid to provide 

isoflurane and oxygen (5%isoflurane /1-2 LO2) until recumbent , slow breathing and nonresponsive 

at which time the CO2flow meter will be turned to high flow and the isoflurane and oxygen 

discontinued.  The CO2 will remain on until all evidence of chest excursions or breathing are 

Figure 28: Schematic of Sample Placement for Animal Surgeries 
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evident ~3-5 minutes.  At this time the rats will be removed from the cage/tank and a 

pneumothorax performed to confirm death prior to removal of implants for analysis.  The carcass’ 

will be placed in red biohazard bags and placed in the freezer designated for carcass disposal. 

7.2.5 Analysis of Explanted Samples 

Explanted samples will be analyzed for calcium content and overall immune response. Initially, all 

samples will be imaged via a SkyScan 1272 X-Ray micro-CT system to identify and quantify calcific 

nodules that have grown in the samples. This imaging is a nondestructive process that does not 

require deleterious sample preparation so the samples can then be used for further analysis. Samples 

will then be split into two groups for final examination. Half of the samples will be analyzed via a 

mass spectrometer (ICP-MS, PerkinElmer) to assess overall calcium content per dry sample weight. 

The other half of the samples will be sectioned and stained. Sections will be imaged to analyze 

overall valve thickness and stained to assess calcium content and immune responses. 

 


