
SPECIFIC AIMS 

Current treatment for late stage aortic valve failure requires full replacement with either a mechanical or 

bioprosthetic valve. While mechanical valves are robust, they have poor hemocapatibilty and require 

lifelong anticoagulation medicine to limit clotting. Many patients, especially those in the geriatric 

community, take medications or have underlying conditions that can negatively interact with 

anticoagulation medicine and therefore cannot have mechanical valves. The other option, bioprosthetic 

valves (BPVs), have poor durability and fail in roughly 15 years, leading to over 300,000 replacement 

surgeries in the US per year.1 BPVs fail due to calcification caused by glutaraldehyde fixation, which 

disrupts the endothelial monolayer and breaks down calcium channels.2 This hinders the tissue’s ability 

to remove excess calcium and, thereby, leads to calcification. Methods that can combat calcification in 

BPVs would increase the lifespan of implanted valves and improve patients’ quality of life by limiting the 

need for replacement surgeries. 
 

My proposed research will reduce failure from calcification and improve the lifespan of bioprosthetic 

valves by creating a coating that promotes in situ endothelialization. I expect that covering the fixed 

endothelial monolayer with live cells will stop calcification by reestablishing calcium channels and 

restoring a more physiologic concentration in 

the valve (Figure 1). I will progress this project 

by 1) optimizing the coating for in situ cell 

attachment, 2) testing durability in vitro, and 3) 

testing calcification in vivo. Thus, my research 

will create a technology to reduce BPV 

calcification. 
 

Aim 1 – Optimize a durable hydrogel coating to promote in situ endothelialization 

Hypothesis: Using polyethylene glycol diacrylamide (PEGDAA) and adding endothelial-specific ligands 

will create a long-lasting surface coating on fixed valves that will promote endothelial growth and limit 



nonspecific binding. Currently, I have optimized a minimally-adherent surface coating that attaches to 

bioprosthetic tissue using polyethylene glycol diacrylate (PEGDA). I will increase the durability of the 

coating by transitioning to PEGDAA, as it has a significantly longer degradation rate in vivo.3 Degradation 

rate and protein adhesion will be assessed to characterized durability of the coating. The coating will 

promote endothelialization through the use of extracellular matrix-derived cell attachment peptides. Cell 

adhesion, proliferation and attachment specificity will be optimized to form the endothelial layer and the 

monolayer consistency will be assessed. 
 

Aim 2 – Test construct for robustness under physiologic conditions using in vitro models 

Hypothesis: PEGDAA’s inherent elasticity and durability will create a coating that will remain intact 

throughout mechanical stretch testing. Coated and endothelialized valves will be stretched in a uniaxial 

bioreactor to probe their integrity under dynamic conditions mimicking the radial tension experienced in 

vivo. Stretched valves will be evaluated for coating and endothelial cell layer consistency compared to 

static controls to assess durability.  
 

Aim 3 – Test the long-term calcification rate of coated valves using an in vivo model 

Hypothesis: Coated and endothelialized valves will have significantly decreased rates of calcification 

compared to controls. Calcification rate of coated and endothelialized samples will be tested via an in 

vivo calcification model.4–7 Samples will be interrogated for endothelial and calcification markers to 

determine calcification rate and endothelial monolayer consistency.  
 

Impact: This research aims to revolutionize BPVs by creating a technology that can significantly increase 

their lifespan, thereby decreasing the number of necessary replacement surgeries. This change would 

increase patients’ quality of life and decrease medical costs associated with repeat surgeries. The 

increased lifespan will also allow younger patients to receive BPVs instead of the normal mechanical 

valves, which would reduce the number of patients requiring long-term anticoagulation medication. 
 

Training Value: My career goal is to lead my own academic research lab where I continue to work on 

cardiac implants. My aims introduce skills necessary for device creation including designing, optimizing 



and testing and give me experience in following FDA requirements for cardiac devices. Presenting this 

work at technical conferences will give me the opportunity to collaborate and network with researchers 

in my field that I otherwise would not meet. 

RESEARCH STRATEGY 

A. SIGNIFICANCE 

	

Patients with late-stage heart valve failure are typically treated using surgical valve replacements. Heart 

valves fail when they cannot maintain the unidirectional flow of blood through the heart. Many disease 

can lead to heart failure, but the most common is Calcific Aortic Valve Disease (CAVD) which leads to 

calcification of the aortic valve leaflets.8 Compared to a healthy 

valve (Figure 1A),9 calcified valves (Figure 1B) are thickened 

with calcific nodules. These nodules stiffen the valve and restrict 

it from fully opening or closing. Most patients suffering from valve 

failure are surgically implanted with bioprosthetic heart valves.10 

Bioprosthetic valves are commonly made with aortic valves that 

are excised from porcine specimens and fixed in glutaraldehyde. 

These valves restore unidirectional blood flow of native valves, 

but suffer degradation over long-term implantation. Failure of 

bioprosthetic valves is a major concern as they require an additional surgery to replace the damaged 

prosthetic. Median time to failure in bioprosthetic valves is 15 years which necessitates over 300,000 

replacement surgeries in the US per year.1 The primary mode of failure of bioprosthetic valves is 

calcification, similar to a native valve. As seen in Figure 1C,11 initially bioprosthetic valves have a similar 

gross morphology to native valves, but after implantation they too can calcify and fail (Figure 1D).12 

Bioprosthetic valve calcification is caused by the initial pre-treatment in a glutaraldehyde fixative.2 Fixation 

disrupts the valve cells’ ability to remove excess calcium, thereby causing a buildup in the tissue and 

leading to dystrophic calcification. Interventions that mitigate prosthetic failure would improve the lifespan 

of the implanted valve and, therefore, decrease the need for re-implantation surgery and lead to 



increased patient survival. 

 

My research aims to increase the lifetime of bioprosthetic valves by coating the valve with a 

surface primed for in situ endothelialization. I expect that my proposed research can combat the 

abundance of calcium in bioprosthetic valves and, therefore, limit failure due to calcification. This 

approach is innovative as it is one of the first to use PEGDAA (poly(ethylene glycol) diacrylamide) for 

biological applications. Unlike other coating options, PEGDAA has mechanical characteristics uniquely 

suited for application in heart valve prosthetics. It does not degrade due to hydrolysis, which makes it 

exceptionally durable in vivo and has flexibility and elastic recoil to tolerate the natural valve forces.3 This 

project is further innovative through its development of an in situ endothelial layer to combat calcification. 

The coated surface will have ligands for specific endothelial cell attachment to promote the growth of a 

cellular lining layer atop the coating to reduce calcium concentrations. Using bioprosthetic valves as a 

base substrate for my coating is an inventive solution to current problems that plague other strategies 

targeting bioprosthetic valve improvement. While tissue engineering strategies have significant 

advantages over bioprosthetic valves, they are decades away from implementation. My research 

combines some of the advantages of tissue engineering solutions with the FDA approved prosthetic 

valves to create an improved and clinically tractable device. 

 

B. APPROACH 

 

B.1. MOTIVATION AND PRELIMINARY DATA 

In a healthy heart valve, valvular endothelial cells (VECs) line the tissue and calcium ion channels 

within these cells maintain the physiologically necessary balance in calcium level. When bioprosthetic 

tissue is fixed in glutaraldehyde, these cells are killed and their calcium channels no longer function, 

which results in abnormally high concentrations of the ion within the prosthetic valve.  

 

I hypothesize that incorporating a new, living endothelial lining layer on the bioprosthetic valve 

will reduce calcium buildup and limit dystrophic calcification. Adding a living endothelial layer should 



achieve normal physiological calcium levels as the lining will provide new calcium ion channels. To control 

calcium levels, I have designed a novel coating made of PEGDAA to allow for in situ endothelialization 

when the prosthetic is implanted.  

 

The motivation behind using PEGDAA for my coating is that it will allow for a controllable surface 

with the necessary physical properties to create a durable layer. Previous work in my lab has created a 

patent-pending coating process that I have already used on bioprosthetic valves.13 PEGDAA has 

favorable dynamic properties for applications in heart 

prosthetics. First, it is extremely durable in 

physiological settings as it does not degrade from 

hydrolysis. Second, PEGDAA is extremely elastic 

compared to other PEG chains and should allow for 

the elastic recoil necessary to withstand the forces 

experienced by heart valves in vivo.3 This surface 

also allows for customization, which I take advantage 

of through my addition of ligands that promote 

endothelial cell attachment specifically. 

 

My research will use in situ endothelialization as an innovative way to create a cell layer on the 

coating without the need to pre-seeded ex vivo. It has been shown that there are circulating endothelial 

progenitor cells that the heart valve will encounter.14,15 These cells can be captured via endothelial 

specific ligands and used to populate my construct. Using in situ methods to endothelialize the valve will 

allow for a patient-specific, fully-lined cellular layer. 

 

In preliminary studies, I have optimized a surface coating on bioprosthetic valves that significantly 

decreases protein adsorption using poly(ethylene glycol) diacrylate (PEGDA) and our lab’s patent-

pending coating process.3 PEGDA was initially used as it was previously optimized using our coating 

process on hydrogels before the promising results of PEGDAA had been published. The coating process 



uses interfacial chemistry to bond a hydrogel layer to fixed tissue in a two-step method as seen in Figure 

2. After I optimized the coating process, I optimized a protein adsorption assay that allowed for functional 

testing of the coated tissue. If the tissue was properly coated with the hydrogel layer, a significant 

decrease in protein adsorption would be seen due to the bioinert nature of PEGDA. Using a fluorescently 

tagged bovine serum albumin, I measured protein adhesion on coated valves and uncoated controls to 

show that the PEGDA-coated tissue demonstrated had a significant reduction in protein adhesion (~60%) 

(Figure 3). These studies allowed for familiarization and mastery of the coating process used throughout 

this research and protein adhesion assay used in Aim 1.  

 

Once samples could be properly 

coated, I studied their mechanical 

characteristics to understand whether the 

valve dynamics would be changed by my 

coating. In this study, I tested coated and 

uncoated valves under uniaxial tensile forces. 

The stress and strain readout from the 

mechanical tester was used to measure the 

stiffness of my samples. Results showed no 

statistically significant change in stiffness 

between the two groups. 

 

In a separate study, I isolated human endothelial progenitor cells (HEPCs) from human cord blood 

gathered by our collaborators at Memorial Hermann Hospital. These cells remained viable in culture and 

were expanded and frozen for later use in Aim 1 as examples of circulating endothelial cells.  

 

These preliminary results show that my coating will bind to bioprosthetic valve tissue and can 

make an effective non-adherent surface. The optimized protocols for protein adhesion assays and 

isolating human enodthelial progenitor cells will contribute to the progess of the research in Aim 1. 



 

B.2. PROPOSED EXPERIMENTS 

 

Aim 1 - Optimize a durable hydrogel coating to promote in situ endothelialization 

 Rationale: Preliminary data has shown the potential of a PEGDA coating to create a customizable, 

non-adherent surface layer using our lab’s patent-pending coating method.13 However, issues arise with 

using PEGDA for prosthetics as it degrades via hydrolysis over the course of days in physiologic 

conditions.3 To extend the longevity of the coating, PEGDAA will be substituted because it is more 

durable and has not shown any degradation in studies lasting 12 weeks in animal in vivo studies.3 

extracellular matrix-derived ligands should allow for the attachment of a specific cell type onto the coating. 

Endothelial cells will be 

targeted for attachment 

to mimic the endothelial 

cell lining of healthy 

heart valves. 

 

Hypothesis: Using PEGDAA and adding endothelial-specific ligands will create a long-lasting 

surface coating on fixed valves that will promote endothelial growth and limit nonspecific binding.  

 

Experimental Design: A schematic of the workflow for Aim 1 is shown in Figure 4. 

Study 1 – Improve durability by transitioning coating from PEGDA to PEGDAA. My previous 

coating design used PEGDA (poly(ethelyne glycol) diacrylate) to create a non-adherent hydrogel surface 

layer on tissue. Briefly, this coating process utilizes amine groups on fixed tissue and interfacial chemical 

reactions to create a surface-bonded hydrogel layer (Figure 2).13 To transition to PEGDAA (poly(ethelyne 

glycol) diacrylamide), I will initially try to incorporate it into the coating solution using the concentrations 

that were optimized for PEGDA. I will complete functional testing of the PEGDAA coating and will test 

durability by employing a hydrolysis test. Functional testing will be done via a protein adsorption assay 

that will be completed by incubating samples in 250 mg/mL Alexa-Fluor 680 tagged bovine serum albumin 



at 37°C for 2 hours. Samples will then be washed thoroughly with PBS and imaged via an IVIS Small 

Animal Imager. Spectral unmixing capabilities on the IVIS will be used to remove background tissue 

autofluorescence to get a more accurate representation of the adhered fluorophore. Durability testing will 

consist of samples of PEGDAA and PEGDA coated tissue incubated in physiological media for 3, 5 and 

7 days. Samples will be removed from media at their time point and tested for protein adhesion, as 

detailed above, and coating consistency. Samples will be tested for coating consistency will be fixed, 

incubated in cryo-preservation media, flash frozen in liquid nitrogen and sectioned via a cryostat, as 

previously detailed.16 The sectioned samples will be fluorescently imaged via confocal microscopy to 

analyze coating consistency via the natural autofluorescence of PEG. These results and the outcomes 

for all Aims will be analyzed for statistical significance with ANOVA followed by a post-hoc Tukey’s test. 

 

Study 2 – Optimize ligands for endothelialization of the coating. My studies will focus on 

comparing different endothelial ligands for the optimal attachment and proliferation of endothelial 

progenitor cells on the coating.  The incorporation of endothelial-specific ligands will be used to create 

an endothelial lining atop the coating in situ. Human endothelial progenitor cells (HEPCs) will be used to 

optimize the cellular attachment as they are circulating cells that would encounter the prosthetic after 

implantation and have a high likelihood of colonizing the valve.14,15 Tests will compare the REDV, RGDS 

and RGDF peptides, which have previously had success in capturing endothelial cells.26 Optimization of 

the ligands and PEGDAA can run concurrently as I plan to study the peptides on non-tissue-culture-

treated plastic surfaces before transitioning them into the coating. For 

initial testing, I will attach these peptides to non-cell adherent plastic 

and measure human endothelial progenitor cell (HEPCs) attachment 

and proliferation after a week of culture via staining for CD31 and 

DAPI. For this and the following studies utilizing 

immunofluorescence, fluorescence microscopy and FIJI image 

analysis software will be used will be used to analyze and quantify 

fluorescence. To assure the specificity of the peptides, I will run co-



culture competitive growth assays where I initially plate both HEPCs and monocytes, a circulating cell 

the valves will also encounter that should not attach to the ligand (Figure 5). After a week of culture, I 

will perform immunofluorescence staining using a marker for endothelial cells (CD31) and a marker for 

monocytes (CD16). The ligand that creates a specific and confluent endothelial monolayer will be used 

in the coating. Concentration of the ligand will be varied to test for complete monolayer formation on the 

coating, and immunofluorescence staining will be employed for quantification using the sectioning 

protocol previously stated. 

 

Expected Outcomes and Interpretations: In Study 1, I expect to see that the PEGDAA coated 

samples show a consistent level of protein adsorption independent of the length of time in culture. As 

previously seen in literature, PEGDA breaks down due to the hydrolytic conditions of the media after a 

median of 5 days and, thus, disrupts the coated surface.3 Therefore, results of this study should replicate 

PEGDA’s fast degradation and show statistically significant increase in protein adsorption over time. 

PEGDAA would prove to be successful over PEGDA if it maintained a protein adsorption level that 

fluctuates ≤10%. In Study 2, I expect that at least one of the tested ligands will show promising results 

for endothelial progenitor attachment. Specifically, testing should show that a ligand can promote cell 

attachment and proliferation to a level that can sufficiently cover the coating and has a high (≥80%) 

specificity. 

 

Potential Pitfalls and Alternative Approaches: The transition to PEGDAA should not require 

altering the coating solution, but if the new surface does allow for more protein adsorption than PEGDA 

samples, I can re-run my optimization protocol to find the best component concentrations. To avoid delays 

with ligand testing, I will start with three different ligands that have been successfully used in literature 

and should show promise in my studies. I have designed the ligand studies so that initial testing can 

begin while the PEGDAA research is ongoing to avoid delays in workflow. 

 

Training Value: Through this aim, I will gain training in the biomaterial synthesis of surface 

coatings for medical implants. This research will also develop my knowledge of the creation and 



optimization of medical devices to mitigate specific failure points in current medical treatments. These 

skills will be integral to my future career goals as I intend to become a principal investigator of a lab that 

creates translation cardiac devices for specialized patient populations.  

 

Aim 2: Test construct for robustness under physiologic conditions using in vitro models 

Rationale: A fully functional prosthetic coating must 

have the ability to remain stable under physiological 

mechanical stressors. In the natural valve environment, 

valve implants are subjected to forces associated with the 

repeated opening and closing of the valve. It is, therefore, 

critical for my developed construct to tolerate such forces 

and remain intact over long-term exposure to the in vivo-like 

environment.  

 

Hypothesis: PEGDAA’s inherent elasticity and 

durability will create a coating that remains intact throughout 

mechanical tensile testing. 

 

Experimental Design: A schematic of the workflow for Aim 2 is shown in Figure 6. Using a 

mechanical testing rig developed by my lab, I will test coated valves under tension and measure the 

continuity of the coating before and after. My lab has previously designed a cyclic uniaxial tension 

bioreactor that will be used for these experiments that can test up to 16 samples at one time in sterile 

conditions for up to a week.17 I will test samples that are coated and endothelialized in the bioreactor and 

compare them to static controls. Samples will be loaded in our cyclic uniaxial tension bioreactor and 

submerged in media so that the tissue, hydrogel, and cells remain hydrated. To simulate the tensile forces 

from repeat opening and closing of the valve, I will test my constructs under tension. Cyclic tensile testing 

will mimic physiological conditions when applied at 1 Hz to a strain of 0.024.18 Testing will be run for 



either 1, 3 or 5 days to test for coating consistency over time. These samples, along with the coated and 

endothelialized static controls, will be frozen and sectioned as detailed in Aim 1. Sections will be assessed 

for consistency of the PEGDAA layer via fluorescence imaging using the autofluorescence of PEGDAA. 

Uniformity will be quantified via ImageJ image processing software. Sections will also be stained for DAPI, 

and image processing will be used to measure layer consistency and to detect cell distribution. 

 

Expected Outcomes and Interpretations: I expect that due to the elastic nature of PEGDAA there 

will be no significant change in coating consistency at any of the time points. Sectioning should show an 

even thickness of PEGDAA that surrounds the entirety of the valve with very few breaks throughout the 

length. Because of the significant bond strength between the endothelial cells and their specific ligands, 

I would expect that the cells would remain adhered to the coating and not have a significant difference in 

cell number compared to the non-stretched controls. The coating will be considered successful if 

mechanically tested samples have ≥75% of the cell density seen in static controls and consistent coating 

around ≥90% of the tissue. 

 

Potential Pitfalls and Alternative Approaches: The main issues that could arise from this testing 

are either the coating delaminating or the cell layer detaching under dynamic forces. If the coating shows 

detachment after fatigue testing, the concentration of the acrylated linker molecule used in the coating 

process (Figure 2) can be increased to improve the bond between the valve and the coating. If 

detachment still occurs after this, a different linker molecule with a stronger bonding affinity that can bind 

to amine groups on the bioprosthetic valve surface could be substituted in the coating method. Similarly, 

if the endothelial layer does not remain consistent, the ligand chosen in Aim 1 can be altered or 

concentration can be increased.  

 

Training Value: Through completing these aims, I will gain valuable experience in durability 

studies for cardiac devices. Mechanical studies are important skills for device optimization and can be 

applied to academic and industry pursuits later in my life. Also, many FDA regulations revolve around 

cardiac device durability under force and require mechanical testing to be performed. Becoming 



acquainted with these requirements and understanding how to follow through with testing them will be 

beneficial later in my career. 

 

Aim 3 - Test the long-term calcification rate of coated valves using an in vivo model 

Rationale: Understanding how my construct changes bioprosthetic calcification is the main goal of this 

research. Current in vitro models cannot adequately model calcification, and, thus, this question must be 

answered using in vivo models. Animal models are frequently used in cardiovascular device studies to 

elucidate information on device biocompatibility in vivo before moving into clinical studies. The rat 

subdermal model has been used extensively to specifically test 

for the progress of calcification in cardiac implants.4–7 This model 

creates fast-acting calcification that can be seen over a period of 

weeks. Test subjects can also be implanted with multiple 

samples per rat minimizing variance in data due to different 

animals, which gives the most reliable metric for future success. 

Using a rat model is imperative to the creation of my coating 

implant as no current in vitro tests can accurately recapitulate the 

calcification process. Rice University has a current PHS Animal 

Welfare Assurance and has been accredited by the AAALAC. All 

subjects will be treated with accordance with IACUC standards 

and protocols.  

 

Hypothesis: Valve’s coated and endothelialized will have a significantly decreased rate of 

calcification compared to the uncoated controls. 

 

Experimental Design: A schematic of the workflow in Aim 3 is shown in Figure 7. Juvenile 

Sprague Dawley rats (Charles River Laboratories) will be anesthetized and subdermal pockets will be 

surgically opened to implant my constructs. Each sample condition, detailed in Figure 8, will have a 



sample size of n=12, and each rat will be implanted with all four sample conditions. For this study, coated 

valves will be pre-seeded with rat endothelial cells (Sigma Aldrich) attached via the ligands to the coating 

to ensure no unwanted immune response. I will initially use 6 female and 6 male rats for population 

variance testing to calculate the necessary number of animals 

needed for statistical significance. Samples will be excised at 1, 3 

and 5-week time points to expose the calcification rate over time. 

Excised samples will be tested via a SkyScan 1272 X-Ray micro-CT 

system to identify and quantify calcific nodules that have grown in the samples. This is a nondestructive 

process so the samples will then be used for sectioning and staining as previously described. These 

sections will be stained for endothelial markers, as previously discussed to assess the stability of the 

endothelial layer over time in vivo and stained via the colorimetric glycerin red that dyes calcific areas.16 

Using image processing techniques, we will compare the average area of calcification found in each 

group, measure the change in valve thickness, and quantify coating and endothelial layer integrity as 

described in Aim 1. 

 

Expected Outcomes and Interpretations: Previous studies have shown that fixed prosthetic tissue 

calcifies in this rat model.4–7 After creating a fully endothelialized and durable construct in Aims 1 and 2, 

I expect that the rat model will show a statistically significant decrease in calcification progression in my 

construct versus the controls. My full construct (Coated Samples 3 in Figure 8) should prove to decrease 

dystrophic calcification in the valve, as seen in both micro-CT and glycerin red results. I do not theorize 

that either Coated Samples 1 or 2 will show a significant difference from the Uncoated Controls as they 

do not have the live cellular layer. Without the live cell layer, these samples should be no significant 

change compared to the Uncoated Control and be significantly different from the full construct of Coated 

Samples 3. 

 

Potential Pitfalls and Alternative Approaches: Two potential failure points could be incomplete 

coating due to delamination or incomplete endothelial layer. Strategies to combat coating detachment 



are detailed in Aim 2 contingency plans. If the monolayer does not remain intact, increasing the ligand 

concentration or using one of the other ligands initially tested could increase attachment of endothelial 

cells. 

 

Training Value: Animal models are a necessary endeavor for scientific discovery and are used in 

many different fields of study. This aim teaches me how to understand the specifications and subtleties 

involved with running a small animal study. The rat model used in Aim 3 is regularly used in cardiac 

device development and will benefit me later in my career when I plan to run my own lab dedicated to 

new device creation. 

 

C. SUMMARY 

 A current need exists to improve the 

lifespan of bioprosthetic valves. Patient care has improved over the years to the point where patients are 

outliving their prosthetics. The early failure of bioprosthetic valves requires open-heart surgery to implant 

a new prosthetic valve in place of the failed device. The research described above aims to combat this 

need by designing a novel coating for current bioprosthetic valves that would improve the lifespan and 

negate the need for reoperation. In Aim 1, this coating will be optimized for durability in the physiological 

setting and endothelial attachment. The new living endothelial layer is needed to replace the fixed lining 

layer in the prosthetic heart valve as the fixed cells can no longer properly remove calcium. In this way, I 

hope to combat the dystrophic calcification that causes most bioprosthetic valve failure. In Aim 2, I will 

use in vitro testing to elucidate whether my coated valve construct can remain stable under the 

mechanical forces aortic valves experience in the body. Lastly, in Aim 3, I will use a rat model to quantify 

calcification rate of my construct compared to uncoated controls to truly test whether my coating limits 

the calcification of bioprosthetic heart valves. At the end of this research, I will have fully designed and 

optimized a coating to limit valve calcification, which could greatly impact the field of medicine and give 

new options to patients requiring replacement surgery. 

 


