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Heart valve disease is an increasing global burden affecting patients of all ages, ranging 

from pediatrics to the elderly. Unfortunately, there are currently no diagnostics for early 

detection or therapeutic treatment strategies. The only remedy for end-stage valve 

disease is a prosthetic heart valve replacement. However, these non-living prostheses 

do not possess the ability to remodel, integrate, and respond biologically with the 

patient, leading to life-long medications or multiple resizing surgeries. Tissue 

engineering offers an enticing strategy to fabricate living, biological heart valve 

conduits with growth and integration potential. While there has been advances in 

fabricating tissue engineered heart valves, there remains a challenge of producing a 

heterogenous valve. 

 

The focus of this dissertation was to develop and evaluate biomaterials and a bioreactor 

system that can better provide environments for cells to grow and remodel. A hybrid 

hydrogel biomaterial developed by incorporating solubilized decelluarlized aortic 

leaflets into a bioprintable base material promoted a myofibroblastic phenotype in 

encapsulated cells and led to more matrix deposition (Chapter 2). Next, a composite 

biomaterial was produced by conjugating nanocellulose crystalline with methacrylated 



 

gelatin. The material enhanced material properties and promoted a chondrogenic-like 

phenotype in encapsulated HADMSC (Chapter 3). Finally, a bioreactor system was built 

to capture a wide range of pressures and frequencies found in the pediatric and adult 

populations (Chapter 4). The system was validated by culturing ex vivo porcine heart 

valves and conditioning a bioprinted tissue engineered heart valve. 

 

Overall, the completion of this work advanced the field of tissue engineering heart 

valves by providing insights on two types of biomaterials that can modulate stem cell 

behavior and phenotype. The bioreactor system proved to be useful in future studies 

involving both engineered and ex vivo heart valves.
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CHAPTER 1.  

CURRENT PROGRESS IN TISSUE ENGINEERING HEART VALVES AND THE 

NEED FOR BIOPRINTING OF AORTIC HEART VALVES 

 

* This work has been published and adapted from three publications: 

Cheung DY, Duan B, Butcher JT. Bioprinting of Cardiac Tissues. In: 3D Biofabrication 

for Biomedical and Translational Research, edited by Atala A and Yoo J., Academic 

Press, 2015. 

 

Cheung DY, Duan B, Butcher JT. Current Progress in Tissue Engineering of Heart 

Valves: Multiscale Problems, Multiscale Solutions. Expert Opin Biol Ther. 

2015;15(8):1155-72. doi: 10.1517/14712598.2015.1051527. Epub 2015 Jun 1. 

 

Cheung DY, Duan B, Butcher JT. Bioprinting of Living Aortic Valve. In: 3D 

Bioprinting in Regenerative Engineering: Principles and Applications, edited by 

Khademhosseini A., Taylor and Francis Group LLC, 2018. 
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1.1 Clinical significance of aortic heart valve disease 

The human heart consists of four heart valves to direct unidirectional blood flow through 

the cardiovascular system via opening and closing of compliant valvular leaflets. 

Amongst the four valves, the aortic valve—situated between the left ventricle and the 

aorta—experiences the most challenging hemodynamic environment and is also the 

primary valve that becomes diseased. Valvular heart disease (VHD) can be 

characterized by damage or defect to the valves, mainly either through leaflet stenosis 

(stiffening of leaflets) or insufficiency (regurgitation of blood from retracted leaflets).1 

The heart compensates the reduced blood flow by enlarging its muscles to pump more 

blood, thereby reducing ventricular volume and elasticity which can lead to heart failure. 

 

VHD is amongst the major forms of cardiovascular diseases. The prevalence of any 

valve disease adjusted to the entire U.S. population is 2.5% (~8 million people), with 

prevalence increasing with age (> 65 years)—the majority of which were the aortic 

valves (68%).2 Additionally, 1-2% of all live births are affected by congenital heart 

disease, many of which affect the heart valves, leading to 44,000 cases annually.2 In 

total, the total inflation-adjusted cost in 2013 was $5.264 billion, an increase from 

previous years2, and it is estimated that heart valve replacement surgeries to triple by 

2050.3 
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On a global scale, valve disease is mainly attributed to rheumatic heart disease, which 

has shown an increasing trend in the Americas, Africa, Eastern Mediterranean, Western 

Pacific, and Southeast Asia.2 The population affected is largely skewed towards 

pediatric and young adults and in populations with lower income, resulting in a 

prevalence of 15.6 million and 233,000 deaths annually.4,5 Taken together, valvular 

disease presents itself as a growing global disease. 

 

1.2 Multiscale overview of the aortic heart valve 

 

1.2.1 The aortic heart valve 

At the organ level, the aortic heart valve is composed of three compliant cusps (also 

known as leaflets) attached to the aortic root wall (Figure 1.1A).6 Each leaflet is 

identified based on the location within the root: the left and right cusps, and the non-

coronary cusp. The individual structures work synergistically to direct blood flow out 

of the heart (i.e. fully opening of the leaflets) while minimizing regurgitation (i.e. fully 

closing of the leaflets). The rapid valvular motions—an estimated 30 million times per 

year7—produce complex hemodynamics with the surrounding blood, which can induce 

large shear forces on the valve surfaces.8 Thickening and calcification of the valve can 

lead to altered flow patterns, which can exacerbate the disease.9  
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1.2.2 Valvular leaflets 

The leaflets consist of a complex matrix architecture that can be split into three distinct 

layers: fibrosa, sponigosa, and ventricularis (Figure 1.1B). Each layer is composed of 

different cell types and structural components and therefore serves a distinct purpose 

and giving rise to the anisotropic biomechanical properties of the leaflets.10 The fibrosa 

faces towards the ascending aorta and is the load-bearing layer, constituting 

approximately 41% of the total leaflet thickness.11 It is composed of densely packed 

collagen fibers aligned circumferentially, which exhibits strong mechanical strength 

upon closure to bear the higher diastolic load.12,13 The spongiosa is a 

glycosaminoglycan- and proteoglycan-rich zone situated between the fibrosa and 

ventricularis and takes up about 30% of the thickness. The hydroscopic layer provides 

compressive resistance during diastole (leaflet coaptation), a buffer or lubrication zone 

between the fibrosa and ventricularis during systole (leaflet flexure), and a dampening 

effect to reduce leaflet flutter.14–16 Lastly, the remaining 29% of the leaflet is the 

ventricularis, which faces towards the left ventricle. This layer is mainly composed of 

collagen and elastin sheets aligned radially, thus contributing to the radial strength of 

the leaflet.8,17,18 Together, the complex anisotropic leaflets can withstand the estimated 

physiological loads of between 200-400 kPa and peak Green strains of 0.264 and 1.109 

in the circumferential and radial directions, respectively.11,13,19,20 Alternatively, the in 

vivo strain in the leaflet circumferential and radial directions were estimated to be 10% 

and 40%, respectively.13,21,22 
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Figure 1.1. Overview of the macro and microscopic aortic heart valve anatomy. 

(A) Schematic of an open aortic heart valve. Three compliant leaflets or cusps 

are located within the sinus bulb and attached at the base of the aortic root 

(annulus or ventriculo-aortic junction). Figure adapted from 23. (B) Schematic 

of a radially-sliced valve leaflet. VEC line the fibrosa and and ventricularis slide 

while VIC (quiescent and activated) are spread throughout the interstitium. 

Major ECM components include collagen in the fibrosa, GAGs in the spongiosa, 

and elastin in the ventricularis. GAG = glycosaminoglycans, LCC = left 

coronary cusp, NCC = non-coronary cusp, RCC = right coronary cusp, VEC = 

valve endothelial cell, VIC = valve interstitial cell. 

1.2.3 Valve sinus and root 

The aortic root wall encloses the leaflets and is comprised of a variety of entities crucial 

to the function of the organ.6,24 The sinuses of Valsalva are curved dilations occurring 

immediately anterior of each leaflet, making the root wall an inverted bulb shape. The 

left and right sinuses give rise to the left and right coronary arteries, respectively. The 

cusps are attached to the base of the root where they form a crown shape with the 

annulus, which is a fibrous ring that is considered a transition point between the 

ventricle and aortic root. The leaflets are joined together at commissure points, which 

are connected to the sinotubular junction, the distal ring portion of the sinuses. The 

histological composition of the aortic root, although not extensively studied, is similar 

to the ascending aorta and other large arteries, consisting of intimal, medial, and 

adventitial layers.7,24 The intimal and medial layers contain mainly of elastin while the 
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adventitial layer had higher levels of collagen.25–27 Although similar in histology, the 

sinus displayed larger tissue stiffness in both the longitudinal and circumferential 

directions. Additionally, biaxial tensile testing showed no significant differences in 

stiffness between longitudinal and circumferential directions (approximately 3.5 

MPa).26,27 Overall, the entire root structure is stiffer than the leaflets and less distensible 

with in vivo strains of 5% in both radial and circumferential directions.13,21,22 

 

1.2.4 Valve leaflet cells 

At the cellular level, there are only a few main cell types residing in the aortic leaflet 

and root but with a vary degree of phenotypes. In the aortic leaflet, valvular endothelial 

cells (VEC) line the fibrosa and ventricularis in a confluent monolayer. As opposed to 

other endothelial cells in blood vessels, aortic VEC align perpendicular to flow rather 

than parallel to flow.28 The pulsatile nature of blood flow induces dynamic leaflet 

deformations, and the shear environment changes with the cardiac cycle.8,29 Fibrosa 

VEC experiences oscillatory shear stresses during systole compared to the laminar shear 

stresses on the ventricularis side.30 During diastole, the back pressure from the aorta 

forces the leaflets to close and coapt, which stretches the leaflets from the fibrosa. These 

external environments are sensed by VEC in a side-specific manner, which give them 

side-specific properties and phenotype.31,32 Additionally, VEC play an important role in 

signal transduction to the interstitial cells initiated by physical (e.g. shear, deformation)7 

or biochemical (e.g. oxidative stress, inflammation) stimuli.33 Similar to other 
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endothelial cells, VEC provide anticoagulant properties.34 Together, these properties of 

VEC play a role in homeostasis and hemostasis on the valve. 

 

The valve interstitial cells (VIC) are the mesenchymal cells and most abundant cells 

within the leaflets. Although they are a single cell type, they display a dynamic and 

continuous spectrum of phenotypes, unlike many other types of mesenchymal cells in 

other organ systems.35 Under normal circumstances in healthy, mature valves, majority 

of the cells are in the quiescent state (VIM+, SMA-). However, VIC can become 

activated to a myofibroblastic phenotype (VIM+, SMA+) in certain biochemical 

environments (e.g. inflammation) or to help basal ECM turnover.36 This activated VIC 

can further differentiate towards an osteoblastic-like lineage (osteocalcin+, Runx2+), 

which can lead to matrix calcification.37,38 Other phenotypes, although more 

uncommon, include progenitor (SSEA-4+ or ABCG2+/NG2+)39 and smooth muscle 

(calponin+, MYH11+). Researchers are still elucidating the roles of each phenotype in 

relation to valve homeostasis, but a general consensus supports the role of VIC on valve 

maintenance and dysfunction.40–42 VIC isolated from different valve cusps may have 

inherently different predisposition to calcification, notably VIC derived from the non-

coronary cusp displayed more calcific markers than VIC derived from the coronary 

cusps.43  
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1.2.5 Root wall cells 

Similar to the valves, the aortic root—specifically the sinus in this context—is 

comprised of a heterogeneous population of cells, including aortic endothelial cells 

lining the root and smooth muscle cells (SMC) and fibroblasts in the bulk of the tissue.44 

Although the cells within the aortic root are not well characterized and studied, they 

may act similarly to cells found in the ascending aorta, although there may be 

differences in phenotype within the sinus due to the different mechanical forces 

present.9 The endothelial cells provide an anticoagulant barrier to regulate hemostasis 

and may secrete factors to regulate vasoconstriction and vasodilation. Unlike VEC, 

these endothelial cells align parallel to blood flow, which may suggest these cells 

respond differently to the shear environments and other biochemical cues.28,45 SMC may 

be able to sense biomechanical factors through tissue deformation from the pulsatile 

nature of the cardiac cycle, but it is not certain to what extent the SMC behave similarly 

to those found in large arteries. 

 

1.3 Engineering considerations for tissue engineering heart valves 

The complexity of the aortic heart valve leads to multiscale engineering considerations 

for achieving success.46 At the organ level, the valve must fully open during systole and 

coapt during diastole without leaflet retraction. The leaflets and root should match 

native tissue stiffness within the physiological strain ranges or be robust enough to 
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withstand the hemodynamic conditions. Too compliant of tissue may result in premature 

deterioration while too stiff of an environment could cause pathological responses. 

Upon implantation, the TEHV should not invoke thrombosis. Immunogenic response 

should either be harnessed to induce regeneration or avoided to reduce acute immune 

response. The scaffold should facilitate cellular infiltration and promote matrix 

remodeling and neo-tissue deposition before it fully biodegrades. Regenerated tissue 

should integrate with the host such that the TEHV grows as the host grows. Ideally, the 

deposited tissue will recapitulate the anisotropic trilayer structure of the valve and 

populated by VEC and quiescent or activated VIC. Other design considerations may 

include the ease and reproducibility of fabrication, cost of synthesis, cell source (if any), 

type of product (off-the-shelf or patient-specific), and any regulatory hurdles. Along 

with these engineering considerations, the fabricated tissue or scaffold should comply 

the ISO 5840 standard for cardiovascular implants, specifically for cardiac valve 

prostheses. 

 

1.4 Overview of current treatment options for aortic valve replacement 

 

1.4.1 Mechanical heart valves 

Mechanical heart valves (MHV) remain the most robust option to date. There are a 

variety of designs, but the bileaflet mechanical valves are most commonly used 
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clinically (Figure 1.2A).47 The mechanical prosthetics show relatively good short- and 

long-term outcomes in some elderly patient populations, showing low risk of 

reoperation and low incidence rates of valve-related complications.48,49 Additionally, in 

some populations of pediatric and young adult populations, MHV can offer an adequate 

treatment option, with some long-term (> 10 years) survival rates ranging between 60-

70%.50–52 

 

Despite being a durable option for patients, there are serious complications and lifestyle 

limitations for patients with MHV.51 Patients are required to take life-long 

anticoagulation medication to manage and reduce risks of thromboembolism caused by 

blood clots forming due to shearing of the blood cells; however, this medication can 

also cause hemorrhage.53 Additionally, pediatric and young patients must consider 

additional surgeries for valve resizing.54 

 

Although innovation for mechanical heart valves have slowed down in the past 25 years, 

there has been progress in research on anticoagulant independent mechanical valves.55 

We have shown that surfaces with microfabricated trenches can reduce shear stresses to 

a tolerable level such that endothelial cells stay adhered and formed a mature monolayer 

that expressed anticoagulant profiles and reduced platelet adhesion.56 Other 
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modification methods may include using plasma-surface modification to immobilize 

anti-thrombotic molecules.57 

 

Interestingly, one group has developed leaflets composed of non-degradable nitinol 

mesh scaffold attached to a stent.58 More recently, the Swiss-made Lapeyre-Triflo 

Furtiva® prosthetic valve incorporated a trileaflet design in a mechanical prosthetic, 

which has similar hemodynamics as a tissue valve and has shown to be resistant to 

thrombosis and structural failure.59,60 Further research on surface modification or 

biofunctionalization of MHV may provide a promising biohybrid approach for 

mechanical heart valves. 

 

1.4.2 Bioprosthetic heart valves 

Bioprosthetics, unlike mechanical heart valves, are derived from human (homograft) or 

animal (xenograft) tissue (Figure 1.2B). Homografts are derived from cryopreserved 

cadaveric valves, and autografts uses the patient’s own pulmonary valve in the aortic 

position. In both cases, the quantity is severely limited. To circumvent the limited 

supply, xenografts are often used, which are usually derived from porcine valves or 

bovine pericardium.47 These valves are treated with a variety of methods to reduce or 

prevent immunogenicity and calcification via glutaraldehyde crosslinking, anti-

mineralization steps, and high-low pressures.61 Bioprosthetics are fabricated in a few 
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form factors, including stented, stentless, and self-expanding stent. The latter form 

factor is the only type of valve that can be implanted via the minimally-invasive 

technique transcatheter aortic valve replacement/implantation (TAVR/TAVI). 

 

To date, many valve replacement operations use bioprosthetics over mechanical valves, 

especially for elderly adults. One major advantage is the recapitulation of native valve 

kinematics and hemodynamic characteristics. There were no significant differences in 

15-year survival or stroke rates.62 Bioprosthetics have low risks for thromboembolism, 

so life-long anticoagulation medication is not needed. Although there is a higher rate of 

reoperation, there is lower bleeding rates.62,63 However, in the case of children and 

younger patients, lower survival rates and freedom from explantation were observed.64 

Patients who are not suitable for open-heart surgery receive TAVR/TAVI operations, 

but if not placed correctly, the expanded valve can block flow to the coronary 

arteries.65,66 
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Figure 1.2. Highlight of selected current valve prostheses in the market. (A) 

Mechanical valves (left to right): St. Jude SJM Regent™, Medtronic Open 

Pivot™, Cryolife On-X®. (B) Bioprosthetic valves (left to right): St. Jude 

Trifecta, Medtronic Freestyle Aortic Root, Carpentier-Edwards PERIMOUNT. 

(C) Transcathether valves (left to right): Medtronic Evolut TAVR, Edwards 

SAPIEN. 

 

A

B
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1.4.3 Pulmonary autograft (Ross procedure) 

The Ross procedure, also known as the pulmonary autograph, replaces the diseased 

aortic valve with the healthy pulmonary valve. Generally, a bioprosthetic will be placed 

in the less hemodynamically-demanding pulmonary position. This procedure has shown 

great potential due to enhanced hemodynamic and kinematic performance and lack of 

anticoagulation therapy.67 However, the success of this procedure biases the adult 

population.68 One long-term study of the Ross procedure in adults showed a 90.7% 10-

year survival rate and high freedom from autograph and pulmonary graft reoperations 

up to 10 years.69 However, in younger patients (median age of 4.8 years) had a lower 

rate of freedom from RVOT intervention, dropping to 59% at 15 years.69 Similarly, the 

performance of bioprosthetics in the pulmonary position is dependent on age. In a recent 

study, bioprosthetics implanted in the pulmonary position in patients with congenital 

heart disease showed excellent short-term outcomes, but children showed a 5-fold 

greater risk of reintervention than adults.70 Despite the successes of the operation, the 

operation turns a one-valve procedure into two-valves, increasing operational risks and 

complexity. There are concerns about the growth and remodeling potential of the 

pulmonary autograft in the aortic position. Even with remodeling, a common mode of 

failure is due to autograft dilatation, particularly in pediatric patients.71 Furthermore, 

there are still concerns about using bioprosthetics in the pulmonary position, particularly 

in younger patients with increased rate of reoperations.72 
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1.5 Overview of current engineering strategies for whole valve fabrication 

Despite the current available options and their relative successes, each of these 

replacement options are suboptimal in children and require other replacement options.73 

In a classical tissue engineering approach, a biocompatible scaffold is fabricated on 

which autologous cells are seeded. The cells are then able to grow and remodel the 

scaffold, which can be accelerated in a bioreactor to mimic physiological conditions. 

The conditioned and mature tissue can then be implanted back into the patient. 

Similarly, for engineering heart valves, a similar approach is used with some exceptions. 

There are numerous fabrication techniques and materials used to produce a TEHV 

scaffold, and we will highlight the predominant techniques used for current research.  

 

1.5.1 Whole vale decellularization 

Decellularization is an attractive technique to produce an anatomical valve that can 

support growth. This method removes all cellular content within the tissue but leaves 

the ECM structure and protein relatively intact. Thus, these valves are similar to 

bioprosthetics in their hemodynamic performance74, but differ in their growth potential 

because decellularized valves are not chemically fixed and can therefore grow and 

remodel with the patient.75 Theoretically, decellularization can reduce acute immune 

response while retaining structural integrity and bioactivity of a whole valve.76,77 
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Specifically, human donor valves can be decellularized, but the clear majority are 

animal (e.g. porcine) derived due to the high availability of the source tissue.78 

 

The process of decellularizing a tissue can vary, generally depending on its size and 

architecture. Common techniques used include physical agitation and disruption (e.g. 

freeze-thaw), chemical treatment (e.g. detergents), and biological agents (e.g. 

enzymes).79 The Badylak group proposed a quantitative criteria to ensure proper tissue 

decellularization: The tissue shall contain (1) < 50 ng dsDNA/mg ECM (dry weight), 

(2) < 200 bp DNA fragment lengths, and (3) no nuclear material in histological samples 

(e.g. H&E, DAPI).79 Specifically for heart valves, the most common method used 

includes chemical treatment (e.g. SDS, Triton X-100, or the combination of the two) in 

conjunction with nucleases.80–82 

 

These valves offer the quickest route to the clinic. Researchers have already performed 

both animal83–85 and human78 studies. To date, there are a few decellularized tissue 

engineered heart valves in the market. In the United States, the CryoValve SynerGraft® 

family (Aortic Valve and SG Pulmonary Valve) is the only acellular valve approved. 

However, in Europe, there are two companies offering decellularized valves: 

AutoTissue GmbH Matrix P plus N™ and Corlife Arise AV® and Espoir PV®. The 
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CryoValve and Corlife valves are allografts while AutoTissue valves are xenografts, 

derived from porcine tissue. 

 

Decellularized valves have varying degree of success initially, but recent clinical data 

show promising results. Initial studies from the SynerGraft® was fatal for three of four 

children due to inflammatory responses.86 Short-term follow-up with the valve used in 

the Ross procedure  for adults proved more favourable, showing no deaths, reoperations, 

or valve deterioration.87 More recently, an intermediate- and long-term follow-up 

showed the SyngerGraft had lower stenosis, conduit dysfunction, and pulmonary 

insufficiency when compared to standard allografts, potentially due to the decreased 

immunogenicity.88 AutoTissue’s Matrix P™ acellular valves showed variable results as 

well. While the valve performed similar to native valves, a third of the patients needed 

additional surgeries.74 In other studies where patients were predominately neonatal, 

infant, or children, about a third of the cohort experienced conduit failure and conduit 

dysfunction.89 Failure of these grafts reach above 50% in other cases, which were 

attributed to inflammation and fibrosis.90 The Corlife valves showed favourable results 

in mid-term results in the pulmonary position with higher freedom from explantation 

and intervention when compared to conventional allografts and xenografts.91 
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Although some of the decellularized valves show promising recent, especially in the 

more recent studies, there are still many research questions to be addressed. One critical 

weakness of decellularized valves is the seemingly unpredictable graft failure, which 

could be caused by immunogenicity or incomplete recellularizaiton, so further work in 

elucidating mechanisms of failure and prevention is crucial.92 Other advances in the 

field include analyzing the effects of different decellularization components on 

maintaining tissue architecture and immunogenicity and recellularization potential, 

although some researchers question whether complete recellularization in vitro is 

needed.93–95 Additionally, many of these valves are allogenic, which is not the most 

viable options, especially for pediatric patients due to limited availability. Further 

research is needed to understand and enhance cellular infiltration, remodeling, and 

reendothelialization while decreasing immunogenicity and calcification. 

 

1.5.2 Polymeric valves molding 

Many tissue engineered heart valves predominately came from molding of biomaterials 

to form a simple valve geometry or fabricate leaflets and suture them onto a stent, 

similar to what current bioprosthetics look like (Figure 1.3A).96,97 Initial studies from 

the late 1900’s and early 2000’s generally consisted of using synthetic, biocompatible, 

polymeric blends of material, including silicone, polytetrafluoroethylene (PTFE), 

polyurethanes and blends, polyglycolic acid (PGA), polylactic acid (PLA), 

polyhydroxyalkanoate (PHA), and poly-4-hydroxybutyrate (P4HB).98–100 Synthetic 



 

20 

polymers are an attractive option for engineering valves because of the tunability of 

mechanical and chemical properties to match native valve properties.101 Researchers 

have the flexibility to combine different polymers with unique properties to tune leaflet 

flexibility, cell adhesion, anisotropic mechanical properties, and degradation rates.99,102 

Using the standard tissue engineering paradigm, these molded or sutured scaffolds are 

usually seeded with cells for remodeling and conditioned in a pulsatile or cyclic 

bioreactor for further in vitro development before being implanted into an animal model. 

Additionally, these valves are able to be molded and attached to self-expanding stents 

for TAVI/TAVR procedures, which a few groups have performed in ovine and in 

primates (Figure 1.3B).103,104 Early iterations of these valves, while they can be molded 

into leaflets or whole valves on a stent, possessed several major problems, including 

short durability, leaflet stenosis, thrombosis, and calcification—all elements of valvular 

pathology.100 Scaffold degradation rate can also be a challenge. If the scaffold degrades 

faster than ECM production, the valve may fail prematurely due to lack of mechanical 

integrity, resulting in valvular incompetency.97,100 Conversely, if the degradation rate is 

too slow or incomplete, chronic inflammation may occur, which can lead to fibrosis, 

stenosis, and calcification. 
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Figure 1.3. Molding techniques for heart valve fabrication. (A-B) Injection-

molds for heart valve engineering. (A) Upper and lower mandrels encased 

within an outer housing forms a trileaflet mold. Valves were fabricated by 

injecting fibrin-forming solution into the mold. Figure from 105. (B) Assembled 

injection mold for elastin-like recombinamer (ELR) and fibrin hybrid gels. 

Fabricated valves were supported with a silicone ring. Figure from 106. (C-E) 

Tubular molds. (C) Tubular valve fabricated from self-assembled cell sheets 

formed on a series of cylindrical molds was sutured on a custom valve holder 

such that the valve folds inwards to form a fully-coapt trileaflet valve. Figure 

from 107. (D) Two concentric engineered fibrin tubes are attached together via 

degradable sutures to form the belly and commissure regions. Figure from 108. 

(E) Decellularized non-woven polyglycolic-acid meshes (PGA) coated with 

poly-4-hydroxybutyrate (P4HB) were integrated into a self-expanding nitinol 

stent. Figure from 103. 

 

In addition to synthetic polymers, some groups have used naturally-derived material for 

molding. Collagen is a major component in valves, and purified collagen hydrogels can 

be synthesized, making this material one popular choice for researchers to use.109 

Human VIC encapsulated in collagen matrices maintained native phenotypic markers, 

enhanced cellular proliferation, and facilitated cells for tissue remodeling.110,111 Other 

groups have shown preferential cell and matrix fiber alignment within collagen 

hydrogels.7,112 Unfortunately, collagen-based scaffolds have mostly been confined to in 
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vitro testing, potentially owing to its compaction potential and restricting its utility for 

heart valve engineering.37,113 

 

Fibrin perhaps has been the more popular material for TEHV. Fibrinogen can be isolated 

from a patient’s own blood, so once combined with thrombin, an autologous fibrin 

scaffold can be produced, which has immediate clinical applications.114 In addition to 

the possibility of making autologous scaffolds, fibrin has been a popular choice due to 

its biocompability within the host and the ability for cells to infiltrate the scaffold.115,116 

Fibrin can also promote collagen production and enhance GAG retention within the 

developing ECM.117 Researchers have seeded vascular cells onto molded fibrin 

scaffolds and implanted the TEHV into sheep, and the explants showed qualitatively 

similar matrix organization when compared to native valves.116 However, fibrin and 

other biological protein-based TEHV are susceptible to cell-mediate contractions, 

which could be due to the stress differential between the stress generated by the leaflets 

(i.e. cells) and the stress on the leaflets (i.e. diastolic pressure), leading to leaflet 

retraction or weakened scaffold.118 To overcome this limitation, some groups have 

combined naturally-derived polymers with other materials, synthetic or naturally-

derived. One group have developed a scaffold that contained a mixture of fibrin-coated 

collagen-glycosaminoglycans sheets that yielded stronger mechanical properties than 

fibrin scaffolds and showed no cell-mediated reduction in scaffold size after culturing 

in vitro.119 Others have fabricated elastin sheets on top of hydrogels containing 

crosslinked hyaluronan, but these have yet to be used in vivo.120  
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One currently popular method of molding is forming a tubular valve. Tranquillo and his 

colleagues developed a tubular mold around which the TEHV is formed. The fabricated 

fibrin-based tubular valve is attached onto a valve frame with three prongs, and the 

back-pressure causes the excess tissue to coapt, forming the leaflets.121 In another 

instance, his group developed a stentless tube-in-tube model where the inner tube (the 

leaflets) were sutured on to outer tube (valve root) (Figure 1.3C).108 Both types of valves 

performed well under pulmonary conditions in vitro without observable damage after at 

least 1 million cycles of fatigue testing and were comparable to either a native porcine 

valve or a commercial bioprosthetic. The stented version was implanted into sheep up 

to 6 months and showed repopulation of both the interstitial-like and endothelial cells, 

new ECM deposition, and retention of mechanical properties.122 The tubular version 

targeted for pediatric patients showed functionality up to 8 weeks in a growing sheep 

model.123 Although the valve was repopulated with cells that deposited elastin and 

collagen IV, the valve had an increased insufficiency index after the sutures degraded, 

potentially due to inadequate fusion of the commissures. The Auger group have used 

self-assembled cell sheets as another material to produce a stented tubular valve design 

withstanding up to 70 mmHg peak transvalvular pressure, which has shown great 

potential for TEHV applications (Figure 1.3D).124,125 
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While many molded designs have shown great potential in vitro and in vivo, there are 

still challenges to be addressed. One major drawback with molding with many of these 

materials is the eventual retraction of the leaflets, leading to valvular insufficiency.116,126 

There are recent advances in techniques to circumvent this problem. Sanders et al. 

developed a new mold insert to maintain TEHV geometry by reducing leaflet tissue 

compression in the radial direction.127 In vitro results indicated decreased radial 

compression, and the authors expect less leaflet retraction upon implantation. Others 

have over compensated the design such that upon scaffold contraction in vitro, the sizing 

of the TEHV would be as specified.125 Many of these designs lack the anatomical shape 

of the aortic root because of the complexity of the geometry, leaving out important 

features, including the sinuses. Although there is potential to incorporate multiple 

materials to fabricate a layered TEHV mimicking the native trilayer ECM of the leaflet, 

most of the currently molded TEHV are heterogeneous in nature, using the same 

material for both the leaflets and the root. The lack of material heterogeneity can make 

it difficult to match native anisotropic biomechanical properties of both tissue types.  

 

1.5.3 In vivo/in situ engineering 

Much of the classical TEHV research attempts to reduce immunogenicity of the 

fabricated scaffolds by using autologous cell sources or highly biocompatible material. 

Some groups, however, harness the foreign body response to regenerate tissue, 

effectively using the body as a bioreactor. There have been attempts of in situ TEHV 
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that was combined with more traditional methods, including decellularized 

xenografts128 and allografts129,130 and de novo engineered valves103,122. A couple of 

groups have instead generated a mold to be implanted into animals such that a layer of 

tissue is generated on the mold, which is then used to form a TEHV.131–133 The latest 

development of this in vivo generated biovalve used a new self-expanding and stent-

mounted mold that consisted of three hemispheres to produce round-shaped leaflets to 

enhance leaflet coaptation.134 After implantation in goat pouches for two months, tissue 

was generated on the mold, which was folded inward to form three commissure parts 

with three leaflets. The valve behaved similar to commercially available biological 

valves except with higher regurgitation. Additionally, altering the diameter of the valve 

(19 – 25 mm) altered pressure different, EOA, and regurgitant fraction, indicating that 

this technique may work for a limited range of valve diameters. 

 

This technique has some advantages over traditional methods by reducing complexity 

of the fabrication system by eliminating donor tissues and/or cells. If the scaffold to be 

implanted is synthetic, there can also be reduced cost and regulatory complexity while 

maintaining high control of the scaffold properties.135 It is autologous by nature and may 

eliminate any acute immunogenic response upon transferring to the heart. However, 

similar to many other fabrication methods, it currently lacks the ability to recapitulate 

the whole valve geometry, including the sinuses. The mechanical properties can exceed 

native properties, which could potentially elicit a pathological response long-term, 

leading to calcification. 
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1.5.4 Electrospun TEHV 

Fully artificial scaffolds, including porous, fibrous and hydrogel scaffold, have been 

fabricated for tissue engineering heart valve by employing synthetic, natural polymers 

or polymer blends over the last two decades.136  In contrast to porous or hydrogel-based 

heart valve replacement, fibrous constructs preserve multiscale features of natural 

valves, which possess the ability to encourage endogenous remodeling after somatic 

transplantation. Currently, nanofiber-based scaffolds have been demonstrated to give 

the most promising outlook in respect to TEHV applications.137,138 Nanofibers possess 

long continuous structures with diameters on the order of native ECM fibers (50–1000 

nm), which resemble the inherent cellular environment well. Moreover, fibrous 

structures facilitate to handle tensile loads and maintain relatively low bending rigidity. 

A wide array of mechanical behaviors of scaffolds can be produced and adjusted by 

controlling the distribution of fibers during manufacturing. Finally, scaffolds composed 

predominantly with nanofibers provide high porosity and high surface area to volume 

ratios. These characteristics encourage cells adhesion and serve as a great framework 

for cell proliferation and differentiation. 

 

Although there are many other methods of manufacturing nanofibers, such as template 

synthesis, self-assembly and phase separation in the nano-technology field, 
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electrospinning is recognized as the simplest method to produce nanofibers in terms of 

its versatility, flexibility and ease of fiber production.139 A commonly lab-used 

electrospinning setup only needs a blunt tip needle, a syringe, an injection pump, a high-

voltage power supply and a nanofiber collector. Electrospun nanofibers have been 

extensively investigated for applications in TEHV.140 

 

A broad range of polymers have been electrospun and evaluated for their ability to 

support the regeneration of heart valve leaflets. Chitosan is known to be a 

biodegradable, biocompatible, and bioactive natural polymer, and studies have 

demonstrated the efficacy of chitosan nanofibers as scaffolds for valve leaflet substitutes 

in vitro.141 However, it is difficult to produce chitosan nanofibers due to its poor 

solubility in widely used organic solvents and its ionic nature in dissolved form. Hence, 

chitosan has been physically blended with other natural and synthetic polymers such as 

collagen, poly(-caprolactone) (PCL), etc.142,143 Chitosan–collagen nanofibers have been 

reported to have good cytocompatibility and also enhance tissue regeneration in vitro. 

Polyglycolic acid (PGA), poly-L-lactide (PLLA), poly(ester urethane) urea (PEUU), 

poly(glycerol sebacate) (PGS) and their blends are the known synthetic polymers that 

have been employed to produced fibrous TEHVs using electrospinning.144–147 
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Kluin et al. depicted a breakthrough to use electrospinning-based scaffold for TEHV 

application (Figure 1.4).135 They employed a novel supramolecular elastomer 

(polycarbonate bis-urea) to fabricate a nanofibrous valvular scaffold, that enables to 

sustained functionality up to 12 months as pulmonary valve in sheep, while the implant 

was gradually replaced by a layered collagen and elastic matrix in pace with cell-driven 

polymer resorption. However, typical electrospinning processes create random aligned 

nanofiber mats, that poorly mimic the anisotropic feature of native heart valve tissues. 

To remedy this, several modified electrospinning techniques have been developed to 

manipulate the nanofiber deposition during manufacturing. Some groups employed 

high-speed rotating cylinder to fabricate uniaxially aligned nanofiber meshes, in order 

to mimic the intrinsic anisotropy of native heart valve leaflets.148,149 Masoumi et al. 

utilized directional electrospinning to collect aligned PGS:PCL fibrous scaffold, which 

resemble native heart valve leaflet ECM networks. They further changed the ratio of 

PGS:PCL to tune the anisotropic mechanical characteristics of fabricated scaffolds to 

mimic the native heart valve’s mechanical properties.150 Jana et al. electrospun an 

unique morphologically biomimicked, pliable, but standalone substrate with 

circumferentially oriented nanofibers on a novel collector, which resembled the fibrosa 

layer of a cardiac aortic valve. Hobson et al. developed a new method to produce heart 

valves-like curvilinear fiber alignment in electrospun scaffolds by varying the geometry 

of the collecting mandrel, which would homogenize the strain field and reduce stress 

concentrations at the commissure.151 
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Figure 1.4. Fabrication and in vitro functionality of the polycarbonate bis-urea 

(PC-BU) valve. (A) Schematic representation of the hypothesized phased 

process of heart valve regeneration. (B) The strictly segmented sequence 

controlled molecular structure of PC-BU. (C) Scanning electron microscopy 

image of the fibrous microstructure of the valve. Scale bar: 50 mm. (D, E, F) 

The valve is composed of an electrospun PC-BU tube sutured onto a 

reinforcement crown. (G) Movie stills of an in vitro valve functionality test 

demonstrating good closure and opening behavior. Figure from 135. 

 

The native valve leaflet ECM exhibits complex 3D structure and is organized into three 

layers: ventricularis, mainly containing radially aligned elastin fibers; spongiosa, with 
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randomly distributed glycosaminoglycans (GAGs) and proteoglycans; and fibrosa, 

consisting of circumferentially aligned collagen fibers. However, electrospun 

nanofibrous scaffolds usually possess 2D construction, which is difficult to mimic the 

3D complex structure of native ECM of valve leaflets. Therefore, electrospinning may 

be combined with other scaffold fabrication technologies to compensate for this 

potential limitation. Jahnavi et al, reported a bio-hybrid scaffold with non-cross linked 

decellularized bovine pericardium extracellular matrix (DBPECM) coated with a layer 

of electrospun polycaprolactone-chitosan nanofibers, which exhibited most of the 

physical, biochemical and functional properties of the native valve.152 Masoumi et al. 

fabricated a tri-layered scaffold by combining electrospinning and microfabrication 

techniques, which opened and closed properly in an ex vivo model of porcine heart 

valve leaflet tissue.153 Another approach for enhancing electrospun nanofibrous scaffold 

replacement is embedding electrospun fibres into bioactive hydrogels.154,155 These fiber-

enhanced hydrogel composite scaffolds are potentially implemented in preclinical 

models due to their capability of mimicking the physical and biological features of heart 

valve tissue. 

 

Although electrospinning can fabricate nanofibrous scaffolds with random or aligned 

fiber architecture that possess ECM-like structures, one of the unmet challenges of this 

sheet-like nonwoven morphology is their very small pore size (less than 5 μm), which 

prevents cells from penetrating into the scaffolds and are not beneficial for the 

transportation of oxygen and nutrients throughout the implant site and removal of 
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metabolic waste during tissue regeneration. But even worse, electrospun nanofibrous 

scaffolds usually possess poor suture-retention strength for surgical reconstruction and 

are insufficiently strong to provide mechanical support to primary repairs. Thus, while 

electrospinning permits fabrication of nanofibrous matrices that resemble the scale and 

architecture of the native ECM, achieving high cellular density and infiltration and 

excellent mechanical properties remains challenging.  

 

To overcome the aforementioned challenges, Wu et al. developed a living nano-micro 

fibrous woven fabric/hydrogel composite scaffolds for TEHV by employing nanofiber 

yarns-processing technique, and textile technique combined with bioactive hydrogel 

formation (Figure 1.5).156 First, they developed and patented a novel electrospinning 

approach for the continuous fabrication of uniaxially aligned nanofiber yarns.157 The 

nanofiber yarns have been demonstrated to fabricate from various polymers, such as 

polyacrylonitrile (PAN), polycaprolactone (PCL) and polyurethane (PU), etc.158 

Moreover, the nanofiber yarn exhibited high tensile strength and Young’s modulus, and 

can be easily processed into near limitless heterogeneous and anisotropic scaffolds by 

textile techniques. Then, PAN nanofiber yarns were used as the weft yarns to pass 

through PAN microfiber yarns (the wrap yarns) to form the mechanically stable weaving 

fabrics by textile weaving approach. The microstructure of the woven scaffold with 

controlled strength, porosity, morphology, and geometry can be adjusted to meet the 

mechanical properties of the native valve leaflets, which are beneficial for the valve 

cells infiltration and can enhance the transport of nutrients and oxygen to cells and 
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remove the metabolic waste in time. Following the textile weaving technique, the living 

cell-laden methacrylated hyaluronic acid (Me-HA)/methacrylate gelatin (Me-Gel) 

bioactive hydrogel precursor was added to the PAN nano-micro fibrous woven fabrics 

and photocrosslinked by UV light to form the composite scaffolds. This strategy 

combines the properties of ECM-mimicking hydrogel and anisotropic woven fibrous 

biomesh to provide both elasticity and anisotropy. The composite constructs can mimic 

the structural and mechanical properties of native aortic valve leaflets while 

simultaneously support cell growth and tissue formation with controlled micro-

architecture. Moreover, the composite scaffolds support the growth of HAVIC, balance 

the remodeling of heart valve ECM against shrinkage, and maintain better physiological 

fibroblastic phenotype in both normal and diseased HAVIC over single fabric or 

hydrogel materials. The nano-micro fibrous woven fabric-enhanced hydrogel composite 

scaffolds represent a promising tissue engineering strategy to treat heart valve injury. 
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Figure 1.5. Living cell-laden nano-micro fibrous woven fabric/hydrogel 

composite scaffolds for heart valve engineering application. (A) Schematic 

illustration of the novel electrospinning setup and its use to continuously 

fabricate nanofiber yarns. (B) Photograph of a PAN UANY package produced 

about 6 hours using the novel electrospinning setup. (C) FESEM images of PAN 

nanofiber yarns. Scale bars = 200 μm. (D) Schematic of the weaving process 

which requires passing weft yarns through warp yarns. (E-F) FESEM images of 

the obtained PAN nano-micro fibrous woven fabric. Scale bars: 200 μm for (E) 

and 50 μm for (F), respectively. The solid arrows and hollow arrows indicate 

PAN nanofiber yarns and PAN microfiber yarns, respectively. (G) Schematics 

of the design and fabrication of composite scaffold. (H) Photograph of the 

trileaflet and aortic root with inner diameter of 15 mm. Figures from 158. 

 

 

1.5.5 3D bioprinting 

3D printing, which is often referred to as additive manufacturing, rapid prototyping, or 

solid free-form fabrication, is an advanced and highly specific manufacturing technique 

to fabricate complex geometries through computational models, generally through 

detailed computer aided designs (CAD) and automated processes to create 3D 

objects.159,160 When compared to other biofabrication techniques, 3D bioprinting 

enables the production of 3D constructs with precise controlled architecture, allows for 
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the use of multiple cell types within the same construct, and creates more 

physiologically relevant microenvironments.159 Ultimately, this can lead to recreation 

of complex, heterogeneous, and anisotropic tissues accurately. 

 

Similar to 3D printing other complex tissues, the general process of printing a heart 

valve follows a typical format. First, a noninvasive 3D scan of the valve is performed 

via CAT or MRI to acquire a patient-specific model.161 The model is then processed and 

segmented to identify different components of the tissue for printing. After processing 

and converting to a printer-readable file (e.g. STL), the model can be printed using a 

blend of user-defined bioinks, which are biomaterials that consist of biodegradable 

polymers (natural or synthetic), hydrogels, or spheroids—all of which may include 

encapsulated cells. 

 

1.5.5.1 Clinical 3D printing of heart valves 

At the onset of the technology, 3D printing had an immediate impact in the clinic. 

Cardiovascular surgeons have already utilized 3D printing technology to generate 

patient-specific models prior to surgical interventions to visualize the procedure and 

plan accordingly.162,163 These reconstructive models have been used for both congenital 

defects and aortic valve replacements.163–166 While the structures were nonliving and 
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made of thermoplastics, the early studies paved way for tissue engineers to modify the 

existing techniques for bioprinting.167 

 

1.5.5.2 Bioprinting TEHV 

Amongst the several types of 3D bioprinting strategies—including inkjet, laser-assisted, 

and extrusion—fabrication of TEHV have mainly been based on extrusion-based 

bioprinting (EBB). The main advantages of using EBB for TEHV is the ability to 

balance out printing time, shape fidelity, and spatial and temporal distribution of cell 

types (VIC and SMC) within mechanically heterogeneous materials corresponding to 

the leaflets and root, respectively. 

 

Several different valve models and designs have been used for 3D bioprinting. As an 

initial proof of concept, Duan et al. designed a flat valve model using a bioink blend of 

methacrylated gelatin and methacrylated hyaluronic acid with human aortic VIC 

encapsulated (Figure 1.6A-C).160 The polymer ratio and concentration were optimized 

to control the hydrogel viscosity and construct stiffness. The encapsulated cells had high 

viability and matrix remodeling ability with sulfated GAG deposition (Figure 1.6C). 

One major concern about this testing model is that the model does not contain any sinus 

or commissure, which are needed to relieve abnormal stress and prevent blood back 

flow. Hockaday et al. had an improved design with an axially symmetric shape and used 
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poly(ethylene glycol) diacrylate (PEGDA) to print valve conduits with biomechanical 

heterogeneity.168 In this design, the leaflets were printed using PEGDA with high 

molecular weight (8000 MW) and root was printed using low molecular weight (700 

MW) PEGDA. The printed valve thus had more flexible valve leaflets and relatively 

rigid valve root. The same group also used microCT to scan a freshly obtained porcine 

aortic valve (Figure 1.6D) and generated an aortic valve geometric model (Figure 1.6E-

F).160 Hydrogel valves have been printed to span a range of clinically relevant sizes from 

a 6 month infant aortic valve (as small as 12 mm inner diameter) to an adult size (around 

22 mm inner diameter).168 The shape fidelity of the printed valves was measured and 

characterized using surface deviation analysis by comparing microCT imaging with the 

design (Figure 1.6H). The accuracy decreased with decreasing the valve size, but the 

overall shape fidelity was higher than 70% even for the printed pediatric valve. This 

model maintained the normal anatomical characteristics of native valves, like the ostium 

and sinus. 3D bioprinting also enables multiple cells and materials printing to generate 

heterogeneous valve conduits. As shown in Figure 1.6I, the anatomical shaped valve 

model was separated, based on the tissue density difference, into valve leaflet and valve 

root. Then, the valve root, made of SMC laden hydrogel, was deposited first and 

subsequently, the leaflet region of the layer, made of VIC laden hydrogel, was extruded 

along its print paths (Figure 1.6J).169 These exhibited geometry comparable to the 

original image of the derived valve (Figure 1.6K). 
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Figure 1.6. 3D bioprinting of heart valves. (A-C) Flat valve without sinus and 

commissure structure. Figures from 160. (A) Flat valve CAD model. (B) 

Bioprinted flat valve using methacrylated hyaluronic acid and methacrylated 

gelatin. (C) Safranin-O staining of the printed TEHV. (D) Preserved porcine 

aortic valve. (E-G) MicroCT scan slices and their reconstruction into a valve 

model for 3D printing. Figure from 170. (H-I) Anatomically-accurate bioprinted 

heart valves. Figures from 168. (H) The valve scans were viewed, thresholded, 

and segmented into separate STL files for the leaflet (red) and the root (green). 

(I) fluorescent image of first printed two layers with cell tracker stained cells 

(SMC in green and VIC in red). (J) Bioprinted hydrogel valve using PEGDA. 

(K) Heat maps and average frequency histograms representing surface 

deviations between printed porcine scaffolds with different sizes representing 

pediatric to adult versus 3D model geometries. 

 

While several of these studies show advances in 3D bioprinting for TEHV, there 

remains strategy-dependent challenges that need to be addressed to further improve the 

process of fabricating a valve. Neither inkjet nor laser-assisted bioprinting strategies, 

despite having higher print resolution than extrusion-based bioprinting, have been used 

to fabricate heart valves, potentially due to the long print time. In an extrusion-based 

system, it is difficult to print the trilayer structure of the valve, given the micron 

resolution needed. However, this may not be an issue if encapsulated cells in vitro or 

infiltrated cells in vivo remodel the tissue into the native trilayer structure.104,123,135 
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Many extrusion-based printers with UV crosslinking capabilities will generally have the 

UV source path over the printed layer. Over a course of a large tissue print, such as a 

heart valve, there could be potential UV bleed through to the bottom layers, thus creating 

a gradient of crosslinked material from bottom (most crosslinked) to top (least 

crosslinked). This potential problem can be circumvented via modeling of UV light 

penetration through the material and optimizing the time at which the UV light is 

exposing the material. Alternatively, a strong, focused point UV source can be aimed 

directly below the extrusion tip to immediately crosslink the extruded biomaterial. The 

other two bioprinting strategies—inkjet and laser-assisted—have yet to be used for 

fabricating heart valves, potentially largely due to the long print time. 

 

1.6 Conclusion 

Advances in 3D bioprinting of heart valves have shown great potential towards treating 

end-stage valve disease. It possesses the ability to fabricate complex, patient-specific 

geometries with macro- and micro-scale architecture in a heterogeneous mechanical 

environment that supports multiple cell types. Although there are a few types of 

techniques for bioprinting, extrusion-based bioprinting remains the only strategy used 

to form heart valves, which ranges from a simple, homogeneous structure to a more 

complex, heterogeneous scaffold. Despite advances in technologies for TEHV 

bioprinting, there are still some challenges that need to be addressed before moving 

towards the clinic. In particular, other types of biomaterials should be explored to 
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enhance cell integration or differentiation to drive tissue remodeling to the native 

trilayer state while maintaining biocompatibility and printability. Additionally, 

improvements on methods to enhance spatial resolution at the microscale would be 

useful to recapitulate minute structures and increase shape fidelity. Finally, fabrication 

reproducibility and consistency must be achieved to not only produce accurate scaffolds 

but to adhere to future regulations (e.g. cGMP). Addressing these issues may further 

help researchers move towards in vivo studies with the eventual goal of moving towards 

the clinic.  

 

 

1.7 Highlights 

• Valvular heart disease is a rampant global burden, with infants, children, and 

young adult being the most susceptible in developing countries. Tissue 

engineered heart valves can provide a structure that can grow with the patient. 

TEHVs should mimic native valve form and function, including heterogeneity 

and biomechanical properties. 

• Decellularized TEHVs have been the most successful technique towards the 

clinic (two commercial products). However, the pitfalls include valvular 

deterioration stemming from inflammation.  
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• Current molded TEHVs are generally homogeneous in terms of material 

composition and cell type. The molds can take on many different shapes, 

including a tube-in-tube model. Many hybrid techniques utilize molds. Major 

limitations include leaflet contractions and lack of material and cellular 

heterogeneity. 

• Electrospinning offers one of the highest resolution fabrication techniques and 

can produce fiber alignment similar to those found in native valves. However, 

few whole valve conduits have been produced using this method, and cellular 

infiltration through the packed fibers may be difficult. 

• In vivo TEHVs use the body’s natural wound-healing response to fabricate 

tissue on an inert mold. Feasibility studies have been performed in animals, but 

much more work in understanding inflammation response for tissue 

regeneration purposes before moving into humans. 

• 3D bioprinting can potentially recapitulate native heterogeneity and anatomical 

fidelity. Current valves have yet to be tested in vitro. 

 

1.8 Research objectives and dissertation organization 

The objective of the dissertation is to develop and characterize biomaterials and 

bioreactors specifically for fabricating and conditioning tissue engineered heart valves. 

To accomplish the overall objective, I developed two biomaterials that is composed of 

a base polymer composition that is used for 3D bioprinting (methacrylated hyaluronic 
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acid or methacrylated gelatin) mixed in with either decellularized porcine-derived aortic 

valve tissue or plant-based nanocellulose. I encapsulated human adipose-derived 

mesenchymal stem cells within these biomaterials and evaluated the cell behavior and 

phenotype in growth and osteogenic conditions to determine the efficacy of the 

biomaterials to modulate stem cell fate that mimics the early remodeling processes. 

Additionally, I developed a novel fabrication technique to rapidly prototype a heart 

valve tissue bioreactor that can condition ex vivo and tissue engineered heart valves. 

The bioreactor system can be tuned to span a wide range of physiological pressures, 

ranging from pediatric to adult pressures and frequencies. Specifically, I addressed the 

main objective through the following three aims:  

 

1.1.1 Chapter 2 (Aim 1 – Decellularized valvular leaflets extracellular matrix 

promotes myofibroblastic differentiation of human mesenchymal stem cells) 

The objective in this aim was to evaluate phenotypic changes of human aortic valve 

interstitial cells and human adipose-derived mesenchymal stem cells within solubilized 

decellularized aortic leaflets to determine its potential as a biomaterial for tissue 

engineering heart valve applications. We encapsulated each cell type within the hybrid 

hydrogel system consisting of methacrylated hyaluronic acid and the solubilized 

decellularized aortic leaflet for up to two weeks under static conditions. We determined 

that both cell types adopted a myofibroblastic activation, but comparing between the 

two cell types, the HADMSC showed higher relative gene expression for 
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myofibroblastic activation and ECM deposition compared to HAVIC. Interestingly, the 

HADMSC within the biomaterial expressed higher levels of chondrogenic or spongiosa-

related genes and displayed protection against osteogenic differentiation. The study 

provide evidence that incorporating decelluarlized material is beneficial for TEHV. 

 

1.1.2 Chapter 3 (Aim 2 – Incorporation of nanocrystalline cellulose into 

methacrylated gelatin for heart valve tissue engineering applications) 

The objective in this aim was to assess the potential of conjugating nanocellulose to a 

methacrylated gelatin backbone for tissue engineering by evaluating human adipose-

derived mesenchymal stem cells phenotype within the hydrogel composite. The 

conjugation of nanocellulose to methacrylated gelatin composite biomaterial increased 

mechanical properties in a concentration-dependent manner. The HADMSC within the 

composite biomaterial showed decreased myofibroblastic activation and increased 

fibroblastic phenotype. Additionally, the biomaterial protected HADMSC against 

osteogenic differentiation. These characteristics of the composite biomaterial show that 

the nanocellulose-methacrylated gelatin composite is a useful biomaterial for 

engineering heart valves. 
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1.1.3 Chapter 4 (Aim 3 – Pulsatile bioreactor for dynamic conditioning of heart 

valve) 

The objective of this aim was to develop, fabricate, and characterize a bioreactor that 

can dynamically condition either ex vivo or tissue engineered heart valves. A new 

fabrication technique of stacking and adhering multiple plates was used to rapidly 

prototype the bioreactor to improve on previous iterations. A new control system was 

developed to finely control the bioreactor system with three independent parameters, 

including input pressure, frequency, and resistance. The tuning of these parameters 

resulted in pressure curves spanning across pediatric and adult physiological ranges. 

The bioreactor was tested to successfully culture different types of valves, including ex 

vivo porcine heart valves and tissue engineered heart valves. The results from this 

chapter show the capabilities of the bioreactor system for dynamically conditioning 

different types of heart valves.  

 

1.1.4 Chapter 5 

This chapter summarizes the previous results and provide future recommendations 

based on the findings within the dissertation. 
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2.1 Abstract 

Tissue engineering heart valves may provide a solution to the lack of growth potential 

of current bioprosthetic valve replacements for valvular heart disease by providing a 

suitable environment for cellular remodeling. Previous studies showed differentiation 

of mesenchymal stem cells towards different lineages when cultured on solubilized 

ECM. However, these hydrogels show severe compaction, and it is unknown if the 

solubilized matrix has a beneficial effect for TEHV applications. We are investigating 

the role of solubilized acellular valve matrix on human adipose-derived mesenchymal 

stem cell (HADMSC) and human aortic valve interstitial cell (HAVIC) differentiation 

and maintenance. Varying concentrations of decellularized porcine aortic valve leaflets 

(dAL) was mixed with methacrylated hyaluronic acid (MeHA) with HADMSC or 

HAVIC encapsulated, crosslinked under UV, cultured up to 14 days, and assayed for 

biocompatibility, gel compaction, and phenotype. Increasing dECM concentration 

showed more cell spreading and minimal compaction for both HAVIC and HADMSC. 

Both cell types showed a trend of increasing αSMA, calponin, Col1A1, and MMP 

expression, indicating a transitioning to a myofibroblastic phenotype. Interestingly, 

HADMSC expressed more chondrogenic-related genes within dAL hydrogels 

compared to HAVIC, including BGN, DCN, and Sox9. The incorporation of dAL also 

lowered osteogenic potential with decrease expression of Runx2 and OCN. These 

results may have implications for future TEHV applications by incorporating dECM 

within a hydrogel system to provide a better environment for HADMSC to differentiate 

and remodel the matrix. 
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2.2 Introduction 

Valvular heart disease is amongst the major forms of cardiovascular diseases, the 

majority of which affect the aortic valve.1 While the prevalence increases with age in 

the US, particularly elderly patients over 65 years of age, there is a significant portion 

of live births affected by congenital heart diseases, many of which lead to valvular 

defects leading to more than 44,000 cases annually.1 Importantly, the global population 

affected by VHD is skewed towards pediatrics and young adults, resulting in a 

prevalence of 15.6 million patients and 233,000 deaths annually.2,3 

 

The current standard for treating end stage heart valve disease involve surgical 

intervention and replacing the diseased valve with either a mechanical or bioprosthetic 

valve. While these replacement will generally be sufficient for the elderly population4,5, 

these options are inadequate for pediatric patients due to multiple resizing surgeries.6 

Tissue engineering heart valves is a promising strategy for replacing diseased valves 

because of the potential of integrating and remodeling with the patient. 

 

For engineering living heart valves, there are some important considerations for 

determining appropriate biomaterials used for the scaffolding and the cells needed to 

populate the engineered tissue. Cell source is an important factor to identify because 

acquiring autologous or allogenic valve cells for heart valve tissue engineering 

applications is not practical since the valves are non-sacrificial. Mesenchymal stem cells 
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may be a promising cell source due to their differentiation potential, the similarities with 

valvular interstitial cells, and the ability to safely obtain the cells clinically. Researchers 

have started using stem cells for TEHV7,8, and understanding factors and elements 

guiding stem cell differentiation towards valvular cells may increase cell sources for 

TEHV and for understanding matrix remodeling. 

 

A variety of synthetic and natural biomaterials have been used to fabricate TEHV.9 

Synthetic materials are attractive for tissue engineering heart valves because of their 

mechanical and chemical tunability to mimic native tissue properties.10 Although some 

of these synthetic-biomaterial based valves have been implanted into animal models11–

13, there remains other challenges, including overcoming leaflet retraction, leaflet 

stenosis, and calcification along with balancing degradation rates and bioactivity.14 

Natural polymers provide bioactive environments for cells to grow and remodel the 

matrix, and some of these valves have also been evaluated in vivo.15,16 Notably, 

decellularized whole valves are available clinically, but they have varying degree of 

success, particularly in younger patients where acute inflammation led to early valve 

failure and reoperation.17–19  

 

Recently, a variety of researchers have used solubilized decellularized tissues as a 

biomaterial. Many have shown the role of naturally-derived extracellular matrix in 

either maintaining native cell phenotype and function or guiding stem cell 

differentiation towards the tissue-specific ECM, including dermal20, muscle21, cardiac22, 

brain23, bone24, cartilage25, and adipose26 tissues. In many of these cases, stem cells were 
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seeded or encapsulated within the solubilized decellularized ECM hydrogels and 

showed phenotypic changes towards the tissue-specific lineage.27 Proteomic analysis of 

decellularized tissues showed numerous retained matrisome and non-matrisome 

proteins, including collagens, glycoproteins, proteoglycans, ECM-affilitated proteins, 

and secreted factors, indicating a role of remnant ECM proteins in stem cell 

differentiation.28–30 Importantly, the solubilized decellularized ECM can be injected or 

3D printed, opening up more possibilities for tissue fabrication and clinical applications.  

 

While advances have been made in other tissue systems, the role of valve ECM on 

mesenchymal stem cell differentiation has not been investigated. Understanding the role 

of ECM on MSC differentiation can help develop more suitable biomaterials for TEHV 

applications or provide an in vitro model for disease progression and research. 

Therefore, in this study, we aim to evaluate phenotypic changes of both HAVIC and 

HADMSC within solubilized decellularized aortic leaflets to determine its potential as 

a biomaterial for TEHV applications. 

 

2.3 Methods 

2.3.1 Cell culture 

Human adipose-derived mesenchymal stem cells (HADMSC, Lonza) were cultured in 

Dulbecco's Modified Eagle's Medium and Ham’s F-12 Nutrition Mixture (DMEM/F12, 

Invitrogen) supplemented with 10% fetal bovine serum (FBS, Gemini BioProducts) and 
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1% penicillin-streptomycin (P/S, Gibco) at 37 °C and 5% CO2. Primary human aortic 

valve interstitial cells (HAVIC) and aortic sinus smooth muscle cells (HASMCs) were 

isolated from kindly donated heart valves from Seattle Children’s Hospital by Dr. 

Jonathan Chen (Seattle, WA) as previously described.31  Primary cells were cultured in 

MCDB 131 with L-glutamine supplemented with 10% FBS, 1% P/S, and 0.1 mg/mL 

fibroblast growth factor (FGF) and 0.1 mg/mL epidermal growth factor (EGF). Cells 

were used between passage 4 and 7. 

 

2.3.2 Decellularization 

Decellularization of aortic valves have been well-documented with varying degree of 

success.32  Briefly, porcine  valve leaflets and sinus were excised from the local abattoir 

(Shirk’s Meat, Dundee, NY). Samples were rinsed in PBS and frozen in -80 °C until 

processing. The frozen tissues were thawed and placed in a hypotonic washing solution 

(10 mM Tris-HCl, 0.1% EDTA, 10 KIU/mL aprotinin) overnight (> 16 hours) under 

constant agitation via orbital shaker. Next, tissues were subjected to three changes of a 

detergent solution (0.1% SDS in hypotonic solution) to solubilize cellular debris in a 

24-hour period. The tissues were rinsed in PBS before undergoing nuclear enzyme 

digestion (10 U/mL Benzonase, 10 KIU/mL aprotinin, 10 mM Tris-HCl, 2 mM MgCl2, 

20 mM NaCl, pH 8.0) for 24 hours at 37 °C. The tissues were rinsed in PBS and 

lyophilized. 
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2.3.3 Biochemical analysis 

Double stranded DNA (dsDNA), sulfated glycosaminoglycans (sGAGs), and 

hydroxyproline were measured via PicoGreen kit (Thermo Fisher), dimethylmethylene 

blue assay (DMMB)33, and 4-(dimethylamino)benzaldehyde (DMAB)34 assay, 

respectively, in native and decellularized tissues. For PicoGreen and DMMB assays, 

lyophilized samples were digested in papain solution for 16 hours before proceeding. 

Samples were prepared in 96-well plates and read at 520 nm (excited at 480 nm) for 

PicoGreen and 656 nm for DMMB. For the DMAB assay, tissues were hydrolyzed in 

4.8 N HCl for 3 hours and dried in an oven before proceeding. Samples in the 96-well 

plate were measured at 550 nm. 

 

2.3.4 Polymer synthesis 

Methacrylated hyaluronic acid (MeHA) and methacrylated gelatin (MeGel) were 

synthesized as previously described.35 Briefly, 10 mL methacrylic anhydride (Sigma) 

was added into an aqueous solution of HA (Novozymes) (500 mg in 100 mL 18 MΩ 

water) at 40 °C for 6 hours. Addition of 5 N NaOH every hour maintained the pH of the 
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solution at 8.5. The resulting MeHA was dialyzed against distilled water for 1 week and 

lyophilized. 

 

MeGel was synthesized by reacting 10 mL of methacrylic anhydride with an aqueous 

solution of porcine type I gelatin (Sigma) (5 g gelatin in 50 mL 18 MΩ water) at 40 °C 

for 1 hour. The resulting MeGel was dialyzed against distilled water for 1 week and 

lyophilized. 

 

2.3.5 Hydrogel formation and cell encapsulation 

The decellularized leaflets were solubilized according to published methods with slight 

modifications.36 The freshly decellularized tissues were first homogenized using a cell 

dissociator (Miltenyi Biotech) using the protein extraction preset procedure. The 

resulting mixture was lyophilized and grinded into a fine powder using a ball mill (Spex 

SamplePrep). A concentrated solution of 20 mg lyophilized tissue/mL pepsin solution 

(1 mg/mL pepsin in 0.01 N HCl) was prepared under constant stirring at 25 °C for up 

to 48 hours. The decell-pepsin solution was neutralized with 0.1 N NaOH at a 1:10 ratio 

and 10X PBS at 1:9 ratio. 1% methacrylated hyaluronic acid (MeHA) was mixed with 

the neutralized decell-pepsin solution or 10% MeGel solution at a 1:1 ratio to form 

hybrid, crosslinkable hydrogels (final concentration: 0.5% MeHA, 1% dECM or 

MeGel, 0.05% Irgacure). The hydrogels were formed in molds via crosslinking at 365 



 

80 

nm for 5 minutes. The experimental groups are as follows: MeHA alone (MeHA), 

MeHA with decellularized aortic leaflet solution (+dAL), and MeHA with MeGel at the 

same concentration as +dAL (MeGel). 

 

2.3.6 Cell viability analysis 

A live/dead stain (Invitrogen) and the MTT cell proliferation assay was used to assess 

cell viability in the hydrogels. For live/dead stain, constructs were incubated in a 

solution containing 4 mM calcein green AM (Invitrogen) and 2 mM ethidium 

homodimer-1 (Invitrogen) in 37 °C for 30 minutes. Confocal images were captured 

using a Zeiss LSM710. Images were quantified using FIJI. In the MTT assay, constructs 

were incubated in a solution containing 0.5 mg/mL MTT in 37 °C for 4 hours. The 

insoluble formazan product was solubilized in DMSO for 2 hours and measured using 

a microplate reader (Bio Tek). 

 

2.3.7 Mechanical testing 

Hydrogels formed in circular molds (D = 8 mm, H = 1/16”) were analyzed using the TA 

Instruments DMA Q800 Dynamic Mechanical Thermal Analysis (DMTA) in 

unconfined compression mode. The hydrogels were testing at a rate of 0.1 N/min. The 

strain energy was calculated by measuring the area under the stress-strain curve at 20%. 
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The initial, transitional, and maximum moduli were also calculated from the stress-

strain curve. 

 

2.3.8 Hydrogel compaction and contraction 

Hydrogel discs were imaged periodically for up to 21 days using a Zeiss Discovery V20 

SteREO microscope. Images were threshold and processed using FIJI and analyzed 

using R. 

 

2.3.9 Quantitative PCR 

RNA from the hydrogels was extracted using the TRIzol extraction method and reverse 

transcribed to cDNA using the qScript cDNA SuperMix (Quanta Biosciences). Real-

time quantitative PCR was performed using the SYBR Green master mix (QIAGEN). 

The primers used are listed in the table below (Table 2-1).  

Table 2-1. List of primers used in qPCR. 

Gene  Sequence (5'->3') Ref 
Product 
length (bp) 

18S F: CTTAGTTGGTGGAGCGATTT NR_003286 170 

 R: GCTGAACGCCACTTGTCC   
Vim F: ACAGGCTTTAGCGAGTTATT NM_003380 182 

 R: GGGCTCCTAGCGGTTTAG   
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αSMA F: CACTGCCGCATCCTCATC NM_001613 160 

 R: GCTGTTGTAGGTGGTTTCAT   
COL1A1 F: CGAAGACATCCCACCAATC NM_000088 126 

 R: ATCACGTCATCGCACAACA   
POSTN F: GCCATCACATCGGACATA NM_001135936 193 

 

R: 

CTCCCATAATAGACTCAGAACA   
OPN F: AAATTCTGGGAGGGCTTGG NM_001040058 117 

 R: TTCCTTGGTCGGCGTTTG   
OCN F: GGCAGCGAGGTAGTGAAGA NM_199173 148 

 R: CCTGAAAGCCGATGTGGT   
SOX9 F: TCCTCAGGCTTTGCGATTT NM_000346 170 

 R: TCCCAGCAGCACCGTTTT   
ACAN F: GGCGAGTGGAATGATGTT NM_001135 273 

 R: CTTCTGTAGTCTGCGTTTGTAG   
COL2A1 F: GCTCCCAGAACATCACCTACC NM_001844 135 

 R: TGAACCTGCTATTGCCCTCT   
CALP F: GCACTGCGACACGCTCAA NM_001299 129 

 R: GGGTACTCGGGAGTCAGACAG   
MYH11 F: CCGGGAAAACCGAAAACACC NM_002474 74 

 R: TTTCTTGCCCTTGTGGGAGG   

MMP1 

F: 

TGAAGAATGATGGGAGGCAAGT NM_002421 122 

 R: CAGGGTTTCAGCATCTGGTTTC   
SCX F: ACACCCAGCCCAAACAGA NM_001080514.2 65 

 R: GCGGTCCTTGCTCAACTTTC   
DCN F: CGCCTCATCTGAGGGAGCTT NM_133505.3 205 

 R: TACTGGACCGGGTTGCTGAA   
MMP2 F: CCCCAAAACGGACAAAGAG NM_004530.5 314 

 R: CACGAGCAAAGGCATCATCC   
VCAN F: GCAGCACACTGCAATACGAG NM_004385.5 293 

 R: GCACCGGATAGTTGGAAGGT   
BGN F: CGGACAGATAGACGTGCGG NM_001711.6 344 

 R: GGCACAGACTTCAGACCCAGG   
HAS2 F: TCCCGGTGAGACAGATGAGT NM_005328.3 269 

 

R: 

TTAAAATCTGGACATCTCCCCCAA   
RUNX2 F: CCTCCTACCTGAGCCAGATG NM_001024630.4 146 

 R: CCAGAGGCAGAAGTCAGAGG   
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2.3.10 Histology and immunofluorescence 

Native and decellularized tissues were fixed in 4% paraformaldehyde (PFA), embedded 

in paraffin, and sectioned at 8 μm. Slides were stained with hematoxylin and eosin or 

with DRAQ5 to verify decellularization. All samples were imaged with either the Zeiss 

710 LSM or the Zeiss Discovery V20 SteREO microscope. 

 

2.3.11 Image analysis 

Image analysis was performed using FIJI and partially automated with custom python 

code. See Supplementary Data for code. 

 

2.3.12 3D bioprinting 

A Scientist 3D printer (Seraph Robotics) was used for the 3D printing experiments. The 

bioink used was composed of 10% MeGel, 5% alginate, 10% dAL and 2 million 

HADMSC/mL. The composite bioink was loaded into a 10 cc syringe (Nordson EFD) 

with a 20 G needle tip (Nordson EFD). A tubular construct was modeled in AutoCad 

Fusion 360 and loaded into Slic3r to create print paths. The pressure controlling 

deposition rate was manually adjusted for each print to ensure consistent deposition rate. 

Throughout the print, a high-power UV LED system (365 nm) was used to crosslink the 
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printed hydrogel. The printed construct was further crosslinked using 4% calcium 

chloride for 4 minutes. The constructs were statically cultured for up to 14 days and 

evaluated using the live-dead assay. 

 

2.3.13 Statistics 

All statistics were performed in R using ANOVA and Tukey’s HSD post-hoc test. 

Significance was determined when P < 0.05. Error bars represent mean ± standard 

deviation. 

 

2.4 Results  

2.4.1 Decellularized tissue ECM characteristics 

The decellularization process was first verified to ensure it meets the established 

metrics, particularly no visible nuclei and under 50 ng DNA/mg dry ECM.37 Confocal 

and H&E images of native, unprocessed leaflets showed high density of cells (Figure 

2.1). Upon decellularization, no cell nuclei were present. Furthermore, the DNA content 

in the decellularized tissues were lower than that of native tissues and below the 50 

ng/mg dry tissue threshold.37 However, the ECM composition was altered through the 

process, notably the decrease in sulfated glycosaminoglycans. The decrease in GAG 



 

85 

was comparable to other procedures using a strong or mild anionic detergent, such as 

SDS, which is effective in removing nuclear content but may be too harsh on the 

ECM.32,38 Conversely, the concentration of hydroxyproline, which is a component of 

collagen and elastin, remained relatively unchanged. The perceived increase in 

concentration could be explained by the loss of cell mass, but the difference was not 

statistically significant for the aortic leaflet.39 
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Figure 2.1.  Compositional changes of decellularized leaflets. (A-B) Leaflet 

sections stained with H&E show distinct nuclei in the fresh tissue (A) and a lack 

of nuclei in the decellularized tissue (B). The leaflets are outlined in black dotted 

lines. (C-D) Maximum projection images of aortic leaflets stained with DAPI 

show nuclei in native samples (C) and no nuclei in the decellularized tissue (D). 

Scale bar = 100 μm. (E-G) Quantification of DNA, GAG, and HYP show 

decreased in DNA and GAG but an apparent increase in HYP. (* P < 0.05, N = 

6). 

 

2.4.2 Hybrid hydrogel formation 
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To make hydrogels using the decellularized tissues, the leaflets were digested in a pepsin 

solution and neutralized using the Freytes method.36 However, the hydrogel did not 

form, potentially due to the altered ECM profile (Figure 2.2). To overcome these 

challenges, a hybrid hydrogel was formed by incorporating solubilized decellularized 

aortic leaflets with a relatively inert, photocrosslinkable base hydrogel. Methacrylated 

hyaluronic acid was used because it has been shown to modulate valvular interstitial 

cell behavior and it can be modified to alter mechanical properties35,40. A maximum 

concentration of 10 mg/mL of decellularized tissue was used because other groups have 

shown a concentration between 8-10 mg/mL resulted in cell differentiation without 

sacrificing biocompatibility.20 MeGel was added as a control because it has been shown 

in the past to modulate cell behavior but also showed potential for calcification.35  

 

 

Figure 2.2. Decellularization and solubilization of porcine aortic leaflets. The 

solubilized dAL solution did not spontaneously gelate and remained as a 

solution. 

Thaw from 
-80 °C

Hypotonic TE-
EDTA buffer

0.1% SDS in 
TE-EDTA Benzonase® Lyophilize + 

Grind Pepsin digest Neutralization

Solubilized dALFresh leaflets Decell aortic leaflets (dAL) Lyophilized dAL
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To ensure that mechanical factors were not driving cell behavior, the hydrogels were 

mechanically tested under unconfined uniaxial compression (Figure 2.3). The gels all 

showed nonlinear behavior and evaluating strain energy at 20% between all conditions 

showed no significant differences. Additionally, further analysis of the initial (low 

strain), transitional, and max (Young’s) moduli showed no significant differences 

between all the gels.  
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Figure 2.3. Compression data of hybrid hydrogels. (A) Stress-strain curve of the 

different hydrogels under unconfined compression. (B-E) Strain energy and 

different moduli (initial, transitional, and maximum) of the hybrid hydrogels. 

There were no statistically significant differences between all hydrogel groups. 

(N = 3-4). 

 

2.4.3 Cell behavior within hybrid hydrogels 

Two cell types were used in the encapsulation within the hydrogel. HAVIC were used 

to establish a baseline behavior of human valvular cells within the hybrid hydrogels. 

Next, HADMSC were used to evaluate the effect of the hybrid hydrogel on stem cell 

differentiation and behavior. 

 

First, cell spreading and distribution were measured. Cell spreading is indicative of an 

activated phenotype to help remodel the matrix environment. Both cell types showed 

high viability within the hydrogels, indicating that there were not toxic residual 

decellularized solutions in the +dAL condition (Figure 2.4).41,42 HAVIC showed similar 

cell spreading distribution compared to +dAL and +MeGel groups at  (Figure 2.5). 

Conversely, during early time points, HADMSC encapsulated in +dAL (0.65 ± 0.20) or 

+MeGel (0.66 ± 0.19) displayed more cell spreading, particularly deeper within the 

hydrogels (> 50 μm) when compared to MeHA alone (0.81 ± 0.18), as evident by the 
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density of cells lower circularity. After 7 days in culture, the cell circularity distribution 

shifted downward in all conditions, indicating more cells were spread over time. HAVIC 

circularity across all groups were not significantly different during day 7. However, 

HADMSC within +dAL (0.52 ± 0.21) and +MeGe (0.59 ± 0.21) l were significantly 

more spread than in the MeHA (0.73 ± 0.23) condition at day 7. 
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Figure 2.4. Representative live-dead images for cell viability and spreading. 

Live/dead images of HADMSC and HAVIC at day 0 and day 7 show viable cells 

within all types of hydrogels. Scale bar = 100 μm.  

 

Figure 2.5. Cell spreading distribution. The distribution of cell circularity, a 

measure of cell spreading, showed more HADMSC spreading in +dAL and 

+MeGel. HAVIC spreading behavior was similar across all conditions. (* P < 

0.05, N = 3 images). 
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Both cell types encapsulated in the hybrid hydrogels were more metabolically active 

than the MeHA alone after 21 days in culture (Figure 2.6). HAVIC within +dAL 

hydrogels were initially not as metabolically active as MeHA or +MeGel but the 

condition showed an increase in activity over time. HAVIC within +MeGel hydrogels 

showed the highest level of metabolic activity. By day 14, the metabolic activity of 

HAVIC within +dAL (0.48 ± 0.13) and +MeGel (0.52 ± 0.02) were both significantly 

greater than in MeHA (0.25 ± 0.03). Similarly, HADMSC showed an increase in 

metabolic activity in both +dAL (1.1 ± 0.01) and +MeGel (0.91 ± 0.04) hydrogels 

compared to MeHA alone (0.10 ± 0.02), with the +MeGel producing the highest activity 

level. Compaction trends of the hydrogels correlated with the metabolic activity (Figure 

2.7). HAVIC within +dAL (from 57.0 ± 2.2 mm2 to 39.1 ± 1.3 mm2) and +MeGel (from 

47.7 ± 1.9 mm2 to 39.6 ± 1.7 mm2) hydrogels compacted overtime whereas the MeHA 

(from 43.0 ± 1.2 mm2 to 46.4 ± 1.5 mm2) expanded over a period of 21 days. The same 

trend was found in HADMSC within +dAL (from 71.6 ± 2.5 mm2 to 36.4 ± 1.9 mm2), 

+MeGel (from 49.5 ± 2.0 mm2 to 30.7 ± 3.3 mm2), and MeHA (from 50.1 ± 2.4 mm2 to 

59.9 ± 3.3 mm2) hydrogels. 
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Figure 2.6. HAVIC and HADMSC metabolic activity within the hydrogels. Both 

cell types showed increased activity over time in both the +dAL and +MeGel 

hydrogels. (* P < 0.05 compared to MeHA only, N = 4-6). 
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Figure 2.7. Compaction behavior of HAVIC and HADMSC within hydrogels. 

MeHA hydrogels swelled but +dAL and +MeGel compacted over time. (* P < 

0.05 compared to D1 only, N = 4-6). 

 

2.4.4 ECM deposition 

To verify cell function within the hybrid hydrogels, ECM deposition was evaluated 

(Figure 2.8). After 21 days, the HAVIC sulfated GAG deposition within +dAL (7.2 ± 

0.9 μg GAG/mg ECM) was significantly higher when compared to MeHA (1.4 ± 0.9 μg 

GAG/mg ECM) and MeGel (2.7 ± 1.6 μg GAG/mg ECM). The HADMSC showed a 

trend of higher GAG deposition in the +dAL but was not significantly different when 

compared to MeHA or MeGel. Comparing between the two cell types, HAVIC 
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produced significantly more GAG at day 21 within the +dAL condition while the MeHA 

and +MeGel conditions were not statistically different. 

 

Next, the hydroxyproline content was measured. HAVIC within MeHA did not produce 

much hydroxyproline over 21 days (0.25 ± 0.40 μg HYP/mg ECM). However, within 

the +dAL and +MeGel conditions, the hydroxyproline content was initially high but 

decreased significantly to 7.8 ± 0.3 μg HYP/mg ECM and 8.0 ± 1.0 μg HYP/mg ECM, 

respectively. HADMSC showed an increasing trend of hydroxyproline deposition 

across all hydrogel conditions compared to HAVIC. MeHA had the lowest deposition 

(2.6 ± 0.8 μg HYP/mg ECM) while +dAL and +MeGel were significantly higher (12.9 

± 1.5 μg HYP/mg ECM and 15.8 ± 6.7 μg HYP/mg ECM, respectively). By day 21, 

HADMSC synthesized or deposited more hydroxyproline than HAVIC in all hydrogel 

conditions. 

 



 

98 

 

HAVIC HADMSC

*

*

* *
* *

*
*

*
*

*

*

* *



 

99 

Figure 2.8. GAG and HYP deposition of HAVIC and HADMSC in hybrid 

hydrogels over time. HAVIC showed the most GAG deposition in +dAL. HYP 

content was decreased over time in both +dAL and +MeGel groups for HAVIC. 

HADMSC showed increasing trend of GAG deposition in both +dAL and 

+MeGel. The HYP deposition was increased with time in both +dAL and 

+MeGel for HADMSC. (* P < 0.05 compared to MeHA, N = 4-6). 

 

2.4.5 Cell phenotype 

After 14 days, gene expression of the encapsulated HAVIC and HADMSC in the hybrid 

hydrogels were evaluated for selected myofibroblastic markers (Figure 2.9). Alpha 

smooth muscle actin (SMA) is a marker for an activated VIC phenotype, which is not 

normally present in a quiescent state, while vimentin (Vim) represents a fibroblastic 

marker.43 To further elucidate the maturity of the myofibroblast phenotype, calponin 

and myosin heavy chain (MYH11) were also evaluated. Additionally, the activated VIC 

will remodel the ECM by breaking down and depositing matrix with upregulation in 

genes related to matrix matealloproteinases (e.g. MMP1, MMP2) and collagen synthesis 

(e.g. Col1A1).  

 

HAVIC encapsulated within +dAL and +MeGel hydrogels showed upregulation in 

myofibroblastic genes, including SMA (2.2 ± 1.1 and 3.4 ± 0.8 fold increase, 
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respectively), calponin (3.0 ± 1.2 and 5.2 ± 1.7 fold increase, respectively), and MMP1 

(10.7 ± 1.1 and 13.6 ± 2.9 fold increase, respectively) when compared to MeHA alone. 

In all these cases, the expression of these genes was similar between +dAL and +MeGel. 

Notably, Col1A1 (1.8 ± 0.5 fold increase) was only upregulated in the +MeGel 

condition.  

 

The HADMSC showed similar trends in upregulation of myofibroblastic genes, but 

+dAL condition showed lower upregulation of some genes compared to +MeGel. 

Specifically, SMA (8.2 ± 2.4 vs. 16.6 ± 2.4 fold increase), calponin (8.5 ± 0.8 vs. 24.8 

± 11.1 fold increase), Col1A1 (1.5 ± 0.1 vs. 2.6 ± 0.5 fold increase), and MMP2 (6.7 ± 

2.0 vs. 8.4 ± 3.1 fold increase) were all upregulated compared to MeHA. MYH11 (2.8 

± 1.2 fold increase) was only significantly upregulated in the +MeGel condition. Vim 

was also upregulated in the +dAL and +MeGel hydrogels (2.2 ± 0.6 and 2.6 ± 0.8 fold 

increase, respectively). 

 

Comparing between the HADMSC and HAVIC fold changes, the expression levels in 

HADMSC encapsulated within +dAL and +MeGel were higher compared to HAVIC. 

Relative expressions of SMA (8.2 ± 2.4 and 16.6 ± 2.4 vs. 2.2 ± 1.1 and 3.4 ± 0.8, 

respectively), Vim (2.2 ± 0.7 and 2.6 ± 0.8 vs. 0.9 ± 0.3 and 0.8 ± 0.3, respectively), 

calponin (8.5 ± 0.8 and 24.8 ± 11.1 vs. 3.0 ± 1.2 and 5.2 ± 1.7, respectively), and MMP2 
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(6.7 ± 2.0 and 8.4 ± 3.1 vs. 0.9 ± 0.3 and 1.4 ± 0.4, respectively) were all significantly 

higher in HADMSC within +dAL and +MeGel hydrogels compared to HAVIC. 

MYH11 and Col1A1 expressions were only significantly higher in the +MeGel and 

+dAL conditions, respectively. However, MMP1 expression was significantly lower in 

HADMSC encapsulated within the hydrogels compared to HAVIC. 
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Figure 2.9. Myofibroblastic gene expression of HAVIC and HADMSC in hybrid 

hydrogels after 14 days. (HAVIC, left graphs) HAVIC within +dAL and 

+MeGel hydrogels showed higher expression of SMA, Calponin, and MMP1 

compared to MeHA. There were no significant differences between the 

expression levels between +dAL and +MeGel for these genes.  Col1A1 was only 

upregulated in the +MeGel condition only for HAVIC compared to MeHA and 

+dAL. No statistical significances were found in Vim, MYH11, and MMP2. 

(HADMSC, right graphs) Conversely, HADMSC in +dAL and +MeGel showed 

higher expression in SMA, Vim, Calponin, Col1A1, and MMP2 compared to 

MeHA. Within these upregulated genes, HADMSC within the +MeGel 

condition expressed higher levels of SMA, Calponin, and Col1A1 compared to 

+dAL. MYH11 was upregulated only in the +MeGel condition for HADMSC 

compared to MeHA and +dAL. (P < 0.05 for different letters, * P < 0.05 

compared to HAVIC in same condition, N = 4). 

 

Glycosaminoglycans constitute a significant portion of the heart valve, and genes for 

GAG synthesis, both large and low molecular weight GAGs (VCAN, HAS2, BGN, 

DCN), and chondrogenic phenotype (Sox9) were evaluated (Figure 2.10). HAVIC 

encapsulated in +dAL compared to MeHA showed trends of increasing expression of 

BGN (1.5 ± 0.6) and DCN (1.8 ± 0.7) but upregulation in HAS2 (1.9 ± 0.5). However, 

HAVIC within +MeGel showed significant upregulation in BGN (2.4 ± 0.5) and DCN 

(2.2 ± 0.3). However, Sox9 was downregulated in these same conditions (0.5 ± 0.1 and 
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0.6 ± 0.2, respectively). The gene expression of HADMSC showed similar and more 

pronounced trends. Particularly, the +dAL hydrogels upregulated BGN (6.9 ± 0.4), 

DCN (9.5 ± 1.7), VCAN (3.1 ± 0.2), and Sox9 (6.7 ± 0.4). However, the +MeGel 

condition resulted in higher expression in BGN (11.5 ± 2.0), DCN (16.0 ± 2.9), HAS2 

(1.5 ± 0.1), and Sox9 (7.8 ± 1.6). Comparing between the two cell types, HADMSC 

within the +dAL and +MeGel exhibited higher expressions of many chondrogenic 

genes, including BGN (6.9 ± 0.4 and 11.5 ± 2.0 vs. 1.5 ± 0.6 and 2.4 ± 0.5, respectively), 

DCN (9.5 ± 1.7 and 16.0 ± 2.9 vs. 1.8 ± 0.7 and 2.2 ± 0.3, respectively), Sox9 (6.7 ± 0.4 

and 7.8 ± 1.6 vs. 0.5 ± 0.1 and 0.6 ± 0.2, respectively), and VCAN (3.1 ± 0.2 and 3.1 ± 

0.4 vs. 0.8 ± 0.4 and 1.0 ± 0.3, respectively). 
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Figure 2.10. Chondrogenic gene expression of HAVIC and HADMSC in hybrid 

hydrogels after 14 days. HAVIC within +dAL showed trend of increasing BGN 

and DCN expression but upregulation of HAS2. The +MeGel condition showed 

greatest BGN and DCN expression for HAVIC. Sox9 was down regulated in 

HAVIC in both hybrid conditions. For HADMSC, BGN, DCN, Sox9, and 

VCAN were all upregulated in +dAL and +MeGel conditions. The +MeGel 

condition showed the highest level of upregulation in BGN, DCN, and Sox9. (P 

< 0.05 for different letters, * P < 0.05 compared to HAVIC in same condition, 

N = 4). 

 

2.4.6 Calcification potential of hybrid hydrogels 

Several markers were used to evaluate osteogenic differentiation within the hydrogels, 

including SMA, osteopontin, osteocalcin, and Runx2 (Figure 2.11). The +MeGel 

resulted in the highest expression in SMA (20.8 ± 6.3) and Runx2 (2.3 ± 0.6) but showed 

a significant down regulation in OPN (0.21 ± 0.03). However, the +dAL condition 

showed lower expression levels in SMA (0.46 ± 0.12), Runx2 (0.11 ± 0.02), and OCN 

(0.14 ± 0.09) compared to +MeGel. Additionally, an alizarin red stain was performed 

on the hydrogels (Figure 2.12). The MeHA did not retain any of the stain, but both the 

+dAL and +MeGel were stained. However, no observable calcification or calcific 

nodules were found in the hydrogels, and the color intensity between +dAL and +MeGel 

were not statistically significant.  
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Figure 2.11. Osteogenic gene expression in HADMSC encapsulated in hybrid 

hydrogels in OGM after 14 days. Expression of SMA and Runx2 was 

significantly upregulated and OPN significantly downregulated in the +MeGel 

condition. However, Runx2 and OCN were downregulated in the +dAL 

condition. (P < 0.05 for different letters, N = 4). 
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Figure 2.12. Alizarin red staining of the hybrid hydrogels. Hydrogels containing 

dAL and MeGel were stained while the MeHA did not retain any stain. No 

calcific nodules were observed in the samples. 

 

2.4.7 Comparison to decellularized pulmonary leaflet hydrogels 

Next, the two outflow tracts were compared to evaluate the role of the decellularized 

pulmonary leaflet matrix on cell behavior. Regarding ECM deposition, HADMSC 

deposited similar amount of ECM components in +dPL compared to +dAL hydrogels 

(Figure 2.13). GAG concentration was similar between the two after 21 days in culture 

+MeGel+dALMeHA
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(7.7 ± 1.8 vs. 7.1 ± 2.4 μg GAG/mg ECM), but HYP concentration was higher in the 

+dAL (24.0 ± 6.3 μg HYP/mg ECM) hydrogel compared to +dPL (15.5 ± 3.2 μg 

HYP/mg ECM). 

 

Compared to +dAL, HADMSC encapsulated within +dPL hydrogels displayed 

activated phenotype with higher gene expressions of SMA (4.2 ± 2.2), Col1A1 (1.3 ± 

0.1), MMP1 (13.0 ± 7.5), and MMP2 (4.5 ± 1.2) (Figure 2.14). Additionally, GAG-

related genes were also upregulated, including BGN (2.7 ± 0.7), DCN (7.7 ± 6.2), and 

Sox9 (5.2 ± 3.0).  

 

The osteogenic potential of the +dPL was also compared to +dPL under osteogenic 

conditions (Figure 2.15). The +dPL in OGM conditions upregulated SMA (22.6 ± 23.5), 

Col1A1 (13.0 ± 4.2), and Runx2 (3.7 ± 2.1) expression, but OPN (0.30 ± 0.31) was 

downregulated.  



 

110 

 

Figure 2.13. Biochemical analysis of GAG and HYP deposition of HADMSC 

encapsulated within +dAL and +dPL hydrogels. HADMSC in both hydrogels 

showed increase GAG deposition over time but were not significantly different 

from each other. HADMSC showed more HYP deposition in +dAL over time 

but did not increase in +dPL. (* P < 0.05, N = 4). 

 

 

* * *
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Figure 2.14. Comparison of myofibroblastic and glycosaminoglycan synthesis 

gene expression of HADMSC encapsulated in +dAL and +dPL hydrogels. 

HADMSC encapsulated in +dPL showed significant increase in SMA, Col1A1, 

MMP1, MMP2, BGN, DCN, and Sox9 expression. (*P < 0.05, N = 4). 

 

*

*
* *

* * *
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Figure 2.15. Osteogenic gene expression of HADMSC within +dAL and +dPL 

hydrogels in osteogenic conditions. The HADMSC in +dPL showed higher 

expression in SMA Col1A1, and Runx2 but lower expression in OPN. (* P < 

0.05, N = 4). 

 

* *

*

*
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2.4.8 3D bioprinting 

As a proof of concept, we loaded our base bioink (10% MeGel, 5% alginate) with the 

dAL material and printed a tubular structure. The resulting bioink showed enhanced 

printability compared to bioinks without the dAL material evident by successful printing 

of the grid or lattice shape (Figure 2.16A). Additionally, the bioink was used to print a 

self-standing up tube measuring up to 25 mm (Figure 2.16B-C). The tube was cultured 

up to 14 days and showed viable cells, but the cell size decreased (Figure 2.16D-E).  
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Figure 2.16. 3D bioprinting of the dAL material. The HADMSC-laden 

composite bioink was used to print a lattice pattern (A, scale bar = 1 cm) and a 

tubular construct (B-C, scale bar = 1 cm). Live/dead images show viable cells 

within the 3d bioprinted construct for up to 14 days (D-E, scale bar = 100 μm).  
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2.5 Discussion 

Tissue engineered heart valve provide a regenerative strategy for patients with end-stage 

heart valve disease needing a valve replacement because of the engineered valve’s 

ability to integrate with the patient. The large majority of engineered heart valves 

fabricated from synthetic or natural biomaterials have been stymied by valve failure via 

leaflet retraction, stenosis, or calcification. In light of these setbacks, other biomaterials 

should be evaluated to produce functional heart valve tissue. Recently, researchers have 

used solubilized decellularized tissue as hydrogels, and stem cells seeded within these 

matrices differentiated towards the tissue-specific lineages, potentially through the 

remnant proteins present in the solution.44 This strategy may be an enticing strategy for 

developing a biomaterial to be used in fabricating TEHV, yet no such study has been 

performed. Therefore, we sought to determine the potential use of solubilized 

decellularized valve ECM as a biomaterial for fabricating TEHV by evaluating human 

adipose-derived stem cell and human aortic valve interstitial cell behavior within the 

ECM material. 

 

2.5.1 Decellularized aortic leaflet matrix and hydrogel characterization 

The presence of remnant proteins within decellularized tissues can affect stem cell 

fate.45 While some studies have evaluated changes in heart valve proteomics in the 

context of aortic valve disease46,47, the implementation of a left-ventricular assist 
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device48, and the whole heart49, researchers have yet to compare the proteomic profiles 

between native and decellularized heart valve leaflets. However, other groups have 

compared native and decellularized ECM in a variety of other tissues, including the 

cardiac tissue.50 Hill et al. revealed acellular lungs were composed of mainly structural 

collagens, with many of them found in the insoluble fraction, and smaller portions of 

glycosaminoglycans and glycoproteins.29 Analysis of Li et al. decellularized livers show 

similar trends of retaining matrisome proteins.28 Our study solubilized the decelluarlized 

leaflets, but we also incorporated the insoluble fractions, however small, into the hybrid 

hydrogel to ensure that we captured all proteins within the hydrogel. Based on previous 

studies in other tissue systems, the solubilized ECM is most likely mainly composed of 

collagens, proteoglycans, ECM glycoproteins, and matrisome-associated proteins, 

including secreted factors.51 These tissue-specific proteins potentially help stem cells 

differentiate towards the tissue-specific lineage. While we did not conduct a proteomic 

study of the valves, it may prove useful in the future to identify and correlate remnant 

proteins to cellular phenotype to engineer or identify the minimum amount of these 

proteins to induce a certain phenotype. 

 

Many digested decellularized tissues were able to form into hydrogels over time50, but 

our digested decelluarlized aortic tissues were not able to form gels (Figure 2.2). 

Hydrogels derived from ECM is normally driven by collagen self-assembly since it is 

generally the dominant component in ECM. Additionally, the kinetics is affected by the 

presence of glycosaminoglycans, proteoglycans, and other ECM proteins.52 The 
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observed decrease in GAG could have affected the lack of hydrogel formation of the 

solubilized tissues (Figure 2.8). Interestingly, Wu et al. was able to form hydrogels from 

decellularized aortic and mitral valves using a similar protocol but with a slightly higher 

concentration of decellularized ECM.53 However, their study was limited by the lack of 

cell encapsulation to evaluate phenotype, but the gels were mechanically similar to the 

hybrid hydrogels formulated here with an initial compressive moduli between 1-2.5 kPa 

for aortic and mitral valve gels, respectively. Different decellularization protocols affect 

the scaffold, and further optimization may be needed to ensure that solubilizing 

decellularized aortic leaflets will form hydrogels.  

 

In order evaluate the effects of the solubilized decellularized material on cell phenotype, 

we opted to use a low concentration of MeHA such that the mixture can be 

photocrosslinked to form a hydrogel because the dECM did not gel. It should be noted 

that the purpose of this study was not to mimic the valve mechanics and therefore these 

hybrid hydrogels are weaker than native valves where physiological loads may reach 

between 200-400 kPa in adults54–57. However, it may be beneficial to start with a weaker 

hydrogel because many cells within the aortic valve tissue reside in a physiological 

environment that is much more compliant than many materials’ ultimate tensile 

strength. 58 As seen in Figure 2.3A and Figure 2.3C, within the physiological strain of 

<15%, the initial, low-strain modulus is under 1 kPa, which is within range of estimated 

pediatric valve mechanics.58  
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It was expected that addition of other material would increase the strain energy because 

there are more material present, but no significant differences were observed. The 

hydrogels contained 0.5% MeHA with 1% of either dAL or MeGel, but the 

compositions were relatively soft. MeGel is photocrosslinkable and provided additional 

crosslinking groups to interact with MeHA, and the addition of the polymer could 

increase mechanical properties. However, as seen in the stress-strain curve (Figure 

2.3A), adding MeGel to MeHA did not significantly increase mechanical properties, 

owning most likely to the relatively low concentration of MeGel present. Increasing 

MeGel concentration, however, would increase compressive modulus. The dAL is not 

photocrosslinkable and does not spontaneously gel, so the dAL material would not be 

expected to contribute to the mechanical properties of the hydrogel. The higher 

variability seen in the strain energy of the MeHA-dAL blend could be attributed to 

incorporating the undigested dAL, which could enhance mechanical properties because 

the tissue remained trapped within the bulk MeHA matrix. Some of the uncrosslinked 

dAL material leached out within the first day, but the hydrogel remained opaque, unlike 

MeHA alone, indicating that the majority of the dAL material was retained in the 

crosslink network.  
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2.5.2 The effects of decellularized aortic leaflet matrix on cell phenotype 

To evaluate cell behavior within the hydrogels, we first examined the cell viability, 

morphology, and hydrogel compaction since these properties correlate with cell growth 

and remodeling capabilities. The initial difference in cell spreading between MeHA and 

+dAL and +MeGel groups (Figure 2.5), along with downstream phenotype, could be 

attributed to the presence of cell adhesion molecules within the +dAL and +MeGel 

groups, which can drive cell behavior and differentiation.59,60  Cells adhere to MeHA 

primarily via CD44.61,62 Conversely, MeGel, a modified denatured product of collagen, 

contains the most cell adhesion molecule (RGD) per unit mass compared to MeHA and 

dAL. The dAL solution, while derived from fresh porcine aortic leaflet tissue and 

generally contains mostly of matrix-related proteins and growth factors per unit mass.28–

30,50 Therefore, it is reasonable for cells within +dAL and +MeGel to have more cell 

spreading, particularly in early time points. There were also differences between 

HAVIC and HADMSC cell spreading behavior. Notably that HAVIC were more 

spindle-like in all hydrogel conditions, which was indicated by the similar cell spreading 

distribution across all hydrogel conditions. However, HADMSC showed more 

pronounced cell spreading only within +dAL and +MeGel. These differences can be 

attributed to cell morphology where HAVIC are more spindle-shaped and 

fibroblastic63,64 while HADMSC are larger and less spindly.65 
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The presence of more binding motifs within the +dAL and +MeGel could explain the 

enhanced compaction behavior observed (Figure 2.7). While cells within those 

hydrogels compacted, the MeHA expanded and swelled. The swelling of MeHA is a 

common property of hyaluronic acid, particularly at lower concentrations due to the lack 

of covalent crosslinks formed.66 At low concentrations, the MeHA could have been 

partially hydrolyzed, leading to degradation of the material and fewer cells attached to 

the scaffold, leading to a decrease in metabolic activity (Figure 2.6). The addition of the 

solubilized decellularized aortic leaflet matrix could have prevented swelling due to the 

material being entrapped within the polymer network. In a similar fashion, addition of 

MeGel could have prevented the swelling by providing extra crosslinking sites, thereby 

forming more covalent bonds. Additionally, cell adhesion molecules can enhance cell 

metabolism and activity. By providing anchorage points for the cells to adhere, both 

HAVIC and HADMSC were able to spread and remodel, resulting in enhanced 

metabolic activity and gel compaction.  

 

During normal regenerative process, valve interstitial cells adopt a myofibroblastic 

phenotype, generally characterized by upregulation in alpha smooth muscle actin and 

smooth muscle myosin, along with a higher contractile activity compared to quiescent 

VICs.67,68 During the remodeling process, VICs will break down old matrix via MMPs 

and deposit new matrix, primarily collagen.69,70 Here we established that HAVIC and 

HADMSC showed similar trends in phenotype when encapsulated in these different 

hydrogels, although the relative level of fold change were different.  
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First, HAVIC within +dAL hydrogels showed upregulation in SMA, calponin, and 

MMP1, indicating myofibroblastic differentiation, but in these cases, there were no 

statistical differences between +dAL and +MeGel (Figure 2.9). These results support 

the decellularized material having a similar effect on the HAVIC as MeGel, which is a 

known modulator of cell fate.71 The levels were similar despite differences in potential 

cell adhesion sites, where MeGel would most likely contain more cell-binding motifs 

per unit mass, which could suggest that the remnant molecules within the dAL hydrogel 

aid in the remodeling process for HAVIC. These results, specifically in high expression 

level of MMP1, correlated with the ECM deposition, as seen with the decrease in 

hydroxyproline over time in +dAL and +MeGel conditions (Figure 2.8), indicating 

matrix degradation. Others have shown that porcine VICs seeded onto decellularized 

porcine aortic leaflets penetrated the matrix and transdifferentiated into the 

heterogeneous VIC population, including fibroblasts, myofibroblasts, and smooth 

muscle cells.72 Although the hybrid hydrogel does not replicate a whole valve leaflet, it 

provided an environment for the HAVIC to behave similarly by adopting a 

myofibroblastic phenotype. 

 

Similarly, HADMSC within +dAL displayed upregulation in myofibroblastic genes, 

including SMA, calponin, Col1A1, and MMP2. However, in most cases, the cells within 

+MeGel condition showed higher gene expression, particularly in SMA, calponin, 
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MYH11, and Col1A1. The difference in expression levels when the cells are 

encapsulated within the different hydrogels could be partially explained by HADMSC 

sensitivity to adhesion molecules. Spacing and density of adhesion molecules on a 

substrate or in 3D can modulate stem cell behavior.73,74 In these hydrogels, MeGel 

provided the most adhesion as it is derived from collagen, followed by the dAL. While 

dAL contained other molecules and factors that could have affected differentiation, 

including growth factors and glycosaminoglycans, it likely contained fewer adhesion 

molecules derived from collagen, and this factor may have more influence in 

myofibroblastic differentiation of the mesenchymal stem cells. The increased 

hydroxyproline synthesis also correlated with the enhanced Col1A1 expression (Figure 

2.8). 

 

Actively remodeling cells (i.e. myofibroblasts) are crucial for matrix deposition and 

tissue remodeling, but cells must later downregulate remodeling genes and become 

quiescent, adopting a fibroblastic characteristic.75 While the normalization back to a 

quiescent phenotype may take weeks, it is important for the cells within this 

environment to eventually reach this state, otherwise premature valve failure via 

stenosis (tissue stiffening or scarring) or leaflet retraction may occur.76–78 Additionally, 

prolonged activation of the cells may become osteogenic and lead to calcification and 

valve disease.43 Comparing between the behaviors of the two cell types, the HADMSC 

displayed more myofibroblastic characteristics when encapsulated in the +dAL and 

+MeGel compared to HAVIC, which was relatively quiescent despite the upregulation 
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in myofibroblastic genes. Potentially the HADMSC were more susceptible or sensitive 

to both the dAL and MeGel materials, or the HAVIC has less sensitivity to the ECM 

conditions because it has been terminally differentiated despite being able to adopt 

different phenotypes within the leaflets in vivo.43,79 Given the intermediate remodeling 

behavior of HADMSC within the +dAL, it could suggest the decellularized matrix 

material encourages remodeling more than tissue scarring and fibrosis. 

 

Synthesis of glycosaminoglycans is important for maintenance of the spongiosa layer, 

which provides biomechanical support and homeostatic support for the leaflet.80,81 

Cartilage-associated factors, such as Sox9 and aggrecan, are crucial for normal heart 

valvulogenesis.82,83 However, the expression of chondrogenic genes may also contribute 

to aortic valve disease and promote osteogenic differentiation.84 In our results, we saw 

that both HAVIC and HADMSC showed upregulation in chondrogenic genes related to 

synthesis of proteoglycans within the +dAL and +MeGel hydrogels, with HADMSC 

having more relative expression overall (Figure 2.10). The +dAL material also showed 

an intermediate level of upregulation of these genes for both cell types. However, +dAL 

provided the best environment for GAG deposition, yet the GAG-related gene 

expression between +dAL and +MeGel were not significantly different (Figure 2.8). 

One explanation for the apparent disparity between gene expression and ECM 

deposition could be the presence of GAG-degrading enzymes produced by the cells (e.g. 

chondroitinase, hyaluronidase), although we did not evaluate such markers. The 

deposition of matrix could be slow, and more pronounced deposition could take as long 



 

124 

as 8 weeks.85 Taken together, our results may indicate a shift towards a chondrogenic 

phenotype for the HADMSC, particularly with the upregulation in GAG-related genes 

and Sox9, with a more pronounced effect in the +MeGel condition compared to +dAL. 

With the downregulation of Sox9, HAVIC may not have adopted a chondrogenic 

phenotype.  

 

2.5.3 Osteogenic treatment of hydrogels containing dAL 

Bioprosthetics derived from porcine have potential to become calcify, in part due to the 

glutaraldehyde fixation treatment.86 Decellularized leaflets have lower potential for 

calcification87–89, although the risk is still present, particularly compared to 

decellularized valves with surface treatment.90 Additionally, MeGel has been shown to 

also enhance osteogenic differentiation of MSC.91 To ensure that the dAL material does 

not increase osteogenic potential, the hydrogels were challenged in osteogenic medium. 

Healthy human aortic valve interstitial cells are more difficult to induce osteogenic 

differentiation even when challenged in osteogenic medium. Therefore, only HADMSC 

were used in these studies. 

 

The +dAL condition had significantly lower osteogenic gene expression compared to 

+MeGel, with the exception of OPN. The OPN marker does not differentiate between 

the phosphorylated OPN (anti-calcific) versus non-phosphorylated OPN (pro-
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calcific).92–94 However, both hydrogel conditions retained the alizarin red stain, 

suggesting calcification. The +dAL contained darker patches, but the ARS could have 

stained the insoluble fractions of the dAL and does not necessarily indicate calcification. 

Additionally, the mean intensity values were not significantly different between the 

+dAL and +MeGel. The lack of nodule formation could be due to the presence of 

hyaluronic acid, which can suppress nodule formation.95 These results suggest that 

+dAL may have equal or lower level of osteogenic potential than +MeGel and could be 

contributed by remnant factors within the decellularized matrisome. Particularly, the 

increase of chondrogenic genes and subsequently increase in proteoglycans, can inhibit 

calcification.96,97 Without performing a proteomic analysis, it is difficult to pinpoint 

certain factors that could be causing a protective effect. 

 

2.5.4 Comparison between dAL and dPL for cell differentiation and matrix 

remodeling 

The outflow tracts are developed similarly and only once the septum is formed do the 

valves experience different pressure gradients.98 Despite the differences in environment, 

the pulmonary valve can adapt and function in the aortic position, as evident by the Ross 

procedure.99 Long-term outcomes of the Ross procedure in adults showed promising 

results, with Ross-related freedom from reintervention was 92.9% and 70.1% at 10 and 

20 years post-operative, respectively.100 Interestingly, while the majority of 

reintervention was due to dilation, there were no reports of calcification forming. Based 
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on the functional outcome from the Ross procedure, decellularized pulmonary leaflets 

(+dPL) hydrogels were compared to +dAL hydrogels to evaluate remodeling potential 

of tissue type. 

 

While there are several studies examining the biomechanics of aortic and pulmonary 

valves101, few have reported on comparing the aortic and pulmonary valve interstitial 

cell phenotypes, their respective ECM, and their potential for remodeling and 

calcification. Aortic valves are mechanically stiffer than pulmonary valves102, and 

Merryman et al. concluded aortic VIC had higher remodeling potential than pulmonary 

VIC and the cells were significantly stiffer.103 Similar cell phenotypes exist in both 

tissues, although in different quantities and distribution in each of the layers.104 

Particularly, AV has higher vimentin positive cells in the ventricularis but PV has higher 

myosin heavy chain (skeletal muscle marker) in the ventricularis compared to AV. The 

spongiosa is larger in AV than in PV, and there are compositional differences in terms 

of glycosaminoglycan content.105 The differences in cell phenotype and matrix 

composition may explain the results as the differences could influence stem cell 

behavior. Additionally, the combination of increased expression of myofibroblastic 

(SMA, Col1A1, MMP1, and MMP2) and chondrogenic (BGN, DCN, Sox9) of 

HADMSC within the +dPL may indicate an immature remodeling phase rather than a 

pathological wound healing or scarring phase.106,107 Under osteogenic conditions, the 

decreased amount of osteogenic genes but increased in remodeling genes in the +dPL 

hydrogel suggest enhanced hypertropic cell behavior, but the calcification potential is 
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lower than that of +dAL. Identifying the matrix components within both the untreated 

(fresh) and decellularized aortic and pulmonary leaflets would further help elucidate the 

differences observed. 

 

2.5.5 3D bioprinting using dAL-incorporated bioink 

3D bioprinting is an enticing strategy to fabricate complex geometries. Although others 

have bioprinted dECM from other tissue sources27, the dAL was not able to form a gel 

and therefore not bioprintable. To initially evaluate for bioprinting feasibility, we added 

in the dAL material into a test bioink formulation. The results showed that the addition 

of dAL did not alter the rheological properties of the original base bioink such that a 

grid pattern can still be printed without the lines blending together. However, after 

culturing for 14 days, the size of the cells seemed diminished, which could have resulted 

from diffusion limitations of nutrients into the structure because the structure was 

statically cultured. Based on the feasibility of the cells and the structural integrity of the 

printed self-standing tube after 2 weeks in culture, the results indicate the ability to dope 

a base bioink with the dAL material, which can be suitable for future 3D bioprinting 

applications. 
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2.6 Limitations 

2.6.1 The effects of different decellularization protocol on ECM content 

While this study did not evaluate mechanical changes in the decellularized ECM 

because it will be digested to be used as a hydrogel, it is important to recognize that 

different protocols will yield different results in ECM composition.108 Changing the 

ECM will affect mechanical properties, notably that alterations in GAG and collagen 

content could make the valve more extensible and weaker overall while maintaining the 

macroscopic architecture.32 In many instances, regardless of the detergent used, 

hydroxyproline—a component in collagen and elastin—is usually preserved while GAG 

and other proteoglycans are stripped away.39,108 Additionally, there may be solubilized 

factors attached to GAGs, and eliminating these factors will affect cell phenotype 

downstream.45 These factors may play a role in regulating stem cell fate, and absence 

of these components may alter cell differentiation and phenotype.109 Notably, in the 

context of this study, alterations in the remnant ECM could also alter gelation kinetics, 

as we have seen with the lack of hydrogel formation with our solubilized decellularized 

aortic leaflets. 

 

2.6.2 Phenotype validation via protein analysis 

One major limitation in this work is probing phenotype via mRNA amplification, 

particularly attempting to assess transcription factor activity, such as Runx2 and Sox9. 
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While recent researchers have probed stem cell differentiation via transcriptome 

analysis, particularly when the cells are encapsulated within tissue-specific 

decellularized scaffods110, protein deposition and quantification via western blotting or 

immunofluorescence could corroborate the current findings. Additionally, the 

phenotyping and bioprinting experiments were performed in different gel conditions. 

Specifically, the decelllarized hydrogel does not gelate, and alginate must be added as 

a viscosity enhancer in the bioink. Alginate can alter the microenvironment and 

mechanical properties, particularly if calcium chloride is used for crosslinking, both of 

which can alter stem cells behavior.111 Therefore, additional studies are needed to 

evaluate the effects of adding alginate and verify that the addition of alginate does not 

adversely affect cellular phenotype. 

 

2.6.3 Evaluating immunogenicity 

Using a porcine-derived material could potentially cause an acute immune response, 

which can lead to valve deterioration or calcification. Alpha-gal is a common antigen 

that mounts an immune response in patients with porcine-derived valve replacements.112 

SDS can significantly reduce but not eliminate alpha-gal antigen but residual non alpha-

gal antigen remain.112 These residual non alpha-gal antigens may cause an immune 

response113, though it has not been evaluated clinically. The effects of remnant antigens 

causing an immune response must be considered when developing a biomaterial from a 

porcine source. 
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While xenographs can cause an immune reaction, in part mediated by macrophage 

polarization towards an M1 inflammatory phenotype, several groups have shown that 

decellularized ECM promoted a regenerative M2 phenotype of macrophages.114 

Hyaluronic acid may also mediate macrophage response. Rayahin et al. showed that low 

molecular weight HA induced a pro-inflammatory response in macrophages while high 

molecular weight HA resulted in a pro-resolving response.115 Notably, in this study, we 

used a high molecular weight methacrylated HA as a base polymer to mix with the 

decellularized material such that the resulting hybrid hydrogel can crosslink. If the 

decellularized material is pro-regenerative, incorporating MeHA could potentially 

synergistically enhance a pro-resolving response of macrophages within the hybrid 

hydrogel. However, if the decellularized material elicits a pro-inflammatory response, 

there may be a competing response with the pro-regenerative MeHA material. 

 

Based on these findings, it would be prudent to evaluate macrophage response on the 

hybrid material to evaluate its polarization. There may be competing factors between 

remnant antigens eliciting an M1 polarization and the pro-regenerative components of 

high molecular weight HA and glycosaminoglycans found in the decellularized ECM. 

To initially probe this question, we seeded M0 macrophages on top the different 

hydrogel compositions for two days before isolating the RNA for analysis. The initial 

probing of a variety of M1 (TNFα, iNOS) and M2 (CD163, IL10, MMP9, TIMP3, Arg1) 



 

131 

markers showed no significant differences between the samples (Figure 2.17). While 

several markers did not amplify, particularly the M1-related genes, the remaining genes 

were not significantly different. However, this could be an artifact of incorporating 

MeHA into the hydrogel, even though it is at a low concentration relative to the other 

components. We sought to isolate the effects of the material on the macrophages, and 

therefore the macrophages were cultured in regular growth media. However, future 

experiments could challenge the macrophages with an M1- or M2-inducing media 

regiment to evaluate whether the hybrid hydrogel can protect against a pro-

inflammatory response. 
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Figure 2.17. M1 and M2 gene expression of macrophages seeded on top of 

hybrid hydrogels. In all cases, no significant differences were observed (N = 3).  

 

2.7 Conclusion 

The incorporation of decellularized aortic leaflet into an methacrylated hyaluronic acid 

to form a hybrid hydrogel enhanced remodeling capability in both HAVIC and 

HADMSC as evident by myofibroblastic activation, cell spreading, and upregulation in 

ECM-related genes. The responses were not as strong when compared to the addition 

of methacrylated gelatin, indicating an intermediate effect of adding dAL compared to 

MeHA alone or MeHA-MeGel hydrogels. Incorporation of the decellularized aortic 

leaflet matrix showed reduced osteogenic potential, which is an ideal attribute for 

engineering heart valves. Additionally, incorporating the decellularized pulmonary 

leaflet matrix showed more remodeling potential than dAL, suggesting the pulmonary 

leaflet environment could better suited as a biomaterial for engineering TEHV. Overall, 

this study showed the potential for incorporating decellularized aortic or pulmonary 

leaflets as functional biomaterials for tissue engineering heart valves.  
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CHAPTER 3.  

INCORPORATION OF NANOCRYSTALLINE CELLULOSE INTO 

METHACRYLATED GELATIN FOR HEART VALVE TISSUE ENGINEERING 

APPLICATIONS 
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3.1 Abstract 

Tissue engineered heart valves (TEHV) provide a promising approach to regenerating 

and repairing end-stage diseased or injured heart valves in patients. Different types of 

biomaterials have been used to fabricate TEHV scaffolds ranging from synthetic to 

naturally derived materials. Some of these biomaterials can become disease-like, either 

calcifying or becoming fibrotic. Therefore, it is essential to use a biomaterial that has 

robust mechanical properties and decreased osteogenic potential. In this study, we 

developed and characterized a material by conjugating TEMPO-modified 

nanocrystalline cellulose (mNCC) on to the backbone of methacrylated gelatin (MeGel) 

to form the composite biomaterial mNCC-MeGel (mNG). Human adipose-derived 

mesenchymal stem cells (HADMSC) were encapsulated within the material and 

evaluated for quiescent and activated valve interstitial cell markers. Compared to the 

MeGel control group, the HADMSC encapsulated within mNG showed decrease alpha 

smooth muscle actin (αSMA) expression and increased vimentin and aggrecan 

expression, suggesting a fibroblastic phenotype. Under osteogenic media conditions, 

HADMSC within mNG hydrogels showed lower expression of osteogenic genes, 

including Runx2 and osteocalcin, indicating a protective from calcification. Lastly, the 

mNG biomaterial was mixed into a bioink and 3D printed. This study showed the 

feasibility of using mNG as a biomaterial for heart valve engineering and potentially be 

used to engineer multiple layers within the heart valve. 
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3.2 Introduction 

Calcific heart valve disease (CAVD) affects predominately elderly and pediatric 

patients in developed and developing countries, respectively.1–3 There are currently no 

therapeutic treatments available to prevent CAVD, and when the patient progresses to 

the end stage of CAVD characterized by leaflet calcification and severe stenosis, the 

only option is valve replacement.4,5 The most common valve replacement options are 

mechanical valves and bioprosthetic valves.6,7 However, while these options are 

adequate for the elderly population, they are problematic for pediatric patients due to 

multiple resizing surgeries caused by the lack of growth potential of the prosthetic 

valves.8,9  

 

Tissue engineered heart valves (TEHV) can provide an environment for which patient-

derived cells can grow and remodel the scaffold to mimic the native valve architecture. 

The aortic valve leaflet is a complex structure with three distinct layers: the fibrosa, 

containing circumferentially-aligned collagen; the spongiosa, composed of mainly 

glycosaminoglycans; and the ventricularis, lined with radially-aligned elastin fibers. 

The leaflets are pliable yet tough, thanks to the oriented collagen and elastin fibers in 

the fibrosa and ventricularis, respectively. 

 



 

154 

Several types of materials have been used to fabricate TEHV to mimic the biomechanics 

of the valve, ranging from natural to synthetic polymers. One common material for 

tissue engineering is methacrylated gelatin.10 The hydrogel system is mechanically 

tunable and provides excellent cell adhesion properties. The degree of methacrylation 

(DM) can control the strength of the hydrogel. Lower DM percentage could make the 

hydrogel more elastic but weaker overall. Conversely, if DM is high, the hydrogel can 

be brittle and limit its ability to flex. We have shown in the past to modulate cell 

behavior and bioprint with a blend of materials with MeGel.11,12 However, MeGel has 

also been used in bone tissue engineering, where the material can enhance MSC 

osteogenic differentiation and ECM calcification, all properties of CAVD.13  

 

Nanocellulose has been recently used in a variety of tissue engineering applications.14 

Nanocellulose is a polysaccharide composed of linear chains of linked glucose units that 

comes in a variety of forms and scales several orders of magnitude in size, but the 

structure can be divided into three main classes: nanocrystalline cellulose (NCC), 

nanofibrillated/microfibrillated cellulose (NFC), and bacterial cellulose (BNC). The 

majority of nanocellulose is derived from plants, but some may be obtained from 

bacteria. These structures are unique for their high load-bearing mechanical properties, 

high aspect ratios, various surface chemistry modifications, and biological 

properties.15,16 Utilizing these unique structural and biological properties, nanocellulose 

have been used in a variety of tissue engineering applications, including vascular 

grafts17,18, soft tissue orthopedics replacements (e.g. ligament, meniscus, cartilage, and 
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nucleus pulposus)14,19,20, and wound healing21. In many instances, incorporation of 

nanocellulose enhanced the modulus and modulated cell fate, particularly by promoting 

a chondrogenic phenotype.22  

 

These properties are also useful in the context of heart valve tissue engineering. The 

high aspect ratio of NCC can help with cell alignment, spreading, and anisotropic 

mechanical reinforcement. Incorporating NCC into an elastic hydrogel can enhance 

material properties to better mimic native valve nonlinear biomechanics.23,24 Few 

researchers have investigated using a blend of nanocellulose for engineering heart 

valves, including compression molding pineapple leaf fiber nanocellulose in between 

polyurethane films18 and mixing poly(vinyl alcohol) with bacterial cellulose.25 

Although these studies showed enhanced mechanical properties and biocompatibility in 

a rat model for 6 months18, the materials were not extensively studied to evaluate cells 

phenotype and tissue remodeling. Understanding some limitations of MeGel and the 

potential of nanocellulose, we sought to evaluate the potential of conjugating 

nanocellulose onto MeGel on strengthening the hydrogel mechanical properties and 

modulating cell fate while minimizing osteogenic potential for TEHV applications. 
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3.3 Methods 

3.3.1 Material synthesis 

Methacrylated gelatin was synthesized as previously described.10,11 Briefly, 10% (w/v) 

porcine skin gelatin (Type A, 300 bloom, Sigma) was dissolved in ultrapure water at 40 

°C, methacrylic anhydride was added at a 1:5 v/v ratio, and the reaction proceeded for 

one hour at 40 °C. The mixture was dialyzed (MWCO 1 kDa, Spectrum Labs) in a 40 

°C water bath for one week and lyophilized. 

 

Next, varying amounts of TEMPO-modified nanocrystalline cellulose (mNCC, 6% 

solids, Cellulose Lab) was conjugated to 7% MeGel via NHS/EDC in 10 mL ultrapure 

water (Table 3-1). The reagent ratio are as follows and scaled linearly: 0.4% mNCC/12.5 

mg NHS/25 mg EDC. The reaction proceeded at room temperature with constant 

shaking for at least three hours, dialyzed for five days, and lyophilized. All materials 

were UV sterilized for at least one hour prior to use. The reaction schematic is shown 

in Figure 3.1. 

 

Table 3-1. Components used to conjugate mNCC to MeGel to synthesize mNG. 
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Figure 3.1. Schematic of mNG synthesis. 

 

3.3.2 Proton NMR 

The resulting conjugated mNCC-MeGel (mNG) was verified by proton NMR and FTIR. 

Infrared spectra were obtained with FTIR Analyzer (Brucker Tensor 27). FTIR-ATR 

measurements were carried out at a range of 4000–750 cm-1, equipped with a 

continuum microscope and ATR objective. 1H NMR spectra was obtained by a Bruker 

AVANCE IIIT 600HD spectrometer at 500 MHz using D2O as solvent.  

 

Condition mNCC (%) MeGel (g) 6% mNCC (mL) NHS (mg) EDC (mg)
0.4 mNG 0.4% 0.7 0.93 12.5 25
0.8 mNG 0.8% 0.7 1.87 24 50
1.5 mNG 1.5% 0.7 3.49 46.9 93.8
2.0 mNG 2.0% 0.7 4.65 62.5 125
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3.3.3 Scanning electron microscopy 

The surface morphology was observed by Field emission scanning electron microscope 

(FE-SEM, S4800, Hitachi, Japan). All the samples were sprayed with gold before 

observation. 

 

3.3.4 Mechanical testing 

Hydrogels formed in circular molds (D = 8 mm, H = 1/16”) were analyzed using the TA 

Instruments DMA Q800 Dynamic Mechanical Thermal Analysis (DMTA) in 

unconfined compression mode. The hydrogels were testing at a rate of 0.1 N/min. The 

strain energy was calculated by measuring the area under the stress-strain curve at 15%.  

 

3.3.5 Cell culture and encapsulation 

Human adipose-derived mesenchymal stem cells (HADMSC, RoosterBio) were 

cultured as state in the manufacturer’s SOP and used between passage 5-7. Cells were 

encapsulated in MeGel or mNG with varying amounts of NCC added (0.8 – 2.0%) at a 

density of 2 million cells/mL with 0.05% Irgacure. All hydrogels were formed at 7% 

w/v. The gels were molded (D = 4 mm, H = 1/16”), and crosslinked for 5 minutes under 
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UV (365 nm). The cells were cultured either in DMEM/F12 or osteogenic medium (10 

mmol/L β- glycerophosphate, 50 mg/mL ascorbic acid, and 10 nmol/L dexamethasone).  

 

3.3.6 Cell viability analysis 

A live/dead stain (Invitrogen) and the MTT cell proliferation assay was used to assess 

cell viability in the hydrogels. For live/dead stain, constructs were incubated in a 

solution containing 4 mM calcein green AM (Invitrogen) and 2 mM ethidium 

homodimer-1 (Invitrogen) in 37 °C for 30 minutes. Confocal images were captured 

using a Zeiss LSM710. Images were quantified using FIJI. In the MTT assay, constructs 

were incubated in a solution containing 0.5 mg/mL MTT in 37 °C for 4 hours. The 

insoluble formazan product was solubilized in DMSO for 2 hours and measured using 

a microplate reader (Bio Tek). 

 

3.3.7 Hydrogel compaction and contraction 

Hydrogel discs were imaged periodically for up to 21 days using a Zeiss Discovery V20 

SteREO microscope. Images were threshold and processed using FIJI and analyzed 

using R. 
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3.3.8 Quantitative PCR 

RNA from the hydrogels was extracted using the TRIzol extraction method and reverse 

transcribed to cDNA using the qScript cDNA SuperMix (Quanta Biosciences). Real-

time quantitative PCR was performed using the SYBR Green master mix (QIAGEN). 

The primers used are listed in Table 3-2. 

 

Table 3-2. List of primers used for phenotyping. 

Gene 
Symbol Sequence (5'->3') Ref 

Product 
length 
(bp) 

18S F: CTTAGTTGGTGGAGCGATTT NR_003286 170 

 R: GCTGAACGCCACTTGTCC   
Vim F: ACAGGCTTTAGCGAGTTATT NM_003380 182 

 R: GGGCTCCTAGCGGTTTAG   
αSMA F: CACTGCCGCATCCTCATC NM_001613 160 

 R: GCTGTTGTAGGTGGTTTCAT   
Col1A1 F: CGAAGACATCCCACCAATC NM_000088 126 

 R: ATCACGTCATCGCACAACA   
POSTN F: GCCATCACATCGGACATA NM_001135936 193 

 

R: 

CTCCCATAATAGACTCAGAACA   

Runx2 F: CCTCCTACCTGAGCCAGATG 

NM_001024630.

4 146 

 R: CCAGAGGCAGAAGTCAGAGG   
OPN F: AAATTCTGGGAGGGCTTGG NM_001040058 117 

 R: TTCCTTGGTCGGCGTTTG   
OCN F: GGCAGCGAGGTAGTGAAGA NM_199173 148 

 R: CCTGAAAGCCGATGTGGT   
Sox9 F: TCCTCAGGCTTTGCGATTT NM_000346 170 

 R: TCCCAGCAGCACCGTTTT   
ACAN F: GGCGAGTGGAATGATGTT NM_001135 273 
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 R: CTTCTGTAGTCTGCGTTTGTAG   
Col2A1 F: GCTCCCAGAACATCACCTACC NM_001844 135 

 R: TGAACCTGCTATTGCCCTCT   

MMP1 

F: 

TGAAGAATGATGGGAGGCAAGT NM_002421 122 

 R: CAGGGTTTCAGCATCTGGTTTC   
MMP2 F: CCCCAAAACGGACAAAGAG NM_004530.5 314 

 R: CACGAGCAAAGGCATCATCC   

Scx F: ACACCCAGCCCAAACAGA 

NM_001080514.

2 65 

 R: GCGGTCCTTGCTCAACTTTC   

TNMD 

F: 

CGTGACCATGTATTGGATCAATC NM_022144.2 70 

 R: TCCCTCCTCCTCAAAGTCTTG   

TNC F: AAGAGCATTCCTGTCAGC 

XM_005251975.

4 217 

 R: CAGTTTGCCGGTAAGAGG   
DCN F: CGCCTCATCTGAGGGAGCTT NM_133505.3 205 

 R: TACTGGACCGGGTTGCTGAA   
VCAN F: GCAGCACACTGCAATACGAG NM_004385.5 293 

 R: GCACCGGATAGTTGGAAGGT   
BGN F: CGGACAGATAGACGTGCGG NM_001711.6 344 

 R: GGCACAGACTTCAGACCCAGG   
HAS2 F: TCCCGGTGAGACAGATGAGT NM_005328.3 269 

 

R: 

TTAAAATCTGGACATCTCCCCCA

A   

 

3.3.9 Biochemical analysis 

Double stranded DNA (dsDNA), sulfated glycosaminoglycans (sGAGs), and 

hydroxyproline were measured via PicoGreen kit (Thermo Fisher), dimethylmethylene 

blue assay (DMMB)26, and 4-(dimethylamino)benzaldehyde (DMAB)27 assay, 

respectively, in native and decellularized tissues. For PicoGreen and DMMB assays, 

lyophilized samples were digested in papain solution for 16 hours before proceeding. 
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Samples were prepared in 96-well plates and read at 520 nm (excited at 480 nm) for 

PicoGreen and 656 nm for DMMB. For the DMAB assay, tissues were hydrolyzed in 

4.8 N HCl for 3 hours and dried in an oven before proceeding. Samples in the 96-well 

plate were measured at 550 nm. 

 

3.3.10 3D bioprinting 

A Scientist 3D printer (Seraph Robotics) was used for the 3D printing experiments. The 

bioink used was composed of 10% MeGel, 5% alginate, 10% dAL and 2 million 

HADMSC/mL. The composite bioink was loaded into a 10 cc syringe (Nordson EFD) 

with a 20 G needle tip (Nordson EFD). A tubular construct was modeled in AutoCad 

Fusion 360 and loaded into Slic3r to create print paths. The pressure controlling 

deposition rate was manually adjusted for each print to ensure consistent deposition rate. 

Throughout the print, a high-power UV LED system (365 nm) was used to crosslink the 

printed hydrogel. The printed construct was further crosslinked using 4% calcium 

chloride for 4 minutes. The constructs were statically cultured for up to 14 days and 

evaluated using the live-dead assay. 

 

3.3.11 Statistics 
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All statistics were performed in R using ANOVA and Tukey’s HSD post-hoc test. 

Significance was determined when P < 0.05. Error bars represent mean ± standard 

deviation. 

 

 

3.4 Results  

3.4.1 mNG synthesis and characterization 

Conjugation of mNCC to MeGel to form mNG was successfully as described in the 

FTIR (Figure 3.2) and NMR (Figure 3.3) spectra. IR spectrum of mNG shows strong 

and broader peak around 3300 cm−1 due to the stretching frequency of –OH group in 

mNCC and C-NH2 in MeGel. The band at 1330 cm−1 is due to stretching vibration of 

-OH and 1057 cm−1 is due to CH-O-CH2 stretching vibration of carboxymethyl group 

in mNCC. 

 



 

164 

 

Figure 3.2. FTIR spectrum of MeGel (red), mNCC (blue), and mNG (blue). The 

peak at 1057 cm-1 indicating the CH-O-CH2 stretching vibration of mNCC was 

present in both the mNCC and mNG samples but not the MeGel. 

 

The 1H NMR spectrum of CMC was recorded in D2O. Compared with MeGel, the peak 

around δ 3.23–3.81 ppm (especially a little new peak observed at 3.5) were observed 

belongs to the –CH ring of mNCC backbone (C 1–5). And there are several new proton 

signals were observed. The single peak was observed at δ 2.73 ppm which is due to the 

methylene protons of carboxymethyl group in mNG and the peaks at δ 2.96 ppm may 

be due to –CH proton at C4 of mNCC. 
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Figure 3.3. 1H NMR spectra of MeGel and mNG. Three distinct peaks occurring 

around 0.9, 2.7, and 3.0 ppm in the mNG samples represent protons on the 

mNCC backbone. 

 

SEM of the microsctructure of MeGel and mNG revealed no obvious change in pore 

structure (Figure 3.4). However, the inner wall became rough and uneven, and some 

areas were covered with small white spots, indicating conjugation of mNCC onto the 

MeGel backbone. Increasing the proportion of mNCC significantly increased pore size 

only for the 1.5 mNG (981 ± 689 μm2) but not for the other conditions. 

1.5 mNG

0.8 mNG

0.4 mNG

MeGel
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Figure 3.4. SEM of MeGel and mNG. The porosity of each hydrogel was similar 

except for 1.5 mNG, which showed larger pore area. (N = 15-28, * P < 0.05) 

MeGel 0.4 mNG 0.8 mNG

1.5 mNG 2.0 mNG

*
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From the results of FTIR, 1HNMR, and SEM, it can be inferred that mNG has been 

synthesized successfully according to the design. 

 

3.4.2 Mechanical properties 

To evaluate the mechanical effects of conjugating mNCC onto the MeGel backbone, 

the hydrogels were tested under unconfined compression. Prior to testing, the hydrogels 

were preconditioned, and typical loading and loading curves is shown in Figure 3.5. The 

mNG hydrogel showed less hysteresis compared to MeGel, evident by the tighter 

unloading curve. All hydrogels exhibited nonlinear stress-strain curves, but conjugation 

of mNCC resulted in a stiffer hydrogel (Figure 3.6). Incorporating higher concentrations 

of mNCC resulted in a trend of higher strain energy and toe region (as measured by the 

strain of the transitional modulus) compared to MeGel, with only the 2.0 mNG showing 

significant differences (73.8 ± 32.7 kPa vs. 178.0 ± 65.8 kPa and -22.4 ± 5.4% vs. -30.4 

± 1.7%, respectively) (Figure 3.6A-B). The initial compressive moduli were not 

significantly different between the groups (Figure 3.6C). The transitional and maximum 

moduli showed similar trends as the strain energy, with 2.0 mNG displaying the largest 

modulus (0.34 ± 0.09 kPa and 22.1 ± 7.4 kPa, respectively) (Figure 3.6D-F). 
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Figure 3.5. Representative hydrogel hysteresis curves from (A) MeGel and (B) 

0.8 mNG. The 0.8 mNG hydrogel showed less initial energy loss from 

hysteresis.  

 

MeGel 0.8 mNGA B
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Figure 3.6. Unconfined compression of MeGel and mNG.  (A) The stress-strain 

curve of the hydrogels shows non-linear response of the gels. (B) Strain energy 

values of MeGel and mNG at 25%. Incorporating more mNCC onto MeGel 

resulted in a trend of higher strain energy compared to MeGel. (C) Initial 

modulus (< 10% strain) of all hydrogels were not significantly different. In both 

the (D) transitional and (E) maximum moduli, 2.0 mNG yielded the largest 

modulus. (P < 0.05 for different letters, N = 3-4). 

 

The mass swelling ratios and cell-mediated compaction of the hydrogels were observed 

(Figure 3.7). MeGel showed significantly lower swelling ratio at day 7 (10.8 ± 0.9) but 

the swelling ratio at day 14 was not significantly different from its initial time point. 

Conversely, the 0.8 mNG (11.1 ± 1.8) had significantly lower swelling ratio while the 

1.5 mNG (22.3 ± 2.9) showed higher swelling ratio. The 2.0 mNG did not show any 

significant changes. The area ratio, a measure for cell-mediated compaction, of 0.8 

mNG (0.97 ± 0.02) and 2.0 mNG (0.98 ± 0.06) were similar to that of MeGel (0.87 ± 

0.03) by 14 days, but 1.5 mNG swelled the most over time with an area ratio of 1.3 ± 

0.02. In all cases, the gels were not significantly different between 7 and 14 days. 
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Figure 3.7. The mass swelling ratio and compaction behavior of MeGel and 

mNG hydrogels.  (A) Mass swelling ratio [(wet mass – dry mass)/dry mass] of 

MeGel and mNG hydrogels. MeGel and 0.8 mNG hydrogels showed lower 

swelling ratios after 7 days compared to D0. The 2.0 mNG hydrogel did not 

show any differences in swelling ratio. By day 14, only the 1.5 mNG showed 

higher swelling ratio than MeGel. (* P < 0.05 compared to D0, N = 6). (B) Cell-

mediated compaction of hydrogels over time. All gels showed no differences in 

compaction behavior between 7 and 14 days. However, the mNG gels were 

significantly larger than the MeGel hydrogels. (* P < 0.05 compared to MeGel, 

N = 6-10). 
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3.4.3 Biocompatibility and cell morphology 

The high aspect ratio of NCC could be helpful to enhance cell spreading. In live/dead 

images, cells appeared to be more spread in mNG conditions than in MeGel alone 

(Figure 3.8). The percentage of cells spreading increased with increasing concentration 

of mNG, with the 2.0 mNG showing the most cell spreading. The cells were 

metabolically active over time with significant increases in activity between 7 and 14 

days in the mNG hydrogels only. While the metabolic activity was initially lower than 

MeGel, the cells within the mNG hydrogels showed the most improvement over time 

and reached the same level of MeGel alone, indicating high biocompatibility. 
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Figure 3.8. Biocompatibility of MeGel and mNG hydrogels. (A) Representative 

images of live/dead staining of cells encapsulated within the different hydrogels 

show viable cells in all conditions. Scale bar = 100 μm. (B) Percent cell 

spreading in hydrogels show increasing mNCC concentration resulted in higher 

cell spreading percentage. (* P < 0.05 compared to MeGel, N = 4). (C) Cell 

metabolism over time show an increase between days 7 and 14 in mNG 

hydrogels. (* P < 0.05 compared to D7, N = 4). 

 

3.4.4 ECM deposition 

From the increased expression of MMP1 and ACAN, the quantification of ECM 

components was evaluated. Quantification of sulfated glycosaminoglycans, 

hydroxyproline, and DNA is shown in Figure 3.9. MeGel showed little or no GAG 

deposition (some values were set to 0 because they it was under the assay’s detection 

limit). However, while the mNG conditions showed high GAG values, the hydrogel 

itself reacted with the dye, resulting in a large background value. The background value 

varied greatly, potentially masking the signal, and could not be subtracted from the 

sample values. However, GAG seem to show a trend of increasing value over time in 

the mNG conditions. An Alcian blue stain was used to qualify GAG deposition (Figure 

3.10). The normalized ratio of the grey value between the blue and red channels show 

an increasing blue ratio with increasing concentration of NCC conjugation. The 1.5 

mNG and 2.0 mNG, while not significantly different from each other, both show the 
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highest blue/red channel grey ratio value of approximately 1.5. From these results and 

technical challenges, GAG deposition and synthesis could be not accurately quantified, 

but increasing NCC conjugation show a trend of increased GAG deposition. 

 

Additionally, the mNG hydrogels were autofluorescent and contributed to high 

background value in the PicoGreen assay, resulting in an unreasonable amount of DNA 

per mg tissue (> 1 mg DNA/mg tissue) (section 3.4.5). The background values were 

also variable and could not be subtracted from the sample values, so DNA content could 

not be accurately assessed. However, the MTT assay show cells proliferation in the 

mNG hydrogels, which would lead to higher fluorescent values over time.  

 

The amount of hydroxyproline remained unchanged between day 7 and 14 for MeGel. 

However, there was a decreasing trend within the mNG conditions between the same 

time points. Moreover, the mNG conditions at day 14 showed lower hydroxyproline 

content compared to MeGel. These results corroborate with the increase in MMP1 gene 

expression and the trend of decreasing HYP concentration after 14 days, potentially 

indicating the start of a remodeling phase.  
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Figure 3.9. Quantification of DNA, GAG, and HYP content. Due to high 

background noise and autofluorescence in GAG and DNA quantifications, 

statistics were only performed for HYP (* P < 0.05 compared to MeGel in the 

same day, N = 5-6). 

*
**

*
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Figure 3.10. Alcian blue stain of the different hydrogels at day 14. (A) Alcian 

blue stain on hydrogel sections. (B) Normalized grey values (blue to red) of the 

stained sections revealed significant differences with increasing concentration 

of NCC conjugation. (P < 0.05 for different letters, N = 4). 

 

3.4.5 Troubleshooting background signal in DMMB and PicoGreen assays 

The DMMB dye should only react to sulfates.26 However, there are no sulfated 

backbones in either the mNCC (and therefore mNG hydrogels) or the NHS/EDC 

reagents used. Because the acellular mNG hydrogels showed high absorbance, the 

background signal could have blocked the actual signal. Individual components and the 

combination of the components to synthesize mNG hydrogels were then tested to 

evaluate when the signal was present (Table 3-3). Only two combinations reacted with 

the DMMB dye to give off a signal. Combining MeGel, mNCC, and NHS with or 

MeGel 0.8 mNG

1.5 mNG 2.0 mNG

A
B

CCA B
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without EDC will generate a signal (color change) in the assay. Interestingly, mNCC in 

water will also react with the DMMB dye, but not in PBS. Although the hydrogels were 

dialyzed, the signal still persisted. This indicated that there are other molecules formed, 

particularly through the NHS chemistry, that could react with the DMMB dye. 

 

Table 3-3. Response of the DMMB dye to different components within the mNG 

hydrogels. The DMMB signal was only observed in two cases: The combination 

of MeGel, mNCC, and NHS and the combination of all components. 

 

In a similar fashion, the absorbance and emission of the individual and combination of 

individual components were measure, specifically at the same wavelengths as the 

PicoGreen assay (Figure 3.11). The mNCC was highly florescent, and any combination 

MeGel mNCC NHS EDC
DMMB 
Signal

Individual Components

+ - - - -
- + - - -
- - + - -
- - - + -

MeGel
+ - + - -
+ - - + -
+ - + + -

mNCC
- + + - -
- + - + -
- + + + -

Combined
+ + + - +
+ + - + -
+ + + + +
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that included mNCC showed signal. From these results, several combinations of 

components were elucidated to give background signal. 

 

 

Figure 3.11. Autofluorescence of individual and combination of individual 

components to synthesize mNG. Only combinations including mNCC showed a 

signal. 
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3.4.6 Phenotyping 

The encapsulated MSCs were evaluated for differentiation markers, particularly for 

myofibroblastic activation and chondrogenic differentiation. The expression of 

myofibroblastic markers is shown in Figure 3.12. SMA expression was significantly 

down regulated within mNG hydrogels (0.44 ± 0.09, 0.40 ± 0.11, and 0.22 ± 0.04 fold 

change in 0.8, 1.5, and 2.0 mNG, respectively) compared to MeGel, and the expression 

level did not change over time. Conversely, vimentin was upregulated in mNG 

hydrogels after 14 days in culture (1.6 ± 0.5, 2.8 ± 0.4, and 4.3 ± 0.9 fold change in 0.8, 

1.5, and 2.0 mNG, respectively). The expression of MMP1 was low during early time 

points but became upregulated after 14 days compared within the same hydrogel 

conditions but were not significantly different from MeGel. However, while MMP1 was 

upregulated over time, MMP2 showed the opposite effect, showing down regulation of 

approximately 0.50-fold change in all mNG hydrogels after 14 days compared to the 

early time points. The results demonstrated that incorporation of NCC induced and 

maintained HADMSC differentiation to a quiescent fibroblast phenotype in a 

concentration-dependent manner.  
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Figure 3.12. Gene expression for myofibroblastic markers. In mNG hydrogels, 

SMA expression was decreased while vimentin expression increased over time. 

MMP1 increased while MMP2 decreased over time. (* P < 0.05 compared to 

MeGel on the same day; # P < 0.05 compared to D3 within the same condition, 

N = 3-4). 
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The expression of chondrogenic or spongiosa markers is shown in Figure 3.13. ACAN 

was significantly increased compared to MeGel in all time points and showed an 

increase in expression between days 3 and 14 in the mNG hydrogels (15.4 ± 2.2, 15.4 ± 

2.9, and 19.0 ± 2.9 fold change in 0.8, 1.5, and 2.0 mNG, respectively). Sox9 was 

upregulated initially for 0.8 and 1.5 mNG but decreased in expression after 14 days. 

However, the 2.0 mNG condition showed an increase in Sox9 expression. These results 

support the HADMSC adopting a spongiosa-like phenotype. 

 

 

Figure 3.13. Gene expression for chondrogenic/spongiosa markers. ACAN was 

significantly increased in mNG hydrogels. Sox9 was also increased compared 

to MeGel. (* P < 0.05 compared to MeGel on the same day; # P < 0.05 compared 

to D3 within the same condition, N = 3). 
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3.4.7 Phenotypic changes in osteogenic media 

Calcification is a hallmark of advanced valvular disease where valve interstitial cells 

become osteogenic-like and deposit bone-like matrix. To evaluate the osteogenic 

potential of this material, the HADMSC encapsulated within the hydrogels were 

challenged with OGM and evaluated for osteogenic markers. The osteogenic potential 

of mNG samples were compared to MeGel, which has been shown to induce osteogenic 

differentiation.28 

 

The encapsulated HADMSC initially showed a myofibroblastic or activated phenotype 

in the 1.5 and 2.0 mNG hydrogels, as evident by the upregulation in SMA in day 7 (3.5 

± 1.1 and 3.7 ± 1.7 fold change, respectively) (Figure 3.14). By day 14, the SMA 

expression were similar to the MeGel condition. Interestingly, only the 0.8 mNG 

showed a downregulation of SMA for both time points with a 0.40 ± 0.06 fold change. 

Vimentin expression was similar between conditions except for the downregulation in 

the 1.5 and 2.0 mNG conditions at the later time point (0.52 ± 0.18 and 0.34 ± 0.05 fold 

change, respectively). 
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Figure 3.14. Myofibroblastic markers in MeGel and mNG hydrogels in OGM 

condition. SMA was decreased in 0.8 mNG but increased in 1.5 and 2.0 mNG. 

Vimentin showed decrease in 1.5 and 2.0 mNG over time. (* P < 0.05 compared 

to MeGel at the same time point, # P < 0.05 compared within the same condition, 

N = 3-4) 

 

Gene identifiers for osteogenic differentiation, including Runx2 and osteocalcin, were 

evaluated. Runx2 is a transcription factor closely related to early stage osteogenic 

differentiation29,30. Osteocalcin is a protein needed for bone mineralization and is 

promoted by the presence of Runx2.31 After 14 days in culture, Runx2 and OCN were 

downregulated in mNG hydrogels compared to the MeGel by approximately 0.5-fold 

change in all conditions (Figure 3.15). The trends hold true when comparing between 

GM and OGM media conditions in the same hydrogels at day 14 (Figure 3.16). Runx2 

expression increased within the mNG hydrogels under OGM conditions, but the overall 
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expression was significantly lower compared to MeGel. Similarly, the expression of 

OCN was lower within the mNG hydrogels in both GM and OGM conditions. To further 

evaluate osteogenic differentiation, the hydrogels were stained with alizarin red, which 

stains calcium-rich regions red (Figure 3.17, Figure 3.18). The D14 hydrogels did not 

appear different between the GM and OGM conditions, but MeGel appeared more 

stained than the mNG hydrogels (Figure 3.17). After 21 days, the MeGel exhibited dark 

stained regions when compared to the mNG hydrogels, indicating higher level of 

calcium (Figure 3.18). While there was no observable nodule formation in any 

hydrogels, the deeply stained region of MeGel demonstrate a more susceptible 

environment for osteogenesis to occur, and the results support that encapsulated 

HADMSC within mNG hydrogels has less osteogenic potential than in MeGel. 
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Figure 3.15. Gene expression for osteogenic genes in MeGel and mNG 

hydrogels in OGM condition between days 7 and 14. Runx2 and OCN 

expression were decreased in mNG conditions. (* P < 0.05 compared to MeGel 

at the same time point, # P < 0.05 compared within the same condition, N = 3-

4) 
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Figure 3.16. Comparison of osteogenic genes between GM and OGM conditions 

at D14. OGM condition increased upregulated Runx2 expression within the 

mNG hydrogels, but the overall expression was downregulated compared to 

MeGel. The OCN expression was significantly lowered in all mNG hydrogel 

conditions compared to MeGel. No significant differences were observed in the 

OPN expression levels between the GM and OGM groups. (* P < 0.05 compared 

to MeGel in the same media condition, # P < 0.05 compared to GM within the 

same hydrogel, N = 3-4) 

*#
*

*
*

*#
*#

* *

*
**

*



 

187 

 

 

 

Figure 3.17. Alizarin red staining of D14 hydrogels. There were no observable 

changes between the GM and OGM conditions between all hydrogels. However, 

MeGel is stained more than the mNG hydrogels.  
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Figure 3.18. Alizarin red staining of D21 hydrogels. The MeGel was heavily 

stained, particularly in areas with high compaction.  
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3.4.8 3D bioprinting with mNG-laden bioink 

As a proof of concept for tissue fabrication with mNG, the mNG was mixed with 

alginate to form a bioink and used to 3D bioprint a construct (Figure 3.19). The 

0.8 mNG yielded the highest fidelity based on the grid pattern (Figure 3.19A), 

so the remainder of the prints used the 0.8 mNG as the base polymer. From the 

prints, we showed a tall, multi-layered, self-standing tubular construct was 

achievable (Figure 3.19B). After culturing for 7 days, the resulting tube swelled 

slightly without any signs of delamination from the printing process (Figure 

3.19C), and the live/dead images also show viable cells (Figure 3.19D-E). 

However, the cells appeared round and fewer in numbers after 7 days in culture. 
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Figure 3.19. Bioprinting of mNG hydrogels. The bioink composed of 0.8 mNG 

mixed with alginate was used to print (A) a grid pattern and (B) a tubular 

construct. (C) The cross section of the hydrogel after 7 days in culture show 

robustness of the printed structure. Live/dead images show live cells after (D) 1 

day and (E) 7 days in culture. 

 

3.5 Discussion 

Calcific heart valve disease is an increasing global problem affecting patients of all 

ages32, and as a result, heart valve replacement surgery is estimated to triple by 2050.33 

Tissue engineering heart valve is a promising choice for replacing diseased or injured 

heart valves because of its ability to integrate and grow with the patient. However, 
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common materials used for fabricating tissues, such as methacrylated gelatin, can 

become calcify or result in a fibrotic tissue, leading to leaflet retraction or stenosis.10,13,34 

Nanocellulose have been used in engineering tissues, commonly for cartilage and 

ligament engineering, because of the material’s ability to swell, differentiate cells 

towards a chondrogenic lineage, and increase mechanical properties.14,19,20,22 

Understanding the unique properties each material possess for heart valve tissue 

engineering, we sought to combine the two together to synthesize a new composite 

biomaterial. Here, we present for the first time the conjugation of TEMPO-modified 

nanocrystalline cellulose onto the backbone of methacrylated gelatin. The composite 

biomaterial mNG enhanced material mechanics and cell spreading. Stem cells 

encapsulated within the mNG hydrogel adopted a quiescent fibroblastic phenotype and 

displayed phenotypic properties found within the spongiosa of the heart valve. Lastly, 

the mNG hydrogel protected against osteogenic differentiation of the encapsulated stem 

cells. Based on these properties, the composite hydrogel is well suited for tissue 

engineering heart valves. 

 

3.5.1 mNG characterization 

Incorporation of nanocellulose has been used in tissue engineering applications, 

particularly to enhance mechanical strength. Incorporating NCC via chemical or 

physical entrapment have been shown to increase both the compressive modulus and 

swelling in numerous hydrogel systems, including polyvinyl alcohols, 
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polyacrylamide/polyacrylates, and natural polymers.15 NCC can form both intra- and 

inter-molecular hydrogen bonding, thus enhancing the composite materials.14,35 In fiber-

reinforced composite materials, there is an optimum fiber fraction volume for 

maximizing mechanical properties, and deviation from the optimum can decrease 

overall strength.36 Unlike other groups that have mixed nanocellulose with another 

material to make a fiber-reinforced composite material37, our composite biomaterial 

contains only one bulk material with different degree of nanocellulose conjugation via 

NHS/EDC rather than mixing multiple materials. Conjugating more mNCC onto the 

backbone of MeGel would result in more hydrogen bonding, thus enhancing material 

strength by formation of an interpenetrating network. We would not expect the material 

to weaken at lower or higher degree of NCC conjugation because the fractions are part 

of the MeGel backbone and not physically entrapped. From our data, we saw an increase 

in mechanical properties of the mNG with increasing mNCC conjugation, particularly 

in the strain energy, transition modulus, and the elastic modulus. However, failure 

strength of the hydrogels was not evaluated. The stress-strain curve does not represent 

material failure but rather a stopping point during the test. The enhanced mechanical 

compressive strength would aid in engineering the fibrosa layer, which resists the high 

aortic pressure during diastole. Additionally, the swelling could be useful in engineering 

the GAG-rich spongiosa layer or reducing cell-mediated compaction of hydrogels that 

have plagued other engineered valves.38,39 However, the enhanced mechanical strength 

via addition of more mNCC needs to be carefully balanced for heart valve tissue 

engineering. While engineering a high-strength tissue is useful to prevent disintegration 
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in vivo, too high of stiffness could provide environments for cells to become disease-

like and become osteogenic and calcify.40,41 

 

3.5.2 Effect of mNG on cell biocompatibility and phenotype 

Cell spreading is critical inside tissue engineered heart valves because spread cells 

conform to the native valvular interstitial cell morphology and help remodel the matrix. 

Incorporating nanocellulose enhanced cell spreading in a concentration-dependent 

manner and showed increased in metabolic activity over time.  

 

Cell alignment can be an important attribute as well for engineering valves, specifically 

for the fibrosa and ventricularis layers, and nanocellulose can be used for achieving 

cellular alignment. Fabrication technique is crucial in producing aligned 

microarchitecture on which cells can align. The length scale of the nanocellulose is 

smaller than the cells, but because the nanocellulose is conjugated on the backbone of a 

larger polymer, MeGel, alignment of mNG is possible. 42–45 Mechanical stimulation can 

help induce alignment, particularly in cyclic compression or tension to mimic the 

diastolic or systolic phases, respectively.46 
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Nanocellulose is a relatively inert material, but coupled with a base polymer, the 

composite can modulate cell behavior. In this case, methacrylated gelatin was chosen to 

provide cell adhesion points for the cells to grow and mechanical tunability. Generally, 

encapsulated cells are activated and display a myofibroblastic phenotype (SMA+) 

within MeGel.12,47 Interestingly, the conjugation of mNCC lowered the expression of 

SMA while increasing vimentin expression, thus supporting a pro-quiescent fibroblastic 

phenotype of the HADMSC. Others have shown similar properties of nanocellulose 

hydrogels decreasing in myofibroblastic activation by decrease in SMA expression, 

particularly for in vivo wound healing, potentially by modulating factors (e.g. TGF-

β).48–50  

 

Additionally, nanocellulose has been used in the context for cartilage engineering, 

particularly by forming hydrogels either alone or in combination with other materials 

through physical entrapment.14 These nanocellulose-laden hydrogels can induce 

neocartilage formation51, maintain chondrogenic phenotype, and promote chondrogenic 

redifferentiation52. Cells within these scaffolds deposited more GAG and collagen and 

expressed higher levels of chondrogenic genes, including ACAN and Sox9. In our 

hydrogel system, instead of physical entrapment, we conjugated nanocellulose to the 

MeGel backbone to formulate mNG hydrogels. The HADMSC encapsulated within 

mNG in our study behaved similarly to other cells seeded in nanocellulose-laden 

hydrogels, suggesting that mNG may initially promote a chondrogenic or spongiosa-

like phenotype, particularly based on the upregulation of ACAN and Sox9 during early 
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time points. However, the downregulation of myofibroblastic genes (SMA, MMP2) and 

the upregulation Vim may indicate more of a fibroblastic phenotype of the HADMSC, 

which is the target phenotype for heart valve engineering. The initial promotion of a 

chondrogenic/spongiosa-like phenotype of the HADMSC within mNG hydrogels may 

be suited for engineering the GAG-rich spongiosa layer. However, mNG should 

eventually promote a quiescent, non-chondrogenic, and non-myofibroblastic population 

of cells to prevent over production and accumulation of GAG, which could lead to a 

myxomatous-like scaffold53, and overly-contractile matrix, which could lead to a 

fibrotic and stiff scaffold.54 Based on the cell phenotype, the mNG material induced 

early remodeling and late maturation rather than the monotonic remodeling via 

myofibroblastic activation. 

 

In addition to soft tissue, nanocellulose have also been used for bone tissue engineering. 

Several groups have made nanocellulose hydrogel composites with collagen, 

hydroxyapatite, and/or calcium phosphate to induce osteogenic differentiation or 

maintain osteogenic phenotype.55,56 Additionally, another group has reported MSC in 

bacterial nanocellulose can stimulate MSC towards osteogenic lineage without addition 

of inorganic materials into the hydrogel, showing positive alkaline phosphatase 

staining.57 However, the results here show downregulation of some osteogenic markers 

when compared to MeGel, which is a material that can promote osteogenic 

differentiation. The results demonstrate that incorporating mNCC is inhibitory of 

osteogenic differentiation of HADMSC. 
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3.5.3 3D bioprinting with mNG-laden bioink 

The main goal is to use the mNG biomaterial to fabricate TEHV. We have shown the 

low-viscosity formulation of mNG can be casted into custom molds and crosslinked via 

UV. Additionally, as a proof of concept, we incorporated mNG into a bioink for 3D 

bioprinting applications. The material alone is not bioprintable due to its low viscosity, 

but viscosity can be increased by conjugating higher concentration of mNCC. To 

increase viscosity, alginate was added with the mNG to ensure it can be extruded. 

 

Several researchers have already reported printing with a mixture of nanocellulose (i.e. 

physical entrapment) and alginate with varying degree of success.52,58,59 In many of 

these studies, cells adopted a round morphology shape, potentially due to either the lack 

of adhesion molecules or the high matrix density. These properties that result in round 

cell morphology are ideal for cartilage engineering because chondrocytes normally have 

a rounded morphology, but in heart valve engineering, interstitial cells normally have a 

spindle-like morphology. Xu et al. printed using a blend of mNFC and low 

concentration of MeGel without chemical conjugation and showed feasibility of 

printing a small grid, but the 3T3 fibroblasts remained rounded after 72 hours of 

growth.37 Conversely, Müller et al. showed cell spreading of primary articular 

chondrocytes in alginate sulfate-bacterial nanocellulose after a minimum of 14 days and 
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depended on the tip size.58 Here, we showed the feasibility of bioprinting a tall, self-

standing tubular structure with viable cells over a period of 7 days. Similar to past 

studies, the cell morphology was also relatively round. However, the culture period was 

relatively short (7 days vs 14 days), but given a longer culture period, we would expect 

the cells to start remodeling the matrix and begin spreading, particularly because of the 

presence of adhesion motifs found on the MeGel backbone. The mNG hybrid hydrogel, 

combined with alginate or other viscosity modifier, could provide a foundational bioink 

for TEHV applications. 

 

3.6 Limitations 

One limitation of the material is that although the mechanical strength was increased, 

the mNG hydrogels remain relatively brittle with low flexure/bending strength in that 

bending the hydrogels would break it in half. This property has consequences for using 

the material in TEHV because of the leaflet flexure. There are several methods of 

making the composite hydrogel either more elastic or tougher. First, the MeGel 

substitution could be lowered from approximately 90% to 50%, which would yield more 

elastic and flexible hydrogels.10 Incorporating mNCC would still enhance the overall 

mechanical properties of the resulting mNG. Second, mixing in alginate could provide 

another crosslinking network, making the hydrogel tougher.60,61 
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Another limitation in this study would be identifying phenotype by gene expression 

only, especially for transcription factors such as Runx2 and Sox9 and phosphorylated 

proteins, like osteopontin. Protein deposition and quantification via western blotting or 

immunofluorescence would further confirm our findings by providing functional 

protein markers.  

 

3.7 Conclusion 

A new composite hydrogel was formed by conjugating mNCC to the MeGel backbone 

to form mNG for tissue engineering applications. Encapsulated HADMSC were 

bioactive and displayed more cell spreading in the mNG hydrogels. The hydrogels 

displayed nonlinear biomechanics and could be useful for engineering the fibrosa or 

spongiosa layers due to the enhanced mechanical properties and environment for GAG-

deposition and lower propensity for calcification. As a proof of principle, the mNG 

hydrogel, combined with a viscosity enhancing agent, was used to 3D bioprint a tall, 

self-standing tubular structure that sustained cell viability. 
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CHAPTER 4.  

PULSATILE BIOREACTOR FOR DYNAMIC CONDITIONING OF HEART 

VALVES 

 

* Portions of the Master of Engineering final report, written by Sahil Potnis (ECE 2014-

2015) and Yu-Yu (Linda) Chen, Priyanka Khan, Marie B. Kruth, and Gabrielle Truong 

(BME 2018-2019), were adapted in this chapter 

 

* Target journals: Annals of Biomedical Engineering, Tissue Engineering, 

Cardiovascular Engineering and Technology 
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4.1 Abstract 

Tissue engineered heart valves (TEHVs) have emerged as a potential solution to the 

increasing demand for valve replacement due to valvular disease, and conditioning 

engineered constructs in a bioreactor is important for clinical translation. It is critical to 

understand how hemodynamic stimulation can control stem cell differentiation and 

tissue remodeling in TEHVs. In this chapter, we have improved on a previously 

developed bioreactor and developed a novel pulsatile flow bioreactor system that can 

condition multiple biological heart valves or TEHVs in parallel. The custom LabVIEW 

program was programmed to control an air pressure regulator that can generate 

ventricular pressure waveforms, and the outflow tract pressure is controlled by a 

capacitance membrane. The bioreactor is equipped with multiple ports for fluid flow, 

valve visualization, and pressure readings. We were able to produce ventricular 

pressure, outflow tract pressure, and pacing frequency in the physiological range of fetal 

to adult hemodynamics that mimicked physiological conditions. Ex vivo porcine whole 

heart valves were cultured in the bioreactor statically to show biocompatibility. TEHVs 

were 3D bioprinted using a combination of poly(ethylene glycol) diacrylate, 

methacrylated hyaluronic acid, methacrylated gelatin, and encapsulated human adipose-

derived mesenchymal stem cells. The 3D bioprinted TEHV were dynamically 

conditioned at 0.5 Hz in pulmonary physiological conditions for 7 days with static 

cultures as controls. The cultured valve showed similar cell viability and initial stages 

of remodeling with lower SMA, MMP, and Col1A1 expression and decreased 



 

210 

hydroxyproline content. The development of a parallel system for conditioning TEHVs 

can provide high-throughput analysis of TEHV remodeling in hemodynamic conditions.  

 

4.2 Introduction 

Heart valve disease is a rampant global problem. In the U.S. alone, more than 8 million 

people have valvular disease, most of which affect the aortic valve.1 While the majority 

of patients are elderly, a significant portion of children are also affected, primarily due 

to congenital diseases from 1-2% of births.1 Taking into account other countries, the 

prevalence increases to approximately 15.6 million, many of whom are children. Most 

surgical treatment options are inadequate for pediatric patients, primarily because of the 

inability for the bioprosthetic to grow or deterioration of the valve, resulting in multiple 

resizing surgeries.2,3 Fabrication of tissue engineered heart valves (TEHV) can provide 

a solution by integrating with the growing patient. 

 

Mechanical forces play an important role in heart valve development and function.4,5 

Likewise, mechanical forces are also crucial for fabricating and developing engineered 

heart valves, particularly by dynamically or cyclically loading the tissue. Freshly 

fabricated engineered heart valves are generally weaker than the native counterparts, 

and researchers have established that mechanically stimulating the TEHV can help 

promote ECM remodeling and strengthening of the tissue via preconditioning.6,7 
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Preconditioning the valve is important so it can withstand the high pressures in the aortic 

position upon implantation without disintegrating prematurely. However, despite the 

success of fabricating these valves, some preconditioned valves showed contraction of 

the leaflets in vivo, which could potentially be caused in part by insufficient or non-

optimal preconditioning parameters.8  

 

There are a variety of bioreactors used to mechanically stimulate heart valves that can 

be categorized into two main types: single leaflet bioreactors and whole heart valve 

bioreactors.9 Single leaflet bioreactors are useful for identifying specific mechanical 

stimuli for optimal or maximum ECM synthesis and tissue maturation but not for 

conditioning newly fabricated heart valves. Conversely, whole heart valve bioreactors 

are commonly used to precondition the valves prior to implantation.10,11 Many recent 

heart valve bioreactors are driven pneumatically due to the fast response time of air to 

push fluid through the system. In general, these bioreactors use a similar circuitry design 

based on the Windkessel model that included a power source, a capacitor  downstream 

of the valve, and a resistor.12 Together, these elements form a simple system to 

recapitulate the heart and the arterial tree. These bioreactors have made great strides in 

advancing the technology to stimulate heart valves and has resulted in at least a few 

commercially available pulse duplicator systems (e.g. Aptus Bioreactors, BDC 

Laboratories, and Medical Implant Testing Lab).  
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Mimicking mammalian cardiovascular development parameters (e.g. neonatal or 

pediatric), including pressure and frequency, could enhance ECM deposition and 

remodeling, stem cell differentiation, and VIC phenotype.13 However, the majority of 

heart valve bioreactors focused on conditioning valves in the adult aortic physiological 

conditions (e.g. 60-80 bpm at 120/80 mmHg).14 The stimulation within this adult regime 

prior to in vivo experiments could result in residual myofibroblast activation rather than 

myofibroblast quiescence, which could lead to a fibrotic valve in lieu of a healthy valve.9 

There exists bioreactors that can achieve lower pressures, particularly simulating 

pulmonary artery conditions, but the frequency range is non physiological, especially in 

pediatric conditions.11,14,15 These bioreactors have the capability to tune diastolic or 

aortic pressures, but they do not evaluate the effects of varying that pressure on valve 

development. Other studies have shown that frequency can accelerate maturation of 

engineered cardiac tissue, and pacing is important for valvular function.16,17 Therefore, 

the goal of this project is to fabricate a low-cost, high-throughput bioreactor that can 

mimic and stimulate heart valves in both the adult and pediatric physiological ranges in 

order to evaluate the effects of conditioning valves in a low-pressure, high-frequency 

environment. 

 

4.3 Bioreactor design considerations and criteria 

The objective of this project was to build a small footprint heart valve bioreactor that 

can achieve physiological pressures and frequencies in the aortic and pulmonary 
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positions across the developmental and adult age (Table 4-1). Several design criteria 

were established when prototyping the bioreactor: 

• The pressure waveforms should closely mimic the physiological pressures 

during the cardiac cycle (e.g. Wiggers diagram)18 

• The pressure and frequency limits should encompass pediatric and adult 

pulmonary and aortic pressures (Table 4-1) 

• The amount of media used is minimized to reduce operation cost (< 1 L) 

• The bioreactor is easy and cheap to fabricate (< $1000/bioreactor, < 1 week 

build time) 

• The bioreactor has a small footprint to fit multiple reactors into a standard cell 

culture incubator (< ~ 1 ft3) 

• Components must accommodate multiple bioreactors 

• The bioreactor must withstand sterilization techniques (e.g. autoclave or 

hydrogen peroxide) 

• The bioreactor must be biocompatible for ex vivo heart valves and engineered 

heart valves 
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Figure 4.1. Wigger's diagram representing ventricular and aortic pressure curves during normal cardiac cycle. Pressure values 

corresponding to maximum systolic and minimum diastolic pressures can be found in Table 4-1. During systole, the ventricle 

contracts and pumps blood through the aortic valve. When the pressure exceeds the cracking pressure of the aortic valve (also 

known as the aortic or diastolic pressure), the aortic valve opens. During diastole, blood is pushed back towards the ventricle, 

but the aortic valve closes to prevent back flow. Picture adapted from Wikimedia Commons under the Creative Commons 

Attribution 4.0 International License (CC BY-SA 4.0).  

Max systolic pressure

Min diastolic 
pressure
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Table 4-1. Pediatric pressure ranges. Normal ranges of aortic and pulmonary systolic and diastolic pressures and heart rates 

of pediatric patients. Values adapted from 19–21. Systolic and diastolic pressures correspond to Wiggers diagram from Figure 

4.1. SBP = systolic blood pressure (ventricular pressure); DPB = diastolic blood pressure (aortic pressure); HR = heart rate. 

Age Aortic SBP 
(mmHg) 

Aortic DPB 
(mmHg) 

Pulmonary SBP 
(mmHg) 

Pulmonary DBP 
(mmHg) 

Awake HR 
(BPM) 

Sleeping HR 
(BPM) 

Neonate (<28 d) 60-84 31-53 37-80 15-39 100-205 90-160 
Infant (1 mo-1 y) 72-104 37-56 15-30 8-15 100-190 90-160 
Toddler (1-2 y) 86-106 42-63 15-30 8-15 98-140 80-120 
Preschool (3-5 y) 89-112 46-72 15-30 8-15 80-120 65-100 
School-age (6-11 y) 97-120 57-80 15-30 8-15 75-118 58-90 
Adolescent (12-15 y) 110-131 64-83 15-30 8-15 60-100 50-90 
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4.4 Methods 

4.4.1 Bioreactor construction 

4.4.1.1 Cast mold bioreactor overview 

The cast mold bioreactor was designed using SolidWorks and was previously 

established by Hockaday et al.22 The cast mold bioreactor system built is shown in 

Figure 4.2 and Figure 4.3. The bioreactor was manufactured via cast molding of 

Steralloy 2463 into a custom-designed mold to ensure biocompatibility. The body of the 

bioreactor consisted of three main pieces for modularity. The non-sterile bottom 

chamber served as the water chamber that deflected the silicone membrane. The sterile 

upper chamber served as the location for the ex vivo or tissue engineered valve, which 

will be sutured into or glued onto the custom valve holders. The top piece served as a 

cap to enclose the entire system. The bioreactor included several multi-purpose ports 

for media circulation, pressure transducers, and air input. Additionally, a top viewing 

window and a side ultrasound port enabled imaging of the valve using two different 

imaging modalities. To vary aortic pressure, an inline variable resistor was built (Figure 

4.4). The resistor consisted of 60 tubes (ID = 1/16”) connected between two parallel 

plates, and the two plates were attached inline to the media loop. 
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Figure 4.2. Cast mold bioreactor design from Hockaday et al.22 The bioreactor 

is a water-driven diaphragm-type design. The silicone membrane separated the 

bottom and top chambers. Water pulsed through the bottom chamber deflected 

the silicone membrane to drive the media in the sterile top chamber. Heart valves 

are placed on a custom valve holder within the top chamber. Numerous ports 

were available for media circulation, pressure transducers, and viewing.  
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Valve holder

Pressure transducers

Compressed air inlet

Media outlet

Media inlet

Water ports
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Figure 4.3. Cast mold bioreactor system shown inside an incubator. A camera 

was placed on top to view the heart valve during operation. 
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Figure 4.4. Variable flow resistor mockup. The resistor was built using 

polycarbonate plates and was situated in line with the media loop. There were 

60 tubes (ID = 1/16”) between the two plates for enhanced surface area. 

Squeezing the tubes would enhance resistance. 

 

4.4.1.2 Cast mold bioreactor control system 

The cast mold bioreactor flow control system was programmed through a 

microcontroller using a custom code (Figure 4.5 and Figure 4.6). A microcontroller was 

chosen such that a program can run standalone and indefinitely without needing to 

interface with a computer. The microcontroller was used to integrate the water pump 

and the timer relay together. Upon activation, the water pump was used to pressurize 

the high-pressure water tank, which served as the power source for driving the 

bioreactor. The timer relay was used to control a three-way solenoid valve at a set 

frequency. When the valve was energized (open between the tank and bioreactor), water 

A B C



 
220 

flowed out of the high-pressure tank and into the bioreactor water chamber where the 

membrane is deflected, causing flow to occur within the bioreactor (Figure 4.5, solid 

red line). When the valve switched again, water is diverted back towards the low-

pressure tank, causing the silicone membrane to relax (Figure 4.5, dotted red line). This 

process was repeated until the high-pressure tank pressure dropped below a set 

minimum pressure, at which point the water pump is engaged again. An air source was 

used to induce a static aortic pressure. Multiple bioreactors could be added by splitting 

the water line. 



 
221 

 

 

 

Media 
Reservoir

Aortic 
Pressure 
Transducer

Ventricle 
Pressure 
Transducer

High Pressure 
Water Tank

Low Pressure 
Water Tank

Pump

Pressure 
Transducer

Pressure 
Transducer

Timer Relay

3-way solenoid 
valve

Check Valve

Microcontroller

Pressure source



 
222 

Figure 4.5. Schematic of control design of previous bioreactor system. A 

microcontroller controlled a pump that pressurized a water tank that flowed into 

the water chamber of the bioreactor. A timer relay was used to control the timing 

of the solenoid valve, which controlled the direction of flow either into the 

bioreactor (red solid line) or out of the bioreactor (dotted red line). A pressure 

source could be attached to induce aortic pressure. Multiple bioreactors can be 

attached to the system by splitting the water line from the high-pressure water 

tank.  
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Figure 4.6. Cast mold bioreactor control system. The cast mold bioreactor is 

primarily controlled by a microcontroller (1), which controls the water pump (2) 

and the timer relay attached to the solenoid valve encased within a 

electromagnetic shield (3). The pump was used to pump water from the low-

pressure tank (4a) to the high-pressure tank (4b). The solenoid valve was 

engaged based on the timer relay and directed flow either from the high-pressure 

tank to the bioreactor (5), or from the bioreactor back to the low-pressure tank. 

An air pressure tank (6) was used to induce an aortic (diastolic) pressure.  
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4.4.1.3 Plate-style bioreactor overview 

The plate-style bioreactor was designed using Autodesk Fusion 360. The bioreactor 

plates can be segmented to five separate sections for modularity: the non-sterile 

pneumatic chamber, the bottom or ventricular chamber, the top or aortic chamber, the 

capacitor, and the custom valve holder enclosed in a polycarbonate tube (Figure 4.7). 

The bill of materials can be found in the Supplementary information section. Briefly, 

polycarbonate or acrylic plates were cut using a laser cutter and adhered together using 

acrylic bonding solvent. Several holes were tapped with either a 7/16” tap drill size for 

the pressure sensors or 1/4-28” tap drill size for the Luer fittings. The heart valve was 

situated in the valve holder, which was enclosed in a polycarbonate tube, and 

sandwiched between the top and bottom plates with O-rings acting as gaskets. The 

remaining parts were assembled and held together by treaded rods going through all the 

plates secured by a combination of wing and hex nuts. Tubing was attached between the 

top and bottom plates and flowed through a variable resistor consisting of a manifold 

with varying lengths of 3/32” silicone tubing (Figure 4.8). We opted to use a manifold 

method because the previous iteration of the variable resistor did not have variable 

resistance upon squeezing the tube because the tubing was too small to be clamped. 

 



 
225 

 

Figure 4.7. Side view of the prototype plate-style bioreactor. The pneumatic 

chamber and the bottom (ventricular) chamber are separated by a silicone 

membrane. The heart valve holder is placed on top of the bottom chamber, and 

a polycarbonate tube surrounds the valve. A heart valve can be sutured or tied 

onto both the base and top valve holders. The top plate, adapted with a silicone 

membrane capacitor, is placed on top of the tube. O-ring gaskets are placed 

between the tube and the top and bottom plates. A combination of screws, nuts, 

and bolts were used to join all the separate parts.  
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Figure 4.8. Variable resistance for the bioreactor. The returning tubing from the 

top plate to the bottom plate is connected to a manifold with varying lengths of 

tubing (ID = 3/32”) to vary resistances. 

 

The valve holder was designed to accommodate different types of heart valves, 

including ex vivo aortic and pulmonary porcine heart valves and tissue engineering 

valves (Figure 4.9). Multiple holders were fabricated to provide additional options for 

securing the valve either by suturing or by using silk ties. The valve holder with the 

suture holes provide numerous anchoring points such that any valve can be attached, 

but this could be time consuming and does not guarantee a leak-proof seal. The other 

type of valve holder can be used for easily securing the valve without suturing with a 

tight seal, particularly for the artery, but the tissue used must be larger such that the silk 

tie can be used. These 3D printed components can be modified to account of the 

different sizing of the valve root and the outflow tracts by adjusting the diameter of the 
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suture or silk tie ring. The valve holder was also designed to include screw-lock 

capabilities to easily secure the holder onto the bottom plate.  

 

 

Figure 4.9. Valve holder designs for ex vivo and tissue engineered heart valves. 

(A-B) Top and bottom views of the suture-based design for securing the heart 

valve. (C-D) Top and bottom views of the silk tie-based design for an alternative 

method to secure the heart valve without suturing. This can be used either at the 

base of the heart valve or at the top in the outflow tract. (E) An example of how 

the valve would fit into the two types of valve holders.  
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4.4.1.4 Plate-style bioreactor control system 

The bioreactor is controlled through a custom LabVIEW program that can control 

frequency and input pressure. LabVIEW was used in lieu of a microcontroller for easier 

testing and designing purposes. Briefly, the program was run through a myRIO 

embedded device (National Instruments) to control an electronic air regulator (Enfield 

Technologies), which regulated input pressure (amplitude) into the bioreactor and 

frequency (Figure 4.10). Air moves from the air regulator to a pressure accumulator 

(240 mL) to ensure a proper working volume and into pneumatic portion of the 

bioreactor (Figure 4.11). The air supply and pressure accumulator can accommodate 

multiple bioreactors because the air supply far exceeds the required pressure needed in 

each bioreactor (< 5 psi). The bioreactor pressure sensors were also connected to the 

myRIO board. Different pressures, particularly the diastolic pressure, can be altered by 

using a variable flow resistor. Temperature and pH were controlled by placing the 

bioreactor in an incubator. In vitro testing for pressure curves were performed by placing 

an umbrella valve into the chamber to act as a perfect one-way valve. Two bioreactors 

can be tested using one myRIO board, but the entire system can be scaled up by only 

expanding the board. The bioreactor system on a test bench is shown in Figure 4.12. 
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Figure 4.10. Schematic of the bioreactor control system with two bioreactors. A 

computer running LabVIEW controls the electronic air pressure regulator via 

the myRIO board. 
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Figure 4.11. Flow diagram during systole and diastole in the bioreactor. When 

the pneumatic chamber is filled with air, the silicone membrane is deflected up, 

pushing fluid through the valve. A one-way valve in the return line prevents flow 

in that direction. Additionally, the capacitor will also deflect from the fluid flow. 

During diastole, air is exhausted from the pneumatic chamber, and the capacitor 

membrane flexes back down, pushing fluid towards the bottom of the bioreactor. 
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Figure 4.12. Plate-style bioreactor set up with control system. The (1) air 

supplied from the wall goes through (2) an accumulator and into the (3) air 

pressure regulator. The air line from the regulator is attached to the (4) 

bioreactor, which included (4a) two pressure sensors and (4b) a variable resistor. 

The (5) myRIO was wired to the air regulator and powered by the (6) power 

supply. 

 

4.4.2 Biocompatibility testing 

The amount of non-biocompatible parts used in the bioreactor was minimized as much 

as possible. However, there are certain materials, particularly on the fittings, that may 

cytotoxic. To evaluate whole bioreactor sterility and cytotoxicity, the bioreactor was 

sterilized using hydrogen peroxide and assembled in a cell culture hood. Dulbecco's 

Modified Eagle's Medium (DMEM, Invitrogen) supplemented with 10% fetal bovine 

serum (FBS, Gemini BioProducts) and 1% penicillin-streptomycin (P/S, Gibco) was 
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conditioned in the bioreactor for up to four days either in a cell culture incubator or in a 

4 °C fridge. The media was then used to culture human adipose-derived mesenchymal 

stem cells (HADMSC) for up to one week. Cell growth and contamination was 

evaluated via macroscopic inspection. 

 

To further evaluate biocompatibility, a whole porcine valve was placed inside the 

bioreactor under static conditions for up to one week. Briefly, porcine aortic or 

pulmonary valves were obtained from the local abattoir (Shirk Meats, Dundee, NY). 

The valves were trimmed such that excess myocardium and other connective tissues 

were eliminated and rinsed briefly in 70% ethanol and PBS with 1% P/S to prevent 

contamination. The valves were statically cultured in DMEM with 10% FBS and 1% 

P/S for up to 3 days before transferring into the bioreactor. The media was changed in 

both static cultures and bioreactor every two or three days. Following the incubation 

period, the leaflets were excised. The leaflets were incubated in a live/dead solution 

containing 4 mM calcein green AM (Invitrogen) and 2 mM ethidium homodimer-1 

(Invitrogen) in 37 °C for 30 minutes. Confocal images were captured using a Zeiss 

LSM710. 

 

4.4.3 Mechanical analysis of ex vivo leaflets 
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Excised adult porcine leaflets from the slaughterhouse or from the in vitro studies were 

cut into rectangular strips along the circumferential direction. The width and thickness 

of the cuts were measured prior to each experiment. The length was measured on the 

DMA Q800 Dynamic Mechanical Thermal Analysis instrument (TA Instrument). The 

tissues were clamped into a using the tension screw clamps, preloaded with 0.005 – 0.01 

N such that the tissue was not taut, and loaded at 0.250 N/min until tissue slippage or 

failure. The strain energy was calculated and used as comparison between leaflet 

samples. 

 

4.4.4 Polymer synthesis 

MeHA, MeGel, and PEGDA were synthesized as previously described.23,24 Briefly, 10 

mL methacrylic anhydride (Sigma) was added into an aqueous solution of HA 

(Novozymes) (500 mg in 100 mL 18 MΩ water) at 40 °C for 6 hours. Addition of 5 N 

NaOH every hour maintained the pH of the solution at 8.5. The resulting MeHA was 

dialyzed against distilled water for 1 week and lyophilized. 

 

MeGel was synthesized by reacting 10 mL of methacrylic anhydride with an aqueous 

solution of porcine type I gelatin (Sigma) (5 g gelatin in 50 mL 18 MΩ water) at 40 °C 

for 1 hour. The resulting MeGel was dialyzed against distilled water for 1 week and 

lyophilized. 
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4.4.5 Bioink formation 

To test a tissue engineered construct, a valve was formed via bioprinting.25 The bioink 

for the leaflet consisted of a viscous mixture of 4% MeHA, 12% MeGel, and 0.05% 

Irgacure 2959. The bioink for the root structure was made stiffer by the addition of 

PEGDA 3350 and 0.20% Irgacure. The bioinks were each dissolved in DMEM/F12 with 

10% FBS and 1% P/S within a 10 mL syringe and mixed. HADMSC was added to only 

the leaflet bioink at 1 million cells/mL. All polymers were UV sterilized for at least 1 

hour. 

 

4.4.6 3D bioprinting and bioreactor conditioning 

A Scientist 3D printer (Seraph Robotics) was used for all 3D printing experiments. The 

composite bioink was loaded into a 10 cc syringe (Nordson EFD) with a 20 G tapered 

tip (Nordson EFD). A basic valvular construct was modeled in SolidWorks® and loaded 

into the Seraph Scientist program to create print paths. The pressure controlling 

deposition rate was manually adjusted for each print to ensure consistent deposition rate. 

Throughout the print, a high-power UV LED system (365 nm) was used to crosslink the 

printed hydrogel. The printed construct was further crosslinked using a UV lamp (365 

nm) for 5 minutes. The valves were statically cultured for three days then transferred 
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into the bioreactor. The heart valve was glued (Vetbond, VM) onto a mesh (Dacron 

mesh, GE Healthcare) that was fitted over the custom valve holder. 

 

4.4.7 Quantitative PCR 

RNA from the hydrogels was extracted using the TRIzol extraction method and reverse 

transcribed to cDNA using the qScript cDNA SuperMix (Quanta Biosciences). Real-

time quantitative PCR was performed using the SYBR Green master mix (QIAGEN). 

The primers used are listed in the table below. 

 

4.4.8 ECM analysis 

Sulfated glycosaminoglycans (GAGs) and hydroxyproline were measured via 

dimethylmethylene blue assay (DMMB)26 and 4-(dimethylamino)benzaldehyde 

(DMAB)27 assay. For DMMB, samples were digested in papain solution for 16 hours 

before proceeding. Samples were prepared in 96-well plates and read at 656 nm. For the 

DMAB assay, tissues were hydrolyzed in 4.8 N HCl for 3 hours and dried in an oven 

before proceeding. Samples in the 96-well plate were measured at 550 nm. 
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4.4.9 Statistics 

All statistics were performed in R using ANOVA and Tukey’s HSD post-hoc test. 

Significance was determined when P < 0.05. Error bars represent mean ± standard 

deviation. 

 

4.5 Results  

4.5.1 Characterization of cast mold bioreactor 

The cast mold bioreactor system and bioreactor within an incubator are shown in Figure 

4.6 and Figure 4.3, respectively. Representative pressure curves are shown in Figure 

4.13. A single bioreactor running without an induced aortic pressure resulted in a 

sinusoidal pressure curve rather than the curves found on the Wiggers diagram. Adding 

another bioreactor nearly halved the ventricular pressures. By forcing air into the top of 

the bioreactor, an aortic (diastolic) pressure was achieved. The range of transvalvular 

pressures that was achieved in the bioreactor with aortic pressure is shown in Figure 

4.14. Increasing the pressure differential between the water tanks (Pdiff) linearly 

increased the transvalvular pressure and increasing aortic pressure in the system 

decreased overall transvalvular pressure. 
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Figure 4.13. Representative pressure curves of old bioreactor system at Pdiff = 

100 mmHg and 0.5 Hz. The curves mimicked a sine wave rather than the 

waveforms found in the Wiggers diagram. Incorporating an additional 

bioreactor caused the ventricular pressure to split. The addition of a constant air 

source could induce an aortic pressure. 

 

Ventricle only With aortic pressure

0
20
40
60
80

100
120

0 1 2 3 4

Pr
es

su
re

 (m
m

Hg
)

Time (s)

Single Aorta
Ventricle

-10

0

10

20

30

40

0 1 2 3 4

Pr
es

su
re

 (m
m

Hg
)

Time (s)

Double

0

20

40

60

80

0 1 2 3 4

Pr
es

su
re

 (m
m

Hg
)

Time (s)

Single

0

10

20

30

40

0 1 2 3 4
Pr

es
su

re
 (m

m
Hg

)
Time (s)

Double

Pdiff = 100 mmHg
AP = 0

Pdiff = 100 mmHg
AP = 31 mmHg



 
238 

 

Figure 4.14. Transvalvular pressures achieved in a single or double cast-mold 

bioreactor at 0.5 Hz. Transvalvular pressure increased with increasing pressure 

differential between the water tanks (Pdiff) and decreased with increasing aortic 

pressure. 

 

4.5.2 Characterization of the plate-style bioreactor and iterations 

We first sought out to evaluate the effects of tuning the independent variables (e.g. 

frequency (Hz), amplitude (input pressure, PSI), and resistance (R, arbitrary units; 1R 

= 6” tubing with ID = 3/32”)) on ventricular and aortic pressure waveforms. We 

systematically evaluated one parameter while holding constant the other two 

parameters. 
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4.5.2.1 Effect of capacitance membrane on pressure waveforms 

First, the pressure curves were measured with and without a capacitance membrane 

(Figure 4.15). The pressure curves show that inclusion of the capacitance membrane in 

lieu of a large air-filled vessel provided a diastolic pressure, conforming to previous 

model predictions.12 The remainder of the experiments included the capacitance 

membrane.  

 

 

Figure 4.15. Effects of a capacitance membrane on diastolic pressure. Pressure 

curves show inclusion of a silicone capacitance membrane (left) induced a 

diastolic pressure (orange line) compared to a bioreactor running without one 

(right) (f = 1 Hz, amp = 0.5, 1R). 
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4.5.2.2 Effects of resistance, amplitude (input pressure), and frequency on pressure 

waveforms 

Next, the effects of changing resistances and amplitudes on ventricular, systolic, and 

diastolic pressures were measured at a set frequency (1 Hz). Ventricular pressures 

remained relatively level with increasing resistances at a set amplitude (Figure 4.16, 

Figure 4.17). Conversely, diastolic pressure increased with increasing resistances (~20-

30 mmHg increase) that seemed to reach a plateau around 4R. Increasing amplitude 

with a fixed resistance value increased the overall magnitude of both the ventricular and 

diastolic pressures while maintaining the same trend as described (Figure 4.18, Figure 

4.19). Altering frequency changed the pressure profiles (Figure 4.20). Notably, 

increasing frequency will cause a slight decrease in ventricular and systolic pressures 

but increase diastolic pressure (Figure 4.21).  
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Figure 4.16. Effect of varying resistance on ventricular and diastolic pressures. 

Representative pressure curves of two resistances. Increasing resistance resulted 

in higher diastolic pressure. (1R = 6” tubing with 3/32” ID; increasing or 

decreasing the value of R is proportional to increasing/decreasing the tubing 

length.) 

 

R = 0.167 R = 6
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Figure 4.17. Maximum ventricular and minimum diastolic pressures as a 

function of resistance at different amplitudes. Increasing resistance did not affect 

ventricular pressure but increased diastolic pressure. Increasing amplitude 

increased the magnitude of both ventricular and diastolic pressures.  
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Figure 4.18. Effect of varying amplitude (input pressure) on ventricular and 

systolic pressures. Representative pressure curves of increasing amplitude at a 

fixed resistance showing an increase in overall pressures.  
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Figure 4.19. Maximum ventricular and minimum diastolic pressures as a 

function of amplitude. Increasing amplitude increased ventricular and systolic 

pressure. Values were averaged over the entire range of resistances (0.167R – 

6R) and between 2-3 independent runs. Increasing amplitude increased diastolic 

pressure. 
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Figure 4.20. Effect of varying frequency on ventricular and diastolic pressures. 

Representative pressure curves (amp = 0.75, R = 1) at 0.5 Hz, 1 Hz, and 2 Hz 

show a change in diastolic pressure with increasing frequency.  
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Figure 4.21. Maximum ventricular and systolic and minimum diastolic pressure 

curves at different frequencies and amplitudes. Error bars represent the range of 

the diastolic pressure with increasing R (R = 0.167 – 4). Increasing frequency 

decreased ventricular and systolic pressures slightly but increased diastolic 

pressure. Increasing amplitude increased the magnitude of all pressures. 
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From these initial results, we can predict certain parameters (i.e. ventricular or diastolic 

pressures) from the independent tuning variables (i.e. amplitude or input air pressure, 

resistance, and frequency) via a multiple linear regression model (Eq 1). In general, the 

response variable P can be modeled as 

! = #$ + #&'& + #('( +	#*'* Eq 1 
 

where a, r, and f represent amplitude, resistance, and frequency, respectively; β is the 

regression weight, and β0 is the intercept of the model. A list of regression weights, the 

overall fit, and the prediction error percentages can be found in Table 4-2. 

 

Table 4-2. List of regression weights for the multiple linear regression model. 

The residual standard error is a measure of the error of the predictions, where 

lower percentage is better (* P < 0.05). 

Variable Ventricular Pressure Diastolic Pressure 
β0 46.6* -27.1* 
βa 106.1* 67.6* 
βr -0.9 3.5* 
βf -8.2* 26.2* 
Adjusted R2 0.95 0.86 
Residual Standard Error 7.1% 17.0% 
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4.5.2.3 Effect of silicone durometer on pressure waveforms 

To further fine tune the bioreactor, the effect of different durometer silicone sheets on 

pressure curves were tested at varying frequencies (Figure 4.22). Membrane stiffness 

and elasticity affect the rebounding/recoiling of the pneumatic silicone membrane, 

which could increase air evacuation at higher frequencies without a need for a vacuum 

in the bottom chamber. The results showed that durometer had no effect on altering the 

pressure profile within the bioreactor, particularly for the maximum ventricular 

pressure.  
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Figure 4.22. Pressure graphs as a function of frequency using different silicone 

sheets (A = 1). The trends were similar across all three durometers. Error bars 

represent the range of the diastolic pressure achieved with varying R (R = 0.167 

– 4) 

 

4.5.2.4 Parallelization of bioreactors 

The bioreactor was tested in parallel as a proof of concept to ensure minimal differences 

between the two bioreactors (Figure 4.23). The pressure curves achieved in the 

bioreactors were similar, although the variability increased with higher pressures, 

particularly for the ventricular pressure where there were 20-50 mmHg differences.  
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Figure 4.23. Representative pressure curves in a parallel bioreactor setup at 

different amplitudes and frequencies. At higher amplitude/pressures, there were 

ventricular pressure differences between the two bioreactors. At lower pressures, 

the pressure difference was not as pronounced. Solid lines represent the mean of 

two bioreactors, and the dotted lines represent the standard deviations.   
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4.5.3 Summary of bioreactor iterations 

Table 4-3. Summary of different iterations and changes to design and target performance.  Images for the bioreactor can be 

found below. 

     
Pressure Frequency 

  

Iteration CAD link Build 
quality 

Size Ease of 
use 

Low High Low High Cost Notes 

Cast mold 
bioreactor 

N/A ++ ++++ + ++++ - ++++ - $$$$$ Latest version of the cast mold 
bioreactor design 

#1 https://a360.co
/2nRt9U6 

++ + + + +++ ++++ ++ $$$$ Original concept, large base, 
bulky, leaky, used polycarbonate 

#2 https://a360.co
/2nGYDwf 

++ ++ ++ + +++ ++++ ++ $$$$ Condensed base, altered internal 
geometry, included screw holes, 
altered internal hole sizes 

#3 https://a360.co
/2ouod7A 

++ ++ ++ + +++ ++++ ++ $$$ Altered number of plates and 
internal geometries 

#4 https://a360.co
/2PPbVlW 

+++ ++ ++ ++ +++ ++++ ++ $$$ Altered number of plate and 
thicknesses to prevent leaking 

#5 https://a360.co
/2os7p0Z 

++++ ++ ++ +++ +++ ++++ ++ $$ Switched to acrylic; eliminated 
etching; standardized fittings; 
used O-rings 

#6 https://a360.co
/2pfUmjw 

+++ ++ ++ +++ +++ ++++ ++ $$ Widened plates; modified heart 
valve holder; simplified internal 
geometries; poor pressure curves 

#7 https://a360.co
/2os7p0Z 

++++ ++ ++ +++ +++ ++++ +++ $$ Derived from #5; incorporated 
changes from #6 except for wide 
plates 
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Figure 4.24. Latest version of the cast-mold bioreactor. This design included two 

water ports at the base of the bioreactor used for flexing the silicon membrane. 

The bioreactor included four additional ports on the main body to accommodate 

fluid flow and pressure sensors. The top two ports were used for inducing an 

aortic pressure or for fluid flow. 

Bottom
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Top chamber

Valve holder

Water chamber
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Figure 4.25. Bioraector #1. The first iteration of the plate-style bioreactor was 

created using long polycarbonate plates. The plates were adhered together using 

a solvent-based glue, but the adhesive was not leak-proof. The overall design 

was large, bulky, and leaky. 
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Figure 4.26. Bioreactor #2. The second iteration of the plate-style bioreactor 

used shorter plates and included screw holes to prevent leaking. The valve holder 

capsule was switched over to a tube instead of a rectangular prism made of 

polycarbonate plates, and a capacitance membrane was included. 
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Figure 4.27. Bioreactor #3. The third iteration of the plate-style bioreactor 

included additional plates for accommodating more complex internal 

geometries, controlling the capacitance membrane, and including additional 

ports for the pressure sensors.  
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Figure 4.28. Bioreactor #4. The fourth iteration of the plate-style bioreactor 

include minor changes, including standardizing plate thicknesses to 0.25 and 

0.50 inches and altering hole sizes for the ports. A cut out for the valve holder 

viewing tube was fabricated to better hold the tube.  

 

Air chamber

Valve holder

Bottom
chamber

Top chamber

Capacitor



 
258 

 

Figure 4.29. Bioreactor #5/7. The fifth version of the bioreactor reduced the 

number of plates, optimized hole spacing, and simplified internal geometries to 

be easily fabricated. This version of the bioreactor switched to acrylic plates to 

reduce cost. The seventh version of the bioreactor improved upon the fifth 

version by implementing changes from the sixth version except for the wide-

plate design. 
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Figure 4.30. Bioreactor #6. The sixth version of the plate-style bioreactor that 

was derived from the fifth version. A wider plate was used to fabricate the 

bioreactor, and the valve holder was modified to include a twist-lock 

mechanism. 

 

4.5.4 Effects of static culturing ex vivo porcine valve 

The bioreactor was built using a variety of parts, but some parts contain non-

biocompatible materials that should not contact the sterile media (e.g. Teflon tape on 

fittings). To evaluate initial biocompatibility of the bioreactor, the bioreactor was first 
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leaching of any toxic material into the media. This conditioned media was then used to 

culture HADMSC in culture plates over a period of a week. Macroscopic evaluation of 
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the cells revealed cell growth and devoid of any contamination, confirming the 

biocompatibility of the bioreactor (no data shown). 

 

To further test biocompatibility, whole valves were statically cultured inside the 

bioreactor. Representative live/dead images of the leaflets are shown in Figure 4.31. 

The ex vivo leaflets cultured statically in a tissue culture plate showed high cell viability. 

Similarly, excised valves from whole aortic or pulmonary valves cultured statically in 

the bioreactor showed high cell viability. However, the surrounding sinus and root wall 

were not viable (data not shown). The survival of the cells within leaflets but not the 

thicker sinus or root wall suggest that active transport is needed to maintain cell 

viability. Overall, the bioreactor was shown to be biocompatible for ex vivo porcine 

valves. 
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Figure 4.31. Representative live/dead images of excised leaflets. Ex vivo leaflets 

cultured statically for 7 days in a tissue culture plate and whole valves cultured 

statically in the bioreactor reveal viable cells. Scale bar = 100 μm. (No statistical 

significance between groups, N = 2-3). 

 

As a baseline comparison, the statically cultured leaflets were mechanically tested 

compared to fresh tissue. The strain energy of the ex vivo leaflets is shown in Figure 

4.32. At D0 (fresh valves), there were observable differences between aortic and 

pulmonary valves. Since the aortic valves withstand more pressure than the pulmonary 

leaflets, it is reasonable that the aortic leaflets would initially have stronger mechanical 

properties, particularly in the circumferential direction, although no significant 

differences were observed here.28,29 After 7 days in culture, the strain energy in the aortic 

valve decreased significantly, but the pulmonary valve remained similar to D0. The 
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decrease in mechanical properties persisted through 14 days for the aortic leaflet. The 

results suggest that while the leaflet tissues were viable, there were mechanical changes 

after statically cultured, especially for the aortic leaflet, which is normally in a high-

pressure environment.  
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Figure 4.32. Uniaxial tensile testing of statically cultured ex vivo leaflets in the 

circumferential direction. Stress-strain curves of aortic and pulmonary leaflets 

cultured statically show differences between the two leaflets. Ex vivo aortic 

leaflets showed a decrease in strain energy over time. (* P < 0.05 compared to 

D0, N = 3-4).  
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4.5.5 Analysis of conditioning printed structure (initial study) 

As a proof of concept, a TEHV was bioprinted and tested in the bioreactor.25 After 7 

total days of culturing in a low pressure environment (P = 20 mmHg, f = 0.5 Hz), the 

TEHV was evaluated and compared to the static culture. First, a live/dead comparison 

between the static and dynamic culture revealed high cell viability (Figure 4.33).  
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Figure 4.33. Cell viability of bioprinted TEHV conditioned in the bioreactor. 

Representative live/dead confocal images of the TEHV leaflet cultured either 

statically in a tube for 7 days or in the bioreactor (3 days static, 4 days dynamic, 

P = 20 mmHg, f = 0.5 Hz) reveal high cell viability. Scale bar = 100 μm. (N = 1 

biological sample). 

 

Next, several genes were analyzed to evaluate cell phenotype. Mesenchymal stem cells 

and valvular interstitial cells behave similarly and share similar markers for 

differentiation.30 A hallmark for myofibroblastic phenotype is the expression of alpha 

smooth muscle actin in both MSCs and VICs, and activation of this phenotype 
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upregulates genes related to remodeling, including matrix synthesis genes or matrix 

degradation genes.31 In this case, the HADMSC within the dynamically conditioned 

TEHV expressed lower levels of SMA and Col1A1, but MMP1 was upregulated (Figure 

4.34). To evaluate matrix deposition, sulfated GAGs and hydroxyproline content were 

measured. The GAG content was significantly increased with dynamic conditioning, 

but hydroxyproline content was decreased slightly (Figure 4.35). The slight decrease in 

hydroxyproline content, coupled with the increase in MMP1, suggest an initial 

remodeling of the tissue. 
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Figure 4.34. Gene expression of HADMSC within the statically and dynamically 

conditioned TEHV. SMA and MMP1 were increased and Col1A1 was decreased 

with dynamic conditioning. (* P < 0.05, N = 1 biological sample, 3 technical 

replicates). 
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Figure 4.35. Biochemical analysis of the TEHV after dynamic conditioning. 

Glycosaminoglycan was significantly increased but no changes were observed 

in hydroxyproline content. (* P < 0.05, N = 3 samples from one biological 

replicate). 

 

4.6 Discussion 

Heart valve disease is an increasing global problem, particularly for pediatric patients.32 

Tissue engineered valves are needed for this population so the valve replacement can 

grow along with the patients. Bioreactors are commonly used to condition the heart 

valves prior to implantation so that the valve is robust enough for integration. The 

majority of bioreactors conditioning biological or tissue engineered heart valves are 

driven by pulsatile flow and have improved throughout the years.7,10,14,15,33–38 It is 
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important that we condition tissue engineered heart valves in the pediatric regime, yet 

many of these bioreactors only dynamically condition heart valves in the adult 

physiological ranges. Few have shown that they can reach low pressures of under 20 

mmHg14 or have the ability to go near pediatric heart rates of near 3 Hz.37 Additionally, 

while there have been bioreactors to adjust aortic/diastolic loading7,39, there has not been 

a study to evaluate the combination of the two. Here, we have developed and 

characterized a system that can achieve these attributes into one, compact system that 

could be used to condition both biological valves and engineered valves. 

 

4.6.1 Validation of cast-mold bioreactor 

Although a first initial step towards building a bioreactor, this system was incomplete 

and had limitations in achieving the goals of achieving pediatric and adult aortic and 

pulmonary pressures and frequencies. First, while water was chosen as an 

incompressible fluid to flex the silicone membrane, the system of using a water pump 

to pressurize tanks to move fluid is inefficient and cannot be used at higher frequencies 

greater than 1 Hz. At higher frequencies (i.e. faster switching of the solenoid) resulted 

in artificially low pressures because there was insufficient time for fluid to move into 

the water chamber of the bioreactor to flex the membrane. Additionally, the pressure 

between the high and low tanks decrease with time and will drift, and the drift is 

exacerbated at higher frequencies and pressures. The drift resulted in inconsistent 

pressure output into the bioreactor.  
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The cast mold bioreactor did not have a capacitance membrane to act like the ascending 

aorta. Ruel et al. performed a mathematical modeling of three common Windkessel 

architectures (RC, RRC, and RRCL, where R is resistance, C is capacitance, and L is 

the inertia component) and revealed that at minimum, the bioreactor needed a resistor 

and capacitor for the pressure to behave similar to physiological pressures.12 

Incorporating more components would lead to more accurate results, but adding more 

components would complicate designs. Therefore, at a minimum, the current design 

must include a resistor and capacitor in line. This portion of the bioreactor is crucial in 

inducing a diastolic pressure on the valve. We first attempted to use a combination of 

injecting air and using a variable resistor to induce an aortic (diastolic) pressure. 

However, each of these solutions were impractical. First, the air was non-sterile, which 

cannot be used for cell culture. Even though sterilizing the air via sterile filters was 

possible, air will be introduced into the close-loop system, which does not mimic the 

physiological Windkessel effect from the artery. More importantly, the introduced air 

can impede flow, especially in smaller tubing, which can lead to inaccurate pressure 

readings or inadequate flow. The variable resistor was also impractical to use because 

the tubes were too small to be squeezed, and the tubes deeper into the apparatus could 

not have been reached. A more practical and reasonable approach would be to 

incorporate a simple capacitor within a close-loop system. 

 



 
271 

Lastly, the build of the cast mold bioreactor could not withstand high pressures. 

Numerous leaks were found around the ports, viewing window, and all around the base. 

While gaskets were used to seal the parts together, these were insufficient because the 

surface area of the gaskets were too large and therefore force was distributed rather than 

concentrated at the point of contact. Using an O-ring would have been a better choice 

to enhance point of contact between two parts. Additionally, repeated sterilization of 

the bioreactor via hydrogen peroxide weakened the material and several bioreactors 

eventually cracked in such a way that was not repairable. Due to the expense and time 

of generating custom cast mold bioreactor and the aforementioned weaknesses, it would 

not have been reasonable to continue with the cast mold design. 

 

Given these limitations from the old bioreactor, a new bioreactor system was 

prototyped. For this prototype, more robust materials were chosen, and a pneumatic 

system was used to quickly induce pressure without any delay. Lastly, a capacitance 

membrane was incorporated in lieu of the air flow to induce a diastolic pressure. 

 

4.6.2 Validation of plate-style bioreactor 

To address the pitfalls of the previous design, we sought to build a bioreactor using 

materials that were robust and sterilizable using convention methods (e.g. autoclave, 

hydrogen peroxide, ethylene oxide). Polycarbonate and acrylic were both chosen and 
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used to fabricate the bioreactor because the materials are biocompatible and sterilizable. 

Additionally, to minimize fabrication cost and maximize the number of iterations, we 

opted for laser cutting the plastic plates and chemically adhering the sections together 

to make a solid rather than using a CNC mill or other machining equipment to cut from 

a large block of material. Performing these steps saved time (performed < 3 days vs > 1 

week) and service cost. Lastly, the plate-stacking method provided flexibility in adding 

additional parts immediately. 

 

Others who have built RC-style bioreactors used a large capacitor filled with air, which 

increased the bioreactor footprint.10,12,33,40 One group improved the design and used a 

silicone membrane to adjust capacitance, but this required a separate component to the 

bioreactor.41 To achieve a smaller footprint, a silicone membrane was used and placed 

on the top chamber downstream of the heart valve holder. However, it should be noted 

that the while the capacitor membrane could be tuned such that it can be held at a 

constant pressure (e.g. applying mechanical pressure via stop screw or pressurizing the 

top with a constant air or water), the tests were not performed in this study. Additionally, 

the material properties of the membrane, particularly the durometer and thickness, could 

affect the overall capacitance, but these were also not evaluated (see section 4.5.2.3 for 

detail). However, the properties of the silicone membrane, along with a variety of 

methods to induce a constant pressure from the aortic side, provide more opportunities 

to fine-tune the bioreactor to generate pressure waveforms. 
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The pressure waveforms acquired mimicked the Wiggers curve more closely than the 

cast mold bioreactor. The amplitude (input air pressure) directly affected the pneumatic 

chamber, which deflected of the silicone membrane. Despite higher resistances at a set 

amplitude, the deflection should not change and therefore the maximum ventricular 

pressure should remain the same. However, the tuning of resistance directly affected the 

minimum diastolic pressure because the fluid flow back to the ventricular (bottom) 

chamber was restricted, and the only constant force pushing the fluid was the capacitor. 

Therefore, it was reasonable that increasing resistances would also increase diastolic 

pressure. By tuning amplitude and resistance values, a range of ventricular and diastolic 

pressures were achieved. 

 

Frequency also altered the pressure waveforms. As the frequency increased, the silicone 

membrane within the pneumatic chamber flexed faster and therefore will not have 

enough time to relax before the next cycle begins, resulting in a higher diastolic 

pressure. Increasing amplitude increased the magnitude of the pressure similar to the 

previous cases. However, the increasing the frequency too much resulted in the 

pneumatic chamber not evacuating quickly, which resulted in artificially high diastolic 

and ventricular pressures. A range of frequencies up to 2 Hz was tested in the current 

system, although higher frequencies (2-3 Hz) can be achieved with slight modifications, 

specifically if a vacuum was used to exhaust the pneumatic chamber. 
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From the data generated, we were able to generate a multiple linear regression model to 

predict the effects of amplitude, resistance, and frequency on maximum ventricular 

pressure and minimum diastolic pressure. The value of the weights corroborated with 

the trends seen in varying amplitude (Figure 4.18), resistance (Figure 4.16), and 

frequency (Figure 4.20). Specifically, there is a large positive correlation between 

varying amplitude (βa) and both ventricular and diastolic pressures, which is reasonable 

as increasing input pressure will increase both ventricular and diastolic pressures. There 

is a slight negative correlation between resistance (βr) and frequency (βf) on ventricular 

pressure—although the resistance was not statistically significant—and a positive 

correlation between the same variables and diastolic pressure. However, the model is 

limited by the amount of data that is used to generate the weights, and the majority of 

the data was collected at 1 Hz. 

 

Altering the silicone membrane elasticity was evaluated for its effect on the maximum 

ventricular pressure and minimum diastolic pressure to provide further tuning of the 

bioreactor. However, we did not find any significant differences between durometers. 

This could be caused by the restriction of the silicone membrane movement within the 

ventricular chamber, which acted as a physical barrier for the membrane to flex. 

Similarly, there were no significant differences between durometers on minimum 

diastolic pressure. The large range observed represented the sensitivity of resistance as 
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covered in the previous section (4.5.2.2). However, the effects of the different sheets 

were not evaluated on the capacitance membrane, which could provide additional 

control to diastolic pressure by controlling the compliance of the membrane. 

 

Finally, the bioreactors were tested in parallel to evaluate the potential for high 

throughput operation. The ventricular and aortic pressure curves were similar at 

different frequency and amplitude settings, but there were deviations particularly at 

higher pressures. The bioreactors were built using the same material and were 

configured in the same way, but minor manufacturing differences could have caused a 

slight difference in pressures within the bioreactor. Microbubbles trapped within the 

bioreactor could cause inaccurate pressure readings, which could artificially increase 

pressure readings because of the surface tension created by the bubbles. Additionally, 

the amount of fluid within the bioreactor will also affect pressure curves, as noted in 

section 4.7.1 and Figure 4.36. Despite the variability shown in the bioreactors, we have 

shown the capabilities of the bioreactor system to reach a variety of maximum 

ventricular pressures and minimum aortic (diastolic) pressures at different frequencies.  

 

4.6.3 Ex vivo whole heart valve culture 

We performed a couple of viability and cell studies to evaluate the feasibility of our 

bioreactor, and our results corroborate with previous work by others that have evaluated 
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ex vivo biological heart valves in vitro. The Yoganathan group revealed that stretching 

leaflets mediated remodeling behavior and showed enhanced deposition of collagen.42,43 

Similarly, the Grande-Allen group showed long term (2-8 weeks) culture of ex vivo 

porcine aortic leaflets resulted in microstructure changes, particularly the decrease in 

GAG, but conditioning over two weeks maintained the valvular architecture.44 

However, the bioreactors used in these study were unable to evaluate the effects of 

frequency or different pressure loading regimes (ventricular or aortic/diastolic), and the 

free edges of the leaflets were free-floating, unlike the valves in the whole root, which 

will form a coaptation with the other leaflets under pressure. Although we did not 

evaluate dynamically culturing the whole porcine heart valves—a challenge that is 

outlined in section 4.7.4—we were able maintain cell viability of ex vivo porcine whole 

heart valves for at least 7 days rather than the leaflets alone. We observed a decrease in 

strain energy in the aortic leaflet over a period of 14 days, suggesting the breakdown of 

the matrix and the inability for the valve cells to maintain the ECM without mechanical 

stimulation. Additionally, there were not significant differences between the strain 

energy of the pulmonary valve up to 7 days, which could suggest that pulmonary valve 

interstitial cells can maintain the ECM in a low-stress or static environment. Taken 

together, dynamic conditioning is necessary for maintenance of valve architecture and 

mechanics, but the effects of frequency and different loading pressures on remodeling 

remain unknown.  

 



 
277 

4.6.4 3D bioprinted tissue engineered heart valve culture 

We were also able to 3D bioprint a TEHV and test it under low pressure dynamic 

conditions (20 mmHg, 0.5 Hz) for 7 days total (3 days static, 4 days dynamic). First, the 

bioink and the resulting scaffold may be too stiff or dense for the cells to adopt a 

myofibroblastic phenotype and remodel, as seen with the rounded cell morphology and 

lack of cell spreading. We and others have shown that stiffness can modulate cell 

phenotype.23,45,46 In general, stiffer substrates will promote an activated cell phenotype, 

but in a 3D environment, stiffer substrates constrained cell morphology.45 However, 

inclusion of cell adhesion molecules or motifs can induce cell spreading.23,25,46 The 

composition of this engineered valve was similar to the work performed in the past but 

in a shorter time frame, potentially indicating the cells need more time before they start 

remodeling. 

 

While our results may show the opposite trend of a typical myofibroblast remodeling 

phenotype as evident by the decrease in SMA and Col1A1 expression, the increase in 

MMP expression and GAG deposition suggest the beginning phases of remodeling. 

Additionally, the environment in which the valve was dynamically conditioned was 

relatively mild and short, which may not necessarily provide the best environment for 

the cells to remodel. It would be expected at longer time points the MSC would adopt a 

more myofibroblastic phenotype and upregulate matrix degradation and synthesis 

genes. Alternatively, putting the cells in a more rigorous environment (e.g. higher 
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frequency or pressure) could also activate the myofibroblast phenotype. However, 

increasing the pressure load would not necessarily be the most beneficial as ramping up 

in pressure too quickly may lead to valve dilation, mechanical failure of the leaflets, or 

fibrosis. 

 

4.7 Limitations and future work 

4.7.1 Low pressure and high frequency 

The new, plate-style bioreactor system is shown to be robust and can withstand 

pressures well beyond physiological without leaking or breaking. The pressures 

waveforms can be tuned to achieve a variety of ventricular and diastolic pressures by 

adjusting the amplitude and resistance. The air regulator, with a maximum limit of 10 

bar (7500 mmHg) can output pressures well beyond physiological pressures. However, 

some limitations of the system including achieving pediatric frequency beyond 2 Hz 

(>120 bpm). At faster frequencies, the silicone membrane relaxation or the exhausting 

of the air inside pneumatic chamber is incomplete, causing the diastolic pressure to be 

artificially inflated. Additionally, the pneumatic chamber will not reach 0 mmHg if there 

is insufficient time for air to exhaust, which would inflate the ventricular pressure. 

Therefore, higher frequencies, while technically feasible to achieve, will artificially 

increase overall pressure within the bioreactor.  
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Lower pressures, particularly the pulmonary arterial pressures, were achieved with 

difficulty. The limit for low pressure in our current system at high frequency was 

achieved at 2 Hz, 0.5 A (~70 mmHg). However, lower pressures can be achieved by 

altering the bioreactor fill volume. Normally, the bioreactor is filled such that the 

capacitance membrane becomes slightly expanded, which could lead to overall higher 

pressures within the system. We performed several tests to release some water out of 

the bioreactor and found that releasing water resulted in lower pressures (Figure 4.36, 

Figure 4.37). In this configuration, peak ventricular pressure reached around 13 mmHg, 

which is closer to the native pulmonary arterial pressure. However, there is a relatively 

narrow range of the bioreactor fluid level (approximately 5 mL), which may be difficult 

to fill accurately due to potential dead volume spaces in the system. Alternatively, it is 

possible to adjust the PID values within the air regulator to manually reach the target 

but adjusting the PID manually is not practical during operation, and we have not 

established the relationships between PID values and low pressures. To solve some of 

these issues, a single PID relationship for all pressures and frequencies at a set bioreactor 

volume could be obtained in the future. 
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Figure 4.36. Effect of varying bioreactor fluid volume on pressure waveforms at 

different amplitudes (R = 4, f = 1 Hz). Lower pressure (~12 mmHg) was 

achieved by decreasing the volume of the media within the bioreactor.  

 

 

Figure 4.37. Effect of varying bioreactor fluid volume on pressure waveforms at 

different amplitudes (f = 1 Hz). Lower pressure (~15 mmHg) was achieved by 

decreasing bioreactor fluid volume. 
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To address the limitation of high frequency and low pressure, adapting a vacuum to the 

exhaust line would potentially solve the issues. Initial testing of this system seemed 

promising with the ventricular pressure returning to near 0 mmHg at higher frequencies 

(2 Hz) with high and low pressures compared to no vacuum (Figure 4.38). Unlike 

previous attempts at such low input pressures (i.e. low amplitude setting), the entire 

silicone membrane in the ventricular chamber was exhausted, and the pressure returned 

to the initial condition. However, there still exist some limits and challenges with this 

system. First, in the lowest amplitude setting (A = 1), the aortic pressure did not change, 

but the ventricular pressure increased up to approximately 8 mmHg. One likely 

explanation would be that the cracking pressure of the umbrella valve is greater than 8 

mmHg or that the pressure was too low to register. The data collected had more noise, 

owing to the vacuum turning on and off rapidly to maintain a certain pressure. 

Additionally, the shape of the pressure curve changed compared to the pressure curves 

collected without using the vacuum-equipped air pressure regulator. To combat this, the 

PID was modified to achieve the curves seen in Figure 4.38. However, upon returning 

to previously tested settings, the curves were inconsistent due to the changed PID 

settings. These tests suggest that despite being able to exhaust the ventricular chamber 

completely such that the silicone membrane relaxes, the PID value of the pressure 

regulator must be changed at lower pressures to mimic the curve. Overall, with minor 

adjustments, the bioreactor system can achieve pressures and frequencies of pediatric 

patients. 
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Figure 4.38. Initial testing of lower pressure profiles at various amplitudes (f = 

2 Hz, R = 1, PID = 20/6/100) using the vacuum-equipped air pressure regulator. 

At the lowest setting, aortic pressure did not change, indicating that the 

ventricular pressure may not have exceeded the minimum cracking pressure of 

the umbrella test valve.  

 

4.7.2 Generation of custom input waveforms 

The current and simplest method of mimicking the Wigger’s curve was to use a square 

waveform (Figure 4.39). This was possible initially because of the response time for the 

silicone membrane to stretch and relax such that a smooth curve mimicking the 

Wigger’s curve can be generated. Essentially, we were attempting to control the 

overshoot and lag of the control system to generate the correct waveform. However, 

with the implementation of a vacuum-equipped air pressure regulator and the necessity 

for changing PID values at lower pressures and higher frequencies, it would be useful 

to generate a custom, scalable waveform in LabVIEW that mimics the Wigger’s curve 

in different conditions (e.g. the expected curve for an adult or child at different 

A = 0.1 A = 0.2 A = 0.3
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frequencies). This could potentially eliminate the need for altering the air regulator PID 

values and the bioreactor fluid volume because we would try to match the generated 

curve rather than trying to generate the correct waveform by starting with a square wave. 
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Figure 4.39. Example of the generation of pressure waveforms in the bioreactor 

at different pressures with a set PID. (A) A square signal (solid red) was used to 

generate the current pressure waveform (dotted black) by utilizing the delay 

response/elastic property of the silicone membrane to achieve smooth curves at 

a certain PID. (B) Changing the input signal, particularly at lower pressures, 

changed the waveform due to the set PID. (C-D) The proposed method of using 

a user-generated input signal that matches the Wigger’s curve.  
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Another limitation of this bioreactor system could arguably be the low flow rate. Shear 

stress, which is dictated by flow, is needed for normal valve development and 

maintaining homeostasis.47 Shear stress magnitude is higher during systole than diastole 

and varies between 70-92 dyn/cm2 on the ventricular surface and up to 20 dyn/cm2 on 

the aortic surface.48 Other groups have reported a wide range of flow rates, ranging from 

90 mL/min to beyond 5 L/min, but this parameter is dependent on the study.11,42,49 While 

flow rate was not measured, and there is sufficient flow back to circulate the media in 

the closed system, the amount of fluid deflected per pulse was not near physiological (< 

10 mL/pulse). Based on the design and materials used, the bioreactor cannot achieve 

physiological stroke volumes around 50-100 mL/pulse because of the limited volume 

in the ventricular chamber. Increasing the ventricular volume by stacking more plates 

and widening the opening for the silicone membrane to deflect could produce more 

physiological flow and therefore more relevant shear stresses. 

 

4.7.4 Culturing of TEHV and ex vivo porcine valves 

The results show initial feasibility of dynamically conditioning a TEHV and statically 

culturing ex vivo porcine heart valves. However, the results do not highlight the 

majority of valves that were either contaminated or nonviable. One reason for the 

nonviable cells could be the lack of oxygen or nutrient exchange due to the low flow 

rate. Many bioreactors have head space that is open to the air through a sterile filter 

which enables oxygen transfer.11,40 To verify this issue, an oxygen probe will need to 



 
286 

be used to measure dissolved oxygen over time in the bioreactor. Media can be 

extracted through a sampling port for testing to prevent incorporating the probe into 

the bioreactor because it cannot be sterilized. Based on our compact design, we did not 

include headspace for oxygen transfer, unlike other bioreactors that use that same 

headspace as a capacitor.10 Therefore, O2 will be depleted over time but not 

replenished. Adding an inline oxygenator would alleviate this problem.  

 

Contamination of the ex vivo whole valves (i.e. leaflets and root) could be partially 

attributed to handling of the valves. The whole valves were excised at the slaughterhouse 

in a nonsterile environment, but sterilization and cleaning steps with ethanol dips and 

sterile PBS with 1-2% P/S were used to reduce chances of contamination. These steps 

reduced contamination and enhanced survivability of more valves overall up to 7 days. 

Unfortunately, contamination may still appear between 3 to 7 days in culture, albeit at 

a reduced rate compared to valves not cleaned, at which point the whole valve could be 

in the bioreactor. While other groups have cultured only the leaflets long term (8 

weeks)44, the goal for the current study is to culture the whole valves, which presented 

sterilization challenges. While there are cleaner slaughterhouses specifically for 

research (e.g. Midwest Research Swine), most researchers received heart valves through 

a local abattoir, where cleanliness will vary from one establishment to the next. One 

method of reducing contamination could be to modularize the valve holder to reduce 

the amount of handling of the valve and the valve holder. The holder could be designed 

such that the valve is situated in an enclosure attached to tubing with quick-lock 
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fittings.50. Further research is needed to optimize isolating and cleaning the whole valves 

for bioreactor studies. 

 

4.8 Conclusions  

A low-cost pulsatile heart valve bioreactor was developed to produce physiological and 

hyper physiological pressure waveforms of adult aortic pressures and some pediatric 

pressures and frequencies. While the target of low pressures (i.e. pulmonary pressures, 

< 10 mmHg) and high pediatric frequencies (~3 Hz) were not met, the control system 

has the capacity to reach these targets with slight modifications. The bioreactor system 

was shown to be biocompatible with both porcine ex vivo heart valves and 3D 

bioprinted heart valves. The conditioned tissue engereered heart valve showed initial 

stages of remodeling, showing this bioreactor system can be used for future studies for 

evaluating the effects of frequency and pressure on valve maintenance and remodeling.  

  



 
288 

4.9 Supplementary information 

4.9.1 Bill of materials 

Table 4-4. Bill of materials of the bioreactor components. 
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4.9.2 LabVIEW program 
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CHAPTER 5.  

CONCLUSIONS AND FUTURE DIRECTIONS 
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5.1 Conclusions 

Aortic valve disease is an increasing problem in the both the adult and pediatric patients 

nationally and globally. Approximately 8 million people—mostly adults—living in the 

US are living with a dysfunctional heart valve along with the 44,000 young children 

with congenital defects that cause valvular disease. The number of children and young 

adults affected by valvular disease is almost doubled in developing countries, 

accounting for approximately 15.6 million cases. As heart valves surgeries are expected 

to triple in the next several decades to keep up with the disease prevalence, it becomes 

more crucial to find suitable heart valve replacements for these populations. Valve 

replacements usually outlive the elderly populations, but younger patients require 

multiple reoperations1, and the risk of death increases per operation.2 There remains a 

need for engineering living tissue heart valve replacements that have potential to grow 

and integrate with the pediatric population with valvular disease. 

 

There is a growing body of work related to engineering heart valves. While much 

progress has been made in the field where several different types of valves have been 

implanted into animal models3–5, there remain challenges in fabricating robust valves 

with heterogeneous, native-like properties. Therefore, the ultimate goal of this thesis 

was twofold: one, to develop and evaluate biomaterials to be used in 3D bioprinting to 

better recapitulate the native valve environment and promote remodeling; and two, to 

develop a bioreactor system to mimic pediatric and developmental stages of valve 
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maturation to better condition the engineered heart valves before implantation. The 

completion of this work yielded insights on new composite biomaterials for stimulating 

mesenchymal stem cells to remodel the matrix and behave similarly to native valve cells 

and providing a tool to stimulate heart valves in a variety of age-matched physiological 

conditions. The results in this work will help move the field of TEHV forward one step 

closer towards fabricating living heart valves. 

 

5.1.1 The potential for using decellularized leaflets as a biomaterial for TEHV 

In Chapter 2, we highlighted the possibility of using decellularized leaflet extracellular 

matrix as a biomaterial to better mimic the native valve environment. Many researchers 

have started using tissue-derived matrices to stimulate stem cell differentiation in 

various tissue engineering applications, including injectable hydrogels and 3D 

bioprinting, yet few have applied the technique to valve leaflets.6 We evaluated the 

behavior of healthy HAVIC and HADMSC within the hybrid hydrogel containing 

methacrylated hyaluronic acid, a biomaterial we have used previously in the past for 3D 

bioprinting7, and the decellularized leaflet. First, we demonstrated that HAVIC were 

relatively slow to becoming metabolically active in the +dAL environment, but the cells 

compacted the matrix and started upregulating genes related to a myofibroblastic 

phenotype and deposited more GAG. Conversely, HADMSC within the +dAL hybrid 

hydrogels showed early cell spreading, metabolic activity, and expression of both 

myofibroblastic and chondrogenic-related genes, yielding a trend of increased GAG and 
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significant HYP deposition. Next, we evaluated the osteogenic potential of the +dAL 

hybrid hydrogel because porcine valves used clinically have been shown to calcify as a 

mode of failsure.8 We showed that HADMSC within +dAL hydrogels had equal or 

lower osteogenic potential than +MeGel, which has been shown to enhance osteogenic 

differentiation.9 Lastly, we compared decellularized pulmonary leaflets because of the 

growth potential shown from the Ross procedures.10 Interestingly, HADMSC within 

+dPL hybrid hydrogels showed more remodeling potential as evident by upregulation 

in myofibroblastic and chondrogenic genes, yet the functional output of GAG and HYP 

deposition were similar. From this study, we provided evidence for the enhanced 

remodeling capability the hybrid hydrogel has on HAVIC and HADMSC and therefore 

potential to use this material for fabricating TEHV. 

 

5.1.2 Using plant-based nanocellulose to produce GAG-rich scaffold 

In Chapter 3, we evaluated another class of biomaterials to make a composite hydrogel. 

Particularly, we chose to use nanocellulose due to the its unique mechanical properties 

that could be useful in strengthening engineered heart valves. In this study, we 

conjugated nanocellulose crystalline to methacrylated gelatin, a biomaterial we have 

used in the past for 3D bioprinting7, and evaluated the behavior of HADMSC within the 

composites. We showed that we can modulate mechanical properties by increasing 

concentration of mNCC conjugated. HADMSC encapsulated within the composites 

revealed high viability and increased cell spreading within the hydrogel, but unlike 
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MeGel alone, these composites swelled. Interestingly, the cells adopted a relatively 

quiescent phenotype but also showed signs of partial chondrogenic phenotype. Analysis 

of the ECM composition revealed decreased levels of HYP, potentially due to 

remodeling. However, while GAG deposition could not be confirmed due to the 

background noise caused by the material, there were increasing trends of GAG 

production. Lastly, under osteogenic conditions, the composites provided protection 

against osteogenic differentiation. Based on these results, the composite material may 

be suited for engineering the fiborsa or spongiosa layers of the leaflet. 

 

5.1.3 Bioreactor technology for stimulating heart valves 

In Chapter 4, we highlighted the need for dynamic conditioning of engineered heart 

valves, particularly with higher frequencies and lower pressures. However, many 

bioreactors only condition the valves in adult conditions and do not account for the low 

pressure and frequency combination.11 We redesigned our old water-driven bioreactor 

system to a plate-style bioreactor with a pneumatic control system to increase frequency 

and pressure. We included similar design components along with new components, including a 

capacitance membrane, a variable resistor, and a new valve holder design. The bioreactor was 

built modularly, and different parts can be swapped out or replaced as needed. The pneumatic 

control system has the capability to control multiple bioreactor systems given a sufficient input 

pressure. The new bioreactor has multiple ways of tuning the waveform to match different 

physiological conditions: input pressure, input frequency, and resistance. We were able to 

achieve ventricular pressures between 50 and above 200 mmHg at 1 Hz, which spans the entire 
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range of aortic pressures experienced in pediatric and adult patients. The diastolic pressure can 

be controlled to span between 20 mmHg and above 100 mmHg. The bioreactor can operate 

above 2 Hz, but pressure profiles become inconsistent, especially at lower pressures. Ex vivo 

valves were cultured inside the bioreactor showed live cells, indicating all materials were 

biocompatible. Lastly, as a proof of concept, a bioprinted valve was tested inside the bioreactor 

briefly and showed signs of initial remodeling. We have therefore designed a small, modular 

system to dynamically condition both engineered heart valves and ex vivo porcine valves the 

pediatric regime. 

 

5.2 Future directions 

Overall, this body of work has made advances in biomaterials for TEHV applications 

and advancement in a tool to further study the role of dynamic conditioning in maturing 

TEHV. This work has been the first to show the use of a solubilized decellularized 

leaflet matrix and nanocellulose for heart valve applications and the development of a 

bioreactor to examine pediatric pressure and frequency profiles. The biomaterials and 

bioreactor platforms that we have built show great promise in advancing fabricating 

living tissue engineering heart valves. 
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Although the work presented here made advances within the TEHV field, further work 

should be pursued to fully understand the implications of using the biomaterials and 

bioreactor for engineering valves. 

 

5.2.1 Decellularization and incorporation of the sinus/valve root into hydrogels 

Regarding Chapter 2, which focused on the aortic leaflet ECM, as do many other 

researchers, it is important to consider the aortic sinus and root when engineering a 

valve.12 The aortic root provides support for the leaflets and an anchor for which to 

implant the valve. It is also mechanically stiffer than the leaflets. Additionally, the 

failure in the Ross procedure via pulmonary autograft dilation highlights the importance 

of a structural root when fabricating TEHV.13 Yet, most researchers, particularly those 

forming tubular-based valves, use one material for both the leaflets and root.14,15 While 

these groups have made great strides in forming a simple valve that could be delivered 

minimally, there is still a need for incorporating the root wall. Extending our 

decellularization study, the aortic sinus should be decellularized and evaluated as a 

biomaterial for differentiating HADMSC towards a smooth muscle-like phenotype.  

 

5.2.2 Compare native and decellularized valve tissues via proteomic analysis 
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As we have briefly noted in Chapter 2, identifying the remnant proteins and correlating 

the proteins to HADMSC phenotype and behavior would be useful in engineering other 

biomaterials.16,17 While there is an abundance amount of livestock for research purposes, 

it can be expensive and time consuming to isolate the whole valve and decellularization 

the tissue. If certain key factors are identified and can be conjugated to a cheaper, FDA-

approved material, producing the biomaterial could be cheaper and less time consuming. 

Additionally, the hydrogels can be precisely controlled in delivering or conjugating such 

factors.  

 

5.2.3 Evaluate phenotype and osteogenic potential of pulmonary VIC compared to 

aortic VIC within 3D hydrogel system 

From Chapter 2, we compared the effects of using decellularized pulmonary leaflets and 

aortic leaflets on HADMSC phenotype and found that HADMSC showed more 

remodeling potential in the +dPL hydrogel. Additionally, the Ross procedure generally 

fails via dilation rather from calcification.18 However, few studies have evaluated the 

pulmonary phenotype, but these studies have not been performed on physiological, 3D 

hydrogel systems nor have researchers evaluated the osteogenic potential of the 

pulmonary VIC.19 Understanding the native phenotype and osteogenic potential of the 

pulmonary VIC is important because it may provide insight on why the pulmonary 

autografts rarely calcify clinically and explain the enhanced remodeling effects of the 

decellularized pulmonary valve leaflet ECM on HADMSC. These experiments can be 
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performed by using porcine-matched aortic and pulmonary VIC on collagen hydrogels 

in normal growth and osteogenic media.  

 

5.2.4 Evaluating different types derivatives of nanocellulose for tissue engineering 

applications 

From Champter 3, one consideration for contextualizing the study is the use of different 

nanocellulose types compared to nanocrystalline nanocellulose, including bacterial 

nanocellulose and nanofibril cellulose. The production and application of the different 

types of nanocellulose has been extensively reviewed elsewhere.20 Briefly, NCC and 

NFC are generally plant-derived (e.g. wood, cotton, algae, etc.). The process of breaking 

down macroscopic units of cellulose to smaller subunits will determine the final size. 

The diameter or width of NCC and NFC are relatively similar, ranging between 5-60 

nm depending on the source and process used to break down the source material. 

However, the main difference between NCC and NFC in the length. Generally, NCC is 

shorter with lengths spanning less than 500 nm (plant-derived) or under several microns 

(algae-derived). NFC, however, can span up to several hundreds of microns and can 

form web-like structures due to NFC exhibiting both amorphous and crystalline 

portions. Unlike NCC and NFC, BNC is synthesized in bacteria and has slightly larger 

diameters, ranging between 20-100 nm. Similar to NFC, BNC can aggregate into 

nanofibrils and generate a web-shaped network structure. Based on the differences in 

structure, conjugating either NFC or BNC could further enhance hydrogel mechanical 
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properties, potentially via increase in hydrogen bonding, but more importantly, alter cell 

phenotype and morphology by modifying surface morphology.21 

 

5.2.5 Comparison of phenotypic effects between decellularized matrix and 

nanocellulose 

Between Chapters 2 and 3, we used two types of materials for evaluating their effects 

on HADMSC phenotype, particularly in the context of heart valve engineering. The two 

chapters used different materials at different concentrations and evaluated at different 

time points, thus making direct comparison difficult. However, there is slight overlap 

between the two chapters, particularly in using MeGel. We saw from Chapter 2 that 

using a relatively low concentration of 0.5% MeHA-1% MeGel resulted in a 

myofibroblastic phenotype of HADMSC that also showed upregulation in 

chondrogenic-related genes but was more susceptible to osteogenic differentiation. In 

Chapter 3, we used 7% MeGel as a base material, which was at a higher concentration, 

but the addition of nanocellulose decreased myofibroblastic activity, slightly 

upregulated chondrogenic genes, and provided protection against osteogenic 

differentiation. Mechanical properties may play also play a role, yet the compressive 

moduli between the hydrogels were similar, but the 0.5% MeHA-1% MeGel was 

slightly stronger compared to the 7% MeGel, perhaps owing to the crosslinking 

capabilities of the MeHA. For stiffer hydrogels, we would expect upregulation in 

chondrogenic genes22 and potentially myofibroblastic genes as well.23 Overall, the 
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amount of increase or decrease of myofibroblastic, quiescent, or chondrogenic activity 

cannot be directly compared between the two studies, and if we can parse out the 

individual or synergist effects of all materials—MeHA, decellularized leaflets, MeGel, 

and nanocellulose—we could potentially tune the material to each of the specific layers 

within the heart valve and the aortic root. 

 

5.2.6 Evaluate immunogenicity via macrophage polarization of all materials 

Foreign materials can induce an immune response, but different materials and elicit 

different types of immune response, ranging from pro-inflammatory to pro-

regenerative.24 Evaluating the macrophage response on our material would be helpful 

to ensure the feasibility of using the biomaterial in animal models. Previous research 

have shown decellularized ECM can promote the pro-regenerative M2 macrophage 

phenotype.25,26 However, others have shown nanocellulose induced an M1 like 

phenotype.27,28 To verify, THP-1 cells can be differentiated to macrophages and seeded 

on top or within the hydrogels over a period of two days to evaluate the polarization. 

 

5.2.7 Incorporate all materials in a base bioink to evaluate material efficacy in an 

extrudable environment 
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From Chapters 2 and 3, we have evaluated two potential biomaterials to be incorporated 

into bioinks. The studies performed in these chapters were purposefully evaluated at 

lower concentrations compared to a bioprintable composition to eliminate factors that 

may mask any effects (e.g. the combination of viscosity and nozzle size may induce 

high shear, thereby reducing cell viability). Since we have established the phenotypic 

changes each material can promote on encapsulated HADMSC, the next study would 

be incorporating the biomaterials separately into an inert base bioink (e.g. 

PEGDA/alginate or alginate/MeGel) and printing simple heterogeneous structures to 

evaluate cellular phenotype within a printed structure. Because the bioink environment 

is different from what we have used in these experiments, notably the bioink 

environment will have higher concentrations of MeHA, MeGel, and/or the presence of 

a viscosity enhancer, we would expect some differences in cellular response. However, 

we would expect that incorporating the biomaterials would induce the encapsulated 

HADMSC to become more myofibroblastic and chondrogenic in bioinks containing the 

decellularized leaflets and nanocellulose, respectively. 

 

5.2.8 Condition ex vivo porcine valves in mismatched pressures to evaluate changes 

in valve remodeling 

As noted from Chapter 4, we have developed a bioreactor that can span the range of 

aortic pressures from pediatric to adult pressures. However, high frequency and low 

pressure, specifically the pulmonary pressure, were more difficult to achieve 
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consistently because there is not enough time for the air to exhaust. Therefore, the 

addition of a vacuum line to the air regulator could mitigate the issue. A simple design 

of experiment can be performed by varying frequency (1, 2, 3 Hz), amplitude/input 

pressure (0.3, 1, 2) and resistance (0.167, 1, 4R) to determine the upper and lower limits 

of the ventricular pressures. 

 

Concurrently, we also want to evaluate the effects of conditioning the pulmonary valve 

in the aortic pressures and determine the mechanical and cellular changes that occur. 

Conversely, we want to evaluate the same effect with the aortic valve in the pulmonary 

position. These experiments can give us insight into how each valve remodels in 

different conditions, which could provide us targets for conditioning TEHV and 

mechanistic insights into why the Ross procedure works. 
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APPENDIX A.  

CODE AND SCRIPTS FOR ANALYSIS 
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A.1 Python/FIJI scripts 

A.1.1 Circularity 

# Batch processing of czi images 
# Based off of https://www.ini.uzh.ch/~acardona/fiji-tutorial/ 
# Other tutorial: 
http://imagej.net/Jython_Scripting_Examples#Running_a_watershed_plugi
n_on_an_image 
# Tip: Google command + java source code 
# Copy into FIJI script editor to run: 
# execfile('/Users/dancheung/Google Drive/Cornell/Code/FIJI 
macros/batch_circularity_calculation.py') 
# https://imagej.net/Developing_Plugins_for_ImageJ_1.x 
 
from loci.plugins import BF 
 
from ij import IJ, ImagePlus, ImageStack 
from ij.io import FileSaver 
from ij.plugin import ZProjector, ChannelSplitter, Thresholder, 
LutLoader 
from ij.process import ImageProcessor, ImageConverter 
from ij.plugin.filter import EDM, ParticleAnalyzer, Binary 
from ij.plugin.frame import RoiManager 
from ij.measure import ResultsTable, Measurements 
from ij.process import LUT 
 
import os 
 
# Receives rootdir path and extesion of files wanted with period 
(e.g. ".czi") 
def get_filepaths(rootdir, ext): 
 files = [] 
 for root, dirs, filenames in os.walk(rootdir): 
  for filename in filenames: 
   if  filename.endswith(ext): 
    filepath = os.path.join(root, filename) 
    files.append(filepath) 
 return files 
 
def main(): 
 rootdir = "/Users/dancheung/Desktop/2018-04-30 - mNG hydrogels 
- D14 compaction" 
 # rootdir = "/Users/dancheung/Desktop/Test" 
 
 new_dir = os.path.join(rootdir, "Processed") 
 
 if not os.path.exists(new_dir): 
  os.makedirs(new_dir) 
 
 filepaths = get_filepaths(rootdir, '.czi') 
 
 IJ.run("Close All") 
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 for filepath in filepaths: 
  filename = os.path.basename(filepath) # caveat: 
basename() doesn't always work, depending on the path 
  filename_noext, ext = os.path.splitext(filename) 
 
  imps = BF.openImagePlus(filepath) 
  for imp in imps: 
   # Making a copy of the current image processor for 
good practice? No idea but the tutorial did it so I'm doing it too 
   ip = imp.getProcessor().duplicate() 
   imp.setProcessor("Copy", ip) 
   # imp.show() 
 
   # Split channel via ChannelSplitter and convert to 
gray scale 
   imp_cs = ChannelSplitter.split(imp)[1] # Channel 0 
= green 
 
   # Perform z project and isolate everything except 
the first 30-50 microns 
    zp = ZProjector(imp_cs) 
   zp.setStartSlice(4) # Arbitrary start slice but 
should be sufficient to eliminate surface layer 
   zp.setMethod(ZProjector.MAX_METHOD) 
   zp.doProjection() 
   imp_zp = zp.getProjection() 
 
   # imp_zp.show() 
 
   ImageConverter(imp_zp).convertToGray8() 
 
   # Threshold the image 
   ip_threshold = imp_zp.getProcessor() 
   ip_threshold.autoThreshold() 
   # ip_threshold.setThreshold(0, 45, 
ImageProcessor.BLACK_AND_WHITE_LUT) 
   imp_zp.setProcessor("Threshold", ip_threshold) 
   EDM().toWatershed(ip_threshold) 
   ip_threshold.invert() 
 
   # imp_zp.show() 
 
   # Run Particle Analyzer 
   table = ResultsTable() 
 
   options = ParticleAnalyzer.SHOW_OUTLINES 
   measurements = Measurements.AREA | 
Measurements.CIRCULARITY | Measurements.ELLIPSE 
   pa = ParticleAnalyzer(options, measurements, table, 
10, 10000) 
   pa.setHideOutputImage(True) 
 
   if pa.analyze(imp_zp): 
    print "Analyzed %s"%(filename) 
 
    # Save output image and table 
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    outlines_imp = pa.getOutputImage() 
    table.save(os.path.join(new_dir, 
"%s_analyzed_particles.csv")%(filename_noext)) 
   
 FileSaver(outlines_imp).saveAsTiff(os.path.join(new_dir, 
"%s_outlines.tiff")%(filename_noext)) 
   else: 
    print "Ruh roh" 
 return 
 
main() 

# single_case() 
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A.1.2 Compaction  

# Batch processing of czi images 
# Based off of https://www.ini.uzh.ch/~acardona/fiji-tutorial/ 
# Other tutorial: 
http://imagej.net/Jython_Scripting_Examples#Running_a_watershed_plugi
n_on_an_image 
# Tip: Google command + java source code 
# Copy into FIJI script editor to run: 
# execfile('/Users/dancheung/Google Drive/Cornell/Code/FIJI 
macros/batch_compaction.py') 
# https://imagej.net/Developing_Plugins_for_ImageJ_1.x 
 
from loci.plugins import BF 
 
from ij import IJ, ImagePlus, ImageStack 
from ij.io import FileSaver 
from ij.plugin import Thresholder 
from ij.process import ImageProcessor, ImageConverter 
from ij.plugin.filter import ParticleAnalyzer 
from ij.measure import ResultsTable, Measurements 
 
import os 
from glob import glob 
 
# def convert_to_png: 
 
# Receives rootdir path and extesion of files wanted with period 
(e.g. ".czi") 
def get_filepaths(rootdir, ext): 
 files = [] 
 for root, dirs, filenames in os.walk(rootdir): 
  for filename in filenames: 
   if  filename.endswith(ext): 
    filepath = os.path.join(root, dir, filename) 
    files.append(filepath) 
 return files 
 
def main(): 
 rootdir = "/Users/dancheung/Desktop/Data to be processed/2019-
02-17 - MeHA-MeGel-dAL - HADMSC gels - D1" 
 # rootdir = "/Users/dancheung/Desktop/Test" 
 
 new_dir = os.path.join(rootdir, "Processed") 
 
 if not os.path.exists(new_dir): 
  os.makedirs(new_dir) 
 
 # List comprehension! 
 # x is a 3-tuple; dirpath, dirnames, filenames 
 filepaths = [y for x in os.walk(rootdir) for y in 
glob(os.path.join(x[0], '*.png'))] 
 # filepaths = get_filepaths(rootdir, '.tif') 
 
 # IJ.run("Close All") 
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 for filepath in filepaths: 
  filename = os.path.basename(filepath) # caveat: 
basename() doesn't always work, depending on the path 
  filename_noext, ext = os.path.splitext(filename) 
 
  print "Filepath: %s"%(filepath) 
  print "Filename: %s"%(filename) 
 
  imp = IJ.openImage(filepath) 
 
  # Using IJ.run(imp, commands) will run in the background 
vs IJ.run(command), which needs the image open 
  IJ.run(imp, "Auto Threshold", "method=Default white") 
  IJ.run(imp, "Invert", "") # Sometimes this command is 
needed for the particle analyzer to work 
  IJ.run(imp, "Dilate", "") 
  IJ.run(imp, "Watershed", "") 
 
  # # Making a copy of the current image processor for good 
practice? No idea but the tutorial did it so I'm doing it too 
  # ip = imp.getProcessor().duplicate() 
  # imp.setProcessor("Copy", ip) 
  # 
  # # Threshold the image 
  # ip = imp.getProcessor() 
  # ip.autoThreshold() 
  # imp.setProcessor("Threshold", ip) 
  # ip.invert() 
  # ip.dilate() 
 
  # imp.show() 
 
  # Run Particle Analyzer 
  table = ResultsTable() 
  pa = ParticleAnalyzer() 
 
  options = ParticleAnalyzer.SHOW_OUTLINES | 
ParticleAnalyzer.EXCLUDE_EDGE_PARTICLES 
  measurements = Measurements.AREA | 
Measurements.CIRCULARITY | Measurements.ELLIPSE 
  pa = ParticleAnalyzer(options, measurements, table, 
10000, float("inf"), 0.2, 1.00) 
  pa.setHideOutputImage(True) 
 
  if pa.analyze(imp): 
   print "Analyzed %s"%(filename) 
 
   # Save output image and table 
   outlines_imp = pa.getOutputImage() 
   table.save(os.path.join(new_dir, 
"%s_analyzed_particles.csv")%(filename_noext)) 
  
 FileSaver(outlines_imp).saveAsTiff(os.path.join(new_dir, 
"%s_outlines.tiff")%(filename_noext)) 
  else: 
   print "Ruh roh" 
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 return 
 print "Done-zo" 
 
main() 

# single_case() 
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A.1.3 DMA text conversion 

# -*- coding: utf-8 -*- 
# Convert raw DMA exported text file into CSV or XLS for processing 
into R 
import os, csv, sys 
from itertools import islice 
 
# This statement is to account for calling the script in the 
DMA_analysis.R script 
# sys.argv[0] is the name of the script 
if len(sys.argv) == 1: # Testing/single case 
 rootdir = '/Users/dancheung/Google Drive/Cornell/PhD 
Projects/Nanocellulose hydrogel blends/2019-06-26 - mNG DMA' 
else: # Case for calling from R 
 rootdir = sys.argv[1] 
 # full_export = sys.argv[2] # This doesn't actually get the 
logical False from R... wtf 
 if (sys.argv[2] == "FALSE"): 
  full_export = False 
 else: # default case? 
  full_export = True 
 # file_delimiter = sys.argv[3] 
 # print "This is the file delimiter: " + file_delimiter 
 
full_export = True; 
print full_export 
 
if full_export: 
 header = ['Time (min)', 'Temperature (°C)', 'Displacement 
(µm)', 'Static Force (N)', 'Position (mm)', 'Length (mm)', 'Stress 
(MPa)', 'Strain (%)', 'Stiffness (N/m)', 'Relaxation Modulus (MPa)', 
'Creep Compliance (µm²/N)', 'GCA Pressure (kPa gauge)'] 
 slices_skipped = 54 
else: 
 header = ['Time (min)', 'Temperature (°C)', 'Stress (MPa)', 
'Strain (%)', 'Stiffness (N/m)'] 
 slices_skipped = 46 
 
print header 
 
# Testing through directories 
def text_to_CSV(rootdir): 
 for dirpath, dirs, filenames in os.walk(rootdir): 
  print "Current director root: " + dirpath 
  for dirname in dirs: 
   text_to_CSV(os.path.join(dirpath, dirname)) 
  for filename in filenames: 
   if filename.endswith(".txt"): 
    filepath = os.path.join(dirpath, filename) 
    new_filepath = os.path.join(dirpath, 
filename.split(".")[0] + ".csv") # "Convert" file type to csv 
 
    with open(filepath, 'rb') as in_file: 
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     # delimiter = "\t" for full export; = " 
" for Niangfang 
     # Actually, it depends on how the file 
was saved. Use either "\t" or " ". Should probably find an automated 
way of checking 
     reader = 
csv.reader((x.replace('\x00','') for x in in_file), delimiter = "\t") 
# One method of deleting all null characters via generator 
     with open(new_filepath, 'w') as 
out_file: 
      writer = csv.writer(out_file) 
      # Need to fix the non-ASCII 
character errors within the generated CSV 
      # 
writer.writerow(u'\uFEFF'.encode('UTF-8')) # This is needed to ensure 
the correct encoding. Without this, the file is all gibberish. Maybe 
not actually needed? 
      writer.writerow(header) 
      # Number of slices to skip is 
also dependent on exported values 
      writer.writerows(islice(reader, 
slices_skipped, None)) # using islice to skip the first 54 rows of 
the header info 
 
 
text_to_CSV(rootdir) 
 
# Going through directory 
# for root, dirs, filenames in os.walk(rootdir): 
#  for filename in filenames: 
#   if not filename.endswith(".txt"): 
#    continue 
# 
#   filepath = os.path.join(rootdir, filename) 
#   new_filepath = os.path.join(rootdir, 
filename.split(".")[0] + ".csv") # "Convert" file type to csv 
# 
#   with open(filepath, 'rb') as in_file: 
#    # delimiter = "\t" for full export; = " " for 
Niangfang 
#    # Actually, it depends on how the file was saved. 
Use either "\t" or " ". Should probably find an automated way of 
checking 
#    reader = csv.reader((x.replace('\x00','') for x in 
in_file), delimiter = "\t") # One method of deleting all null 
characters via generator 
#    with open(new_filepath, 'w') as out_file: 
#     writer = csv.writer(out_file) 
#     # Need to fix the non-ASCII character errors 
within the generated CSV 
#     # writer.writerow(u'\uFEFF'.encode('UTF-8')) 
# This is needed to ensure the correct encoding. Without this, the 
file is all gibberish. Maybe not actually needed? 
#     writer.writerow(header) 
#     # Number of slices to skip is also dependent 
on exported values 
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#     writer.writerows(islice(reader, 
slices_skipped, None)) # using islice to skip the first 54 rows of 
the header info  
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A.2 R scripts 

A.2.1 Biochem 

library(tidyverse) 
library(readxl) 
 
# HADMSC 
# dir <- "/Users/dancheung/Google Drive/Cornell/PhD 
Projects/Decell/2019-02-16 - MeHA-MeGel-dAL - HADMSC/Biochem" 
# file <- "Biochem - HADMSC raw.xlsx" 
 
# HAVIC 
dir <- "/Users/dancheung/Google Drive/Cornell/PhD 
Projects/Decell/2019-02-08 - MeHA-MeGel-dAL - HAVIC/Biochem" 
file <- "Biochem - HAVIC raw.xlsx" 
 
data <- paste0(dir, "/", file) %>% read_excel(sheet = "R_format") 
 
data <- data %>% mutate('GAG-DNA'= data$GAG/data$DNA, 'HYP-DNA' = 
data$HYP/data$DNA) %>% 
  mutate(Day = factor(Day), Cell = factor(Cell), Condition = 
factor(Condition)) %>% 
  mutate(Condition = fct_recode(Condition, '+MeGel' = 'MeGel', '+dAL' 
= '10 mg/mL dAL', '+dAL (5 mg/mL)' = '5 mg/mL dAL')) %>% 
  mutate(Condition = ordered(Condition, levels = c('MeHA', '+dAL (5 
mg/mL)', '+dAL', '+MeGel'))) %>% 
  filter(Condition %in% c('MeHA', '+dAL', '+MeGel')) %>% 
  group_by(Condition, Cell, Day) 
 
# 18 total columns 
# 14:18 
# 11: 
data_tidy <- data %>% gather("Assay", "Concentration", 16:20) %>% # 
The third arguement may need to be adjusted depending on the initial 
table and where the columns are located 
  mutate(Assay = factor(Assay)) %>% 
  group_by(Condition, Cell, Day, Assay) 
 
data_tidy_summary <- summarize(data_tidy, 
                               mean_conc = mean(Concentration, na.rm 
= TRUE), 
                               sd_conc = sd(Concentration, na.rm = 
TRUE), 
                               count = n() 
) 
 
theme_set( 
  theme_linedraw(base_size = 20) + 
    theme(panel.grid.major = element_blank(), panel.grid.minor = 
element_blank()) 
) 
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plt_DNA <- data_tidy_summary %>% filter(Assay == "DNA") %>% 
  ggplot(aes(x = Condition, y = mean_conc, fill = Day)) + 
  geom_bar(color = "black", stat = "identity", position = 
position_dodge(0.9)) + 
  geom_errorbar(width = 0.1, position = position_dodge(0.9), aes(ymax 
= mean_conc + sd_conc, ymin = mean_conc - sd_conc)) + 
  labs(x = "", y = "DNA (ng/mg dry mass)") 
 
plt_GAG <- data_tidy_summary %>% filter(Assay == "GAG") %>% 
  ggplot(aes(x = Condition, y = mean_conc, fill = Day)) + 
  geom_bar(color = "black", stat = "identity", position = 
position_dodge(0.9)) + 
  geom_errorbar(width = 0.1, position = position_dodge(0.9), aes(ymax 
= mean_conc + sd_conc, ymin = mean_conc - sd_conc)) + 
  labs(x = "", y = "GAG (μg/mg dry mass)") 
 
plt_HYP <- data_tidy_summary %>% filter(Assay == "HYP") %>% 
  ggplot(aes(x = Condition, y = mean_conc, fill = Day)) + 
  geom_bar(color = "black", stat = "identity", position = 
position_dodge(0.9)) + 
  geom_errorbar(width = 0.1, position = position_dodge(0.9), aes(ymax 
= mean_conc + sd_conc, ymin = mean_conc - sd_conc)) + 
  labs(x = "", y = "HYP (μg/mg dry mass)") 
 
plt_DNA 
plt_GAG 
plt_HYP 
 
# Saving graphs 
ggsave(paste0(dir, "/DNA-bar.png"), plt_DNA, device = "png", width = 
8, height = 7) 
ggsave(paste0(dir, "/GAG-bar.png"), plt_GAG, device = "png", width = 
8, height = 7) 
ggsave(paste0(dir, "/HYP-bar.png"), plt_HYP, device = "png", width = 
8, height = 7) 
 
# Old plots ---- 
# plot_df <- data_tidy %>% group_by(Assay) %>% 
#   do(plots = ggplot(data = .) + 
#        aes(x = Condition, y = Concentration) + 
#        geom_boxplot(aes(color = Day)) + 
#        geom_point(aes(fill = Day), position = 
position_jitterdodge()) + 
#        # labs(x = "", y = expression(paste("Concentration (", mu, 
"g/ng DNA)")), title = paste0(.$Cell, "-", .$Assay)) + 
#        labs(x = "", y = expression(paste("Concentration (", mu, 
"g/mg dry tissue)")), title = paste0(.$Cell, "-", .$Assay)) + 
#        theme_linedraw(base_size = 18) + 
#        theme(panel.grid.major = element_blank(), panel.grid.minor = 
element_blank(), axis.text.x = element_text(angle = 45, hjust = 1))) 
#  
# plot_df$plots 
#  
# save_args <- list(paste0(dir, "/Cell-", plot_df$Assay, ".png"), 
plot_df$plots, device = "png", width = 7, height = 7) 
# pmap(save_args, ggsave) 
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# map2(paste0(dir, "/Cell-", plot_df$Assay, ".png"), plot_df$plots, 
ggsave) 
 
# Statistics ---- 
stats_df <- data_tidy %>% group_by(Assay) %>% 
  nest() %>% 
  mutate(aov = map(data, ~aov(Concentration ~ Condition*Day, data = 
.))) %>% 
  mutate(tidy_aov = map(aov, broom::tidy)) %>% 
  mutate(TukeyHSD = map(aov, ~TukeyHSD(.x))) %>% 
  mutate(tidy_TukeyHSD = map(TukeyHSD, broom::tidy)) 
 
# Save the tidy_aov and tidy_TukeyHSD into text file 
# Create function to process printing and saving? 
 
if_else(!dir.exists(file.path(dir, subDir)), 
dir.create(file.path(dir, subDir)), FALSE) 
save_path <- file.path(dir, subDir) 
 
out_file <- file.path(dir, "Analysis.txt") 
sink(out_file) 
 
cat("=============================================\n") 
cat("File generated on: ", format(Sys.Date(), format="%Y-%m-%d"), 
"\n") 
cat("=============================================\n") 
len <- lengths(distinct(stats_df %>% select(Assay))) 
 
options(tibble.print_max = Inf) 
 
for (x in 1:len) { 
  cat("=============================================\n") 
  print(stats_df$Assay[x]) 
  cat("=============================================\n") 
   
  print(stats_df$tidy_aov[x]) 
  cat("=============================================\n") 
   
  print(stats_df$tidy_TukeyHSD[x]) 
  cat("=============================================\n") 
} 
 

sink() 
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A.2.2 Circularity 

library(tidyverse) 
library(readxl) 
 
# HADMSC 
# WD <- "/Users/dancheung/Google Drive/Cornell/PhD 
Projects/Decell/2019-01-02 - MeHA-MeGel-dAL - HADMSC/Live-dead/2019-
01-03 - MeHA-MeGel-dAL - D1 live-dead/Processed" 
# WD <- "/Users/dancheung/Google Drive/Cornell/PhD 
Projects/Decell/2019-01-02 - MeHA-MeGel-dAL - HADMSC/Live-dead/2019-
01-05 - MeHA-MeGel-dAL - D3 live-dead/Processed" 
# WD <- "/Users/dancheung/Google Drive/Cornell/PhD 
Projects/Decell/2019-01-02 - MeHA-MeGel-dAL - HADMSC/Live-dead/2019-
01-09 - MeHA-MeGel-dAL - D7 live-dead/Processed" 
# WD <- "/Users/dancheung/Google Drive/Cornell/PhD 
Projects/Decell/2019-01-02 - MeHA-MeGel-dAL - HADMSC/Live-dead/2019-
01-16 - MeHA-MeGel-dAL - D14 live-dead/Processed" 
# WD <- "/Users/dancheung/Google Drive/Cornell/PhD 
Projects/Decell/2019-01-02 - MeHA-MeGel-dAL - HADMSC/Live-dead/2019-
01-23 - MeHA-MeGel-dAL - D21 live-dead/Processed" 
 
# HAVIC 
# WD <- "/Users/dancheung/Google Drive/Cornell/PhD 
Projects/Decell/2019-01-11 - MeHA-MeGel-dAL - HAVIC/Live-dead/2019-
01-12 - MeHA-MeGel-dAL - HAVIC - D1 live-dead/Processed" 
# WD <- "/Users/dancheung/Google Drive/Cornell/PhD 
Projects/Decell/2019-01-11 - MeHA-MeGel-dAL - HAVIC/Live-dead/2019-
01-14 - MeHA-MeGel-dAL - HAVIC - D3 live-dead/Processed" 
# WD <- "/Users/dancheung/Google Drive/Cornell/PhD 
Projects/Decell/2019-01-11 - MeHA-MeGel-dAL - HAVIC/Live-dead/2019-
01-18 - MeHA-MeGel-dAL - HAVIC - D7 live-dead/Processed" 
# WD <- "/Users/dancheung/Google Drive/Cornell/PhD 
Projects/Decell/2019-01-11 - MeHA-MeGel-dAL - HAVIC/Live-dead/2019-
01-25 - MeHA-MeGel-dAL - HAVIC - D14 live-dead/Processed" 
WD <- "/Users/dancheung/Google Drive/Cornell/PhD 
Projects/Decell/2019-01-11 - MeHA-MeGel-dAL - HAVIC/Live-dead/2019-
02-01 - MeHA-MeGel-dAL - HAVIC - D21 live-dead/Processed" 
 
files <- list.files(WD, ".csv") 
 
# Instantiate master df based on number of files to store analysis 
df_combined <- tibble(Condition = character(0), Location = 
character(0), Circ = double(0)) 
 
# Load each csv into df 
# Isolate condition name via regex or however 
# Count number of cells present 
# Count number of cells with roundness <0.5 or some other arbitrary 
value 
# Load those numbers into a master tibble 
 
day_pattern <- "D[1-9]+" 
day <- regmatches(WD, regexpr(day_pattern, WD)) 
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roundness_threshold <- 0.55 
 
for (i in seq_along(files)) { 
  df <- paste0(WD, "/", files[[i]]) %>% 
    read_csv() 
   
  condition <- strsplit(files[i], " - ")[[1]][1] 
   
  # Need to find out if file is SURFACE or INSIDE 
  pattern <- "SURFACE_" 
   
  if (grepl(pattern, condition) == TRUE) { 
    location <- "Surface" 
    condition <- strsplit(condition, pattern)[[1]][2] # This is to 
isolate the actual condition 
  } 
  else { 
    location <- "Inside" 
  } 
   
  # Append current df with codition and location and select "Circ." 
column 
  df <- df %>%  
    mutate(Condition = condition, Location = location) %>% 
    select("Condition", "Location", "Circ.") %>% 
    rename("Circ" = "Circ.") 
   
  # Bind df to the df_combined 
  df_combined <- bind_rows(df_combined, df) 
} 
 
# Modify df_combined to put in factors 
df_combined <- df_combined %>% 
  mutate(Condition = as.factor(Condition), Location = 
as.factor(Location)) %>% 
  mutate(Condition = fct_recode(Condition, '+MeGel' = 'MeHA-MeGel', 
'+dAL' = 'MeHA-10 mg-mL dAL', '+dAL (5 mg/mL)' = 'MeHA-5 mg-mL dAL')) 
%>% 
  mutate(Condition = ordered(Condition, levels = c('MeHA', '+dAL (5 
mg/mL)', '+dAL', '+MeGel'))) 
  # mutate(Condition = ordered(Condition, levels = c('MeHA', 'MeHA-5 
mg-mL dAL', 'MeHA-10 mg-mL dAL', 'MeHA-MeGel'))) 
 
# Plot violin plot then overlay with individual points colored by 
surface vs inside 
 
df_inside <- df_combined %>% filter(Location == "Inside") 
df_surface <- df_combined %>% filter(Location == "Surface") 
 
theme_set( 
  theme_linedraw(base_size = 24) + 
    theme(panel.grid.major = element_blank(), panel.grid.minor = 
element_blank()) 
) 
 
plot_violin <- df_combined %>% filter(Condition %in% c('MeHA', 
'+dAL', '+MeGel')) %>% 
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  ggplot(aes(x = Condition, y = Circ)) + 
  geom_violin() + 
  geom_boxplot(width = 0.1) + 
  ggtitle(day) +  
  ylab("Circularity") +  
  xlab("") 
 
plot_violin_surface <- df_surface %>% filter(Condition %in% c('MeHA', 
'+dAL', '+MeGel')) %>% 
  ggplot(aes(x = Condition, y = Circ)) + 
  geom_violin() + 
  geom_boxplot(width = 0.1) + 
  ggtitle(paste0(day, " Surface")) +  
  ylab("Circularity") +  
  xlab("") 
 
plot_violin_inside <- df_inside %>% filter(Condition %in% c('MeHA', 
'+dAL', '+MeGel')) %>% 
  ggplot(aes(x = Condition, y = Circ)) + 
  geom_violin() + 
  geom_boxplot(width = 0.1) + 
  ggtitle(paste0(day, " Inside")) +  
  ylab("Circularity") +  
  xlab("") 
 
plot_violin 
plot_violin_surface 
plot_violin_inside 
 
# Save graphs 
ggsave(plot = plot_violin, filename = paste0(WD, "/", "Violin-plot-", 
day, ".png"), device = "png", width = 8, height = 6) 
ggsave(plot = plot_violin_surface, filename = paste0(WD, "/", 
"Violin-plot-", day, "-Surface.png"), device = "png", width = 8, 
height = 6) 
ggsave(plot = plot_violin_inside, filename = paste0(WD, "/", "Violin-
plot-", day, "-Inside.png"), device = "png", width = 8, height = 6) 
 

# Perform non parametric analysis 
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A.2.3 DMA 

library(tidyverse) 
library(readxl) 
library(modelr) 
 
############################### 
# Run Python script for processing txt files into csv 
############################### 
 
command = "python" 
script_path = '"/Users/dancheung/Google 
Drive/Cornell/Code/DMA_txt_conversion.py"' 
 
# Need to put working directory path in both single '' and double "" 
quotes for Python ONLY 
# R doesn't like paths as literal strings (aka to be in that form ^) 
# WD <- "/Users/dancheung/Google Drive/Cornell/PhD Projects/Human 
valve sample database/2015-07-06 - Human adult (16 yo) and pediatric 
(8 yo) aortic and pulmonary valves/Sinus" 
# WD <- "/Users/dancheung/Google Drive/Cornell/PhD Projects/Human 
valve sample database/2016-01-20 - Human valves (11 yo) - Chen/2016-
01-21 - Uniaxial tensile test/Sinus" 
 
WD <- "/Users/dancheung/Google Drive/Cornell/PhD 
Projects/Decell/2019-04-19 - MeHA-MeGel-dAL - DMA" 
 
allArgs <- c(script_path, paste0("'", WD, "'"), TRUE) # Note: Python 
uses True/False but R uses TRUE/FALSE 
# system2(command, args = allArgs) 
 
files <- list.files(WD, ".csv") 
 
############################### 
# Begin loop 
############################### 
# Instantiate a list of tibbles 
num_files <- length(files) 
dfs <- vector("list", num_files) 
fits <- vector("list", num_files) 
plots <- vector("list", num_files) 
# strain_energies <- vector("list", length(files)) 
strain_energy_tb <- tibble(Sample = character(0), C = double(0), a = 
double(0), W = double(0)) 
 
# Loop through all .csv files and load into a tibble then store into 
dfs list 
for (i in seq_along(files)) { 
  # Note: add_column needs to be piped; otherwise, df won't save new 
column if called afterwards 
  df <- paste0(WD, "/", files[[i]]) %>% 
    read_csv() %>% 
    add_column(Sample = tools::file_path_sans_ext(files[[i]]), 
.before = 1) %>% # Adding column to make table tidy and for graphing 
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    # subset(`Strain (%)` > 0) # This ensures only positive strain to 
account for noise/experimental error in tensile mode 
    subset(`Strain (%)` < 0) # This is only for compression; comment 
this and uncomment above for tensile test 
 
  # Convert MPa to kPa and take absolute value of stress and strain 
  df <- df %>%  
    add_column('Stress (kPa)' = df[["Stress (MPa)"]]*1000) %>% 
    mutate(`Strain (%)` = abs(`Strain (%)`), `Stress (kPa)` = 
abs(`Stress (kPa)`)) # not sure why this only works with back ticks 
   
  name <- tools::file_path_sans_ext(files[[i]]) 
  dfs[[i]] <- df 
 
  # Perform calculations to fit exponential model and integrate to 
get strain energy 
  # Model is in the form of log(stress) = m*strain + b 
  model <- lm(log(df[["Stress (kPa)"]]) ~ df[["Strain (%)"]]) 
 
  # Assuming form of y = e^C*e^(ax) from the model above 
  C <- coef(model)[[1]] # C 
  a <- coef(model)[[2]] # a 
 
  integrand <- function(x) {exp(C)*exp(a*x)} 
  strain_energy <- integrate(integrand, lower = 0, upper = 30) # 
Arbitrary choose 12% strain but should justify based on lit 
  strain_energy_tb <- add_row(strain_energy_tb, Sample = name, C = C, 
a = a, W = strain_energy[[1]]) # Not the most memory-efficient way of 
doing this 
 
  # Alternatively, could put each one into a plot and store the plots 
into a list 
  # fits[[i]] <- c(name, model) 
  # plots[[i]] <- ggplot(df, aes(`Strain (%)`, `Stress (kPa)`, color 
= Sample)) + 
  #   geom_line(size = 1) + 
  #   theme_linedraw(base_size = 20) + 
  #   geom_line(y = exp(fitted(fits[[i]]))) # This only works in form 
of: fits[[i]] <- c(name, model) 
} 
 
# Export strain_energy_tb into csv or even perform stats on it 
write_excel_csv(strain_energy_tb, paste0(WD, 
"/strain_energy_tb.csv")) 
 
# Combine all df into one giant df for plotting purposes 
df_combined <- bind_rows(dfs) 
 
# Select only Sample, Stress, and Strain columns and convert all 
values to be positive 
df_combined <- df_combined %>% 
  select(Sample, `Strain (%)`, 'Stress (kPa)') 
   
# Use regex to parse out sample name and replication number to 
condition and rep num 
# Put these variables into another column 
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# Regex breakdown: 
# .+ ~ match any character one or more times 
# ? ~ ungreedy match; will match up to the character following ? 
# (?= {contents}) ~ zero width assertion, meaning this group doesn't 
count as characters matched 
# (-\\d)$ ~ group that contains -{number} that only appears at the 
end of the text 
 
df_combined <- df_combined %>% 
  mutate(Condition = str_extract(Sample, ".+?(?=(-\\d)$)")) %>% 
  mutate(Replication = str_extract(Sample, "\\d$")) %>% 
  mutate(Condition = fct_recode(Condition, '+MeGel' = 'MeHA-MeGel', 
'+dAL' = 'MeHA-10 mg-mL dAL', '+dPL' = 'MeHA-10 mg-mL dPL', '+dAL (5 
mg/mL)' = 'MeHA-5 mg-mL dAL')) %>% 
  group_by(Condition) 
 
# # Nesting? 
# df_combined_nest <- df_combined %>% 
#   group_by(Condition, Replication) %>% 
#   nest() 
 
theme_set( 
  theme_linedraw(base_size = 24) + 
    theme(panel.grid.major = element_blank(), panel.grid.minor = 
element_blank()) 
) 
 
# Plotting  
plot <- df_combined %>% filter(Condition %in% c('MeHA', '+dAL', 
'+dPL', '+MeGel')) %>% ggplot(aes(`Strain (%)`, `Stress (kPa)`, group 
= Sample)) + 
  labs(color = NULL) + 
  ylab("Stress (kPa)") + 
  xlab("Strain (%)") + 
  geom_line(size = 1, aes(color = Condition)) 
  # xlim(0, 30) 
  # ylim(0, 200) 
  # geom_line(y = exp(fitted(fits))) 
 
plot 
# ggsave(paste0(WD, "/", "Combined.png"), plot, device = "png", width 
= 8, height = 6) 
 
# Plot fitted lines 
strain_energy_tb <- strain_energy_tb %>% 
  mutate(Condition = str_extract(Sample, ".+?(?=(-\\d)$)")) %>% 
  mutate(Replication = str_extract(Sample, "\\d$")) %>% 
  mutate(Condition = fct_recode(Condition, '+MeGel' = 'MeHA-MeGel', 
'+dAL' = 'MeHA-10 mg-mL dAL', '+dPL' = 'MeHA-10 mg-mL dPL', '+dAL (5 
mg/mL)' = 'MeHA-5 mg-mL dAL')) %>% 
  mutate(Condition = ordered(Condition, levels = c('MeHA', '+dAL (5 
mg/mL)', '+dPL', '+dAL', '+MeGel'))) %>% 
  group_by(Condition) 
 
# strain_energy_tb <- strain_energy_tb %>% 
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#   mutate(Condition = fct_recode(Condition, '+MeGel' = 'MeHA-MeGel', 
'+dAL' = 'MeHA-10 mg-mL dAL', '+dPL' = 'MeHA-10 mg-mL dPL', '+dAL (5 
mg/mL)' = 'MeHA-5 mg-mL dAL')) %>% 
#   mutate(Condition = ordered(Condition, levels = c('MeHA', '+dAL (5 
mg/mL)', '+dPL', '+dAL', '+MeGel'))) 
 
W_summary <- strain_energy_tb %>%  
  summarise(., 
            mean = mean(W), 
            sd = sd(W)) 
 
W_barplot <- W_summary %>% filter(Condition %in% c('MeHA', '+dAL', 
'+dPL', '+MeGel')) %>% ggplot(aes(x = Condition, y = mean)) + 
  geom_bar(color = "black", stat = "identity", position = 
position_dodge(0.9)) + 
  geom_errorbar(width = 0.1, position = position_dodge(0.9), aes(ymax 
= mean + sd, ymin = mean - sd)) + 
  # geom_point(data = strain_energy_tb, aes(x = Condition, y = W)) + 
  labs(x = "", y = "Strain energy (kPa)") 
 
W_barplot 
# ggsave(paste0(WD, "/", "Strain_energy_summary - all.png"), 
W_barplot, device = "png", width = 7, height = 6) 
 
 
df_aov <- aov(data = strain_energy_tb, W ~ Condition) 
df_Tukey <- TukeyHSD(df_aov) 
 
############################### 
# Temp post processing 
############################### 
 
# tb_temp <- paste0(WD, "/strain_energy_tb.csv") %>% read_csv(.) 
# tb_temp_summary <- tb_temp %>% 
#   group_by(Condition) %>% 
#   summarise(avg_W = mean(W), 
#     sd_W = sd(W), 
#     total = n()) 
# 
# plot_tb_temp <- ggplot(tb_temp_summary, aes(Condition, avg_W)) + 
#   geom_bar(stat = "identity") + 
#   geom_errorbar(aes(ymin = avg_W - sd_W, ymax = avg_W + sd_W), 
width = 0.25) 
# 
# plot_tb_temp <- ggplot(tb_temp, aes(Condition, W)) + 
#   stat_boxplot() + 
#   geom_point() + 
#   labs(y = "W (MPa)") + 
#   theme_linedraw(base_size = 20) + 
#   theme(panel.grid.major = element_blank(), panel.grid.minor = 
element_blank(), axis.text.x = element_text(angle = 45, hjust = 1)) 
#   # geom_bar(stat = "identity") + 
#   # geom_errorbar(aes(ymin = avg_W - sd_W, ymax = avg_W + sd_W), 
width = 0.25) + 
# 
# plot_tb_temp 



 

337 

# ggsave(paste0(WD, "/", "Boxplots.pdf"), plot_tb_temp, device = "pdf") 
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A.2.4 MTT 

library(tidyverse) 
library(readxl) 
 
# dir <- "/Users/dancheung/Google Drive/Cornell/PhD 
Projects/Decell/2019-01-02 - MeHA-MeGel-dAL - HADMSC/MTT" 
dir <- "/Users/dancheung/Google Drive/Cornell/PhD 
Projects/Decell/2019-01-11 - MeHA-MeGel-dAL - HAVIC/MTT" 
file <- "MTT combined.xlsx" 
 
# Load data 
df <- paste0(dir, "/", file) %>% read_excel(sheet = "R_format") 
 
# Convert variables to factors 
df <- df %>%  
  mutate(Condition = factor(Condition), Day = factor(Day)) %>% 
  mutate(Condition = fct_recode(Condition, '+MeGel' = 'MeHA-MeGel', 
'+dAL' = 'MeHA-10 mg-mL dAL', '+dAL (5 mg/mL)' = 'MeHA-5 mg-mL dAL')) 
%>% 
  mutate(Condition = ordered(Condition, levels = c('MeHA', '+dAL (5 
mg/mL)', '+dAL', '+MeGel'))) %>% 
  group_by(Condition, Day) 
 
# Summarize data 
df_summary <- df %>%  
  group_by(Condition, Day) %>% 
  summarize(., 
             mean_absorbance = mean(Absorbance),  
             sd_absorbance = sd(Absorbance),  
             count = n()) 
 
# Perform statistics 
df_aov <- aov(Absorbance ~ Condition * Day, df) 
df_TukeyHSD <- TukeyHSD(df_aov) 
 
# Statistics in tidy form 
# stats_df <- data %>% nest() %>% 
#   mutate(aov = map(data, ~aov(Absorbance ~ Condition * Day, data = 
.))) %>% 
#   mutate(tidy_aov = map(aov, broom::tidy)) %>% 
#   mutate(TukeyHSD = map(aov, ~TukeyHSD(.x))) %>% 
#   mutate(tidy_TukeyHSD = map(TukeyHSD, broom::tidy)) 
 
theme_set( 
  theme_linedraw(base_size = 20) + 
    theme(panel.grid.major = element_blank(), panel.grid.minor = 
element_blank()) 
) 
 
# # Plotting ---- 
# barplot_df <- df_summary %>% filter(Day != 1) %>% ggplot(aes(x = 
Condition, y = mean_absorbance, fill = Day)) + 
#   geom_bar(stat = "identity", position = "dodge", color = "black") 
+ 
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#   geom_errorbar(width = 0.1, position = position_dodge(0.9), 
aes(ymax = mean_absorbance + sd_absorbance, ymin = mean_absorbance - 
sd_absorbance)) + 
#   ylab("Absorbance at 570 nm (a.u.)") + 
#   xlab("") +  
#   theme_linedraw(base_size = 18) + 
#   theme(panel.grid.major = element_blank(), panel.grid.minor = 
element_blank(), axis.text.x = element_text(angle = 45, hjust = 1)) 
#  
# ggsave(paste0(dir, "/MTT-barplot.png"), barplot_df, device = "png") 
# # barplot_df 
#  
# # Plotting 
# boxplot_df <- df %>% ggplot(aes(x = Condition, y = Absorbance)) + 
#   # geom_col(stat = "identity", position = "dodge", aes(fill = 
Day)) + 
#   geom_boxplot(aes(color = Day)) + 
#   geom_point(aes(fill = Day), position = position_jitterdodge()) + 
#   ylab("Absorbance at 570 nm (a.u.)") + 
#   xlab("") +  
#   # scale_y_continuous(expand = c(0, 0), limits = c(0, 0.6), breaks 
= seq(0, 0.6, by = 0.1)) + 
#   # scale_x_discrete(limits = c('MeGel', '0.8 mNG', '1.5 mNG', '2.0 
mNG')) +  
#   theme_linedraw(base_size = 18) + 
#   theme(panel.grid.major = element_blank(), panel.grid.minor = 
element_blank(), axis.text.x = element_text(angle = 45, hjust = 1)) 
#  
# ggsave(paste0(dir, "/MTT-boxplot.png"), boxplot_df, device = "png") 
# # boxplot_df 
 
 
# Normalize data to MeHA by subtracting all entries in df with MeHA 
mean ---- 
 
ref_summary <- df_summary %>%  
  filter(Condition == 'MeHA') %>%  
  group_by(Day) %>%  
  rename(ref_mean_absorbance = mean_absorbance) %>% 
  select(Day, ref_mean_absorbance) 
 
df_normalized <- left_join(df, ref_summary) %>% 
  mutate(Abs_norm = Absorbance/ref_mean_absorbance) 
 
df_normalized_summary <- df_normalized %>% 
  group_by(Condition, Day) %>% 
  summarize(., 
            mean_absorbance = mean(Abs_norm), 
            sd_absorbance = sd(Abs_norm), 
            count = n()) 
 
barplot_norm_df <- df_normalized_summary %>% filter(Condition != 
'+dAL (5 mg/mL)') %>% ggplot(aes(x = Condition, y = mean_absorbance, 
fill = Day)) + 
  geom_bar(stat = "identity", position = "dodge", color = "black") + 
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  geom_errorbar(width = 0.1, position = position_dodge(0.9), aes(ymax 
= mean_absorbance + sd_absorbance, ymin = mean_absorbance - 
sd_absorbance)) + 
  ylab("Normalized absorbance to MeHA") + 
  xlab("") 
 
barplot_norm_df 
 
ggsave(paste0(dir, "/MTT-barxplot-normalized.png"), barplot_norm_df, 
device = "png", width = 8, height = 7) 
 
raw <- df %>% ggplot(aes(x = Condition, y = Absorbance, fill = Day)) 
+ 
  geom_boxplot() +  
  geom_point(position = position_dodge(0.9)) + 

  xlab("") 
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A.2.5 qPCR 

library(tidyverse) 
library(readxl) 
 
dir <- "/Users/dancheung/Google Drive/Cornell/PhD 
Projects/Decell/2019-01-02 - MeHA-MeGel-dAL - HADMSC/qPCR" 
file <- "qPCR combined - HADMSC.xlsx" 
 
# dir <- "/Users/dancheung/Google Drive/Cornell/PhD 
Projects/Decell/2019-01-11 - MeHA-MeGel-dAL - HAVIC/qPCR" 
# file <- "qPCR combined - HAVIC.xlsx" 
 
# Load data 
data <- paste0(dir, "/", file) %>% read_excel(sheet = "R_format") 
 
# Convert variables to factors and order the factors 
data <- mutate(data, Condition = factor(Condition), Day = 
factor(Day), Gene = factor(Gene)) %>% 
  mutate(Condition = fct_recode(Condition, '+MeGel' = 'MeGel', '+dAL' 
= 'dAL (10 mg/mL)', '+dAL (5 mg/mL)' = 'dAL (5 mg/mL)')) %>% 
  mutate(Condition = ordered(Condition, levels = c('MeHA', '+dAL (5 
mg/mL)', '+dAL', '+MeGel'))) %>% 
  group_by(Condition, Day, Gene) 
 
data <- data %>% 
  select(Gene, Condition, Cell, Ct, Day) %>% 
  filter(Day == 14) 
 
# Calculate del Ct where delCt = Ct(target) - Ct(reference) e.g. 
Ct(SMA) - Ct(18S or GAPDH) 
# Split data so reference gene can be isolated 
ref_gene <- data %>% filter(Gene == '18S') %>% 
  group_by(Day) 
 
# Use group_by function to subtract ref gene from all other genes and 
put into new column 
data <- data %>% group_by(Gene) %>% 
  mutate(delCt = Ct - ref_gene$Ct) 
 
# Calculate mean and sd of delCt 
data_summary <- data %>% group_by(Condition, Day, Gene) %>% 
  summarize(., 
            mean_Ct = mean(Ct, na.rm = TRUE), 
            std_Ct = sd(Ct, na.rm = TRUE), 
            mean_delCt = mean(delCt, na.rm = TRUE)) 
 
mean_ref_gene <- data_summary %>% filter(Gene == '18S') %>% 
group_by(Day) 
 
data_summary <- data_summary %>% group_by(Gene) %>% 
  mutate(std_delCt = sqrt(std_Ct^2 + mean_ref_gene$std_Ct^2)) 
 
# Calculate delta delta Ct where deldelCt = delCt(treatment sample) - 
delCt(control sample) 
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# Calculate fold change where fold_change = 2^(-deldelCt) 
mean_ref_condition <- data_summary %>% filter(Condition == 'MeHA') 
%>% group_by(Gene) 
 
### Fold change in df (individual points) 
 
# Might not be the most efficient way. Joined  mean_ref_condition 
table to get mean_delCt value over to main df 
# Wanted to do grouping operations between two dfs but couldn't 
figure it out 
data <- left_join(data, mean_ref_condition %>% select(Gene, 
mean_delCt), by = "Gene") 
 
data <- data %>% 
  mutate(deldelCt = delCt - mean_delCt) %>% 
  mutate(fold_change = 2^(-1*deldelCt)) 
 
temp_summary <- data %>% group_by(Condition, Day, Gene) %>% 
  summarize(., 
            mean_deldelCt = mean(deldelCt), 
            std_deldelCt = sd(deldelCt), 
            mean_fold_change = mean(fold_change), 
            std_fold_change = sd(fold_change)) 
 
data_summary <- left_join(data_summary, temp_summary) 
 
mean_ref_fold_change <- data_summary %>%  
  filter(Condition == 'MeHA') %>%  
  select(Gene, Day, mean_fold_change) %>% 
  rename(mean_fold_change_ref = mean_fold_change) 
 
data_summary <- inner_join(data_summary, mean_ref_fold_change) %>% 
  mutate(mean_fold_change_norm = 
mean_fold_change/mean_fold_change_ref) 
 
theme_set( 
  theme_linedraw(base_size = 24) + 
    theme(panel.grid.major = element_blank(), panel.grid.minor = 
element_blank()) 
) 
 
# Nesting - more updated method using purrr than using dply::do 
# Bargraph style 
plot_deldelCt_df_bargraph <- data_summary %>% filter(!Condition %in% 
('+dAL (5 mg/mL)')) %>% group_by(Gene) %>% 
  nest() %>% 
  mutate(plots = map2(data, Gene, ~ggplot(data = .x) + 
                        aes(x = Condition, y = mean_fold_change_norm) 
+ 
                        geom_bar(color = "black", stat = "identity", 
position = position_dodge(0.9)) + 
                        # facet_grid(~Day) + 
                        geom_errorbar(width = 0.1, position = 
position_dodge(0.9), aes(ymax = mean_fold_change_norm + 
std_fold_change, ymin = mean_fold_change_norm - std_fold_change)) + 
                        # facet_grid(~Day) + 
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                        geom_hline(yintercept = 1, col = "black", lty 
= 2) + 
                        ggtitle(paste0(.y)) + 
                        ylab("Fold change") + 
                        xlab(""))) 
 
plot_deldelCt_df_bargraph$plots 
 
# Boxplot style 
plot_deldelCt_df_boxplot <- data %>% group_by(Gene) %>% 
  nest() %>% 
  mutate(plots = map2(data, Gene, ~ggplot(data = .x) + 
                        aes(x = Condition, y = fold_change) + 
                        geom_boxplot() + 
                        geom_point(position = position_dodge(0.9), 
size = 3) + 
                        # geom_bar(color = "black", stat = 
"identity", position = position_dodge(0.9), aes(fill = Media)) + 
                        # facet_grid(~Day) + 
                        # geom_errorbar(width = 0.1, position = 
position_dodge(0.9), aes(ymax = mean_fold_change + std_fold_change, 
ymin = mean_fold_change - std_fold_change)) + 
                        geom_hline(yintercept = 1, col = "black", lty 
= 2) + 
                        ggtitle(paste0(.y)) + 
                        ylab("Fold change") + 
                        xlab(""))) 
 
plot_deldelCt_df_boxplot$plots 
 
# Saving plots 
# Check to see if a directory exists; if not, create one for the 
graphs 
subDir <- "Graphs" 
if_else(!dir.exists(file.path(dir, subDir)), 
dir.create(file.path(dir, subDir)), FALSE) 
save_path <- file.path(dir, subDir) 
 
save_args <- list(paste0(save_path, "/", 
plot_deldelCt_df_bargraph$Gene, "-bargraph.png"), 
plot_deldelCt_df_bargraph$plots, device = "png", width = 7, height = 
7) 
pmap(save_args, ggsave) 
 
save_args <- list(paste0(save_path, "/", 
plot_deldelCt_df_boxplot$Gene, "-boxplot.png"), 
plot_deldelCt_df_boxplot$plots, device = "png", width = 7, height = 
7) 
pmap(save_args, ggsave) 
 
# Perform statistics on delCt per Gene 
stats_df <- data %>% group_by(Gene) %>% 
  nest() %>% 
  mutate(aov = map(data, ~aov(delCt ~ Condition, data = .))) %>% 
  mutate(tidy_aov = map(aov, broom::tidy)) %>% 
  mutate(TukeyHSD = map(aov, ~TukeyHSD(.x))) %>% 
  mutate(tidy_TukeyHSD = map(TukeyHSD, broom::tidy)) 
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# Save the tidy_aov and tidy_TukeyHSD into text file 
# Create function to process printing and saving? 
 
if_else(!dir.exists(file.path(dir, subDir)), 
dir.create(file.path(dir, subDir)), FALSE) 
save_path <- file.path(dir, subDir) 
 
out_file <- file.path(dir, subDir, "Analysis.txt") 
sink(out_file) 
 
cat("=============================================\n") 
cat("File generated on: ", format(Sys.Date(), format="%Y-%m-%d"), 
"\n") 
cat("=============================================\n") 
len <- lengths(distinct(stats_df %>% select(Gene))) 
 
for (x in 1:len) { 
  cat("=============================================\n") 
  print(stats_df$Gene[x]) 
  cat("=============================================\n") 
   
  print(stats_df$tidy_aov[x]) 
  cat("=============================================\n") 
   
  print(stats_df$tidy_TukeyHSD[x]) 
  cat("=============================================\n") 
} 
 
sink() 
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A.3 MATLAB 

A.3.1 Single bioreactor 

%%  
% Define directories and files 
dir = "/Users/dancheung/Google Drive/Cornell/PhD Projects/Bioreactor 
- Characterization/MEng Project - curves/Frequency" 
file = "03_12_19.xlsx" 
file_name = strrep(file, '.xlsx', '') 
  
filepath = fullfile(dir, file) 
  
% If folder doesn't exist in directory, make one new 
save_folder = fullfile(dir, strcat("Processed - ", file_name)) 
if exist(save_folder) == 0 
    mkdir(dir, strcat("Processed - ", file_name)) 
end; 
  
% temp_sheetname = "baseline_2Hz" 
% single_case(filepath, temp_sheetname,  save_folder); 
  
multi_case(filepath, save_folder) 
  
% Loop through Excel sheets and load into a table 
  
%%  
function multi_case(filepath, save_folder) 
    [~, sheets] = xlsfinfo(filepath) 
    for x = 2:numel(sheets) % use index 1 or 2 depending on if 
there's an "info" sheet in the beginning 
%         data{x} = readtable(filepath, 'Sheet', sheets{x}) 
  
        single_case(filepath, sheets{x}, save_folder); 
    end; 
end 
  
%%  
function single_case(filepath, sheetname, save_folder) 
    % Load in data from Excel into a table and select the first 6 
columns 
    T_raw = readtable(filepath, 'Sheet', sheetname); 
    T = T_raw(:,1:6) 
  
    % Temp renaming header 
%     T.Properties.VariableNames = {'Time_Air_Press' 'Amp_Air_Press' 
'Time_VPress' 'VPress' 'Time_APress' 'APress' 'Time_Diff' 
'Amp_Diff'}; 
%     T.Properties.VariableNames = {'Time_AP' 'AP' 'Time_VP' 'VP' 
'Time_Signal' 'Signal' 'Extra1' 'Extra2' 'Extra3'}; 
    T.Properties.VariableNames = {'Time_AP' 'AP' 'Time_VP' 'VP' 
'Time_Signal' 'Signal'}; 
  



 

346 

    % Finding peaks (min and max) of data 
%     VP = T.VPress; 
%     AP = T.APress; 
     
    VP = T.VP; 
    AP = T.AP; 
     
    time = [1:numel(VP)]/1000; 
  
    [ventricular_P_max, ventricular_P_max_loc] = findpeaks(VP, time, 
'MinPeakDistance', 0.5); 
     
    [ventricular_P_min, ventricular_P_min_loc] = findpeaks(-VP, time, 
'MinPeakDistance', 0.5); % multipled by -1 to inverse to find min 
peaks 
    ventricular_P_min = -ventricular_P_min; % multiple by -1 again to 
revert back 
     
    [aortic_P_min, aortic_P_min_loc] = findpeaks(-AP, time, 
'MinPeakDistance', 0.5); 
    aortic_P_min = -aortic_P_min; 
     
    % Instantiate empty array of String to store factor name for 
python/R 
    % processing 
    % Hella inefficient to do this 
    VP_max_fct = strings([numel(ventricular_P_max),1]); 
    VP_min_fct = strings([numel(ventricular_P_min),1]); 
    AP_min_fct = strings([numel(aortic_P_min),1]); 
     
    VP_max_fct(:) = {'VP max'}; 
    VP_min_fct(:) = {'VP min'}; 
    AP_min_fct(:) = {'AP min'}; 
     
    % If *_loc is needed, make sure to transpose (e.g. *_loc') 
    merged_data = [VP_max_fct, ventricular_P_max; 
            VP_min_fct, ventricular_P_min; 
            AP_min_fct, aortic_P_min] 
     
    merged_T = array2table(merged_data, ... 
        'VariableNames',{'Factor', 'Value'}) 
     
    save_table_name = strcat(sheetname, ".xlsx"); 
     
    writetable(merged_T, fullfile(save_folder, save_table_name)) 
     
    % Calculate the average and std of the peaks 
    % Throw away first and last data points to account for any "edge" 
effects 
    AP_min_mean = mean(aortic_P_min(2:numel(aortic_P_min)-1)); 
    AP_min_std = std(aortic_P_min(2:numel(aortic_P_min)-1)); 
  
    VP_max_mean = mean(ventricular_P_max(2:numel(ventricular_P_max)-
1)); 
    VP_max_std = std(ventricular_P_max(2:numel(ventricular_P_max)-
1)); 
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    VP_min_mean = mean(ventricular_P_min(2:numel(ventricular_P_min)-
1)); 
    VP_min_std = std(ventricular_P_min(2:numel(ventricular_P_min)-
1)); 
  
    % Save data into csv or xlsx for further data analysis in python 
or R 
    % Transpose location vector  
  
    % Could save plot to a variable first 
    plot(time, VP, time, AP) 
%         ventricular_P_max_loc, ventricular_P_max, 'kv', ...  
%         ventricular_P_min_loc, ventricular_P_min, 'k^', ... 
%         aortic_P_min_loc, aortic_P_min, 'k^'); 
         
  
    % Style the plot 
    xlabel('Time (s)'); 
    ylabel('Pressure (mmHg)'); 
%     title(sheetname); 
    legend('Ventricular Pressure', 'Aortic Pressure', 'Location', 
'southwest'); 
    ylim([-inf 180]) 
  
    ax = gca; 
    ax.FontSize = 18; 
    set(findall(gca, 'Type', 'Line'),'LineWidth', 2, 'MarkerSize', 
10); 
     
    save_name = strcat(sheetname, '.png') 
    save_file = fullfile(save_folder, save_name) 
     
    % Save plot 
    saveas(ax, save_file, 'png') 
end 

  

 

 

  



 

348 

A.3.2 Double bioreactor 

%%  
% Define directories and files 
dir = "/Users/dancheung/Google Drive/Cornell/PhD Projects/Bioreactor 
- Characterization/MEng Project - curves/Parallel test" 
file = "4_22_19.xlsx" 
file_name = strrep(file, '.xlsx', '') 
  
filepath = fullfile(dir, file) 
  
% If folder doesn't exist in directory, make one new 
save_folder = fullfile(dir, strcat("Processed - ", file_name)) 
if exist(save_folder) == 0 
    mkdir(dir, strcat("Processed - ", file_name)) 
end; 
  
% temp_sheetname = "baseline_2Hz" 
% single_case(filepath, temp_sheetname,  save_folder); 
  
multi_case(filepath, save_folder) 
  
% Loop through Excel sheets and load into a table 
  
%%  
function multi_case(filepath, save_folder) 
    [~, sheets] = xlsfinfo(filepath) 
    for x = 2:numel(sheets) % use index 1 or 2 depending on if 
there's an "info" sheet in the beginning 
%         data{x} = readtable(filepath, 'Sheet', sheets{x}) 
  
        single_case(filepath, sheets{x}, save_folder); 
    end; 
end 
  
%%  
function single_case(filepath, sheetname, save_folder) 
    % Load in data from Excel into a table and select the first 6 
columns 
    T_raw = readtable(filepath, 'Sheet', sheetname); 
    T = T_raw(:,1:10) 
  
    % Temp renaming header 
    T.Properties.VariableNames = {'Time_AP1' 'AP1' 'Time_VP1' 'VP1' 
'Time_AP2' 'AP2' 'Time_VP2' 'VP2' 'Time_Signal' 'Signal'}; 
  
    % Finding peaks (min and max) of data 
%     VP = T.VPress; 
%     AP = T.APress; 
     
    % Bioreactor 1 
    VP1 = T.VP1; 
    AP1 = T.AP1; 
     
    VP2 = T.VP2; 
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    AP2 = T.AP2; 
     
    time1 = [1:numel(VP1)]/1000; 
  
% % % %     [ventricular_P_max, ventricular_P_max_loc] = 
findpeaks(VP1, time1, 'MinPeakDistance', 0.5); 
% % % %      
% % % %     [ventricular_P_min, ventricular_P_min_loc] = findpeaks(-
VP1, time1, 'MinPeakDistance', 0.5); % multipled by -1 to inverse to 
find min peaks 
% % % %     ventricular_P_min = -ventricular_P_min; % multiple by -1 
again to revert back 
% % % %      
% % % %     [aortic_P_min, aortic_P_min_loc] = findpeaks(-AP1, time1, 
'MinPeakDistance', 0.5); 
% % % %     aortic_P_min = -aortic_P_min; 
% % % %      
% % % %     % Instantiate empty array of String to store factor name 
for python/R 
% % % %     % processing 
% % % %     % Hella inefficient to do this 
% % % %     VP_max_fct = strings([numel(ventricular_P_max),1]); 
% % % %     VP_min_fct = strings([numel(ventricular_P_min),1]); 
% % % %     AP_min_fct = strings([numel(aortic_P_min),1]); 
% % % %      
% % % %     VP_max_fct(:) = {'VP max'}; 
% % % %     VP_min_fct(:) = {'VP min'}; 
% % % %     AP_min_fct(:) = {'AP min'}; 
% % % %      
% % % %     % If *_loc is needed, make sure to transpose (e.g. 
*_loc') 
% % % %     merged_data = [VP_max_fct, ventricular_P_max; 
% % % %             VP_min_fct, ventricular_P_min; 
% % % %             AP_min_fct, aortic_P_min] 
% % % %      
% % % %     merged_T = array2table(merged_data, ... 
% % % %         'VariableNames',{'Factor', 'Value'}) 
% % % %      
% % % %     save_table_name = strcat(sheetname, ".xlsx"); 
% % % %      
% % % %     writetable(merged_T, fullfile(save_folder, 
save_table_name)) 
% % % %      
% % % %     % Calculate the average and std of the peaks 
% % % %     % Throw away first and last data points to account for 
any "edge" effects 
% % % %     AP_min_mean = mean(aortic_P_min(2:numel(aortic_P_min)-
1)); 
% % % %     AP_min_std = std(aortic_P_min(2:numel(aortic_P_min)-1)); 
% % % %  
% % % %     VP_max_mean = 
mean(ventricular_P_max(2:numel(ventricular_P_max)-1)); 
% % % %     VP_max_std = 
std(ventricular_P_max(2:numel(ventricular_P_max)-1)); 
% % % %      
% % % %     VP_min_mean = 
mean(ventricular_P_min(2:numel(ventricular_P_min)-1)); 
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% % % %     VP_min_std = 
std(ventricular_P_min(2:numel(ventricular_P_min)-1)); 
% % % %  
% % % %     % Save data into csv or xlsx for further data analysis in 
python or R 
% % % %     % Transpose location vector  
  
    % Could save plot to a variable first 
    plt = plot(time1, VP1, time1, AP1, time1, VP2, 'k--', time1, AP2, 
'k--') 
%         ventricular_P_max_loc, ventricular_P_max, 'kv', ...  
%         ventricular_P_min_loc, ventricular_P_min, 'k^', ... 
%         aortic_P_min_loc, aortic_P_min, 'k^'); 
  
%     plt(3).Color = [0, 0.4470, 0.7410]; 
%     plt(4).Color = [0.8500, 0.3250, 0.0980]; 
  
    % Style the plot 
    xlabel('Time (s)'); 
    ylabel('Pressure (mmHg)'); 
%     title(sheetname); 
    legend('Ventricular 1', 'Aortic 1', 'Ventricular 2', 'Aortic 2', 
'Location', 'southwest'); 
    ylim([-inf 220]) 
  
    ax = gca; 
    ax.FontSize = 18; 
    set(findall(gca, 'Type', 'Line'),'LineWidth', 2, 'MarkerSize', 
10); 
     
    save_name = strcat(sheetname, '.png') 
    save_file = fullfile(save_folder, save_name) 
     
    % Save plot 
    saveas(ax, save_file, 'png') 
end 
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APPENDIX B.  

RELEVANT PROTCOLS 
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B.1 Decellularization protocol 

Materials 
• Benzonase (Sigma E1014-5KU or E1014-25KU) 
• cOmplete Protease Inhibitor Cocktail (Sigma 4693159001) 
• Thermo Scientific Pierce Protease Inhibitor Cocktail (Thermo Scientific 

88266) 
• DNase I (LifeTechnologies AM2222 or AM2224) 
• RNase A (LifeTechnologies 12091-021 or 12091-039) 
• Aprotinin (Sigma A6279-5ML)  

 
Reagents 
Hypotonic Tris buffer (HTB) pH 8.0 

Final concentration Component Amount for 1 L 
solution 

10 mM Tris-HCl 1.576 g 
0.1% w/v EDTA 1 g 
 18 MΩ H2O Fill to 1 L 

 
0.1% SDS solution in HTB 

Final concentration Component  Amount for 500 mL 
solution 

0.1% w/v SDS 0.500 g 
 HTB Fill to 500 mL 

 
2X Benzonase buffer pH 8.0 

Final concentration Component  Amount for 250 mL 
solution 

20 mM Tris-HCl 0.788 g 
4 mM MgCl2  0.09322 g 
40 mM NaCl  0.5844 g 
 18 MΩ H2O Fill to 250 mL 

 
10X DNase buffer pH 7.5 

Final concentration Component  Amount for 250 mL 
solution 

100 mM Tris-HCl 15.76 g 
25 mM MgCl2  0.5951 g 
5 mM CaCl2-(H2O)2  0.1838 g 
 18 MΩ H2O Fill to 250 mL 

 
Enzyme solution (DNase/RNase) – make fresh 

Final concentration Component  Stock concentration 
10 U/mL DNase I 2 U/μL 
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20 μg/mL RNase A 20 mg/mL 
10 KIU/mL Aprotinin 5 KIU/μL 

 
Enzyme solution (Benzonase) – make fresh 

Final concentration Component  Stock concentration 
10 U/mL Benzonase 5 U/μL 
10 KIU/mL Aprotinin 5 KIU/μL 
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Procedure 
 
Note: Use 2 mL of solution per leaflet and 1 mL of solution per 1 mm2 root wall chunk 
(still haven’t really optimized the root wall chunks yet) 

1. Freeze tissue in -80 °C in PBS and thaw. 
2. Incubate tissues in HTB with 10 KIU/mL aprotinin or 1X cOmplete Protease 

Inhibitor Cocktail overnight at room temperature (at least 16 hours) with 
constant agitation. 

a. Hypotonic solution will lyse the cells. Aprotinin will inhibit serine 
proteases that may alter the ECM. The cOmplete Protease Inhibitor 
Cocktail contains numerous proteases that inhibit serine, cysteine, and 
metalloproteases. 
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3. Briefly rinse tissue samples with PBS. 
4. Incubate tissues with 0.1% SDS with 10 KIU/mL aprotinin or 1X cOmplete for 

24-48 hours at room temperature with at least two changes of solution 
throughout. 

a. SDS is a detergent that will solubilize proteins and cellular content. 
b. 24 hour should be sufficient, but 48 ensures complete removal at the 

cost of more ECM degradation 
5. Wash with excess PBS for at least 15-30 minutes each at room temperature (at 

least 4X). 
6. Incubate tissues with 1X enzyme solution for 24 hours at 37 °C 

a. The enzyme solution will digest nuclear debris. You can either use 
DNase/RNase or Benzonase. I prefer the Benzonase. 
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d. Note: Hydrate the culture plate and seal it with parafilm. Do not let 

the samples dry out. 
7. Wash with excess PBS for at least 15-30 minutes each at room temperature (at 

least 8X). 
8. Wash with excess 18 MΩ water a couple of times (to remove salt before 

lyophilizing). 
9. Lyophilize, perform assays, etc. 
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B.2 Bioink - PEGDA/Gelatin/Alginate Gel for Bioprinting Tests 

Final composition (8 mL): 
PEGDA 700  12.5%  1 mL 
Alginate  7.5%  0.6 g 
Gelatin   4%  0.32 g 
Irgacure  1%  0.08 g 
Dissolved in 13.7 mM NaCl and bring to final volume 

 
Stiff hydrogel (8 mL): 

PEGDA 700  20%   
Alginate  12.5%  1 g 
Gelatin   4%  0.32 g 
Irgacure  1%  0.08 g 
Dissolved in 13.7 mM NaCl 

 
Compliant hydrogel (8 mL): 

PEGDA 700  5%   
PEGDA 8000  7.5% 
Alginate  15%  1.2 g 
Gelatin   4%  0.32 g 
Irgacure  1%  0.08 g 
Dissolved in PBS and bring to final volume 
 
PEGDA 700 = 1.12 g/mL 
PEGDA 8000 = ??? 

 
Instructions 

1. Make stock Irgacure solution in 70% ethanol. 
2. Mix in 0.8 g of gelatin in 20 mL NaCl solution. 
3. Add Irgacure for a final concentration of 1%. 
4. Aliquot 8 mL of the 20 mL solution into syringes. 
5. Add PEGDA 700 and alginate to the aliquots. 

 
Alternative method 

1. Dissolve 0.2 g Irgacure and 0.8 g gelatin into 20 mL of NaCl solution 
(scalable). 

2. Heat solution and constantly stir until solution is transparent. 
3. Aliquot 7 mL of the solution into 10 mL syringes (don’t scale). 
4. Add 1 mL PEGDA 700 and 0.6 g alginate. 
5. Mix thoroughly with a spatula and with another syringe. Get rid of any air 

bubbles. 
6. Transfer to printing syringe. 
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B.3 Heart valve (root and leaflet) isolation 

Sterile equipment/liquids – DO THIS AT LEAST ONE DAY IN ADVANCED! 
• Dissection tools x2 
• Kitchen shears x2 
• Boning knife 
• 50 mL conical tubes (for leaflet isolations only) 
• Mason jars (for whole valve isolation only) 
• Aluminum bowl (for whole valve isolation only) 
• 1X PBS (at least 2 bottles of 1 L) 

o Add 1% pen-strep to a cooled, sterile bottle for whole valve isolation 
 
PPE 

• Gloves 
• Disposable lab coats 
• Hair net (just in case) 

 
Other stuff 

• Bench pads (4 minimum, 6-8 to be safe) 
• Paper towels 
• Garbage bag 
• 70% EtOH spray bottle 
• Styrofoam box with ice 

 
Notes 

• Autoclave all dry items using the short gravity cycle 
• Autoclave the liquids using the long liquid cycle 

 
Brief Procedure 

1. Cut the heart (above the atria) from the pluck (heart, lung, and trachea), 
making sure to leave some room for the outflow tracts. 

2. Cut the two atria out of the heart. 
3. Rinse the inside of the heart with PBS. 
4. Orient the heart such that it is in anatomic view (left ventricle facing the right 

side). 
5. Option 1: Excise the pulmonary and aortic roots from the top (least invasive 

but more difficult) 
a. Cut around the outflow tracts until aortic valve and part of the 

pulmonary valve are free. 
b. Separate the pulmonary and aortic outflow tracts. 
c. Cut down (towards the apex) through the septum separating the left 

atrium and left ventricle until you are past the aortic valve leaflets. 
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d. Cut across through the heart making sure not to cut the aortic or 
pulmonary leaflets. Cut until you are past the pulmonary root. 

e. Excise the roots and leaflets if necessary. 
6. Option 2: Excise the pulmonary and aortic roots from the side (more invasive) 

a. Cut down (towards the apex) through the septum separating the left 
atrium and left ventricle until you are past the aortic valve leaflets. 

b. Cut away the mitral valve to make room for the next cuts. 
c. Cut across/through the heart by the aortic root (through the left/right 

septum). 
d. Excise the roots and leaflets if necessary. 

7. Optional: Clean off the valve before storing for transportation or do it back in 
lab 

a. Excise away any fatty tissue and blood clots 
b. Rinse thoroughly with PBS 

8. Rinse the isolated valve again and store in ice cold PBS (with antibiotics if 
necessary). 

 

 


