


Abstract 

The aortic valve maintains unidirectional blood flow between the left ventricle and 

the systemic circulation. When diseased, the valve is replaced either by a mechanical or a 

bioprosthetic heart valve, that carry issues such as thrombogenesis, long term structural 

failure, and calcification, necessitating the development of more structurally and biologically 

sufficient long-term replacements. Tissue engineering provides a possible avenue for 

development, combining cells, scaffolds, and biochemical factors to regenerate tissue. The 

overall goal of this dissertation was to create a foundation for the rational design of a tissue 

engineered aortic valve. The novel approach taken in this thesis research was to view each of 

the three leaflets as a laminate structure. The first three aims consider the leaflet as a laminate 

structure comprising of layers of collagen, elastin, and glycosaminoglycans (GAGs). In the 

first aim, the effect of GAGs on the tensile properties and stress relaxation in the leaflet was 

investigated, by removing GAGs through increasing amounts of hyaluronidase. A decrease in 

GAGs led to significantly higher elastic moduli, maximum stresses, and hysteresis in the 

leaflet. In the second aim, the 3D elastic fiber network of the leaflet was characterized using 

immunohistochemistry and scanning electron microscopy. This structure was found to have 

regionally varying thicknesses and patterns. In the third aim, a novel hydrogel-fiber 

composite design was proposed to match the anisotropy of the leaflet. This composite 

composed of aligned electrospun poly(ε-caprolactone) (PCL) within a poly(ethylene glycol) 

diacrylate (PEGDA) matrix. Surface modification and embedding of the PCL did not 

significantly alter the anisotropy or strength of the underlying PCL scaffold, providing the 

basis for an anisotropic, biocompatible scaffold. In the last aim, a novel co-culture model was 



	   iii 

designed using magnetic levitation as a layered structure of valvular endothelial cells and 

interstitial cells. This technique was used to create co-culture models within hours, while 

maintaining cell phenotype and function, and inducing extracellular matrix formation, as 

shown by immunohistochemical stains and their gene expression profiling. The overall result 

of this dissertation is a clearer understanding of the layered structure-function relationship of 

the aortic valve, and its application towards heart valve tissue engineering. 
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Chapter 1: Introduction 
 The aortic valve maintains unidirectional blood flow between the left ventricle and 

the systemic circulation. The valve opens in systole to allow blood flow into the aorta, and 

closes in diastole to prevent backflow of blood into the left ventricle. The valve undergoes 

~3x109 cycles over the course of a lifetime, and each time it closes, the leaflet experiences a 

range of biomechanical forces, including tension, compression, and flexure. As a result, the 

leaflet is required to be both strong and durable. When diseased, the aortic valve is surgically 

replaced either by a mechanical or a bioprosthetic heart valve. Mechanical valves typically 

fail through thrombosis1,2, and bioprosthetic valves, usually bovine pericardium or porcine 

valves, fail through calcification and fatigue within 15 years.3–6 As a result, there exists a 

need for structurally and biologically sufficient long-term replacements, particularly for 

pediatric patients with congenital valve defects who require multiple surgeries. Tissue 

engineering provides a possible avenue for such development, combining cells, scaffolds, 

and biochemical factors to regenerate tissue or replace function.  

 Yet to date, tissue engineered aortic valves have seen limited successes. The most 

successful engineered valve lasted 8 months within an ovine model before regurgitation and 

valvular incompetence.7 Histological analysis showed the resulting leaflet was much thicker 

and disorganized compared to the native leaflet. The common thread among past scaffolds 

for heart valve tissue engineering is that these scaffolds have been single layer scaffolds, 

while the native leaflet is itself a layered structure with the fibrosa, spongiosa, and 

ventricularis. Each layer contains a distinct composition of extracellular matrix: the fibrosa is 

comprised of circumferentially oriented collagen fibers; the spongiosa is rich in 

glycosaminoglycans, particularly hyaluronan; and the ventricularis is a dense sheet of elastic 
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fibers. In addition to serving as a design goal for tissue engineering, the layered structure of 

the valve serves functional purposes: (1) it pushes the load-bearing fibrosa away from the 

neutral axis of bending, conferring flexibility while still maintaining the tensile strength of 

collagen; and (2) it shields cells in the spongiosa and ventricularis from high stresses.8,9 

Given the failures of previous scaffold, future scaffolds for tissue engineering must 

incorporate a layered structure similar to the native tissue.   

 Thus, this dissertation focused on the layered structure of the aortic valve as the basis 

for an engineered valve scaffold. To that end, this dissertation has two perspectives built 

around this central theme. First, the layer-specific mechanobiology of the aortic valve leaflet 

that is essential to designing successful scaffolds is still unclear. In particular, the structure-

function relationships of glycosaminoglycans and elastin in the spongiosa are not well 

understood, and are studied in this dissertation. Next, this dissertation begins the 

development of a laminate scaffold design for heart valve tissue engineering. Specifically, a 

scaffold analogous to the fibrosa that both matches its strength and anisotropy and fits within 

the context of a laminate scaffold is designed. Finally, a novel layered co-culture of aortic 

valve cells was designed, assembled, and tested as a future model for heart valve biology and 

tissue engineering research. The overall goal of this dissertation was to create a rational 

foundation for a tissue engineered aortic valve based around the novel approach of viewing 

the leaflet as a tri-layered structure, and working to recapitulate the native structure.  
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Specific Aim I: Quantification of the role of glycosaminoglycans on the tensile 

and viscoelastic properties of the aortic valve leaflet 

 Glycosaminoglycans are typically found in the middle layer of the leaflet, the 

spongiosa, in the form of hyaluronan. Yet, their role in leaflet mechanics and function is 

unclear, with varying reports on their effects on viscoelasticity, flexure, and tension.10–12 In 

this aim, the effect of glycosaminoglycan concentration on the tensile and viscoelastic 

properties was studied by removing glycosaminoglycans in different amounts. Leaflets were 

digested using a hyaluronidase treatment with higher specificity and lower enzyme 

concentrations than previous studies.10–12 The results demonstrated that the enzymatic 

treatments primarily removed glycosaminoglycans from the spongiosa. Glycosaminoglycan 

concentration was inversely proportional to leaflet elastic moduli and maximum stress, and 

was proportional to hysteresis, while having no effect on other viscoelastic properties of the 

leaflet, including strain-rate independence and stress relaxation.  

Specific Aim II: Characterization of the elastic fiber structure in the spongiosa 

and its structure-function relationship 

 Elastic fibers are commonly found in the ventricularis, but, interestingly, have been 

shown to appear in the other layers as well, particularly the spongiosa.13–16 This structure is 

believed to have a major role in elasticity by using elastic recoil to maintain the unloaded 

state of the leaflet, particularly collagen fibers in the fibrosa.17–19 In this aim, 

immunohistochemistry and scanning electron microscopy were used to characterize the 

elastic fiber structure within the spongiosa, with a focus on regional variation. The results 
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showed that the elastic fiber network in the spongiosa had a regionally varying thickness, 

being thickest at the free edge and hinge, and thinnest in the belly. Scanning electron 

microscopy showed regionally varying patterns, with a rectilinear pattern at the free edge and 

hinge, and a radially striped pattern in the belly. These characterizations of this network help 

to paint a picture of the role of elastic fibers in overall tissue mechanics.  

Specific Aim III: Anisotropic composite hydrogels for heart valve tissue 

engineering 

 A unique property of the aortic valve is that it is anisotropic, mainly due to the 

circumferentially oriented collagen fibers in the fibrosa.20–23 An ideal material for a tissue 

engineered heart valve design would be a hydrogel, such as poly(ethylene glycol)-based 

materials, which is a good candidate for a scaffold material due to its biocompatibility, cell-

friendly fabrication, and the tunability of its mechanical and biofunctional properties. 

However, hydrogels have low elastic moduli and are isotropic. In this aim, hydrogels were 

augmented with electrospun poly(ε-caprolactone), which has an elastic moduli similar to the 

native leaflet, and can be aligned in thin fibrous meshes. Modification of poly(ε-

caprolactone) was performed to render the material hydrophilic so it could be embedded in 

the aqueous material. Hydrogel-fiber composites were then fabricated and mechanically 

characterized. The results demonstrated that modification and embedding in hydrogels did 

not alter the base anisotropy of the electrospun poly(ε-caprolactone). VICs seeded on the 

hydrogels responded to the higher stiffness and alignment of the composite. Taken together, 

hydrogel-fiber composites form a platform for tissue engineered heart valve design.  
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Specific Aim IV: Three dimensional magnetically levitated co-culture models of 

the aortic valve  

 The valve leaflet consists of two cell types: interstitial cells, which populate the 

interior of the leaflet; and endothelial cells, which surround the leaflet. Few co-culture 

models have been designed to investigate the interactions these two cells24,25, partly due to 

the inability of easy, cost-effective techniques to do so. In this aim, a novel method was 

developed to assemble 3D co-cultures using magnetic levitation, where cells uptake a 

magnetic nanoparticle assembly that allows them to levitate into media.26 Separated from a 

substrate, these cells aggregate and self-assemble into larger cultures that are easily 

manipulated. Using this technique, 3D co-culture models of the aortic valve were assembled 

and cultured for 3 days. Immunohistochemistry and quantitative reverse-transcriptase 

polymerase chain reaction demonstrated the maintenance of key phenotypic and functional 

markers of both cell types, as well as the formation of organized extracellular matrix.  The 

co-culture demonstrated a quiescent VIC state and was anti-thrombotic. The result is a novel 

co-culture model of the aortic valve that faithfully represents tissue architecture and cellular 

behavior.  

 In summary: 

• Specific Aim I - Quantification of the role of glycosaminoglycans on the tensile and 

viscoelastic properties of the aortic valve leaflet 

• Specific Aim II - Characterization of the elastic fiber structure in the spongiosa and 

its structure-function relationship 
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• Specific Aim III - Anisotropic composite hydrogels for heart valve tissue 

engineering 

• Specific Aim IV	  -‐	  Three	  dimensional	  magnetically	  levitated	  co-culture models of 

the aortic valve	  

 The overall results of this dissertation include: (1) the further characterization of 

aortic valve mechanobiology; (2) the foundation for layered scaffolds for heart valve tissue 

engineering; and (3) a co-culture model of the aortic valve with a higher order of complexity 

and fidelity and two dimensional cultures.  



Chapter 2: Background 

2.1  Aortic Valve Disease and Replacement 

 There are two categories for characterizing aortic valve diseases. First, the aortic 

valve (AV) can become incompetent or regurgitant when the leaflet cannot close properly to 

prevent backflow, as in rheumatic heart disease, infective endocarditis, or a genetic disease 

such as Marfan syndrome. Additionally, aortic valve stenosis is a condition in which the AV 

cannot fully open, impeding forward flow. Stenosis typically occurs prominently through 

calcification of the AV, or calcified aortic valve disease (CAVD), either on a normal or 

congenitally deformed valve.27 As CAVD is the most prominent disease of the AV in elderly 

patients28–30, the disease and its treatments are discussed in further detail. 

2.1.1  Calcific aortic valve disease 

 CAVD occurs when calcific masses gradually form on the outflow side of the leaflet, 

eventually preventing the AV from fully opening (Fig. 1). This obstruction of flow leads the 

left ventricle to compensate by increasing ventricular pressure, bringing the systolic pressure 

gradient across the valve from 40 mm Hg to 75-100 mm Hg in severe cases.27,31 The left 

ventricle accomplishes this increase in pressure gradient via hypertrophy and increased wall 

thickness32, which can ultimately lead to ischemic injury.33 The severity of aortic stenosis is 

defined by the valve orifice area, either as mild (>1.5 cm2), moderate (1.0-1.5 cm2), or severe 

(≤ 1 cm2), although severity does not necessarily correlate with symptoms.34,35 While CAVD 

can occur in normal valves, it is more likely to occur in congenitally deformed valves, 
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particularly bicuspid valves.36–38 Bicuspid valves are commonly presented in a tricuspid 

valve shape with two fused leaflets and a crescent shape orifice, where the line of fusion, the 

raphe, is the most common location for calcification.37,38 Bicuspid valves tend to become 

stenotic about a decade earlier than normal tricuspid valves, and are four times more likely to 

develop stenotic valves before the age of 60.36,37,39  

 
Figure 1: A (A) bicuspid valve and (B) tricuspid valve that have succumbed to calcific aortic valve disease. Adapted 
from38 

 The etiology of CAVD has previously been assumed to be a degenerative, but recent 

work has demonstrated that CAVD progression is an active cell-mediated process (Fig. 2).40–

43 CAVD begins with endothelial dysfunction, where the endothelium loses alignment due to 

altered shear pattern44 and eventually denudes.45,46 During this process, valvular endothelial 

cells (VECs) begin to express cell adhesion molecules such as intercellular adhesion 

molecule-1 (ICAM-1), vascular cell adhesion molecule-1 (VCAM-1), and E-selectin47, which 

help recruit inflammatory cells to infiltrate the leaflet.48–52 In addition, lipid retention begins, 

further recruiting inflammatory cells.48,53–55 These inflammatory cells begin to secrete 

cytokines, such as transforming growth factor-β1 (TGF-β1), that activate valvular interstitial 

cells (VICs) from a normally quiescent state to an activated matrix remodeling state.56,57 

TGF-β1 is also released as a result of matrix remodeling and VEC dysfunction.24,58 VIC 
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activation then leads to a transition towards an osteoblastic phenotype59,60 and ultimately, 

calcification.61–63 

 
Figure 2: Diagram of cell-mediated CAVD progression42 

2.1.2  Aortic valve replacement 

 To date, there have been no successful non-surgical treatments for CAVD. For 

example, lipid-lowering agents, like statins, had previously shown success in significantly 

reducing calcific nodule size.59,64–67 However, no improvement in outcome was demonstrated 

by statins in clinical trials for CAVD.68–72 As a result, the only treatment available for severe 

cases of aortic stenosis is valve replacement.73 Valve replacements include mechanical 

prosthetic valves (MHV) and bioprosthetic valves (BHV). These replacements are discussed 

in further detail in the next sections. 
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2.1.2.1 Mechanical valves 

 MHVs are replacement valves that utilize synthetic materials 

to recapitulate valvular function. Over the years, there has been a 

progression in MHV design, from ball and cage valves, to tilting disc 

valves, and more recently, bileaflet valves (Fig. 3).74 The first MHVs 

were ball and cage valves, which consisted of a silicone rubber 

occluding ball, encased within a stellite cage.75 The design of the ball 

and cage valve, particularly its central position and the rebound and 

inertia of the ball, altered the hemodynamic profile of the valve, 

while also yielding a high pressure gradient across the valve.75,76 In 

addition, the ball and cage design created a large profile with the 

possibility of anatomic interference.74,75,77 As a result, nearly half of 

patients with a ball and cage MHV suffered from valve-related 

complications within 10 years.78 These valves gave way to tilting 

disc valves, where a free-floating disc, made of pyrolytic carbon, 

opened and closed around a central strut like the Bjork-Shiley or 

Medtronic-Hall valves, or rotated on a single hinge like the Omniscience valve.75 Tilting-disc 

valves were improvements over ball and cage valves due to more unimpeded flow79,80, but 

had complications related to outflow strut fracture.81,82 Bileaflet valves, like the St. Jude 

valve and Edwards Duromedic valve, consist of two pyrolytic carbon semicircular leaflets 

that rotate around hinges, yielding a normal, unobstructed flow profile.83 

 The major limitation to MHVs has been and still is thromboembolism.84,85 Altered 

hemodynamic profiles around the valve, especially areas of stasis or reverse flow, lyse 

Figure 3: Mechanical haert 
valves: (A) Starr-Edwards 
ball and cage valve; (B) 
Medtronic-Hall tilting-disc 
valve; (C) St. Jude Medical 
bileaflet valve. Adapted from 
Akins.75 
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platelets and begin thrombus formation.83 In particular, the hinges of bileaflet valves are 

major areas of hemolysis and thrombus formation due to the vortices created in these areas.86 

These vortices can also lead to leaflet escape and cavitation, damaging the valve and 

increasing the risk of thromboembolism.83,87–89 Due the thromboembolic potential of MHVs, 

lifetime anticoagulant treatment is required84, and even with this treatment, there is still a 2-

5% annual cumulative risk of a major bleeding event.90 As a result, MHVs, while generally 

structurally sound, are not ideal replacements for aortic valves.  

2.1.2.2 Bioprosthetic valves 

 BHVs are xenogeneic tissues derived 

from either a porcine valve or bovine 

pericardium fashioned into a valve (Fig. 4). 

Unlike MHVs, BHVs function as normal 

valves, allowing for normal hemodyanmics.91 

They are typically fixed in glutaraldehyde, 

which removes tissue antigenicity and prevents enzymatic digestion of the tissue.3,4 As a 

result, BHVs are generally stiffer than native leaflets.92,93 In addition, as BHVs are generally 

not thrombogenic, and thus do not require anticoagulation treatment, although BHVs have 

similar incidence rates of major embolic events.94  

 Over time, BHVs fail due to structural degeneration of the remaining collagen fiber 

architecture, and calcification.95 A possible factor of this failure is the loss of 

glycosaminoglycans (GAGs) in BHVs, which is a result of the fixation process and 

enzymatic digestion.96–99 Glutraldehyde-fixed leaflets are stiffer in shear100 and are less 

flexible than native leaflets.101 In addition, various studies in the literature have shown that 

Figure 4: Carpentier-Edwards bioprosthetic valve90 
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emoving GAGs from the leaflets leads to increased stress relaxation11, hysteresis12, and 

flexural stiffness.10 As a result, recent studies have focused on fixation techniques that 

stabilize and preserve GAGs.102–104 Calcification may occur independently of these structural 

changes, as it is believed that glutaraldehyde fixes phospholipids from residual cells that 

react with calcium to form calcium phosphate.6,105 Indeed, the removal of GAGs did not 

affect the calcification of native aortic valve leaflets.10 While seemingly independent, it is 

believed that both structural degradation and calcification act synergistically to alter BHV 

structure and accelerate failure.106 As a result, BHVs have a lifetime of 10-15 years before 

failure.4 

 
Figure 5: Transcatheter aortic valves: (A) the SAPIEN valve; (B) the SAPIEN XT valve; and (C) the CoreValve.107 

 More recently, BHVs are being delivered percutaneously as transcatheter aortic 

valves (TAVs) for patients with high surgical risk.108–110 The two most popular TAVs are the 

SAPIEN and the CoreValve (Fig. 5). The SAPIEN valve involves a bovine pericardial BHV 

in a cobalt-chromium alloy frame compressed within a catheter that is delivered through the 

femoral artery and expanded via balloon over the diseased valve.107 The CoreValve consists 

of a compressed porcine pericardial BHV in a nitinol frame, that self-expands at the site of 

the diseased valve when the catheter is withdrawn.107 The catheter delivery of these valves 
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has resulted in better procedural success for patients with high risk for surgical 

complications, but there are lingering issues of thromboembolism108, and due to its recent 

introduction, there is limited data on the long-term durability of the TAVs relative to BHVs 

implanted via open surgery. However, these valve replacements hold promise in improving 

BHV performance.  

 To address the issues presented in AV replacement, this thesis focuses on engineering 

aortic valve replacements that are long-term structurally and biologically sufficient. That 

includes understanding the underlying structure-function relationships within the AV leaflet, 

and applying those relationships towards the design of an engineered AV.  



2.2  Extracellular Matrix 

 The bulk of connective tissue consists of extracellular matrix (ECM), a collection of 

macromolecules that fill the intercellular volume. The ECM imparts material properties to 

the tissue, and the differences found in tissue properties are a result of different compositions 

and organizations of the tissue ECM. The ECM also plays a passive role in dictating cell 

behavior, including proliferation, adhesion, migration, and signaling.111 Reciprocally, the cell 

actively produces, secretes, organizes, and remodels the ECM. As a result, the ECM is a key 

determinant of tissue function. This dissertation was focused heavily on the ECM of the 

aortic valve, and thus the relevant ECM components, as well as their contributions to the 

material properties of tissues, are described in further detail. 

2.2.1  Collagen 

 Collagens form a class of proteins that constitutes 

25% of total protein mass found in the human body.111 

The main function of collagens is to provide structural 

integrity to the ECM and tissue.112 Collagen is 

characteristically defined by the triple helix of three α-

chains. Each α-chain is a repetitive series of the amino 

acid sequence (G-X1-X2)n (Fig. 6). Glycine allows the 

triple helix to pack as tightly as possible due to its small 

size, and its removal can lead to rigid kinks in the triple 

helix.113 The amino acids at positions X1 and X2 are 
Figure 6: Drawings of (A) a collagen α-
chain and (B) a triple helix111 
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proline or hydroxyproline 20-22% of the time.114 The hydroxyl groups on hydroxyproline 

allow for inter-chain hydrogen bonds that stabilize the triple helix.111,112 

There are 29 different types of collagen115–125, made up of 43 α-chains. The most 

prominent class of collagens in the body is fibrillar collagen (types 1, II, III, V, and XI), 

which has one continuous triple helical domain and thus appear rod-like in shape.126 These 

collagens constitute 80-90% of total collagen content in the body, with type I (Col I) being 

the most abundant, and types V and XI typically co-assembled with the other three types.127 

Fibrillar collagens are ubiquitous in the body, as they are found in skin128, bone129, tendon130, 

ligaments131, blood vessels132, and heart valves.133  

 
Figure 7: Hierarchical structure of collagen in tendon130 

 The structure of fibrillar collagens is hierarchical, with the most basic structure being 

the tropocollagen molecule, which is formed by the hydroxylation and folding of α-chains 
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and the subsequent removal of amine and carboxyl groups (Fig. 7).130 Tropocollagen 

molecules then assemble into 20-400 nm diameter fibrils, which are stabilized by lysyl 

oxidase (LOX) cross-links between lysine residues on the α-chains.127 Fibrils further bundle 

and organize into 0.2-12 µm diameter fibers.126 At this level, collagen exhibits a planar, wavy 

configuration known as crimp, which is a result of compressive forces from the surrounding 

ECM that buckle the collagen fiber.134 The unfolding of crimp under tension is the primary 

source of extensibility in collagenous tissues.135  

 With respect to its mechanical 

properties, collagen is the main source of 

tensile strength in soft tissue and acts as a stiff 

substrate for cell adhesion.136 Collagenous 

tissues exhibit a bilinear stress-strain response 

under tension137–139 (Fig. 8), which can be 

separated into four regions of strain: (1) the 

low-strain, “toe” region”, where collagen is 

uncrimping; (2) the intermediate transition region, during which collagen fibers are starting 

to straighten and bear load; (3) the high-strain linear region, where collagen is straight and 

bearing load; and finally, (4) the yield region, which spans until failure. The factors in the 

extensibility and stiffness of collagenous tissues are the magnitude of crimp, collagen content 

and type, and fiber orientation. As a result, collagenous tissues have a range of elastic 

moduli, from 3 MPa in porcine mitral valve chordae140 to 60 MPa in human skin.141 In 

conclusion, collagens, in particular fibrillar collagens, are a significant contributor to the 

tensile strength of tissue, and collagen crimp is responsible for its extensibility. 

Figure 8: Representative stress-strain curve from mitral 
valve chordae tendineae. This curve can be split into three 
regions: to A, the toe region; A-B, the transition region; 
B-C, the linear region139 
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2.2.2  Elastin 

 Elastin is a protein responsible for the 

extensibility and elasticity in connective 

tissues142,143 that is found in skin138, blood 

vessels144, lungs145, and heart valves (Fig. 9).18 

Elastin consists of the more basic molecule 

tropoelastin, which is made of alternating 

proline-rich hydrophobic and lysine-rich cross-link domains.146 Tropoelastin is aligned into 

fibers so that cross-linking domains are adjacent and crosslinked by LOX.142,146 Elastin is 

then surrounded by a sheath of microfibrils to form the elastic fiber.146 Microfibrils are a 

collection of proteins that regulate elastic fiber assembly, with fibrillin being the most 

important, as it binds to elastin and maintains fiber integrity.142 Elastic fiber assembly occurs 

early in development, and the fibers are stable under normal physiological conditions for the 

lifetime of the organism.126 These fibers are further 

organized into larger structures, either: (1) small rope-

like fibers, as in the lung or skin138,145; (2) dense, 

continuous sheets, like in the arteries or heart 

valves18,144; and (3) 3D honeycomb structures, as seen 

in cartilage.147 

 The major role of elastin in tissue mechanics 

is to provide elasticity. Elastin is highly elastic; 

ligamentum nuchae in tension have linear loading and 

unloading curves with little hysteresis (Fig. 10).148 

Figure 10: Stress-strain curves of ligamentum 
nuchae. The control curve is of the native tissue, 
while the other was of tissue fixed in formalin at 
zero strain148 

Figure 9: Scanning electron micrographs of a) canine 
aorta and b) elastic fibers in the outer layer111 
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The source of elasticity is disputed, as either the return of stretched elastin to its unstretched 

state of maximum entropy111,149, or as the result of the multiple hydrophobic domains in 

tropoelastin expelling water.143 Elastin is also very extensible and compliant, as it is able to 

stretch up to 60% of its original length142,143 and has an elastic modulus of 240 kPa.150 

Altogether, elastin imparts elasticity and extensibility to tissue.  

2.2.3  Glycosaminoglycans 

 GAGs are linear polysaccharide chains of repeating disaccharide units. Each 

disaccharide consists of a uronic acid, either glucuronic or iduronic acid, and an amino sugar, 

either N-acetylglucosamine or N-acetylgalactosamine, that can then be sulfated at the 2, 4, or 

6 position.111 There are four types of glycosaminoglycans, which are distinct by the types of 

sugars that make up the disaccharide: (1) hyaluronan; (2) chondroitin/dermatan sulfate; (3) 

keratan sulfate; (4) heparin/heparin sulfate. Of these four types, this dissertation research 

focused on hyaluronan, which is a major component of heart valve ECM and will be 

discussed in further detail. 

2.2.3.1 Hyaluronan 

 Hyaluronan (HA) is a GAG consisting of glucuronic acid and N-acetylglucosamine. It 

is found throughout the body, including in synovial fluid151, cartilage152, and heart valves.13 

The defining characteristic of HA is its size, with a MW of 106 Da, a chain length up to 

25000 disaccharides, and, unlike the other GAG types, it cannot be sulfated, nor does it 

attach to a core protein to form a proteoglycan.153 HA is not synthesized intracellularly, but 

rather extruded into the ECM by three hyaluronan synthases at the plasma membrane 154,155 

After extrusion, HA either moves into the extracellular space or forms a pericellular matrix 
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around the cell by either transmembrane retention or interaction with the receptors cluster of 

differentiation-44 (CD44) and hyaluronan-mediated motililty receptor (RHAMM). From the 

pericellular matrix, HA asserts its biological influence in cell proliferation, migration, and 

adhesion.156–159  

 One of the major contributions of HA to the 

mechanical properties of tissue is imparting 

compressive strength.160 These properties are a result 

of the ability of HA to fill space and retain water (Fig. 

11).161 HA is hydrophilic and highly negatively 

charged, which creates charge-charge repulsion forces 

that make HA too stiff to fold and pack densely.162 In 

addition, the negative charge attracts cations, like 

Na+, that are osmotically active, to take in water and 

swell.161 As a result, HA can occupy large volumes at 

low concentrations, forming gels with 1000 times 

more water than HA.153,161 Methacrylated HA 

hydrogels of sizes 50-1100 kDa have bilinear compressive stress-strain curves that stiffen at 

higher strain, with elastic moduli between 2-100 kPa, depending on chain length and 

crosslinking efficiency.163,164 Furthermore, HA forms aggregates with large proteoglycans, 

like versican in the heart valve13, and aggrecan in cartilage, that retain even more water.162  

 Another major mechanical contribution of HA is as a lubricant in joints, as HA is a 

major component of synovial fluid151 and in connective tissue between collagen fibrils.165 

The property that makes HA an ideal lubricant is that it undergoes shear thinning, wherein its 

Figure 11: The relative size of HA in 
comparison to other molecules111 
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viscosity is inversely proportional to shear rate 

(Fig. 12).166 In addition, HA viscosity is also 

exponentially proportional to concentration.167,168 

Overall, HA is a large, hydrophilic GAG that 

retains water and imparts compressive properties 

to tissue, while also serving as a lubricant for 

tissue motion.  

2.2.4  Proteoglycans 

 Proteoglycans (PGs) are molecules in the 

ECM consisting of a core protein with at least one 

GAG chain. The GAG chains are covalently attached 

to the core protein via a link tetrasaccharide, which 

also serves as a primer for GAG chains (Fig. 13).111 

The different PGs found in the body vary by numerous factors: (1) the number of GAG 

chains; (2) the length of chains; (3) the size of the core protein; (4) GAG sulfation; and (5) 

GAG type.169 PGs can range in size and the amount of GAG chains, from decorin, with one 

GAG chain170, to aggrecan, with more than a hundred GAG chains.171 In addition, PGs have 

multiple functions, that are mostly conducted through their GAG chains: (1) absorbing water; 

(2) filling volume at low concentrations; (3) resisting compression; (4) regulating transport of 

water; and (5) regulating transport of signaling molecules, growth factors, enzymes, and 

other proteins.169 PGs can also act through their core protein; for example, the core protein of 

decorin binds to TGF-β to inhibit cell proliferation.172 The proteins that were of particular 

Figure 13: A GAG chain attached to a PG via 
link tetrasaccharide111 

Figure 12: Viscosity of normal synovial fluid as 
a function of shear rate166 
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interest to this thesis research were versican, biglycan, and decorin, which are found in the 

aortic valve, and will be discussed in greater detail.  

2.2.4.1 Versican 

Versican is a large chondroitin sulfate 

(CS) PG in that binds to HA in soft 

tissue.173,174 Its structure consists of: an N-

terminus HA binding region; two GAG 

attachment domains, GAG-α and GAG-β; and a C-terminus domain consisting of epidermal 

growth factor (EGF) -like repeats and a complement regulatory domain (Fig. 14).174 The 

most common isoforms of versican include the full molecule, one with just the GAG-β 

domain, or another without both GAG domains.174 Versican can hold 17-23 CS chains that 

are 85-100 disaccharide repeats long174,175 and has a size between 0.6-1.5 x 106 Da.176 With 

HA, versican can form large aggregates that fill volumes and retain water.177 

The majority of research on versican has focused primarily on its biological functions 

in regulating cell proliferation, migration, and adhesion, as well as in wound healing.178–183 

However, the role of versican in tissue mechanics has not been fully clarified. Versican forms 

aggregates with HA, and these are widely assumed to resist compression.184 The negative 

charge of GAG chains on large PG aggregates, as with versican, increases water intake and 

space filled more than HA alone, allowing them to resist compression.171 Aggrecan, a closely 

related large PG that also binds to HA, is prominent in cartilage tissue, which predominantly 

experiences compression.162 Aggrecan has a larger number of GAG chains, with 20-80 KS 

chains of 20-25 repeats, and 100 CS chains of 40-50 repeats171,185; this comparison suggests 

that versican may not be able to resist compression as well as aggrecan. In fact, versican is 

Figure 14: The isoforms of versican attached to HA181 
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localized on the articular surface of cartilage, which is more commonly associated with shear 

rather than compression.186 Versican has also been shown to colocalize with elastic fibers, 

possibly as a ligand for fibrillin, which suggests a role in the elasticity of the tissue180,184 

Versican is also overexpressed in asthmatic airway walls that have stiffened.187 In all, 

versican forms aggregates with HA to retain water and fill large volumes, which allows it to 

resist compression, while also having roles in resisting shear and imparting elasticity.  

2.2.4.2 Decorin 

 Decorin is a member of the small leucine-rice proteoglycans (SLRPs), which also 

includes biglycan, fibromodulin, and lumican. It is a PG with a 38 kDa leucine rich core 

protein and a single GAG chain, usually made up of dermatan sulfate (DS) in soft tissue, that 

is 50-80 repeats long and attached towards the N-terminus.170,188 Decorin is found largely in 

dermis, soft tissue, and cartilage.170,189 

There are many biological functions attributed to decorin. Decorin is known to bind 

and sequester TGF-β, possibly as a means of measured release during collagen 

turnover.172,190 Binding to TGF-β, as well as the EGF receptor, also inhibits cell growth.191–

193 The molecule has also been found to have a negative influence on cell adhesion to many 

substrates194,195, like fibronectin.196,197 Decorin blocks cell adhesion to these substrates via the 

β1 integrin subunit195,198,199, although it is unclear whether it accomplishes this by binding 

with the core protein196,197,200 or the GAG chain.199 

 Decorin is commonly associated with fibrillar collagens, appearing wherever there is 

collagen, specifically Col I, II, and III.170,201 As a result, some of the most prominent roles of 

decorin in tissue mechanics are collagen-related, including fibrillogenesis202, remodeling203, 

and matrix organization.204 Decorin binds to collagen fibrils at the C-terminus to regulate 
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fibril size and uses its GAG chain to 

maintain uniform interfibrillar 

spacing and distribute mechanical 

stress between fibrils (Fig. 15).205–207 

This is demonstrated by the fact that 

collagen in decorin knockout murine 

models (Dcn-/-) show varying fibril 

diameters and poor packing.202,208,209 

Poor packing should theoretically 

lead to a weaker tensile strength, yet 

some results in literature demonstrate 

an inverse relationship between 

strength and decorin content in Dcn-/- murine models and prolapsed mitral valves.210–213 

Decorin has also been demonstrated to influence viscoelasticity in tissues214, although more 

recent studies have suggested that this is a result of collagen hierarchy and that neither 

decorin content215, nor the GAG chain216 significantly affect viscoelasticity. The effect of 

decorin on the mechanical properties of tissue is thus complex and situational. Overall, 

decorin plays many roles in the regulation of cell behavior, as well as in collagen 

fibrillogenesis and maintenance.   

2.2.4.3 Biglycan 

 Biglycan is also a member of the SLRP family. Like decorin, biglycan has a 38 kDa 

leucine rich core protein, but has two DS GAG chains in soft tissue that are 50-80 repeats 

long connected to its N-terminus.188,217 Biglycan is usually located in epidermis, vasculature, 

Figure 15: The role of decorin in collagen fibril formation. (A) 
Bottom and (B) side views of how decorin (white) binds to collagen 
(black). (C) Mechanism of regulation of packing by decorin. Electron 
micrographs of (D) wild-type and (E) Dcn -/- collagen fibrils from 
murine dermis. Note the variation in diameter in the Dcn -/-, and the 
looser packing of collagen fibrils202 
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and cellularized bone.189,217 Similar to decorin, biglycan binds to Col I218 and TGF-β.172 

Biglycan is also a key regulator in collagen fibrillogenesis.219 It is hypothesized that both 

decorin and biglycan have similar and overlapping roles with biglycan compensating in Dcn 

-/- mice corneas.220  

 Biglycan is a major contributor to maintaining tissue homeostasis and function in 

cardiovascular tissues.208 It has been suggested that biglycan is involved in elastogenesis, as 

biglycan expression is upregulated in developing ligamentum nuchae.221 A possible role for 

biglycan is to actively regulate elastic fiber assembly208, as the protein core binds to 

tropoelastin and microfibrils222, and biglycan knockout murine models have higher 

tropoelastin gene expression.223 Biglycan is also a key player in the development of 

atherosclerosis, as they are co-localized with apolipoproteins in atherosclerotic plaques in the 

arterial wall (Fig. 16).224–226 Biglycan with longer than usual GAG chains, or 

"hyperelongated" GAG chains, binds low-density lipoprotein (LDL) cholesterol to start the 

atherosclerotic cascade of inflammation and plaque development.227–229 Hyperelongated 

biglycan is produced by vascular smooth muscle cells in response to changes to the arterial 

wall and TGF-β.230,231 Thus, biglycan is similar to decorin, but singularly plays a key role in 

the etiology of atherosclerosis.  

 
Figure 16: Immunohistochemical stains of atherosclerotic coronary intima for (A) biglycan and (B) apolipoprotein E. 
Biglycan and apolipoprotein E are colocalized within aorta, their prominence in the progression of atherosclerosis224 



2.3  Aortic Valve 

 The AV maintains unidirectional blood flow between 

the left ventricle and the aorta. The AV is located on the left 

side of the heart232 (Fig. 17), which is characterized by its 

higher maximum ventricular pressure and pressure gradient 

(120 and 40 mm Hg) compared to the right side of the heart 

(25 and 15 mm Hg). The valve opens in systole to eject blood 

out of the heart, and closes in diastole to prevent 

regurgitation. The AV is the main tissue of interest in this 

dissertation, and its anatomy, function, and extracellular 

matrix are discussed in further detail.  

2.3.1  Anatomy 

 The AV is found at the base of 

the aortic root, at the junction between 

the aorta and the left ventricle (Fig. 

18). The valve is a semilunar valve, 

consisting of three semicircular 

leaflets: the left (LC), right (RC), and 

non-coronary (NC) leaflets.233 The 

leaflets are named by the presence of a 

coronary artery behind it. Each leaflet is roughly the same size, but the NC leaflet is slightly 

larger.233–236 The leaflets attach to the aortic wall in a crown-shaped line at the annulus. The 

Figure 17: The position of the aortic 
valve within the heart, between the left 
ventricle and the aorta232 

Figure 18: Anatomy of the aortic valve and the aortic root233 
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areas of the aortic wall under the annulus and between the leaflets are known as the 

interleaflet triangles. The apices of these triangles, where the leaflets meet, are known as 

commissures. The annulus also serves as the lower boundary of the sinuses of Valsalva, or 

sinuses. The sinuses are outward bulges in the aortic wall behind the leaflet. Behind the LC 

and RC leaflets are coronary arteries. The upper boundary of the sinus is the sino-tubular 

junction, marking the beginning of the full aorta.233  

 The AV leaflet can be further separated into 

regions that are distinguished by the mechanical 

forces they experience (Fig. 19). The region of the 

leaflet that attaches to the aortic wall is known as the 

annular attachment, or hinge, and predominantly 

experiences flexure as the leaflet opens and closes. The hinge surrounds the belly, which 

makes up the majority of the leaflet area, and experiences biaxial tension as the leaflet 

stretches in diastole to hold back blood pressure. Distal from the annulus is the coaptation 

region, or the line where the leaflets press against the other two leaflets to close the valve. At 

the center of the coaptation region is the Nodule of Arantius, a thickened section of tissue 

where the leaflet presses against the other two leaflets. This region commonly experiences 

flexure and compression from coapting with the other leaflets. Finally, the free edge at the 

distal end of the leaflet from the annulus experiences uniaxial tension as the leaflet stretches 

to withstand blood pressure.233 

  

Figure 19: Regions of the aortic valve leaflet 
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2.3.2  Function 

 In regulating blood flow from 

the heart to the systemic circulation, 

the AV opens in systole to let blood 

flow, and closes in diastole to prevent 

backflow. The opening and closing of 

the valve is passively regulated by the 

pressure gradient across the valve. 

When diastole starts, the AV is closed while withstanding a pressure of 80 mm Hg against 

flow. The left ventricle is filling with blood and isovolumetrically increasing in pressure. 

Once the left ventricular pressure reaches 80 mm Hg, the aortic root begins to dilate slightly. 

A stellate orifice begins to appear as intercommissural distances between leaflets increase 

(Fig. 20). As ventricular pressure continuously rises to 120 mm Hg, the pressure gradient 

reverses and the valve fully opens to begin systole, a process that takes approximately 30 

ms.237,238 Systolic blood ejection lasts for 200 ms.238 Some blood is diverted to collect in the 

sinuses, where it flows into the coronary arteries. The growing volume of blood in the sinus 

begins to push the leaflet away from the wall. Concomitantly, ventricular pressure is lost and 

there is a reversal of pressure gradient. Together, these factors close the valve in 

approximately 30 ms to begin diastole, which lasts approximately 350 ms.237,238 

  

Figure 20: Leaflet displacement as a function of blood velocity 
through the leaflet with the corresponding valve shapes237 
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2.3.3  Extracellular matrix 

 
Figure 21: Movat pentachrome stain of the aortic valve leaflet, showing the fibrosa (f), spongiosa (s), ventricularis (v) 
(collagen = yellow, GAGs/PGs = blue, elastin = black, nuclei = purple). Note the distinct compositions of each layer, with 
fibrosa rich in collagen, spongiosa consisting of GAGs and PGs, and the ventricularis containing elastic fibers. Scale bar 
= 200 µm. 

 Each leaflet of the AV consists of a composite laminate structure, with three layers of 

differing thickness, matrix composition, and contribution to overall tissue mechanics. From 

inflow to outflow, the AV leaflet is made up of the ventricularis, spongiosa, and fibrosa (Fig. 

21). This laminate structure allows the leaflet to retain its strong tensile stiffness while 

allowing flexure and the distribution of stress through interlayer shearing.8,9 This dissertation 

approaches the leaflet as a laminate structure in forming the basis of a tissue engineered heart 

valve design, and the matrix compositions of the three separate layers are discussed in further 

detail.  
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2.3.3.1 Fibrosa 

Table 1: Distribution of ECM components within the aortic valve leaflet. f = fibrosa, s = spongiosa, v = ventricularis. 

 
ECM Component Distribution 

Collagen239 f>v>s 

Elastin13 v>s>f 

Decorin13 v>s>f 

Biglycan13 v>s>f 

Versican13 s>v>f 

Hyaluronan13 s>v>f 

 

 The fibrosa is the outflow layer of the leaflet facing the aorta, and the thickest of the 

three layers.19,240,241 The defining ECM component of the fibrosa is collagen, in particular 

Col I and III, as is characteristic of cardiovascular tissues (Table 1).239,242 Collagen fibers are 

oriented in the circumferential direction, the prominent direction of stress.23 These fibers are 

crimped, and occupy 60% of the transverse cross-section.241,243 At a more macroscopic level, 

collagen fibers form an intermediate, multi-layered network with branching fibers, sub-

fibers, and thin membranes between fibers.244 This structure is believed to allow collagen 

fibers to shear past each other during leaflet flexure, while maintaining its tensile strength.244 

Finally, at the tissue level, the fibrosa is corrugated with collagen fibers bundling into peaks 

along the radial axis of the leaflet rather than forming a uniformly collagen layer. It is 

hypothesized that flattening these corrugations allows the fibrosa to extend radially and close 

the valve.17 

 The fibrosa ECM, although dominated by Col I, consists of other ECM components 

as well. Col IV and laminin (Lam) are found in the fibrosa as part of the basement membrane 

of the valvular endothelium.239,245 Interestingly, Col VI is also found in the fibrosa, although 

its function is not clearly understood.245 Elastin is present, and has been shown to envelop 
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collagen fibers throughout the layer.14,18,244,246 This elastic fiber network uses its elasticity to 

return collagen to its unloaded, corrugated state, thus fully opening the AV in systole.17,18 

Biglycan and decorin are also present in this layer, although, interestingly, their content is 

lowest in this layer13,239 despite their association with collagen fibrillogenesis. Overall, the 

fibrosa is characterized by its circumferentially oriented collagen fibers, which impart tensile 

stiffness to the aortic valve.  

2.3.3.2 Ventricularis 

 The characteristic ECM component of the ventricularis is elastin, which is localized 

in this layer13 (Table 1), and forms a dense sheet across the inflow layer of the leaflet.14,246 

Elastin in the ventricularis uses elastic recoil to return the collagen fibers of the fibrosa and 

the whole leaflet to an unloaded state17,18; when separated from the leaflet, the fibrosa 

expands transversely, suggesting that the ventricularis imposes a preload on the fibrosa to 

maintain its unloaded state.19 Interestingly, while the ventricularis is dominated by a 

uniformly dense and isotropic sheet of elastin, when isolated from the rest of the leaflet, the 

ventricularis is anisotropic.17,247 This anisotropy suggests the presence of aligned collagen in 

the layer17, and is supported by the positive staining of Col I in the ventricularis.239 

 In addition to collagen and elastin, the ventricularis has the highest abundance of both 

decorin and biglycan.13 These SLRPs are more commonly associated with collagen 

fibrillogenesis, but have also been associated with elastogenesis.221–223 As in the fibrosa, Col 

IV and laminin are also present as part of the valvular endothelium.239,245 In conclusion, the 

ventricularis consists of a dense network of elastin that maintains the unloaded state of the 

AV and opens it fully. 
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2.3.3.3 Spongiosa 

 The spongiosa consists mainly of HA and versican.13 The aggregates of these ECM 

components allow the spongiosa to hold water and swell. The proposed functions of this 

layer are related to the ability of these aggregates to retain water: (1) conferring flexibility to 

the leaflet; (2) dampening shock from leaflet closing; and (3) lubricating shear between the 

outer layers.248 The importance of GAGs is affirmed by the effects of GAG removal on the 

tensile and viscoelastic properties of the AV leaflet, although these effects are varied and 

conditional.10–12 In addition, elastic fibers are found in the spongiosa.14–19,247 This network is 

believed to connect the fibrosa and ventricularis and aid in returning collagen fibers to their 

unloaded state, as well as exert preload, specifically a compressive preload on the fibrosa.247 

When isolated from the leaflet, the fibrosa expands radially and circumferentially.19 In 

addition, the thickness of both the fibrosa and ventricularis increases when separated from 

the leaflet, suggesting that the elastic fiber network also imposes a preload through the 

thickness of the leaflet.19 The role of this particular type of preload is unclear, but could aid 

in dampening shock related to closing the leaflet. The influence of the spongiosa on valvular 

mechanics and function is still unclear and requires further investigation.  

 



2.4  Aortic Valve Cells 

 The aortic valve consists of two cell types: VICs and VECs. VECs form the 

endothelium of the leaflet serving as a barrier between the bloodstream and the tissue. VICs 

are a heterogeneous population of cells that make up the interior of the leaflet. The 

characteristics of these cells, their functions and mechanobiology are discussed in detail. 

2.4.1  Valvular interstitial cells 

 
Figure 22: Functions of valvular interstitial cells249 

 VICs form a heterogeneous population of cells that reside in the interstitium of the 

aortic valve leaflet (Fig. 22).249–253 They are evenly distributed through the thickness of the 

leaflet240 and constitute 30% of the volumetric density of the leaflet.254 Within this 

population, there have been three phenotypes identified. First, there is a quiescent vimentin-

positive fibroblast phenotype that populates the majority of the interstitium, whose role is 

homeostatic matrix remodeling.249,250,255,256 There is also a myofibroblast-like phenotype that 

is located in the fibrosa and expresses smooth muscle α-actin (SMαA), 
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matrixmetalloproteinase-13 (MMP-13), and non-muscle myosin heavy chain 

(NMM).250,251,254,255 Lastly, a small population of fetal-like smooth muscle cells is located in 

the fibrosa.250,252 In cell culture, VICs largely demonstrate an elongated morphology, with a 

small percentage showing a cobblestone morphology.253  

 The main function of VICs is to maintain the extracellular matrix of the AV leaflet. 

VICs have been shown to synthesize collagen, elastin, fibronectin, and chondroitin 

sulfate.164,251 In addition, VICs produce MMPs and prolyl-4-hydxoylase (P4H), indicating 

their role in matrix synthesis, as well as matrix remodeling.251,255,257 Typically, VICs are in a 

quiescent state, characterized by low expression of SMαA.250 In diseased states however, 

VICs become activated into a myofibroblast phenotype, as indicated by high SMαA 

expression, and begin to remodel matrix56, although this activation has been shown to be 

plastic and reversible.255,258 Activation leads to the transition of VIC phenotype to an 

osteoblastic phenotype59,60 and ultimately calcification.61,256 A major factor in this 

progression towards disease is TGF-β1, which has been shown to mediate VIC activation56, 

likely a result of its release during matrix remodeling24,58, and secretion by inflammatory 

cells.57 Activation strongly correlates with increased collagen synthesis in valves259 and 

calcification.61 

 VICs are also responsive to their mechanical environment, like most cells in the 

cardiovascular system.260 VIC phenotype correlates strongly with substrate stiffness, as VICs 

on stiff substrates demonstrate spread morphologies, and increased stress fiber formation and 

SMαA expression, while on soft substrates, they exhibit a more rounded morphology and low 

SMαA expression.261,262 This change in morphology is also demonstrated by increases in 

nuclear aspect ratios under increased transvalvular pressure and the straightening of collagen 
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fibers.23,263 In addition, tension, and cyclic and static pressure induce the production of 

collagen and sulfated GAGs in the aortic valve264–266, as well as by mitral VICs267–269, 

demonstrating that VICs are sensitive to both active and passive mechanical cues. It should 

be noted that while larger tissue stresses are transferred to cells, they are not applied 

uniformly across the leaflet.9,270 Overall, VICs have fibroblast, myofibroblast, and smooth 

muscle cell phenotypes, whose roles are to maintain the extracellular matrix of the leaflet, 

and are responsive to the mechanical cues around the cells. VICs also have significant roles 

in the progression of valvular disease.  

2.4.2  Valvular endothelial cells 

Figure 23: Images of vascular endothelial cells (PAEC, A,C, E, and G) and VECs (PAVEC, B, D, F, H) under static (A-
D) and flow (E-H) conditions. Images are taken in phase contrast (A,B,E,F) and fluorescence (f-actin = red, nuclei = 
blue, C, D, G, H). Scale bar = 50 µm.271 

 VECs, along with the basement membrane, form the endothelium surrounding the 

valve surface.272 They are very similar to vascular endothelial cells; in cell culture, they 

exhibit a cobblestone morphology, and stain positively for CD31, CD34, and von Willebrand 

factor (vWf).271,273,274 Yet, there are differences in phenotype, particularly as it relates to 
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morphology; VECs align perpendicularly to flow, or in the circumferential orientation of 

collagen fibers in the leaflet, as opposed to vascular endothelial cells, which align parallel to 

flow, and respond to different signal pathways (Fig. 23).271,275 VECs have different 

transcription profiles compared to vascular endothelial cells, as they are less inflammatory 

and express chondrogenic genes instead of osteoblastic genes like vascular endothelial 

cells.276,277 In addition, VECs have a significantly higher proliferative capacity than vascular 

endothelial cells, and show affinities to different substrates.277  

 The main function of VECs is to serve as an antithrombotic, antigenic, 

semipermeable membrane through which selective factors pass through into the valve 

matrix.273,278–280 This is demonstrated in diseased states, where valve dysfunction has been 

indicated.46,47 In CAVD, it is believed that endothelial dysfunction leads to infiltration of 

LDL and starts the progression towards inflammation, VIC activation, and calcific 

stenosis.42,49,281 This coincides with increases in VCAM-1 and ICAM-1 in valves that recruit 

inflammatory cells to infiltrate the tissue.47 VECs have also been shown to regulate VIC 

phenotype, proliferation, and GAG synthesis.24 

 VECs are also responsive to their mechanical environment, particularly side-specific 

flow patterns. On the outflow side, blood moves in a low magnitude, oscillatory pattern, 

whereas on the inflow side, blood moves in a high magnitude, laminar pattern.282–287 In the 

leaflet, the outflow side calcifies preferentially to the inflow side, suggesting that the flow 

pattern on that side influences endothelial dysfunction and calcification.49,281 An altered 

hemodynamic profile on the outflow side of leaflets has been shown to induce cell adhesion 

molecules, bone morphogenic protein-4 (BMP-4), and TGF-β1288, which, as discussed in 

Section 2.1, are key components of CAVD.56,61 However, there are side-specific differences 
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in phenotype that suggest that flow pattern alone does not influence endothelial function, but 

that there are possible predispositions of VECs on either side towards calcification.285,289–292 

VECs play a key role in protecting the leaflet from inflammatory and thrombotic factors, and 

maintaining leaflet homeostasis, and their dysfunction is a key factor in the etiology of 

CAVD. 

 



2.5  Mechanical Properties of the Aortic Valve 

 The primary function of the aortic valve is to prevent backflow from the aorta into the 

left ventricle. Over the course of a lifetime, the AV will go through almost 3 x 109 cycles. 

For each cycle, the leaflet experiences tension, flexure, and compression in diastole, and 

shear in systole. The leaflet must be strong and durable to withstand these forces, and do so 

quickly in the span of one heart cycle. To meet these functional requirements, the aortic 

valve leaflet has a unique set of mechanical characteristics that combine the common 

properties of biological tissues with elasticity.293 The mechanical properties of the aortic 

valve will be discussed in greater detail.  

2.5.1  Tensile properties 

 The AV leaflet exhibits a 

bilinear tensile response due to the 

presence of collagen crimp243, as is 

characteristic of most collagenous 

tissues, (Fig. 24). The leaflet is also 

anisotropic, as it is stiffer in the 

circumferential direction than in the 

radial direction20–22,294–300 (Table 2), 

which is a direct result of the circumferential orientation of the collagen fibers. This 

orientation helps the leaflet withstand transvalvular pressures and aortic root dilatation.23 The 

leaflet is also more extensible in the radial direction than the circumferential direction as a 

result of this orientation.12,21,293,295,296,299–303 Radial extensibility reflects the need for the 

Figure 24: Representative stress-strain curves of the aortic valve 
leaflet in both the circumferential (Circ) and radial (Rad)20 
directions20 
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leaflet to quickly extend radially to close the valve.304 That the leaflet is slightly stiff in the 

radial direction suggests that collagen fibers are realigning towards that direction to distribute 

stress throughout the valve.302 

Table 2: Tensile properties of the aortic valve 

 Type of tension Animal Results 

    
Missirlis et al.21 (1978) Uniaxial Porcine 

Ecirc = 3.36 MPa; Erad = 1.09 MPa; 

Transition strain εt,circ = 33%; εt,rad = 60% 

Thubrikar et al.305 (1980) 
In vivo aortic 

pressure 
Canine Elinear = 5.2 MPa; Etoe = 2.4 MPa 

Sauren et al.22 (1983) Uniaxial Porcine Ecirc = 28 MPa; Erad = 1.33 MPa 

Lee et al.20 (1984) Uniaxial Porcine Ecirc = 11.4 MPa; Erad = 6.0 MPa 

Deck et al. 294 (1988) Uniaxial Canine Ecirc = 8.64 MPa; Erad = 2.86 MPa 

Thubrikar et al.295 (1990) Uniaxial Human 
Ecirc = 5.87 MPa; Erad = 1.71 MPa;  

εt, circ = 12.8%; εt, rad = 23.9% 

Vesely et al.306 (1990) Uniaxial Porcine Ecirc = 13.0 MPa 

Lo et al.301 (1995) 
Biaxial to 130 mm 

Hg 
Porcine 

Strain at 80 mm Hg ε80, circ = 10.8%;  

ε80, rad = 23.7% 

Christie et al.304 (1995) Biaxial to 60 N/m Human 
Radial stretch at age 15 εrad, 15 = 80%;  

εrad, 40 = 45%; εrad, 58 = 30% 

Duncan et al.299 (1996) Uniaxial Porcine 

Ecirc = 6.0-11.9 MPa; Erad = 0.7-1.1 MPa; 

Extensibility Extcirc = 12.6-14.8%; Extrad 

= 20.6-33.3% 

Vesely et al.246 (1998) Uniaxial Porcine 
Membrane stiffness Scirc, toe = 3.1 N/m; 

Scirc, linear = 3500 N/m 

Billiar et al.302 (2000) 
Biaxial to 60 N/m 

tension 
Porcine 

Strain at 60 N/m ε60, circ = 26.4%;  

ε60, rad = 110.9% 

Lee et al.296 (2001) Uniaxial Porcine 

Scirc = 10.6-10.9 kN/m;  

Srad = 1.1-1.3 kN/m; Extcirc = 9.3-11.6%; 

Extrad = 42.7-62.6% 

Stella et al.293 (2007) 
Biaxial to 60 N/m 

tension 
Porcine ε60, circ = 12.8%; ε60, rad = 23.9% 

Kortsmit et al.307 (2009) Uniaxial Unknown Ecirc, toe =  2.1 MPa; Erad, toe = 820 kPa 
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Stephens et al.297 (2010) Uniaxial Porcine 

Scirc, toe = 21 N/m; Scirc, linear = 6200 N/m; 

Srad, toe = 12 N/m;  

Srad, linear = 1100 N/m 

Anssari-Bensam et al.298 

(2011a) 
Uniaxial Porcine 

Elastic modulus at 6%/min  

E6, circ = 20.55 MPa; E6, rad = 0.75 MPa; 

E60,circ = 35.62 MPa; E60, rad = 1.26 MPa; 

E600, circ = 40.84 MPa; E600, rad = 3.39 MPa 

Anssari-Bensam et al.308 

(2011b) 
Uniaxial Porcine εfail, circ = 31.54%; εfail, rad = 77.15% 

Martin et al.303 (2012) Biaxial to 80 N/m 

Ovine ε80, circ = 5.2%; ε80, rad = 20% 

Porcine ε80, circ = 3%; ε80, rad = 15% 

Human ε80, circ = 1.5%; ε80, rad = 10% 

Eckert et al.12 (2012) Biaxial to 60 N/m Porcine ε60, circ = 13%; ε60, rad = 60% 

Borghi et al.11 (2012) 
Biaxial to 110 N/m 

tension 
Porcine S = 1082 N/m 

Cigliano et al.300 (2012) Uniaxial Porcine Ecirc/Erad = 10; Extcirc/Extrad = 0.2 

 

 It should be noted that physiological strains and stresses do not approach fracture 

(Table 3), or even the linear region of the stress-strain curve; typically, physiological strain 

and tension is 10-15% or 60 N/m.12,293,301,309  

Table 3: Fracture properties of the aortic valve leaflet.21 

 Circumferential Radial 

Fracture Modulus (MPa) 54.6 ± 7.4 7.82 ± 0.58 

Ultimate Tensile Strength (MPa) 6.25 ± 0.90 1.18 ± 0.09 

Fracture strain (%) 30.8 ± 3.2 62 ± 3.5 

2.5.2  Viscoelastic properties 

 The AV leaflet has been previously modeled as a viscoelastic material298,308,310,311, 

although experimentally, the leaflet has been known to share only select properties with 

typical viscoelastic tissues. As with most biological tissues, the leaflet relaxes under constant 

strain11,20,22,293,298,306,308,312,313 as a result of the slight realignment of collagen fibers to 
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distribute stress across the 

leaflet (Fig. 25).293 Relaxation 

largely occurs within the first 

second of diastole.20,313 The 

magnitude of applied strain308 

and GAGs11 influences the 

amount of relaxation. There are 

conflicting results of the 

anisotropic nature of the leaflet 

relaxation11,20,22,293,299,308,313, where the differences can be attributed to the different testing 

parameters.  

 The AV leaflet 

generally does not creep at 

constant stress, likely as a 

mechanism to protect the 

leaflet from 

overextension11,293,308 (Fig. 26), 

although one conflicting study 

demonstrated creep over a 

longer period of time (1000 

s).20 Given the short timeframe of the heart cycle, leaflet creep can be assumed to be 

negligible.  

Figure 25: Biaxial stress relaxation curves of the aortic valve in both the 
circumferential and radial directions293 

Figure 26: Biaxial creep testing of the aortic valve leaflet in the 
circumferential and radial directions. Over 107 seconds, there is no change in 
stretch in the aortic valve leaflet at constant stress293 
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 The leaflet also experiences low hysteresis, or energy loss, typically between 30-40% 

of loading strain energy298, which is a product of the elasticity in the leaflet. Elasticity is 

required to return collagen in the fibrosa to an unloaded state while opening the valve.246 The 

leaflet tends to lose more energy circumferentially than in the radially..12,93,298  

 
Figure 27: Biaxial tension-stretch curves of the aortic valve leaflet in the circumferential (L) and radial (R) directions at 
different strain rates293  

 The major difference between common viscoelastic materials and the AV leaflet is 

the strain-rate independent nature of the leaflet, which allows for competent function 

independent of heart rate (Fig. 27). In particular, the tensile properties of the leaflet are 

independent of strain rate, although slight increases have been shown with much higher strain 

rates.20,22,293,298,314 Stress relaxation has been shown to vary with strain-rate310,313, in spite of 

the shear-thinning properties of HA in the leaflet.166   
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2.5.3  Flexural properties 

 Flexure is a complex load that the 

leaflet experiences in diastole as it stretches 

and bends to close the valve and withstand 

blood pressure. The leaflet's neutral axis is 

found within the fibrosa.101 The AV leaflet has 

a flexural moment-change of curvature curve 

that can be split into two regions: with (WC) and against (AC) the natural curvature of the 

leaflet, or in the direction of the fibrosa (Fig. 28).240,315–317 The leaflet has been shown to 

have varying flexural stiffness in each direction240,316 (Table 4), due to the difference in 

matrix composition and material properties between the fibrosa and ventricularis. In general, 

the leaflet is stiffer in bending in the circumferential direction than the radial direction.316 

More recent work has demonstrated that the flexural behaviors of the leaflet are actually 

nonlinear with no difference in direction.10,240,317  

Table 4: Flexural properties of the aortic valve leaflet 

 Flexural Properties 

Vesely et al.101 (1989) Eeff*I = 1.18-15.92 nN-mm2 

Vesely et al.306 (1990) Eeff*I = 4-11 nN-mm2 

Gloeckner et al.316 (1999) 

(Eeff*I)circ, WC = 37 kN-m2;  

(Eeff*I)circ, AC = 83 kN-m2;  

(Eeff*I)rad, WC = 8 kN-m2;  

(Eeff*I)rad, AC = 10 kN-m2; 

Lovekamp et al.10 (2006) Eeff*I = 20-140 mN-mm2 

Merryman et al.240 (2006) 
Eeff, WC = 491.69 kPa;  

Eeff, WC = 703.05 kPa 

Liao et al.317 (2008) Eeff, WC = 156.0 kPa; Eeff, WC = 133.7 kPa; 

 

  

Figure 28: Representative moment-change of curvature 
curve for an aortic valve leaflet317 
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2.5.4  Regional variation in loading 

 Due to the complex loading on the leaflet, the leaflet experiences regionally varying 

loading.318 The hinge flexes as the leaflet opens and closes. In the belly, the leaflet is 

stretched biaxially as blood pressure presses against the leaflet. The coaptation region 

experiences both flexure and compression. At the free edge, uniaxial tension in the 

circumferential direction is the dominant load as blood pressure stretches the leaflet.233 This 

regional variation in loading has implications for CAVD, as calcific deposits tend to form in 

areas of flexure, particularly the hinge and coaptation region.318,319

 
Figure 29: Schematic of forces on the aortic valve leaflet during systole and diastole285 

 As discussed previously in Section 2.4, there are also side-specific variations in the 

flow and shear experienced by the leaflet, where the ventricularis/inflow side experiences 

high magnitude laminar flow (64-71 dyn/cm2), while the fibrosa/outflow side experiences 

low magnitude disturbed flow (20 dyn/cm2) (Fig. 29 ).282–287 This side-dependent flow 
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pattern correlates with CAVD, as the outflow side preferentially calcifies, suggesting that the 

low magnitude shear and the disturbed flow patterns are positively correlated with 

CAVD49,281, similar to atherosclerosis.224 This theory is mitigated by the fact that a pulsatile, 

and not oscillatory hemodynamic profile on the fibrosa side of the leaflet induces the 

expression of calcific markers, suggesting that the flow-CAVD is a function of disturbance 

and not oscillation.288 

2.5.5  Mechanical properties of the layers of the aortic valve leaflet 

 As mentioned previously, the aortic valve consists of three layers each with distinct 

matrix compositions and material properties. Testing the mechanical properties of these 

relatively thin layers in a non-destructive manner has proven difficult. The most common 

method for testing these layers has been to cut through the spongiosa, and testing these 

individual fibrosa and ventricularis.17,19,246,247 However, the spongiosa is lost in the process, 

as well as the preloaded and unloaded configurations of the outer layers. In particular, the 

corrugated structure of the fibrosa is not maintained.19 Some non-destructive testing methods 

have recently been used, including micropipette aspiration, but it has not been used to 

characterize the spongiosa.320 Atomic force microscopy (AFM) has also been used to 

measure the stiffness of particular layers in sections of the aortic valve leaflet.321 In addition, 

while there are several constitutive models of the aortic valve leaflet310,311, there are none that 

have taken into consideration the trilaminate structure of the leaflet, or ECM composition. 

The closest model to date considered the leaflet to be made up simply of the fibrosa and 

ventricularis, but did not take into account the spongiosa or GAGs.19 Summaries of the 

known properties of these layers will be discussed in further detail.  
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Figure 30: Representative stress-strain curves of the fibrosa and ventricularis in the circumferential and radial 
directions17 

2.5.5.1 Fibrosa 

 As discussed previously, the fibrosa primarily consists of circumferentially oriented 

collagen fibers that impart the tissue with its strength.239 As a result, the layer is defined by 

its anisotropy, with a higher elastic modulus in the circumferential direction and a higher 

extensibility in the radial direction (Fig. 30)(Table 5). There is a stark difference in 

extensibility between the fibrosa and ventricularis, which would seem counterintuitive 

provided that both layers must stretch equally to close the valve. However, the fibrosa 

extends 28% radially when separated from the leaflet.19 Along with the flattening of its 

corrugations17, the fibrosa is able to extend radially and close the valve.  
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Table 5: Mechanical properties of the fibrosa 

 E Ext (%) 

Vesely et al.17 (1992) 
Ecirc = 13.02 ± 5.14 MPa 

Erad = 4.56 ± 2.34 MPa 

Extcirc = 19.40 ± 4.97 

Extrad = 27.77 ± 13.53 

Vesely et al.247 (1993) 
Ecirc = 23.01 ± 5.05 MPa 

Erad = 3.71 ± 0.72 MPa 

Extcirc = 8.15 ± 2.53 

Extrad = 29.50 ± 9.42 

Vesely et al.246 (1998)  
Extcirc = 12% 

Extrad = 32% 

Stella et al.19 (2007)  
Extcirc = 6 ± 1 

Extrad = 57 ± 2 

Zhao et al.320 (2011) 1.7 kPa  

Sewell-Loftin et al.321 (2012) 1.9 ± 0.3 MPa  

2.5.5.2 Ventricularis 

 As mentioned previously, the ventricularis consists of a dense sheet of elastin that 

imparts elasticity to the leaflet to maintain collagen in its unloaded state.13,14,18,239 The 

ventricularis is also anisotropic like the fibrosa, due to the small amounts of collagen in the 

layer17,246,247, but it is still less stiff and more extensible (Fig. 30)(Table 6).  

Table 6: Mechanical properties of the ventricularis 

 E Ext (%) 

Vesely et al.17 (1992) 
Ecirc = 7.41 ± 1.69 MPa 

Erad = 3.68 ± 0.55 MPa 

Extcirc = 21.79 ± 6.58 

Extrad = 62.66 ± 16.01 

Vesely et al.247 (1993) 
Ecirc = 9.55 ± 1.56 MPa 

Erad = 3.79 ± 1.12 MPa 

Extcirc = 13.46 ± 5.45 

Extrad = 63.66 ± 11.26 

Vesely et al.246 (1998)  
Extcirc = 22% 

Extrad = 38% 

Stella et al.19 (2007)  
Extcirc = 19 ± 1 

Extrad = 84 ± 3 

Zhao et al.320 (2011) 1.2 kPa  

Sewell-Loftin et al.321 (2012) 1.1 ± 0.3 MPa  
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2.5.5.3  Spongiosa 

 The mechanical properties of the GAG-rich spongiosa have been difficult to 

characterize due to the difficulty in isolating it from the leaflet.17,19,246,247 Yet, GAGs are 

known to be important in valve mechanics, as BPHV failure coincides with GAG loss.96–99 

The one study that successfully tested the spongiosa utilized AFM on sectioned leaflets; the 

modulus was found to be 600 ± 50 kPa.321 Other studies have used enzymatic digestion to 

remove GAGs from the leaflet, and then test leaflets.10–12 All three studies successfully 

removed GAGs from the spongiosa and showed a change in stress relaxation, E, and 

hysteresis. In addition, dehydrated and glutaraldehyde-fixed leaflets were stiffer in shear and 

relaxed less.100,322 These studies help suggest that the role of the spongiosa is to reduce 

stresses in the outer layers and lubricate shear between them. 

 



2.6  Heart Valve Tissue Engineering 

 Given the lifetime and limitations of currently available MHVs and BHVs as 

described in Section 2.1, there exists a need for the development of more structurally and 

biologically sufficient long-term alternatives to heart valve replacement. In particular, this 

demand is strong for pediatric patients, as their valve replacements do not grow with the 

body, necessitating either lifelong anticoagulation treatment with mechanical valves84, or 

multiple surgeries with either pulmonary autografts or bioprosthetic valves.43,323 A tissue 

engineered heart valve, which combines cells, scaffolds, and biochemical factors to 

regenerate tissue structure or function, presents itself as a possible solution to this problem. 

The ideal tissue engineered heart valve would immediately replace valve function, while 

slowly being remodeled and giving way to regenerated tissue that would maintain function 

while growing with the patient. To date, there has been no clinically successful tissue 

engineered heart valve. The following sections detail the design criteria for such a scaffold, 

and provide a summary of past attempts at heart valve tissue engineering, as well as discuss 

the biomaterials relevant to this dissertation.  
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2.6.1  Design criteria for a tissue engineered aortic valve leaflet 

 A scaffold for an engineered valve must generally: (1) match the leaflet mechanical 

properties; (2) mimic the native ECM structure; and (3) give way to regenerated tissue (Table 

7).  

Table 7: Design criteria for a tissue engineered aortic valve leaflet as collected from the literature.324–326 

Mechanical Biological Biochemical 

Anisotropic Cytocompatible Degrades over time 

Stiff in the circumferential 

direction 
Anti-inflammatory 

Degradation rate matches ECM 

synthesis 

Extensible in the radial direction Non-thrombogenic Non-toxic degradation product  

Responds bilinearly under tension Induces ECM synthesis Non-toxic fabrication product 

Functions independent of strain 

rate 
Reproduces layered structure  

Flexible   

Durable   

Elastic   

 

2.6.2  Past attempts at heart valve tissue engineering 

 Previous engineered heart valves can generally be separated into three categories: (1) 

decellularized scaffolds, where xenogeneic valves are decellularized and repopulated with 

the patient's own cells; (2) scaffolds made up of synthetic polymers; and (3) scaffolds 

fabricated from biological molecules that are populated with cells. These three categories are 

discussed in further detail. 
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2.6.2.1 Decellularized scaffolds 

 
Figure 31: Hematoxylin & eosin (a-d), Movat pentachrome (e-h), and picosirius red (i-l) stains of the native leaflets and 
leaflets decellularized with SDS, trypsin, and TX-100. Note the altered matrix structure, in particular collagen structure, 
after decellularization. Scale bar = 250 µm.317       

 The rationale for the use of decellularized scaffolds is based on three principles: (1) a 

healthy xenogeneic scaffold is a structurally and functionally sufficient valve replacement; 

(2) glutaraldehyde-fixed valves suffer from structural degradation and calcification over 

time95–99; and (3) the major source of antigenicity in these valves would be the donor cells, 

and by removing the donors cells and either seeding these valves with the host's cells pre-

implantation, or allowing the body to repopulate the valves, the problem would be mollified. 

The most common methods of decellularization include using detergents, such as sodium 

dodceyl sulfate (SDS) and Triton X-100 (TX-100)327–334, enzymes like trypsin and 

nucleases335,336, combinations of the two classes337–339, and freeze drying.330,340,341 These 
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methods have been used to successfully decellularize scaffolds, but have also been shown to 

adversely affect the surrounding ECM, particularly collagen (Fig. 31).317,330,342 This can then 

lead to altered mechanical properties and hemodynamics in these valves.317,343,344 

Decellularized valves also remain immunogenic, due to the presence of cellular debris from 

decellularization342,345–347, and are vulnerable to calcification.347,348 

 Efforts to repopulate decellularized scaffolds have been moderately successful, as 

some scaffolds showed successful infiltration, but no attempt has reached the desired cell 

distribution or density.349–351 In vivo repopulation is slow347, although surface modification of 

decellularized valves has been shown to improve it339,352,353, and is influenced by the 

decellularization technique.354 As a result of these factors, the ability of these decellularized 

scaffolds to remodel and grow with the patients has been questioned.43 Regardless, there has 

been success in recapitulating the valvular endothelium.331 In addition, endothelial cells can 

transdifferentiate into cells showing fibroblast phenotype in a process called endothelial-

mesenchymal transdifferentiation (EnMT)355, making cell sources such as endothelial 

progenitor cells (EPCs) a possibility to replenish both VICs and VECs.356,357 Overall, 

decellularized leaflets are limited as scaffolds for tissue engineering due to issues of 

immunogenicity and slow repopulation. 
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2.6.2.2 Polymer scaffolds 

Table 8: Polymer scaffolds used for aortic valve tissue engineering 

Material Fabrication Results 

Polyglycolic acid (PGA)358,359 Nonwoven mesh  

Allogeneic scaffolds prone to 

inflammation; allograft scaffolds 

survived up to 11 weeks in ovine 

model 

Polyhydroxyalkonate (PHA)360,361 Salt-leached to make porous 

Disorganized ECM and minor 

cell ingrowth after 4 days in 

bioreactor 

PGA/PHA362 
Pressed layered scaffolds 

(PGA-PHA, PGA-PHA-PGA)  

Increase in collagen synthesis, 

aligned cells after 4 days in 

bioreactor 

Polyhydroxyoctanoate (PHO)363 Salt-leached to make porous 

Stiffer than native tissue, 

disorganized matrix, PHO still in 

tissue by 17 weeks in ovine 

model 

PGA/poly L-lactic acid (PLLA)7,364–

367 
Non-woven mesh 

Increasing pressure gradient 

across the valve, thicker than 

native tissue, and slightly 

organized matrix in ovine model 

after 8 months 

PGA/poly L-lactic-co-glycolic acid 

(PLGA)368 

Woven mesh, 90% PGA/10% 

PLGA 

14 days of survival and cell 

organization in static culture 

PGA/PHO369 
PHO-PGA-PHO, PHO salt-

leached to make porous 

Regurgitation, PHO still in tissue 

by 24 weeks on ovine model 

PGA/poly 4-hydroxybutyrate 

(P4HB)356,370–379 
PGA meshes coated in P4HB 

Slightly organized tri-layer 

structure, stiffer than native tissue 

after 20 weeks in ovine model 

Poly(ethylene glycol) (PEG)380–384 

Photocrosslinked, modified 

with various peptide 

sequences, HA, heparin 

Stiffness-mediated VIC activation 

and ECM deposition 

Poly(ε-caprolactone) (PCL)385 Electrospun 

Regurgitation due to torquing, 

smaller valve orifice area in 

bioreactor 
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Poly(glyercerol sebacate) 

(PGS)/PCL386 
Electrospun 2:1 PGS:PCL 

ECM deposition, aligned VICs 

after 3 weeks in static culture 

Polydioxanone (PDO)387 Electrospun 
Major regurgitation after 8 

months in ovine model 

 

 Bioresorbable polymers are 

attractive materials for heart valve tissue 

engineering because they can be hydrolyzed 

and enzymatically degraded. As a result, 

they serve as temporary scaffolds, while the 

body regenerates tissue around them. The 

porosity of these scaffolds allows for seeded 

cells to migrate into the interior of the 

scaffold. The first polymer scaffold to be 

used for valvular tissue engineering was polyglycolic acid (PGA)358,359, where allograft cell-

seeded PGA scaffolds were functional for 11 weeks (Table 8). PGA coated with poly 4-

hydroxybutyrate (P4HB), is still the most widely used scaffold material based on the number 

of publications in the literature.356,370–379 Other aliphatic polyesters have been used since7,360–

369, with the most successful scaffold consisting of a non-woven PGA/ poly L-lactic acid 

(PLLA) mesh that lasted 8 months in an ovine model before displaying signs of 

incompetence.7 The major limitations to these materials are their higher stiffnesses compared 

to native tissue7,363,370, slow degradation rates363,369, and that they often result in disorganized 

ECM development (Fig. 32).7,363,370  

 Given the limitations of bioresorbable polymers, research has gravitated towards 

hydrogels, biocompatible hydrophilic crosslinked polymers with stiffnesses similar to soft 

Figure 32: Movat pentachrome stains of (A) the native 
lefalet, (B) the PGA-PLLA scaffold after 8 months, and 
closeups in the fibrosa (C) and ventricularis (D). Note the 
thickness and disorganization in the fibrosa of the 
engineered leaflet compared to the native leaflet. Scale 
bar = 50 µm.7 
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tissue.388 For heart valve tissue engineering, PEG-based hydrogels have been functionalized 

with peptide sequences to regulate cell adhesion and scaffold degradation.382–384 These 

scaffolds have encouraged matrix deposition382, but were shown to be too weak compared to 

native leaflets to be considered a viable scaffold alone.381  

 There is recent interest in electrospun materials, which are fabricating by spinning a 

highly charged polymer solution into a fibrous mesh. Electrospinning allows for moderate 

spatial control, as it relates to fiber diameter, porosity, and material properties within the 

scaffold.389–391 Unlike other bioresorbable materials, electrospun polymers can be fabricated 

with aligned fibers, imparting anisotropy to the scaffold.389,392 These materials have been 

shown to be as stiff as native leaflets385,386,393, but electrospun trileaflet scaffolds have had 

major difficulties with regurgitation and opening.385,387 As a result, electrospun polymer 

scaffolds hold promise, but require further development with regards to fabrication in order 

to yield functional valve replacements.  

2.6.2.3 Biological scaffolds 

Table 9: Scaffolds derived from biological sources for aortic valve tissue engineering 

Material Fabrication Results 

Collagen24,25,394,395 Spontaneously forming gel Less stiff than native tissue 

HA164,383,384,394,396,397 Methacrylated, photocrosslinked 
Induced ECM deposition by 

VICs, particularly elastin 

Fibrin398–400 Spontaneously forming gel 

Less stiff compared to native 

tissue, induced collagen 

deposition 

Gelatin401 Methacrylated, photocrosslinked 
Quiescent VIC state by 2 weeks 

of shaking culture 
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 Biological scaffolds are derived from native materials usually found in the tissue of 

interest, such as collagen and HA in the AV (Table 9).13,239 These materials can also be 

modified to allow for fabrication with fine spatial control under favorable conditions to 

cells.164,383,384,397,401 It is hypothesized that in more representative environments, cells would 

not only thrive but also synthesize ECM to match the native tissue. Indeed, cells in HA have 

been shown to synthesize elastin.164,396 In fibrin gels, despite concerns of thrombosis, cells 

produced more collagen than in collagen gels.398–400,402 However, a major limitation to these 

scaffolds for valvular tissue engineering is their weakness compared to native AV leaflets, 

with stiffnesses two orders of magnitude smaller.164,394,398  

 Another advantage of biological scaffolds is 

the potential to assemble a heart valve scaffold in a 

modular fashion with separate layers of collagen, HA, 

and elastin scaffolds as seen in the valve (Fig. 

33).324,394,403,404 The layered architecture of the valve 

is essential to valve function244,405 but has been 

difficult to achieve, as evidenced by the failures of 

polymer scaffolds to reproduce organized 

matrices.7,363,370 This approach has not come to 

fruition yet, but is starting to drive current strategies towards heart valve tissue engineering. 

Overall, biological scaffolds hold promise in promoting more representative environments 

but are limited structurally. 

  

Figure 33: Diagram of the layered structure of 
the aortic valve. Adapted from Hjortnaes et 
al.405 
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2.6.3  Hydrogels for heart valve tissue engineering 

 
Figure 34: Laminates of bisacrylamide with increasing settling time before crosslinking two concentrations with 
different swelling. When instantly polymerized, the laminate interface and swelling pressure works to delaminate the 
scaffold. Adapted from Karpiak et al.406 

 With the goal of a laminate scaffold for heart valve tissue engineering in mind, 

hydrogels are attractive materials because they can be "quasilaminated," where partially 

crosslinked hydrogel layers are subsequently covalently bonded together.406–413 Together 

with tunable mechanical properties, the potential exists to use hydrogels to fabricate 

multilaminate hydrogel scaffolds with layer-specific material properties, similar to the AV 

leaflet. The major limitation to quasilaminates is swelling, which is inversely proportional to 

stiffness. Differential swelling between layers has been shown to deform the interface 

between hydrogel layers, and pressure at the interface helps to delaminate the structure (Fig. 

34).406,413 Recent research has worked to either integrate interfaces better406, or decouple 

stiffness from swelling414,415, paving the way for a wider range of hydrogels to be laminated. 

Hydrogels of interest for a laminate scaffold for heart valve tissue engineering are discussed 

in further detail in the following sections.  
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2.6.3.1 Poly(ethylene glycol) 

 PEG-based hydrogels are attractive materials 

for tissue engineering applications for several 

reasons: (1) they are biocompatible, as they resist 

protein adsorption; (2) they have tunable mechanical 

properties; and (3) they can be functionalized with 

peptide sequences, proteins, or growth factors to 

influence cell behavior.388 Modification of PEG with 

acrylate groups to form poly(ethylene glycol) 

diacrylate (PEGDA) allows for photocrosslinking, 

either under UV416,417 or high-intensity white light418, 

which allows for fine spatial control and patterning 

that can drive the mechanical419 and biological properties420–428 of the PEGDA hydrogel (Fig. 

35). PEGDA hydrogels have linearly elastic and isotropic mechanical properties, with lower 

stiffnesses compared to the AV leaflet that can be tuned by altering concentration, polymer 

length, and crosslinking time.429 Coupled with the ability to functionalize peptides and 

proteins with PEG, the ability to tune the mechanical properties of PEG hydrogels allows for 

the creation of hydrogels with a wide range of stiffnesses and functionalities. Yet, the 

isotropic behavior and weakness of PEGDA are limitations to its use in heart valve tissue 

engineering. 

  

Figure 35: (A) Striped and (B) oval patterns of 
3.4 kDa PEGDA in 20 kDa PEGDA.419 
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2.6.3.2 Hyaluronan 

 HA naturally forms viscous 

gels due to its large size and highly 

negative charge, but can also be 

modified to form a crosslinked 

hydrogel.153,430 In particular, HA can 

be modified with either acrylate or 

methacrylate groups for 

photocrosslinking, allowing 

crosslinking between PEGDA and 

HA.164,384,431–433 The material 

properties of the HA hydrogel are 

controlled not only by its concentration 

and chain length, which can be enzymatically cut down from its original length, and 

concentration, but also the efficiency of acrylation or methacrylation.164,433 In terms of 

biological function, HA scaffolds have been shown to degrade434 and induce ECM synthesis, 

particularly elastin164,396 (Fig. 36). The major limitation to HA hydrogels as part of a laminate 

scaffold for heart valve tissue engineering is their higher swelling ratios relative to other 

hydrogels like PEG.  

  

Figure 36: Transmission electron micrographs of elastin synthesis 
by smooth muscle cells on hylan gels after 2 (A), 4 (C), and 6 (D) 
weeks, and hylan gel alone (B).396  
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2.7  Strategy for a Tissue Engineered Aortic Valve 

 Given the limitations of previous approaches to engineered valves (immunogenicity 

for decellularized leaflets, high stiffness and slow degradation for polymer scaffolds, 

weakness of biological scaffolds), this dissertation takes a different approach to valvular 

tissue engineering, designing multilaminate scaffolds with anisotropy and layer specific 

properties. The layered architecture of the leaflet is a worthy design target, as it provides 

tailored cell environments, while combining the tensile strength of its circumferentially 

oriented collagen fibers with flexibility.244 To accomplish this, hydrogels, like PEGDA, with 

their adjustable mechanical and biofunctional properties are ideal candidates. Yet, there are 

still obstacles to making a multilaminate scaffold. First, the structure-function relationships 

within the native leaflet are not clearly understood, particularly as it relates to GAGs and 

elastin. Designing a multilaminate engineered valve scaffold would require knowledge of 

layer-specific matrix compositions and structure-function relationships. Secondly, while 

hydrogels are attractive materials for use, they are still too weak and isotropic.429 Any 

engineered valve scaffold will require anisotropy for valve competence and driving cellular 

behavior and collagen formation. This dissertation begins to address these issues and work 

towards the development of a multilaminate scaffold for heart valve tissue engineering.



 

Chapter 3: Quantification of the Role of 

GAGs on the Tensile and Viscoelastic 

Properties of the Aortic Valve Leaflet 

 As previously described in Section 2.1, BHVs are common replacements for diseased 

aortic valves.* They are usually porcine valves or bovine pericardium fixed in glutaraldehyde 

to improve tissue strength and reduce antigencity.3,4 BHVs have typical lifetimes of around 

15 years, and fail due to calcification and fatigue.3–6 Studies of explanted BHVs show that 

failure coincides with the loss of GAG, particularly C6S and HA.96 This is a result of both 

the original fixation process97,98 and enzymatic digestion.99 Yet, removing GAGs from 

porcine aortic valve leaflets did not significantly change its proclivity towards calcification.10 

As a result, there is a correlation between GAG loss and BHV failure, but the mechanism 

through which it acts appears to be mechanical rather than biochemical. In fact, removing 

GAGs from the leaflet has been shown to increase flexural stiffness due to a lack of 

lubrication of shear between the outer layers.10 

This study investigated the role of GAGs on the material properties of the aortic valve 

leaflets by removing the GAGs through hyaluronidase (HAse) treatment. The focus was on 

the unique properties that define the aortic valve leaflet: bilinear stress-strain curve21,305, high 

elasticity20,293, strain-rate independence293, and stress relaxation.20,22 These properties are all 

hypothesized to be influenced by GAGs localized in the spongiosa. Specifically, GAGs in the 
                                                
* The work presented in this chapter was published as: Tseng H, Kim EJ, Connell PS, Ayoub S, Shah JV, 
Grande-Allen KJ. The tensile and viscoelastic properties of aortic valve leaflets treated with a hyaluronidase 
gradient. Cardiovasc Eng Technol, in press. 
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spongiosa are believed to influence material properties by reducing stress and lubricating 

shear between the outer layers.10,248 In fact, in addition to having decreased flexural stiffness, 

dehydrated and glutaraldehyde-fixed leaflets are stiffer than native valves in planar 

shear.100,322  

In this study, leaflets were treated with varying HAse concentrations and times to yield 

a spectrum of GAG content. Treated leaflets were then tested in tension at different strain 

rates, and in stress relaxation in both the circumferential and radial directions. The end result 

is a more complete picture of the contribution GAGs to leaflet mechanics and function. 

 

3.1  Materials and Methods 

3.1.1  Tissue harvest 

 Aortic valve leaflets were extracted from fresh porcine hearts obtained from a local 

abattoir (Fisher Ham and Meats, Spring, TX). Leaflets were rinsed and stored in phosphate 

buffered saline (PBS, pH~4.7) at 4°C until the next day when they were used.  

3.1.2  Glycosaminoglycan digestion 

 Leaflets were treated with bovine testicular HAse (Worthington Biochemical, 

Lakewood, NJ) in PBS, with specificity for HA and CS.435 Whole leaflets were digested in 

HAse at varying concentrations of HAse (0-10 U/mL) and times (0-24 h) in a shaking 

incubator at 200 rpm and 37°C. Wet weight (WW) loss was measured as the difference in 

tissue weight before and after digestion.  
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 The uronic acid (UA) assay was employed to measure the amount of GAGs 

remaining in the leaflet (n=5). Digested leaflets were lyophilized overnight. Their dry 

weights (DW) were measured and normalized to WW to yield the water content. The dry 

tissue was rehydrated and minced in 100 mM ammonium acetate (pH~7.0), then digested in 

proteinase-K solution (10 mg/mL in ultrapure water, Calbiochem, La Jolla, CA) for 16 h at 

60°C. The enzyme was inactivated for 30 min at 70°C, and the digested solution was 

centrifuged at 5000 rpm for 3 min. Samples for the assay were taken from the supernatant of 

the centrifuged solution. To each sample, cold sulfuric acid tetraborate was added and the 

solutions were heated to 100°C for 5 min. The samples were cooled to room temperature and 

hydroxyphenyl reagent (0.015% m-phenylphenol in 0.5% NaOH, Sigma-Aldrich, St. Louis, 

MO) was added. Glucuronic acid (Sigma-Aldrich) standards were similarly processed. The 

absorbances of the samples and standards were read at 532 nm with background subtraction 

at 750 nm.  

 To measure the effect of digestion on the dimensions of the leaflet, 5 mm x 5 mm 

squares orthogonal to the primary directions of the leaflet were cut from the leaflet and 

digested in HAse. Images were taken before and after digestion with a camera (EOS Rebel 

T1i, Canon, Tokyo, Japan), and the size change in both directions was measured using image 

analysis software (ImageJ, NIH, Bethesda, MD).  

3.1.3  Histology 

 Histology was used to confirm the removal of GAGs. Treated leaflets were fixed 

overnight in 10% formalin, then dehydrated, paraffin-embedded, and sectioned. Sections 

were then stained with Alcian Blue (1% in 3% acetic acid, Sigma-Aldrich) for 5 min. The 



	   63 

sections were washed then dipped in alkaline alcohol (10% ammonium hydroxide in 95% 

ethanol) for 2 min at 80°C to render the stain insoluble.10,11 After 20 min of washing, the 

sections were then counterstained using Nuclear Fast Red (0.1% in dI water, Sigma-Aldrich) 

for 5 min. The slides were dehydrated, coverslipped, and imaged. Images were taken on an 

upright light microscope (DM LS2, Leica, Wetzlar, Germany) using a charge coupled device 

(CCD) camera (DFC 320, Leica).  

3.1.4  Tensile testing 

 Tensile testing was performed to 

elucidate the effects of GAG concentration on 

leaflet material properties. Uniaxial tensile 

testing was performed on a mechanical tester 

(ELF 3220, Bose ElectroForce, Eden Prairie, 

MN) using a submersible 22 N load cell (Bose 

ElectroForce) in a PBS bath warmed to 37°C. 

Leaflets were cut into 5 mm wide strips in 

either the circumferential or radial direction. 

Both ends of the strip were glued on one side 

to pieces of balsa wood to be gripped, leaving roughly 6 mm of tissue in between, as 

previously used for the mechanical testing of aortic and mitral valve leaflets (Fig. 37).297 The 

thickness of the leaflet t was measured using a stereo microscope (MZ6, Leica) and charge 

coupled device (CCD) camera at 5 places along the leaflet length between the wood grips 

Figure 37: Schematic of leaflet gripping. 5 mm wide strips 
of tissue were glued on one side to balsa wood, and then 
the sample was gripped with sandpaper from both sides. 
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and averaged. Original gage length l0 and 

width w were measured after loading, prior 

to testing.  

Table 10: Number of cycles to each strain during 
preconditioning 

 Strain Rate (mm/s) 

 1 5 10 

n10 30 30 25 

n20 20 15 15 

n50 15 15 15 

 

 Each sample was preconditioned before finally pulling to 50% strain at 1, 5, or 10 

mm/s (n=5 per strain rate per direction). The preconditioning regimen consisted of repeated 

triangular stretches to 10%, 20%, then 50% strain, until a final stretch of 50% was recorded 

at 200 points/sec (Fig. 38). The number of cycles 

needed for each strain level was determined 

beforehand by finding the cycle in which the 

maximum load was within 1% of the previous 

maximum load (Table 10).  

 From each sample’s load (F)-displacement 

(d) curve, the data was processed using custom 

MATLAB code previously used to analyze the 

difference in material properties of aortic valves 

as a function of age.297,* First, gage length was 

                                                
* The data analysis in this section was performed by Patrick S. Connell 

Figure 38: Preconditioning cycles for (a) tensile and (b) 
stress relaxation testing of aortic valve leaflets 

Figure 39:Methodology of finding gage length. 
(A) The curve is fit to a cubic polynomial, and 
its gage length measured. (B) Points are 
subsequently removed from the end of the curve 
and the gage length is recalculated until r2is 
maximized436 
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calculated from the loading curve as the local minimum to a cubic function fit to curve297,436  

 

f (x) = ax3 + bx2 + cx + d  (1) 

 

where gage length lg is length where the second derivative is zero, or 

 

lg = −
b
3a

 (2) 

 

 Points were then removed from the end of the curve and the gage length was 

recalculated in order to maximize the coefficient of determination r2 (Fig. 39).436 The load 

and displacement were adjusted to its gage 

length and converted to stress σ and strain ϵ by 

the relationships (Fig. 40):  

 

σ =
F
wt

 (3) 

 

ε =
d
lg

 (4) 

 

 The linear region of the loading curve 

was initially identified as the region whose 

width is 10% total strain with the maximum 

Figure 40: Representative curves of aortic valve leaflets in 
the (A) circumferential and (B) radial directions at 
different GAG concentrations
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coefficient of determination r2 from a linear least-squares fit. Similar to finding the gage 

length, points are added to and subtracted from this region to maximize r2. The toe region 

was similar identified starting from the origin. The transition region is the remaining region 

of the curve between the toe and linear regions.  

 From the linear region, the elastic 

modulus (E, MPa) was calculated as the 

slope of a linear least-squares fit (Fig. 41). 

The maximum stress (σmax, MPa) was the 

maximum stress experienced by the tissue. 

Extensibility (mm/mm) was calculated as 

the x-intercept of the least-squares fit for the 

linear region. Hysteresis, or energy dissipated between loading and unloading was calculated 

as the area under the unloading curve subtracted from the area under the loading curve. The 

integrals of these curves were performed using a Riemann sum method: 

 

σ ε( )dε
0

εmax

∫ =
σ i +σ i−1( )
22

n

∑ εi −εi−1( )  (5) 

 

The radius of transition curvature (RTC) was recorded as a measure of abruptness in 

transition between the toe and linear regions.297 First, the stress-strain curve was normalized 

to σmax and ϵmax. The curve was transformed into a second coordinate space, with the y-axis 

bisecting the linear fits of the toe and linear regions and their intersection serving as the 

origin. Finally, the curve was fit to a hyperbola 

 

Figure 41: From each stress-strain curve, E, σmax, 
extensibility, hysteresis, and RTC were calculated  
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y2

a2
−
x2

b2
=1  (6) 

 

 At the minimum, the second derivative of the curve was measured. The RTC was calculated 

as the reciprocal of the second derivative at the minimum, or 

 

RTC = b
2

a
 (7) 

 

Membrane tension was also measured by converting load-displacement to tension-

strain rather than stress-strain. Membrane tension was calculated as: 

 

T = F
w

 (8) 

 

 Membrane stiffness and maximum tension were calculated similarly to elastic 

modulus and ultimate tensile stiffness, respectively.  

3.1.5  Stress relaxation 

 Samples were also tested in 

stress relaxation for both directions 

(n=5 per direction).* Samples were 

prepared and loaded onto the 

                                                
* The data analysis in this section was performed by Patrick S. Connell 
 

Figure 42: Representative stress relaxation curves of aortic valve 
leaflets in the circumferential and radial directions 
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mechanical tester (Bose ElectroForce) as previously described. The preconditioning regimen, 

similar to protocols found in previous literature312, consisted of 25 triangle stretches to 50% 

strain at 5 mm/s, then 7 cycles of relaxation, which consisted 50% stretch at 10 mm/s, then 

100s of relaxation, and with one triangle stretch at 5 mm/s in between relaxation cycles (Fig. 

38). The last relaxation cycle was collected at 200 points/sec.  

 The final relaxed stress was normalized to the original stress and recorded (Fig. 42). 

The time-load curve was converted to time-stress, then fit to a two-phase decay equation 

 

σ =σ 0 + A0e
−t τ fast + A1e

−t τ slow  (9) 

 

where τfast and τslow, the fast and slow time constants, were recorded.  

3.1.6  Statistical analysis 

 All statistical analysis was performed using commercial software (SigmaStat, Systat 

Software, San Jose, CA). One-way analysis of variance tests (ANOVAs) were conducted for 

GAG content, weight loss, water content, and size change. For tensile testing data, two-way 

ANOVAs on the data in each direction evaluated the effect of GAG concentration and strain 

rate. Interactions were analyzed if both effects were significant. For stress relaxation, one-

way ANOVAs were used. Significance was defined as p<0.05. If a significant effect was 

found, a post-hoc Tukey’s test was performed to compare between groups. 
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3.2  Results 

3.2.1  Glycosaminoglycan digestion 

 HAse treatment of aortic valve leaflets yielded a spectrum of GAG concentrations 

(Fig. 43). This reduction in GAGs with increase regimen strength was confirmed by 

histology (Fig. 44); the strong blue stain for GAGs in the spongiosa was gradually reduced 

with increasing regimen strength. There was also an effect of treatment on wet weight loss. 

Water content and leaflet size did not significantly change with increasing digestion strength 

(Fig. 43).  

 
Figure 43: (A) GAG concentrations, (B) wet weight loss, (C) water content, and (D) size change of the digested leaflet. 
GAG concentrations and wet weight loss progressively decreased and increased, respectively, with increasing regimen 
strength, while water content and size did not change. Data presented as mean ± standard deviation. * indicates p<0.05 
within brackets. 
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Figure 44: Alcian Blue stains of AV leaflets (GAGs=blue, cell nuclei=red) digested in (A) 0, (B) 1, (C) 2, (D) 5 U/mL 
HAse for 8 hours, and (E) 10 U/mL HAse for 24 hours. Note the progressive reduction in staining strength of the GAGs 
in the center of the leaflet (yellow arrows). Scale bar = 200 µm. 

3.2.2  Tensile testing 

The amount of GAGs in the leaflet had a significant effect in both the circumferential 

and radial directions on both E and σmax, which increased with decreasing amounts of GAGs 

(Fig. 45). However, no effect of strain rate was found for either of these two values. 

Extensibility significantly decreased with strain rate in both directions, but there was no 

effect of GAG concentration (Fig. 46). Hysteresis was significantly affected in both the 

circumferential and radial directions by both GAG concentration and strain rate, but there 

was no significant interaction between the two effects. Further, RTC did not change with 

either GAG concentration or strain rate. When converted to T, there were similar effects of 

GAG concentration on membrane stiffness and Tmax, but no effect of strain rate (Fig. 47). 
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Figure 45: E (A,D), σmax (B,E), and hysteresis (C,F) of HAse-treated AV leaflets in the circumferential (A-C) and radial 
directions (D-F) at different strain rates. E, σmax, and hysteresis in both directions varied significantly with GAG 
concentration. Hysteresis also varied with strain rate, but there was no significant interaction between strain rate and 
GAG concentration. Data presented as mean ± standard deviation. * indicates that there was a significant overall effect 
(p<0.05) of GAG concentration. # indicates that there was a significant overall effect (p<0.005) of strain rate. 
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Figure 46: Extensibilities (A,C) and radii of transition curvature (B,D) of HAse-treated AV leaflets in the circumferential 
(A,B) and radial (C,D) directions. Extensibility in both directions varied with strain rate, but not with GAG 
concentration. Neither GAG concentration nor strain rate had a significant overall effect on the radius of transition 
curvature. Data presented as mean ± standard deviation. # indicates that there was a significant overall effect (p<0.05) of 
strain rate. 

 
Figure 47: Membrane stiffnesses (A,C) and Tmax at 50% strain (B,D) in the circumferential (A,B) and radial directions 
(C,D). There was a significant overall effect of GAG concentration on both membrane stiffness and Tmax at 50% strain. 
Data presented as mean ± standard deviation. * indicates that there was a significant overall effect (p<0.05) of GAG 
concentration. 
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3.2.3  Stress relaxation 

 There was no significant effect of GAG concentration on the time constants τfast and 

τslow, and the final relaxed stress normalized to original stress, in both the circumferential and 

radial directions (Fig. 48).  

 
Figure 48: Results of stress relaxation in HAse treated AV leaflets: the time constants (A) τfast and (B) τslow from a double 
exponential decay fit, and (C) the final relaxed stress as a percentage of the original stress. There was no significant 
overall effect of GAG concentration found. Data presented as mean ± standard deviation. 

 

3.3  Discussion 

 In this chapter, the effect of GAG concentration on the tensile and viscoelastic 

properties of aortic valve leaflets was investigated. HAse was used to remove GAGs from the 

leaflet and yield a spectrum of GAG concentrations, which was confirmed by histology. In 

tension, removing GAGs from the leaflet led to increased E, σUTS, and hysteresis, but did not 

change the strain-rate independence of the leaflet. Removing GAGs also did not alter the 
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stress relaxation profile of the leaflet. The result is a clearer picture on the role of GAGs in 

the mechanical properties of the leaflet.  

 The inversely proportional relationship between GAG concentration and E, σUTS, and 

hysteresis is consistent with previous studies on leaflets that were either dehydrated, 

glutaraldehyde fixed, where GAGs are lost during fixation97,98, or removed of GAGs.10 

Leaflets with GAGs removed by chondroitinase-ABC (Cse-ABC) were stiffer in flexure than 

native leaflets.10 Similarly, dehydrated leaflets were stiffer in planar shear and had higher 

hysteresis.322 Glutaraldehyde-fixed valves were less extensible and stiffer than the native 

leaflet, although this finding could also be attributed to protein cross-linking during 

fixation.93,100,302,437 These results further support previous hypotheses that GAGs in the 

spongiosa lubricate shear between the outer layers.248 As the leaflet is pulled in tension, the 

fibrosa flattens relative to the ventricularis. The removal of GAGs leads to increased as 

friction as this occurs, translating to higher stiffness and increased hysteresis.  

 GAG concentration had no effect on the RTCs and extensibilities of the leaflet. One 

possible explanation for this insignificant effect is that these properties are more related to 

the structure of the collagen fiber network, which is oriented circumferentially and located in 

the fibrosa.13,23 As the specificity of the HAse is limited to C4S and HA, it is reasonable to 

believe that the HAse would have no effect on collagen, nor the collagen associated SLRPs 

like decorin and biglycan, and thus would not have altered these properties.  

 One of the unexpected results of this study was that there was no effect of GAG 

concentration on the stress relaxation behavior or the strain-rate independence nature of the 

leaflet. Previous studies have shown that the removal of GAGs or tissue dehydration 

significantly affects viscoelasticity in the aortic valve leaflet.11,322,438 One possible 
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explanation is that, while there was a significant reduction in GAG content, there was no 

change in water content with increasing regimen strength. In a previous study, GAG 

digestion with HAse and Cse-ABC reduced water retention and the ability of the leaflet to 

rehydrate.10 This is possibly a result of tandem enzyme activity between HAse and Cse-ABC, 

as opposed to the lower concentrations and specificity used in this study.439 It should be 

noted that histology in this study showed that while GAGs from the spongiosa were 

removed, there were still GAGs in the outer layers. These GAGs are most likely attached to 

decorin and biglycan, which are commonly found in these layers.13 These PGs are closely 

associated with collagen fibrillogenesis202,440. As discussed previously in Section 2.2, decorin 

has been shown to affect the viscoelasticity of tendons214,215, although GAG removal in 

tendons had little effect on their viscoelastic properties216, suggesting decorin has other 

modes of influence on material properties. In addition, reducing biglycan has been shown to 

correlate with stiffening in neonatal mouse tendons.441 It is possible that the HAse treatment 

in this study, while reducing overall GAG content, did not affect these SLRPs in the outer 

layers, which may play a larger role in the viscoelasticity of the leaflet. This theory is 

supported by research into GAGs in mitral valves where regions of compression and tension 

had different GAG and PG types, as well as hydration.188 Further research will be required to 

focus on the type and the layer localization of these GAGs in order to understand their 

specific role in leaflet mechanics.  

 There are two recent studies that differ from the work presented in this chapter.11,12 In 

one study, GAGs were removed using an enzyme cocktail of 5 U/mL HAse, 0.1 U/mL Cse-

ABC, and 0.15 U/mL keratanase, and verified with Alcian Blue staining.11 The resulting 

leaflets relaxed significantly less than native leaflets, while showing no difference in tensile 
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properties. Another study used 30 U/mL HAse and 0.6 U/mL Cse-ABC, with no significant 

change found in the tensile behavior or hysteresis of treated leaflets at 90 N/m tension, but at 

10 N/m tension, there was significantly lower hysteresis from flexure in treated leaflets. 

Compared to these studies, this work in this chapter used lower enzyme concentrations and a 

higher substrate specificity to remove GAGs within the spongiosa. The results in this chapter 

should then be placed in the appropriate context: the removal of GAGs from the spongiosa 

using HAse treatment significantly increases stiffness, but does not change the viscoelastic 

properties of the leaflet.  

 This study has many implications for aortic valve replacement. As the first study to 

look at a spectrum of GAG concentrations, the results presented in this chapter form the basis 

for predictive models of BHV material properties based on GAG concentration. The results 

of this study also demonstrates the importance of GAGs to leaflet mechanics, and highlights 

the need to develop fixation techniques for BHVs that stabilize and preserve GAGs.102–

104,442,443 Finally, there are implications in this study for tissue engineered heart valves, where 

HA164,383,384,396,397 and CS-based25 gels are currently being studied extensively for use as 

scaffolds. Any rational design of a tissue engineered heart valve scaffold will need to be 

based on an understanding of the effect of GAG concentration and type on overall tissue 

properties.  
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3.4  Conclusions 

 In conclusion, digesting and removing GAGs using HAse significantly increased the 

stiffness, tensile strength, and hysteresis of the aortic valve leaflet. Further research is 

required to separate the effects of GAGs based on GAG types and localization within the 

leaflet. These results help complete a larger picture of the role of GAGs in leaflet material 

properties and overall function. 

 



Chapter 4: Characterization of the Elastic 

Fiber Structure in the Spongiosa and its 

Structure-Function Relationship 

 Although the AV is generally understood to consist of three distinct layers with 

separate functions, in reality, the ECM of the aortic valve leaflet has a much more complex 

matrix structure, where components of the ECM span the layers to facilitate overall tissue 

function.* For example, collagen, which was believed to form a dense layer within the fibrosa 

was instead revealed using polarized light microscopy as a more complex 3D structure with 

intermediate collagen fibers.244 

 It is hypothesized that elastin is a major ECM component that spans the layers of the 

AV leaflet. Elastin is found in the valves as elastic fibers and forms the following structures: 

(1) a dense sheet in the ventricularis; (2) sheaths surrounding collagen in the fibrosa; and (3) 

a spongy 3D network in the spongiosa.14,18,239 Of these forms, the elastic fiber structure in the 

spongiosa is the least characterized, most likely due to the difficulty in isolating the 

spongiosa alone.17 This structure has been observed during microdissection separating the 

outer two layers of the leaflet17,19, with scanning electron microscopy (SEM)14,18, micro-

computed tomography18, immunohistochemistry (IHC)239, and autofluorescence imaging.15,16 

Each observation revealed a fine elastic fiber network emanating from the ventricularis and 

connecting to the fibrosa. One observation of note using SEM found root-like structures in 

the ventricularis at the hinge of the leaflet.14 The location of these structures is interesting, as 
                                                
* The work presented in this chapter was published as: Tseng H, Grande-Allen KJ. Elastic fibers in the aortic 
valve spongiosa: A fresh perspective on its structure and role in overall tissue function. Acta Biomater. 
2011;7(5):2101–2108. 
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that region is commonly associated with flexure. This observation suggests a role of this 

structure in leaflet flexure, and motivates further research.  

 This structure should be placed in context with elastin and its role in normal aortic 

valve function, namely, to allow extensibility and preload the leaflet in order to open the 

valve for subsequent cycles.19,246,302 Elastic fibers in the spongiosa are therefore most likely 

to contribute to overall tissue function by (1) connecting elastic fibers in the ventricularis and 

the fibrosa, coupling the mechanics of the two layers; (2) exerting preload on the fibrosa and 

collagen; (3) distributing stress between collagen and elastic fibers; and (4) passively 

allowing relative movement and shear between the outer layers.14,19,248 

 In this study, IHC and SEM were used to quantitatively characterize these structures 

and relate them to regionally varying loading patterns. Three main regions were investigated 

based on their distinct loading patterns301: (1) the hinge, which experiences mostly 

flexure233,319; (2) the belly, which experiences biaxial tension19; and (3) the coaptation region, 

where the leaflets meet to close the valve, which is subjected to both compression and 

flexure.319 Elucidating the regionally specific characteristics of elastic fibers in the spongiosa 

would provide insight into the functional role of these structures. 

 

4.1  Materials and Methods 

4.1.1  Tissue harvest 

 As previoulsy performed in Chapter 3, AVs were dissected from fresh porcine hearts 

obtained from an abattoir (Fisher Ham and Meats) within <6 hours of death. The dissected 
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leaflets were rinsed in PBS. For histology and IHC, leaflets were fixed in 10% formalin. For 

SEM, samples were stored in PBS until further use.  

4.1.2  Histology and 

immunohistochemistry 

 Histology and IHC were used to qualitatively 

analyze regional differences in the elastic fiber 

network of the spongiosa. Leaflets for histology were 

dehydrated and embedded in paraffin according to 

standard procedure.444 To view the regional 

variability in elastic fiber structure, leaflets were 

sectioned either circumferentially or radially (Fig. 

49). Circumferential sections were cut tangential to 

the hinge in five positions along the annulus: left, left 

center, center, right center, and right (n=9 per position). Radial sections were cut from the 

center of the free edge to the hinge in five identically termed angular positions: left, left 

center, center, right center, and right (n=9 per position). To view the transition between the 

aortic root and hinge, the aortic wall was included with radial sections of the leaflet.  

 Movat pentachrome stain was used to stain the ECM of the leaflet: collagen (yellow), 

elastic fibers (black), PGs/GAGs (blue), and cells (purple). These stains were also used to 

differentiate the layers of the leaflet: the collagenous fibrosa stains yellow/green; the 

ventricularis and its elastic fibers, stains black; and the spongiosa with its high GAG content 

stains blue.13  

Figure 49: Schematic of (A) circumferential 
and (B) radial sections cut for histology and 
immunohistochemistry 
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 Immunohistochemistry for elastin was performed to view the elastic fiber structure. 

Sections were rehydrated and antigen retrieval was performed using an enzymatic solution 

(0.1% chymotrypsin, 0.1% CaCl2 in dI H2O, pH~7.8, Sigma-Aldrich) for 10 min at 37°C. All 

sections were then blocked with goat serum buffer (GSB, 1% goat serum in PBS, MP 

Biomedicals, Solon, OH). The primary antibody (Abcam, Cambridge) was then added to the 

experimental sections with 1% bovine serum albumin in PBS. Negative controls were left to 

incubate with goat serum. The sections were then washed in PBS and incubated with a 

biotinylated secondary antibody (Jackson ImmunoResearch, West Grove, PA). The 

secondary antibody was conjugated with a peroxidase using an avidin-biotinylated 

peroxidase solution (Vectastain Elite ABC Kit, Vector Labs, Burlingame, CA). 3,3’-

diaminobenzidine (DAB, DAB peroxidase substrate kit, Vector Labs) was then added to 

react with the peroxidase to produce a brown stain. Hematoxylin was used as a purple 

nuclear counterstain. Images were captured with a charge coupled device camera (CCD, DFC 

320, Leica Microsystems, Wetzlar, Germany) connected to an upright microscope (DM LS2, 

Leica) using image capture software (ImagePro, Media Cybernetics, Bethesda, MD).  

 For image analysis, the layers of the leaflet, in particular the spongiosa and 

ventricularis, were determined from the Movat stain (Fig. 50).  

 
Figure 50: Representative Movat pentachrome stains of heart valve leaflets. The separate layers of the leaflet can be 
distinguished by the particular matrix stain. Using the Movat stain as a reference, thickness, and intensity were 
measured as pictured on the right. 
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 Within the spongiosa of the corresponding IHC stain, the average intensity was 

measured using image processing software (ImageJ, NIH, Bethesda, MD). In order to reduce 

section-to-section variability, each raw intensity value was normalized to the average stain 

intensity of elastin in the ventricularis, which is always dense in elastin. The stain intensity in 

the spongiosa in circumferential sections was measured across the whole section. For radial 

sections, the stain intensity in the spongiosa was measured at three locations along the length 

of the section: the hinge, the belly, and the coaptation region (coap). In addition, the 

thickness of the spongiosa was measured as a percentage of overall leaflet thickness. In the 

belly, the thickness was taken in flat areas that are associated with the region. 

4.1.3  Scanning electron microscopy 

 Leaflets were first clamped in a Delrin jig 

designed to prevent the tissue from curling while 

withstanding the alkali digestion and allowing for the 

frictionless removal of digested leaflets (Fig. 51). 

Leaflets were digested in 0.1 N NaOH at 75°C for 45 

min14,18,246 to yield elastic fibers. After digestion, the 

leaflets were frozen and lyophilized overnight while 

still clamped in the jig. When dry, a noticeably light structure appeared on the top of the 

leaflet that was assumed to be elastic fibers from the fibrosa, which are sparse and surround 

collagen fibers.14 After removing this structure, the elastic fibers from the spongiosa and 

ventricularis were processed for imaging. Leaflets were then cut in half radially and mounted 

onto microscope stubs with the spongiosa facing upwards. These samples were sputter coated 

Figure 51: Delrin jig used to fix leaflets 
during alkali digestion 
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with gold (20 nm, CRC-150, Torr International, Windsor, NY) and imaged with an SEM 

(Quanta 400, FEI, Hillsboro, OR). 8-bit 1024 x 768 images were taken at the hinge, belly, 

and coaptation regions (n=14 per region) at 250X magnification.  

 The elastic fiber network imaged under 

SEM was characterized using a custom 

MATLAB script (Fig. 52). The elastic fiber 

networks in the hinge and coaptation region 

had rectilinear patterns, so for these samples, 

the areas of the voids between elastic fibers 

were measured. Images were converted into 

binary images and inverted, and the function 

bwlabel was used to label the voids in the 

image, with voids <144 pixels in area 

regarded as noise and ignored. All void areas 

were then averaged over the whole image. The 

elastic fiber networks in belly were in a 

striped pattern, so  distances between stripes 

were measured. The direction of the elastic fibers were found using edge detection methods 

previously used to determine electrospun fiber orientation.392,445,446 Briefly, two masks were 

created 
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Figure 52: Image analysis of SEM images of the 
hinge/coaptation region (A-C) and belly (D-F). 
Hinge/coap images were first converted to binary images 
(B) then the voids were labeled and measured for area 
(C). For belly images, edge detection was used to find the 
orientation of the pattern (E). The images were then 
converted to binary (F) and the distance between the 
stripes was measured. 
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where -s ≤ i,j ≤ s. The minimal value of s was approximated by the equation 

 

s ≥σ − log 0.005( )− 2 logσ  (11) 

 

For this study, σ = 2.5, and s=5.445 The masks were then convolved with the image I 

 

Gx = hx ∗ I( ) ,Gy = hy ∗ I( )  (12) 

 

from which the magnitude G and direction of gradient ϕ were calculated 
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An accumulator weight function was used to determine the dominant angular orientation by 

collecting the weighted contributions of the edges to a particular direction θ 

 

Aθ
W = G i, j( )cos2 θ −φi, j( )

i, j
∑  (15) 

 

for 0 ≤ θ ≤ 180.446 The dominant direction was defined as the θ where Aθ
W was max. 

 Afterwards, the images were converted to binary, and bwlabel was used to find 

objects <144 pixels in area and remove them. The horizontal distance between stripes was 
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calculated by scanning across the image at ¼, ½, and ¾ of the image height. Using the angle 

found from edge detection, the distance between stripes was found, and all distances were 

averaged for one image. 

4.1.4  Statistical analysis 

All statistical analysis was performed using analytical software (SigmaStat, Systat 

Software, San Jose, CA). One-way analysis of variance tests (ANOVAs) were performed for 

intensity in the circumferential direction, as well as void size between the hinge and 

coaptation regions. Two-way ANOVAs were performed on intensity and thickness in the 

circumferential direction. Significance is defined as p<0.05. If significant differences were 

observed, post-hoc testing was conducting with Tukey’s test to observe group comparisons. 

All values are presented as mean ± standard deviation.  
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4.2  Results 

4.2.1  Histology and imuunohistochemistry 

 IHC stains for elastin revealed a layered structure that matched that seen in the Movat 

pentachrome stains: little to no stain intensity in the fibrosa; high intensity in the 

ventricularis; and in the spongiosa, elastin stained positively in a sponge-like architecture, 

forming finely a fibrous, interwoven, porous network that extended from the ventricularis to 

fibrosa.  

 
Figure 53: Immunohistochemical stains for elastin and Movat pentachome stains of circumferential sections of aortic 
valve leaflets. These stains reveal a fine, interweaving elastin structure in the spongiosa that matched the strong blue 
stain of GAGs. Scale bar = 200 µm. 

 Circumferential sections of the leaflet were uniformly thick and showed the 

intermediate elastin structures in the spongiosa (Fig. 53). Stain intensity did not change as a 

result of position on the annulus or leaflet type. Radial sections showed intermediate elastin 

structures in the spongiosa that varied in thickness throughout the leaflet, as opposed to the 

outer layers, whose thickness was constant across the leaflet length (Fig. 54). At the hinge, 

the elastic fiber structure originates from the medial layer of the aortic wall and narrows in 

thickness in the direction. In the belly, the structure was at its thinnest, with rare instances 

where collagen bundles crossed and formed corrugated structures, underneath which elastic 



	   87 

fibers emanate from the ventricularis and branch into the fibrosa. In the coaptation region, the 

spongiosa increased in thickness from the belly. There was no difference in stain intensity 

based on angular direction or region (Fig. 55). There was a significant effect of region on 

spongiosa thickness, with the belly having a lower thickness than the hinge and coaptation 

region, but no effect of angular direction (Fig. 56). 

 
Figure 54: Immunohistochemical stains for elastin and Movat pentachome stains of radial sections of aortic valve 
leaflets at the coaptation region, belly, and hinge. In the hinge, the elastin structure in the spongiosa was thick and 
gradually decreased in thickness towards the belly, where it was thinnest. Spongiosa thicknesss increased again in the 
coaptation region. Scale bar = 200 µm. 

  



	   88 

 
Figure 55: Relative intensity of immunohistochemical stains of elastin in (A) circumferential and (B) radial sections. The 
intensities of radial sections were taken in three regions: the hinge, belly, and coaptation region. Intensities were 
recorded relative to the intensity of elastin in the ventricularis. There was no significant difference in relative intensity 
with respect to different orientations or regions of the leaflet. 

 
Figure 56: Relative thickness of spongiosa elastin at different orientations and three regions: hinge, belly, coaptation 
region. Thicknesses were recorded relative to overall tissue thickness. There was a significant difference in region, as 
spongiosa elastin in the hinge was thinnest in the belly compared to the other two regions (p<0.05). *: p<0.05 within 
brackets.  
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4.2.2  Scanning electron microscopy 

 As described previously in 

Section 4.1.3, there were two patterns 

of elastic fiber networks when viewed 

looking down towards the 

ventricularis: a rectilinear pattern 

whose sides are in the circumferential 

and radial directions, as seen in the 

coaptation region and hinge; and a 

radially-oriented striped pattern, with 

faint perpendicular struts crossing 

fibers, as seen in the belly (Fig. 57). 

The stripes in the belly were found to 

be on average 19.66 ± 3.81 µm. There 

was no significant difference in the 

size of the pattern between the hinge 

and coaptation region (Fig. 58). There 

also appeared to be rare regions in the 

belly with a similar rectilinear pattern 

to the hinge and coaptation region. 

 

  

Figure 57: SEM images of alkali-digested leaflets at the (L) hinge, 
belly, and coaptation region (magnification = 250X). Elastic fibers 
formed a rectilinear pattern in the hinge and coaptation region, and 
a radially striped pattern in the belly. Note the smooth transition 
between the (R) hinge and the belly, as indicated by the yellow 
arrow (magnification = 50X). Scale bar = 200 µm. 

Figure 58: Area of voids in rectilinear patterns in the hinge and 
coaptation regions. There was no significant difference between the 
two regions.
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4.3  Discussion 

 In this study, the elastic fiber network of the 

spongiosa was characterized, with a particular focus 

on analyzing the regional differences in structure, 

thickness, and amount of elastic fibers. This is the 

first study to solely focus on this particular structure, 

which has been described in previous studies using 

SEM14,18, micro-CT18, IHC239, autofluorescence 

imaging15,16, and simple observations during 

dissections.17,19 IHC and SEM showed a finely 

fibrous network of elastic fibers that branches out 

from the ventricularis with regional variability in 

structure.  

 IHC stains of radial sections for elastin 

showed that the thickness of the elastic fiber network 

was thinnest at the belly, and thickest in the hinge and 

coaptation regions. The thicknesses measured were 

consistent with previous reports of spongiosa 

thickness found in literature between 30-57%.19,240 

There was no difference in elastin stain intensity with 

respect to angular position or region in either radial or circumferential sections. SEM showed 

two distinct patterns of elastic fibers in the spongiosa: (1) a rectilinear pattern in the hinge 

and coaptation region; and (2) a radially-oriented striped pattern in the belly. These 

Figure 59: Immunohistochemical stain of 
elastin and movat penatchrome stain of a 
collagen fold in the belly, taken from a center 
radial section. The spongiosa is thin throughout 
the majority of the belly, but underneath 
collagen folds such as this one, elastin emanates 
from the ventricularis and branches out into the 
fibrosa. Scale bar = 100 µm. 
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characteristics were not entirely exclusive, as the belly formed branched structures 

underneath where there were corrugations from collagen fiber bundles (Fig. 59). In addition, 

there were regions of the belly with rectilinear patterning. The presence of these two 

characteristics in the hinge and coaptation region suggests a correlation between structure 

and function. This correlation would then suggest that these instances of elastic fiber 

branching and rectilinear patterning have similar functionalities to the elastic fiber networks 

in the hinge and coaptation regions. The result of this study is a clearer picture of the elastic 

fiber structure in the leaflet. Previous studies have shown that elastic fibers form a loose 

structure of sheaths surrounding collagen fibers in the fibrosa, and dense sheets in the 

ventricularis.14,18 With this study, a clearer picture of elastic fibers in the leaflet and the 

structure-function relationships within the leaflet is formed.  

 
Figure 60: Theory of leaflet bending. When flexed, the fibrosa, constrained by elastic fibers in the spongiosa, buckles 
into a wavier configuration with sharper peaks and deeper valleys. At the valleys, where the second moment of area is 
lowest, the leaflet flexes. Elastic fibers then retract the leaflet back to its original configuration when unloaded. 

 That the spongiosa and rectilinear elastic fiber pattern is thickest in the hinge and 

coaptation region, which are areas associated with bending233, suggests a significant role for 

elastin in leaflet bending (Fig. 60). This is consistent with previous hypotheses in the 

literature of leaflet bending.17,248 As the leaflet flexes towards the outflow direction, the 

fibrosa is compressed and the ventricularis pulls in tension.240 As it is compressed, the fibrosa 



	   92 

buckles, exaggerating its folded configuration in a manner constrained by elastic fibers in the 

spongiosa. Its movement relative to the leaflet is allowed by lubrication from GAGs in the 

spongiosa.8,10,100,101,248,322 The elasticity of elastic fibers in the spongiosa would then return 

the fibrosa to its unloaded configuration.17,248 This theory is supported by previous results in 

which leaflets devoid of GAGs and water were stiffer in bending and shear.10,100,101,322 At the 

hinge, where the leaflet bends away from the sinus wall, the ventricularis buckles without 

bending, but deflection is limited by the stiff fibrosa.8,240 Limited bending at the hinge allows 

the leaflet to absorb the pressure gradient across the valve, but prevents distention of the 

leaflet. The thickness and pattern of the elastic fiber network in the spongiosa found in these 

regions serves as further evidence of the significant role of elastin in leaflet flexure.  

 That the spongiosa is thicker in the coaptation region can also be associated with the 

region's compressive loading, where the leaflets press against each other to close the valve.248 

The GAG-rich, watery spongiosa is believed to dampen vibrations from valve closing, 

necessitating viscoelastic compressive properties. This thicker matrix, including GAGs and 

elastin, may thus have a role in leaflet compression. 

 Within the belly, the spongiosa was thinnest and had a radially striped elastic fiber 

structure. The radial orientation of the structure may reflect leaflet stretch in that direction to 

close the valve. Its thinness would not allow the amount of shearing seen in the hinge and 

coaptation region, as a result of fewer GAGs. As a result, it is hypothesized that this elastic 

fiber structure in the belly is simply a connection between the outer layers and helps maintain 

the fibrosa through its elasticity. Similarly, in a previous study, there was a hypothesis of the 

spongiosa's role as simply resisting delamination.19 Further research with non-destructive 
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imaging techniques that preserve elastin and other components, like collagen or cells, are 

required to assess the reasons or benefits of the spacing and pattern of these elastic fibers.  

 There are several limitations to this study that help provide context for the results 

found. During alkali digestion of the leaflet, a porous structure atop of the leaflet was 

observed and assumed to be the porous elastic fiber structure of the fibrosa14,18, and thus 

removed after lyophilization. In removing these fibers, connections between the fibrosa and 

spongiosa were lost, but this was necessary to image the structure within the spongiosa. In 

addition, excising the valve from the aortic wall could have had an effect on the spongiosa 

structure by releasing residual strains between the wall and the leaflet. Indeed, preload exists 

between within the leaflet, as demonstrated by the expansion and contraction of the fibrosa 

and ventricularis, respectively, when separated from the leaflet.19 As a result, a non-

destructive means of imaging these structures, such as autofluorescence imaging15,16, should 

be employed to preserve and study this interface. Non-destructive imaging would also yield a 

fully 3D perspective of the structure, rather than one created from two orthogonal views as 

was done in this study. In addition, prior to lyophilization, the leaflets were frozen at -80°C 

for at least 20 min. Freezing could have affected tissue size and porosity, leaving gross tissue 

structure intact.340  

 

4.4  Conclusions 

 In this study, the elastic fiber network of the spongiosa was characterized 

quantitaively and regionally. No previous study has focused on this layer nor this elastic fiber 

structure. The thickness, density, and spacing of this intermediate structure were investigated 
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in different regions, then related to known regional loading patterns. The findings in this 

study help paint a more complete picture of AV ECM structure and function.  

 



Chapter 5: Anisotropic Composite 

Hydrogels for Heart Valve Tissue 

Engineering 

 In developing a scaffold for heart valve tissue engineering, hydrogels, particularly 

PEG-based hydrogels, are attractive materials to use to create a multilaminate scaffold.* They 

are biocompatible with tunable material properties and biofunctionalities388, and can be 

laminated together.406–413 However, the major limitations of hydrogels for heart valve tissue 

engineering include the fact that they are too weak and they are isotropic, unlike the native 

AV leaflet, which is strong and anisotropic.429 One possible solution to this issue is to 

augment PEG hydrogels with electrospun PCL to improve stiffness and to incorporate 

anisotropy. PCL electrospun into a fine fiber mesh has previously been explored for heart 

valve tissue engineering and has a stiffness comparable to native heart valves.385 Such a 

composite scaffold could serve as an analog to the fibrosa, which is characterized by its 

circumferentially oriented collagen fibers.23,239,244 In addition, electrospun PCL can be 

aligned in a particular direction using a rotating mandrel to collect the scaffold.447 Yet, there 

are still practical obstacles in fabricating a PEGDA-PCL composite, namely that PCL is 

hydrophobic and needs to be modified before it can be embeded in PEGDA. Thus, in this 

study, aligned electrospun PCL scaffolds were fabricated and verified for fiber alignment. 

These scaffolds were then modified, either by protein adsorption, rendering the PCL 

hydrophilic, or acrylation. Tensile testing of these scaffolds, with and without embedding 
                                                
* The work in this chapter was prepared as a manuscript and will be submitted for publication: Tseng H, Puperi 
DS, Cuchiara MP, Kim EJ, Ayoub S, Shah JV, West JL, Grande-Allen KJ. Anisotropic poly(ethylene glycol) 
diacrylate-polycaprolactone hydrogel composites for heart valve tissue engineering. 
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PEGDA, was performed to characterize both the effects of these modifications and 

embedding on overall composite mechanical behavior. The morphological response of VICs 

to these composite substrates was then investigated.  

 

5.1  Materials and Methods 

5.1.1  Electrospinning 

 
Figure 61: The (A) electrospinner and (B) a schematic of the electrospinning process and its parameters. PCL solution 
was extruded out of a syringe at 1 mL/h and charged at 12 kV to spin a fibrous matrix onto a rotating mandrel 20 cm 
from the needle tip.  

 PCL (MW~70-90 kDa, Sigma-Aldrich) was prepared in a 15% w/v solution in 1:1 

tetrahydrofuran (THF): dimethylformamide (DMF) and mixed overnight. The PCL solution 

was loaded onto a syringe pump (Cole-Parmer, Vernon Hills, IL), and extruded out of a 25 G 

needle at a rate of 1 mL/h (Fig. 61). The solution is charged at 12 kV (Gamma High Voltage 

Research, Ormond Beach, FL) and collected 20 cm from the needle tip. Isotropic scaffolds 

were collected on a flat 3" x 3" copper collector (9 in2
 surface area). Aligned scaffolds were 

collected on a rotating mandrel, consisting of a 3" copper rod connected to and surrounded 

by a 2.5" OD x 2.75" L aluminium drum (21.6 in2) rotating at 4000 rpm. The alignment of 
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the scaffolds can be controlled by adjusting the angular velocity of the rotating mandrel. The 

scaffolds were collected at a rate of 200 µm/h on the flat collector, and 83 µm/h on the 

rotating mandrel. After spinning, the electrospun scaffolds (ePCL) were removed from the 

collector, then dried and stored in a desiccator at room temperature until further use. 

5.1.2  Scanning electron microscopy 

 5 mm x 5 mm squares were cut out of ePCL scaffolds and mounted onto microscope 

stubs. The samples were sputter coated with gold (20 nm, Desk V Sputter Coater, Denton 

Vacuum, Moorestown, NJ) and imaged with an SEM (Quanta 400, FEI) at a resolution of 

1024x768 in 8-bit grayscale at 2500X magnification. For aligned scaffolds, images were 

taken at 3 different locations. The fiber angular distributions of scaffolds were found using 

the same method used to find the prominent direction of elastin within the AV leaflet in 

Chapter 4 (n=5 per type).392,445,446 The angular distributions of anisotropic ePCL scaffolds 

were averaged from the three images taken.  Fiber diameters were also measured using a 

similar method to that in Chapter 4 for finding the distance between elastic fibers in the 

striped pattern of the belly. 
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5.1.3  PCL modification  

 

 
Figure 62: Modifications of ePCL in order to embed it in PEGDA. ePCL was either soaked in bovine growth serum 
(BGS) for protein adsorption (pPCL), mixed with APS to make it hydrophilic (hPCL), or modified with acrylate groups 
(aPCL). 

 ePCL was modified either by protein adsorption (pPCL), APS treatment to render the 

ePCL hydrophilic (hPCL), or acrylation (aPCL) (Fig. 62). For pPCL, ePCL was soaked and 

shaken in bovine growth serum (BGS, Hyclone) for 24 h at 4°C, then washed in ultrapure 

H2O and lyophilized overnight. For hPCL, the scaffolds were shaken in 1 M ammonium 

persulfate (APS) for at least 90 min before embedding or testing.  

 aPCL scaffolds were modified in a method similar to one found in the literature used 

to modify PCL with methacrylate groups (Fig. 63).448 Acrylation was performed to allow for 

binding between the PCL and PEGDA, which is hypothesized to allow for long-term 

mechanical strength. ePCL was soaked in 1 M APS for at least 90 min to render the scaffold 

hydrophilic. The ePCL was next washed in ethanol and treated with 1 M sodium hydroxide 

to break down the ester bonds in polymer chains on the surface to expose carboxyl groups. 

The scaffolds were then washed in 0.1 M 2-(N-Morpholino)ethanesulfonic acid hydrate 

(MES, pH~6.0, Sigma-Aldrich) buffer and mixed with 5 mM 1-ethyl-3-[3-
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dimethylaminopropyl]carbodiimide hydrochloride (EDC, Thermo Scientific, Rockford, IL) 

and 10 mM N-hydroxysuccinimide (NHS, Thermo Scientific) for 30 min to place amine 

reactive NHS-ester groups on the carboxyl group. After washing with MES buffer (pH~7.0), 

50 mM acrylamide (Sigma-Aldrich) in MES 

buffer was added to react with the NHS-esters 

and place acrylate groups on the ePCL. The 

scaffold was next washed in MES buffer and 

mixed with 50 mM Tris (Solon, OH) for 30 

min to react with any leftover NHS-esters. 

The resulting aPCL was washed in ultrapure 

H2O and lyophilized overnight.  

5.1.4  Verification of acrylation 

 The successful acrylation of aPCL was 

verified using a Michael-type addition to 

fluorescently tagged PEG-thiol. aPCL was cut 

into 5 x 5 mm squares and placed in a 96-well 

plate. SH-PEG-FITC (Nanocs, New York, 

NY) was added to each well in molarities up 

to 10 mM in PBS. I2959 (100 mg/mL in 

ethanol) was added at a final concentration of 3%. The wells were UV-exposed for 5 min, 

then washed 4X for 15 min and 4X for 30 min in PBS to remove excess PEG-thiol. The 

fluorescent intensities of these scaffolds were read in a plate reader (SpectraMax M2, 

Figure 63: Modification of ePCL scaffolds with acrylate 
groups to fabricate aPCL 
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Molecular Devices) at an excitation/emission of 495/519 (n=5 scaffolds). ePCL without 

acrylation and both aPCL and ePCL without SH-PEG-FITC were measured as controls.  

 Any possible change in Mw for PCL before or after the acrylation process, 

specifically after NaOH degradation, was not recorded. Matrix-assisted laser 

deposition/ionization time-of-flight mass spectrometry (MALDI-TOF MS) could have been 

used to detect a change, but given that acrylation was only performed at the surface, and the 

wide range of Mw of the PCL (70-90 kDa), the detection of slight changes in Mw would be 

difficult.  

5.1.5  Hydrogel synthesis 

 PEGDA was synthesized as previously described in literature.449 Dry PEG (3.4, 6, 20 

kDa, Sigma-Aldrich) was dissolved at a 0.1 M concentration in anhydrous dichloromethane 

(DCM). Triethyalmine (TEA) and acryloyl chloride were added to the solution at two and 

four-fold molar excesses, respectively, to react overnight. The resulting solution was then 

washed in 1 M K2CO3 and separated between its aqueous and organic phases overnight. The 

next day, the organic phase was dried using anhydrous MgSO4 and filtered. The filtered 

solution was next precipitated in diethyl ether, filtered, dried under vacuum overnight, 

ground into a fine powder, and then stored at -20°C until further use. 1H-NMR was used to 

verify and quantify acrylation. Gel permeation chromatography (GPC) could also have been 

performed to verify and quantify acrylation, but was deemed redundant for this study.  

 PEG-RGDS was synthesized first by reacting the peptide sequence RGDS (American 

Peptide, Sunnyvale, CA) with monoacrylate poly(ethylene gylcol)-succinimidyl valerate 

(PEG-SVA, Laysan Bio, Arab, AL) at a 1.2:1 molar ratio in PBS overnight, then dialyzed 
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against ultrapure H2O at room temperature for 2 days with multiple changes. The subsequent 

solutions were lyophilized overnight and then stored at -20°C until further use.  GPC and 

MALDI-TOF-MS were used to verify the successful conjugation of the peptide to PEG.  

 To make the hydrogels, prepolymer solutions with the desired molecular weight and 

concentration of PEGDA were mixed with 5 mM PEG-RGDS in ultrapure H2O. Irgacure 

2959 (100 mg/mL in ethanol, I2959, Sigma-Aldrich) was next added at a 3% concentration 

and mixed. The prepolymer solution was then poured into a 0.25 mm thick mold between 

two glass slides coated with Sigmacote (Sigma-Aldrich). The molds were exposed to UV 

light for 10 min, with a 180° rotation after 5 min. The resulting gel was removed from the 

mold and swelled in PBS for at least 24 h before use.  

5.1.6  PEGDA-PCL composite fabrication 

 125 µm thick ePCL scaffolds were fabricated and modified based on their group. The 

scaffolds were then placed in mold consisting of a 250 µm thick Teflon spacer between two 

glass slides coated with Sigmacote. Then, 10% 3.4 kDa PEGDA, 5 mM PEG-RGDS, and 3% 

I2959 solution was mixed and poured into the mold. The prepolymer solution was allowed to 

soak into the modified ePCL. After fully soaking the ePCL, the molds were exposed to UV 

light for 10 min with 180° rotation after 5 min. Next, the gels were removed from the molds 

and swelled in PBS at least overnight before use. The composite is heretofore known as the 

PPC.  
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5.1.7  Mechanical testing 

 All samples were mechanically characterized in a uniaxial tensile tester (ELF 3200, 

Bose ElectroForce) with a 1000 g load cell (Bose ElectroForce). The samples were tested in 

the directions parallel and perpendicular to fiber alignment (n=5 per direction per group). In 

the cases of isotropic PCL and PEG gels, samples were tested in two orthogonal directions, 

and the directions were arbitrarily designated as parallel and perpendicular. Each sample type 

was gripped differently. Hydrogels were gripped by gluing pieces of paper to both sides of 

the gel on both ends. The pieces of paper were gripped during tensile testing. PCL and 

PEGDA-PCL composites were directly gripped with fine sandpaper. The thickness of the 

samples were measured under a stereo microscope (MZ6, Leica) and captured with a CCD 

(DFC 320, Leica). The original gage length l0 and width w were measured when the sample 

was loaded prior to testing. Samples were pulled in tension at a rate of 1 mm/sec for a total of 

10 mm. Load (F) and displacement (d) were recorded at a sampling rate of 100 points/sec. 

 The data was analyzed using custom software coded in MATLAB (Mathworks) 

similar to the methods described in Chapter 3. First, the F-d curve was converted to stress 

(σ)-strain (ε). The yield point was found by first performing a linear least-squares fit between 

0 and 10% total strain. This region was extended to the strain of maximum stress in order to 

find the highest r2. At that point, the strain was recorded as the yield strain (εy), and the slope 

of the linear least-squares fit was recorded as the elastic modulus (E). 

5.1.8  Cell culture 

 VICs were harvested from fresh porcine aortic valve leaflets from a commercial 

abattoir (Fisher Ham and Meats) using a two-step collagenase digestion involving 
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collagenase type II (450 U/mL, Worthington Biochemical), collagenase type III (350 U/mL, 

Worthington Biochemical), and HAse (50 U/mL, Worthington Biochemical).450 VICs were 

cultured in DMEM/F12 medium supplemented with 10% bovine growth serum (BGS, 

Hyclone, Logan, UT), 1% HEPES buffer, and 1% P/S and maintained in a humidified 

environment (37°C, 5% CO2, 95% humidity). VICs were used after their third passage. 

5.1.9  VIC morphology on PEGDA-PCL composites 

 VICs were seeded onto PPCs in order to view the cellular response to the alignment 

and strength of the scaffold.*  PPCs were prepared with 10% 6 kDa and 10% 20 kDa 

PEGDA, 5 mM PEG-RGDS, and 5 x 5 mm 250 µm thick aPCL squares. aPCL included both 

aligned and isotropic ePCL (Fig. 64). The PPCs were fabricated under sterile conditions in a 

250 µm thick 5 x 10 mm mold such that one half of the final gel was PPC and the other half 

was PEGDA. 

 
Figure 64: Schematic of PPCs fabricated for phalloidin staining. In a 5x10 mm mold, a 5x5 aPCL scaffold, either 
isotropic or anisotropic, was embedded in PEGDA on one side. Cells were then seeded on top of the scaffold, then fixed 
and stained to view the cellular morphological response to the varying stiffness. 

 The gels were bound to methacrylated coverslips to weigh down gels in media, which 

were fabricated as previously described in the literature.†,451 After fabrication, the gels were 

placed in 24-well plates and sterilized under UV overnight while swelling in PBS. The next 

                                                
* PPC assembly was performed with the help of Dan S. Puperi 
† Methacrylated coverslips fabricated by Dan S. Puperi 
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day, the PBS was replaced with VIC media for 4 hours. VICs were then seeded onto the gels 

at a concentration of 50,000 cells/well. After 36 hours, the media was aspirated off and the 

gels were fixed in 4% paraformaldehyde for at least 15 min.  

 These gels were stained for actin with phalloidin (1:40 in PBS, AlexaFluor 488 

Phalloidin, Invitrogen) and counterstained for nuclei with 4',6-diamidino-2-phenylindole 

(1:1000, DAPI, KPL, Gaithersburg, MD) for 2 hours. The gels were washed for a final time 

and imaged on a confocal microscope (LSM 510 META NLO, Zeiss). Image analysis was 

then performed on these stains using both ImageJ and custom MATLAB software (n=2-3 per 

group). The angular distribution of actin was calculated in MATLAB using the same method 

to find the angular fiber distribution in aligned ePCL scaffolds. ImageJ was then used on the 

DAPI stains to measure the aspect ratios of cell nuclei. 

5.1.10  Statistical analysis 

 The data was analyzed using statistical analysis software (SigmaStat, Systat Software, 

San Jose, CA). One-way ANOVAs were performed on the difference in fiber diameter 

between anisotropic and isotropic ePCL, and the differences in nuclear aspect ratio and area 

among cells seeded on anisotropic or isotropic PPC, or PEG. Two-way ANOVAs were 

performed on the mechanical testing data for the effects of modification treatment as well as 

between parallel and perpendicular. For the verification of acrylation using SH-PEG-FITC, a 

logarithmic regression was used. For the effect of alignment on PCL fiber distribution, and 

the effect of substrate on VIC actin alignment, the sample variances were compared using an 

F distribution. In all cases, significance was defined as p<0.05. If an overall effect was found, 
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post-hoc Tukey's testing was performed to observe comparisons between groups. All values 

are presented as mean ± standard deviation. 

 

5.2  Results 

5.2.1  Electrospinning 

 PCL was successfully electrospun into anisotropic and isotropic scaffolds on a 

rotating mandrel and flat collector, respectively. SEM micrographs of the resulting scaffolds 

show a stark difference in fiber alignment between the two groups, with a predominant 

alignment in anisotropic ePCL scaffolds, and a randomly oriented scaffold in isotropic ePCL 

scaffolds (Fig. 65). This trend was verified by image analysis of the angular distributions of 

PCL fibers, as anisotropic ePCL was found to have a higher peak and tighter distribution 

compared to isotropic ePCL (F=25.43, p<0.001). The diameters of PCL fibers were found to 

be significantly higher in isotropic ePCL compared to anisotropic ePCL (p<0.05).  
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Figure 65: SEM micrographs of (A) anisotropic and (B) isotropic ePCL scaffolds. Scale bar = 10 µm. (C) Angular 
distribution of PCL fibers in anisotropic (black) and isotropic (red) ePCL scaffolds. ^: p<0.001 between curves. (D) 
Diameters of PCL fibers within anisotropic (black) and isotropic (red) ePCL scaffolds. *: p<0.05 within bracket. Error 
bars represent standard deviation. 
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5.2.2  PCL modification 

 
Figure 66: SEM micrographs of (A) pPCL, (B) hPCL, and (C) aPCL. Fiber alignment was generally maintained after 
modification in all three cases. Note the increase in thickness of fibers and protein adsorption in pPCL, as well as the 
wider distribution of fibers in hPCL and aPCL. Scale bar = 10 µm.  

 Anisotropic ePCL scaffolds were modified using three different modification 

treatments. In general, these treatments rendered ePCL hydrophilic. hPCL was not uniformly 

hydrophilic on its surface, and soaking the PEGDA into the hPCL took several minutes. In 

addition, PEGDA around the hPCL did not fully crosslink after UV exposure. For aPCL and 

pPCL PEGDA soaked through the scaffolds within seconds and fully crosslinked. pPCL 

PPCs became contaminated with bacteria after 48 hours of swelling in PBS. When viewed 

under SEM, the fiber alignment in modified ePCL was maintained (Fig. 66). In pPCL, 

protein adsorption seemed to lead to thicker fibers. In both hPCL and aPCL, the fiber 

alignment began to look more distributed, particularly in aPCL scaffolds.  

5.2.3  Verification of acrylation 

 SH-PEG-FITC was used to verify acrylation in aPCL. At 10 mM, the fluorescent 

intensity of aPCL scaffolds was significantly higher than unmodified ePCL scaffolds 

conjugated with SH-PEG-FITC (p<0.05) and both aPCL and ePCL scaffolds without SH-

PEG-FITC (Fig. 67). SH-PEG-FITC was also reacted with the PCL at molarities ranging 
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from 0-10 mM, and its positive correlation was fit to a logarithmic regression (r2 = 0.463, p = 

0.008).  

 
Figure 67: (A) Comparison of fluorescent intensities between aPCL and unmodified ePCL reacted with 10 mM SH-PEG-
FITC (black) and unreacted controls (white). (B) Fluorescent intensity of aPCL as a function of the concentration of 
SH-PEG-FITC. Intensity followed a logarithmic curve. *: p<0.05 v. the other groups. Error bars represent standard 
deviation. 

5.2.4  Mechanical testing 

 
Figure 68: (A) Elastic moduli and (B) yield strains of modified ePCL scaffolds, and unmodified anisotropic and isotropic 
ePCL scaffolds in the parallel (black) and perpendicular (white) directions. All modifications were stiffer in the parallel 
direction than the perpendicular direction like anisotropic ePCL scaffolds, and stretched more perpendicularly except for 
aPCL. Elastic modulus in the perpendicular direction generally did not decrease, with only pPCL having a significantly 
lower modulus than isotropic ePCL. *: p<0.05 v. perpendicular direction, ^: p<0.05 within bracket, #: p<0.05 between 
pairs. 

 Tensile testing was performed on both modified PCL and PPCs to determine the 

effects of modification and embedding in PEGDA, respectively, on the mechanical properties 

of these scaffolds. Anisotropic ePCL was stiffer in the parallel direction than in the 

perpendicular direction (p<0.001), and stretched more before yielding in the perpendicular 
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direction than in the parallel direction (p<0.001) (Fig. 68). Isotropic ePCL had statistically 

similar moduli and yield strains in either direction. Like anisotropic ePCL scaffolds, all 

modification treatments were significantly stiffer in the parallel direction compared to the 

perpendicular direction, although for aPCL and pPCL, their parallel moduli were 

significantly lower than that of unmodified anisotropic ePCL (p<0.001). There was no 

change in perpendicular moduli between modified PCL and anisotropic ePCL, although the 

perpendicular modulus of pPCL was significantly lower than isotropic ePCL (p<0.05). With 

regards to yield strain, both hPCL and pPCL maintained the anisotropy of the anisotropic 

ePCL (p<0.001), while aPCL had statistically similar yield strains in both directions.  

 

 
Figure 69: (A) Elastic moduli and (B) yield strains of PPCs with different modifications, unmodified anisotropic ePCL 
scaffolds, and PEGDA in the parallel (black) and perpendicular (white) directions. All PPC types maintained anisotropy, 
but had a significantly lower modulus in the parallel direction. In addition, PPCs were stretched similarly in each 
direction, as opposed to anisotropic ePCL. *: p<0.05 v. perpendicular direction, ^: p<0.05 within bracket. 

 When embedded in PEGDA, the PPCs still maintained anisotropy (p<0.001), but had 

a significantly reduced parallel modulus compared to anisotropic ePCL (p<0.001), although 

it was also significantly higher than PEGDA alone (p<0.001) (Fig. 69). Within the PPC, 

PEGDA typically failed, while the PCL remained intact. The parallel modulus among the 

three PPC types were statistically similar in both directions. All three PPC types also showed 

statistically similar yield strains in both directions, comparable to PEGDA.  
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5.2.5  VIC morphology on PEGDA-PCL composites 

 
Figure 70: (A) Phalloidin stains for actin (green) of VICs on PPCs with either anisotropic (alignment denoted by white 
arrow) or isotropic aPCL and on PEGDA. Nuclei are counterstained with DAPI (blue). Note the alignment of actin in 
VICs seeded on anisotropic PPC in comparison to those seeded on isotropic PPC, and the morphology of actin on the 
PPC side compared to the retracted morphology on PEGDA. Scale bar = 50 µm. (B) Actin alignment for VICs seeded on 
the PPC with either anisotropic (black) or isotropic (red) aPCL and on PEGDA (blue). Note the higher amount of 
alignment with VICs seeded on anisotropic PPC. *: p<0.002 anisotropic PPC v. the rest. (C) Nuclear aspect ratios of 
VICs seeded on all three substrates studied. There was no significant difference between groups.  

 DAPI and phalloidin staining was used to study the effects of PPCs on cellular 

morphology. The stains showed VICs on PPCs with a more spread morphology compared to 

VICs on just PEGDA alone (Fig. 70). Between anisotropic and isotropic PPCs, VICs 

demonstrated an alignment of actin in the general direction of the underlying aPCL. Image 

analysis of the angular distribution of actin demonstrated that VICs on anisotropic PPCs had 
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a prominent direction of alignment (Faniso/iso = 4.33, p<0.001; Faniso/PEG = 6.88, p<0.001; 

Fiso/PEG = 1.58, p<0.002). There was no significant change in nuclear aspect ratio between 

these substrates. 

  

5.3  Discussion 

 In this chapter, PCL was electrospun into aligned scaffolds, then modified in order to 

embed into PEGDA to increase overall scaffold strength and impart anisotropy. ePCL was 

modified three ways: by protein adsorption (pPCL); by treatment with APS (hPCL); and by 

modification with acrylate groups (aPCL). Acrylation in aPCL was verified with 

fluorescence using Michael-type reactions with SH-PEG-FITC. Tensile testing of modified 

ePCL demonstrated all types maintained anisotropic moduli, although pPCL and aPCL had 

significantly lower moduli in the parallel direction. Both pPCL and hPCL maintained the 

anisotropic yield strain. After embedding the modified PCL into PEGDA, PPCs of all 

modification types maintained anisotropic moduli, while having statistically similar elastic 

moduli in either direction between modification types, and becoming isotropic with regards 

to yield strain. VICs seeded on PPCs with anisotropic aPCL showed an aligned angular 

distribution of actin compared to VICs seeded on isotropic PPCs and PEGDA alone. 

 Many studies have looked at combining hydrogels and polymers together, including 

electrospinning co-polymers452 or mixing them453. There are several studies that have 

embedded fibrous scaffolds into hydrogels for various purposes including drug release, and 

neural and bone tissue engineering.454–458 In all cases, there was no modification to the 

underlying polymer before embedding in the hydrogel precursor solution. The most 

comparable study to the work presented in this chapter used unmodified electrospun PLLA 
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that was embedded in a PEGDA hydrogel or simply soaked in PEGDA, removed, then 

crosslinked.456 Similarly to this study, tensile testing of the composites demonstrated that the 

addition of PEGDA reduced the σUTS of the scaffold, while the overall scaffold showed 

comparable mechanical behaviors to native anterior cruciate ligaments. This chapter 

describes the first work to construct a composite where the hydrogel and fiber are bound 

together within the context of a larger trilayered scaffold for heart valve tissue engineering. 

The results in this study demonstrate and characterize additional methods for the design of 

hydrogel-fiber composites. 

 As discussed previously in Section 2.5, previous reports on the mechanical properties 

of aortic valve leaflets show elastic moduli in the range of 3.39-28 MPa in the 

circumferential direction21,22 and 1.09-2.86 MPa in the radial direction.21,294 In addition, in 

Chapter 3, the elastic moduli of aortic valve leaflets was found to be about 6 MPa in the 

circumferential direction and 2 MPa in the radial direction. The results of this chapter on 

elastic moduli fit within the range of these previous reports. However, while similar in elastic 

modulus, there were significant differences in stress-strain behavior between PPCs and the 

native leaflet; the tensile behavior of the native leaflet is bilinear and elastic, while the PPC, 

like the underlying PCL, has a linear stress-strain curve, and yielded at high strains and 

equally in both directions. The results of this study present a challenge to the use of the PPC 

as part of a scaffold for heart valve tissue engineering. Functionally any scaffold must extend 

radially to close the valve. From a mechanobiological standpoint, a linear stress-strain 

behavior would mean that VICs would start to feel stresses at low strain, in contrast to native 

leaflet behavior, which could lead to VIC activation261,262 and altered ECM remodeling.264–266 



	   113 

Future research must consider strategies to reduce stresses within the PPC or impart 

bilinearity on the stress-strain behavior in order to address this issue.  

 Cytoskeletal staining demonstrated that VICs responded to not only to the stiffness of 

the PPC but aligned its cytoskeleton in the presence of the underlying anisotropic ePCL. The 

spread morphology on the stiffer PPC was expected, as previous results have demonstrated 

that stiffer substrates correlate with VIC activation and stress fiber formation.262 In addition, 

that VICs aligned in the direction of the underlying fiber alignment within the PPC opens the 

possibility of directional ECM formation, which has been demonstrated in the literature with 

fibroblasts and VICs459,460, and could lead to a structure similar to that of the fibrosa, with 

circumferentially oriented collagen fibers.23,239,244 However, ECM formation would require 

VIC activation, which has been associated with CAVD.56,59,60 That VICs aligned in the 

direction of fiber alignment could simply be a result of VICs physically attaching to the 

fibers, rather than responding to the underlying stiffness. Further studies are required, 

possibly with either AFM or fluorescently-tagged PEG-RGDS on the surface, to determine 

the surface topography of the PPC. Furthemore, it is necessary in future studies to understand 

how VICs synthesize ECM and degrade the underlying scaffold, and in what state they are in 

throughout the process.  

 In the future, VICs would be encapsulated within the PPC. Cells can be encapsulated 

within PEGDA gels and photopolymerized with UV exposure under favorable conditions for 

cells388, as demonstrated in Appendix 2. In addition, ePCL porosity can be controlled to 

allow for better cell penetration into the scaffold461, and modification would not deter this 

process. It should be noted that the encapsulation of cells would affect the material properties 

of the PPC, as has been demonstrated in the literature.381,462 Future research using the PPC 
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will need to investigate the effect of cell encapsulation on material properties as well as the 

degradation of the scaffold and tissue remodeling around it.  

 aPCL was fabricated by first hydrozling polymer chains at the surface of PCL fibers 

with NaOH to expose carboxyl groups. These carboxyl groups were then converted to 

acrylate groups using EDC and NHS to crosslink the ePCL with acrylamide. Similar 

processes have previously been used to attach different functionalities to PCL, including 

methacrylate groups448, proteins like collagen463–466, laminin466, gelatin467, antibodies468, and 

growth factors469, peptide sequences such as RGDS470,  and GAGs like CS464 and 

heparin.471,472 In this study, ePCL was functionalized with acrylate groups in order to bind 

with PEGDA. In finding ways to verify acrylation and quanitfy efficiency, several methods 

were considered. One previous study adding methacrylate groups to PCL used X-ray photon 

spectroscopy was used to find the nitrogen mass concentration and verify methacrylation.448 

However, the results of that study did not control for the possibility of unreacted NHS-esters 

on the PCL. 1H-NMR was tried but was unsuccessful, likely due to the small amount of 

acrylate groups relative to the amount of PCL. As a result, SH-PEG-FITC was used to verify 

acrylation. The fluorescent intensity of the aPCL was logarithmically proportional to SH-

PEG-FITC molarity, with fluorescence saturating at 1.25 mM as an estimate of the amount of 

acrylation. Acrylation could be tuned varying the molarities and reaction times of EDC, 

NHS, and acrylamide. SEM showed that aPCL had a wider angular distribution of fibers, 

while mechanical testing demonstrated isotropic yield strain and reduced stiffness. Further 

studies using aPCL must investigated the effect of the acrylation process, particularly NaOH 

degradation, on fiber alignment and overall scaffold properties. 
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 pPCL was fabricated as a model for protein adsorption to PCL as a possible means of 

embedding ePCL within PEGDA. pPCL showed similar stiffness to aPCL alone and 

embedded in PEGDA, while maintaining the anisotropic yield strain of the anisotropic ePCL 

unlike aPCL. The decrease in stiffness of pPCL relative to anisotropic ePCL could be 

attributed to the increase in thickness due to protein adsorption. While mixed for 24 hours, 

previous reports have shown that protein adsorption on thin membranes could occur within 2 

minutes.473 These results hold promise for the possible use of pPCL to embed in PEGDA. 

Proteins have previously been adsorbed onto PCL for various reasons, including sensors473,474 

and encouraging cellular adhesion.475–479 pPCL in this study was constructed and tested under 

non-sterile conditions, but could be sterilely constructed and adsorbed with particular 

proteins or peptide sequences of interest. That pPCL was not bound to PEGDA stands in 

stark contrast to aPCL, which was bound via its acrylate groups to PEGDA. While there was 

no difference between aPCL and pPCL in tensile testing, long-term mechanical performance 

could be affected, as attachment between ePCL and PEGDA in aPCL could reduce stresses 

within the scaffold. Slip between ePCL and PEGDA as would be seen in pPCL could lead to 

better extensibility, although yield strain between aPCL and pPCL was statistically similar in 

both directions. One possible solution is the adsorption of thiolated or acrylated proteins that 

could be bound to the PEGDA. This strategy could possibly be used to address issues of 

fatigue and long-term scaffold mechanical properties.  

 Out of the different modifications, hPCL was the most difficult to work with. APS 

treatment was uneven throughout the scaffold, which was manifested in the difficulty in 

soaking PEGDA through the scaffold. In addition, PEGDA did not fully crosslink, which 

could be attributed to APS remaining within the scaffold after washing altering the 
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photopolymerization process. While this was part of the method to acrylate PCL, previous 

work has demonstrated that hydrolysis with NaOH alone could improve hydrophilicity by the 

exposure of more carboxyl groups.479–482 Considering these observations, APS treatment 

would not be a likely candidate to create PPCs in the future. Future studies should consider 

other treatments, such as with NaOH alone.  

 The motivation for this study was to create an anisotropic scaffold for heart valve 

tissue engineering with mechanical properties similar to the native valve leaflet. As discussed 

previously in Section 2.6, previous tissue engineered heart valve scaffolds were fabricated 

from aliphatic polyesters that were too stiff and isotropic, that resulted in disorganized 

matrix.7 In addition, PEGDA within the composite allows for the possibility of lamination 

with other hydrogels406–413 as one layer of a modularly assembled scaffold. The expectation is 

that a scaffold that better matches the material properties of the leaflet and could be 

laminated would induce layer-specific matrix remodeling and recapitulate the native leaflet 

architecture. The PPC helps begin the development of more representative scaffolds for heart 

valve tissue engineering. 

5.4  Conclusions 

 The purpose of this study was to create hydrogel-fiber composites that combine the 

strength and anisotropy of fibrous scaffolds and the biofunctionality, tunability, and 

lamination of hydrogels. ePCL was fabricated into aligned scaffolds with anisotropic material 

properties. Modification via protein adsorption, APS treatment, and acrylation was 

performed to render the ePCL hydrophilic in order to be embedded in PEGDA. The resulting 

PPCs maintained anisotropic material properties. VICs seeded on top of PPCs responded to 

the underlying anisotropy by aligning in the prominent direction of fibers. The result is a 
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scaffold that matches the anisotropy of the native aortic valve leaflet, and fits well within the 

ideal of a modularly assembled laminate heart valve scaffold.  

 

 



Chapter 6: Three-dimensional 

Magnetically Levitated Co-culture Models 

of the Aortic Valve Leaflet 

 A challenge in biomedical research today is the creation of organotypic tissue models 

that faithfully represent native tissue structure and function, particularly for the purposes of 

drug discovery.* A large gap in complexity and fidelity exists between simple 2D cell culture 

experiments and the human tissue of interest. This gap has previously been exposed for 

pharmacological treatments to CAVD. Statins, lipid-lowering therapies used to treat 

atherosclerosis, were shown to significantly reduced calcific nodule size and area, as well as 

VIC activation via SMαA expression in 2D VIC cultures.59,64–67 Yet, clinical trials for 

patients with CAVD did not show improvement in outcome with statins.68–72 Indeed, studies 

of the effect of statins on 3D collagen gels seeded with VICs showed a lesser, conditional 

reduction in calcification compared to 2D VIC cultures.66 These 2D studies are flawed, as 

they were not conducted in a structurally representative environment, and thus limited in 

their ability to replicate molecular gradients483, substrate stiffness484–486, and the spectrum of 

cell-cell and cell-matrix interactions observed in living tissue.487–489 These limitations 

necessitate the use of 3D cell culture, with which researchers can control the shape, structure, 

and biochemical environment to allow research at higher orders of 

                                                
* The work presented in this chapter was published in: Tseng H, Balaoing LR, Grigoryan B, Raphael RM, 
Killian TC, Souza GR, Grande-Allen KJ. A three-dimensional co-culture model of the aortic valve using 
magnetic levitation. Acta Biomaterialia, submitted; Tseng H, Gage JA, Raphael RM, Moore RH, Killian TC, 
Grande-Allen KJ, Souza GR. Assembly of a three-dimensional multitype bronchiole co-culture model using 
magnetic levitation. Tissue Eng Part C Methods, 2013, in press. 
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complexity.483,484,487,488,490,491 Additionally, only one cell type has been studied in each of 

these studies, when it's understood that VECs and VICs play a synergistic role in normal and 

diseased tissue states, as VEC dysfunction is evident in CAVD progression.44–47 This 

example demonstrates the necessity to develop cost-effective, clinically relevant, and 

representative 3D co-culture models of the aortic valve.  

 To that end, this study created a layered co-culture comprised of both VECs and 

VICs. Co-cultures leverage the presence or signaling between cell types, yet the creation of 

appropriate co-cultures is limited by existing cell culture techniques, which are primarily in 

2D. Co-cultures in 2D can be generalized as the transfer of signals between two exclusive 

cell monolayers and have included either: the direct transfer of conditioned media between 

culture vessels492,493; mixed cultures493,494; shared culture environment495, and 

microfluidics.496–499 In 3D, co-culture models have included spheroids with multiple cell 

types500, encapsulated protein gels seeded with multiple cell types24,25, or hybrid methods of 

3D cultures and monolayers.501 There have been two previous studies assembling co-cultures 

of VECs and VICs, both using collagen-based gels embedded with VICs and then seeded on 

the surface with VECs.24,25 These methods have been successful in creating improved in 

vivo-like conditions, yet still lack the spatial control to organize cells into complex 

organotypic models that recapitulate tissue environments.  

 This current study used magnetic levitation to create a co-culture model of the aortic 

valve. Magnetic levitation utilizes a biocompatible nanoparticle assembly consisting of poly-

L-lysine (PLL), magnetic iron oxide (MIO; Fe3O4), and gold nanoparticles that self-assemble 

into hydrated networks based on electrostatic interactions.26,502–505 When incubated with 

these nanoparticles, cells bind to the nanoparticle, rendering the cell magnetic and allowing 
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for magnetic manipulation. In particular, incubated cells in a liquid suspension can be 

levitated to the air-liquid interface with the application of a low intensity magnetic field (50-

300 G). After cells are levitated, these cells interact, self-assemble, and proliferate, all 

without the need of an artificial matrix. This technique has been used to levitate human 

glioblastoma cells26,506, smooth muscle cells507, and mixed co-cultures of vascular endothelial 

cells and adipose stem cells.508 Levitated cells demonstrated greater proliferation and protein 

expression.26 

 In this study, magnetic levitation was used to assemble co-cultures by sequentially 

layering VECs and VICs into one final construct. Immunohistochemistry was performed to 

verify the maintenance of VIC and VEC phenotype and function, as well as demonstrate the 

formation of extracellular matrix. Quantitative real-time polymerase chain reaction (qRT-

PCR) was employed to measure the gene expression of phenotypic, functional, and matrix 

markers of VECs and VICs.   

 

6.1  Materials and Methods 

6.1.1  Cell culture 

 Aortic VECs and VICs were harvested from porcine aortic valves that were obtained 

from a local abattoir (Fisher Ham and Meats, Spring, TX), which were extracted within hours 

of death. Leaflets were washed in sterile PBS with 5% P/S and isolated within hours of 

dissection..  

 VECs were isolated from the leaflets using collagenase II (60 U/mL) and dispase (2 

U/mL) to digest the tissue.273 Before seeding, tissue culture flasks or glass slides to be used 
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were coated with 2.5% gelatin (MP Biomedicals, Solon, OH) in 1:1 H2O:phosphate buffered 

saline (PBS, pH~7.4) for an hour under ultraviolet light at room temperature.509,510 The 

remaining solution was aspirated and cells were seeded on the surface. VECs were cultured 

in specialized media (Endothelial Growth Medium-2, Lonza Biosciences, Walkersville, MD) 

with 2% fetal bovine serum (FBS) and 1% penicillin/streptomycin (P/S). At the first passage, 

magnetic cell sorting was performed to purify the VEC population for CD-31 positive cells 

using an anti-CD31 antibody (mouse anti-CD31 antibody TLD-3A12, Millipore, Billerica, 

MA).273 VECs at their third passage were used. 

 VICs were isolated using the same process described in Chapter 5.450 VICs were 

seeded on uncoated tissue culture flasks and glass slides, and cultured in 1:1 DMEM/F12 

media supplemented with 10% bovine growth serum (BGS, Hyclone, UT), 1% HEPES 

buffer, and 1% P/S. VICs were also used at their third passage. 

6.1.2  Magnetic levitation 

 Magnetic levitation with the Bio-

Assembler Kit (Nano3D Biosciences, 

Houston, TX) was used to create 3D cell 

cultures of VICs and VECs.26 Confluent flasks 

of cells were treated with NanoShuttle (NS, 8 

µL/cm2 culture surface area) and incubated overnight (Fig. 72). NanoShuttle was fabricated 

by mixing Au nanoparticles, PLL, and MIO. Au nanoparticles were prepared with a common 

citrate-reduction (0.8:1 sodium citrate:Au(III) chloride).26,504,505 The next day, treated cells 

were trypsinized and resuspended in 400 µL of media in a 24-well low-adhesion plate 

Figure 71: Magnetically levitated cell constructs in a 24-
well plate 
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(Corning, Corning, NY). A magnetic drive consisting of neodymium magnetic cylinders (50 

G) was placed on top of the well plate to levitate cells to the air-liquid interface (Fig. 71). 3D 

monotype cultures were levitated for 48 hours. 

 
Figure 72: Schematic of magnetic levitation 

6.1.3  Co-culture assembly 

 Magnetic levitation was also used to assemble co-cultures of VECs and VICs. VECs 

and VICs were incubated overnight with NS and levitated into 3D cultures (500,000 cells 

each) (Fig. 73). After 4 hours of levitation, a Teflon pen housing a rod magnet (0.1875" OD) 

was used to sequentially pick up 3D cultures of each cell type to assemble the co-culture: 

first VECs, then VICs. The still attached co-culture was then submerged in VEC media in a 



	   123 

well of a 96-well plate for 4 hours. The co-culture then was removed off the pen into a 24-

well low adhesion plate. First a well was filled with 400 µL of VEC media. The magnet was 

removed from the pen, and the magnetic drive was placed underneath the well plate, 

attracting the co-culture off the Teflon and to the bottom of the well. After detachment, the 

drive was placed back on top of the well plate to levitate the co-culture again. The co-culture 

is heretofore referred to as the aortic valve co-culture (AVCC).  

 
Figure 73: Schematic of co-culture assembly  
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 During levitation, the planar area of the co-culture was measured every 12 hours after 

assembly by taking bird's eye images of the co-cultures (T1i Rebel, Canon) and measuring 

the size using image analysis software (ImageJ).  

6.1.4  Effect of magnetic levitation on cell prolfieration 

 The effect of NS and exposure to a magnetic field on the proliferation of VICs and 

VECs was investigated using the MTT assays. Both cell types were individually seeded in 24 

well plates with 50,000 cells/well (n=9 per effect per cell type). For wells with NS, NS was 

added at day 0 for overnight incubation. At day 1, the media was changed and replaced every 

other day up to day 8. For wells with magnetic exposure, magnets (field strength = 300 G) 

were placed 1 mm underneath the well for up to 8 days. Both negative controls and wells 

exposed to a magnetic field had media changed similarly to those with NS on odd-numbered 

days.  

 At even numbered days, the MTT assay was performed to measure the number of 

cells in the well. Media in the well was replaced and thiazolyl blue tetrazolium (5 mg/mL, 

Sigma-Aldrich, St. Louis, MO) was added at a 1:10 dilution. After 3 h of incubation, the 

solution was aspirated, leaving formazan blue crystals at the bottom of the well. Acidified 

isopropanol (0.1 N HCl in isopropanol) was added to dissolve the formazan crystals. The 

samples were then read in triplicate on a plate reader (SpectraMax M2, Molecular Devices, 

Sunnyvale, CA) for absorbance at 570 nm with background subtraction at 690 nm. 

Absorbance readings were compared to a standard curve of known cell quantities (10,000, 

50,000, 100,000, and 200,000 cells).  
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6.1.5  Immunohistochemistry 

 IHC was used to qualitatively assess the maintenance of cellular phenotype, function, 

and extracellular matrix formation. As previously described, AVCCs were fixed in 4% 

paraformaldehyde for a minimum of 5 hours, and then dehydrated, embedded in paraffin, and 

sectioned according to standard procedures. In order to maintain the AVCCs structure 

through processing, the Teflon pen used in assembling the AVCC was employed in holding it 

together. For 2D IHC, VICs and VECs were seeded onto glass chamber slides at 50,000 

cells/well to adhere overnight, after which they were fixed in 4% paraformaldehyde for 15 

min.  

 Sections to be stained were rehydrated and underwent antigen retrieval with a citrate 

buffer solution (Antigen Decloaker, Biocare Medical, Concord, CA) at 80°C for 30 min. 

Sections with intracellular antigens were then permeabilized using 0.2% TX-100 for 15 min. 

All sections were then blocked using donkey serum buffer (DSB, 1% donkey serum in PBS) 

for an hour. For experimental sections, the DSB was removed and the primary antibody 

solution was added for overnight incubation at 4°C. The primary antibody solution consisted 

of the antibody of interest at the manufacturer's recommended dilution in PBS with 1% BSA. 

Negative controls continued to incubate with DSB. The sections were next incubated with a 

fluorescently tagged secondary antibody (AlexaFluor 488/633, Invitrogen, Carlsbad, CA) for 

1 h at room temperature and counterstained with DAPI (KPL, Gaithersburg, MD) for 15 min. 

The slides were then washed, dehydrated, mounted, and imaged. 2D IHC slides were 
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processed similarly to 3D cultures from permeabilization with TX-100 on. Images were 

captured on a confocal microscope (LSM 510 META NLO, Zeiss).*  

 In this study, the antigens stained for include: SMαA (Abcam, Cambridge, MA) for 

VIC phenotype; vimentin (Dako, Carpinteria, CA) for intermediate filaments; von 

Willebrand factor (vWf, Abcam) and CD31 (Abcam) for VEC phenotype; collagen type I 

(Col I, Abcam), laminin (Lam, Abcam), and fibronectin (FN, Abcam) for extracellular 

matrix; prolyl 4-hydroxylase (P4H, Bioss, Woburn, MA) for collagen synthesis or VIC 

function; endothelial nitric oxide synthase (eNOS, Santa Cruz Biotechnology, Santa Cruz, 

CA) for VEC function; and VE-cadherin (VE-cad, Cell Signaling Technology, Danvers, MA) 

and N-cadherin (N-cad, Invitrogen) for cell-cell interactions. Hematoxylin & eosin (H&E) 

staining was also performed on the AVCC according to standard procedure. 

6.1.6  Qualitative reverse-transcriptase polymerase chain reaction  

 The mRNA from the AVCC and other cultures was extracted using Trizol Reagent 

(Invitrogen) mediated lysis and a series of ethanol washes and centrifugations.† The mRNA 

was reverse-transcribed into cDNA using Primescript 1st strand cDNA Synthesis Kit (Takara 

Bio, Otsu, Japan). The cDNA samples were frozen at -20°C until use. Using the 2X 

QuantiTect SYBR Green PCR Master Mix (Clontech Laboratories, Mountain View, CA), 

qRT-PCR on the cDNA was performed (Mastercycler ep realplex, Eppendorf, Hamburg, 

Germany) to assess differences in gene expression levels between the AVCC, 3D monotype 

cultures, and 2D monotype cultures. The GAPDH gene (Integrated DNA Technologies, 

Coralville, IA) was used as the housekeeping gene for quantification, and the gene 

                                                
* Imaging was performed by Liezl Balaoing 
† qRT-PCR was performed by Liezl Balaoing 
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expression levels of a particular sample group were normalized to the expression levels of the 

AVCC.  

 qRT-PCR was performed (n=3-5) to measure the positive gene expression of: αSMA 

for VIC phenotype; CD31 for VEC phenotype; COL1A1, FN, Lam-β1 for ECM; lysyl 

oxidase (LOX) for collagen and elastin synthesis; and eNOS and VWF for endothelial 

function (all primers from Integrated DNA Technologies, Table 1). 

Table 11: DNA primer information 

Gene  5’ à  3’ Product 
Size 

Accession 
Number 

ACTA2 

(αSMA) 

Forward AATAGAACACGGCATCATC 
77 FJ547477 

Reverse CACGAAGCTCATTGTAGAA 

PECAM1 
(CD31) 

Forward ACTGCTAACAACCAGAATT 
80 X98505 

Reverse GCTTGACAGGAGAATAATATAAC 

COL1A1 
Forward AGTTGTCTTATGGCTATGATGAG 

78 XM_003483014 
Reverse GACCACGAGGACCAGAAG 

FN1 
Forward CTACTATTACTGGTCTGGAA 

75 AY839862 
Reverse CACTCTTCTGATTGTTCTT 

LAMB1 
Forward CACCACGGATTCCAACAG 

75 AF329358 
Reverse TGCTCCAACATCAAGTCT 

LOX 
Forward CAGTGGATTGATATTACAG 

99 NM_001206403 
Reverse ATTGTTGGAATAGTCTGA 

VWF 
Forward CGAACCCAAGAAGAGAAT 

108 S78431 
Reverse ATCACTTCCTCCACAAAC 



	   128 

NOS3 (eNOS) 
Forward AGAGAATGGAGAGAGTTT 

104 AY266137 
Reverse TATTGAAGCGGATTTTGT 

GAPDH 
Forward CATTGACCTCCACTACAT 

119 AF017079 
Reverse AGATGGTGATGGGATTTC 

6.1.7  Statistical analysis 

 The data was analyzed using statistical analysis software (JMP, SAS, Cary, NC). 

One-way ANOVAs were performed on the data as found appropriate, with significance 

defined as p<0.05. Post-hoc Tukey's tests were performed if a significant effect was found 

between groups. 

6.2  Results 

6.2.1  Magnetic levitation 

 
Figure 74: VICs and VECs before and after incubation with NS. Note the distribution of NS (brown) amongst the cells 
without grossly affecting cell morphologies. 
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 Magnetic levitation was successfully used to levitate VICs and VECs. Both VICs and 

VECs were able to bind with the NS while their morphologies were left unaltered (Fig. 74).  

6.2.2  Co-culture assembly 

 AVCCs were successfully assembled and 

maintained for 3 days. After 3 days, AVCCs 

maintained their structure and were able to be handled 

and transferred between wells with minimal trouble 

(Fig. 75). By 12 hours of levitation, the area of these 

co-cultures decreased significantly, but did not 

change for the remaining 60 hours (Fig. 76). H&E 

staining of the AVCC shows that by 2 days, there 

were two distinct protein stains, presumably indicating the presence of the two different 

constituent cell types (Fig. 77). There was also a difference in nanoparticle density between 

the two protein stains.  

6.2.3  Effect of magnetic 

levitation on cell 

proliferation 

 The effect of incubation with 

the NS and exposure to the magnetic 

field on cell proliferation was 

measured using the MTT assay. 

Figure 76: Planar area of AVCC over 72 hours. AVCCs 
significantly decreased in size after 12 hours, but stayed constant 
afterwards. *: p<0.05 v. the other time points 

Figure 75: VIC-VEC co-culture in VEC media. 
Scale bar = 5 mm. 
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Neither factor significantly affected VIC or VEC proliferation (Fig. 78).    

 
Figure 77: H&E stain of the AVCC after 2 days of culture. There are two distinct colors in the stain (yellow arrows), 
relating to two different cell types producing two different types of matrices. Also note the difference in magnetic 
nanoparticle (brown) density between the two layers (green arrows). Scale bar = 50 µm. 

 

 
Figure 78: Cell proliferation of VICs (L) and VECs (R) with NS, exposure to the magnetic field, and without either. 
There was no significant difference found in cell number between the three groups. 
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6.2.4  Phenotypic markers 

 Immunohistochemistry demonstrated the presence of VICs and VECs within the 

AVCC by positive staining for αSMA and CD31 (Fig. 80a). Both 3D and 2D VIC cultures 

stained positively for αSMA. Similarly, both 3D and 2D VEC cultures stained positively for 

CD31, while 3D monotype cultures also stained positively for αSMA. qRT-PCR confirmed 

IHC results, as AVCCs expressed both αSMA and CD31 mRNA (Fig. 80b). There was no 

difference in αSMA gene expression between the AVCC and 3D monotype cultures, but 

these cultures expressed significantly less αSMA mRNA than 2D VIC cultures (650X v. 

AVCC, p<0.05). CD31 gene expression in the AVCC was statistically similar to that in 3D 

monotype cultures and 2D VEC cultures. There was virtually no CD31 expression by 3D 

VIC cultures (0.007X v. AVCC), and CD31 expression by 3D VEC cultures was 

significantly higher than that in 3D VIC cultures (472X v. 3D VIC, p<0.05), whereas CD31 

expression by 2D VEC cultures trended higher than 3D VIC cultures (472X v. 3D VIC, 

p=0.055). Interestingly, vimentin staining was prominent and distributed throughout the 3D 

VEC culture and the AVCC, but not the 3D VIC culture (Fig. 79).  

 
Figure 79: IHC staining for vimentin (green) was also performed on 3D VEC and VIC cultures and the AVCC. Nuclei 
are counterstained using DAPI (blue). Interestingly, VECs and AVCCs were positive for vimentin, VICs were negative. 
Scale bar = 50 µm. 
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Figure 80: (A) IHC stains for the phenotypic markers αSMA (red) and CD31 (green) in the AVCC, 3D VIC and VEC 
cultures, and 2D VIC and VEC cultures (insets). Nuclei are counterstained using DAPI (blue). The AVCC stained 
positively for both phenotypic markers, indicating the presence of both VICs and VECs. CD31 was limited to the outer 
edges of the AVCC, while αSMA was distributed throughout. Scale bar = 50 µm. (B) qRT-PCR results for the phenotypic 
markers αSMA and CD31 (n=3-5). αSMA gene expression for the AVCC and 3D monotype cultures was significantly 
lower than 2D VIC cultures. CD31 gene expression is non-existent in 3D VIC cultures. *: p<0.05 v. other groups. ^: 
p<0.05 within bracket. Error bars represent standard error of the mean. 
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6.2.5  Functional markers 

 
Figure 81: (A) IHC stains (green) for the functional markers N-cad, P4H, VWF, eNOS, and VE-cad (double-stained 
with CD31 in red) in the AVCC. Nuclei are counterstained using DAPI (blue). The AVCC stained positively for all these 
functional markers. VE-cad and VWF were localized to the outer edges of the AVCC, while N-cad, P4H, and eNOS were 
distributed evenly throughout. Scale bar = 100 µm. (B) qRT-PCR results for the functional markers LOX, VWF, and 
eNOS (n=3-5). Gene expression for LOX and VWF was significantly lower in the AVCC in comparison to 2D VIC and 
VEC cultures, respectively, while for eNOS, expression in the AVCC was significantly lower than expression in 3D VEC 
cultures. *: p<0.05 v. other groups. ^: p<0.05 within bracket. Error bars represent standard error of the mean. 

 All functional markers of interest were evident in the AVCC (Fig. 81a). VE-cad was 

limited to the outer edges of the AVCC and co-localized with CD31. Similarly, VWF was 

located towards the edge of the AVCC.  N-cad, P4H, and eNOS all stained positively 

throughout the AVCC. qRT-PCR demonstrated that LOX gene expression in the AVCC was 

significantly less than in both 2D VIC (14X v. AVCC, p<0.005) and VEC (11X v. AVCC, 
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p<0.05) cultures, but similar to both 3D VIC and VEC cultures (Fig. 81b). VWF gene 

expression in 2D VEC cultures was the highest, and significantly higher than 3D monotype 

cultures and the AVCC (48.6X v. AVCC, p<0.05). Similarly, eNOS gene expression was 

highest in 3D VEC cultures, where it was significantly greater than in 3D VIC cultures, 2D 

VEC cultures, and the AVCC (5.6X v. AVCC, p<0.005).  

6.2.6  Extracellular matrix 

 With regards to the ECM production, Col I, FN, and Lam stained positively, and 

evenly distributed within the AVCC (Fig. 82a).  

  
Figure 82: (A) IHC stains (green) for the ECM components Col I, FN, and Lam in the AVCC and 2D VIC and VEC 
cultures. Nuclei are counterstained using DAPI (blue). These ECM components are present and distributed throughout. 
In 2D cultures, Col I and FN are more prominent with VICs, while Lam is more prominent with VECs. Scale bar = 50 
µm. (B) qRT-PCR results for the ECM markers Col I, FN, and Lam. AVCC expressions of Col I and FN were 
significantly less than 2D VIC cultures. Lam for all groups was found to be statistically similar with expression in the 
AVCC, but was significantly larger in 2D VEC cultures, than 3D monotype cultures. *: p<0.05 v. other groups. ^: p<0.05 
within bracket. #: p<0.05 v. 3D monotype cultures. Error bars represent standard error of the mean. 
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 In 2D cultures, Col I and FN stained more intensely in 2D VIC cultures than 2D VEC 

cultures, while Lam intensity was higher in 2D VEC cultures. In addition, 3D VIC and VEC 

cultures stained positively for the three ECM proteins of interest, with 3D VEC Lam staining 

noticeably more intense and prominent than 3D VIC cultures (Fig. 83). 

 
Figure 83: IHC staining (green) for ECM components Col I, FN, and Lam in 3D VEC and VIC cultures. Nuclei are 
counterstained using DAPI (blue). Similar to AVCC stains, ECM components are present throughout the 3D constructs. 
Scale bar = 50 µm. 

 COL1A1 gene expression was highest in 2D VIC cultures, where it was also 

significantly higher than the other groups (98X v. AVCC, p<0.0001) (Fig. 82b). There was a 

significant difference in FN mRNA expression between 2D cultures and all 3D cultures (95-

113X v. AVCC, p<0.01). 2D VEC cultures expressed significantly higher amounts of Lam-

β1 mRNA than 3D monotype cultures (2.82-5.74X v. 3D cultures, p<0.05), but statistically 

similar amounts to 2D VIC cultures and the AVCC (2.25X v. AVCC, p=0.095). 
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6.3  Discussion 

 Magnetic levitation was recently developed as a simple and universally applicable 

method for creating 3D cell cultures26, and in this study, the method was used to construct a 

3D co-culture model of the aortic valve using VICs and VECs. Magnetically-levitated co-

cultures have numerous advantages: (1) the use of PLL in the NS make magnetic levitation 

broad applicable to most cell types; (2) the small amount of additional supplies makes this 

method a cost-effective transition between 2D and 3D culture; (3) magnetic manipulation 

allows for spatial control; (4) better proliferation and in vivo-like protein expression than 2D 

cultures26; and (5) magnetic manipulation also allows for post-culture transfer, making 

assaying and staining easier.  

 Magnetic levitation was used to successfully assemble representative co-culture 

models of the aortic valve, the first study to use this technique with aortic valve cells. 

AVCCs were cultured for 3 days in VEC medium. Markers for cell phenotype, function, and 

ECM were immunohistochemically evaluated and the gene expression of these same markers 

were measured using qRT-PCR. αSMA and CD31-positive IHC stains verified VIC and VEC 

phenotype within the AVCC, which was confirmed by the positive gene expression of these 

same markers. Positive stains for P4H, LOX, VWF, and eNOS demonstrate the preservation 

of cell function by both cell types. Col I, FN, and Lam also stained positively and expressed 

in the AVCC, indicating ECM formation. The positive stain for N-cad demonstrated cell-cell 

interactions within the AVCC, and the positive stain for VE-cad indicated that VECs in the 

AVCCs were forming tight junctions. Therefore, this study demonstrates the utility of this 

novel technique to assemble representative 3D models of the native aortic valve.  
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 The AVCC and 3D VIC cultures were found to have reduced gene expression of 

αSMA, as well as COL1A1, FN, and P4H, compared to 2D VIC cultures, suggesting that 

magnetically levitated VICs in the AVCC are in a quiescent state.249,250,255 This quiescence 

could be a result of many factors, including substrate stiffness, which was dramatically 

different between 2D cultures on glass and 3D self-aggregated cultures without a substrate. 

Indeed. higher stiffnesses have been shown to increase αSMA expression and the formation 

of stress fibers.262 That VICs reverted to a quiescent state after moving from 2D to 3D in the 

magnetic levitation process also suggests that VIC activation is plastic and reversible.255,258 

VECs have been shown previously to diminish VIC activation in co-culture24, which was 

supported by the reduction of COL1A1 and FN gene expression by more than half in AVCCs 

compared to 3D VIC cultures, even though VICS made up half of the total cell population in 

the AVCC. As VIC activation is more associated with matrix remodeling and CAVD56,61,256, 

the quiescent VIC state affirms the AVCC as a physiological model of the aortic valve. 

Further research could be performed on the AVCC to investigate its potential as a model for 

CAVD, with particular focuses on osteogenic markers, like alkaline phosphatase or core 

binding factor-α1 activity, as well as the number and area of calcific nodules.511 

 Although VIC exhibited a quiescent phenotype and ECM gene expression was 

significantly less in the AVCC compared to 2D cultures, the AVCC still stained positively 

for all three ECM components of interest. The synthesis, extrusion, and organization of this 

ECM would presumably require VIC activation for matrix remodeling.57 IHC and qRT-PCR 

were performed after 3 days of culture, so activation and matrix remodeling could have 

occurred earlier to yield the ECM observed. In preliminary studies, Col I was found to form 
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in the AVCC by 2 days of levitation (data not shown). Future studies will require time-based 

analysis to further characterize VIC activation and ECM formation within the AVCC.  

 Positive stains for CD31, VWF, eNOS, Lam, and VE-cad verify that VEC phenotype 

is maintained within the AVCC and competent endothelium is being formed. Unexpectedly, 

on the edges of the AVCC and throughout the 3D VEC culture, CD31 was co-localized with 

αSMA. Also, 3D VEC cultures were positive for vimentin. In addition, gene expression for 

eNOS in the AVCC was less than half that of 3D VEC cultures, though half of the 

constituent cells were VECs. Gene expression for CD31, VWF, and Lam in the AVCC 

trended similarly to that of eNOS. These results suggest the presence of endothelial to 

mesenchymal transdifferentiation (EnMT) within the AVCC. VECs have been shown to 

undergo EnMT in vitro in a TGF-β1- and vascular endothelial growth factor (VEGF) -

mediated manner.355,512 EnMT has previously been implicated in valvular disease and shown 

to be regulated by the mechanical environment.513 However, given that the AVCC was 

positive for VE-cad and VICs were quiescent, VECs could be experiencing EnMT not likely 

as a response to injury or endothelial dysfunction, but instead as a means to replenish and 

supplement VICs. This replenishing role has been referred to as a possible source for 

progenitor cells in engineered heart valves.356,357 Another possible explanation is that VECs 

are migrating into the center of the AVCC, as demonstrated by the distribution of eNOS 

throughout the AVCC. This possibility was shown to happen the bronchiole co-culture model 

in Appendix 1, where vWF and CD31 stained in the center of the co-culture model. Future 

studies using the AVCC require the distinction between VECs migrating to the center or 

EnMT, to provide a more complete understanding of the activity of VECs. 
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 An interesting result of the current study was that VEC cultures showed significantly 

reduced expression of VWF, but increased expression of eNOS relative to 2D VEC cultures. 

As VWF and eNOS are both proteins produced by VECs that are essential in facilitating 

endothelial pro-514–516 and anti-thrombotic517,518 responses, respectively, these results suggest 

that 3D VEC cultures are in a more stable, anti-thrombotic state as opposed to 2D cultures. 

The expression of these proteins is influenced by the surrounding environment, as vascular 

endothelial cells have been shown to produce fewer pro-thrombogenic components, like 

VWF, under physiological shear stresses.519,520 This finding suggests that the transition 

between 2D and 3D, in terms of stiffness and cell density, influences VWF and eNOS gene 

expression. Thus, these results combined with results of VIC quiescence indicate that 

culturing valvular cells in 3D may not only maintain cell phenotype and function, but display 

homeostatic cell behavior relative to 2D cultures. Further research should explore the 

thrombogenetic potential of the AVCC compared to 2D by looking at markers such as 

ADAMTS-13, tissue plasminogen activator, and plasminogen activity inhibitor-1.  

 In this study, magnetic levitation was performed in a 24-well plate instead of a petri 

dish as has previously been done.505–508 As such, the AVCC was formed with fewer cells and 

less media in the 24-well plate design, while still yielding sound 3D cultures in comparison 

to cultures made in the petri dish. The simple design of the technique could be further 

miniaturized to utilize higher number well plates, allowing for high throughput research.  

 The choice of media poses a challenge to any co-culture model, balancing the needs 

of each cell type in order to maintain their phenotype. As such, optimization of the culture 

medium for the AVCC was a major concern in this study. The rationale for the use of VEC 

medium, with 2% FBS, over VIC medium, with 10% BGS, was the preservation of VEC 
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phenotype against the possibility of EnMT. The results showed VEC phenotype was 

eventually maintained, as confirmed by IHC and qRT-PCR for CD31, VWF, and eNOS, 

although co-localization with αSMA was present. Further research using this model should 

look to optimize the medium used for co-culture. 

 There are two co-culture models of aortic valve cells in literature with which to 

compare the AVCC.24,25 Both models used collagen-based gels that were encapsulated with 

VICs then seeded with VECs on their surfaces. Like the AVCC, these models maintained cell 

phenotype and function, and induced ECM formation. However, the AVCC was assembled 

in hours from 2D cultures, while the other models required between 4-8 days to contract and 

seed VECs.24,25 As a result, the minimal effort and assembly time without the use of a 

scaffold, while yielding a physiological model, make the AVCC attractive for heart valve 

biological research. 

 There are also implications in this study for tissue engineering scaffolds. As was 

discussed previously, many scaffolds have been used for valvular tissue engineering. Yet, 

there are limitations to the use of scaffolds for these applications, including but not restricted 

to fabrication cost and time, degradation products and their toxicities, and alteration of 

phenotype.521 This study is the first to assemble VICs and VECs into an engineered 3D 

model of the leaflet without a scaffold, while demonstrating physiological results like VIC 

quiescence, VEC anti-thrombosis, and ECM formation. Another potential application for NS 

in tissue engineering is to take cells incubated with NS and use magnetic forces to seed them 

through a scaffold, which is still a major issue, particularly with decellularized scaffolds.349–

351 
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 At the same time, it should be noted that this model is a subphysiological model of 

the aortic valve and could not serve alone as a scaffold for tissue engineering. The main 

feature of aortic valve leaflets is circumferentially oriented collagen, which requires 

mechanical stimulation that the AVCC did not receive, and eventually did not replicate. In 

addition, given the quiescent state of the AVCC, such alignment and organization would not 

be expected. If mechanical forces were to be applied, it could be applied via magnetic forces, 

but would need to be applied early on in the AVCC assembly process, before VICs turn 

quiescent. The need for early application is supported by the result in Appendix 1, where 

fibroblasts in 3D synthesized and secreted laminin with 6 hours of levitation. Regardless, the 

intent of the AVCC is to serve as a model of aortic valve biology that could be used to 

explore the roles of both cell types in disease, extracellular matrix, and other situations 

related to tissue engineering. 

 

6.4  Conclusion 

 Magnetic levitation was used to successfully assemble co-cultures of VICs and VECs. 

Immunostaining and gene expression analysis verified that the cell phenotypes and functions 

of the two cell types were maintained, and that relevant ECM was formed. The result is a 

model that is physiologically representative of the aortic valve with a faster assembly time 

compared to other co-culture methods. The AVCC is applicable to a wide variety of 

experiments, such as those involving mechanobiology, or to study the progresion of CAVD. 

The method described in this study, while used to assemble the AVCC, can be universally 

applied to many cell types, and affirms the utility of magnetic levitation to create 

representative 3D cell culture models of other tissues.



Chapter 7: Conclusions 

7.1  Summary 

 Previous scaffolds for tissue engineered valves have not been widely successful, as 

synthetic scaffolds have often resulted in disorganized ECM and ultimately failed, while 

biological scaffolds have been shown to be too weak. The common link among these 

previous attempts is the use of single layer scaffolds, while the native aortic valve leaflet is a 

laminate structure with layers of collagen, elastic fibers, and GAGs. These negative results 

suggest that the incorporation of a layered structure is necessary for the success of future 

scaffolds for heart valve tissue engineering. The focus of this dissertation was the laminate 

structure of the aortic valve. First, this dissertation investigated the layer-specific ECM and 

structure-function relationships in the first two aims to answer the remaining questions of 

leaflet matrix mechanics that need to be understood before the design of a laminate scaffold. 

Secondly, this dissertation applied the laminate structure theme to tissue engineering and 

began the development of a laminate scaffold for heart valve tissue engineering by designing 

a scaffold analogous to the fibrosa in Aim 3 that matches its anisotropy and strength and fits 

within the context of an overall laminate scaffold. Lastly, this dissertation designed and 

validated a novel layered co-culture of aortic valve cells that could be later used for heart 

valve biological research. The results of this dissertation include: (1) a clearer understanding 

of the layered structure and mechanobiology of the leaflet; and (2) the development of a 

laminate scaffold design for heart valve tissue engineering.  
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 In Chapter 3, the role of GAGs from the spongiosa in aortic valve leaflet mechanics 

was investigated using HAse treatment to vary GAG concentration the leaflet. Elastic 

modulus, maximum stress, and hysteresis were found to be inversely proportional to GAG 

concentration. There was no effect of GAG concentration on RTC, extensibility, strain-rate 

dependence, and the stress relaxation behavior of the leaflet. These results demonstrate that 

GAGs in the spongiosa play a role in lubricating shear between the outer layers, facilitating 

tension and flexure. 

 In Chapter 4, intermediate elastic fiber structure of the spongiosa was characterized 

using IHC and SEM. IHC demonstrated a thicker elastic fiber structure and spongiosa in the 

annulus and coaptation region compared to the belly. SEM showed a rectilinear pattern of 

elastic fibers in the annulus and coaptation region, and a striped pattern in the belly. The 

regional variation of these characteristics suggests a role for the elastic fiber structure in 

particular functions, including flexure in the annulus and coaptation region, and tension in 

the belly. These characterizations of this network help to paint a picture of the role of elastic 

fibers in overall tissue mechanics. 

 In Chapter 5, PEGDA-PCL composites were fabricated to combine the 

biocompatibility, tunability, and lamination of PEGDA hydrogels, with the strength and 

anisotropy of electrospun PCL scaffolds. PCL scaffolds were electrospun and modified to 

embed in PEGDA hydrogels. These modifications did not change the underlying anisotropy 

of the PCL. After embedding into PEGDA, scaffolds maintained anisotropic stiffnesses, but 

were isotropic with regards to yield strain. VICs seeded on PPCs spread in response to 

scaffold stiffness, and aligned with the fiber direction in the underlying PCL. The results of 

this study highlight novel techniques and platforms for heart valve tissue engineering. 
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 In Chapter 6, co-culture models of VICs and VECs were assembled using magnetic 

levitation. AVCCs were assembled and cultured for 3 days. IHC demonstrated the 

maintenance of cell phenotype, function, and the formation of extracellular matrix. qRT-PCR 

confirmed IHC results, while also showing that VICs within the AVCC were in a quiescent 

state. Overall, the AVCC was verified as a suitable model for heart valve biological research 

that faithfully represents native tissue architecture and environment. 
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7.2  Future Directions  

 From this dissertation, there are many directions in which this research could 

advance. With regards to Chapters 3 and 4, which studied the layer-specific structure-

function relationships, future research should focus on non-destructive 3D imaging and 

testing of the valve, like AFM, autofluorescence microscopy, second-harmonic imaging, that 

preserves the native 3D structure of the leaflet ECM. These techniques would allow for a full 

picture of the layered structure within the leaflet, and could be used to develop layer or 

ECM-specific constitutive models of the aortic valve leaflet.  

 Out of the work in Chapter 5 designing an analogous scaffold to the fibrosa, future 

research should improve upon the PPC by seeking to incorporate bilinearity into the scaffold. 

This could potentially be accomplished by the application of magnetic forces to crimp PCL 

fibers.522 Other solutions include designing co-polymers that are bilinear to replace PCL, or 

physically crimping PCL scaffolds into wavy configurations. Next, the VIC response to the 

PPC will need to be explored beyond its morphology explored in Chapter 5. Specifically, the 

scaffold degradation and ECM deposition and organization will need to be studied. Outside 

of the fibrosa, analogs of the other two layers will need to be designed and fit into the 

laminate scaffold design for heart valve tissue engineering. For the spongiosa, HA is a widely 

explored material for tissue engineering and has been used for heart valves.164,383,384,394,396,397 

VICs and smooth muscle cells on HA have been shown to synthesize elastin more than other 

ECM components, suggesting the possibility that an HA layer alone could be sufficient to 

incorporate both the spongiosa and ventricularis.164,396 In addition, the fabrication and 

incorporation of the three layers into an overall laminate scaffold will need to be explored.  
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 Lastly, the AVCC from Chapter 6 could be used for further research into heart valve 

biology. Of particular interest is the effect of mechanical stimulation on cell-mediated 

processes that lead to calcification, like the production of biglycan.281,523,524 These processes 

can be related to the surrounding mechanical environment, as calcification tends to happen 

on the outflow side, where flow is low magnitude and oscillatory.49,281–287 The advantage of 

the AVCC is that it incorporates both cell types, who both have roles in CAVD, and it is 

magnetic, meaning that it could be fixed and manipulated with magnetic forces. In Appendix 

6, the preliminary work on a study looking into the effect of shear stress on biglycan 

production in the AVCC is explained in further detail. Similarly, magnetic forces could be 

used to apply small-scale mechanical forces to stimulate tissue. The AVCC could also be 

used to study the interactions between the two cell types under different conditions, such as 

exposure to particular compounds. The AVCC is a versatile model that could be utilized to 

study heart valve biology and phenomena related to tissue engineering.   

  Overall, the work in this dissertation can be expanded to further explore leaflet 

mechanobiology, fully develop a laminate scaffold for heart valve tissue engineering, and 

study the relationship between VICs and VECs in heart valve biology.  



Appendix 1: Assembly of a Three-

dimensional Multitype Lung Co-culture 

Model Using Magnetic Levitation 

 As discussed in Chapter 6, a challenge exists in the creation of in vitro organ models 

that faithfully represent native tissue structure.* Traditional 2D techniques are insufficiently 

representative of native tissue; yet the next step in complexity and fidelity to more 

representative animal models is a large and costly gap. In fact, there are many examples of 

drugs and treatments, particularly for respiratory disease, showing promise in 2D in vitro 

studies that ultimately do not show efficacy in humans.525–527 As a result, there exists demand 

for cost effective organotypic models that combine multiple cell types, mimic structure, and 

recreate native tissue function to achieve the higher orders of complexity and fidelity.  

 To this end, this study used magnetic levitation to assemble 3D layered co-cultures of 

the lung. The methods used in this study were similarly applied to aortic valve cells in 

Chapter 6. In this study, a bronchiole model was assembled using its four cell types: 

epithelial cells (EpiC); smooth muscle cells (SMC); pulmonary fibroblasts (PF); and 

pulmonary endothelial cells (PEC).528 Lung co-culture models have been explored with 

potential applications to studies of the inflammatory and toxicological effects of particulate 

matter and inhalants, and airway remodeling.499,529,530 These models have been commonly 

created with porous membranes, such as Transwell membranes, in between two cell 

                                                
* The work in this appendix was published in: Tseng H, Gage JA, Raphael RM, Moore RH, Killian TC, Grande-
Allen KJ, Souza GR. Assembly of a three-dimensional multi-type bronchiole co-culture model using magnetic 
levitation. Tissue Eng C. 2012: in press. 
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types.499,531–533 Some models have focused on recreating the native extracellular matrix, as 

well as culturing at the air-liquid interface, but those studies were limited to simple protein 

gel substrates, such as collagen and Matrigel, which are not truly representative of lung 

tissue.530,534–539  

 As a result, an opportunity rises to make more representative co-culture models using 

magnetic levitation. This study was the first effort of its kind to co-culture these four cell 

types together in a layered co-culture. Bronchiole co-cultures were assembled and levitated, 

and cultured for 2 and 7 days. For 7 day cultures, 1% FBS was added to the medium in order 

to determine the effect of serum on epithelial cell phenotype within the co-culture. Histology 

and immunohistochemistry were performed to demonstrate the layered structure of the 

combined co-culture, and to verify the maintenance of phenotype for all four cell types and 

the presence of extracellular matrix.  

 This study, while an original study and publication, was ancillary to the dissertation 

research, as it was related to the lung and not the aortic valve, and thus included in this thesis 

as an appendix.   

A1.1 Materials and Methods 

A1.1.1 Cell culture 

 The following primary human cell types were used: PECs (human pulmonary 

microvascular endothelial cells, ScienCell Research Laboratories, Carlsbad, CA); EpiCs 

(human bronchial epithelial cells, ScienCell); PFs (human pulmonary fibroblasts, ScienCell); 

and SMCs (human tracheal smooth muscle cells, ScienCell). All cell types were cultured in a 

humidified environment (37°C, 5% CO2) with media changes every other day. 
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 PECs were cultured on flasks, plates, and slides pre-coated with gelatin (2.5% in 1:1 

v/v dI H2O:PBS).509,510 The gelatin was applied to the surface, sterilized for 1 hour under UV 

light at room temperature, and then the excess solution was aspirated off the surface before 

seeding cells. The media used for PEC culture was specialized media (Endothelial Cell 

Medium, ScienCell) containing 2% FBS. These cells were expanded to their third passage 

before use.  

 EpiCs were cultured on flasks, plates, and slides pre-coated with PLL (2 µg/cm2 cell 

culture area, Sigma-Aldrich, St. Louis, MO). The PLL was applied to the surface, sterilized 

for 1 hour under UV light at room temperature, and then the excess solution was aspirated off 

the surface before seeding with cells. EpiCs were cultured with specialized media (Bronchial 

Epithelial Cell Medium, ScienCell) containing no serum, and they were cultured to their third 

passage.  

 SMCs and PFs were cultured on uncoated flasks and plates, but PLL-coated glass 

slides for 2D immunohistochemistry. PFs were cultured in DMEM with 10% BGS, and 

SMCs were cultured with specialized media (Smooth Muscle Cell Medium, ScienCell) with 

2% FBS. Both cell types were expanded to the fifth passage before use. 

A1.1.2 Magnetic levitation and co-culture assembly 

 Magnetic levitation was performed as previously described in Chapter 6. All cell 

types were incubated overnight with NS (Nano3D Biosciences) at 8 µL/cm2 of cell culture 

surface area, or 50 µL/mL of media. Treated cells were then trypsinized, resuspended, and 

levitated in either 2 mL of media in a petri dish, or 400 µL of media in a 24 well low-

adhesion plate. A neodymium magnet (300 G for the petri dish, 50 G for the 24 well plate). 
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was then placed above the culture vessel to levitate to the cells to the air-liquid interface. 3D 

monotype cultures were levitated for 48 hours.  

 
Figure 84: Schematic of co-culture assembly with EpiCs, SMCs, PFs, and PECs. Each of the four cell types was 
individually levitated into 3D cultures. Then, the Teflon pen was used to sequentially pick up the cultures to assemble the 
co-culture; first EpiCs, then SMCs, PFs, and PECs   

 Co-culture models were assembled as previously described in Chapter 6 (Fig. 84). All 

four cell types were incubated with NS and levitated in parallel for 4 hours in either a 24 well 

plate (200,000 cells per type) or a petri dish (2 million cells per type). The co-culture was 

then picked up sequentially using a Teflon pen (Nano3D Biosciences); first EpiCs, then 

SMCs, PFs, and PECs. This co-culture was designated the bronchiole co-culture (BCC). The 

BCC was then submerged in serum-free EpiC media for 4 hours. Afterwards, the BCC was 

detached and re-levitated in EpiC media. The BCC was cultured for 2 and 7 days with EpiC 

media, both with and without 1% FBS. 
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A1.1.3  Effect of magnetic levitation on cell proliferation 

 To determine the effect of NS and exposure to the magnetic field on the proliferation 

of all four cell types, the MTT assay was performed as previously described in Chapter 6. All 

cell types were seeded in 24 well plates with 50,000 cells/well for PFs and SMCs, 25,000 

cells per well for EpiCs and PECs. For wells with NS, at day 0, cells were incubated with the 

NS at 8 µL/cm2 of cell culture surface area (30.4 µL/mL media) overnight. Media was 

changed at day 1 and every other day until day 5 without replacing the NS. Wells with and 

without NS were assayed every day. For testing the effects of the magnetic field, neodymium 

magnets (field strength = 300 G) were placed 1 mm underneath the well for 2 days. Wells 

with and without magnetic exposure were assayed once every day for 2 days.  

A1.1.4 Effect of magnetic levitation on inflammation 

 The inflammatory responses of all four cell types in reaction to the NS and exposure 

to the magnetic field were investigated. Of particular interest was the production of 

interleukins (IL) 6 and 8. All cell types were cultured in 2D in a T75 flask with and without 6 

hours of incubation with NS, or with and without exposure to a magnetic field (50 G) for 48 

hours (n=3). After each treatment, the media was collected and the cells were counted for 

each flask. Enzyme-linked immunosorbent assays (ELISAs) were performed on the media to 

measure IL-6 and IL-8 (OptEIA Human IL-6/IL-8 ELISA Kit, BD Biosciences, San Jose, 

CA) concentrations. 96 well plates pre-coated with the capture antibody were incubated with 

the sample medium for 2 hours at room temperature. After washing the wells 5X with saline, 

the detection antibody, conjugated with horseradish peroxidase, was added to each well for 1 

hour at room temperature to create the antibody-antigen-antibody sandwich. After 7 washes 
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with saline, the wells were incubated with the peroxide reagent for 30 min at room 

temperature. Stop solution was then added, and the wells were read for absorbance at 450 nm 

with background subtraction at 570 nm (Spectra Max M2, Molecular Devices). Raw data was 

compared to a standard curve of concentrations (IL-6: 0-300 pg/mL; IL-8: 0-200 pg/mL), 

which was assayed for each ELISA.  

A1.1.5 Histology and immunohistochemistry 

 Histology and immunohistochemistry were performed as previously described. 3D 

cultures were fixed in 4% paraformaldehyde for a minimum of 5 hours. BCCs assembled in 

petri dishes were embedded in paraffin, dehyrate, and sectioned according to standard 

procedures as previously described in Chapter 4. The same Teflon pen used for assembly was 

used to pick the BCC up and keep it intact during processing. BCCs assembled in 24 well 

plates were subjected to whole-mount immunohistochemistry rather than embedding in 

paraffin.  

 The antigens stained for were: the phenotypic antigens SMαA (Abcam, Cambridge, 

MA) and vimentin (Millipore, Billerica, MA) for SMCs, FN (Abcam) for PFs, and vWf 

(Abcam) for PECs, mucin-5AC (Muc-5AC, Abcam), cytokeratin-19 (CK19, Abcam), and E-

cadherin (Invitrogen) for EpiCs; extracellular markers Col I (Abcam) and Lam (Abcam); N-

cad (Invitrogen) for cell-cell interactions; and Ki67 (Neomarkers, Fremont, CA) for cell 

proliferation. Lam sections required antigen retrieval using 600 U/mL bovine testicular 

hyaluronidase (Worthington Biochemical, Lakewood, NJ) at 37°C for 15 min. H&E staining 

was used to stain cell nuclei and proteins purple and pink, respectively. Otherwise, all 

sections were stained and imaged as previously described in Chapter 6. 3D cultures for 

whole-mount immunohistochemistry were stained similarly in a 96 well plate but handled 
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differently. Magnets were placed below the plate to hold 3D cultures to the bottom, allowing 

for solutions to be added and removed. The same Teflon pen for BCC assembly was used to 

transfer cultures from well to well.  

A1.1.6 Statistical analysis 

 Statistical analysis was performed using statistical analysis software (SigmaStat, 

Systat Software, San Jose, CA) as previously described in Chapter 6. One-way ANOVAs 

were performed on the MTT assays for the effect of NS or magnetic exposure, and two-way 

ANOVAs were performed on IL-6 and IL-8 ELISA results for both the effects of either NS 

or magnetic exposure, and cell type. If a significant effect was found, post-hoc Tukey's test 

was performed to observe group comparisons. Significance was defined as p<0.05. 
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A1.2 Results 

A1.2.1 Effect of magnetic levitation on cell proliferation 

 There was no significant effect of incubation with NS and magnetic exposure on the 

proliferative capacity of any of the four cell types (Fig. 85). 

 
Figure 85: Cell proliferation with and without 1 day of incubation with NS over 5 days (A) and with and without 
exposure to the magnetic field over 2 days (B). There was no significant effect of either NS or magnetic field exposure. 

A1.2.2 Effect of magnetic levitation on inflammation 

 The results from IL-6 ELISAs demonstrate that PFs, EpiCs, and PECs showed no 

significant change in IL-6 production with 6 hours of incubation with NS. SMCs with NS 

produced significantly higher amounts of IL-6 after 6 h, but by 12 hours there was no 

significant difference between this group and control (Fig. 86). Exposure to the magnetic 

field did not significantly change IL-6 production in PFs, EpiCs, and SMCs, but did 

significantly increase IL-6 production in PECs. 

 With regards to IL-8 production, PFs, EpiCs, PECs were not significantly affected by 

incubation with NS (Fig. 87). There was a significant increase in IL-8 production from SMCs 

at both 6 and 12 hours, although that difference was reduced by 12 hours. Exposure to the 

magnetic field had no effect on IL-8 production in all cell types.  
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Figure 86: Results from IL-6 ELISA for PFs, SMCs, PECs, and EpiCs in pg/mL media (A-C) and pg/1000 cells (D-F). 
(A,D) IL-6 concentrations after 6 hours of incubation with and without NS. (B,E) IL-6 concentrations of SMCs after 6 
and 12 hours of incubation with and without NS. (C,F) IL-8 concentrations after 6 hours of culture with and without 
subsequent 48 hours of exposure to a magnetic field. n=3; *: p<0.05 between groups. 

 
Figure 87: Results from IL-8 ELISA for PFs, SMCs, PECs, and EpiCs in pg/mL media (A-C) and pg/1000 cells (D-F). 
(A,D) IL-8 concentrations after 6 hours of incubation with and without NS. (B,E) IL-8 concentrations of SMCs after 6 
and 12 hours of incubation with and without NS. (C,F) IL-8 concentrations after 6 hours of culture with and without 
subsequent 48 hours of exposure to a magnetic field. n=3; *: p<0.05 between groups. 

A1.2.3 Magnetic levitation and co-culture assembly 

 All cell types were successfully levitated to the air-liquid interface (Fig. 88). The 

major difference between 3D cultures of each cell type was structural integrity: monotype PF 

and SMC cultures remained intact with the removal of the magnetic field, whereas monotype 

EpiC and PEC cultures levitated under the same conditions were less structurally robust and 
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would break apart during routine 

handling. In addition, EpiC cultures 

were observed to have a lower 

cellularity than the 3D cultures of the 

other cell types. There was no 

difference in structural integrity 

between cultures made with smaller 

cell numbers and lower media volume 

in 24 well plates (200,000 cells, 400 µL) and those in petri dishes (2 million cells, 4 mL). 

Each 3D monotype culture could be lifted using the Teflon pen and transferred between 

culture vessels with minimal difficulty. BCC assembly was successful, in that BCCs 

maintained structure when the magnetic driver was removed and replaced atop the well.  

A1.2.4 Histology and immunohistochemistry 

 As demonstrated by the H&E 

stain, the distribution of the four cell 

types in a layered fashion was apparent 

from the cells' morphologies as well as 

the distribution of NS (Fig. 89). PECs 

formed a thin layer at one surface of 

the BCC and were characterized by 

high NS density and elongated cell 

morphologies. PFs then formed a thick layer of extracellular matrix with a darker magenta 

color. Below the PF layer was a mixed zone, in which SMCs, colored light pink, aggregated 

Figure 89: Hematoxylin & eosin staining of the BCC. Note the 
organization in the BCC that corresponds to four different cell 
types, as well as a mixed zone within the center of the BCC. Scale 
bar = 100 µm 

Figure 88: Brightfield images of all four cell types magnetically 
levitated. Magnification = 10X. 
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into masses displaying elongated cell morphologies and low NS density and were surrounded 

by globular cells. At the opposite surface, EpiCs formed a thin one to two-cell thick layer. 

The phenotype of each cell type was confirmed with positive staining for the markers of 

interest in the BCC, 3D monotype cultures, and 2D cultures (Fig. 90). These results matched 

the pattern of cell types found in the H&E stain. Interestingly, vWf, which is 

characteristically produced by PECs, was positive in the center of the BCC. Compared to 2D 

stains, cells in 3D cultures were smaller in size, globular in shape, and more densely packed. 

 

   



	   158 

 
Figure 90: IHC stains (red) for vWf,  SMαA, FN, vimentin, Col I, and Lam of the BCC, and 3D mono-type cultures and 
2D cultures (PECs for vWf, SMCs for SMαA and vimentin, PFs for FN, Col I, and Lam). Nuclei are counterstained 
using DAPI (blue). This BCC was assembled in a petri dish with 2 million cells per cell layer, and fixed after 2 days of 
culture. Phenotypic markers follow an organized structure within the BCC, with some staining of vWf in the center, 
suggesting migration of PECs to the center. The BCC demonstrates organized extracellular matrix formation, with Col I 
in particular forming a thick layer at one edge. Scale bar = 100 µm 
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Figure 91: IHC stains (red) for Muc-5AC, CK19, E-cad, N-cad of the BCC after 2 days, 7 days with and without FBS, 
and 3D mono-type cultures and 2D cell culture of EpiCs after 2 days. Nuclei are counterstained using DAPI (blue). This 
BCC was assembled in a 24-well plate with 200,000 cells per cell layer. The positive stains for these markers demonstrate 
the maintenance of epithelial cell phenotype and function after 1 week of culture, as well as the ability to maintain 
epithelial phenotype with serum. There is a stark difference in staining intensity and pattern of Muc-5AC between 2D 
and 3D cultures. Positive staining for N-cad demonstrates cell-cell interaction within the BCC. Scale bar =100 µm. 
 
 BCCs and monotype EpiC cultures were positive for epithelial phenotypic markers 

such as Muc-5AC, CK19, and E-cad after 7 days of culture with and without 1% FBS (Fig. 

91). These cultures also stained positive for N-cad, as well as Ki67, after 7 days (Fig. 92). 
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Figure 92: Immunohistochemical stain (red) for Ki67 of the BCC after 7 days of culture without (L) and with (R) 1% 
FBS. Nuclei are counterstained using DAPI (blue). Scale bar=100 µm 

 With regards to extracellular matrix, BCCs and 3D monotype PF cultures stained 

positively for the presence of both Col I and Lam stained. This is in stark contrast to 2D 

stains, where both Col I and Lam stained faintly and locally around the cells. Col I was in 

abundance in the BCC within the PF layer, while FN and Lam stained uniformly throughout 

the thickness of the BCC. 3D monotype PF cultures were also able to produce extracellular 

matrix, as demonstrated by the positive stain for Col I. In addition, PFs and SMCs have been 

shown to be positive for extracellular Lam within 6 hours of levitation (Fig. 93), unlike non-

permeabilized anti-Lam stains in 2D, where there was no evidience of Lam until 48 hours 

(Fig. 94). In addition, permeabilized stains of Lam in PF and SMC cultures stained more 

intensely than non-permeabilized stains of the same cultures (Fig. 95).   
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Figure 93: Whole mount IHC stains (green) of PF and SMC monotype cultures for Lam after 10 min, 2, 4, and 6 hours. 
Nuclei are counterstained using DAPI (blue). Scale bar=100 µm 

 
Figure 94: IHC stains (green) of PF and SMC monotype cultures for Lam after 2, 4, 6, 48 hours. Nuclei are 
counterstained using DAPI (blue). Scale bar=100 µm 
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Figure 95: Whole mount IHC stains (red) of 3D PF and SMC cultures for Lam after 6 and 12 hours with and without 
permeabilization with 0.2% Triton X-100. Nuclei are counterstained using DAPI (blue). (Magnification=10X)* 

A1.3 Discussion 
 In this study, the use of magnetic levitation for 3D cell culture was expanded to the 

assembly of 3D bronchiole co-cultures of four cell types (EpiCs, SMCs, PFs, and PECs). 

This study is the first effort to co-culture these particular cell types together, taking 8 hours to 

assemble to BCC from individual 2D cell cultures. MTT assays and ELISAs for IL-6 and IL-

8 demonstrated the inertness of NS and exposure to a magnetic field on the proliferation and 

inflammatory response of these cells. Immunohistochemical and histological analyses 

                                                
* The stain in this figure was performed by Jacob Gage, Nano3D Biosciences 
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demonstrate the maintenance of cell phenotype within the BCC, as well as an organization 

similar to the native bronchiole. In particular, EpiC phenotype and function were maintained, 

as demonstrated by positive stains for E-cad, CK19, and Muc-5AC. Positive stains for Ki67 

after 7 days of culture confirmed cell proliferation within the BCC. Col I, FN, and Lam 

appeared in an organized, layered fashion, in stark contrast to the negligible amount of 

extracellular matrix produced in 2D.  

 Neither NS incubation nor exposure to a magnetic field had significant effects on the 

inflammatory responses and proliferation of these cells. The exceptions were that PECs 

increased IL-6 production with exposure to the magnetic field, and SMCs increased IL-6 and 

IL-8 production with incubation with the NS. These results should be placed in the context of 

previously reported results, where IL-6 concentrations were shown to range from 0.5-4 

ng/mL540 and 130-2500 pg/1000 cells541, and IL-8 concentrations varied between 2-4 

ng/mL.542 In consideration these results, it can be assumed that there was a limited effect of 

NS and magnetic field on cell inflammatory responses. 

 The BCC contained highly organized extracellular matrix production, particularly 

with Col I, which is abundant in the native lung tissue.543 That 3D PF and SMC cultures also 

formed organized Lam structures within hours suggests that PFs and SMCs are the active 

contributors to extracellular matrix synthesis and organization. In addition, the differences in 

Lam staining between permeabilized and non-permeabilized stains in both PFs and SMCs 

demonstrates that these cells are not just extruding existing laminin into the extracellular 

space, but actively producing it. These cells generated extracellular matrix in 3D that was not 

apparent in 2D, further highlighting the benefits of magnetic levitation for creating co-

cultures with representative tissue environments. The extracellular matrix formation seen in 
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this study also makes the BCC a potential model for airway remodeling associated with 

asthma and other afflictions.544–546  

 BCCs demonstrated epithelial phenotype after 7 days of culture with Muc-5AC 

production higher in the BCC than monotype 3D and 2D cultures of EpiCs. In addition, 3D 

cultures were observed to have lower cellularity and were more difficult to handle. That the 

BCC had stronger expression of EpiC phenotypic markers than monotype 3D EpiC cultures 

demonstrates the need for co-culture to help maintain EpiC cellularity and phenotype. 

Indeed, EpiCs have previously been shown to be regulated by fibroblasts.547,548 The results of 

this study demonstrate the value of this new model in recreating epithelial cell phenotype.  

 A challenge to developing co-culture models of the BCC, as was the case with the 

AVCC, was the choice of an appropriate media for multiple cell types. EpiCs are the most 

sensitive cell type to serum, as they could lose phenotype undergoing epithelial-

mesenchymal transdifferentiation (EMT). As a result, EpiCs were cultured with specialized 

medium containing no serum. Yet, 7 day cultures with 1% FBS maintained EpiC phenotype, 

suggesting that cultures with serum could be accomplished. Future research into the co-

cultures created using magnetic levitation must also focus on the optimization of media and 

serum concentration to maintain cell phenotype and survival, and guarantee success of the 

model.  

 The BCC compares well with the most advanced lung tissue model in the literature, 

which consisted of PF, SMCs, and small airway EpiCs, and was designed to study airway 

remodeling.530 This model used cylindrical collagen gels embedded with PFs and then seeded 

them with bronchial EpiCs on the lumen side and SMCs on the exterior side, requiring 

between 2-3 weeks to assemble. The model was then loaded into a bioreactor to mimic 
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mechanical stimulation and air environment and cultured for 60 days, during which time the 

PFs transitioned from a contractile phenotype to a quiescent phenotype.530 EpiCs in this 

model were exposed to the air-liquid interface, as air was pushed through the interior of the 

collagen gel. The main differences between the BCC and this previous model lie in the time 

and method of assembly. Magnetic levitation allowed for a modular layered assembly that 

took hours rather than weeks, did not require a protein substrate, and still demonstrated 

relevant extracellular matrix formation, and maintenance of cell phenotype. That these 

cultures were maintained and viable after 7 days suggests that even longer culture times are 

possible. In addition, the BCC included PECs, whose role in promoting angiogenesis in 

asthma is of particular interest.546 The BCC assembled in this study is a viable 3D co-culture 

model of the bronchiole that can be easily assembled and employed for a wide variety of cell 

culture applications.  

 It should be noted that this study serves as a proof of concept for the creation of lung 

models using magnetic levitation. The BCC assembled here maintains basic EpiC phenotype 

and function, as indicated by positive staining for Muc-5AC, CK19, and E-cad, while 

inducing ECM formation. Previous studies have required much longer times to achieve more 

complex functions of lung cells.530 Future studies with this model must optimize cellular 

behavior before moving on to more complex mechanistic studies.  

A1.4 Conclusion 
 The results of this study demonstrate the value of magnetic levitation as a tool to 

create layered and organized co-cultures. BCCs took only hours to assemble and resulted in 

extracellular matrix formation and the maintenance of cell phenotype for up to 7 days. The 
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BCC could be used in the future to investigate inflammatory responses, angiogenesis, and 

airway remodeling, and highlights the utility of magnetic levitation and 3D cell culture in 

recreating complex tissue architectures. 

 
 

 



Appendix 2: Fabrication and Mechanical 

Evaluation of Anatomically-Inspired 

Quasilaminate Hydrogel Structures with 

Layer Specific Formulations 

 A present-day challenge in tissue engineering is the replication of layered tissue 

architectures.* Various tissues are natively found with a laminate structure, such as heart 

valves233, cartilage549, blood vessels550, and intervertebral discs.551 For tissue engineering 

applications, PEGDA is an attractive scaffold material as it is both mechanically and 

biologically tunable429,552 and can be photocrosslinked under cytocompatible conditions.388 

There have been few studies on laminating hydrogels, where hydrogel layers are 

“quasilaminated” by assembling partially crosslinked hydrogel layers in their final form and 

then fully crosslinking them.406–413 The major limitation to quasilamination is swelling, as 

mismatches in swelling between hydrogel layers have led to gross deformity or gel 

tearing.406,413  Hydrogel swelling is proportional to polymer chain length, and inversely 

proportional to stiffness. Thus, the prospect of swelling limits the range of hydrogels that 

could be assembled into laminate structures.  

 In this study, trilayer quasilaminate hydrogel scaffolds were fabricated with two 

“stiff” outer layers and one “soft” inner layer, mimicking the heart valve structure. Flexure 

                                                

* The work in this appendix was published in: Tseng H, Cuchiara ML, Durst CA, Cuchiara MP, Lin CJ, West 
JL, et al. Fabrication and mechanical evaluation of anatomically-inspired quasilaminate hydrogel structures with 
layer-specific formulations. Ann Biomed Eng. 2012: 41(2):398-407, 2013. 
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testing was performed on these trilayer scaffolds with layer-specific compositions to evaluate 

their mechanical properties. In order to characterize the interface between layers, bilayer 

quasilaminates were also created with “stiff” and “soft” layers, and pulled in tension to test 

the strength of the interface between the two layers. Throughout the study, the swelling of the 

individual layers was carefully considered. 

 In this study, ancillary to the dissertation research, the majority of the experiments 

were redone and added to the original submission, and thus included in this thesis only as an 

appendix.  

A2.1 Materials and Methods 

A2.1.1 Cell culture 

 Aortic VICs were harvested from fresh porcine hearts (Fisher Ham and Meats) as 

previously described in Chapter 5.381,450 VICs were cultured in DMEM/F12 medium 

supplemented with 10% BGS (Hyclone) and 1% P/S (Mediatech) in an incubator (37°C, 5% 

CO2, 95% humidity) with fresh media changes every 2 days. VICs between their fourth and 

eighth passages were used for encapsulation.  

A2.1.2 Hydrogel synthesis 

 PEGDA were synthesized as previously described in Chapter 5. To consider swelling 

while creating these quasilaminates, the swelling ratios of three formulations of PEGDA 

(12.5% 3.4 kDa, 10% 6 kDa, 5% 8 kDa) were measured. PEGDA was photocrosslinked and 

swelled for 48 h in PBS (n=7). After swelling, the gels were weighed, frozen, and then 
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lyophilized. After drying, the DWs of the gels were measured. The swelling ratio was 

calculated as 

  

 

(16) 

 

 PEG-peptide conjugates were also synthesized as previously described in Chapter 5.* 

The peptides RGDS and IKVAV (American Peptide) were fluorescently tagged by reacting 

them overnight with AlexaFluor succinimidyl ester (488 for PEG-RGDS, 633 for PEG-

IKVAV, Invitrogen) at a 10:1 molar ratio in ultrapure H2O.426 The resulting product was 

dialyzed against ultrapure H2O at room temperature for 2 days, lyophilized overnight and 

stored at -20°C until further use.  

A2.1.3 Fabrication of trilayer quasilaminates 

 Trilayer quasilaminates were fabricated using two formulations of PEGDA: 12.5% 

(w/v) 3.4 kDa PEGDA, or formulation A; and 10% (w/v) 6 kDa PEGDA, or formulation B 

(Fig. 96). Polytetrafluoroethylene (PTFE) molds with a strip geometry (5 mm W x 0.5 mm T) 

were sandwiched between two 3” L x 2” W glass slides, with one slide pre-treated with 

Sigmacote (Sigma-Aldrich). Prepolymer solution A with 0.3% I2959 (Sigma-Aldrich) was 

poured into two molds and exposed to UV for 4.5 min, with the untreated slide closest to the 

UV source. The treated slides were then removed from both molds, yielding two partially 

crosslinked A gels still attached to the untreated slides.  A third PTFE spacer was sandwiched 

between the two molds, yielding an A-empty-A configuration. The empty space was then 
                                                
* Fluorescently-tagged PEG peptides were either synthesized by Maude L. Cuchiara or generously donated by 
Joseph C. Hoffmann 

SR =WW
DW
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filled with prepolymer solution B, and the full mold was UV-exposed for 10 min, with the 

gel flipped over after 5 min. The final gel was then removed from the mold and swollen for 

48 hours in PBS. 

  
Figure 96: Schematic depicting the fabrication of trilayer quasilaminates with an A-B-A composition. Gel A is 12.5% 3.4 
kDa PEGDA, gel B is 10% 6 kDa PEGDA. This fabrication technique can be used to generate scaffolds with different 
stiffnesses and cellularity in each layer. 

 Bulk gels of a single formulation were similarly crosslinked in a PTFE strip mold (5 

mm W x 1.5 mm T) and exposed to UV light for 14.5 min with rotation every 5 min. For 

cellular quasilaminates, prepolymer solutions were made in media (DMEM/F12, 10% BGS, 

1% P/S, with phenol red) and sterile filtered. VICs were added at a concentration of 2.2 x 107 

cells/mL. The trilayer quasilaminates were then fabricated as previously described but under 

sterile conditions, then left to swell in media for 48 hours before testing. Cellularized gels 

were also fabricated without phenol red in media (1:1 DMEM/F12, 10% BGS, 1% P/S). The 
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following permutations were tested, with gels in brackets and acellular conditions stated in 

lowercase: [a], [b], [A], [B], [a-a-a], [b-b-b], [a-b-a], [A-B-A] (n=4-8).  

 In order to demonstrate layer specific biofunctionality, fluorescently labeled PEG-

peptides were added to each prepolymer solution: 1 mM PEG-RGDS was added to 

prepolymer solution A and 1 mM PEG-IKVAV was added to prepolymer solution B.*  The 

gels were fabricated in the same manner as previously described. Furthermore, layer specific 

cellularity was achieved by generating quasilaminate hydrogels as described above, but with 

different cell densities between formulation A (2.0 x 107 cells/mL) and formulation B (2.0 x 

106 cells/mL). After 2 days of swelling in media, 4’,6-diamidino-2-phenylindole (1:1000, 

DAPI, KPL) was used to stain the cell nuclei. Fluorescent images of layered bioactive 

hydrogels and hydrogels with different cell densities were imaged on a confocal microscope 

(LSM 510 META NLO) and processed using ImageJ (NIH). 

A2.1.4 Flexural testing of trilayer quasilaminates 

 Trilayer quasilaminates were then 

tested in flexure on a custom bending tester 

previously used to evaluate the flexural 

properties of cellularized PEGDA hydrogel 

strips381, and whose design is derived from 

previous apparatuses.315–317 Gels were first 

soaked in fluorescein to turn the gel bright green (Fig. 97). 25 mm L strips were then cut and 

placed between the bending and reference bars with the top of the gel facing the bending bar. 

Two posts 20 mm apart translated at a rate of 1.5 mm/min for 6 mm to bend the gel against 
                                                
* Formation of quasilaminates with varying biofunctionalities was performed by Maude L. Cuchiara 

Figure 97: Trilayer quasilaminate on the bending tester 
soaked in fluorescein for contrast. Scale bar = 2 mm. 
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the bending bar and away from the reference bar in three point bending. A movie of the 

flexure was captured from above the bending tester at 1280 x 720 at 30 fps (EOS Rebel T1i, 

Canon, Tokyo). Movies were then demultiplexed into images (Premiere Pro CS5, Adobe, 

San Jose, CA), and converted into 8-bit grayscale images using ImageJ (NIH). From the 

images, the shape of the gel, distinct for its brightness, as well as the distance between the 

bending and references bars, were tracked between images using custom MATLAB code 

previously used to find the effective bending modulus Eeff (Fig. 98).*,381 The shape of the gel 

in each image was first fit to a second-degree polynomial y, which was be related to moment, 

Eeff, and the second moment of area Ihydrogel, by the Euler-Bernoulli equation553 

 

 (17) 

 

where Ihydrogel was 

 

 

(18) 

 

where b is the width of the gel and h is the height of the 

gel. The second derivative at the center of the gel was 

approximated by calculating the curvature at the point 

 

                                                
* MATLAB code for calculating effective bending modulus was initially developed by Chris A. Durst 

M = −Eeff IhydrogelΔκ

Ihydrogel =
bh3

12

Figure 98: Schematic of bending tester381 
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 (19) 

 

 From the distance between the bending and reference bars, the deflection of the 

bending bar relative to the reference bar wbar was calculated. Assuming the bending bar is a 

cantilever beam fixed at the wall, the force P applied from the gel to the bending bar at the 

far end was found from the equation  

 

 (20) 

 

where the elastic modulus of the stainless steel reference bar Ebar = 164.351 GPa, and Ibar is 

the second moment of area of the bending bar. Ibar was calculated for a circular cross-section 

from the equation 

 

 (21) 

 

The maximum moment M applied to the gel was calculated from the force P from the 

equation 

 

 (22) 
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The maximum moment and change in curvature was then related in the Euler-Bernoulli beam 

equation to find the effective bending modulus Eeff. 

A2.1.5 Fabrication of bilayer quasilaminates 

 
Figure 99: Schematic of bilayer quasilaminate fabrication. Gel A is 12.5% 3.4 kDa PEGDA, gel B is either 10% 6 kDa or 
5% 8 kDa PEGDA. These bilayer quasilaminates were used to test the interface between the hydrogel formulations 

 Bilayer quasilaminates were created with two formulations of PEGDA: 12.5% 3.4 

kDa PEGDA, or formulation A; and either 10% 6 kDa PEGDA or 5% 8 kDa PEGDA, or 

formulation B (Fig. 99). Bilayer gels were prepared in 1” W x 3” L x 0.04" T molds. The 

mold was filled halfway with prepolymer A and UV-exposed for 4.5 min. The remaining 

space in the mold was then filled with prepolymer B, and the whole mold was UV-exposed 

for 10 min with rotation after 5 min. The resulting hydrogel was then swelled in PBS for 48 h 
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with 0.2 mg/mL cresyl violet acetate (Sigma-Aldrich). The cresyl violet preferentially stains 

lower molecular weight gels a darker purple than higher molecular weight gels.419  

A2.1.6 Tensile testing of bilayer quasilaminates 

 A 5 mm W x 30 mm L strip was punched out of the gels with the interface at the 

center of the strip. The strips were then pulled in tension on a uniaxial mechanical tester 

(ELF 3200, Bose ElectroForce) at 6 mm/min with a 1000 g load cell (Bose ElectroForce) 

recording the force. Gels were gripped by gluing small pieces of paper to each end to grip. 

Custom MATLAB code was used to calculate the elastic modulus Et and failure stress σf 

from the data. Video of the test was captured in 1280 x 720 at 30 fps (EOS Rebel T1i, Canon, 

Tokyo). 

A2.1.7 Statistical analysis 

 One-way ANOVAs were performed on the data (JMP, SAS, Cary, NC), with 

significance defined as p<0.05. If a significant effect was observed, post-hoc Tukey’s testing 

was used to observe pairwise comparisons. Data is presented as mean ± standard deviation. 

A2.2 Results 

A2.2.1 Swelling 

 The swelling ratio of each PEGDA 

hydrogel formulation used in this study 

was measured. There was a significant 

difference in swelling between the 

Figure 100: Swelling ratios of different formulations of 
PEGDA. As expected, with higher molecular weight PEGDA, 
the formulation swells more *: p<0.05 
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formulations, with 5% 8 kDa PEGDA 

swelling the most compared to the 

other two formulations (Fig. 100).  

A2.2.2 Fabrication of trilayer 

quasilaminate hydrogels 

 Quasilaminate gels were 

successfully fabricated using a novel 

“sandwich” layering method. With 

regards to swelling, [b] gels (1.90 ± 

0.04 mm) had a significantly higher 

final thickness than [a] gels (1.78 ± 

0.04 mm) (Fig. 101b). [a-b-a] gels 

(1.78 ± 0.05 mm) were statistically the 

same thickness as [a] gels but not [b] 

gels. Layering alone increased the 

swelling in [a-a-a] gels (1.87 ± 0.04 

mm) but not [b-b-b] gels (1.90 ± 0.02 

mm). With the addition of cells and 

phenol red, swelling was reduced 

significantly for bulk gels ([A]: 1.65 ± 

0.11 mm; [B]: 1.69 ± 0.06 mm), but 

interestingly [A-B-A] gels swelled the most (1.95 ± 0.04 mm).  

Figure 101: A) Close-up view of the layers of the 
quasilaminate hydrogel, with two outer A (12.5% 3.4 kDa 
PEGDA) layers and an inner B (10% 6 kDa PEGDA) layer. 
Scale bar = 1 mm. B) Thickness of quasilaminate gels, either 
1.5 mm plain single-layer gels in black columns ([a], [b]), 
layered gels in gray columns ([a-a-a], [b-b-b], [a-b-a]), or 
cellularized gels in white columns ([A], [B], [A-B-A]). C) 
Effective bending modulus of quasilaminate gels. n=4-8. 
*,#,^,&: p<0.05. 
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A2.2.3 Flexural testing of trilayer quasilaminates 

 The flexural testing of 

the quasilaminate gels was 

performed to mechanically 

characterize the gels. The 

results showed that Eeff for [a] 

gels (223.40 ± 23.69 kPa) was 

significantly higher than [b] 

gels (118.25 ± 14.05 kPa) (Fig. 

101c). [a-b-a] gels (180 ± 22.21 

kPa) were significantly stiffer than that of [b] gels, but not statistically different from that of 

[a] gels. Layering gels with the same formulation did not significantly change Eeff ([a-a-a] 

241.24 ± 41.44 kPa; [b-b-b] 150.23 ± 63.98 kPa) from bulk gels. Adding cells with phenol 

red to the gels reduced Eeff significantly in bulk gels ([A]: 75.41 ± 47.70 kPa; [B]: 63.00 ± 

3.75 kPa), but not for [A-B-A] gels (125.51 ± 34.53 kPa). [A] gels without phenol red were 

not significantly different from [a] and [A] gels with phenol red (p=0.1379), but were 

noticeably stiffer than [A] gels with phenol red (Fig. 102).  

  

Figure 102: Eeff of quasilaminates with and without cells and phenol red. 
There was no significant difference between quasilaminates with cells and 
without phenol red and the other groups. 
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A2.2.4 Tensile testing of bilayer quasilaminates 

 
Figure 103: (A) Images of a bilayer quasilaminate (soft gel B is 5% 8 kDa PEGDA) before, during and after interface 
strength testing. Cresyl violet was used to stain the gel, with lower MW gels staining darker. The failure in the 
quasilaminate gel is located in the higher MW gel layer, and not the interface, demonstrating a robust interface between 
the two formulations. The (B) elastic modulus and (C) failure stress of bilayer quasilaminates with varying B 
formulation. n=6. *: p<0.05 within brackets 

 Tensile testing was performed on bilayer quasilaminates to mechanically characterize 

the interface between the layers (Fig. 103). Et and σf of formulation A (Et = 120.50 ± 20.81 

kPa; σf = 24.93 ± 6.18 kPa) was higher than both formulations of B (10% 6 kDa: Et = 48.85 

± 3.45 kPa, σf = 19.90 ± 3.61 kPa; 5% 8 kDa: Et = 6.20 ± 0.97 kPa, σf = 5.49 ± 0.75 kPa). 

Bilayer quasilaminates were statistically similar to the bulk gels of formulation B for both Et 

(10% 6 kDa: 58.73 ± 8.45 kPa; 5% 8 kDa: 11.1 ± 0.62 kPa) and σf (10% 6 kDa: 19.03 ± 3.91 
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kPa; 5% 8 kDa: 4.55 ± 1.89 kPa). Video of the test demonstrated that the bilayer gel failed in 

the lower molecular weight gel and not at the interface. 

A2.2.5 Fabrication of trilayer quasilaminates with varying cellularity 

and biofunctionality 

 To demonstrate the control of material properties at the layer level, trilayer 

quasilaminates with varying cellularities and biofunctionalities were fabricated. Fluorescent 

images of trilayered gels with varying cellularity showed two distinct regions of cellularity, 

with two outer layers of high cellularity and an inner layer of low cellularity (Fig. 104a). 

Fluorescent images of quasilaminates with varying biofunctionalities shows two distinct 

layers, each with a distinctly tagged PEG-peptide (Formulation A: PEG-RGDS/488, 

Formulation B: PEG-IKVAV/633) (Fig. 104b).*  

 
Figure 104: Fluorescent images of trilayer quasilaminates made either A) varying cellularity (green) or B) bioactivity. 
Quasilaminates with varying cellularity had 20 million cells/mL in the A layer, 2 million cells/mL in the B layer. 
Quasilamiantes with varying bioactivity were doped with 1 mM fluorescently tagged PEG-peptides in each layer (RGDS 
in A, green, IKVAV in B, red). Scale bar=200 µm. 

                                                
* Images of quasilaminates with varying biofunctionalites taken by Maude Cuchiara 
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A2.3 Discussion 

 In this study, a novel method of fabricating quasilaminate hydrogels with layer-

specific properties was presented. Flexural and tensile testing on trilayer and bilayer 

quasilaminates, respectively, was performed to demonstrate the formation of strong laminate 

interfaces using this fabrication method. This method could have broad application as the 

basis for fabricating hetereogeneous layered scaffolds for tissue engineering, such as heart 

valves233, cartilage549, blood vessels550, and intervertebral discs.551 A novel layering method 

was used to fabricate quasilaminate gels with an A-B-A composition. Two stiff A layers 

were first partially crosslinked under UV light. The mold was then reconfigured to create 

space between the A layers were prepolymer solution B was deposited. The whole assembly 

was UV exposed to crosslink the B layer and link the three layers together, resulting in a 

scaffold that contained individual layers less than 1 mm thick. Flexural testing demonstrated 

that A-B-A quasilaminates had an Eeff of a magnitude between the control moduli of its two 

constituent formulations. Tensile testing of bilayer quasilaminates fabricated using a similar 

lamination method demonstrated that the interface did not fail before the layers themselves. 

In all groups, cell encapsulation reduced the Eeff. In addition, the gels can be modified with 

different cellularities and bioactivities to tailor layer-specific properties. 

 The layered fabrication utilized in this work is appealing due to its relative simplicity.  

Each layer is created independently, thus allowing for the manipulation of the mechanical, 

biochemical, and cellular components on a layer-specific level.  Previous work has shown the 

ability to use multiple crosslinking steps to pattern areas within hydrogel materials that are 

stiffer419,554, nondegradable555,556, or contain specific biomolecules.427 The integration of 
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patterning techniques with the methods introduced here could lead to the development of 

complex, layered hydrogel systems that are highly tunable. 

 These results demonstrate the successful formation of quasilaminate hydrogels with 

encapsulated cells and varying material properties. Based on composition (2/3 A, 1/3 B), [a-

b-a] gels were expected to have an Eeff of 188 kPa, and a thickness of 1.82 mm, close to the 

values recorded. That layering did not significantly affect Eeff demonstrates that the 

fabrication of a strong laminate interface between layers. The addition of cells and phenol red 

significantly reduced Eeff. This is consistent with previous studies showing that cells 

encapsulation affects Eeff.381,462 Given the limited time frame of the study, it can be assumed 

that the material properties did not significantly change as a result of extracellular matrix 

deposition, which has been shown at longer culture times.412 The reduction in Eeff could 

possibly be attributed to the cells acting as particular exclusions in the gel, or the addition of 

phenol red and proteins from media reducing crosslinking, or a combination of both. An 

unexpected finding was that the addition of cells and phenol red in [A] and [B] reduced 

swelling compared to [a] and [b], but [A-B-A] swelling was higher than [a-b-a]. A possible 

explanation for this finding is the differential exposure times experienced by the different 

layers, as the inner layer in quasilaminates was exposed for 10 out of the total 14.5 minutes. 

Further studies are needed to understand this phenomenon.  

 A major factor in this work was the mismatch of swelling between layers, which 

limited the range of prepolymer formulations and associated variations in mechanical 

properties that could be used to form layers.413 The largest difference in mass swelling ratio 

used was 19.03, which was found in the bilayer quasilaminates with 5% 8 kDa as the soft gel 

B (12.5% 3.4 kDa: 9.19; 5% 8 kDa 29.22). A potential solution to this limitation is to 
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decouple the material properties of the gel from swelling, which has been demonstrated in 

recent literature, either with the addition of methacrylated alginate414 or multi-arm PEG.415 

Decoupling the two parameters could lead to the use of a wider array of hydrogel 

formulations, including substantially softer gels with high-swelling capabilities similar to 

hyaluronan.164  

 This study of this method is the first to demonstrate strongly bonded photocrosslinked 

multiphase hydrogels that retain their structure after swelling. The results of this study 

demonstrate that layer-specific mechanical properties can be engineered without affecting 

overall scaffold properties. In addition, this study also demonstrates that not only the 

mechanical properties of these scaffolds can be varied, but also that the cellularity and 

biofunctionality within these scaffolds can be altered too. This aspect of the method can be 

used to control cell behavior, such as VICs, which respond to high substrate stiffness by 

activating and forming calcific nodules.262,380 In addition, based on its design, the larger 

proportion of stress is imparted to the stiffer A layers in the laminate557, shielding cells in the 

interior from high stresses that could result in activation.262 Another suggested application for 

this methodology, when applied in a concentric manner, would be efforts to tissue engineer 

the intervertebral disc, in which the inner nucleus pulposus layer is more compliant, and 

richer in GAGs, than the outer annulus fibrosis layer.558 The method described in this chapter 

have broad implications in the construction of more complex, representative environments 

for tissue engineering.   
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A2.4 Conclusions 

 The methods of this study allow for the fabrication of increasingly complex 

architectures in hydrogel scaffolds. This study was the first to mechanically characterize 

quasilaminate hydrogels and their interfaces. The results demonstrate the formation of a 

photocrosslinked quasilaminate scaffold with strong interfaces and layer-specific stiffnesses, 

cellularties, and biofunctionalities . The methods are useful for tissue engineering, where 

layered, more representative environments can be incorporated into an overall scaffold to 

drive cell behavior at the micro scale.  



Appendix 3: A Role for Decorin in 

Controlling Proliferation, Adhesion, and 

Migration of Murine Embryonic 

Fibroblasts 

As previously described in Section 2.2, decorin is a small leucine-rich proteoglycan 

(SLRP) found in the aortic valve13 with numerous biological functions.* Its most prominent 

function is the regulation of collagen fibrillogenesis205–207; collagen fibrils in decorin 

knockout murine models (Dcn-/-) have varying diameters and pack poorly.202,208,209 Yet the 

influence of decorin on tissue material properties is still unclear, as there are conflicting 

results in the literature.209–211 In previous studies, the contributions of decorin to engineered 

tissue development were explored using Dcn-/- murine embryonic fibroblasts (MEFs), 

demonstrating improved matrix organization and tissue strength.559,560 These results were 

partly influenced by TGF-β1, which, unbound since decorin was not present172,190, improved 

gel contraction, matrix organization, and the tensile strength of collagen gels seeded with 

Dcn-/- MEFs.559 In addition, Dcn-/- MEFs expressed greater amounts of the α2β1 integrin 

compared to WT559; as the α2β1 integrin regulates adhesion to collagen561, increased amounts 

would lead to improved adhesion to collagen and better matrix organization. These results 

demonstrate that decorin yields a strong influence on the material properties of engineered 

                                                
* The work in this appendix was published in: Ferdous Z, Peterson SB, Tseng H, Anderson DK, Iozzo RV, 
Grande-Allen KJ. A role for decorin in controlling proliferation, adhesion, and migration of murine embryonic 
fibroblasts. J Biomed Mater Res A. 2010; 93: 419–28. 
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tissues, yet there are unexplored differences in cellular behavior between Dcn-/- and WT 

cells. In this study, the differences in underlying cellular behavior (proliferation, adhesion, 

migration) between the two cell types were investigated.  

In this project, ancillary to the dissertation research, the following experiments were 

revised or added to the original manuscript submission: 

• Proliferation of Dcn-/- and WT MEFs on FN 

• Adhesion of Dcn-/- and WT MEFs on Col I and FN 

• Influence of exogenous decorin on Dcn-/- and WT adhesion to Col I and FN 

• Effect of blocking integrin subunits on Dcn-/- and WT adhesion to Col I and 

FN 

• Migration of Dcn-/- and WT MEFs on FN 

A3.1 Proliferation of Dcn-/- and WT MEFs on 

Fibronectin 

 The proliferative capacity of 

Dcn-/- and WT MEFs on FN was 

investigated. Embryonic fibroblasts 

were isolated from Dcn-/- and WT 

embryos as previously described.559 

Both cell types were cultured in 

Dulbecco's Modified Eagle Medium 

(DMEM, Mediatech, Herndon, VA) 

with 4.5 g/L glucose, 10% FBS (Hyclone, Logan, UT), 1% L-glutamine (Mediatech), and 1% 

Figure 105: Proliferation of Dcn-/- and WT MEFs on FN-coated 
plates (n=6). Dcn-/- MEFs had significantly higher proliferation 
(p<0.001) than WT MEFs. 
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P/S. The cells were maintained in a humidified environment (37°C, 5% CO2), and the media 

was replaced every other day. Cells between their fifth and eighth passages were used. For 

proliferation assays, cells were seeded onto FN-coated 12-well plates (BD Biosciences, 

Franklin Lakes, NJ). Cells were seeded into each well at a density of 150,000 cells/well, and 

media was changed every 2 days. Wells for each cell type were assayed every 2 days up to 

10 days using the MTT assay (n=6, per cell type per day), which was performed as 

previously described in Chapter 6.  A two-way ANOVA was performed (SigmaStat, Systat 

Software, San Jose, CA) with post hoc Tukey’s testing to observe the differences as a result 

of cell type and day. Data represented as mean ± standard deviation. Significance was 

defined as p<0.05. 

 Dcn-/- cells grew faster on FN than WT cells over 10 days (Fig. 105, p<0.001). This 

result matched findings in the same study of higher growth rates for Dcn-/- cells than WT 

cells on uncoated and collagen-coated plates. As decorin regulates cellular adhesion to 

FN197,200, the differential adhesion to FN likely contributed this result, although TGF-β1 

could also have played a significant role.  

  



	   187 

A3.2 Adhesion of Dcn-/- and WT MEFs on Collagen 

and Fibronectin 

 The time-dependent amounts of adhesion of 

Dcn-/- and WT MEFs to Col I, and the concentration-

dependent amounts of adhesion to Col I and FN were 

analyzed. For the time-dependent adhesion assays, 

cells were seeded in 12-well plates coated with Col I 

(BD Biosciences) at a density of 150,000 cells/well. 

After 0, 5, 10, 30, 60, 90, and 120 min (n=9 per time 

per cell type), non-adherent cells were aspirated, and 

the number of adherent cells was measured using the 

MTT assay. The cell numbers at each timepoint were 

normalized to the number of adherent cells at the final 

timepoint. For concentration-dependent adhesion 

assays, cells were seeded in collagen and FN-coated 

12-well plates at concentrations of 50,000, 100,000, 

200,000 and 400,000 cells/well (n=21 per 

concentration per cell type). For collagen-coated 

plates, after 1.5 h, the wells were assayed with the 

MTT assay to determine the number of adhered cells. 

Figure 106: (A) Time-dependent adhesion of 
Dcn-/- and WT MEFs to collagen, and the 
concentration-dependent adhesion to (B) 
collagen and (C) fibronectin. Dcn-/- MEFs 
adhered more to both substrates than WT MEFs 
(p<0.001).  
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FN-coated plates were assayed after 30 min as both cell types adhered more rapidly to FN 

than to Col I. A two-way ANOVA was performed (SigmaStat) with post hoc Tukey’s testing 

to observe the differences as a result of cell type and either cell concentration or time.  

 Dcn-/- MEFs were found to have a faster adhesion rate on Col I than WT MEFs (Fig. 

106, p<0.001). The total number of cells adhered to Col I was greater than the number 

adhered to FN. When varying concentration, adhesion was found to be concentration-

dependent, with Dcn-/- MEFs adhering more than WT MEFs on both substrates (Figure , 

p<0.001). These results support previous studies demonstrating the inhibitory effect of 

decorin on cell adhesion to Col I562 and FN.196,197 

A3.3 Influence of Exogenous Decorin on Dcn-/- and 

WT Adhesion to Collagen and Fibronectin 

 The effect of exogenously added decorin on cell adhesion was studied. Cells were 

seeded on collagen and FN-coated plates at 200,000 cells/well. Immediately after seeding, 

exogenous decorin (from bovine articular cartilage, Sigma) at varying concentrations (0, 1, 5, 

10, 20 µg/mL) was added to each well (n=6-9 per decorin concentration per cell type). After 

1 h, the MTT assay was performed to measure the number of adhered cells. Final cell 

numbers were normalized to control wells without decorin added. A two-way ANOVA was 

performed (SigmaStat) with post hoc Tukey’s testing to observe the differences as a result of 

cell type and decorin concentration. 

 The results of this study showed that exogenous decorin had a significant 

concentration-dependent effect on cell adhesion to both substrates for both cell types (Fig. 

107, p<0.005). Dcn-/- MEFs demonstrated decreased adherence to Col I and FN with higher 
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concentrations of decorin compared to controls 

(Col I: p<0.005 for 10 and 20 µg/mL; FN: 

p<0.005 for 5 and 20 µg/mL). There was a 

larger inhibitory effect of decorin on the number 

of adhered Dcn-/- cells seeded on Col I than on 

FN (p<0.05). WT cell adhesion to Col I did not 

change significantly with the addition of 

decorin, but cell adhesion was significantly 

reduced on FN (p<0.001 for 5, 10, and 20 

µg/mL). In summary, the addition of exogenous 

decorin affected Dcn-/- adhesion to Col I, but 

affected Dcn-/- and WT adhesion to FN 

similarly. This result supports the results of 

substrate-dependent adhesion for both cell 

types, and previous results on the inhibitory 

effect of decorin on adhesion to Col I.562 That the adhesion of both cell types to FN was 

reduced with the addition of exogenous decorin conflicts with the cell adhesion results as 

well as previous results on the inhibitory effect of decorin on adhesion to FN.196,197 One 

possible explanation for this result is the binding of decorin to FN directly, preventing cell 

adhesion to FN regardless of cell type, as decorin has previously been shown to bind to the 

cell-adhesive RGD sequence on FN.196,200  

  

Figure 107: Adhesion of Dcn-/- and WT MEFs on (A) 
collagen and (B) FN after the exogenous addition of 
decorin. Dcn-/- cells reduced in adhesion to both 
substrates with the addition of decorin (p<0.005), but WT 
cells reduced in adhesion to FN with the addition of 
decorin (p<0.005) There was also a significant difference 
in adhesion to collagen between cell types. 
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A3.4 Effect of Blocking Integrin Subunits on Dcn-/- 

and WT Adhesion to Collagen and Fibronectin 

 The influence of decorin on integrin 

binding to Col I and FN was determined using 

a competitive binding study. The integrins of 

interest in this study were the α2β1 and α5β1 

integrin for adhesion to Col I563* and FN564, 

respectively. Cells were seeded on Col I and 

FN-coated plates at 150,000 cells/well, and 

immediately after seeding, antibodies against 

either α2, α5, β1 integrin subunits (Integrin β1 

antibody kit, Chemicon International, 

Temecula, CA) were added to the wells at a 

dilution of 1:500 (n=6 per subunit per cell 

type). Control wells were treated with rabbit 

IgG (Vector Laboratories, Burlingame, CA) to 

test for non-specific binding. After a particular 

amount of time (Col I: 90 min; FN: 30 min), the number of adhered cells was measured using 

the MTT assay and normalized to controls. A two-way ANOVA was performed (SigmaStat) 

with post hoc Tukey’s testing to observe the differences as a result of cell type and blocked 

subunit.  

                                                
* Blocking the α2 and β1 subunits for cell adhesion to collagen was performed by Zannatul Ferdous and Sherket 
Peterson. The controls for collagen adhesion and integrin blocking to FN were added in the revision  

Figure 108: Adhesion of Dcn-/- and WT MEFs on (A) 
collagen and (B) FN after blocking integrin subunits. 
Blocking integrins reduced Dcn-/- adhesion to collagen 
and FN, as well as WT adhesion to FN after blocking the 
α5 subunit (*: p<0.05 vs. control).   
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 Blocking both the α2 and β1 subunits significantly reduced Dcn-/- cell adhesion to Col 

I compared to controls (p<0.05), but had no significant effect on WT cell adhesion (Fig. 

108). The same effect on Dcn-/- cell adhesion to FN was found when the α5 and β1 subunits 

were blocked (p<0.05). WT cell adhesion to FN was reduced when the α5 subunit was 

blocked (p<0.05), and trended towards a reduction when the β1 subunit was blocked 

(p=0.085). That there was a reduction in Dcn-/- cell adhesion to Col I after blocking the α2β1 

integrin subunits supports previous results that demonstrated adhesion to Col I is strongly 

mediated by this integrin.563 Combined with the fact that Dcn-/- cells had been shown to 

express more of the α2β1 integrin than WT cells559, and had reduced adhesion when decorin 

was exogenously added, that this integrin affected adhesion to Col I suggests that decorin 

influences adhesion through this manner. Observations indicating that blocking the integrin 

subunits reduced adhesion to FN similarly for both cell types suggests that decorin does not 

inhibit adhesion to FN via the α5β1 integrin preferentially, but maybe act through other 

integrins known to bind to FN, such as: αvβ1
565,566; αvβ3

567; αvβ6
568; and α4β1

569,570.  

A3.5 Migration of Dcn-/- and WT MEFs on Collagen 

and Fibronectin 

 Cell migration was performed according to previously used migration 

protocols.420,571,572 A cloning cylinder (10 mm OD x 10 mm H) was placed at the center of a 

6-well uncoated or collagen-coated plate, or a 12-well FN-coated plate.* Cells were seeded 

into the cloning cylinder at a concentration of 45,000 cells/well (n=3 for uncoated, collagen; 

                                                
* Cell migration on uncoated and collagen-coated plates was performed by Zannatul Ferdous and Sherket 
Peterson. Cell migration on FN was performed and added to the revision 
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n=6 for FN). After 4 h, the cloning ring was removed and the wells were washed twice with 

PBS to remove non-adherent cells. Fresh media was added to the well containing mitomycin 

C (0.5 µg/mL) to prevent proliferation. Each well was confirmed for adherent cells and their 

confinement to the original circular region of the cloning cylinder. This circumference was 

also outlined using a marker on the bottom side of the well. After another 24 h of incubation, 

the cells that migrated out of the circle was counted. A two-way ANOVA was performed 

(SigmaStat) with post hoc Tukey’s testing to observe the differences as a result of cell type 

and substrate. 

 
Figure 109: Migration of Dcn-/- and WT MEFs on uncoated, and collagen and FN-coated plates. Dcn-/- MEFs migrated 
more on uncoated and collagen-coated plates (^: p<0.05 v. WT).  

 Dcn-/- MEFs migrated more on uncoated and collagen-coated plates than WT MEFs 

(p<0.05), but the two cell types had similar migration on FN-coated plates (Fig. 109). 

Overall, migration on FN was lower than on Col I or uncoated plates (p<0.05). The decreased 

migration on collagen by WT cells supports previous results showing that the addition of 
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decorin to migrating osteosarcoma cells slowed migration on Col I and FN.199 The decrease 

in migration on FN is also supported by work showing that vocal fold stellate cells exhibit 

greater affinity to FN.573 

A3.6 Conclusion 

 There are significant differences between Dcn-/- and WT MEFs that help to explain 

previous results on the role of decorin in engineered tissue development.559,560 Dcn-/- MEFs 

were demonstrated to have better proliferation, adhesion, and migration than WT MEFs. This 

study also revealed substrate-specific effects of decorin, suggesting that decorin actively 

regulates cell-matrix interactions.   



Appendix 4: Effect of Cyclic Mechanical 

Strain on Glycosaminoglycan and 

Proteoglycan Synthesis by Heart Valve 

Cells 

 The mechanical environment around VICs is a major influence on their remodeling of 

extracellular matrix.* VICs have been shown to increase collagen synthesis in response to 

tensile stretch in 2D culture266 and cyclic and static pressure in organ culture.264,265 With 

regards to 3D engineered tissue, VICs have been shown to produce different profiles of PGs, 

like decorin, biglycan, and versican268, and GAGs.269 In addition, GAG and PG production 

has been shown to be reversible with the release of strain.267 Yet, there has been no study 

investigating the effect of strain magnitude on the synthesis of GAGs and PGs. Such a study 

is relevant to valvular diseases, such as myxomatous mitral valve disease, in which altered 

tissue loading is believed to change the GAG and PG distribution within the tissue.574,575 In 

this study, the effect of strain magnitude on GAG and PG synthesis by mitral VICs from the 

leaflet and chordae were explored.  

 In this project, ancillary to the dissertation research, the following experiments were 

revised or added to the original manuscript submission: 

• Seeding and cyclic straining of collagen gels 

                                                
* The work in this appendix was published in: Gupta V, Tseng H, Lawrence BD, Grande-Allen KJ. Effect of 
cyclic mechanical strain on glycosaminoglycan and proteoglycan synthesis by heart valve cells. Acta Biomater. 
2009; 5: 531–40. 
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• Glycosaminoglycan analysis 

• Proteoglycan analysis 

A4.1 Seeding and Cyclic Straining of Collagen Gels 

Mitral valves were dissected from porcine hearts from an abattoir (Fisher Ham and 

Meats), and VICs were isolated using a two-step collagenase process previously described in 

literature.269,450 VICs were separated between leaflet and chordae cells, as VICs from these 

regions have shown slight differences in phenotype.576 VICs were cultured in 1:1 

DMEM:F12 medium (Mediatech), 10% BGS (Hyclone, Logan, UT), and 1% P/S 

(Mediatech) and maintained in a humidified environment (37°C, 5% CO2. Media was 

replaced every other day, and VICs were used between their sixth and seventh passage.  

VICs were then seeded within 

3D collagen gels using a previously 

described protocol.577 Collagen gels 

were prepared by mixing 80% Col I 

(rat-tail, 2.28 mg/mL, BD Biosciences) 

with 0.02 M acetic acid, 10% 10X 

DMEM, and 10% 1X DMEM with 

VICs. The final concentration of cells 

in gel solution was 1 x 106 cells/mL. The pH of the solution was neutralized using 5 M 

NaOH.  

The resulting solution was then poured into a cyclic stretching device previously used 

to apply strain to seeded collagen gels (Fig. 110).267–269 This device consisted of a cross-

Figure 110: The cyclic stretching device267 
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shaped silicone mold, aluminum base, stretching cam and culture lid. The collagen solution 

was poured into the silicone mold and allowed to statically gel and contract for 24 hours. 

During gelation and contraction, the collagen gel was contracting around four gel anchors 

that were connected on the outside of the mold to roller bearings. These bearings rolled along 

the edge of the rotating cam, and the anchors were displaced in and out of the mold as a 

result. The shape of the cam dictated the strain magnitude applied. The culture lid was used 

to maintain sterility within the silicone mold. Strain was then applied to the gels at a 

frequency of 1.16 Hz for 48 hours, either to magnitudes of 2%, 5%, or 10% (n=4-5 per strain 

rate per cell type).*  

A4.2 Glycosaminoglycan Analysis of Cyclically 

Strained Collagen Gels 

 The distribution of GAGs was determined using fluorophore-assisted carbohydrate 

electrophoresis (FACE), which has been previously used to analyze the GAG synthesized by 

VICs in 3D collagen gels.188,267,269,578 Intact collagen gels were removed from the stretching 

device, weighed, lyophilized, then weighed again for its DW. The gels were rehydrated and 

minced in 100 mM ammonium acetate (pH~7.0), then digested in proteinase-K solution (10 

mg/mL in ultrapure water, Calbiochem, La Jolla, CA) for 16 h at 60°C. The enzyme was 

deactivated for 30 min at >70°C, and the digested solution was centrifuged at 5000 rpm for 3 

min. Samples for electrophoresis were taken from the supernatant.  

                                                
* The majority of tests were performed by Vishal Gupta. Extra samples were gathered and assayed in the 
revision. 
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 Conditioned medium was also analyzed for GAGs secreted by VICs.267,269 Proteinase-

K was added to each sample (50 µg/mL) for 2 h at 60°C, then deactivated 30 min at >70°C. 

Samples were diluted 1:1 with ultrapure H2O and 10% TX-100 was added for a final 

concentration of 0.5%. Ion exchange purification was then performed to remove glucose 

from the media and isolate GAGs. A 50% Q-Sepharose bead slurry (Amersham Pharmacia 

Biotech, Uppsala, Sweden) was added to the sample, followed by washing with 40 column 

volumes of 7 M urea buffer. Bound GAGs were eluted with 4 column volumes of 7 M urea 

buffer with 3 M NaCl, and precipitated in an ice-cold ethanol solution. The solution was 

lyophilized and rehydrated in 100 mM ammonium acetate.  

 Both gel and medium samples were enzymatically digested with Cse-ABC and Cse-

ACII (Associates of Cape Cod, Falmouth, MA) to cleave the GAGs into disaccharides. 

Duplicates of the sample were prepared so one replicate was digested with Cse-ACII, and the 

other with both Cse-ABC and Cse-ACII, all at a final concentration of 30 µL/mL. Samples 

were digested at 37°C for 3 h, then vacuum dried. GAGs were next fluorescently tagged with 

12.5 mM 2-aminoacridone HCl (AMAC, Molecular Probes, Eugene, OR) in 85% 

DMSO/15% acetic acid and 1.25 M sodium cyanoborohydride for 16 h of incubation. 

Electrophoresis was then performed with samples resolved in a 20% acrylamide gel 500 V. 

Fluorescently tagged maltotriose standards were used and mixed with the samples to develop 

a fluorescent intensity standard. Fluorescent disaccharide standards were also run in parallel 

to resolve the different GAGs. Gels were then imaged using a gel imaging system (Gel Logic 

100, Kodak, Eastman, MA), and the band intensities were read using gel analysis software 
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(Gel-Pro Analyzer, Media Cybernetics, Silver Spring, MD) from which GAG concentrations 

were calculated.* 

 The results showed a varied distribution of GAGs produced by VICs under different 

magnitudes of strain retained in the gel (Table 12). With the exception of 2% cyclic strain 

conditions, there was no significant difference in GAG retention between cell types. GAG 

retention significantly decreased in collagen gels subjected to strain compared to statically 

constrained and unconstrained gels for both cell types, and this effect was found to have a 

negative correlation with strain magnitude (leaflet: r2 = 0.52, p < 0.003; chordae: r2 = 0.84, p 

< 0.001). 

Table 12: Strain dependence of total GAGs, 4S/6S ratio, and sGAG/HA ratio of GAGs retained within collagen gels 
seeded with either leaflet or chordal VICs. *: p<0.01 v. statically constrained; ‡: p<0.02 v. unconstrained; φ: p<0.004 v. 
5% or 10 %; a: p<0.04 v. chordae; x: p<0.005 v. 2%, when leaflet and chordae are grouped together; y: p<0.05 v. 
unconstrained, when leaflet and chordae are grouped together 

 Unconstrained Statically constrained Cyclic 2% Cyclic 5% Cyclic 10% 

Leaflet      

Total GAGs (nmol/mg) 12.0 ± 0.1 13.7 ± 2.7x 8.7 ± 1.9*,a 7.0 ± 1.6*,‡,x 5.8 ± 1.0*,‡,x 

4S/6S 5.2 ± 0.8 6.7 ± 1.8a 5.8 ± 2.0a 6.5 ± 1.5y 5.5 ± 0.5 

sGAGs/HA 6.9 ± 0.4 7.9 ± 1.1 3.6 ± 1.9a 5.3 ± 3.5a 5.8 ± 1.3a 

      

Chordae      

Total GAGs (nmol/mg) 12.5 ± 0.5 15.3 ± 1.4x 11.9 ± 2.1φ 7.5 ± 1.8*,‡,x 4.0 ± 0.6*,‡,x 

4S/6S 3.2 ± 0.1 3.8 ± 0.2 4.1 ± 0.6 6.1 ± 0.6 6.0 ± 0.8 

sGAGs/HA 7.1 ± 0.5 7.7 ± 1.1 37.7 ± 31.4 27.4 ± 10.9 39.0 ± 8.9 

 

 With regards to GAG classes (Table 13), cyclic strain had a significant effect on the 

proportions of HA, 4S, and 6S GAGs. In collagen gels seeded with chordal cells, there was 

an increasingly larger proportion of 4S GAGs with different magnitudes of strain (r2 = 0.59, 

p < 0.001). Collagen gels seeded with leaflet cells had higher percentages of HA and lower 

percentages of 4S and 6S GAGs compared to gels seeded with chordal cells. The 4S/6S ratios 

                                                
* Data analysis was performed by Vishal Gupta 
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in gels with leaflet cells was significantly higher than gels with chordal cells, but the sulfated 

GAG (sGAG)/HA ratio was significantly lower with leaflet cells compared to chordal cells. 

The finding that cyclic strains reduced GAG retention matches previous findings in which 

myxomatous mitral valves, with lower magnitudes of loading, have higher GAG 

concentrations.188 This is also in keeping with similar results from endothelial cells.579  

Table 13: Strain dependence of percentages of GAGs retained within collagen gels seeded with either leaflet or chordal 
VICs. *: p<0.007 v. chordae; †: 0.04 v. 2%; ‡: p<0.01 v. unconstrained; φ: p<0.03 10 %; x: p<0.02 v. 2%, when leaflet and 
chordae are grouped together; y: p<0.04 v. unconstrained, when leaflet and chordae are grouped together 

 Unconstrained Statically constrained Cyclic 2% Cyclic 5% Cyclic 10% 

Leaflet      

%HA 12.6 ± 0.7 11.3 ± 1.4† 24.7 ± 8.7* 19.3 ± 8.4* 15.0 ± 2.7* 

%6S 14.3 ± 2.0* 11.8 ± 2.5* 12.0 ± 4.1* 11.0 ± 1.2y 13.1 ± 1.4y 

%4S 73.1 ± 1.3 77.0 ± 4.0† 63.4 ± 6.6* 69.7 ± 9.5* 71.9 ± 1.7*,x 

      

Chordae      

%HA 12.4 ± 0.7 11.6 ± 1.5 4.9 ± 4.0 4.0 ± 1.6 2.6 ± 0.5 

%6S 18.4 ± 1.1 18.4 ± 1.1 18.8 ± 1.8 13.7 ± 1.3†,‡,y
 14.0 ± 1.7†,‡,y 

%4S 66.6 ± 0.2 70.0 ± 0.5φ 76.3 ± 4.5 82.3 ± 1.5‡ 83.4 ± 1.7‡,x 

 

 The proportions of GAGs retained by the different cell types also matches their 

loading profile, as chordae experience higher tensile strains with more 4S GAGs (attached to 

decorin or biglycan), and leaflets have a wider range of stresses from tension to compression 

and thus produce more HA.574 This result is similar to previous reports of SMCs, which 

synthesized more sGAGs and less HA when exposed to centrifugal mechanical forces.580 

SMCs have also been shown to increase production in versican (associated with 6S GAGs 

and HA) and decrease in decorin (4S GAGs) with the application of cyclic strain581, although 

this can be attributed to differences in strain magnitude and frequency.   

 In the conditioned media (Table 14), the total amount of GAGs secreted by leaflet 

cells was significantly higher than chordal cells. At higher strain magnitudes, GAG secretion 
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progressively decreased in leaflet cells (2-10%, r2 = 0.55, p < 0.005) but increased for 

chordal cells (r2 = 0.61, p < 0.001). There were generally no significant changes or trends in 

the percentages of GAGs secreted by both leaflet cells and chordal cells (Table 15). Taken 

together, VICs produce less GAGs with increasing amounts of strain, and chordal cells 

generally produced higher amounts of 4S and 6S GAGs than leaflet cells.  

Table 14:Strain dependence of total GAGs, 4S/6S ratio, and sGAG/HA ratio of GAGs collected from the conditioned 
media of either leaflet or chordal VICs. *: p<0.02 v. 2%; φ: p<0.04 v. 10 %; †: p<0.05 v. chordae; x: p<0.04 v. 2%, when 
leaflet and chordae are grouped together; y: p<0.03 v. 5%, when leaflet and chordae are grouped together. 

 Unconstrained Statically constrained Cyclic 2% Cyclic 5% Cyclic 10% 

Leaflet      

Total GAGs (nmol) 92.4 ± 7.7*,x 125.2 ± 10.6 174.7 ± 48.0† 131.4 ± 37.1† 86.4 ± 12.0*,† 

4S/6S 3.2 ± 0.1y 3.1 ± 0.1y 3.9 ± 0.2 3.9 ± 0.2 3.4 ± 0.4 

sGAGs/HA 0.7 ± 0.2 0.9 ± 0.5† 1.0 ± 0.2 1.0 ± 0.2 0.7 ± 0.1† 

      

Chordae      

Total GAGs (nmol) 65.2 ± 19.5φ,x 83.6 ± 17.5 84.8 ± 20.1 90.2 ± 10.9 137.6 ± 19.8 

4S/6S 3.0 ± 0.3y 2.6 ± 0.0y 3.5 ± 0.7 4.0 ± 1.3 3.5 ± 0.4 

sGAGs/HA 1.0 ± 0.5 1.6 ± 0.4 1.1 ± 0.2 1.4 ± 0.3 1.3 ± 0.6 

 

Table 15: Strain dependence of percentages of GAGs from the conditioned media of either leaflet or chordal VICs. *: 
p<0.05 v. chordae; ‡: p<0.04 v. statically constrained; †: p<0.01 v. unconstrained; x: p<0.05 v. statically constrained, 
when leaflet and chordae are grouped together 

 Unconstrained Statically constrained Cyclic 2% Cyclic 5% Cyclic 10% 

Leaflet      

%HA 56.3 ± 8.1 51.5 ± 13.5* 48.2 ± 5.6 49.5 ± 4.1 60.1 ± 5.6* 

%6S 11.1 ± 1.4 12.4 ± 2.6* 10.4 ± 1.2 8.9 ± 0.3*,x 10.6 ± 1.0 

%4S 27.0 ± 6.4 32.9 ± 9.3 38.7 ± 3.2 39.4 ± 3.9† 29.8 ± 5.3* 

      

Chordae      

%HA 49.8 ± 15.1 36.2 ± 4.6 46.8 ± 4.8 40.9 ± 5.8 43.1 ± 10.8 

%6S 14.7 ± 0.6 19.2 ± 0.3 12.9 ± 3.3 12.9 ± 4.9x 12.0 ± 3.1‡ 

%4S 30.9 ± 11.3 39.6 ± 4.9 37.2 ± 4.9 43.3 ± 4.3 38.5 ± 6.3 
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A4.3 Proteoglycan Analysis of Cyclically Strained 

Collagen Gels 

 The PG distribution within the collagen gels and conditioned medium were analyzed 

using sodium dodecyl sulfate-polyacrylamide gel electophoresis (SDS-PAGE) and Western 

blotting.188,267,268 PGs from intact collagen gels were extracted overnight at 4°C with a 4 M 

guanidine HCl extraction buffer, then dialyzed against 7 M urea buffer with 4 changes.  

 Ion exchange purification was performed on extracted collagen gel conditioned 

medium samples to isolate proteoglycans; a 50% Q-Sepharose bead slurry (Amersham 

Pharmacia Biotech) was added to the sample, then washed with 40 column volumes of 7 M 

urea buffer with 0.25 M NaCl. Bound PGs were then eluted using 6 column volumes of 7 M 

urea buffer with 3 M NaCl. Samples were then precipitated in an ice-cold ethanol solution. 

The samples were enzymatically digested using a 2.5 mU/mL Cse-ABC digest solution for 3 

h at 37°C to remove GAGs off the core protein. They were next dissolved in sample buffer 

with 3% SDS and 5% β-mercaptoethanol and heated to 100°C for 5 min and resolved in a 4-

12% SDS-polyacrylamide gel at 180 V. The gel was transferred to a 0.2 µm nitrocellulose 

membrane at 100 V (1 h for decorin, biglycan; 3 h for versican). The membrane was blocked 

with 0.1% Tween-20 and 2% BSA in Tris buffered saline (TBS, pH~7.4), and then incubated 

with primary antibodies against either decorin (anti-decorin LF-122, courtesy of Larry 

Fisher, National Institutes of Health), biglycan (anti-biglycan LF-104, courtesy of Larry 

Fisher), or versican (anti-versican 2-B-1, Associates of Cape Cod, East Falmouth, MA) in 

TBS/Tween (1:6000 with 2% FBS) overnight at 4°C. Next, the membranes were washed four 

times with TBS/Tween and incubated with horseradish peroxidase-linked secondary 
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antibodies (1:20,000 in blocking buffer) for 2 h at room temperature. The secondaries were 

then detected using chemiluminescent exposure to radiographic film and imaged. Bands were 

analyzed using gel analysis software (Gel-Pro Analyzer, Media Cybernetics, Silver Spring, 

MD), from which PG amounts were calculated and normalized to unconstrained collagen gel 

controls.*  

 
Figure 111: Western blot detection of (A) decorin, (B) biglycan, and versican from (C) leaflet cells and (D) chordal cells 
retained in collagen gels at varying strains against unconstrained controls. There was no difference between leaflet and 
chordal gels for decorin and biglycan, and thus data was grouped. a: p<0.03 v. 10%; *: p<0.01 v. chordae  

 The amount of decorin, biglycan, or versican retained within the collagen gel was 

generally not significantly affected by the magnitude of strain applied to the gel (Fig. 111). 

For decorin and biglycan, there was no significant difference in PGs retained between leaflet 

and chordal cells, and thus, the samples were grouped together. Leaflet cell-seeded gels 

retained more versican than chordae cell-seeded gels. This result matches the lower 

                                                
* Data analysis was performed by Vishal Gupta 
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percentages of HA produced by chordal cells than leaflet cells, as versican and HA are 

associated and form aggregates to withstand compression.184 

 
Figure 112: Western blot detection of (A-B) decorin, (C-D) versican from (A,C) leaflet cells and (B,D) chordal cells 
secreted into the medium. For decorin - *: p<0.01 v. chordae; †: p<0.006 v. 5%, a: both leaflet and chordae, p<0.03 v. 2%. 
For versican - *: p<0.02 v. chordae. There was no difference in biglycan with the application of strain.  

 In general there was minimal change in PG secretion into the media by VICs with the 

application of strain, with the exception of decorin in specific cases (Fig. 112). Between 

collagen gels seeded with leaflet and chordal cells, gels with leaflet cells secreted more 

versican than gels with chordal cells, also matching previous results of lower percentages of 

HA retained within collagen gels. There was generally no difference in decorin secreted, and 

absolutely no significant difference in biglycan secreted, between collagen gels with leaflet 

cells and chordal cells.  
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A4.4 Conclusions 

 The magnitude of applied strain on engineered collagen gels affected GAG and PG 

synthesis by VICs. VICs produced GAGs based on their loading profile, as chordal cells 

produced more 4S GAGs, which are associated with the tensile loading of mitral valve 

chordae, than leaflet cells. This study demonstrates the importance of applied strain on ECM 

synthesis for tissue engineering applications, and motivates further research into those 

relationships. 



Appendix 5: Regional Mechanical 

Characterization of Aortic Valve Leaflets 

Using Nanoindentation 

 The mechanical testing of the layers and regions of the aortic valve leaflet has been a 

difficult enterprise.* Previous studies on the mechanical properties of the different layers 

involved separating the fibrosa and ventricularis from the leaflet17,19,246,247 and individually 

testing each leaflet. The result of this process is the loss of the spongiosa and preloaded 

configurations of the outer layers.19 In addition, the mechanical properties of different 

regions of the leaflet have not been fully investigated, most likely due to the small amount of 

available tissue to test. As a result, there is a demand for non-destructive mechanical testing 

to study regionally or layer specific mechanical properties within the aortic valve leaflet. 

Non-destructive tests that have been used include micropipette aspiration320, and atomic force 

microscopy (AFM).321 In this study, nanoindentation is studied as a means of characterizing 

the specific mechanical properties of the different regions (hinge, belly, free edge) of aortic 

valve leaflets.  

 

  

                                                
* This appendix was published as: Simpson A, Schirer J, Tseng H, Grande-Allen KJ. Highly localized 
characterization of aortic valve tissue: study of various regions of porcine aortic valves. Eden Prairie, MN: 
Hysitron, 2011.  
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A5.1 Materials and Methods 

A5.1.1 Tissue preparation 

 Porcine aortic valve leaflets were obtained from an abattoir (Fisher Ham and Meats, 

Spring, TX) within hours of death. Aortic valve leaflets were stored in PBS at 4°C until 

further use. Leaflets were then encased in agarose (5% in PBS), with 24-well plates used as 

molds. Agarose was prepared, heated to 60°C to liquify, and poured to fill half of a well. 

After the agarose began to cool and solidify, the leaflet was placed on the agarose fibrosa 

side up so as to prevent the leaflet from curling. Agarose was poured atop the leaflet and the 

whole mold was cooled until solid. The encased leaflet was then removed from the well and 

the agarose was trimmed to yield a rectangular prism. The leaflet was then sectioned in the 

radial direction on a vibrating microtome (VT1000S, Leica). 250 µm sections were cut at a 

blade speed of 0.075 mm/s with a vibration frequency of 100 Hz. These sections were 

adhered to a glass microscope slide (1" W x 3" L x 0.04" T) using tissue adhesive (Cell-Tak, 

BD Biosciences). After adhesion, the agarose was cut from around the leaflet and removed, 

leaving only the tissue on the slide. 

A5.1.2 Nanoindentation 

 The tissues were loaded into a nanoindenter (TI-950 TriboIndenter, Hysitron, Eden 

Prairie, MN). A silicone O-ring was used to create a well around the tissue. The well was 

sealed with petroleum jelly and filled with PBS. Tissues were indented using a diamond 

Berkovich tip. Using displacement-controlled feedback, the tip was used to define the leaflet 

surface, then withdrawn 95 µm from the surface. Valves (n=3) were then indented 15 µm at 
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3666.67 µm/sec, held for 20 s, then unloaded at the same rate (Fig. 113). Particular regions of 

interest (hinge, belly, or free edge) were found using a light microscope attached to the 

instrument. Tests were conducted in a particular region from the fibrosa to the ventricularis, 

with indents spaced 100 µm apart through the thickness. 

 
Figure 113: Displacement function for nanoindentation tests 

 For each test, a force P v. displacement h curve was gathered (Fig. 114). The 

unloading curve was fit to a power law relation* 

 

P = A h− hf( )
m

 (23) 

 

where A, hf, and m are arbitrary fitting 

constants. From this equation, the unloading 

stiffness S at the peak of the loading curve 

was found as: 

 

S = dP
dh

hmax( ) =mA hmax − hf( )
m−1

 (24) 

                                                
* Data analysis was performed by Amanda Simpson, Jeffrey Schirer, Hysitron 

Figure 114: Representative force v. displacement curves of 
aortic valve leaflets at each region 
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The contact depth hc was then found as: 

 

hc = hmax −ε
Pmax
S

 (25) 

 

where ε = 0.75. From this, the contact area Ac is calculated as: 

 

Ac = 24.494hc
2  (26) 

 

The relaxed modulus Er was then found as:  

 

Er =
S π
2 Ac

 (27) 

A5.2 Results and Discussion 

Table 16: Average Er for each valve in each region 

Valve Hinge Belly Free Edge 

1 57.42 ± 7.37 37.26 ± 11.75 9.82 ± 4.21 

2 58.64 ± 32.06 53.07 ± 8.16 43.72 ± 36.75 

3 20.56 ± 12.41 36.36 ± 21.04 17.24 ± 11.99 

Average 38.99 ± 28.76 41.25 ± 17.26 21.21 ± 23.72 

 

 The Er recorded in the leaflet section varied from 5-140 kPa. Compared to the other 

non-destructive tests of aortic valve lefalets, these values were higher than those found via 
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micropipette aspiration (1.2-1.7 

kPa)320, but lower than those found via 

AFM (1.1-1.9 MPa) (Fig. 115).321 

There was no significance in Er as a 

function of the region, but there was a 

decrease in Er going towards the free 

edge. In addition, the free edge was 

found to be more elastic. Its lower modulus could be attributed to the larger spongiosa found 

in this region, as previously found in Chapter 4. A larger sample size is required to yield 

meaningful data on the regional variation in mechanical properties.  

A5.3 Conclusion 

 This study introduced the use of nanoindentation as a non-destructive means of 

characterizing AV leaflet mechanical properties. This technique showed varying differences 

in Er in valve tissue. Further characterization and larger sample sizes are required to 

determine the regionally varying mechanical properties of the AV leaflet.  

Figure 115: Reduced modulus values of nanoindentation testing 
for each region 



Appendix 6: Effect of Shear Flow on 

Biglycan Production in Aortic Valve Co-

culture 

 As discussed previously, biglycan is a major contributor to CAVD. In calcific 

plaques, "hyperelongated" biglycan, or biglycan with larger than normal GAG chains582, 

binds and retains LDL, which begins the disease process.281,523,524 In addition, the aortic valve 

has a side-dependent propensity to calcify, as calcification tends to occur on the 

outflow/fibrosa side. It is hypothesized that side-specific variations in the flow and shear 

experienced by the leaflet influence calcification: on the outflow side, where leaflets 

predominantly calcify, there is a low magnitude disturbed flow, while on the 

inflow/ventricularis side, where calcification is not seen, there is a high magnitude laminar 

flow.49,281–287 Despite these correlations, there has been no study to date evaluating the 

relationship between shear stress and biglycan production within aortic valve leaflets. It is 

hypothesized that the low-magnitude oscillatory shear on the outflow side would lead to 

endothelial dysfunction, then inducing biglycan synthesis by activated VICs. The plan of this 

study was to determine the effects of flow pattern and shear magnitude on the ability of aortic 

valve cells to produce biglycan and in what form. As this etiology is one involving both 

VECs and VICs, the AVCC from Chapter 6 was designated an ideal model for this study.  
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 In this appendix, the preliminary design of the flow loop, its variations based on 

sample type (AVCC, hydrogel, cell monolayer), and its evolution are discussed in further 

detail.*  

A6.1 Flow Loop Design 

  The design criteria for the flow loop include: 

• Parallel plate flow chamber that is easily assembled and samples on a glass slide (cell 

monolayer, AVCC, hydrogel) with a desired height above the sample of h = 0.022 

cm. 

• Easily variable shear stress magnitude 

• Media reservoir 

• Area for gas exchange 

• Means of dampening flow from pump 

• Closed loop assembly 

• Autoclavable materials 

• Sterile environment 

A6.1.1 Design #1 

 The original parallel plate flow chamber (PPFC) design consisted of a polycarbonate 

(PC) chamber with a 6.4 cm L x 2.5 cm W x 0.022 cm H channel and a 3" x 2" glass slide 

serving as the bottom surface (Fig. 116).583 The chamber and slide were held together using a 

vacuum seal with a rubber gasket. The PPFC consisted of an inlet, and two outlets, with one 
                                                
* The design in this appendix was performed with the aid of Jerome Saltarrelli, Indrajit Nandi, Pujan Desai, 
Bagrat Grigoryan, and Liezl Balaoing 
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outlet right after the inlet to release air. The flow loop itself consisted of two glass reservoirs, 

one above the other, which utilized hydrostatic pressure to drive flow through the PPFC. A 

peristaltic pump was used to maintain pressure and move fluid from the lower chamber to the 

upper chamber. Gas exchange occurred as fluid exited the tubing from the pump tubing and 

entered the upper reservoir. Shear stress magnitude would be varied by the difference in 

height between the upper reservoir and the PPFC and the resulting hydrostatic pressure. This 

flow loop design has been used for many experiments including studies on the effect of shear 

stress on endothelial cell and osteoblast behavior.583–588  

 This PPFC design contained several possibilities for improvement. The relatively 

large size of the flow loop apparatus, with the need to vary its height to achieve different 

shear stress magnitudes, and the need 

to vacuum seal the chamber were 

limitations to finding or making sterile 

space. This design would have 

required the creation of a large 

temperature-controlled sterile field, 

which was deemed unwieldy. Another 

flaw to the design was the propensity 

of the upper reservoir to trap bubbles 

in its outlet; these bubbles would form 

over time and occlude flow. There 

were also issues in glass fabrication 

that led to inconsistently sized pieces, 

Figure 116: Parallel plate flow chamber design. The PPFC is held 
together by a vacuum seal (C) and gasket (G). Media enters 
through the inlet (A) and out the outlet (B). There is also an air 
release across the inlet (D).582 
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requiring separate sets of pieces for each intermediate part to seal. In all, the size limitations 

and bubble trap in this flow loop made this design less attractive to use for this experiment.  

 
Figure 117: Schematic of flow loop. Fluid moves from the pump (12) up to the upper reservoir (1) where gas exchange 
occurs and the flow is dampened. The fluid moves into the PPFC (6) and shears the sample at a magnitude determined 
by the height difference between the upper and lower reservoirs (14).583  
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A6.1.2 Design #2 

  The next iteration of this design 

utilized a flow loop where all the components 

were at the same height, with shear magnitude 

being driven by the pump velocity rather than 

height (Fig. 118). This design was motivated 

by previous studies using this flow loop 

design to investigate the effect of shear stress 

on aortic endothelial cells and VECs.271,589 

The upper chamber in the previous design was 

converted to a PC compliance chamber where 

the closed chamber dampened flow from the 

pump into a steady flow. The lower reservoir 

was converted into a PC reservoir after the 

PPFC, where gas exchange also occurred. From this reservoir, the peristaltic pump drew 

media. The PPFC design was also altered (Fig. 119). Using the same channel dimensions, 

rather than use vacuum to seal the chamber, screws were introduced to clamp the glass slide 

in between the chamber and a second PC component. In addition, the inlets and outlets were 

tapped to securely attach tubing to the PPFC.  

 This design resolved many issues of the previous design. By switching to a flow loop 

design where shear stress was driven by pump velocity and glass reservoirs were exchanged 

for PC chambers, the design was miniaturized enough that aside from the pump itself, the 

flow loop could be contained within a sterile incubator. The new PPFC design also allowed 

Figure 118: Flow loop: (A) peristaltic pump; (B) 
compliance chamber; (C) PPFC; (D) reservoir. This new 
flow loop design yields a shear stress within the PPFC 
driven by pump velocity. Fluid moves in the direction of 
the yellow arrows. 
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for the flow loop to be assembled as a closed loop 

inside a sterile hood. Yet, there were flaws with 

the new PPFC design as well. Achieving the 

desired and channel height in this design was 

difficult, as the glass slide would often break 

while fastening the PPFC. Also, as the screws 

were not directly over the glass slide and tended 

to bend the bottom PC piece, which would lead to 

leaks. In addition, bubbles would still become 

trapped within the PPFC, even after releasing air 

out of the first outlet. Overall, the major design 

flaw of this iteration was the assembly process of 

the PPFC and how it was fastened.    

A6.1.3 Design #3 

 The major alteration in this design was in the PPFC (Fig. 120,121).* This design was 

motivated by another PPFC design investigating the effect of shear stress on endothelial 

progenitor cells.590 The bottom piece was designed to house the glass slide (Fig. 121), and an 

O-ring around the slide replaced the gasket. Two outlet ports were placed on the top of the 

chamber to serve as a bubble trap (Fig. 120). In the case of the AVCC, an indent was placed 

on the bottom component to place a 1/8" OD x 3/16" H neodymium rod magnet (K&J 

Magnetics, Jamison, PA).  

                                                
* This design was made with the help of Liezl R. Balaoing and Bagrat Grigoryan 

Figure 119: Schematic of PPFC design #2. 
Rather than a vacuum seal, screws are used to 
seal the glass slide to the PPFC, allowing for 
easy assembly inside a sterile hood. 
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 This newest design replaced the bottom piece that compressed the slide with one that 

instead housed the slide. The concern for this design change was that media would venture 

underneath the slide, which was not fixed, thereby not achieving the desired channel height 

or possibly moving the slide during the test. This issue was addressed by using double-sided 

tape to hold the glass slide down and subsequently accounting for the slight increase in 

thickness. Placing the bubble trap above the PPFC instead of across from the inlet allowed 

for air to rise into the bubble trap before it reaches the sample instead of allowing air to move 

sideways and build up. The magnet in the bottom PC piece would fix the AVCC to the glass 

slide, so it would not break apart or float. The result is a PPFC that addresses the issues of 

fixture and leaking while maintaining the easy-to-assemble nature of the previous design. In 

addition, in this new design, samples of different height (AVCC, cell monolayer, hydrogel) 

could be placed into the PPFC by fabricating new bottom pieces to house the particular 

samples. For the AVCC, the height was measured to be 0.054 cm, so the total height of the 

channel was 0.076 cm (0.03").  
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Figure 120: PPFC design #3 with O-ring and bubble trap.* The O-ring replaced the gasket in design #2 to seal the 
chamber without breaking the glass slide. The bubble trap above the PPFC allows for air to rise into the trap, rather than 
move sideways like in design #2. 

  

                                                
* Sketched in SolidWorks by Bagrat Grigoryan 
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Figure 121: PPFC bottom to house glass slide with AVCC as sample.* Double-sided tape could be used to fix the glass 
slide within the PPFC.  

  

                                                
* Sketched in SolidWorks by Bagrat Grigoryan 
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A6.2 Shear Stress Calculations 

 
Figure 122: Schematic of pump to PPFC and the sources of head loss: (1) tubing from pump to the compliance 
chamber; (2) entry into the compliance chamber; (3) exit from the compliance chamber; and (4) tubing from the 
compliance chamber to the (5) PPFC. 

 Assuming steady state, incompressible, fully developed and unidirectional flow, the 

wall shear stress τw acting on the sample in the PPFC was calculated as591 

 

τ w =
6µQ5

bh2
 (28) 

 

where b and h are the base and height of the flow profile, µ is the viscosity of the media, and 

Q is the flow rate. h is the height above the sample (0.022 cm), while b, in the case of the 

AVCC or hydrogel, is the width of the sample, while for the monolayer, is the width of the 

chamber. Starting from a desired shear stress in Eq. 28, the Q5, and thus the velocity v5, can 

be calculated and used in Bernoulli's equation for energy per unit mass to find the velocity 

needed at the pump 
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where p is pressure, ρ is density, z is height, and hl is head loss. Assuming the p is 

atmospheric pressure throughout and z is constant height, Eq. 29 simplifies to 

 

1
2
v1
2 − v5

2( ) = hlT  (30) 

 

The sources of hl are the tubing in (1), the entrance in (2), the exit in (3), the tubing in (4), 

and the entrance in (5) (Fig. 122). The hl for tubing is 

 

hltubing =
32
Re

L
D
v2

2
 (31) 

 

where Re is the Reynold's number, L is the length of the tubing, and D is the diameter of the 

tubing. The hl for the square-edged entrances and exits is 

 

hlentrance/exit = 0.25v
2  (32) 

 

Using Eq. 2-3, 2-4, and 2-5, the pump velocity and flow rate needed to achieve a desired τw 

can be found. 
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A6.3 Conclusions 

 The flow loop design described in this study has progressed from an unwieldy glass 

apparatus into a compact and easy-to-assemble apparatus. From this new design, studies can 

be performed to investigate the effect of shear stress on various samples, particularly AVCCs 

for its effect on biglycan production. This design provides a foundation for that research to 

continue forward.  

 

 

 

 

 

 



Appendix 7: GAG-based Hydrogels for 

Tissue Engineering Applications 

 As discussed in Chapter 2.2, GAGs are chains of repeating disaccharide units.* GAGs 

have found use in tissue engineering as bases for hydrogels, particularly in heart valve tissue 

engineering.164,383,384,394,396,397 Of particular interest to valvular tissue engineering are HA and 

heparin. HA is of interest due to its presence in the spongiosa13,239, and has been shown to 

induce matrix synthesis, particularly elastin, by VICs.164 Heparin is also of interest, as it has 

shown to improve VIC adhesion to hydrogels when covalently attached.58,384,592  

 The main challenge to their use as scaffolds for tissue engineering is crosslinking. In 

order to fit within the context of the photocrosslinking hydrogels used in this dissertation, 

these GAGs must be modified with acrylate or methacrylate groups. The desired percentage 

of methacrylation can be calculated as 

 

 (33) 

 

where n is the desired number of modified disaccharides. Both HA and heparin have similar 

structures with nine possible sites of modification per disaccharide unit.593 Acrylation or 

methacrylation can be verified using 1H-NMR, by finding the two peaks representing the two 

vinyl protons on the acrylate or methacrylate group (~5.7 and 6.1 ppm). For HA, these peaks 

can be compared 1:1 to the acetyl group peak from the N-acetylglucoasmine at 2.0 ppm to 

                                                
* The work in this appendix was conducted with Chris Durst and Dan Puperi 

%mod = n
MWdiS

MWchain
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calculate the acrylation, percentage, or the percentage of modified disaccharides.594 For 

heparin, where the amino sugar can be an N-sulfated glucosamine instead of an N-

acetylglucosamine595, the vinyl protons can be compared 1:9 to the nine proton peaks from 

the disaccharide between 3.0-4.6 ppm (Fig. 123).593 In this appendix, the goal was to 

successfully modify HA and heparin with as few modified disaccharides as possible, leaving 

the majority of the GAG chain available for bioactivity. The methods attempted and 

considered are discussed in further detail. 

A7.1 Methacrylation with Methacrylic Anhydride 

 
Figure 123: (T) Schematics of a methacrylate group and a heparin disaccharide and (B) the NMR spectra of 
methacrylated heparin. Degree of methacrylation is calculated by comparing the peaks H1 and H2 to the proton peaks 4-
12.593 

 The first method explored was methacrylation using methacrylic anhydride.594 This 

method has been used previously to produce methacrylated heparin and HA for use with 

VICs.164,381,384,596,597 In this method, 2% heparin (MW~17-19 kDa, Sigma-Aldrich) was 
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dissolved in ultrapure H2O and reacted with methacrylic anhydride (Sigma-Aldrich) at a 20X 

molar excess. The solution was stirred for 24 h at 5°C at a pH~8. The next day, the solution 

was precipitated in ethanol, filtered, lyophilized, and stored at -20°C until further use. 1H-

NMR analysis demonstrated 3.7% methacrylation.381 The confounding factor in this reaction 

was that methacrylic anhydride could react violently with H2O at room temperature, 

requiring constant supervision of temperature and making controlling the degree of 

methacrylation difficult. In one study, two batches reacted with the same parameters yielded 

heparin with 6% and 22% methacrylation. 597 As a result, other methods with more control 

over the degree of methacrylation were explored.  

A7.2 Methacrylation with Glycidyl Methacrylate 

 The next method investigated controlled the degree of methacrylation using glycidyl 

methacrylate (GMA).432 In the first of these methods, heparin was reacted with TEA (Sigma-

Aldrich) and GMA (Sigma-Aldrich) at 1:25 heparin:GMA and 1:2 TEA:GMA ratios in PBS 

at room temperature for 10 days.  Afterwards, the reaction was dialyzed against ultrapure 

H2O for 7 days with 4X 1 hour changes and one change every day after that. The heparin 

methacrylate was then lyophilized and stored at -20°C until further use. 1H-NMR analysis 

showed a 7.2% methacrylation, or 3.27 acrylate groups per heparin molecule. While 

methacrylation was successful and controllable based on this result and results in the 

literature432, the long synthesis process made this method less than ideal.  
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A7.3 Modification with Tetrabutylammonium Salt 

 After successfully methacrylating heparin, the focus turned to processes of acrylation, 

in order to efficiently react with acrylated PEG. These methods however require heparin and 

HA to be dissolved in organic solvents rather than H2O.433,556 As a result, modification is 

required to replaced the Na+ salt on the GAGs with a tetrabutylammonium (TBA) 

salt.431,433,556 In one method, Dowex 50W-X8 (Sigma-Aldrich) was incubated with TBA-

fluoride at a 2.13:1 ratio in ultrapure H2O for 1 hour. The resin was washed, mixed with HA 

(MW~20 kDa, Lifecore Biomedical, Chaska, MN) for 2 hours, then centrifuged down for 2 

min at 5000 rpm. The HA-TBA in the supernatant was collected, filtered, and lyophilized.431  

 
Figure 124: 1H-NMR spectrum of HA-TBA. The ratio of TBA:HA was found by comparing the methyl groups from TBA 
at ~1.0 ppm to the methyl group from the acetyl  group on HA at ~2.0 ppm. The TBA:HA ratio was found to be 1.67.* 

 1H-NMR analysis of the HA-TBA, by comparing the HA acetyl group peak (~2.0 

ppm) to the TBA methyl group (~1.0 ppm) showed a TBA:HA ratio of 1.67 (Fig. 124). The 

prohibitive size and high amount of TBA (MW~242) in comparison to the disaccharide 

                                                
* Analyzed by Dan Puperi 
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(MWHA~401) means that after acrylation, dialysis against high NaCl concentrations would be 

required to replace TBA with Na+.  

 After modification for HA to HA-TBA, HA could be dissolved in organic solvents 

and acrylated. Previous methods in the literature have acrylated HA include using either 

acrylic acid in dimethylsulfoxide (DMSO)556, although such a method requires extensive 

dialysis to remove the DMSO from the solution. Another method acrylates HA by reacting it 

with small amounts of acryloyl chloride (<10 µL) in DMF.433 However, DMF, as a polar 

solvent, attracts water, which can react violently with the small amounts of acryloyl chloride 

needed, making it difficult to control the degree of acrylation even when using anhydrous 

DMF. As a result, future work will focus on mimicking the acrylation process used for 

PEGDA, with acryloyl chloride in DCM, to acrylate HA.  

 In conclusion, GAGs can be modified to photocrosslink for tissue engineering 

applications. The modification process has gravitated from methacrylation in aqueous 

solution and minimal to moderate control, towards acrylation in organic solvents with a high 

degree of control. Further verification and optimization of the acrylation process is necessary 

before the use of these hydrogels for heart valve tissue engineering applications.  

 

 



Appendix 8: Modified Electrospun Poly(ε-

caprolactone) Scaffolds as an Assay 

 Electrospun membranes have been explored as substrates for sensors and 

immunoassays, as they form porous, fibrous meshes.598–603 These membranes can be 

fabricated simply with control over various material parameters, including fiber diameter, 

porosity, thickness, and overall strength.389–391 These membranes can further be conjugated 

with antibodies to form porous immunoassays. A recent study utilized ePCL as a substrate 

for an immunoassay.473 Antibodies were adsorbed to a 5.3 µm thick ePCL scaffolds, which 

was then folded and pressed to form a full thickness membrane. While protein adsorption 

took only 15 min, the orientation of the antibody on the ePCL fiber is a concern. As a result, 

in a proof of concept study, ePCL was conjugated with antibodies similarly to how it was 

conjugated with acrylate groups in Chapter 5. A fluorescent secondary antibody was then 

used to verify conjugation.  

A8.1 Antibody Conjugation to Electrospun PCL 

Scaffolds 

 Isotropic electrospun scaffolds were fabricated and modified similarly to aPCL 

scaffolds in Chapter 5. However, instead of mixing with 50 mM acrylamide, the PCL was 

mixed with an antibody (mouse anti-CD31, Sigma-Aldrich). The resulting scaffold (abPCL), 

and plain ePCL scaffolds (n=3) were reacted with a secondary antibody (1:200 in MES 

buffer, pH~7.0, AlexaFluor 488, goat anti-mouse, Invitrogen) and shaken for an hour. The 
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scaffolds were then washed in ethanol 6X for 5 min and 3X for 1 hour. The fluorescences 

(Ex/Em 495/519) of the samples were measured in a microplate reader (SpectraMax M2, 

Molecular Devices). ePCL scaffolds without any exposure to the secondary antibody, as well 

as ethanol, were also assayed as controls. A one-way ANOVA was performed on the data 

(JMP, SAS, Cary, NC). If a significant overall effect was found, post-hoc Tukey's testing was 

performed to compare groups. Significance was defined as p<0.05.  

 
Figure 125: Relative fluorescence intensity of abPCL and ePCL after binding a secondary antibody to the scaffolds. 
ePCL without any secondary antibody incubation, as well as ethanol, were assayed as controls. abPCL was more 
fluorescent than the other groups, indicating that antibody conjugation to the ePCL was successful. * indicates p<0.05 v. 
the other groups. Error bars represent standard deviation. 

 The results showed that the abPCL had the highest fluorescence intensity compared to 

the ePCL and controls (Fig. 125). This data demonstrates that the method of antibody 

conjugation to the PCL scaffold was successful. Electrospun PCL thus has the potential to be 

used as a porous material for protein capture and assay.  

 



Appendix 9: Layer Specific GAG 

Concentrations of the Aortic Valve Leaflet 

 As discussed previously in Section 2.3, the aortic valve leaflet consists of three layers, 

each with a distinct matrix composition: the collagenous fibrosa; the GAG-rich spongiosa; 

and the ventricularis with its dense sheet of elastin. An unexplored aspect of aortic valve 

structure is the variation in GAG composition between layers. This is possibly a result of the 

difficulty in separating the layers, as well as the paucity of available tissue. One previous 

study demonstrated varied PG distribution within the layers of the leaflet using IHC.13 In 

addition, GAG composition has been found to vary between regions with different loading 

profiles in the mitral valve leaflet188, suggesting a similar pattern in the aortic valve leaflet 

with its regionally varying mechanical loading patterns.318 This study investigated the 

differences in GAG composition between the layers 

A9.1 Materials and Methods 

A9.1.1 Tissue harvest  

 Fresh porcine hearts were obtained from an 

abattoir (Fisher Ham and Meats, Spring, TX), from 

which aortic valve leaflets were dissected. Leaflets 

Figure 126: Schematic of layer dissection 
technique. The ventricularis was pulled 
upwards, exposing fibers between the two layers 
that were then cut.17 
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were then separated into two layers using previously employed techniques in delaminating 

the leaflet (Fig. 126).17,19,246,247 Leaflets were held flat on a dissection board with the 

ventricularis facing upwards. The ventricularis was pulled, and using a scalpel blade, the 

intermediate fibers between the layers were cut, separating the leaflet into the fibrosa and 

ventricularis. The layers were separated from the hinge to the coaptation line, then cut from 

the rest of the leaflet and stored in PBS at 4°C until further use.  

A9.1.2 Fluorophore-assisted carbohydrate electrophoresis 

 After dissection, the layers of the leaflet were subject to FACE to determine the GAG 

composition of the layers, as previously described in Appendix IV (n=5 per layer).  

A9.1.3 Statistical analysis 

 A paired t-test was performed on the GAG classes between the layers using statistical 

analysis software (SigmaStat), with significance defined as p<0.05.  

A9.2 Results and Discussion 

 The results of FACE on the layers demonstrated no significant difference in all GAG 

classes between the fibrosa and ventricularis (Fig. 127). 6S GAGs were the most abundant in 

both layers. That there were no differences between the layers in any GAG classes stands in 

contrast with a previous study on the distribution of PGs in the leaflet. PGs with 4S GAGs 

(decorin and biglycan) and 6S GAGs (versican) were found through immunohistochemistry 

to be higher in the ventricularis than in the fibrosa.13 A possible explanation for the results is 

that the spongiosa was merely cut through rather than removed. As a result, remnants of the 
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spongiosa, rich in HA and versican13, still attached to each layer could have influenced GAG 

profile.  

 

 
Figure 127: Distribution of sulfated GAGs within the fibrosa and ventricularis. There was no significant difference 
found between the two layers. 

A9.3 Conclusions 

 GAG analysis using FACE demonstrated that there were no variations in GAG 

composition between the fibrosa and ventricularis. Further research using non-destructive 

GAG analysis techniques will be required in order to elucidate the differences in GAG 

composition between layers, and their structure-function relationship. 



Appendix 10: Custom MATLAB code 

edgedetection.m  

This m-file was used to detect edges within an image and yield the direction of the edge.445 

function [E,P]=edgedetection(I,n,s) 
% I=original image 
% n=size 
% s=sigma 
% E=edge image 
% p=gradient vector direction 
% Minimum value of n=s*sqrt(-log(0.005)-2*log(s)) 
 
i=-n:n'; 
for j=-n:n 
    hv(:,j+n+1)=2*i/s^2.*exp(-(i.^2+j^2)/s^2); 
end 
hh=hv'; 
gv=conv2(I,hv,'same'); 
gh=conv2(I,hh,'same')+1e-8; 
E=sqrt(gv.^2+gh.^2); 
E=E/max(max(E)); 
P=mod(atan(gv./gh),pi); 
 

bkgd.m 

This m-file was used to perform background subtraction and morphological opening with a 

square element. 

 
function E=bkgd(I,n) 
% I=original image 
% n=size of square element 
 
I=imadjust(I); 
s=strel('square', n); 
E=imadjust(I-imopen(I,s)); 
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AW.m 

This m-file uses an accumulator weight function to determine the prominent direction of an 

image with its edge detected.392,446 

function D=AW(G,P,s) 
 
% G=matrix of gradient magnitude 
% P=matrix of gradient angle 
% s=subimage size in pixels 
% D=predominant direction 
 
P=round(P/pi*180); 
i=1; j=1; D=[]; 
while i<size(G,1) 
    while j<size(G,2) 
        e=G(i:min(i+s-1,size(G,1)), j:min(j+s-1,size(G,2))); 
        p=P(i:min(i+s-1,size(P,1)), j:min(j+s-1,size(P,2))); 
        v=zeros(180,1); 
        for k=1:180 
            V=e.*cos((k-1.-p)/180*pi).^2; 
            v(k)=sum(sum(V)); 
        end 
        [Y,d]=max(v); 
        d=d-1; 
        D=[D; d j -i]; 
        j=j+s;         
    end 
    j=1; i=i+s; 
end 
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hinge.m  
 
This m-file measures the void areas within the rectilinear pattern of the hinge/coaptation 

region, first by converting the image I to black and white, and using bwlabel to find the area 

within the voids. 

I=imread(filename); 
I=bkgd(I,40); 
     
% Black and white 
B=imbw(I,10); 
N=ones(size(B))-B; 
     
% Find spaces 
[L,num]=bwlabel(N,8); 
 
% Calculating area and eliminating particles that are too 
small 
a=0; 
n=0; 
for j=1:num 
    [r,c]=find(L==j); 
    if length(r)>=144 
        a=a+length(r); 
        n=n+1; 
    end 
end 
avg=a/n*(100/343)^2; 
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belly.m 

This m-file measures the distance between the stripes in the belly, by using edge detection to 

find the edges, converting the image I to black and white, and then finding the distance 

between the stripes. 

I=imread(filename); 
I=bkgd(I,40); 
     
% Edge detection and find overall orientation 
[E,P]=edgedetection(I,5,2.5); 
D=AW(E,P,2000); 
d=abs(90-D(1)); 
     
% Black and white 
B=imbw(I,10); 
B=bwareaopen(B,144,4); 
imshow(B) 
        
% Measure distance between lines 
sum=0; 
l=0; 
m=round(size(B,1)/4); 
for i=m:m:3*m 
    V=B(m,:); 
    [r,c]=find(V==1); 
    diff=c(2:length(c))-c(1:(length(c)-1)); 
    [r2, c2]=find(diff>1); 
    for i=1:length(c2) 
        sum=sum+diff(c2(i)); 
    end 
    l=l+length(c2);  
end 
avg=sum/l; 
a=avg*sin(d/180*pi)/343*100; 
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fiber.m 
 
This m-file imported an image I (8-bit grayscale), and uses edge detection and AW to find 

the angular distribution of fibers within the image as well as the diameter of the fibers, 

similarly to what was done in belly.m.392,445,446  

function [V D]=fiber(I) 
%Edge detection and angular distribution 
[E,P]=edgedetection(I,11,2.5); 
v=AW(E,P,100); 
 
% Black and white 
B=im2bw(I,graythresh(I)); 
 
% Measure fiber diameters 
l=0; 
n=size(B,1); 
avg=[]; 
for i=1:n 
    b=B(i,:); 
    k=P(i,:)+pi/2; 
    ind=find(b==0); 
    k=k(ind); 
    diff=ind(2:length(ind))-ind(1:(length(ind)-1)); 
    dir=(k(2:length(k))+k(1:(length(k)-1)))/2; 
    ind2=find(diff>1); 
    diam=diff(ind2).*abs(sin(dir(ind2))); 
    if isempty(diam)==1 
        avg(i)=0; 
    else 
        avg(i)=sum(diam)/size(diam,2); 
    end 
end 
D=sum(avg)/n; 
D=D/513.5979812736569*30; 
 
% Zero v 
V=zeros(180,1); 
z=find(v==max(v)); 
if z<91 
    V=[v((z+91):end);v(1:(z+90))]; 
elseif z>91 
    V=[v((z-90):end);v(1:(z-91))]; 
end 
V=[V(end);V]; 
V=V/sum(V); 
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modulus.m 
 
This m-file finds the elastic modulus and yield point from the data inputs strain and stress. 

Yield point is found by finding the endpoint of the region starting from the origin with the 

max r2. From that region, elastic modulus and yield stress and strain were found. 

function [E strainy stressy]=modulus(strain, stress) 
 
%% Finding region of maximum r-squared 
R=[]; 
l=find(stress==max(stress)); 
strain=strain(1:l); stress=stress(1:l); 
j=ceil(l/10); 
for i=j:l 
    P=polyfit(strain(1:i),stress(1:i),1); 
    fit=polyval(P,strain(1:i)); 
    SSE=sum((stress(1:i)-fit).^2); 
    SST=sum((stress(1:i)-mean(stress(1:i))).^2); 
    r=1-SSE/SST; 
    R=[R r]; 
end 
 
%% Finding E, yield stress and yield strain 
l2=find(R==max(R)); 
yield=j+l2; 
strainy=strain(yield); 
stressy=stress(yield); 
P2=polyfit(strain(1:yield), stress(1:yield), 1); 
E=P2(1); 
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overall.m 
 
This m-file was used to batch process mechanical testing data, by importing the data and 

converting to stress and strain, then using modulus.m to calculate modulus and yield strain. 

Dimensions were imported from a .txt file with each row as [width, gage length, thickness]. 

Filenames were imported from a .mat file in a list. 

load('filenamelist.mat'); 
dims=load('dims.TXT'); 
n=size(list,1); 
 
E=[]; 
stressy=[]; 
strainy=[]; 
 
for i=1:n 
    strain=[]; 
    stress=[]; 
    data=load(list(i,:)); 
    pos=data(:,2); 
    disp=pos-pos(1); 
    force=data(:,3)/1000*9.81; 
    strain=disp/dims(i,2); 
    stress=force/dims(i,1)/dims(i,3); 
    [e stray strey]=modulus(strain, stress); 
    E=[E; e]; 
    strainy=[strainy; stray]; 
    stressy=[stressy; strey]; 
end 
 
output=[E strainy stressy]; 
save output.dat output -ascii -tabs 
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phalloidin.m 

This m-file was used to find the angular distribution of phalloidin stress fibers using 

edgedetection.m and AW.m in batches. Filenames were imported from a list in .txt files.  

load('filenamelist.mat') 
n=size(list); 
v=[]; 
d=[]; 
 
for i=1:n 
    I=imread(list(i,:)); 
    [V]=fiber(I); 
    v=[v V]; 
end 
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procdata.m  

This script was used for to calculate the moment and change in curvature for each image 

from the tracked positions of the gels.381,* Tracked gel data, bar data, and filenames were 

imported from .dat files. 

% calculate the sample thickness and width, conversion factor 
(pixels to mm), and moment of inertia  
 
[FileNameBase,PathNameBase] = uigetfile( ... 
    {'*.bmp;*.tif;*.jpg;*.TIF;*.BMP;*.JPG','Image files 
(*.bmp,*.tif,*.jpg)';'*.*',  'All Files (*.*)'}, ... 
    'Open base image thickness calculation'); 
 
cd(PathNameBase) 
imtool(FileNameBase); 
menu(sprintf('Click OK when you measure 5 thicknesses, 
distance between posts, distance between bars in 
pixels.'),'Ok'); 
prompt={'Distance between posts','t1', 't2', 't3', 't4', 't5',        
'Height of gel (mm)'}; 
name='Input for MoI calculation'; 
answer=inputdlg(prompt,name,1);   
wpost=str2num(answer{1});  
mm=wpost/20; 
t1=str2num(answer{2})/mm; 
t2=str2num(answer{3})/mm; 
t3=str2num(answer{4})/mm; 
t4=str2num(answer{5})/mm; 
t5=str2num(answer{6})/mm; 
wreal=str2num(answer{7}); 
tp=(t1+t2+t3+t4+t5)/5; 
treal=tp; 
inertia=(1/12)*wreal*treal^3; 
sprintf('\n Sample thickness %.2f mm \n Sample height %.2f mm 
\n Moment of inertia %.2f mm^4', treal, wreal, inertia) 
 
% calculate the curvature 
load('filenamelist.mat'); 
[q,r]=size(filenamelist); 
sx=load('validx.dat')/mm; %tracked gel data 
sy=load('validy.dat')/mm; 
 
for i=1:q-1 
    x_fin(:,i)=sx(:,i); 
                                                
* This script was originally written by Christopher Durst, then modified. 
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    y_fin(:,i)=sy(:,i); 
    coeff(:,i)=polyfit(x_fin(:,i),y_fin(:,i),2); 
    yprime(:,i)=polyder(coeff(:,i)); 
    ydprime(i)=polyder(yprime(:,i)); 
    
delk(:,i)=polyder((ydprime(:,i)./(1+yprime(:,i).^2).^(3/2))) 
    y2(:,i)=polyval(coeff(:,i),sx(:,i)); 
    SSE(i)=sum((y_fin(:,i)-y2(:,i)).^2); 
    SST(i)=sum((y_fin(:,i)-mean(y_fin(:,i))).^2); 
    r2(i)=1-(SSE(i)/SST(i)); 
end 
 
%find displacements between ref rod and bending rod 
mx_init=load('grid_x2.dat'); %original grids for bending rod 
my_init=load('grid_y2.dat'); 
 
mx=load('validx2.dat'); %tracked bending rod data 
my=load('validy2.dat'); 
[a,b]=size(filenamelist); 
spread_init=((mx_init(1)-mx_init(2))^2+(my_init(1)-
my_init(2))^2)^.5; 
 
for i=1:a-1 
    spread(i)=((mx(1,i)-mx(2,i))^2+(my(1,i)-my(2,i))^2)^.5; 
end 
spread=spread-spread_init; 
spread=spread/mm; 
 
%calculate force applied by rod in each image 
E=164351 
L=81 
dia=0.508 
I=pi/4*(dia/2)^4; 
P=(spread*3*(E*I))/(L^3); 
M=P/4*20; 
delk=delk-delk(1); 
P=polyfit(delk,M,1); 
bend_mod=abs(P(1)/inertia*1000); %in kPa 
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