ABSTRACT
BARBOUR, KAITLYN BARRETT. Stress Relaxation Behaviors of Porcine Heart Valve
Leaflets. (Under the direction of Dr. Hsiao-Ying Shadow Huang).
Compositionally, morphologically, and mechanically, heart valve leaflet tissues are
characterized by their complex heterogeneity, which confer valves their mechanical integrity
and unique functional characteristics. Healthy heart valve leaflet collagen turnover and
remodeling are innate to physiological homeostasis, with valvular interstitial cells (VICs)
routinely catabolizing damaged collagen alongside collagen synthesis to effect repair. By
contrast, severe collagen depletion caused by VIC-secreted matrix metalloproteinases
(MMPs) can induce matrix destruction and change the viscoelastic property of the heart
valve tissues. Evidence indicates leaflets can adapt to altered physiological and pathological
mechanical load states, tuning collagen structure and composition to changes in pressure and
flow. However, while MMPs are considered the primary effectors of collagen catabolism, the
mechanisms by which damaged collagen fibers are selectively degraded remain unclear.
Growing evidence suggests that the collagen fiber strain-state plays a key role, with the
strain-dependent configuration of the collagen molecules either effectively enhancing or
blocking proteolytic sites to potentially accelerate or resist degradation of fibers, leaving
them selectively susceptible to collagenases and MMPs. In the current study, the effects of
physiologically relevant strain-states on collagen catabolism were investigated in porcine
aortic (AV) and pulmonary (PV) valve leaflets. Application of bacterial collagenase (0.2 and
0.5mg/ml) to the tissues served to simulate collagen degradation by endogenous MMPs, and
biaxial stress relaxation, small-angle light scattering (SALS), histology, and biochemical
collagen concentration were used to serve as measures of functional and compositional
collagen catabolism. Current stress relaxation results were used in conjunction with previous

equibiaxial testing to confirm that a mechanism exists to prevent collagen catabolism when
stretched at physiologically relevant strain-states. At strain levels of 20%:70%
(circumferential:radial) for AV and 20%:90% for PV, there was a decrease in the magnitude
of stress relaxation for all collagenase concentrations compared with previous equibiaxial
results, suggesting the leaflets remained mechanically in good condition through prolonged
stretching. SALS images suggest there is little to no change in collagen alignment before and
after stretching and histological slides indicate no significant collagen catabolism occurred
during testing. Collectively, these in vitro results indicate that biaxial strain-states are capable
of impacting the susceptibility of valvular collagens to catabolism, and that at physiological
strain-states, a protective mechanism exists to effectively block collagen catabolism.
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INTRODUCTION
Heart Valve Disease
In the United States, valvular heart disease accounts for approximately 25,000 deaths
each year, with roughly 250,000 people presently suffering from heart valve diseases. With
an increasing population, the number of patients with severe heart valve disease continues to
rise [1,2]. Heart valve diseases are an important clinical problem, and the mechanisms behind
most are complex and challenging to address. Very few acceptable medical options are
available once the disease presents itself, and the only current effective treatment option in
the majority of cases is surgical. Generally, treatment involves either valve repair or
replacement, but both present significant limitations and can impact patient quality of life
[3,4]. Heart valve diseases are caused by the disruption of homeostatic mechanisms within
the valve and leaflets that alter the microstructural properties of the tissue. Many pathologies
can occur related to infection or inflammation, congenital defects, or mutations, or excessive
calcification, but the predominant cause of heart valve disease is age-related valve
deterioration leading to aortic stenosis or rheumatic fever leading to valve regurgitation [5].
Valvular disease is characterized as either stenosis (failure of the valve to open completely,
impeding forward flow) or insufficiency (failure of the valve to close completely, allowing
reversed blood flow), also known as regurgitation (Figure 1) [6].
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(b)	
  

Figure 1: Aortic valve with a) improper opening leading to regurgitation due to calcification compared
with b) proper opening and closing that does not display stenosis or regurgitation [6]

Heart Valve Replacements
Mechanical and Bioprosthetic Heart Valves
Due to the lack of effective medical therapies or treatments for valvular heart disease,
approximately 100,000 heart valve repair or replacement procedures are performed each year
in the United States alone. Typically, patients who are symptomatic with heart valve stenosis
or regurgitation requiring a valve replacement will receive a synthetic or biological substitute
heart valve. Numerous designs and materials have been implemented since the first heart
valve replacement in 1960, but a patient today would receive either a mechanical or
bioprosthetic heart valve replacement (Figure 2). Mechanical heart valves are made of
manufactured synthetic materials. The predominant design currently used is a bileaflet
tilting-disk model made of pyrolytic carbon, a biocompatible material used for its durability.
Bioprosthetic heart valves are constructed largely with human or animal tissue. These valves
are known as xenografts (typically made from porcine aortic valve or bovine pericardium
that have been preserved in glutaraldehyde). Currently, glutaraldehyde-treated bovine
pericardial bioprosthetic valves are the predominant choice when using a bioprostheses.
Other options for heart valve replacements include allografts (primarily aortic or pulmonary
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heart valves from human cadavers) and autografts (normally the patient’s pulmonary valve
transplanted to the aortic root) [6]. These replacements are typically used in a surgical
procedure known as the Ross procedure, and require the patient have a healthy, functional
pulmonary valve to replace the aortic valve and an additional allograft cadaver donor
replacement for the pulmonary valve [7].

Figure 2: Typical mechanical and bioprosthetic valve replacements used in many procedures today [8,9]

Complications and limitations from both mechanical and bioprosthetic heart valves
present problems for heart valve replacements, including thrombosis, valve infections
(prosthetic valve endocarditis), structural deterioration, mechanical valve failure, tissue valve
degradation, and calcification. Recipients of mechanical valves require lifelong
anticoagulation therapies to prevent thrombosis, significantly increasing the risk for
hemorrhage. Bioprosthetic valves present a more natural, physiologically similar design to
the native heart valve, so blood flow patterns are closely mimicked which reduces the
vulnerability to thrombosis. This eliminates the need for long-term anticoagulants, an
advantage over mechanical valves. However, bioprosthetic valves are susceptible to
increased valve deterioration and calcification that lead to valve failure and do not have the
durability of the synthetic materials used in mechanical valves [6].
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Transcatheter Aortic Valve Implantation
Transcatheter aortic valve implantation (TAVI) is a minimally invasive surgery that
implants a bioprosthetic heart valve with an outer stent structure and tissue leaflets. The
structure is folded into a catheter and inserted through the femoral artery into the aortic root,
reducing the need for open-heart surgery. This novel technique is ideal for patients who are at
higher health risk with open-heart surgery or who have already had a previous open-heart
surgery for a valve replacement [6]. While this technology is novel and may improve the
overall well being of the patient, there are still disadvantages to the materials currently used
for the replacements. They still present problems with thrombosis and most are not durable
enough to withstand large loads after longer periods of time.
Tissue Engineered Heart Valves
Current mechanical and bioprosthetic heart valve replacement options may be
adequate substitutes for older patients, but for many children and young adults, there is not a
viable option that would grow with the patient and last the length of their lifetime. To this
end, research for heart valve replacements has moved to tissue engineering concepts.
Naturally-derived decellularized scaffolds from human or animal allografts, or porous
polymer-based scaffolds, have been studied as options for replacements that could be seeded
with autologous cells. As the cells are conditioned, such as in a bioreactor, the valve and
leaflets would integrate and take the form of the scaffolds to create compatible heart valve
replacements for patients. This type of valve construct could have the ability to self-regulate,
remodel, and repair the extracellular matrix (ECM) to adapt to changes in mechanical stress,
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as well as enlarge in a growing patient, all of which is lacking in current replacement
therapies [6]. Understanding the mechanical properties of native heart valves will be essential
to fully develop a tissue-engineered heart valve (TEHV), including the most effective ways
to mechanically condition cell-based heart valve replacements to create mechanically strong
and durable constructs to last a patient for the rest of their life.
Heart Valve Degeneration
Many factors such as calcification and mechanical stress on the valve and leaflets can
bring on valvular diseases. Heart valve leaflets have the ability to adapt to altered load states
by changing the composition of collagen, elastin, glycosaminoglycans (GAGs) and other
ECM components to compensate for the changes in pressure and flow. When presented with
mechanical stress at the macroscopic level, valvular interstitial cells (VICs) sense the change
and attempt to modify the collagen and ECM components to adapt to the changes at the
microscopic level, allowing the valve to continue proper function. VICs have the ability to
catabolize damaged collagen fibers via their ability to express matrix metalloproteinases
(MMPs), a class of matrix-degrading enzymes. At the transcriptional level, the majority of
secreted MMPs are only synthesized when there is a demand for ECM remodeling, such as
when VICs receive information of a change in mechanical load. MMPs, specifically MMP-1,
-8, and -13, have the unique capacity to cleave triple-helical collagen as well as repair
collagen and other ECM components that have functional damage to mediate matrix
remodeling for adaptation due to changes in mechanical loads. Tissue inhibitors of
metalloproteinases (TIMPs) regulate MMPs to keep the system balanced and at homeostasis.
When this balance is disrupted, there may be a net increase in proteolytic activity, resulting
5

in maladaptation of the valve and leaflets. The ECM will begin to rapidly fragment and
degrade, and calcification can accumulate, all of which accelerates the risk of heart valve
diseases and clinical complications (Figure 3) [6,10].

Figure 3: Schematic representation of the mechanisms of VICs and matrix remodeling [6]
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BACKGROUND & LITERATURE REVIEW
Aortic & Pulmonary Valve Anatomy
Ultrastructure
The Aortic and Pulmonary valves (AV and PV, respectively) open and close roughly
103,000 times per day, or about 3.7 billion times in an average lifespan. Located between the
left ventricle and aorta (AV) and between the right ventricle and pulmonary artery (PV)
(Figure 4), they serve to permit blood flow in one direction, opening during ejection of blood
from the ventricles (systole) and closing when blood is filling the ventricle (diastole) (Figure
5). Each consists of three leaflets that precisely close together to prevent backflow of blood
[5]. AV leaflets range in thickness of around 400-600µm, while the PV is much thinner,
ranging in thickness of ~100-350µm.

Figure 4: Gross anatomy of the heart with four chambers, four valves, arteries, and veins [11].

7

Figure 5: The state of each valve in the heart during diastole and systole [12].

Leaflet Layers
Leaflets of both AV and PV are composed of three distinct layers: fibrosa, spongiosa,
and ventricularis (Figure 6). The fibrosa is located on the aorta side of the leaflet (or outflow
side), is dense with small collagen fibrils running in the circumferential direction, and is
typically a ridged surface. The dense mass of collagen fibrils contributes to a high strength,
but the flexibility comes from the fact that individual fibrils are relatively small. The
spongiosa is located in the middle of the leaflet. It consists of loose, spongy connective
tissues making it a highly flexible layer. The ventricularis, as its name implies, is located on
the ventricle, or inflow, side of the leaflet. It contains both elastic and collagenous fibers, but
is significantly less thick than the fibrosa and spongiosa, and contributes little to the overall
mechanical properties of the leaflet. It does however have a very smooth surface, allowing
for laminar flow of blood through the valve. It also thickens at the line of coaptation, which
allows the leaflets to fully seal the valve when closed. The majority of elastin lies in this
layer because this side of the leaflet undergoes the most stretching when opened [5,6].
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Figure 6: A schematic representation of the distinct layers and ECM components of a normal heart valve
leaflet and a histological image showing the relative thicknesses of each layer (ventricularis (v), spongiosa
(s), and fibrosa (f)) at 100x magnification. Movat pentrachrome stain was used to display collagen in
yellow and elastin in black [6].

Collagen Alignment
The lifelong durability of healthy heart valve leaflets derives not from their ability to
bear load, but from their ability to transmit load into their collagenous interstitium, eliciting
repair by their resident VICs. The collagen fiber alignment is therefore essential in how the
loads placed on heart valve leaflets are dispersed throughout the tissue to limit damage to the
ECM. The distinct layers of heart valve leaflets create an anisotropic tissue that is inherently
stronger in the circumferential direction. The majority of tension on the leaflet is dominant in
the circumferential direction, so naturally collagen fibers run in the circumferential direction
to carry the majority of that load (Figure 7) [5].
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Figure 7: Example of collagen alignment in each of the AV leaflets as well as a model of the collagen fiber
alignment, showing the fibers run predominantly in the circumferential direction [13].

Dynamics
During early systole, when the heart contracts, there is a rapid opening of the valves,
and then gradual closing through the duration of systole before rapidly closing at the
transition from systole to diastole. The entire sequence takes place over roughly 17-20ms, so
the dynamics of the valve leaflets, as well as the fluid dynamics of the blood, are important
factors into the dynamics of the valves. Loading and unloading, drastic changes in pressure
gradients, reversal of the curvature of the leaflets, and large amounts of flexion all take place
every single time the valve opens and closes. These complex dynamics make understanding
the applied mechanical stresses and how they affect the valve and valve leaflets an extremely
intricate task [5].
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Mechanical Loading Effects
The Ross procedure, first completed in the 1960s, became a more widely used
operation for replacement of a diseased or congenitally deformed aortic valve in the 1990s. A
patient’s healthy pulmonary valve is used to replace the diseased aortic valve and a donated
cadaver pulmonary valve is used to replace the patient’s pulmonary valve. This option is a
popular option for surgeons operating on younger patients because the patient’s own
pulmonary valve is used, allowing for growth of the valve as the child ages. While this
procedure has seen success is reducing the problems of the diseased aortic valve, it requires
an extensive surgery, disruption of a healthy and functional heart valve, replacement of a
valve with a cadaver valve, and leads to high rates of reoperations on one or both
replacements after 20 years [14]. While sufficient for replacing the aortic valve based on
surgeon opinion and clinical results [15], published data about the structural and mechanical
durability of the pulmonary valve as a replacement of the aortic valve is limited.
The pulmonary valve does not undergo the large amount of transvalvular pressure
exerted on the aortic valve in its native state (~80mmHg in the AV compared to only
~10mmHg in the PV) [16]. If the pulmonary valve is to be fully efficient in replacing the
aortic valve for the lifetime of younger patients and not just those over 65 years old, it must
be able to withstand larger pressures and loads, something that has not been proven true.
Studies have shown that in a fresh state, the pulmonary valve is more extensible than
compared to the less extensible and stiffer aortic valve. When placed at the site of the aortic
valve, it will undergo higher pressure gradients than it is designed for, leading to an increased
risk of tissue and ECM degradation. In fact, one study demonstrated that the pulmonary valve
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was more mechanical similar to the aortic valve after glutaraldehyde fixation than a fresh
pulmonary valve [17]. The aortic valve collagen fiber network has also demonstrated a
greater ability to respond to changes in applied transvalvular pressures compared to the
pulmonary valve [18], likely explained by the varying rates of valvular collagen remodeling
seen at different valve sites [16]. Once the pulmonary valve is placed in the aortic position, it
is unclear if the ECM and collagen fiber network is able to fully adjust to the drastic changes
in transvalvular pressures, which could lead to the increased risk of failure after 20 years.
Strain-Controlled Degradation
Normal physiological mechanical forces cause constant tissue renewal in heart valve
leaflets. Any altered changes to those mechanical loads can incite changes in the structural
and biological properties of the leaflets, leading to premature degradation or calcification. It
is clear that VICs regulate ECM remodeling through the expression of MMPs that catabolize
collagen, but the mechanism by which MMPs selectively degrade damaged collagen fibers
and differentiate damaged fibers from functional, load-bearing fibers is not well understood.
Studies on the susceptibility of bovine tendon-derived collagen fibers to enzymatic
degradation demonstrated that it likely depends on the strain state of the fiber. It is possible
to speculate that collagen fiber strain may protect load-bearing collagen fibrils from
degradation while concurrently accelerating the degradation of isolated trimers or collagen
fibers that have already been cleaved or damaged [19]. Collagen fibers may effectively block
proteolytic sites through rearrangement of the triple helical structure when exposed to
mechanical stress, conferring resistance to degradation. This leaves unloaded fibers
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susceptible to increased degradation from MMPs [19,20,21]. This mechanism would allow
ECM remodeling to occur without conceding the mechanical integrity of the tissue.
Unlike tendons, heart valve leaflets exhibit relatively wide planar distributions of
collagen fiber orientation as well as circumferential and radial physiologic loading
components that create a complex anisotropic tissue. Understanding how strain-states affect
the susceptibility of collagen to catabolism is key to determining if a mechanism exists that
protects or accelerates collagen fibers to proteolysis in heart valve leaflets.
To this end, Balachandran et al. performed uniaxial circumferential cyclic stretch
tests on porcine AV in a sterile ex vivo bioreactor with the aim of characterizing the
remodeling properties of the AV leaflet. This study was based on the idea that dynamic
loading of a valve cultured under normal hemodynamic conditions in an ex vivo bioreactor
(such as for tissue engineering applications) showed differing mechanical and biochemical
properties than those valves cultured in a static condition. This dynamic loading was
investigated through the application of cyclic stretching of the valve during culture. They
discovered a significant increase in collagen concentration of leaflets that underwent cyclic
stretching as compared to those that were statically cultured. This increase in collagen
suggested that the leaflets adapted to the altered mechanical load, either by increasing
synthesis or by decreasing degradation. Leaflets that were cyclically stretched had a higher
amount of mature collagen with little change in the synthesis of new collagen compared to
static culture, suggesting a reduction in degradation of collagen was the cause for the overall
increase in collagen content, not an increase in synthesis. While valve leaflets undergo
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biaxial stretching in vivo, this uniaxial cyclic test was the basis for understanding that the
biological response of collagen in a heart valve leaflet is related to the applied strain [22].
Ansarri-Benam et al. studied porcine AV leaflets subjected to uniaxial stress
relaxation tests in both the circumferential and radial directions. Unlike cyclic stretching,
stress relaxation tests give insight into the time-dependent behavior of the matrix components
of the AV leaflet. Their data suggested that the time-dependent behavior was highly
dependent on both the direction (circumferential or radial) and magnitude of the applied
strain. As the applied strain increased, the amount of relaxation decreased and the time it
took to get to a relaxed state increased, suggesting some hindrance in the relaxation process.
This study again points to the idea that a mechanism exists to protect collagen fibers from
degradation at a certain strain-state [23].
Objective
Previously, stress relaxation tests similar to those of Huang and Yannas [24] were
conducted on aortic and pulmonary valve leaflet tissues to investigate the equibiaxial strainstate on collagen catabolism. Similar to recent work by Rodriguez and Masters [25], bacterial
collagenase was utilized to simulate endogenous MMPs, and equibiaxial stress relaxation and
biochemical collagen concentration served as functional and compositional measures of
collagen catabolism, respectively. With increased collagenase concentrations, there was a
significantly lower magnitude of collagen content, and with increased strain imposed on the
leaflet specimens, an accelerated normalized stress relaxation rate. Collectively, these in vitro
results indicate that biaxial strain state is capable of impacting the susceptibility of valvular
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collagens to catabolism, providing the basis for further investigation of how such phenomena
may manifest at different strain magnitudes, the foundation for this study [26].
The objective of this study was to determine if physiologically relevant biaxial strainstates are capable of influencing the susceptibility of collagen to catabolism and if these
strain-states induce a protective mechanism that protects collagen from degradation. We
hypothesize that at physiological strain-states, a protective mechanism exists to prevent
collagen catabolism, resulting in lower magnitudes of stress relaxation, little change in the
collagen fiber microstructure, and no significant changes in the overall collagen
concentration.
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METHODS
Tissue Procurement and Collagenase Preparation
Porcine hearts were retrieved from the Nahunta Pork Center (Pikeville, NC) and
aortic and pulmonary valves were excised. Each leaflet was dissected from the AV or PV by
cutting against the wall of the artery (Figure 8) and stored refrigerated (4°C) in Hank’s
balanced salt solution (HBSS; Lonza, Walkersville, MD). For mechanical testing, 10mm x
10mm samples were cut from the center of the leaflet, ensuring the samples axes
corresponded to the circumferential and radial directions of the leaflet. Samples were placed
on the biaxial tissue tester rakes (BioTester 5000; CellScale, Waterloo, ON, Canada) and
lowered into a 37°C HBSS bath (Figure 9).

Figure 8: Leaflet sample dissected from aortic valve, cut along the valve wall (dashed line)
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Figure 9: Biotester 5000 with labeled actuators and load cells. Leaflet samples were cut 10mm x 10mm
and placed on rakes with tines pointing upwards. Axes were defined with circumferential in the xdirection and radial in the y-direction on the biotester.

Collagenase solutions (0.2 and 0.5mg/mL) were prepared by dissolving collagenase
type 2 derived from Clostridium histolyticum (Figure 10a) (Worthington Biochemical Corp.,
Lakewood Township, NJ) in HBSS. These solution concentrations were chosen based on
previous studies done in the lab to allow us to compare data. To prepare the solution, 25mg
or 62.5mg of collagenase powder (for 0.2mg/ml and 0.5mg/ml solutions respectively) was
measured using an analytical balance (Sartorius AG) and dissolved in 125ml of HBSS
(Figure 10b-c). Bacterial collagenase was intended to break down and degrade intact
collagen type I fibers to mimic the mechanism of proteolysis by MMPs [25,27]. The
collagenase type 2 was stored refrigerated at 4°C until dissolved in solution in preparation for
mechanical testing and placed in a heated water bath (37°C) until needed.
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b

c

Figure 10: a) Collagenase Type 2 stored in powder form before being mixed with b) HBSS to create the
desired concentration. Collagenase is weighed out using a c) Sartorius analytical balance.

Biaxial Testing
Mounted samples on the BioTester were subjected to a pre-conditioning of 2% strain
in both the circumferential and radial directions. Ten cycles, each 5 seconds of stretch and 5
seconds of recovery, were applied to eliminate tissue tearing during experimental testing. The
pre-conditioning cycles were followed by a 30 second rest period. For experimental testing,
the AV was stretched to 20%:70% (circumferential:radial) and the PV stretched to 20%:90%
[28]. These strain levels were chosen based on physiological transvalvular pressures applied
when the valve is fully closed to prevent regurgitation of blood back into the ventricles.
These strain levels were achieved in 4 incremental steps until the desired strain level was
reached (Figure 11). AV was stretched 5%:17.5% for 4 steps and PV was stretched
5%:22.5% for 4 steps.
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Figure 11: Strain levels were reached in 4 incremental steps, each with 5 seconds of stretch and 5 seconds
of rest.

The time at which the desired strain levels were reached was designated time zero
(t=0). Samples were held at those strain levels for 10,000 seconds [29]. At 3,000 seconds, the
HBSS was removed from the bath using a serological pipet and pipet aid (Powerpette; VWR,
Radnor, PA). For each experimental condition, the bath was refilled with either 0.2 or
0.5mg/ml collagenase solution previously prepared and heated to 37°C. For control samples,
the bath was re-filled with 37°C HBSS. For each experimental condition at varying strain
levels and collagenase concentrations, 6 samples were tested.
Small Angle Light Scattering
Small angle light scattering (SALS) was implemented into the design of the
BioTester to determine collagen fiber orientation in the leaflets (Figure 12). AV and PV
samples were subjected to force control testing at two different ratios. Samples were

19

stretched at a 1:1 ratio to a force of 2000mN in the circumferential and radial directions and
at a 3:1 ratio to a force of 2000mN in the circumferential direction and 667mN in the radial
direction. SALS images were collected during the force control testing in LabJoy (integrated
image analysis software for BioTester; CellScale) to determine if collagen orientation was
altered at different ratios.

Figure 12: Schematic of the SALS system implemented on the BioTester. A) Laser B) Quartz glass
window fitted into the C) BioTester bath to allow the laser to pass through the D) leaflet sample being
stretch by the BioTester rakes in all 4 directions (Only two directions with rakes shown in the picture for
clarity). The scattered light from the sample will be redirected with a E) biconvex lens onto the F) ground
glass. Images of the scattered light will be collected by the G) CCD video camera already on the
BioTester and displayed on the computer monitor using the LabJoy software (not shown)

Histology
Upon completion of biaxial testing, HBSS was removed from the BioTester bath with
a powered pipet controller and AV and PV samples for each experimental condition were
fixed in a 10% neutral buffered formalin fixative for 15 minutes. Sample were then removed
from the rakes and put in a pre-filled container of 10% neutral buffered formalin (VWR,
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Radnor, PA) and refrigerated (4°C). Samples were taken to the Histology Lab at North
Carolina State University College of Veterinary Medicine to be paraffin embedded,
sectioned, stained with Masson’s Trichrome (for collagen) or Verhoeff-Van Gieson (for
elastin) and put on histological slides to be digitized as micrographs. Slides were
micrographed using an inverted microscope (VWR VistaVision™) at 400x magnification.
Collagen Assay
To determine the concentration of collagen remaining at the end of biaxial testing,
samples for both AV and PV (n=3 for each experimental condition) were removed from the
BioTester and frozen upon completion of mechanical testing to undergo both a soluble and
insoluble collagen assay (Sircol Collagen Assay Kit, Biocolor, UK). Collagen extraction
solution was prepared using Sircol acetic acid (Figure 13a), Sigma Pepsin A (Figure 13b),
and distilled water. To achieve a desired solution of 0.5mol/L acetic acid and 1mg/ml pepsin,
1.43ml of acetic acid and 50mg of pepsin were dissolved in distilled water on a vortex mixer
(Figure 13c) (Analog Vortex Mixer; VWR, Radnor, PA) to prepare 50ml of collagen
extraction solution. The liquid reagent was measured using pipettes (Figure 13d) (VWR,
Radnor, PA) and the Pepsin powder was weighed using an analytical balance (Figure 10c).
Collagen extraction solution was kept refrigerated (4°C) until use.
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Figure 13: a) Sircol Acetic Acid is mixed with b) Sigma Pepsin A and distilled water on a c) vortex mixer to get the
desired collagen extraction solution. d) A pipette is used to measure out liquid components.

To start the collagen assay, frozen samples were weighed using an analytical balance
and cut into 2-4 smaller pieces so each would weigh around 10mg to ensure the extraction
solution was able to dissolve collagen fully. Each piece of sample was put into 1.5ml
centrifuge tubes with 1000µl of prepared collagen extraction solution and onto the vortex
mixer for 72 hours at speed 5. Upon completion of extraction, 100µl of sample was removed
using a pipette, added to a new centrifuge tube, and 1000µl of Sircol Collagen Assay Dye
Reagent (Figure 14a) was added to continue the soluble collagen assay. The tubes were
mixed on the vortex for 30 minutes for the dye to bind to the collagen. The samples were
then centrifuged for 10 minutes at a speed of 13,400 RPM in the Eppendorf MiniSpin
Centrifuge (Figure 14b). The residual liquid dye was removed from the top (Figure 15), and
the remaining pellets at the bottom of the centrifuge tubes are mixed with 1000µl of Alkali
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Reagant (Figure 14c) and dissolved on the vortex for 10 minutes (or until pellets are
completed dissolved). The liquid is then transferred into cuvettes and put into the Genesys 20
Spectrophotometer (Thermo Fisher Scientific) (Figure 14d). The absorbance of 550nm light
was recorded for each sample and the collagen concentration was calculated based on the
recorded absorbance value and the slope of the standard curve (Appendix A).

a

b

c

d

Figure 14: a) Sircol Dye Reagent b) Eppendorf MiniSpin Centrifuge c) Sircol Alkali Reagent d) Genesys
20 Spectrophotometer

Figure 15: Liquid dye remaining after mixing on the vortex is removed by slowly pouring out without
disturbing the pellet that remains at the bottom. Once the pellet is dissolved in alkali reagent, the sample
is put into cuvettes to measure absorbance in a spectrophotometer.

At the completion of the 72 hour collagen extraction, 100µl of sample was removed
for the soluble collagen assay and completed as just described. Any solid sample residue
remaining at the bottom of centrifuge tube was removed, weighed on an analytical balance,
and put into 2ml screw-capped tubes. 50µl of Fragmentation Reagent (Figure 16) was added
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per 1mg of weighed residue sample. The samples were then heated in a water bath on a hot
plate (around 65°C) for 2-3 hours to completely disintegrate any remaining residue.

Figure 16: Sircol Insoluble Collagen Assay Fragmentation Reagent

At this point, the insoluble assay was completed in the same manor as the soluble
assay. 100µl of sample was removed and put into 1.5ml centrifuge tubes with 100µl of Dye
Reagent and onto vortex mixer for 30 minutes to bind to any insoluble collagen in the
samples. The samples were then centrifuged for 10 minutes at a speed of 13,400 RPM in the
Eppendorf MiniSpin Centrifuge. The residual liquid dye was removed from the top, and the
remaining pellets at the bottom of the centrifuge tubes are mixed with 1000µl of Alkali
Reagant and completely dissolved on the vortex for 10 minutes. The liquid was then
transferred into cuvettes and put into the spectrophotometer for 550nm absorbance readings
to be recorded.
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RESULTS
Biaxial Testing
To determine if there was some sort of protective mechanism that prevented collagen
degradation when stretched to physiological strain levels, stress relaxation tests were
performed. These tests were compared to previously completed tests at equibiaxial strain
levels, strains that are not natural to the Aortic or Pulmonary valves. For the aortic valve,
leaflets were stretched to 20% strain in the circumferential direction and 70% in the radial
direction. This was compared to an equibiaxial test at 37.5% in both directions (Figure 17).
Stress measures were normalized to allow for comparison of each sample and experimental
condition. The equibiaxial tests showed a significant drop in stress after the collagenase
solutions were introduced, while the physiological strain level tests had a much lower stress
drop, even after collagenase was introduced to degrade the collagen. This indicates that there
exists some sort of protective mechanism that prevents degradation of collagen, allowing the
leaflet samples to remain mechanically in good condition with little stress relaxation
compared to non-physiological applied strains.
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Figure 17: Normalized stress of the AV at 37:5%:37.5% equibiaxial strain (dashed lines) compared to
20%:70% strain (solid lines).

To determine if this protective mechanism is present only at the tested strain level or
if it holds true at any other strain levels at the same ratio (1:3.5), a second stress relaxation
test was performed at 25%:87.5% strain (also at a 1:3.5 ratio). The normalized stress was
compared to 20%:70% strain (Figure 18), and presented with little difference in stress
relaxation compared to the equibiaxial tests, suggesting the protective mechanism may be
present at any strain level with a ratio of 1:3.5.
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Figure 18: Normalized stress of the AV at 20%:70% strain (solid lines) compared to 25%:87.5% strain
(dashed lines).

Similar tests were completed for the Pulmonary valve also. Leaflets were stretched to
20% strain in the circumferential direction and 90% in the radial direction. This was
compared to an equibiaxial test at 37.5% in both directions (Figure 19). Again, the
equibiaxial tests showed a significant drop in stress after the collagenase solutions were
introduced, while the physiological strain level tests had a much lower stress drop. There was
a clear indication that some sort of protective mechanism exists to prevent the degradation of
collagen when stretched to physiologically relevant strain levels.
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Figure 19: Normalized stress of the AV at 37:5%:37.5% equibiaxial strain (dashed lines) compared to
20%:90% strain (solid lines).

To determine if this protective mechanism was present at different strain levels with
the same ratio (1:4.5), a second stress relaxation test was performed at 25%:112.5% strain.
The normalized stress was compared to 20%:90% strain (Figure 20), and again presented
with little difference in stress relaxation, suggesting the protective mechanism may be
present at any strain level with a ratio of 1:4.5.
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Figure 20: Normalized stress of the PV at 20%:90% strain (solid lines) compared to 25%:112.5% strain
(dashed lines)

Modeling
A three-parameter power function of time was used to describe the stress-relaxation
response σm(t) of the tissue after collagenase solution is introduced, given by

σ! 𝑡 =    σ!   –  𝛼𝑡!

(1)

where σp is the peak stress at end of mechanical elongation (or initial stretch), t is time, and α
and β are relaxation constants [30]. The relaxation constants are determined for each
experimental condition from the least-squares best-fit of Equation (1) to the experimental
data (Tables 1-4).
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Table 1: α and β values for X stress (circumferential) of the AV determined by fitting the experimental
data of both physiological strain levels and previous equibiaxial strain levels to Equation (1)

Control
20:70

25:87.5
X Stress
37.5:37.5

50:50

0.2 mg/ml

0.5 mg/ml

α

22.083

7.118

4.729

β

0.092

0.291

0.361

α

31.192

2.681

3.345

β

0.108

0.395

0.433

α

184.636

7.180

10.50

β

0.071

0.466

0.503

α

210.731

6.540

5.292

β

0.081

0.506

0.537

Table 2: α and β values for Y stress (radial) of the AV determined by fitting the experimental data of
both physiological strain levels and previous equibiaxial strain levels to Equation (1)

Control
20:70

25:87.5
Y Stress
37.5:37.5

50:50

0.2 mg/ml

0.5 mg/ml

α

46.620

17.609

10.50

β

0.134

0.336

0.419

α

115.265

8.292

6.496

β

0.100

0.386

0.463

α

25.546

0.822

0.521

β

0.079

0.522

0.599

α

41.003

1.134

2.312

β

0.103

0.575

0.532
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Table 3: α and β values for X stress (circumferential) of the PV determined by fitting the experimental
data of both physiological strain levels and previous equibiaxial strain levels to Equation (1)

Control
20:90

25:112.5
X Stress
37.5:37.5

50:50

0.2 mg/ml

0.5 mg/ml

α

33.329

2.592

1.771

β

0.103

0.390

0.529

α

31.415

2.686

1.626

β

0.072

0.414

0.571

α

118.125

1.538

2.716

β

0.053

0.569

0.508

α

172.611

5.428

3.194

β

0.078

0.509

0.579

Table 4: α and β values for Y stress (radial) of the PV determined by fitting the experimental data of both
physiological strain levels and previous equibiaxial strain levels to Equation (1)

Control
20:90

25:112.5
Y Stress
37.5:37.5

50:50

0.2 mg/ml

0.5 mg/ml

α

122.223

6.992

3.417

β

0.104

0.419

0.536

α

84.556

10.073

2.998

β

0.106

0.405

0.583

α

3.231

0.194

0.088

β

0.198

0.598

0.601

α

15.679

0.416

0.337

β

0.124

0.606

0.602

Using the α and β values determined by fitting Equation (1) to the experimental data,
the predicted stress-relaxation response was modeled for each experimental condition
(Figures 21-24). For the normalized circumferential stress of the AV, the model indicates a
significant amount of stress relaxation for the equibiaxial strain levels, compared to a much
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smaller stress drop for physiological strain levels (Figure 21). For the radial stress of the AV,
there was a less clear pattern in the stress relaxation model (Figure 22). This could likely be
explained by the fact that most collagen is aligned in the circumferential direction, and
therefore the stress drop in the radial direction was dependent on the mechanical strength and
ability of elastin fibers to hold the radial load, not collagen.

Figure 21: Model of experimental data for X stress (circumferential) of the AV using α and β values from
Table 1 and Equation (1)
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Figure 22: Model of experimental data for Y stress (radial) of the AV using α and β values from Table 2
and Equation (1)

For the normalized circumferential stress of the PV, the model again indicates a
significant amount of stress relaxation for the equibiaxial strain levels, compared to a much
smaller stress drop for physiological strain levels at small collagenase concentrations (Figure
23). At the highest tested collagenase concentration (0.5mg/ml), there was a larger stress
relaxation response, indicating degradation of collagen fibers. PV leaflets are known to be
much thinner than AV leaflets. It is possible that there exists some threshold collagenase
concentration that when reached, is able to degrade the collagen fibers regardless of strain
level. Because the PV is thinner than the AV that threshold may be lower for PV leaflets,
which could explain why this result is not seen for AV samples but is present in PV samples.
For the radial stress of the PV, there was again a less clear pattern in the stress relaxation
models (Figure 24). This result could likely be a combination of the fact that few collagen
fibers are aligned in the radial direction to begin with and that the collagenase may begin to
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degrade the collagen fibers at some threshold concentration between 0.2mg/ml and
0.5mg/ml.

Figure 23: Model of experimental data for X stress (circumferential) of the PV using α and β values from
Table 3 and Equation (1)
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Figure 24: Model of experimental data for Y stress (radial) of the PV using α and β values from Table 4
and Equation (1)

SALS
After completion of the mechanical stress relaxation testing, there was an indication
that some sort of protective mechanism was present that prevented collagen degradation
when stretched to physiologically relevant strain levels. The next step was to determine if
there was any significant changes in the collagen fiber orientation when stretched to
physiological strains. Force control testing was completed on both AV and PV samples at a
1:1 ratio and 3:1 ratio. At a 1:1 ratio, samples were stretched to 2000mN in both the
circumferential and radial directions. At this force, the AV valve was stretched roughly to
about 20% in the circumferential direction and 70% in the radial direction (Figure 25), strain
levels previously determined to be physiologically accurate for native AV leaflets. Based on
this, the SALS images collected from the force control testing likely represented the leaflet
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when stretched to 20%:70% strain levels. The 3:1 ratio force control test was used to test
samples at non-physiological strain levels and determine if any changes in collagen fiber
orientation occurred.

Figure 25: Force Control data for AV at 1:1 ratio

SALS images were taken at the start of testing before any loads were applied and then
again at the end of testing when the sample was fully stretched with the maximum applied
load. At the start of testing (Figures 26a,c & 27a,c), the SALS images show a fairly uniform
alignment of collagen fibers, with a slight predominance in the circumferential direction
(shown as a stretching in the vertical direction) as would be typical for leaflets. For both AV
and PV, there was little to no change in the SALS images at the end of testing for the 1:1
ratio (Figures 26b & 27b). For the 3:1 ratio, there was a clear sign of significant fiber
alignment in the circumferential direction for both AV and PV (Figures 26d & 27d). Even
though the same load was applied in the circumferential direction for both ratios tested
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(2000mN), some sort of protective mechanism allowed the collagen fibers to remain
seemingly unchanged at the physiological ratio, while at the non-physiological ratio, the
intact collagen fibers had to align significantly in the circumferential direction that would
allow them to bear the applied load.

Figure 26: SALS images for the AV at a) 1:1 ratio with no applied load, b) 1:1 ratio with full load
applied, c) 3:1 ratio with no applied load, and d) 3:1 ratio with full load applied

Figure 27: SALS images for the PV at a) 1:1 ratio with no applied load, b) 1:1 ratio with full load applied,
c) 3:1 ratio with no applied load, and d) 3:1 ratio with full load applied

Histology
While SALS gives important information on the degree of alignment of fibers in the
tissue samples, histology is vital in order to have a visual representation of the state of fibers
in experimental samples. Masson’s Trichrome stain was used to visually see collagen fibers
at the completion of mechanical testing and Verhoeff-Van Gieson (VVG) stain was used to
see elastin fibers. Collagen is predominantly aligned in the circumferential direction, while
elastin is predominantly aligned in the radial direction of leaflets. In it’s native state, collagen
fibers have a natural crimp that is fully extended only when stretched to high strain levels.
Based on the trichrome stained samples, it is clear that the collagen fibers have remained in a
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crimped or wavy state even when fully stretched to physiological strain levels (Figures 2831a-c). Even at increased concentrations of collagenase solutions, the crimping still exists in
both the AV and PV samples (Figures 28-31c). There is no indication of degradation of
collagen fibers, again indicating that there exists a protective mechanism preventing the
cleavage of collagen fibers at physiological strain levels.
Elastin runs predominantly in the radial direction as indicated by the VVG stained
samples. In the AV samples (Figures 28-31d-f), the elastin seemed to degrade or fragment
with an increase in collagenase concentration. This could likely be explained by the fact that
the radial direction of the leaflet was stretched to higher strain levels than the circumferential,
and in combination with the collagenase, the elastin was not able to withstand the prolonged
stretching (almost 3 hours) that it was imposed to. In a native condition, the elastin would
have only been stretched long enough for the valve to close, and would then contract to open
the leaflets to allow for blood flow. The PV samples had very little, if any, recognizable
elastin (Figures 28-31d-f).
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Figure 28: AV at 20%:70% strain for Trichrome stain at 400x magnification for a) control, b) 0.2mg/ml
collagenase concentration, and c) 0.5mg/ml collagenase concentration, and for VVG stain at d) control, e)
0.2mg/ml collagenase concentration, and f) 0.5mg/ml collagenase concentration. (scale bar = 50µm)

Figure 29: AV at 25%:87.5% strain for Trichrome stain at 400x magnification for a) control, b) 0.2mg/ml
collagenase concentration, and c) 0.5mg/ml collagenase concentration, and for VVG stain at d) control, e)
0.2mg/ml collagenase concentration, and f) 0.5mg/ml collagenase concentration. (scale bar = 50µm)
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Figure 30: PV at 20%:90% strain for Trichrome stain at 400x magnification for a) control, b) 0.2mg/ml
collagenase concentration, and c) 0.5mg/ml collagenase concentration, and for VVG stain at d) control, e)
0.2mg/ml collagenase concentration, and f) 0.5mg/ml collagenase concentration. (scale bar = 50µm)

Figure 31: PV at 25%:112.5% strain for Trichrome stain at 400x magnification for a) control, b)
0.2mg/ml collagenase concentration, and c) 0.5mg/ml collagenase concentration, and for VVG stain at d)
control, e) 0.2mg/ml collagenase concentration, and f) 0.5mg/ml collagenase concentration. (scale bar =
50µm)
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Collagen Assay
To fully test the concept that a protective mechanism exists to prevent collagen
degradation when stretched to physiological strains, collagen assays were used to determine
the collagen concentration of samples at the completion of mechanical testing. Both AV and
PV samples were tested and compared to previous collagen assay results for equibiaxial
testing (Figures 32-33). For physiological strain levels (20:70% and 20:90%) the dark red
section represents the soluble collagen concentration and the light red section represents the
insoluble collagen concentration. Previous testing was only completed with the soluble
collagen assay kit, and therefore no information on the concentration of insoluble collagen is
available to present. Previous data collected for equibiaxial testing found a significant
decrease in collagen concentration for both AV and PV as the collagenase concentration
increased (Figure 32-33, blue). For the current tests completed at physiological strain levels,
there was a significant change in the collagen concentration for control compared to 0.2 and
0.5mg/ml concentrations, but there was no significant change in the collagen concentrations
between 0.2 and 0.5mg/ml for either AV or PV (Figure 32-33, red). This suggests that at
these physiological strain levels, some protective mechanism exists to prevent collagen
degradation, even when exposed to collagenase solutions.
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Figure 32: Collagen concentration for AV at 20%:70% strain compared to 37:5% equibiaxial strain.
Dark red represents soluble collagen and light red represents insoluble collagen.

Figure 33: Collagen concentration for PV at 20%:90% strain compared to 37:5% equibiaxial strain.
Dark red represents soluble collagen and light red represents insoluble collagen.
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DISCUSSION
In this study, biaxial stress relaxation behaviors of porcine heart valve leaflet tissues
were investigated at physiological strain-states. Based on previous studies, it was suggested
that a protective mechanism exists to prevent collagen from degradation, and this mechanism
was based on the applied strain. To this end, physiologically relevant strain-states were
imposed on AV and PV leaflets in combination with varying concentrations of collagenase to
determine if there was a significant change in stress relaxation as compared with previous
studies done at equibiaxial, non-physiological strain states. It was found that at physiological
strain-states, there was a significant decrease in the magnitude of stress relaxation as
compared with equibiaxial testing for both AV and PV leaflets, even as the collagenase
concentration increased intended to degrade the collagen fibers. The biaxial stress relaxation
testing indicated a protective mechanism was present that prevented the degradation of
collagen. This allowed the leaflet samples to remain mechanically in good condition with
little stress relaxation through 10,000 seconds compared to non-physiological applied strains.
Small-angle light scattering (SALS) was implanted to get a visual representation of
the collagen alignment during testing. Force control testing performed at a 1:1 ratio stretched
the leaflet samples to roughly 20%:70%, the desired physiological strain levels used for
biaxial testing. The SALS images demonstrated that there was little change in the collagen
alignment from the start to finish of the testing, as compared to the 3:1 ratio testing where
there was a significant alignment of the collagen in the circumferential direction. While
further alignment of the collagen in the circumferential direction was expected for the 3:1
ratio testing, little change in the collagen alignment in the 1:1 ratio testing suggested that
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even when stretched to physiological levels, some protective mechanism existed to prevent
any degradation of collagen fibers that would require other fibers to align to take over loadbearing.
Histological images of the AV and PV using Masson’s Trichrome suggested little
change in the collagen fiber orientation. The images suggest that even when stretched to
large physiological strain levels and exposed to increased concentrations of collagenase, the
crimping of the collagen fibers still existed. There was no indication of collagen degradation,
again suggesting a protective mechanism present to prevent collagen from catabolism when
exposed to physiological strain-states.
Based on the collagen assay results, it can be concluded that there was no significant
differences in the collagen concentration of AV or PV at the end of testing when exposed to
collagenase solutions. There was also on overall higher concentration of collagen for
physiological strain-states compared to equibiaxial strain-states. These results again suggest
that when stretched to physiological strain levels, the leaflets are protected by a mechanism
to prevent collagen degradation.
From this study, based on biaxial stress relaxation studies, SALS imaging, histology
and biochemical assays, it can be concluded that there exists a protective mechanisms to
effectively block proteolytic sites of collagen when exposed to physiologically relevant
strain-states, conferring resistance to degradation.
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Appendix A: Collagen Assay Standard Curve
To generate the standard curve used to complete the collagen assay, Sircol collagen
standard was used (Figure 34). By preparing collagen standards which contained 0µg,
12.5µg, 25µg, and 50µg of collagen, the absorbance could be recorded using the
spectrophotometer and a linear standard curve could be created (Figure 34). This curve
described the relation between the 550nm absorbance and the sample collagen concentration,
the slope of which was used to translate the 550nm absorbance readings of experimental
samples into a collagen concentration.

Figure 34: Sircol collagen standard was used for various collagen concentrations to create a standard
curve. The slope of the standard curve (slope=0.0284) was used to translate all experimental absorbance
readings into collagen concentrations.
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