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ABSTRACT
As the leading cause of death in the world, cardiovascular disease is responsible for nearly
a third of all mortality. Limited regenerative potential of adult mammalian myocardial
muscle and chronic fibrosis lead to maladaptive remodeling of the left ventricle in
response to changing mechanical loads, ultimately leading to heart failure. To enhance
regeneration and attenuate fibrosis, tissue engineering approaches aim to produce
mature myocardial muscle in vitro, either for direct implant into patients or to model the
complex mechanisms of cardiovascular disease. This thesis approaches cardiovascular
tissue engineering from all sides. First, a bioreactor system for the combined electrical
and mechanical stimulation of engineered cardiac tissue constructs is redesigned to
accommodate long-term and contamination-sensitive disease modelling and stem cell
differentiation experiments. Adaptation of a silk-ECM hybrid hydrogel for use in the
bioreactor system is attempted, albeit unsuccessfully. The second half of the thesis focuses
on signal processing to improve monitoring of cardiac function, both for in vivo
experiments using pressure-volume loops, and for bioreactor culture of cardiac tissue
using eosin fluorescence. In the near future, we predict these methods of stimulation and
analysis will converge, resulting in systems which are able to both stimulate and monitor
engineered tissue constructs in real time.
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Cardiovascular Disease Modelling and Treatment
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Abstract
Recent approaches to cardiovascular tissue engineering have aimed to recapitulate the
complex in vivo myocardial microenvironment in order to enhance both therapeutic
tissue grafts and in vitro model systems for studying cardiovascular disease. Bioinspired
engineering approaches include static or dynamic stretch of engineered tissue constructs,
electrical stimulation systems, and scaffolds including myocardial extracellular matrix.
These systems, often implemented in tandem, allow for the culture of engineered tissue
encapsulating cardiomyocytes with a more mature sarcomeric structure, superior
electrical handling, and enhanced contractility. These systems facilitate novel therapeutic
grafts which are better able to electrically and mechanically integrate into host tissue, as
well as more accurate in vitro cardiotoxicity screens, with the ultimate goal of reducing
patient mortality and improving quality of life globally.

1.1.

Introduction and Background

Cardiovascular diseases (CVDs) are the leading cause of death in both the United
States and worldwide, and are collectively responsible for about a third of global
mortality (1, 2). The high fatality rates found for coronary artery disease, specifically
myocardial infarction, are due predominantly to chronic fibrosis and inadequate
regeneration of adult mammalian heart muscle (3).
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During myocardial infarction, in which blood supply to an area of the myocardium is
occluded by a plaque in the coronary arteries, extended ischemia causes widespread
cardiomyocyte necrosis in the area downstream of the plaque. This area, known as
the zone of infarction, becomes the locus of inflammation and is eventually
remodeled into scar tissue.

Though short-term patient outcomes following hospitalization for acute MI have
drastically improved with pharmacological interventions and surgical reperfusion
techniques, long-term outcomes remain extremely poor (4, 5). While more patients
survive acute MI, they suffer later from heart failure (HF) and a greater likelihood of
mortality. As the zone of infarction is progressively remodeled into a noncompliant
scar, the rest of the heart compensates by undergoing progressive left ventricular
remodeling (6). In the first hours after MI, the infarct expands as neutrophils and
fibroblasts homing to the site of injury release matrix metalloproteinases (MMPs),
which degrade the damaged extracellular matrix, resulting in a local thinning and
dilation of the ventricular wall (7). To adapt to the weakened and non-contractile
tissue at the site of infarction, late remodeling causes cardiomyocyte hypertrophy
and alterations to the global architecture of the left ventricle to preserve stroke
volume (8) (Figure 1-1). Though this adaptive response is initially beneficial in
maintaining normal cardiac function, it creates loading conditions that further

Comment [PLR4]: I’m wondering if a diagram or figure
would be helpful here.

promote progressive ventricular dilation to the point of contractile dysfunction,

Comment [BRC5R4]: Will create if time permits

heart failure, and patient mortality (9) (Figure 1-1).

Bretherton

15

Figure 1-1 – Left ventricular dilation during fibrosis initially compensates for altered loading of the
heart, but leads to ventricular wall thinning and decline in cardiac function. Figure adapted from Tham
et al, 2015 (10).

Though pharmacological and surgical interventions can be used to re-perfuse the
zone of infarction as quickly as possible, treatments capable of regenerating lost
cardiac muscle do not exist (4). One of the unresolved hurdles to therapy is the
limited regenerative potential of cardiac tissue. This is in part due to the lack of
Bretherton

16

regrowth or proliferation of adult mammalian cardiomyocytes. Through
cardiogenesis, fetal cardiomyocytes are able to expand readily as the heart develops
(11). This capacity drops dramatically during the neonatal stages of development, as
myocytes mature and differentiate (12). Mitotic proliferation of adult mammalian
cardiomyocytes is so limited that it was first observed in 2001 and remained a
controversy for up to a decade after, but it is now accepted that cardiomyocytes have
proliferative potential which could be enhanced therapeutically (12, 13). Thus, there
is a clinical need for therapies that either replenish the lost cardiomyocytes or
motivate existing cardiomyocytes towards mitotic proliferation, and attenuate the
fibrotic progression to heart failure.

The only clinically available treatment capable of replenishing lost cardiac muscle is
heart transplantation. While transplantation is effective, provided the donor and
recipient are a match, severe organ donor scarcity means that only one in three
patients on the waitlist will actually live to receive a transplant (14). One strategy
explored to replenish lost cardiomyocytes is cardiomyoplasty. The goal of
cardiomyoplasty is to provide the necessary cell types via directly injecting a variety
of cardiac cell types to the site of injury. This technique has shown promise in vivo,
making its way up to porcine trials, but has faced clinical setbacks due to poor
survival and engraftment of the injected cells (15, 16).

For this purpose, the ability to expand a population of a patient’s stem cells and
differentiate them into functional cardiomyocytes is particularly attractive. Stem
cells, unlike adult mammalian cardiomyocytes, are capable of self-renewal. In
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addition, adult cells from a patient can now be de-differentiated to produce induced
pluripotent stem cells (iPS cells), making cell sourcing easier than ever (17). This
approach still faces setbacks with achieving complete differentiation into
cardiomyocytes, and the survival of these cells once administered in vivo. Most
preclinical trials and all clinical trials using stem cells, such as mesenchymal stem
cells, to treat heart failure have found that the modest benefit offered by the
injection of cells is solely due to paracrine effects, and has very little to do with
actual engraftment and muscle regeneration (18).

Issues with cellular retention at the injection site and poor muscle regeneration may
be mitigated through improved delivery strategies. Functional grafts are
hypothesized to enable integration of implanted engineered cardiac muscle with
existing cell-level organization, therefore improving the outcomes which have
plagued cardiomyoplasty by providing a microenvironment with relevant
mechanical and biochemical cues to promote survival and differentiation. These
grafts, hereafter referred to as patches, have also seen success in murine and porcine
models, but require a more invasive delivery than catheter-compatible injectables
(19). Further work is needed to mechanically, electrically, and biochemically
optimize (Figure 1-2) in vitro culture of these patches prior to implant, which can
also deepen our understanding of CVD pathology. Engineered cardiac patches which
mimic a mature tissue phenotype also serve to model in vivo cardiac tissue to
enhance drug-screening and disease studies.
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1.2.

Bioinspired engineering for more effective in vitro cardiac
tissue culture

Figure 1-2 – Bioinspired engineering considerations for more effective in vitro cardiac tissue culture.

1.2.1.

In Vivo Mechanics of Cardiomyocyte Maturation
Contractility and electrical synchrony between cells are two key parameters
which define the mature cardiac phenotype and lend myocardial tissue the
ability to function (Figure 1-2). Not only is contractility a hallmark of mature
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cardiac muscle, but forces from cell contraction are required for adequate
tissue morphogenesis during development (20). There are three sources of
mechanical stimulation that impact the development of myocardial tissue:
extrinsic stretch during diastolic filling, hemodynamic shear forces from
blood flow, and the intrinsic cytoskeletal forces which drive contraction
during systole (21). Spontaneous and asynchronous contraction of
cardiomyocytes during early cardiogenesis has been observed prior to the
development of hemoglobin-mediated oxygen transport in chick embryos,
suggesting that cardiogenesis is driven by these earlier mechanical forces
rather than by a need for nutrient diffusion (22). Additionally, early
cardiomyocyte contraction was specifically shown to drive sarcomerogenesis
during frog heart development, (23). Not only do mechanical forces affect
contractility and cellular morphology, they also influence the electrical
handling of cardiac tissue via Mechanoelectric Feedback (MEF) (24). This
phenomenon is primarily driven by mechanosensitive ion channels, and
ultimately results in stretch-induced regulation of heart rate, as well as
improvements in conduction velocity mediated by gap junction protein
connexin-43 (CX43) (25, 26). Mimicking the in vivo stimuli which contribute
to the maturation of cardiomyocytes has been explored as an in vitro cell
culture strategy, with the development of bioreactors capable of
physiologically relevant mechanical stimulation.
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1.2.2.

In Vitro Mechanical Stimulation
Mechanical stretch has been implemented both alone and in tandem with
fluid shear to study hemodynamic effects on in vitro cardiac tissue growth
and viability, and as a strategy to further mature iPS-derived cardiomyocytes
(iPS-CMs). Using 8-15% passive stretch, and a 2Hz pulsed flow system with
10mmHg peak pressure, Nguyen et. al observed increased construct
contractility and SERCA expression in chick embryonic CMs compared to
static control (27). A similar increase in cTNT expression was observed by
Tulloch et. al in human embryonic stem cell derived-cardiomyocytes (hESCCMs) under 5% cyclic stretch at 1Hz stimulation frequency (28). Not only was
sarcomeric alignment enhanced as highlighted by β-MHC expression and zdisk formation, electrical handling also improved through an increase in
ryanodine receptors and L-type calcium channels (28). This crossover effect
is corroborated by Mihic et. al, finding that mechanically preconditioned
constructs implanted into infarcted rat hearts exhibited better electrical
integration with the native myocardial tissue than static controls (29).

Though mechanical stretch is often beneficial for cells in an engineered
cardiac construct, subjecting immature cardiomyocytes to immediate and
intense mechanical stimulation can have the same deleterious effects,
including widespread cell death and poor attachment, as direct injection of
stem cells in vivo. Subjecting iPS-CMs to 10% biaxial stress either
immediately or gradually on a collagen-coated PDMS membrane, Rogers et. al
observed that immediate mechanical loads cause widespread iPS-CM death,
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which can be avoided by gradually conditioning constructs to the stimulation,
by incrementing the pressure and volume of construct contraction over time
(30).

While mechanical stimulation performed under the right conditions can have
positive impacts on cardiac progenitor cell maturation, the method of
application should be carefully chosen when the constructs are intended for
later implantation. Stress concentrations within a 3-D construct resulting in
localized necrosis of seeded cells is a widespread issue with mechanically
stimulating engineered tissues. In systems using tissue clamps to secure the
engineered construct, especially with larger constructs, stress concentrationinduced necrosis poses a major obstacle to cultivating healthy tissue (28, 29,
31). Further work in bioreactor development for mechanical stimulation of
tissue constructs should pay close attention to construct geometry and
stimulation modality in order to generate mature tissues which receive
consistent mechanical stimulation across the entire construct.

1.2.3.

In Vivo Cardiac Electrophysiology
Proper conduction of electrical impulses throughout myocardial tissue is
essential not only to synchronized cardiomyocyte beating, but also to bulk
chamber morphology (32). In the adult mammalian heart, conduction is
mediated by His-Purkinje fibers, which develop in the late embryonic stage
and contribute to the electrical maturation of cardiomyocytes (11). Hallmarks
of mature electrical conduction include the polarization of gap junction
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proteins such as CX43 on sarcomere ends (33) and disturbance of this spatial
organization leads to heart malformations and arrhythmias (33, 34).
Electrical stimulation of fetal cardiomyocytes contributes to their maturation
and remains important throughout the lifetime of a CM, thus recapitulating
this crucial environmental cue is a promising strategy for maturing stem cellderived cardiomyocytes and other immature cardiac cells in engineered tissue
constructs (35).

1.2.4.

In Vitro Electrical Stimulation
One well-established system for the study of electrical stimulation on
cardiomyocyte maturation is the ‘biowire’ system, in which myocytes or stem
cells are cultured in a collagen gel surrounding a suture subjected to electrical
field stimulation through a conductive suture, forming a construct resembling
a wire (36). Human pluripotent stem cell-derived cardiomyocytes cultured on
this platform exhibited a lower excitation threshold and higher conduction
velocity than unstimulated constructs (36). The biowire was later made
perfusable to deliver drugs to the engineered tissue, and although the
construct is too small for therapeutic use, it has exciting drug screening
applications (37).

1.2.5.

Combined Stimulation
Both electrical and mechanical stimulation have been used in tandem to more
fully recapitulate the complex myocardial microenvironment, including the
delayed timing of contraction following electrical pulses observed in vivo.
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Upregulation of the cell-cell adhesion protein N-Cadherin was initially
observed in IPS-CMs subject to such multimodal stimulation on PDMS
membranes, indicating better mechanical attachment of sarcomeric ends to
each other (38). However, on the 2-D substrate, no polarization of CX43 or
sarcomeric alignment was observed, which is critical for mature electrical
handling in myocardial tissue (38). In 3-D collagen gels subjected to 5% static
strain and 1Hz electrical stimulation, sarcomeric alignment was greatly
enhanced by multimodal stimulation compared to single-stimulus and static
controls (39). Stimulated IPS-CMs in a similar collagen gel system exhibited
an increase in SERCA2A expression indicating enhanced calcium cycling,
hypertrophic growth, and construct contractility (40).

While many of the previously mentioned studies utilize static strain as a cue
for sarcomeric alignment, cyclic strain reactors with electrical stimulation
have also been developed. One such system, adapted by Morgan and Black,
provides cyclic distension to a ring-shaped fibrin construct around latex air
tubing, as well as field stimulation with carbon electrodes (41). At 5% peak
strain and 3V/cm electrical stimulation, both paced to 1HZ, neonatal rat
cardiomyocytes increased cTNT, SERCA2a, and Akt expression, indicating
hypertrophy of the encapsulated cells (41). Surprisingly, completely offset
mechanical and electrical stimulation produced constructs with the same
twitch force generation as delayed stimulation, though this result could be
attributed to an effective doubling of the stimulation rate to 2Hz, which
resembles a neonatal heart beat (36, 42).
Bretherton

24

More recently, clinical application of multimodal preconditioning has been
explored for cardiac progenitor cells implanted in fibrin constructs in a rat
model of myocardial infarction (43). Cells cultured under mechanical stretch
and electrical stimulation on PDMS and subsequently encapsulated in fibrin
were better able to maintain cardiac functionality post-infarct (43). However,
preconditioning the cells in 2-D is not an effective means for inducing cellular
alignment in a patch as cells must be detached from their substrate prior to
encapsulation and PDMS systems have previously limited sarcomeric
alignment (38, 43). Future studies should precondition the entire implantable
construct, and not just the cells encapsulated within.

1.3.

Extracellular Matrix: Form and Function
In addition to providing appropriate mechanics to encapsulated cells, the
extracellular matrix (ECM) supports a rich millieu of cell signaling
components, including bound growth factors and bioactive matrix fragments,
termed ‘matrikines’ (44). Changes in ECM composition and mechanics are
associated with a wide variety of diseases, and thus ECM components are
under intense investigation in the field of biomaterials and tissue engineering
for their dual structural and signaling function (45).
Matrix cues become particularly important following myocardial injury, as the
injury and subsequent remodeling of the matrix liberates bioactive fragments
and bound growth factors. With the activation of proteolytic matrix
metalloproteinases (MMPs) following injury, the liberation of matrix-derived
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inflammatory fragments and processing of growth factors such as tumor
necrosis factor alpha (TNFα) kickstart the path from inflammation to the
long-term fibrosis that is a hallmark of HF pathophysiology (46-48). The wide
diversity of matrix and matrix-bound substrates for MMPs — primarily
collagens but also fibronectin, gelatin, laminin, and other matricellular
proteins — means that initial matrix composition leads to a variety of
inflammatory and fibrotic responses through the progression of CVD (46).

Matrix stiffness also plays a key role in both the progression of the infarcted
microenvironment towards fibrosis and cardiac maturation (49, 50). As the
elastic modulus of myocardial tissue undergoes a 9-fold increase from
mesoderm to adult, cardiomyocytes elongate, form sarcomeric structures, and
enhance force generation (50).

In the mammalian heart, both myocardial matrix composition and response
to infarction vary with developmental age (51-53). During cardiogenesis, the
two endothelial cell layers forming the center of the heart tube surround a
unique glycoprotein and signaling molecule-rich ECM — termed cardiac jelly
— which provides mechanical support to the heart tube but also guides
myocardial looping in tandem with specific MMP expression (54-56). The
coordinated expression of integrins, mechanosensitive kinases, and their
matrix ligands facilitate cell migration and differentiation patterns which
drive cardiogenesis (57, 58). One such example is p38 MAPK, which exhibits
time-dependent upregulation in cardiomyocytes during stiffening, and also
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orchestrates the transition from a quiescent fibroblast to a contractile,
fibrosis-associated myofibroblast phenotype following injury (58, 59). In
short, a highly complex network of mechanics, mechanotransductive
receptors, and bioactive matrix components guide both cardiac maturation
and disease.

The composition of ECM is also an important feature that changes with
developmental age. While fetal and neonatal ECM is rich in fibronectin,
fibrillin-1, and perlecan, adult ECM primarily consists of collagen I, with
collagen III and laminin expression also increasing over time (51).
Interestingly, fetal ECM can promote the mitotic proliferation and adhesion of
neonatal CMs, underscoring the therapeutic potential for mimicking fetal
matrix signaling in an engineered scaffold to unlock myocardial regeneration
(51, 60). Though the specific matrix signaling elements which lead to this
regenerative outcome are not yet clear, recapitulating extracellular matrixbased signaling in some capacity is a key consideration to any biomaterials
engineer with the goal of regenerating the heart (49).

Bretherton

27

Chapter 2 : Redesign of a Bioreactor for
physiologically relevant multimodal stimulation
Comment [L7]: Chapter 2

of engineered cardiac tissue constructs

Abstract
Engineered myocardial tissue shows promise both for therapeutic and in vitro modelling
applications, but the heart is a highly dynamic organ, exposing cells to a unique
microenvironment that most culture systems fail to replicate. One such system, developed
by Morgan and Black, aims to mechanically and electrically stimulate tissue in tandem,
in order to generate contractile tissue constructs (61). However, this system has issues
with susceptibility to contamination through input ports and difficulty of use which have
limited its utility for long-term disease modelling experiments. To circumvent these
limitations, a new cap design was manufactured from Teflon with threaded ports to
maintain an aseptic reactor chamber, features that allow for quick disconnection of the
reactors from their manifolds, and an air filter port that allows for media exchange
without cap removal. This system was validated alongside the original system to prove
feasibility for long-term experiments, and verify the consistency of electrical stimulation
with the new electrode design.

2.1.

Introduction and Background
Cardiovascular disease remains the leading cause of death in the United States
(2). Currently, treatment options for cardiovascular disease remain limited, as
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few treatment options address the loss of functional tissue. With a five-year
survival rate of around 50%, existing treatments for cardiac infarction are
inadequate (62). In order to better understand CVD pathophysiology and develop
novel therapeutics, cardiac tissue engineers aim to mimic the complex
mechanical, electrical, and matrix microenvironment of native myocardium in
vitro with the use of bioreactors, as discussed in the previous chapter (63). The
aim of this chapter is to improve on the design of a bioreactor providing
multimodal (combined electrical and mechanical) stimulation, such that it may
be used for the long-term disease modeling experiments necessary to better
understand CVD pathophysiology.

2.2. Existing Bioreactor Design
The existing design, pioneered by Morgan and Black, was one of the first
bioreactors to offer combined electrical and mechanical stimulation, while
utilizing a simple and relatively inexpensive design (42, 61).

Figure 2-1 – Schematic of the existing
mandrel. Tissue constructs sit on distensible
latex tubing attached to BPT tubing with a
zip-tie and biocompatible epoxy.
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A Nalgene straight-sided wide-mouth polypropylene jar (#2116-0030; Thermo
Fisher Scientific; Waltham, MA) was used as the base container, with holes
drilled directly in the lid to accommodate the distensible mandrel and carbon
electrodes. The mandrel was fabricated by attaching distensible latex tubing
(#9521T05; Kent Elastomer; Kent, OH) to a PharMed BPT air supply tube (#SK96880-06; Cole Parmer; Vernon Hills, IL) using Loctite Medical Device Epoxy
(#7370A38; McMaster Carr; Elmhurst, IL) and a zip-tie (#AL-04-18-9-C; ACT
Fastening Solutions; Gardner, MA). The end of the distensible latex tube was
capped with a tab cut from a Teflon rod (#8546K44; McMaster Carr; Elmhurst,
IL).

Carbon electrodes were manufactured by fastening silver wire (#327026; Sigma
Aldrich; St Louis, MO) wrapped around a carbon rod (#61-35; Ted Pella;
Redding, CA) with medical device epoxy.

To formulate gels with a ring-shaped geometry, gel solution was injected using a
PrecisionGlide 18-gauge needle (BD; Franklin Lakes, NJ) into a mold created
from a 5mL syringe (#8881516937; Covidien; Dublin, IRL) surrounding an inner
Teflon mandrel (#8546K44; McMaster Carr; Elmhurst, IL) encased by an
additional Teflon ring (#52355K14; McMaster Carr; Elmhurst, IL) and capped by
silicone o-rings (#9396K204; McMaster Carr; Elmhurst, IL). A gel extraction tool
was also created using a smaller syringe (#309585; BD; Franklin Lakes, NJ) in
order to remove the Teflon mandrel and hydrogel from the outer casing. Gel
formulation, culture, and force transduction measurement is covered in depth by
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Morgan et. al (64). Briefly, fibrin gels containing neonatal cardiac isolates were
allowed to set in the molds for 48-72hrs prior to extraction and placement on the
distensible mandrel. Following a bioreactor run, constructs were placed on a
custom-built force transducer, electrically paced at 1Hz, and generated twitch
force was recorded prior to sample fixation and analysis.

In order to stimulate up to 80 bioreactors in bulk, the air tubing from individual
reactors was attached to manifolds (#14055-2; Namic; Glens Falls, NY) which in
turn were attached to a three-way solenoid valve to regulate mechanical
stimulation timing (#991-000018-008; Parker; Cleveland, OH). The solenoid
valve was supplied by the lab air supply through a sterile filter and pressure
regulator (IMI Norgren; Littleton, CO). Each individual bioreactor was directly
attached to the electrical stimulator (Astro-Med; West Warwick, RI) which was
driven by an USB-6221 DAQ (National Instruments; Austin, TX). The stimulation
timing and frequency was orchestrated using custom-built LabView software
(National Instruments; Austin, TX).
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Figure 2-2 – Schematic of combined electrical and mechanical stimulation for running up to 80 reactors
in parallel. Groups of five reactors are attached to a manifold, which is driven by a solenoid valve.
Electrical stimulation is driven by a circuit. Both mechanical and electrical stimulation is coordinated
by a DAQ, which can be controlled by a custom LabView Graphical User Interface (GUI).

The existing design offers many benefits, including stress concentration-free
geometry, the ability to run up to 80 reactors in parallel, and relative low cost
compared to other systems. However, limitations in the bioreactor’s ability to
maintain an aseptic environment have posed an obstacle to its use in long-term
disease modelling experiments. Furthermore, media changes are arduous when
running 80 reactors in parallel, and the process requires removing the tissue
construct from the environment which further risks contamination. To improve
upon the existing design and address these limitations, an update to the cap
design was designed and manufactured to better shield the bioreactor interior
from its surroundings, improve the ease of media changes, and create a modular
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cap which could eventually be adapted to include perfusion ports or other inputs
as desired by the researcher.

2.3. Design and Manufacture of an Updated Bioreactor
Updates to the original design were first drawn in OnShape (OnShape Inc.;
Cambridge, MA) and then prototyped using a 3D printer. Later, parts were
exported to MeshCAM (GRZ Sofware; El Segundo, CA) for conversion to G-Code
and subsequent manufacture. The caps of existing reactor jars were cut out and
replaced with a circular 1/8” thick Teflon insert (#8735K27; McMaster Carr;
Elmhurst, IL) milled using a Nomad 883 CNC (Carbide3D; Torrance, CA). Ports
were incorporated into the Teflon insert for carbon electrodes and threaded using
a ¼-28 Tap (Widia; Latrobe, PA). Carbon rods were tapered to the thread’s inner
diameter using a lathe, leaving the top 1/4” at the original diameter. Threaded
sections on the electrode measuring 1/8” in length were created using a ¼-28 die
(Hansen; Burr Ridge, IL). A threaded air filter port was also added to the design,
which doubles as a media exchange port fitting a pasteur pipette during media
changes. The result is a modular design in which a machined plastic insert is
pinned underneath the original jar’s thread, threaded ports ensure a secure fit for
the carbon electrodes and air filter, and media can be exchanged without
removing the reactor cap. Additionally, lids can be rapidly manufactured in
house, in bulk. This modularity allows for a researcher to modify the inputs and
outputs to suit their needs, and have functional caps in under an hour.
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Figure 2-3 – New reactor cap insert is manufactured from Teflon and sits underneath the existing lid's
thread (A). Threading on the air filter port allows for facile removal of the air filter, allowing for pipette
access without removing the cap (B). In addition, carbon electrodes are threaded to maintain an aseptic
environment within the reactor chamber (C).

Additional infrastructure to facilitate bulk electrical stimulation was also
implemented. Rather than individually connect each reactor to the electrical
stimulator, wiring was added alongside the air supply on each manifold such that
the bioreactors connect to the manifold in an organized fashion. Quick electrical
connectors were used between the manifold and each individual reactor for facile
disconnection during media changes.

2.4. Validation of an Updated Bioreactor
2.4.1.

Electrical Stimulation Validation
With the previously-stated changes to the bioreactor’s electrical stimulation
system, validation was conducted to ensure that the quick-disconnect
connectors and new electrical manifolds are able to reliably maintain an
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appropriate potential across the tissue construct and replicate the waveform
produced by the stimulator. Old and new bioreactors were attached to the
electrical stimulation system. As previously described, current through the
reactor, current overloads, and waveform replication were tested using a
voltmeter (65).

Figure 2-4 – Both the old and new bioreactor designs allow for consistent potential gradients across the
stimulated area (A) and are able to faithfully replicate a waveform produced by the electrical stimulator
(B).

Properties of electrical stimulation remained largely the same with the new
electrodes as with the old. Both systems were able to faithfully replicate a
square waveform within the fidelity offered by the digital multimeter (Figure
2-4 A). For both electrode designs, neither stimulation gradient is perfectly
linear but both are consistent with each other across where the scaffold sits
(0.25-0.75in) (Figure 2-4 B).
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2.4.2.

Sterility and Feasibility Testing
With the bioreactor redesign allowing faster and more protected media
changes, we anticipated a mitigation in the contamination issues which have
posed an obstacle in previous reactor runs. To test this, six old and six new

Figure 2-5 – Assembled old (left) and new (right) bioreactor designs undergoing sterility testing
(A). Updated reactor design is less prone to contamination, and thus more suitable for long-term
experiments (B).

reactors were filled with DMEM (Gibco; Carlsbad, CA) containing 10% FBS
(Gibco; Carlsbad, CA) and incubated over a course of four weeks, or until all
reactors were contaminated. Media was changed twice weekly, and
contamination was evaluated daily by color change. Potential contamination
cases were then evaluated under a microscope and discarded once
contamination was confirmed. Time-to-contamination was measured for all
contaminated reactors over the 27-day experiment.
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By the end of the experiment, 40% of old reactors and 60% of new reactors
remained uncontaminated (Figure 2-4). An additional 20% of new reactors
had visible bacterial contamination coating the electrical connectors, but no
contamination in the reactor interior. It is worth noting that no safety
precautions typically used for preventing contamination, such as autoclaving
the incubator prior to a reactor run and applying parafilm around the reactor
exterior, were used in this mock experiment. With appropriate sterility
precautions, we expect that these reactors could be used for time-spans far
longer than a month.

To conclude, the reactor design update reduced contamination and facilitated
faster media changes than the old design. The electrical stimulation provided
by the new electrodes is consistent with the old, meaning that existing
stimulation regimens remain suitable for use with the new reactor. The
design’s modularity and ease of manufacture make incremental updates to the
cap simple, allowing for further expansion of functionality as necessary.
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Chapter 3 : Adaptation of EnzymaticallyCrosslinked Silk Hydrogels for Bioreactor Systems
Abstract
Enzymatically crosslinked silk hydrogels containing cardiac extracellular matrix exhibit
time-dependent stiffening properties that make them an attractive substrate for
studying mechanical cues which contribute to cardiovascular disease. Herein, we have
attempted to recapitulate both the short-term cyclic stretch and long-term stiffening by
using this silk hydrogel system in the previously described multimodal bioreactor.
Ultimately, plasticization of the hydrogels in the bioreactor molds precluded the
production of gels with suitable geometry for use in the bioreactor. Further work should
formulate gels capable of long-term stiffening, while still maintaining elasticity through
gelation.

3.1. Introduction and Background
Hydrogels containing extracellular matrix are currently under clinical translation for
therapeutic use following myocardial infarction (66). While these matrix hydrogels are
favorable for non-invasive delivery via myocardial catheter, however these materials are
limited by their poorly tunable mechanics (66, 67). In addition to their clinical
applications, matrix hydrogels are also used as in vitro models for the study of
cardiovascular disease and the complex milieu of mechanotransduced and biochemical
signals which contribute to cardiac fibrosis. Thus, there is a strong clinical need for
hydrogels capable of presenting matrix cues with controlled mechanics, in order to
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enhance regeneration and to study the infarcted microenvironment. Specifically, timedependent stiffening in an engineered biomaterial can be used to mimic the mechanical
transitions in cardiac development and pathological fibrosis (50).

Whereas the fibrin gels previously used actively facilitate cell attachment, silk contains
no native epitopes for immune recognition or cellular attachment points (68, 69).
Therefore, cellular interactions dependent on ECM composition are more readily
studied on a neutral silk substrate.

3.2. Enzymatically-Crosslinked Silk ECM Hydrogels and their promise
for mimicking the mechanics of cardiac development and disease in
vitro
3.2.1. Silk Fibroin Manufacture
Aqueous silk fibroin was generated from bombyx mori cocoons as previously described
(70). Briefly, cocoons were stripped of debris using tweezers and cut into quarters,
before boiling for 10 minutes in a solution of sodium carbonate (Sigma-Aldrich; St.
Louis, MO) to strip the silk fibroin of its highly immunogenic sericin glue. The fibroin
was rinsed, then dissolved in a 9.8M of lithium bromide (Sigma-Aldrich; St. Louis, MO)
at 60°C for 4 hours. Using dialysis tubing (3500 MWCO, Thermo Fisher; Waltham,
MA), lithium bromide was dialyzed out of the fibroin solution with water changes at 1, 3,
6, 24, 36, and 48 hours. Finally, the fibroin solution was centrifuged at 4°C and
9700RPM twice for 20 minutes in order to remove remaining solids from the solution.
Silk fibroin solution was sterilized by autoclaving on liquid cycle prior to in vitro use
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(20mins, 121°C, 18psi). Sterilization slightly modified the mechanical properties of the
silk fibroin, as well as promoting beta-sheet formation, though the exact effect on
mechanics remains unknown (71).

3.2.2. Matrix Decellularization and Digestion
Porcine myocardial matrix was processed as previously described (72, 73). Left
ventricular tissue was excised from adult hearts obtained at the local abattoir and
decellularized using 1% sodium docedyl sulfate (SDS) [#BP-166; Sigma-Aldrich; St.
Louis, MO] until the resulting matrix was free of cellular material and white in color. A
two-hour rinse in 0.1% Triton-100 solution (Sigma-Aldrich; St. Louis, MO), followed by
a minimum of 48 hours of rinsing in DI water ensured the matrix was free of both DNA
and detergents (74). ECM was then lyophilized, milled, and pepsin digested at a 10:1
ratio in 0.1% HCl (#A481-212; Sigma-Aldrich; St. Louis, MO) for 12 hours to solubilize
the matrix (72). Finally, pepsin was inactivated by the addition of 1M NaOH (#SX607H;
Millipore Sigma; Burlington, MA) to raise the pH to 10, after which the matrix solution
was adjusted to a pH of 7.4 with the addition of HCl. Digested matrix was once again
lyophilized for long-term storage at -20°C, and rehydrated at a concentration of 10-30
mg/ml in DI water prior to use in hydrogel formulations.

3.2.3. Isolation of Cardiac Cells from Neonatal Rat
Neonatal Sprague-Dawley rat isolates were extracted according to protocols approved by
the Tufts Institutional Animal Care and Use Committee for encapsulation in the silkbased hydrogel system (64). Excised hearts from sacrificed rats were minced in ice-cold
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PBS-glucose solution, then digested in type II collagenase (300U/mL; Worthington
Biochemical Corporation; Lakewood, NJ) under cell culture conditions. Cells were
filtered through a 70um cell strainer to remove any remaining tissue fragments, and
immediately encapsulated in the silk-ECM gels.

3.2.4. Gel Formulation and injection
Silk ECM hybrid hydrogels were formulated for injection into ring-shaped bioreactor
molds, using methods similar to those previously described (72). Silk fibroin stock; 10X
DMEM (Life Technologies; Carlsbad, CA) supplemented with 3.7g/L sodium
bicarbonate (#S5761; Sigma-Aldrich; St. Louis, MO), 10mM ascorbic acid (#A5960;
Sigma-Aldrich; St. Louis, MO), sodium pyruvate (Life Technologies, Carlsbad, CA),
20mM HEPES buffer (#H3375; Sigma-Aldrich; St. Louis, MO), and L-Glutamine (Life
Technologies, Carlsbad, CA); Horseradish Peroxidase (HRP; #P8375; Sigma-Aldrich; St.
Louis, MO); Hydrogen Peroxide (Thermo Fisher; Waltham, MA); AntibioticAntimycotic Solution (Life Technologies; Carlsbad, CA); ECM stock; and DI water were
combined to formulate gels with final concentrations outlined in Table 3-1.
Table 3-1 – Silk ECM gel formulations for use in the bioreactor system.

Component

Stock Concentration

Final Concentration

Supplemented DMEM

10X

0.5X

Silk Fibroin

8-12%

2%, 4%

HRP

1000U/mL

15U/mL

Hydrogen Peroxide

30%

0.01%

ECM

10-30 mg/mL

0, 0.5, 1.2, 2.4mg/mL
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In order to minimize free-radical damage from the addition of hydrogen peroxide,
neonatal isolates were encapsulated 5-8 minutes after gel formulation, immediately
prior to injection. Gels were injected into the bioreactor molds as described in Appendix
1: Bioreactor Protocols. After 48 hours of gelation, the gels were extracted and placed on
the bioreactor.

3.3. Plasticization-induced failures in bioreactor experiments with
silk hydrogels
Whereas fibrin gels retain elasticity during the 48 hours in the bioreactor mold,
enzymatically crosslinked silk hydrogels plasticized in their molds. As a result, transfer
of gels from the bioreactor molds onto the latex tubing was nearly impossible due to the
gels cracking, disintegrating, and stretching. There are several compounding factors
which contribute to this plastic transition, and ultimately make the silk ECM gels
unsuitable for use in our multimodal bioreactor (Figure 3-1).

Figure 3-1 – Silk cECM hydrogels pictured on bioreactor air tubing constructs. These hydrogels
plasticized, undermining the mechanical integrity of the hydrogels and precluding their use in the
bioreactor.
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The time-dependent stiffening response occurs as the silk secondary structure slowly
forms beta-sheets, which is a thermodynamically favorable process under cell culture
conditions (72, 75, 76). When gels were loaded to a 40% strain rate and progressively
unloaded at different time points during stiffening, it was demonstrated that as the gels
stiffen they also progressively plasticize (72). This beta-sheet associated stiffening and
plasticization varies dependent on gel culture conditions — maintaining silk-water
interactions and preventing silk adsorption to any culture surfaces helps reduce the
initial beta-sheet content of aqueous silk materials and thus slows stiffening and
plasticization (72, 77). In contrast to the large-volume gel formulation conditions which
would be desirable for their high silk-water to plastic ratio, the ring-shaped gel molds
have an extremely high surface area of plastic and only hold 1mL of gel. Therefore, we
hypothesize that this increased surface area of adsorptive plastic accelerated beta-sheet
formation in silk.

Silk sterilization methods can also affect the material’s mechanical properties and betasheet content (71, 78). To prevent in vitro cell culture contamination, aqueous silk
solutions at a concentration of 8-12% were autoclaved on a liquid cycle prior to use in
gel formulations. It was observed that autoclaved aqueous silk precipitates from
solution faster than unsterilized silk, which is in accordance with previous findings that
autoclaving increases protein aggregation and scaffold stiffness (71).

Finally, shear forces can also induce the transition from unordered helices to betasheets in silk (75, 79). For use in the bioreactor, silk gels are injected through an 18G
needle, exposing the gel formulation to additional shear during extrusion. We
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hypothesize that this further accelerates the transition to beta-sheets and a plasticized
hydrogel.

The gel mold, silk sterilization method, and extrusion through a needle all create
conditions which favor silk beta-sheet aggregation, and we hypothesize contributed to
the gel plasticization. Several approaches were taken to circumvent this outcome,
including raising the silk degumming time, lowering the silk concentration, and raising
the ECM concentration, with little-to-no success within formulations which would
provide appropriate mechanical properties relevant to cardiac tissue in vivo.

The culture condition-sensitivity of silk hydrogels continues to complicate their
optimization for in vitro dynamic cell culture applications. The observations in this
chapter highlight a unique challenge of biomaterials development: materials do not
dynamically change in vitro as they would in vivo, due to complex tissue-material
interactions that remain difficult to recapitulate in vitro. Gel formulations previously
used in vivo with success did not produce the mechanics we desired for our bioreactor
system, in part because we couldn’t induce sufficient cell-remodeling of the hydrogel to
counteract the progressive stiffening and plasticization of the silk (72). Future work to
adapt silk hydrogels for this use and others should focus on identifying bioinert
excipients to control the rate of beta-sheet formation, and prevent undesired
plasticization of silk-based materials (76)
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Chapter 4 : Removal of respiratory artifacts from
rat cardiac pressure-volume loops to evaluate silkECM patches as a treatment for MI
Abstract
Pressure-Volume (PV) loop measurement is the gold standard for determination of
many benchmarks of cardiac function. Though these methods were originally developed
for large animal models, the advent of conductance catheters now allows for the
acquisition of PV loops in rat and mouse models of cardiovascular disease. In these
small mammals, PV loops are often subject to interference from the animal’s
respiration, causing extreme variability in the signal and parameters calculated from it.
This study presents a novel signal-processing script, with the ability to remove loops
affected by respiration and more robustly calculate parameters of ventricular function.
The optimization is then applied to a data set for a biomaterials-based approach for the
repair of myocardial infarction, allowing for more precise functional analysis.

4.1. Introduction and Background
Cardiac pressure-volume loops obtained from conductance catheters allow for direct
measurement of myocardial function, yielding a multitude of useful parameters related
to various aspects of the heart’s pumping function (80). With the advent of miniaturized
conductance catheters, this technique has been widely adopted in mouse studies of
myocardial infarction as an endpoint study, and can reveal the hallmarks of ventricular
remodeling and the progression to heart failure (80-82).
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Table 4-1 – Pressure-volume loop-derived parameters of cardiac function were selected to evaluate key
changes in left ventricular function in the infarction model. Healthy values (80) and infarction-related
changes (82, 83) for each parameter are presented as previously reported in the literature.
Parameter
name

Calculation Method

Healthy (literature,
male rat)

Effect of
Infarction

End Systolic/
Diastolic
Pressure
(ESP/EDP)

Pressures at end systole (upper
left) and diastole (lower right)

ESP: 119-146
mmHg

EDP: 0.5-8
mmHg

ESP drops after
infarction

End Diastolic
Pressure/
Volume
(ESV/EDV)

Volumes at end systole and
diastole

ESV: 21141uL

EDV: 161303uL

ESV and EDV
increase after
infarction

dP/dt
Max

Loop maximum/minimum of
dP/dt

dP/dt Max:
8900-13100
mmHg/s

-dP/dt
Min: 590011900
mmHg/s

dP/dt Max and
Min both decline
post-infarct

Stroke Work
(SW)

Loop-enclosed area

13500-22900 mmHg*uL

SW decreases
post-MI

Ejection
Fraction (EF)

(EDV-ESV)/EDV

0.49-0.89

Inversely
proportional to
infarct size

Tau

P(t)=Poe-t⁄τ+Pa

10-13 ms

Tau increases after
MI

Cardiac
Output (CO)

(EDV-ESV)∗heart rate

49000-70000 uL/min

CO drops after MI,
then increases
above normal with
LV hypertrophy

End Systolic
PressureVolume
Relationship
(ESPVR)

Linear regression of ESV and
ESP during occlusion

2-7 mmHg/uL

Slope of ESPVR
decreases postinfarction

PreloadRecruitable
Stroke Work
(PRSW)

Linear regression of SW and
EDV during occlusion

50-170 mmHg

PRSW decreases
post-infarction

dP/dt
Min
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Data from a conductance catheter is plotted onto pressure and volume axes, forming a
square loop from which pressure-volume parameters are calculated, as summarized in
Table 4-1 and described in detail below.

The cardiac cycle is divided into two phases, systole and diastole. Ventricular systole is
the contraction and expulsion of blood from the ventricle, including the phases of
isovolumic contraction and ejection, represented by the right and top edges of the PV
loop, respectively. Diastole is the relaxation and filling of the heart, encompassing
isovolumic relaxation on the left side of the PV loop, followed by ventricular filling on
the bottom. Thus, end-systolic pressures and volumes are marked by the upper left
corner of the loops, and end diastolic pressures and volumes are the lower right corner.

The stroke volume is the difference between end systolic and diastolic volumes, and can
be multiplied by heart rate to obtain cardiac output (CO) or divided by the end diastolic
volume to produce ejection fraction (EF). Cardiac output represents the volume of blood
expelled by the heart over a minute, while ejection fraction represents the fraction of
blood ejected from the ventricle as a function of the ventricular volume. In addition, the
stroke work (SW) of a single beat can be calculated as the area enclosed by a single PV
loop.

Pressure curves can be differentiated to obtain the maximum and minimum dP/dt,
which are determined both by the contractile properties of the heart and its loading
conditions, preload and afterload (84, 85). Preload is the initial stretch of
cardiomyocytes before systole, and can be represented by end diastolic volume.
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Afterload is the ventricular wall stress over which the heart ejects blood, which in turn
increases end diastolic volume and decreases stroke volume, and thus secondarily
affecting preload. Though dP/dt max and min are traditionally thought of as parameters
of contractility, their dependence on loading complicates their interpretation.

To develop more consistent parameters for measuring cardiac function, a set of loadindependent pressure-volume parameters, including preload-recruitable stroke work
(PRSW) and the end-systolic pressure-volume relationship (ESPVR), were introduced.
PRSW is the slope of the highly linear relationship between stroke work and end
diastolic volume, and thus is normalized to both preload and the intrinsic size of each
animal’s ventricle (86). ESPVR is found through the linear regression of end systolic
pressures and volumes yielding the slope, which represents elastance. The relationship
is only linear over a limited range of loading conditions, and great care must be taken to
analyze loops within an appropriately linear range for an accurate result (87).
Determining PRSW and ESPVR requires PV loops from a range of loading conditions,
which are manipulated through occlusion of the interior vena cava (IVC). The loops
during occlusion and recovery are plotted to reveal these two linear relationships.

Another preload-independent metric of cardiac function is the isovolumic relaxation
constant (Tau). The Glantz method of tau calculation, used in this chapter, fits an
exponential function (Equation 1) to the pressure-time curve of isovolumic relaxation
(88). Tau represents lusitropy, or the active relaxation properties of the heart, and is
sensitive to delays in relaxation as a part of the pathophysiology of many cardiovascular
diseases (82).
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Equation 1 – Isovolumic relaxation constant tau (τ) was determined through best fit of an exponential
decay function to the pressure trace during isovolumic relaxation. Po and Pa represent the initial and
final pressures of relaxation, respectively.
'(

𝑃 𝑡 = 𝑃% 𝑒 ) + 𝑃+

Many other PV-derived parameters have been proposed or are currently in use, but for
the purposes of this study the outputs were limited to a selection of the most commonly
used metrics described above. However, accurate determination of these parameters for
an individual animal requires the acquisition of loops which maintain a consistent shape
over time, such that over ten loops can be analyzed and averaged. When scaling down to
small animal models such as rats or mice, the size of the animal introduces a new source
of error: respiration. In rats, we observed periodic deflections in obtained PV loops in
time with respiration, likely due to pressure changes in the thoracic cavity or collision of
the catheter with the ventricular wall (Figure 4-1). Thus, we hypothesized that removal
of respiratory artifacts with a custom MATLAB script could enable more precise
determination of PV-derived parameters, by decreasing loop-to-loop variability.

4.2. Materials & Methods
4.2.1. Experimental Design
Pressure-volume loops were obtained for a study of extracellular matrix composition in
silk cardiac patches administered to rats. Briefly, myocardial infarction was surgically
induced in adult Sprague Dawley rats through suture of the left anterior descending
coronary artery following approved Tufts IACUC protocols. One week after infarction,
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treatment was administered either in the form of a silk patch, a commercially developed
collagen patch as control, or a sham. Silk patches contained either adult ECM, fetal
ECM, no ECM. Echocardiograms were taken pre-infarct, pre-repair, and at 1, 3, 5, 7, 9,
and 11-week timepoints after repair. Pressure Volume loops were obtained 3 and 11
weeks after repair as an endpoint study, using a Millar SPR-869 Rat Pressure-Volume
catheter attached to an ADInstruments PowerLab 35 data acquisition system. The probe
conductance was calibrated in LabChart, and representative loop segments between 5
and 30 seconds in length were exported to MATLAB data files and analyzed as
previously described.

4.2.2. Development of custom MATLAB software to remove PV respiratory
artifacts
Upon first examination of the acquired PV loop data, shifts along the volume axis
between loops posed an obstacle to the precise determination of diastolic volume and all
volume-derived parameters. Plotted along a time-course, it was observed that this
deflection was periodic at a rate close to 1Hz, leading us to believe that these artifacts are
the result of respiration interfering with the PV catheter (Figure 4-1). To mitigate this
interference, a MATLAB algorithm was developed to identify inspiration by the peaks in
the minimum PV loop volume over time, and remove adjacent loops (Figure 4-1). The
filtered PV loops were consistent in geometry, allowing for precise determination of end
systole and end diastole (Figure 4-2). Following automatic filtering, the option for
manual removal of any remaining aberrant PV loops was added to the software. Finally,
the program was developed to calculate end systolic and diastolic pressures and
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volumes, maximum and minimum dP/dt, ejection fraction, Tau, stroke work, and
cardiac output using the equations in Table 4-1.

Figure 4-1 – Periodic respiratory artifacts are identified and removed (red x) based on peak finding
algorithms for pressure (left) and volume (right) minima over time.

Figure 4-2 – Respiration-affected PV loops often form a distinct loop pattern (left), which is filtered out
by the MATLAB script for more effective identification of end systole and diastole (right).
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ESPVR and PRSW were derived from occlusion of the interior descending vena cava;
thus the assumption that end systolic and diastolic pressures and volumes remain
constant was no longer valid in the calculation of these parameters. As a result, the
identification of aberrant loops by measuring deflection over time was no longer
possible. To circumvent this, a second program was developed to remove outliers from
the data used to calculate ESPVR until the slope of the linear regression was no longer
affected by outlier removal (Figure 4-3). PRSW was calculated without loop filtering, by
finding the linear regression of stroke work against end diastolic volume.

To ensure that the MATLAB software was calculating parameters accurately, pressurevolume loops from a representative animal were analyzed both using MATLAB and by
removing respiration artifacts manually and calculating parameters using the industrystandard LabChart software (Figure 4-5).

Figure 4-3 – ESPVR determination is enhanced by
removal of respiration-affected outliers (red) until the
linear regression converges (blue), yielding slope Ees.
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Figure 4-4 – PRSW is determined by linear regression of
SW and EDV, yielding a slope that positively correlates
with contractile function of the heart.
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Figure 4-5 – MATLAB Respiration removal and analysis is comparable to manual breath removal and
LabChart analysis for a representative animal across 28 loops.

Manual and automatic respiration removal both increased the precision of calculated
parameters between loops, as illustrated by the narrowed confidence intervals in Figure
4-5. Additionally, the LabChart and MATLAB calculations produced similar results for
all parameters across 28 loops. Following validation of the MATLAB software, analysis
was performed for all animals in the study to determine the functional effect of silk ECM
patch implantation post-MI.
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4.3. Results & Discussion
Development of the MATLAB software enabled respiration-correction and further
analysis of 54 animals from which usable pressure-volume loops were obtained.
Differences between calculated parameters were analyzed for statistical significance in
Prism 7 (GraphPad; La Jolla, CA) using two-way ANOVA followed by Dunnett’s multiple
comparison’s test, with column means compared against healthy controls.

Despite the improvements in precision from MATLAB breath removal, inter-animal
variability in PV-derived metrics remains an experimental obstacle. Further
complicating this analysis, many parameters such as dP/dt max and dP/dt min are
dependent not only on pathological hypertrophy, but also on preload, heart rate, and
afterload (89). Overall, the high variability between animals obfuscated trends and
limited statistical significance.
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Figure 4-6 — PV Loop-derived parameters in a Sprague-Dawley rat model of myocardial infarction,
implanted with silk scaffolds with cardiac extracellular matrix. Two-way ANOVA found a significant
overall effect of ECM composition on dP/dt min (p=0.0297) and Tau (p=0.0075). In addition, timepoint
had a significant effect on SW (p=0.0274) and Tau (p=0.0374).

Since all parameters are ultimately pressure and volume derived, animals with aberrant
pressure and chamber volume measurements became outliers for more than one
parameter. For example, catheterization ripped the ventricular wall of animal KW27 in
the silk adult group, resulting in increased volume measurements on the order of 2mL.
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Not only was this animal an outlier for end diastolic volume, but volume-derived
parameters such as cardiac output and ejection fraction were also outliers (Figure 4-6 A,
D, E). Given the limited number of animals included in the study due to feasibility and
expense, outliers had a disproportionate effect on population means and precluded
statistical significance.

Interestingly, transient differences between the healthy and fetal ECM conditions were
statistically significant after 3 weeks. At this early time point, dP/dt max (p=0.0476)
and dP/dt min (p=0.0067) were both reduced, which indicates reduced contractile
function for rats implanted with fetal ECM-containing silk patches. By 11 weeks,
however, contractile function appears to be restored to healthy levels. This effect is seen
to a lesser extent, and with no statistical significance (p>0.25), for the other silk patch
conditions. One possible explanation for this transient loss in function is that the patch,
being acellular, slightly interferes with contraction.

In addition to inter-animal variability, rat aging from the 3wk to 11wk experimental
endpoints affected these parameters, notably tau, in the healthy controls (Figure 4-6 G).
Tau is the time-constant of isovolumic relaxation, calculated using an exponential fit to
the pressure decay (90).While all infarcted conditions had distinctly higher measured
values of Tau at the 3wk time point, by 11 weeks the healthy baseline for tau had rose to
resemble values collected from animals receiving a patch (Figure 4-6 G). At week 11,
animals receiving sham treatment had elongated tau when compared to healthy controls
(p=0.06), which is significant given the high degree of similarity between healthy
animals and all other conditions (p>0.78). Previous literature reports an age-dependent
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tau increase from 7.8±0.4ms to 15.9±0.2ms over the course of 20 months. This is in
accordance with our healthy values increasing from 6.726±0.519ms at week 3 to
11.05±0.873ms at week 11 in the experiment. Results of two-way ANOVA show that not
only tau (p=0.0374), but also stroke work (p=0.0274) increased significantly as the rats
aged.
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Figure 4-7 — Effect of extracellular matrix on preload-independent PV loop-derived parameters.

Preload-independent parameters showed slightly less spread between animals, but did
not yield statistical significance with two-way ANOVA. All patch conditions trend
towards recovery of elastance, with comparable means to the healthy controls but more
population variability (Figure 4-7 A). On the other hand, all patch conditions trend
towards lower PRSW, with populations means closer to the sham conditions. Without
higher population sizes, it is difficult to interpret these results.
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To conclude, inter-animal variability continues to pose a major challenge in PVdetermination to measure cardiac functionality following myocardial infarction. Though
the custom MATLAB script was able to reduce intra-animal variability, greater
population sizes would be required to obtain significant results for most parameters.
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Chapter 5 : Eosin Fluorescence as a novel metric
for engineered cardiac tissue elasticity and
contractility
Abstract
Hematoxylin and eosin (H&E) staining is a widely-used and valuable histopathological
technique for evaluating both native and engineered myocardial tissue. The differential
fluorescence of eosin bound to elastic fibers in the dermis has been previously reported,
but no study has yet examined this effect with respect to myocardial tissue. In this
chapter, the alignment of eosin fluorescence patterns is studied to highlight
pathophysiological changes in CVD progression. The findings are then extended to
engineered fibrin tissue constructs, where micron-scale fluorescence patterns are
correlated to tissue construct contractility. This method of analyzing H&E slides allows
for a deeper understanding of tissue function from a ubiquitously used analysis
technique, and is easily implemented in any lab or pathology clinic.

4.1. Eosin Fluorescence and its specificity to elastic fibers in the
extracellular matrix
Histologic examination of myocardial tissue is a key component of any study of
cardiovascular disease or cardiac tissue engineering. Tissue sections stained with
hematoxylin & eosin (H&E) are used to evaluate bulk tissue and cell morphology, but
further analysis of tissue function often requires costly and time-intensive techniques
such as immunofluorescent staining, fluorescence in situ hybridization, or specialized
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biological stains. As H&E staining is ubiquitous in the biological sciences, a new analysis
providing functional information from H&E stained tissue would be easily implemented
in most labs, and allow for new findings from this staple technique.

Eosin is an acidic, plasmic stain which appears pink under brightfield microscopy but is
also known for its green fluorescence, which has been previously utilized for protein
tracing and association studies (91, 92). More recently, it was observed that elastic fibers
differentially fluoresce in H&E stained tissue samples, in an effect that is distinct from
the autofluorescence of eosin or elastic fibers alone (93). This effect has been used in the
clinic to distinguish between different fibrous lesions of the skin, but to our knowledge
has not yet been used to evaluate cardiac pathophysiology or engineered tissue construct
morphology (94). Thus, the aim of this study was to develop quantitative techniques
harnessing eosin’s fluorescent properties to quickly evaluate functional changes in
cardiac tissue both in vitro and in vivo.

4.2 Analysis of eosin fluorescence to reveal elastic fiber alignment in
healthy and diseased rat myocardium
4.2.1. Materials & Methods
H&E stained rat heart sections were obtained from a study on silk patch implantation
following myocardial infarction. Stitched red (TxRed filter; λex = 560±40nm; λem =
630±75nm)fluorescence images were obtained through a 10X objective (#972031;
Keyence; Osaka, JP) across the entire cross section of the heart, using an all-in-one
fluorescence microscope (Keyence BZ-X700; Osaka, Japan). Regions of healthy
myocardial muscle, fibrotic tissue at the site of infarction, and border-zone muscle were
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identified for further analysis in the FIJI ImageJ suite (95). Images were first converted
to 32-bit monochrome, then analyzed for directionality distribution using the
OrientationJ Distribution plugin (EPFL; Lausanne, Switzerland) (96). Using the cubic
spline gradient method for calculating coherency and the Gaussian window set to 5px,
directional features were extracted from the regions of interest and results were output
as a distribution of features over their angles of direction. Only features with a minimum
coherency and energy of 5% were included in the distribution.
4.2.2. Results & Discussion

Figure 5-1 – Eosin fluorescence patterns lose directionality in the transition from healthy myocardial
muscle to diseased fibrotic tissue. Sections of healthy (green), border-zone (yellow), and fibrotic
(orange) myocardial tissue were identified on an H&E-stained heart cross-section (A) and imaged for
eosin fluorescence using a TxRed filter set (B-D). Fluorescence patterns were analyzed for directionality
using the OrientationJ plugin for ImageJ, producing false-colored images to visualize directional
elements (E-G), and histograms of directionality (H). False-colored image hue represents angular
direction of orientation, and saturation represents coherency (E-G). Regions of healthy tissue are
markedly more directional, resulting in a sharper distribution peak than border or fibrotic tissue (H).
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A novel analysis method for H&E stained slides was developed to quantify directional
tissue morphology. This analysis is sensitive to the infarction-induced transition from
aligned myocardial muscle to disorganized fibrotic scar, as illustrated in Figure 5-1.
Healthy, contractile tissue was highly organized and aligned, resulting in a sharp peak in
the directionality distribution produced by OrientationJ (Figure 5-1 D, G, H).
Approaching the border zone of infarction, wavy collagen fibrils begin to appear in the
tissue morphology, resulting in reduced directionality and a wider peak on the
OrientationJ distribution (Figure 5-1 C, F, H). Fibrotic tissue consists of many coherent
collagen fibrils but a lack of higher-order directionality, resulting in a flat directionality
distribution (Figure 5-1 B, E, H). In a full myocardial cross-section, areas of healthy
cardiac muscle fluoresce brighter than fibrotic regions (Figure 5-1 A).

Existing literature suggests that eosin fluorescence on H&E stained dermal sections
differentially occurs in the presence of elastin, an extracellular component which is also
present in myocardial tissue (93, 97). Elastin is produced by cardiac fibroblasts and the
protein’s proteolytic degradation contributes to maladaptive remodeling of the ECM
following MI (98, 99). Differential fluorescence of eosin was observed in matrix-rich and
cell-deficient fibrotic areas (Figure 5-2). However, given the uniformly bright
fluorescent signal observed in areas of healthy cardiac muscle and lack of information
on spatial patterning of elastin in the myocardium, it is not known whether the
fluorescent signal can be exclusively attributed to elastin.
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Figure 5-2 – 40X brightfield (A), TxRed channel fluorescence (B), and composite (C,D) images of fibrotic
tissue in an H&E stained myocardial tissue section reveal differential eosin fluorescence. Past literature
hypothesizes that this effect could be due to interactions between eosin and elastin fibers in the
extracellular matrix (97).

4.3. Methods for quantifying alignment of eosin fluorescence in
fibrin-based cardiac tissue constructs
4.3.1. Experimental Design
Fibrin-based tissue constructs were obtained from an experiment studying ECM
composition on the function of engineered cardiac tissue under mechanical stimulation
in the bioreactor described in Chapter 2. Constructs were formulated either without
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ECM (‘plain’), or with Adult or Fetal ECM as previously described, and seeded with
cardiac isolates from neonatal rats at a density of 2.5*106 cells/mL using protocols
approved by Tufts IACUC (64, 68). Mechanically stimulated constructs were subjected
to 5% cyclic strain at a frequency of 1Hz, while static controls were cultured in
bioreactors not attached to mechanical stimulation. After three weeks of culture in
bioreactors, tissue constructs were tested for twitch force generation on a custom-built
strain gauge and collected for further analysis.

4.3.2. Materials & Methods
Tissue constructs were fixed in 10% phosphate-buffered formalin (#SDF100-4; Fisher
Scientific; Hampton, NH) for a minimum of 4 hours, then paraffin-embedded in a tissue
processor on standard cycle. Embedded constructs were sliced on a microtome
(#RM2235; Leica Biosystems; Wetzlar, DE) into 10µm sections, which were stained on
SuperfrostTM Plus Microscope Slides (#12-550-15; Fisher Scientific; Hampton, NH).
Sections were stained with hematoxylin and eosin according to standard protocol, then
mounted with DPX Mountant (#06522; Sigma Aldrich; St. Louis, MO).

Stitched red fluorescence images were obtained through a 20X objective (#972032;
Keyence; Osaka, JP) across three full cross-sections of each tissue construct, using an
all-in-one fluorescence microscope (Keyence BZ-X700; Osaka, Japan). All images were
captured at standard sensitivity and full illumination intensity, with exposure time set to
1/20s. Since cell-alignment is not unidirectional across the entirety of a tissue
construct, three representative regions were isolated from each cross-section for further
analysis in the FIJI ImageJ suite (95).
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Images in FIJI were first converted to 32-bit monochrome, then analyzed for
directionality distribution using the OrientationJ Distribution plugin (EPFL; Lausanne,
Switzerland) (96). Using the cubic spline gradient method for calculating coherency and
the Gaussian window set to 5px, directional features were extracted from the regions of
interest and results were output as a distribution of coherency over angles of direction
(Figure 5-3). Only features with a minimum coherency and energy of 5% were included
in the distribution.

Figure 5-3 — Methods for quantifying eosin fluorescence directionality using OrientationJ in FIJI.
Fluorescence images of H+E stained construct sections were obtained using a TxRed filter set (left), then
analyzed for directional components (center, false color by direction and saturation by confluence). A
distribution of directional components was markedly peaked for aligned tissue, and unpeaked for nonaligned tissue. The peakedness of the distribution was then converted into a directionality score by
calculating the fraction of directional components within one full-width half-maximum of the peak.
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Since the absolute peak prominence of this distribution is dependent on the number of
directional features, which is dependent in turn on the size of the region, directionality
index was calculated as the fraction of the directional distribution within one full-width
half maximum of the distribution peak, using a custom MATLAB script (Figure 5-3).
From the nine representative directionality indices, outliers were removed using the
Hampel identifier. Several other methods of calculating the peakedness of the
directionality distribution were considered, including kurtosis and overall peak
prominence, but ultimately yielded results skewed by the dimensions of the analyzed
regions.

Traditional immunofluorescent staining was also performed to measure sarcomeric
alignment and gap junction polarization of cells within the construct. Parrafinembedded tissue sections were deparaffinized and rehydrated, and antigen-retrieval was
performed by steaming the slides in antigen unmasking solution (#H3300; Vector Labs;
Burlingame, CA). Slides were blocked in a solution of 1% BSA (#A9418; Sigma Aldrich;
St. Louis, MO) and 10% Donkey Serum (#D9663; Sigma Aldrich; St. Louis, MO)
overnight at 4°C. Primary antibodies for sarcomeric α-actinin (#A7811; Sigma Aldrich;
St. Louis, MO) and connexin 43 (#ab11370; Abcam; Cambridge, UK) were added at
1:800 dilution in 1% BSA solution and incubated overnight at 4°C. Slides were washed
3x15mins in PBS-Tween, then secondary antibodies (#A11001 & #A10042; Thermo
Fisher; Waltham, MA) were added at RT for 2hrs. Cell nuclei were stained with Hoechst
(#H3570; Thermo Fisher; Waltham, MA) for ten minutes at RT. Slides were washed
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with PBS-Tween for 3x15mins and imaged on a Keyence BZ-X700 all-in-one
microscope.

4.3.3. Results & Discussion
ECM composition and cellular alignment due to mechanical stimulation had a large
effect on the patterns of eosin fluorescence observed in the constructs. Cell-free controls
were first tested with all gel formulations, and very little autofluorescence intrinsic to
the scaffold was observed (Figure 5-4 top). With the addition of cells, fluorescent fibers
became visible in the constructs subject to static culture (Figure 5-4 middle).
Mechanical stimulation caused widespread alignment of fluorescent fibers, especially in
constructs containing fetal ECM (Figure 5-4 bottom). Fluorescent staining for α-actinin
supported our hypothesis of increased cell alignment as observed with eosin
fluorescence (Figure 5-5).
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Figure 5-4 — ECM composition and mechanical stimulation affect patterns of eosin fluorescence within
H&E stained tissue construct sections. Cell-free controls produced very little fluorescent signal (top
row), whereas mechanically stimulated constructs, especially those containing fetal ECM, contained
aligned, fluorescent fibers (bottom row).

Figure 5-5 — Immunofluorescent staining for sarcomeric a-actinin (green) and connexin 43 (red)
reveals increasing sarcomeric alignment with mechanical stimulation and the addition of ECM.

Bretherton

68

Across whole scaffolds, eosin fluorescence was brightest around scaffold defects such as
holes or tears in the hydrogel (Figure 5-6 right). Fluorescence patterns in these regions
were highly fibrous and traced the perimeter of the defects (Figure 5-6 left). We
hypothesize that this effect is due to increased stress concentrations around scaffold
defects, leading to an increase in local matrix deposition by fibroblasts in the scaffolds.

Figure 5-6 — Stitched image of a representative construct containing adult ECM (AM010) and subject
to mechanical stimulation. Eosin fluorescence signal is intensified around scaffold defects (yellow
arrows). We hypothesize that increased stress concentrations around scaffold defects lead to increased
matrix deposition and fluorescence signal.

The alignment of eosin fluorescence patterns was then quantified with FIJI and a
custom MATLAB script to produce a single metric of alignment, plotted against twitch
force in Figure 5-7. All cell-free controls had a directionality index of zero, as expected
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given the limited and disorganized fluorescence signal emitted by these gels. Though the
linear correlation between twitch and directionality was insufficient to predict twitch
force generation from eosin alignment (r2=0.3125), the slope of best-fit significantly
deviated from zero (p=0.002).

Figure 5-7 — Directionality index of eosin
fluorescence roughly correlates to twitch force
of the fibrin constructs imaged.

Given that the fluorescence signal is highly variable across a single construct and only
three representative regions per sample were analyzed, it is likely that the poor fit is a
result of sampling error. To address this, a higher number of constructs are currently
being tested, with a higher number of sections analyzed per construct. In addition,
computer-automated selection of representative regions of tissue could aid in obtaining
a more accurate result.
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Chapter 6 : Conclusions and Future Work
To conclude, this thesis has studied novel biomaterials, cell culture systems, and
multiple in vivo and ex vivo metrics for cardiac functionality. Much work remains for all
of these aspects of the field, in order to make the ultimate clinical goal of regenerating
cardiac tissue in humans a reality.

6.1. Future Improvements and Applications for the Multimodal
Bioreactor
Redesign of the multimodal bioreactor to enhance sterility and ease of use opens the
door for stem-cell differentiation experiments, and other sensitive applications of
electromechanical conditioning on engineered cardiac tissue constructs. Stem-cells,
especially autologous induced pluripotent stem cells (iPSCs) are an appealing source of
cardiomyocytes for engraftment in the injured myocardium due to their self-renewing
properties and ability to differentiate into an array of cardiac cell types (100).
Controlling stem-cell differentiation into stable and mature cardiac phenotypes remains
a challenge, which could be addressed by the use of electomechanical conditioning
simulating in vivo cardiogenesis (101). Static stress, followed by electrical conditioning,
has been shown to enhance the functional maturation of iPSC-derived cardiomyocytes,
but researchers have yet to implement a conditioning regime which truly mimics
cardiogenesis (40). Given that in the multimodal bioreactor electrical and mechanical
stimulation can be applied in tandem, and stimulation regimes are easily controlled
from a LabView interface, we propose a study to implement a dynamic stimulation
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regime which replicates electromechanical microenvironments corresponding to stages
of cardiac maturation.

One recent study from the Vunjak Novokovic group aimed to advance maturation of
iPSC-CMs in fibrin hydrogels using both passive mechanical stretch and electrical
stimulation (102). The study found that iPS cells are only sensitive to electromechanical
maturation stimuli at an early-stage, if encapsulated within the hydrogel at first
spontaneous contraction (102). Another insight was that ramping stimulation frequency
up to 6Hz, a supraphysiological frequency, enhanced iPS maturation compared to a 2Hz
constant frequency control (102). However, this condition was not tested against 6Hz
constant frequency or a ramp-down from 6Hz to 1Hz, which would more accurately
reflect developmental changes in electrical pacing (102) .

Table 6-1 – Proposed bioreactor stimulation regime for maturation of IPSC-derived cardiomyocytes,
using the progression of cardiogenesis as a template.

Stage

Mechanical
Stimulation (11)

Early
Fetal
Late Fetal

0-5% increasing static
strain
3Hz; 5-10% increasing 3Hz
cyclic strain
2Hz, 10% cyclic strain 2Hz
1Hz, 10% cyclic strain 1Hz

Neonatal
Adult

Electrical
Stimulation
Frequency (36)
-

Timeframe
(mouse) (103)
Day 0
Day 7.5
Day 20
Day 23+

While studies of cardiac development do not provide simple answers for the optimal
amount of amplitude or frequency of stimulation in a highly simplified bioreactor,
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certain milestones for cardiac development provide a rough template for the timedependent changes in the maturing cardiac microenvironment (104-106). In the early
fetal stages, cardiac tube formation is initiated by the curling of a cell-sheet into a
cylinder (106). While this specific geometry cannot be recreated, we hypothesize that a
gradual increase in static strain during early stages of stem-cell maturation could
somewhat reproduce the strain due to bending. In the tubular stage, electrical impulses
begin and beating follows, which in our stimulation regime is mimicked by the onset of
electrical stimulation and the transition to gradually increasing cyclic strain (11).
Increased hemodynamic loading conditions during development are mimicked by
increasing cyclic strain, and stimulation frequency decreases over time to account for
decreasing heart rate during cardiac maturation (11, 36).

There are also many additional design improvements which could be made to increase
the viability of our bioreactor system for general use. Replacing the distensible latex
mandrel with a material that is more autoclave-resistant would eliminate the need to
produce new mandrels for each bioreactor run, cutting down on costs and time. A
mandrel redesign could also include a method for molding hydrogels directly onto the
distensible mandrel, eliminating the need to extract hydrogels from a mold and transfer
them to the reactor. A strain gauge on the interior of the mandrel could provide realtime measurement of construct contraction during culture in the bioreactor. Perfusion
ports could also easily be added to the bioreactor cap design, eliminating the need for
frequent media changes and improving oxygen diffusion throughout the constructs.
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6.2. Future applications for enzymatically crosslinked silk-ECM
hydrogels
Though HRP-crosslinked silk-ECM hydrogels were unsuitable for use in our bioreactor
system, they remain a unique model system for the study of changing matrix
composition in response to a stiffening biomaterial (72). Using LCMS/MS or other
proteomic techniques, fibroblast matrix deposition in response to initial ECM
composition and progressive stiffening could provide unique insights on the mechanical
and extracellular mechanisms of the post-infarct fibrotic cascade. Since the mechanics
of the silk gels are independent to seeded matrix composition, it would be interesting to
seed adult cardiac fibroblasts into these gels and culture until the mechanics and
composition of the gel become defined by the fibroblast-secreted matrix. We
hypothesize that the effects of adult ECM in a stiffening environment create a cascading
stiffening effect that persists far beyond the modelling of the initial matrix, in an effect
similar to the fibrotic cascade.

6.3. Improving the accuracy and scope of PV-loop analysis
Increasing automation in the PV-loop analysis pipeline will reduce researcher bias in
selecting and analyzing representative loops from each animal. Currently, the script
processes 5-10s representative loops and occlusion events selected and manually
exported by the user from LabChart. Future work should identify representative
“normal” PV loops and occlusions from the full data file for each animal.

While this experiment attempts to remove respiratory artifacts from the PV data, these
artifacts could also be used to examine the interplay between respiration and
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circulation. This would require acquiring PV loops from rats respiring independently,
which was not the case for the specific data set analyzed in this thesis.

6.4. Interpretation of eosin fluorescence signals in H&E stained in
vivo and in vitro engineered tissue sections
Presented here is a proof of concept for the use of eosin fluorescence to easily and
quickly quantify tissue alignment and morphology in a manner that is sensitive to the
post-infarct fibrotic cascade. The same method can be used for the analysis of in vitro
engineered tissue constructs, though with limited ability to predict scaffold contractility.
Much remains unknown about the fluorescent properties of eosin staining on
myocardial sections, including whether fluorescence is localized to elastin as observed in
dermal sections (93, 94, 97). This could be resolved through antibody staining for
elastin on myocardial tissue sections, and eosin staining of fractionated ECM
components on a blot. Eosin fluorescence also has a unique yellow spectral component
which was not captured in this study, but could be observed using a TRITC filter set or a
confocal microscope with tunable detectors (93). Some of the spectral variation in
fluorescence across H&E stained tissue sections can be captured by overlaying signals
from DAPI, GFP, and TxRed channels, as shown in Figure 6-1. The biochemical
significance of this unique form of contrast remains unknown.
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Figure 6-1 – Overlay of blue (DAPI filter), green (GFP filter), and red (TxRed filter) fluorescence signals
from a fibrotic myocardial section stained with hematoxylin and eosin. The significance of spectral
variations in fluorescence remains unknown.

6.5. Conclusions
Cardiac tissue engineering remains an emerging field insofar as most clinical
applications of the work summarized in Chapter 1 have not yet been realized. One
ongoing challenge with cardiac tissue engineering work is translating findings from in
vitro promise to in vivo success in models of infarction and disease. Basic
cardiovascular disease research should focus on the matrix underpinnings of chronic
fibrosis, specifically the dynamics between matrix composition and fibroblast fate
following infarction and for how long fibrosis remains reversible. From the perspective
of promoting endogenous muscular regeneration, more work is needed to determine
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what an appropriate balance between cardiomyocyte contractility and proliferation such
that myocardial muscle is able to regenerate but the immediate consequences of
cardiomyocyte dedifferentiation do not induce acute cardiac dysfunction. With the goal
of supplying differentiated stem cells to the site of injury to induce regeneration, a
critical question is how to differentiate the cells sufficiently such that they do not die on
implant, while ensuring that they are still able to mechanically and electrically integrate
with the surrounding tissue.
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Chapter 7 : Appendices & References
Appendix 1: Bioreactor Protocols
A1.1. Air Tubing Assembly
Materials
Supplier

Cat #

Item

Cole Parmer

SK-96880-06

PharMed Tubing, 1/8" x 1/4", 25
Ft/Pk

Kent Elastomer

9521T05

Pure Latex Rubber Tubing, Amber,
Autoclavable, 1/4" ID x 5/16" OD x
1/32" Wall Thick, 50' Length

McMaster Carr

2905K11

PTFE Rod 1/4" diameter

Advanced Cable Ties, Inc.

AL-04-18-9-C

4” Miniature Cable Ties

McMaster Carr

7370A38

EA-M31CL Medical Device Epoxy

VWR

10770-454

Weigh Boat

Grainger

39P037

Cotton-tipped applicator

Assembling the Air Tubing
1. Using a razor blade, cut PharMed Tubing into 5” sections, Latex Rubber Tubing
into 4cm sections, and PTFE rod into 3mm sections
2. Mix the epoxy in a weigh boat using the cotton swab
3. (optional but recommended) Wait 20 minutes for the epoxy to become more
viscous. This will prevent constructs from dripping
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4. Swab the outside of one end of the PharMed Tubing with epoxy. You don’t need
to use too much here
5. Slide the latex tubing over the epoxied end of the PharMed tubing, to an overlap
of about 3mm, or long enough to fit the zip ties.
6. Fasten the zip-tie over the overlap you have just created, binding the latex tube to
the PharMed tube
7. Using the cotton swab, apply epoxy to the inside of the latex tube that is not
already fastened. The PTFE plug is only 3mm in length, so try and avoid getting
epoxy any further down the tube.
8. Insert the PTFE rod section into the end of the latex tube, ensuring that there are
no air gaps between the tube and plug
9. Apply a small amount of epoxy on the outside of the plug
10. Allow tube constructs to cure overnight, or for several days if time permits

Testing the Air Tubing
1. Attach construct to the solenoid valve you will be using for your later experiments
2. Turn on the air feed to the solenoid, and turn on the bioreactor stimulation
program in LabView
3. Immerse the construct in water and check for any leaks by the presence of
bubbles
4. If leaks exist, allow tubing several hours to a day to fully dry, then reapply epoxy
to the leaky areas
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A1.2. Gel Mold Assembly
Materials
#

Supplier

Cat #

Item

i.

Covidien

8881516937

ii.

BD

8546K44

iii.

McMaster
Carr
McMaster
Carr
McMaster
Carr
VWR
BD

2905K11

Monoject 6mL Syringe
(cut at 2.5mL mark)
3mL Syringe (cut at 0.5mL
mark)
PTFE Rod 1/4" diameter

52355K14

Clear Spacer

iv.
v.
vi.
n/a

Teflon Rings (x2)
9396K204

Silicone O-Rings (x2)
PrecisionGlide 18G needle

Figure 7-1 – Gel mold materials

Gel Mold Assembly
1. Slide the clear spacer (iv.) over the PTFE rod (iii.) to the center of the rod
2. Slide the Teflon rings (v.) over the PTFE rod (iii.) to opposite sides of the clear
spacer (iv.)
3. Slide the silicone o-rings (vi.) over opposite sides of the PTFE rod (iii.) to hold the
Teflon rings (v.) in place
4. Using the 3mL syringe (ii.), push the entire assembly into the 6mL syringe (i.)
such that the entire mandrel and spacers are inside the syringe
Gel Injection & Extraction
5. Inject 1mL of hydrogel solution into the assembled gel mold through the 18G
needle
a. Note: use 10X DMEM in your hydrogel formulation, diluted to provide
nutrients to the hydrogel while it crosslinks in the mold
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b. As the hydrogel forms, soak gel molds in a dish of the desired media and
place in the incubator overnight-48hrs
6. 24hrs later (or when hydrogel has sufficiently solidified), use the 3mL syringe to
extract the mandrel and hydrogel from the 6mL syringe
a. To detach the hydrogel from the clear spacer, carefully trace the inner edge
of the hydrogel with an 18G needle until the gel slides easily off of the
mandrel
7. Slide the ring-shaped hydrogel onto the distensible air tubing construct
8. Insert the air tubing into the bioreactor lid, fill the bioreactor with media, and
close the reactor

Appendix 2: BSBME Capstone — Cardiac Muscle Healing
Abstract
Extracellular matrix, a major component of tissue structure and function, is a driving
factor in tissue remodeling following injury, such as a myocardial infarction, or disease,
such as atherosclerosis. Specifically, compositional differences in extracellular matrix
(ECM) across developmental ages and between species leads to a wide range of
regenerative (positive) or fibrotic (negative) outcomes when utilized therapeutically
following injury to the myocardium. While adult mammalian hearts are unable to
regenerate after insult, and instead repair with persistent scar tissue, the hearts of fetal
mammals and zebrafish are much more readily able to regenerate. In pursuit of specific
matrix components capable of promoting cardiac regeneration in adult mammals, this
report details methods for separation of complex ECM samples and analysis of the
constitutive components on cardiac fibroblast and muscle cell phenotypes.
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Developmental age-related changes in ECM are demonstrated to differentially
accelerate fibroblast migration with increased age. Using results from in silico analysis
to identify regenerative targets from a zebrafish transcriptional regime, the increased
fibroblast motility on adult ECM is attenuated using transforming growth factor beta-1
(TGF-β1). Ongoing efforts to evaluate pro-migratory components in adult ECM and proregenerative components in fetal ECM underscore the complex signaling networks
which orchestrate the balance between fibrosis and regeneration.

Keywords
Cardiac regeneration, fibrosis, extracellular matrix, TGF-β1, myocardial infarction
ELEMENTS OF ENGINEERING DESIGN
The objective of this project was to identify bioactive peptides and matrix components,
termed ‘matrikines’, for therapeutic use in an engineered cardiac patch or hydrogel.
Three approaches were developed to identify and evaluate matrikines for their effect on
cardiomyocyte viability and attachment, fibroblast activation and motility, and
integration in cardiac wound healing protein signaling networks.

The first specific aim of this project was to develop a high-throughput means of
separating enzymatically digested matrix peptides from adult and fetal ECM, and testing
their effect on cardiac cell attachment and viability. First, separation of the matrikines,
or peptides, was achieved using isoelectric focusing. Then, evaluation of cell attachment
and proliferation was evaluated using a unique blot culture assay in which HL-1 cardiac
muscle cells were seeded directly onto a PVDF membrane presenting the full set of
matrikines (107). The PVDF membrane culture assay was hypothesized to allow easy
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presentation of the full range of fractionated peptides. However, the culture of PVDF
was not consistent, and ultimately constrained our ability to wield specific control over
peptide presentation and understand resulting cell behavior. Thus, we concluded that
cell attachment occurred at sub-optimal specificity, which caused difficulty in
identifying areas of peptide-induced cell attachment and viability.

The second aim of this project was to utilize a cell-migration scratch assay to evaluate
the effects of matrikines from fetal and adult ECM on fibroblast migration. Initially, the
goal was to co-culture fluorescently-labeled fibroblasts and cardiomyocytes for this
assay. Although co-culture and labelling proved successful, time constraints for the
microscope and lack of readily available primary cardiomyocytes required us to switch
to a single cardiac fibroblast culture, which resulted in observable scratch closure over
18 hours. One major finding of this assay was that scratch closure occurs significantly
faster when performed on an adult ECM than on fetal ECM or a fibronectin control. This
indicates that adult ECM promotes a more motile, myofibroblastic phenotype which
could contribute to fibrosis, collagenous matrix deposition, and scar expansion
following cardiac injury, such as myocardial infarction. Further investigation focused on
identifying the component of adult ECM responsible for accelerating scratch closure,
and also identifying proteins or peptides capable of reversing this effect when added to
adult ECM.

The third aim of this project was to develop a protein-network analysis method for
identifying matrix components which could promote scar-free wound healing in the
heart. Using data from a study of cardiac healing in Zebrafish — in which complete
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regeneration occurs without fibrosis — ECM and matrix-associated proteins were
identified for further investigation. Surprisingly, one of these proteins implicated in this
analysis was Transforming Growth Factor Beta-1 (TGF-β1), which is commonly used to
activate fibroblasts towards a migratory, myofibroblastic phenotype, and therefore
would be thought of as pro-fibrotic. However, when added to the scratch assay
developed from aim 2, TGF-β1 slowed fibroblast migration on adult ECM substrates, to
a rate which matched fetal ECM and fibronectin. Work is currently underway to
evaluate the effects of another protein identified by the analysis, Tenascin-C (TNC), on
fibroblast migration for ultimate inclusion in an engineered hydrogel or patch.
Though an initial objective of this project included adding TNC to an engineered
hydrogel, the expense of TNC has thus far limited its use in either of the assays
developed in this capstone. Though the use of TNC is still pending, we anticipate the
methods developed in this capstone will prove useful for evaluating its role in cardiac
wound healing. The scratch assay has yielded interesting insights into the effect of
different matrix substrates on cardiac wound healing and will be the focus of future
work.
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DESIGN FLOWCHART
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1.

Introduction

1.1.

Clinical Need

Cardiovascular disease (CVD) is a disproportionately fatal disease, accounting for about
a third of all deaths in the United States (2). One major gap in existing treatments is that
while they are able to delay the progression of CVD to heart failure (HF), they fail to
address the loss of functional tissue in the myocardium and the widespread fibrosis
which follows, despite being (108). Around $100billion is spent in the United States
annually on direct healthcare costs for patients of heart disease, and accounting for
indirect costs such as lost productivity this total skyrockets to $300billion (2). Despite
the staggering mortality rate and associated healthcare costs, the therapeutic landscape
for addressing cardiovascular disease has remained largely unchanged over the past four
decades (109, 110).

During myocardial infarction (MI), up to a quarter of the cardiomyocytes in a patient’s
heart can die in only a few hours (111). Tissue engineering and biomaterials-based
approaches to CVD are under intense investigation, to fulfill the clinical need for
treatments able to replenish lost cardiac muscle and/or provide mechanical support to
the diseased area to prevent the progression from MI to HF (15, 108, 112).

1.2.

Fibrosis and the Progression to Heart Failure (HF)

Instead of healing in response to a wound or ischemic event, heart tissue is replaced
with a fibrotic scar to which the heart cannot compensate. The scar production is
mediated by cardiac fibroblast differentiation to a myofibroblast phenotype, in which
cellular proliferation, migration, and contraction increases (113, 114). Rather than
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regenerate, the left ventricle progressively dilates in response to the altered mechanics
of the noncontractile scar tissue (7, 9, 82). While the short-term function of the heart
improves, over time this remodeling process leads to chronic ventricular dysfunction
and heart failure. Human cardiomyocytes have a very limited regeneration potential, so
treatments need to either replace the damaged tissue with new engineered tissue,
attenuate fibrosis, or somehow activate a proliferation response in existing
cardiomyocytes (3, 115, 116).

Fibrosis can be attenuated through genetic manipulation of cardiac fibroblasts to modify
their transition to myofibroblasts, as previously demonstrated in mouse models of
ischemic injury (59, 114, 117). However, the safety of genetic engineering techniques for
therapeutic use in humans has yet to be established (118). As an alternative, ventricular
remodeling can be slowed through the surgical implant of a patch (119-124) or injection
of a hydrogel (16, 125, 126) at the site of infarction. These tissue constructs have been
fabricated from a wide array of materials, including fibrin, collagen, silk, and alginate
(72, 73, 122, 127, 128). In addition to providing mechanical support, scaffolds can also
encapsulate cells to replenish those lost in an infarction, or contain bioactive peptides
and proteins to promote regeneration and vascularization of the patch, instead of
deleterious fibrosis (108, 129).

1.3.

Extracellular Matrix (ECM) Signaling, Matrikines, and CVD

Pathophysiology
Once thought of as a purely structural element, it is now know that the extracellular
matrix (ECM) plays an orchestrating role in every known disease (45). Matrix cues
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become particularly important following myocardial injury, as the injury and
subsequent remodeling of of the matrix liberates bioactive fragments and bound growth
factors. Following injury, matrix metalloproteinases (MMPs) are activated, liberating
matrix-derived inflammatory fragments and matrix-bound growth factors which recruit
fibroblasts and immune cells to the site of injury (46-48). This means that initial matrix
composition determines whether the response to myocardial insult is regeneration or
pathological fibrosis (46).

In mammalian models of heart disease the response to infarction varies with
developmental age, as the matrix composition matures(51-53). During cardiogenesis,
MMP expression is coordinated with integrins, mechanosensitive kinases, and their
matrix ligands facilitate cell migration and differentiation patterns which in turn
modulate the local matrix composition (54-58). At low developmental ages, cardiac
ECM is glycoprotein-rich, whereas collagen I and III are the primary components of
adult ECM (51). The unique composition of fetal ECM supports the expansion and
adhesion of neonatal CMs in vitro, while adult ECM cannot readily do so (51, 60).
Therefore, understanding the key bioactive components of ECM across developmental
ages and disease states could pave the way to cardiac regeneration (49).

1.4.

Zebrafish Cardiac Wound Healing as a Template for Human Cardiac

Regeneration
The adult mammalian myocardium has very little ability to regenerate lost muscle,
leading to adverse outcomes such as heart failure and mortality following myocardial
infarction (12). During development up to an early-neonatal stage, however, mammals
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retain a limited and highly transient ability to regenerate myocardial muscle following
partial surgical resection (130, 131). Cardiomyocyte renewal in the adult mammalian
heart is measurable, suggesting that there is potential to induce a regenerative response
following injury, but currently insufficient to regenerate muscle after infarction (132135).

One strategy to engineering materials and therapeutics to induce tissue regeneration in
lieu of fibrosis has been to take cues from animals which are capable of such
regeneration, such as zebrafish, newts, and axolotls (136-139). Adult zebrafish are
capable of full cardiac regeneration, rather than scarring, after removal of up to 20% of
the ventricle (136, 140). In this case, cardiomyocyte renewal is achieved through
dedifferentiation, sarcomeric disassembly, detachment from each other and the
extracellular matrix, and finally mitotic proliferation (141, 142). This dedifferentiation is
enabled through the activation of an embryonic cardiogenesis-associated transcription
regime, and orchestrated by a “regenerative scaffold” of extracellular matrix
components (142-145). Incorporating these “regenerative scaffold” components into an
engineered biomaterial for delivery to the injured mammalian myocardium could
promote cardiomyocyte proliferation and regenerative outcomes.

There are many biological differences between zebrafish and adult mammalian
myocardium; zebrafish hearts operate at lower pressures, contain only two chambers for
a single circulation loop, and consist of mononucleated cardiomyocytes (130, 146).
Many of these features, however, resemble the similarly regenerative fetal mammalian
heart, indicating that the mechanisms of zebrafish heart regeneration could still be
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relevant for reversion of mammalian cardiomyocytes to a dedifferentiated and
proliferative state (130). Thus, we hypothesize that components of the zebrafish
“regenerative scaffold” could be used in an engineered material both to arrest
myofibroblast-facilitated fibrosis and to promote cardiomyocyte proliferation.

2.

Methods

2.1.

Tissue Decellularization and Processing

Left ventricular tissue was isolated from adult, neonatal, and fetal rat hearts to obtain
cardiac ECM (ECM). Tissue was soaked in 1% sodium dodecyl sulfate (SDS) until white
to remove the cells, then in 2% Triton-100 for 2 hours and deionized water for 2-3 days
to wash away the SDS. The remaining ECM was lyophilized and milled into a fine
powder for storage (72). In addition, collagen was extracted from adult Sprague Dawley
rat tails using the same methods.

2.2.

IEF Separation and Blot Culture

All materials for IEF separation and membrane transfer were purchased from Bio-Rad
unless otherwise stated (Bio-Rad; Hercules, CA) Adult ECM, Fetal ECM, and rat tail
(RT) collagen were prepared in IEF Sample Buffer (#161-0763) at a concentration of
Potential (V)

Running Time
(mins)

100

120

200

60

500

30

10mg/mL (500µg/lane) and loaded into
a Criterion Precast IEF Gel (#3450071).
Using IEF
Cathode and Anode Buffers (#161-0762,
#161-0761) diluted to manufacturer

specifications, the gel was run at the conditions specified in Table 2.
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Table 2 — Running conditions for IEF.
Following focusing, the gel was divided into halves and transferred onto a PVDF
membrane (#1620175) using a Mini-PROTEAN Tetra module (#1658035) run at 100V
over ice for 3.25 hours. The blot was then divided into individual strips for each lane and
soaked in 2X antibiotic-antimycotic solution (#15240062; Thermo Fisher; Waltham,
MA) for 3 days to disinfect. Prior to seeding with cells, membranes were rinsed
3x15mins in sterile PBS to wash away residual antibiotic-antimycotic.

HL-1 cardiac muscle cells were obtained as a gift from the lab of Professor William
Claycomb at LSU New Orleans and cultured using standard protocols (107). P51 HL-1
cells were seeded onto blots at a density of 100,000 cells/cm2 by carefully pipetting
media onto the strip surfaces and incubated for two hours to allow attachment to the
membrane. Remaining media and cells were then washed away, the strips were
immersed in Claycomb Media (#58100C; Sigma Aldrich; St. Louis, MO), and the cells
were cultured for 48 hours prior to fixation and analysis.

Blots were fixed in 10% phosphate-buffered formalin and blocked in 1% BSA, 10%
Donkey Serum solution overnight at 4°C. Primary antibody for cellular proliferation
marker Ki67 (sc-7846; Santa Cruz; Dallas, TX) was diluted at 1:200 in 1% BSA and
incubated on the strips for 1hr at RT. Following 3x5min PBST rinses, Alexa-Fluor 488
tagged secondary antibody (#A-11078; Thermo Fisher; Waltham, MA) was added at
1:1000 dilution for 1hr. Cell nuclei were stained with Hoechst at 1:100 dilution for
10mins prior to imaging on a BZ-X700 all-in-one fluorescence microscope (Keyence;
Osaka, JP). Fluorescent images from the DAPI and GFP channels were processed using
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a custom MATLAB script to produce fluorescence histograms across the strip length and
quantify percent of Ki67-positive cells.

2.3.

Cardiac Scratch Assays

2.3.1. Experimental Conditions & Rationale
The scratch assay is a simple, quick, widely-used, and inexpensive assay of cell
migration on a matrix substrate (147). Typically, only one cell type, usually fibroblast, is
used in this assay. However, crosstalk between cardiac fibroblasts and cardiomyocytes
plays a major role in the signaling cascade to fibrotic remodeling and HF that would not
be assayed using only cardiac fibroblasts (148, 149). Therefore, our goal was to develop a
co-culture scratch assay, in which adherent isolates (primarily cardiac fibroblasts) and
less-adherent isolates (primarily cardiomyocytes) are individually labelled using live
cell-tracking dyes and grown to confluency together prior to the simulation of a wound
by scratching the plates.

Fibronectin was used as a positive control, as suggested by the original protocol (147).
Since the cardiac wound healing response alters over different developmental stages in
animals as ECM composition changes (51, 150), adult and fetal ECM coatings were
compared in this assay, to examine the effects of matrix composition on the extent of
scratch closure over 18 hours.

2.3.2. Neonatal Cardiac Isolation
Neonatal rat ventricular cardiomyocytes and cardiac fibroblasts were isolated as
previously described (151). Briefly, Sprague Dawley rat pups were sacrificed, hearts were
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extracted using forceps, and placed in ice cold PBS-glucose solution. Ventricles were
minced, and digested with collagenase II to yield neonatal cardiac isolates.

2.3.3. Separation of Adherent Isolates and Fluorescent Labelling
Neonatal cardiac isolates were plated in a T-175 cell-culture flask (Thermo Fisher
Scientific; Waltham, MA) and incubated for 45mins at 37°C. Non-adherent isolates were
removed with the media and labelled using Vybrant DiI Labelling Solution (Thermo
Fisher Scientific; Waltham, MA) according to manufacturer’s instructions. Adherent
isolates were dissociated from the flask with 0.25% Trypsin EDTA (Thermo Fisher
Scientific; Waltham, MA), and resuspended in media. Nonadherent and adherent cells
were combined and plated at confluent density (100,000 cells/cm2) on an ECM-coated
twelve-well plate (Thermo Fisher Scientific; Waltham, MA).

Small quantities of adherent and non-adherent cell populations were preserved for
population analysis using antibody staining. To determine the percentage of
cardiomyocytes in each population, cells were fixed in 10% phosphate-buffered formalin
for ten minutes (Thermo Fisher Scientific; Waltham, MA), then permeablized in 0.01%
Triton-X100 for 10mins (Thermo Fisher Scientific; Waltham, MA). Wells were then
blocked in 1% bovine serum albumin (BSA) solution with 10% donkey serum overnight
at 4°C. A primary antibody for sarcomeric α-actinin (A7811; Sigma-Aldrich; St. Louis,
MO) was diluted 1:800 in 1% BSA solution and added to the wells for 2hrs at room
temperature. Cells were washed 3x5mins in PBST and an HRP-conjugated anti-mouse
secondary antibody (#A-10668; Thermo Fisher; Waltham, MA) was added to the wells
at 1:2000 dilution in 1% BSA. The stain was developed using an ImmPress HRP AntiBretherton
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mouse polymer detection kit (Vector Labs; Burlingame, CA) according to
manufacturer’s instructions, then imaged on a BZ-X700 microscope under brightfield
and phase contrast illuminations (Keyence; Osaka, JP). Actinin-positive cells were
counted using a CellProfiler pipeline (Broad Institute; Cambridge, MA).

2.3.4. Plate Coating
An ECM-coated plate was prepared for the scratch assay at concentrations of 50ug/cm2
with four wells each of adult ECM, fetal ECM, and gelatin fibronectin (Sigma Aldrich; St.
Louis, MO). To maintain appropriate pH during coating, ECM coatings were dissolved
in 1mL Gibco RPMI 1640 medium (Thermo Fisher; Waltham, MA) and left to dry
overnight in the cell-culture hood. Coated wells were washed 3x5mins in PBS (Thermo
Fisher; Waltham, MA) prior to use to remove unbound ECM.

2.3.5. TGF-β1 Preconditioning
To test the effect of TGF-β1 on fibroblast motility, scratch assays were conducted with
TGF-β1 preconditioned wells. Following cell plating, TGF-β1 was added to the media at a
concentration of 5ng/mL 5hrs and 30mins prior to scratching the plates.

2.3.6. Scratch Assay & Imaging
Following plating, cells were incubated for 12h at 37°C to attach to the coated wells.
Using a P1000 pipette tip, a scratch was made in the monolayer down the center of each
well. To remove debris, wells were washed thrice with cardiac media following the
scratch. Time-lapse videos of cell migration were recorded on a BZ-X700 All-In-One
Microscope (Keyence; Osaka, JP) while cells were incubated on the microscope
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overnight. After 17.5hrs, the time-lapse recording was ended and wells were fixed in 10%
formalin-buffered phosphate (Thermo Fisher Scientific; Waltham, MA) for any further
analysis.

2.3.7. Analysis
Scratch widths were measured at the start and end (+17.5hrs) time points using the FIJI
ImageJ analysis suite (95, 152). Ten horizontal measurements were obtained per well at
even intervals down the length of the scratch. Results were reported as the percentage of
the original scratch width after 18 hours of closure. Statistical significance was tested
using two-way ANOVA followed by Dunnet’s correction for multiple comparisons with a
threshold value of p<0.05 considered significant.

2.4.

Protein Network Analysis for Cardiac Regeneration

In order to identify potential cues for cardiac regeneration, we developed a protein
network analysis to select for extracellular-matrix related proteins that are both highly
upregulated in zebrafish heart regeneration and highly interactive with other ECM
components. Gene expression data from an existing study of zebrafish heart
regeneration was filtered to only include ECM components with significantly
upregulated transcription (q<0.15) during healing (138). These components were then
imported into STRING (Swiss Institute for Bioinformatics; Lausanne, CH), which
mapped interactions between each candidate and other matrix proteins in the
regenerative transcriptional regime (153). Candidates were then ranked by an
interaction score, calculated as the product of the upregulation fold-change after three
days, and the number of protein-protein interactions in STRING.
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3.

Results

3.1.

Blot Culture

The purpose of developing a blot
culture assay using isoelectric focusing
was to fractionate and present complex
samples of enzymatically digested ECM
components to cardiac muscle cells,
without losing short peptides as would
occur during SDS-PAGE separation.
Presence of a peptide inducing cell
attachment is assayed by examining
banding patterns across a lane of

Figure 25 – Fluorescence histograms from four lanes

separated sample on a PVDF

containing IEF separated adult ECM show high variability in

membrane. Proliferation can also be

cell attachment (blue, DAPI) and proliferation (green, Ki67).

assayed through staining for cell-cycle marker Ki67. Ultimately, regions of interest can
be excised from the IEF gel and analyzed for composition with LCMS/MS.

Multiple rounds of IEF and blot culture were conducted, yet banding patterns of
attachment and proliferation were highly variable between lanes containing the same
sample type. We hypothesize that random cell attachment to the PVDF membrane,
which is electrostatically favorable, combined with a lack of control over peptide
presentation, interfered with detecting consistent bands of proliferation and
attachment. Given the consistent experimental setbacks, we opted to shift focus
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towards using HPLC separation to fractionate ECM samples, and present fractions to
cells using a scratch assay.

3.2.

Scratch Assay

3.2.1. Population Analysis of Adherent and Non-Adherent Cardiac Isolates
To verify that pre-plating cardiac cells for 45 minutes was

Percent alpha-actinin positive

150

effective at separating cardiomyocytes and non-myocytes,
100

adherent and non-adherent cell populations were stained
for sarcomeric α-actinin, which has cardiomyocyte specific
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expression. As expected, non-adherent cells were just over
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100% actinin-positive with some error due to the
CellProfiler analysis (Figure 1 left). Adherent cells were
2.3±1.45% actinin-positive, suggesting that cardiomyocytes

Figure 26 – Pre-plating successfully
separates cardiomyocytes from

made up a negligible portion of the population (Figure
1 right).

cardiac fibroblasts and other nonadherent isolates.

3.2.2. Co-cultured neonatal isolates fail to close a scratch
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Cardiomyocytes (CMs) and adherent isolates
were individually labelled and plated in coculture with densities of 80,000cells/cm2 CMs
and 20,000cells/cm2 fibroblasts. Across all
experimental conditions, no measurable
scratch closure was observed. Several possible
factors contributed to the lack of scratch
closure. Primarily the abundance of
cardiomyocytes in culture prevented the

Figure 27 — Time-lapse video of cardiomyocytes
(unlabeled) and adherent isolates (red) for 12hrs
following the creation of a scratch. No
measurable scratch closure was observed.

fibroblasts from spreading outwards into the
scratch. In addition, confluency was low and and the scratch width was small relative to
cell density. To address these issues, we switched to a fibroblast-only cell culture and
increased the width of the scratch by using a P1000 pipette tip instead of a P200 tip.

3.2.3. Fibroblast scratch closure requires high confluency
The scratch assay was repeated with cardiac fibroblasts seeded onto the plate at a
density of 100,000 cells/cm2, and with a larger scratch created using a P1000 tip. With
the exception of one well which closed to 20% of the original scratch size, insufficient
scratch closure was observed to distinguish between substrate types and one-way
ANOVA followed by Dunnett’s multiple comparison test found no significant differences
between Adult ECM or RT Collagen and the fibronectin controls (Figure 3). However,
trends pointed towards accelerated scratch closure on an Adult ECM substrate. Since
experiments were limited to an 18hr timeframe on the microscope, the scratch was
repeated with fibroblasts cultured on the plate for 3 days (rather than 12 hours
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previously). In addition, the RT Collagen substrate was switched for a Fetal ECM
substrate. RT collagen almost exclusively consists of collagen I, which is also the
primary component of Adult ECM. In the next scratch assay, we hoped to determine
whether the trend of acceleration was reproducible, but also whether it was exclusive to
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Figure 29 – Scratch closure was

Figure 29 – Cardiac fibroblasts cultured on

insufficient at a density of 100,000

adult ECM substrates migrated significantly
faster to close a scratch as compared to fetal

3.2.4. Adult ECM substrates accelerate scratch closure
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Allowing cells three days to attach to their matrix substrates and increase in confluency
from seeding density, we observed much higher rates of scratch closure over the 17.5hr
experiment. While the fibronectin and fetal ECM conditions produced virtually
indistinguishable rates of scratch closure (p=0.6712), adult ECM produced a
significantly higher rate of scratch closure as compared to fibronectin (p=0.0013).
Unlike adult ECM, fetal ECM contains a high percentage of fibronectin, which could
explain the similarity in scratch closure rate between the two conditions (51).

3.3.

Protein Network Analysis

Table 3 — Candidate matrix or matrix-associated proteins overexpressed during zebrafish heart
regeneration. Candidates are ranked via a novel 'interaction score' derived from protein network
analysis in STRING.
Protein

number of

3 day fold

interaction

interactions

change

score

Fibronectin 1

24

4.77E+00

1.14E+02

Collagen, type I, alpha 1a

27

2.73E+00

7.36E+01

Procollagen, type V, alpha 1

19

3.10E+00

5.88E+01

Collagen, type I, alpha 2

26

2.22E+00

5.78E+01

Collagen, type I, alpha 1b

19

2.67E+00

5.07E+01

Secreted protein acidic and rich

22

1.54E+00

3.39E+01

TIMP 2b

8

3.45E+00

2.76E+01

Collagen, type XII, alpha 1

9

2.89E+00

2.60E+01

Versican B

7

2.72E+00

1.90E+01

Tenascin C

13

1.44E+00

1.88E+01

in cysteine (SPARC)
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Decorin

25

5.42E-01

1.36E+01

Matrix metalloproteinase 14a

13

1.00E+00

1.31E+01

4

2.26E+00

9.03E+00

25

1.75E-01

4.37E+00

Connexin 43.4

1

1.48E+00

1.48E+00

Thrombospondin 4b

3

4.32E-01

1.29E+00

Claudin C

0

1.57E+00

0.00E+00

Asporin

0

3.16E+00

0.00E+00

Transforming growth factor,
beta-induced
Matrix metalloproteinase 2

Figure 8 – Network analysis in
STRING reveals a high degree of
interaction between upregulated
matrix proteins in zebrafish
heart regeneration.
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The top candidates implicated in orchestrating zebrafish heart regeneration are
fibronectin and collagens I and V, all common matrix components necessary during
cardiac repair. Fibronectin is a common glycoprotein with a multitude of binding
domains which orchestrate cell migration, adhesion, and signaling (154). In addition, it
is a predominant component of fetal and neonatal cardiac ECM in rats, but diminishes
in abundance during mammalian cardiac maturation (51). During embryonic
development, fibronectin plays a key role in regulating cardiomyocyte proliferation
through integrin β1 signalling (155).

In addition to collagen I and V, collagen XII is also significantly and uniquely
upregulated during zebrafish heart regeneration. In a cryoinjury model of zebrafish
heart repair, collagen XII was densely deposited in the epicardial cap and provisional
matrix at the site of injury (144). Unlike collagen I, collagen XII is not fibril-forming, but
instead associates with collagen I fibrils to form the provisional matrix in zebrafish
(144).
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As the zebrafish provisional matrix is being synthesized by cardiac fibroblasts, matrix
degradation must also occur to clear the infarcted area of damaged ECM, and to
eventually replace the provisional matrix with functional muscle. Degradation is
performed by matrix metalloproteinases (MMPs) and their tissue inhibitors (TIMPS),
both of which are upregulated in the regenerated zebrafish myocardium (46). This
process of remodeling is not unique to zebrafish, and MMPs also play key roles in
resolving human cardiovascular injury. However, in the case of zebrafish, MMPmediated remodeling leads to regeneration, and not fibrosis which is unique to this
system and potentially one of the reason why zebrafish are able to regenerate (46).

A number of matricellular proteins, including Versican B (VcanB), Tenascin-C (TNC),
Decorin (Dcn), and secreted protein rich in cysteine (SPARC) were highly
interconnected players in cardiac regeneration. One growth factor, transforming growth
factor β1 (TGF-β1), was also both significantly upregulated and had high network
interconnectivity.

3.4.

TGF-β1 slows scratch closure on Adult ECM substrates
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As TGF-β signaling was a highly implicated
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pathway in zebrafish cardiac regeneration, TGFβ1 was fibroblast media at a concentration
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6hrs and 30mins prior to creation of a scratch.
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slowly than non-conditioned cells on the same
substrate. No statistically significant difference in

-TGF-beta

+TGF-beta (5ng/mL)

scratch closure was found between
Figure 31 – After receiving TGF-b1 preconditioning,

preconditioned adult ECM and

cardiac fibroblasts grown on adult ECM no longer close
the scratch faster than on fibronectin or fetal ECM.

4.

fibronectin substrates (p=0.1252).

Discussion

Though the scratch assay and protein analysis were successful, the first aim of
identifying regenerative peptides through fetal ECM fractionation and blot culture was
unsuccessful. PVDF membranes are highly negatively charged and hydrophobic, and
past attempts to culture cells on these membranes have demonstrated that the
properties which make them bind proteins and peptides so well also cause a high degree
of cell aggregation (156). In our experiments, we observed similar random cellclustering which interfered with our goal of creating reproducible patterns of cellattachment. Increasing peptide concentrations on the membrane would be the best way
to block the PVDF surface from causing binding variability, but the IEF gel is already
overloaded for the purposes of this assay. If this technique were to be attempted in the
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future, binding specificity on PVDF membranes could be enhanced by extensive
blocking with bovine serum albumin, or another approach should be taken to reduce
membrane hydrophobicity following protein attachment. However, BSA could block
relevant cell-peptide interactions and/or directly bind to cells, further increasing
binding variability. Another issue with blot culture is the lack of control over peptide
conformation and presentation on the membrane, uncontrolled peptide and protein
aggregation on a hydrophobic surface could lead to a high loss in activity for the peptide
of interest.

To begin to ask questions about cell migration under varying culture conditions, we
switched from a blot culture assay to a well-defined platform, termed a scratch assay
(147). After optimizing cell density, type, and scratch width, we were able to
demonstrate the age-dependent effects of extracellular matrix on the migratory behavior
of cardiac fibroblasts, a phenomenon which to our knowledge has not yet been
examined. Adult ECM was shown to promote fibroblast migration over fetal ECM or
fibronectin substrates. One possible explanation is the abundance of fibronectin in fetal
ECM, which could cause increased cell adhesion and decreased motility compared to
collagen-rich adult ECM (154). However, when tested in the second scratch assay,
collagen did not trend towards promoting accelerated scratch closure like the adult
ECM-coated wells. Preconditioning with TGF-β1 also attenuated the pro-migratory
effect of adult ECM, suggesting that the observed outcome is not solely a result of
enhanced adhesion on fibronectin and fetal ECM substrates. Instead, we hypothesize
that signaling moieties present within adult ECM promote the pro-migratory
myofibroblastic phenotype observed both in our in vitro scratch assay and in in vivo
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wound healing processes. Work is underway to use HPLC separated fractions of adult
ECM in a scratch assay to identify the specific pro-migratory component(s), but
contamination of HPLC-separated samples has posed experimental difficulties to date.
Future scratch assays should include a collagen control to resolve whether collagen
plays a role in increased fibroblast motility on adult ECM substrates.

The protein network analysis identified a number of common players in wound healing,
such as collagen I, fibronectin, MMPs, and TIMPs, but a number of other intriguing
targets for regeneration were revealed by this analysis. Of particular interest for future
studies are matricellular proteins, which do not serve a structural role but instead
mediate cell-matrix signaling and binding interactions (157).

Of the matricellular proteins associated with regeneration, Tenascin-C (TNC) is a
matricellular protein with intriguing context-dependent pro- and anti-fibrotic effects,
which could be useful to understand and harness to promote cardiac muscle healing
(158). In the embryo, its expression is localized in regions of high cell motility (159),
whereas in adult organisms the protein is solely expressed de novo around the edges of
healing wounds and in stem-cell niches throughout the body (44, 160). While normally
only expressed at the edges of healing wounds in adult mammals, in the scar-free
dermal regeneration process of adult axolotls, researchers found high levels of TNC and
postulated that the enrichment of the healing matrix with TNC helped to prevent
scarring in the amphibian tissue regeneration process (139). Although it has a wide
range of functions, TNC is best known for its very specific control over cellular adhesion
and migration (161). By binding to fibronectin, TNC can selectively prevent cell binding
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to the ECM (162). This adhesion-modulating effect produces seemingly contradictory
effects in different cell types, allowing TNC to exert tight control over cell migration into
the wounded area (163). In the context of myocardial infarction, the antiadhesive effect
of the protein on surviving cardiomyocytes promotes tissue reorganization in areas of
high expression (164). For this reason, serum levels of TNC have been used as an
indicator of left ventricular remodeling post-infarction (165). The expression of TNC in
response to stress or injury is closely related to the inflammatory response.
Diagnostically it is a reliable marker for acute inflammation, but it has been suggested
that its role in the inflammatory response is to regulate rather than to aggravate the
inflammation (166). Through the previously-described binding to fibronectin, TNC
inhibits monocyte adhesion to ECM in vitro and can prevent the activation of T cells
(167). This immunomodulatory response could be beneficial to resolve chronic
inflammation post-infarct in adult hearts, but a better handle on the kinetics of the
TNC-ECM interaction is necessary to obtain the desired response during cardiac
regeneration.

SPARC is another highly upregulated matricellular component of the regenerative
transcriptional regime in zebrafish, which coordinates ECM deposition following MI
(157). Through its binding to procollagen, SPARC assists with the assembly of collagen
fibrils at the site of infarction (168). SPARC-null mice suffered from cardiac rupture
after acute MI as a result of disorganized collagen deposition at the site of infarction
(169). While SPARC is necessary for cardiac repair in both mammals and zebrafish, the
protein is likely not a target for cardiac regeneration, as expression in the heart is
increased with age (170). Decorin is another target generated by this analysis which
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assists with collagen fibrillogenesis and cardiac repair, and is critical for the formation
of a cardiac scar with robust mechanics (171). Though decorin-null mice suffer from
greater left ventricular dilation post-MI than WT, this does not necessarily mean that an
abundance of the protein will do anything other than ensure organized scar structure
(171).

The most surprising addition to the list of regenerative targets was TGF-β1 induced
protein, indicating a strong upregulation of TGF-β1 signaling pathways during cardiac
regeneration in zebrafish (172). TGF-β overexpression is pro-fibrotic in the mouse heart,
and induces pathological cardiomyocyte hypertrophy (173). At a cellular level, TGF-β1
has been shown to induce the fibroblast-to-myofibroblast transition after subcutaneous
injection in rats (174, 175). However, in zebrafish TGF-β1 is also highly upregulated, yet
no adverse fibrotic outcomes occur in cardiac regeneration (176). Instead, TGF-β1
regulates the deposition of a transient collagen-containing scar, promotes
cardiomyocyte proliferation during the regenerative stage, and induces TNC expression
at the border zone between transient scar and newly regenerated tissue (176). Thus,
TGF-β1 strikes the balance between fibrosis and regeneration and the kinetics of this
signaling pathway may be critical for preventing long-term pathological remodeling
following cardiac injury.

Given the multitude of interactions between TGF-β1, matrix components, and
fibroblasts which regulate cardiac regeneration, we then sought to understand the effect
of the growth factor on fibroblast migration across cardiac ECM substrates in a scratch
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assay. Preconditioning with TGF-β1 resulted in a significant decrease in fibroblast
migration across adult ECM, which was not expected for a growth factor known to
induce a myofibroblastic phenotype (Figure 6). Previous literature suggests that TGF-β1
can interact with other matrix components, such as hyaluronic acid, to inhibit fibroblast
migration (177). It is also possible that TGF-β1 inhibits migration by increasing
fibroblast matrix deposition and thus anchoring fibroblasts to the underlying matrix
(178). If this were the case, however, we would expect to see a consistent decrease in cell
migration across all substrate types. Instead, the existing data suggests that TGF-β1 only
interferes with fibroblast migration in the adult microenvironment.

5.

Conclusions

The data presented illustrate the complex signaling networks which regulate fibroblast
migration and cardiac regeneration. Future work to elucidate the components of adult
ECM responsible for accelerated fibroblast migration is underway. Using HPLC to sizeseparate adult ECM prior to use as scratch assay coatings, we hope to identify a
particular size fraction of ECM responsible for pro-migratory effects, and identify the
composition of this sample using LCMS/MS.

In accordance with the goals of this capstone, we were able to successfully identify
regenerative targets from a zebrafish model of cardiac wound healing and harness one
identified signaling pathway to slow fibroblast migration across an adult ECM substrate.
Future work should also evaluate the effects of other regeneration-associated proteins
listed in this manuscript, especially collagen XII and TNC (139, 144). Scratch assays
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provide a highly simplified model of wound healing, and much work remains to
elucidate the exact mechanism and in vivo significance of ECM-composition dependent
changes in fibroblast motility during cardiovascular disease and regeneration. By
developing 3-D biomaterials functionalized with ECM and the regeneration-associated
proteins provided by the network analysis, we will better understand the role of
individual matrix components in fibrotic and regenerative processes, with the ultimate
goal of attenuating the pro-fibrotic signaling cascades that result from damage to ECM
in the adult mammalian myocardium.
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