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Abstract

Myocardial infarction occurs when oxygen is depleted from cardiac muscle. Post
myocardial infarction, the left ventricular waé weakened due to the formation of scar tissue.
As a result, a ventricular aneurysm may ocdurere are numerous current treatmenthoeds
for ventricular aneurysmshowever none of them have been proven to promote cardiac
regenerationThis project ans tofind a method of reinforcing the weakened tissue and restoring
normal cardiovascular function. A scaffold for cardiac regeneration will provide the long term
reinforcement necessary to prevent ventricular aneurysms and restore normal heart function.
Human mesenchymal stem cells (hMSCs) apenrmonly usedbecause oftheir ability ©
differentiate into other cell typecluding cardiac myocyte3his paper proposes a method of
restoring cardiac tissufirough the use of a novel implantation methochgish hMSC seeded
scaffold that will temporarily support the area of weakened tisandaid in the production of

cardiac myocytes to restablish a healthy ventricular wall.



Executive Summary

Cardiovascular disease is the leading cause of death fornbem and women in the
United States'.The most common cause of cardiovascular disease is the narrowing or blockage
of the coronary artery, which typically leads to a heart aft#gkaually in the United States, 1.2
million people suffer from heart attacks. Of those 1.2 million people, over 40% of them are
sufferingfrom a recurring heart attadlkAfter a heart attack, which is also known as myocardial
infarction the left ventrialar wall is weakened due to the formation of scar tishes scar
tissue has inferior mechanical propertigeen comparedo normal myocardial tissuéAs a
result, a ventricular aneurysm may occur.

The two currensurgicaltreatment methods for ventuiar aneurysms are: direct linear
closure and endoventricular patch plasty. Direct linear closure involves an excision of the scar
tissue followed by reconstruction of theft ventricular wall in order to close the wound;
endoventricular patch plasty inves excision of the scar tissue followed by replacement with a
biomaterial patcfl. Unfortunately, neither of these treatment methagplace healthy
myocardium mechanically and biologicallijhis project aims tdéind a method of reinforcing the
weakened issue and restoring normal cardiovascular function. A scaffold for cardiac
regeneration will provide the long term reinforcement necessary to prevent ventricular
aneurysms and restore normal heart functidaman mesenchymal stem cells (hMSCs) are
commonlyused because of their ability to differentiate into other cell types, including cardiac
myocytes.This paper proposes a method of restoring cardiac tissue through the use of a novel
implantation method using amMSC seededcaffold that will temporarily sipport the area of
weakened tissuend aid in the production of cardiac myocytes toestablish a healthy

ventricular wall.
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Chapter 1: Introduction

Cardiovasculadisease is the leading cause of death for both men and women in the
United States' Every 34 seconds a person in the U.S. dies frardiovasculadisease, resulting
in more than 2500 deaths each .daThe most common cause cdrdiovasculadisease is the
narrowing or blockage of the coronary artery, which typically leads to a dack® Annually
in the United States, 1.2 million people suffesn heart attacks. Of those 1.2 million people,
over 40% of them are suffering from a recurring heart aftadkheart attack occurs when the
blood supply to the heart is blocked. This depletes the heart muscle of oxygen, and after only a
few minutes, the tissue may be irreparably damaged. This is known as a myocardial infarction.
Scar tissue typically forms over thardaged tissue; however, it does not regain full function. As
a result, thecardiacoutput of the heart is significantly reduced and the strengtheofissue is
diminished

Thinning of the myocardial tissue may result in a ballooning effédth is know asa
ventricular aneurysmDepending on their size, aneurysen be asymptomatic or fatalThe
rupturing of a ventricular aneurysm causes an opening to form in the ventricular wall. This
diminishes the ability of the ventricle to withstand pressueegering it inoperative The
probability of an aneurysm rupturing is a function of its si¥entricular aneurysmalso give
rise to further complications such Blwod clottingand arrhythmia& Blood clots become more
prevalent in patients with a ventricular aneurysm dughto decreased contractility of the
ventricular wall. As a result, pting of the blood may occur, which caugasgbulentblood flow.
Turbulent blood flow resultsn damage to the cellsThe damaged cells initiate a clotting
cascadeUltimately, a fibrin mesh coagulates the cells and depending on the size, it may block
the mssage of blood through a vess#l blockage occurs in the coronyaarteries, myocardial
infarction may result.

Arrhythmias are abnormal heart rhythms caused by a disruption in the electrical system
of the cardiacmuscle? If tissue damage occurs in an area responsible for propagating electrical
pulse, it will cause a disruption that cowddfect the rhythm of the hearDepending onhe
severity of the arrhythmia, a pacemaker may be necessary to control electrical impulses

throughoutthe heart.



Blood clottingand arrhythmiascommonly caused byentricular aneurysm$iave many
adverse ffects on the hearDue to the adverse affedisat may arise from this disorder, it is
necessary to find a method of reinforcing the weakened tissue and restoring normal
cardiovascularfunction. A scaffold for cardiac regeneration will provide the long term
reinforcement necessary to prevent ventrical@urysms and restore normal heart funcfidris
paper proposes a method of restoring cardiac tissue through the useimohia mesenchymal
stem cell (hMSC) seedestaffoldthatwill temporarily support the area of weakened tissné
aid in the produosdbn of cardiac myocytes to 4establish a healthy ventricular wall.



Chapter 2: Background

2.1 Healthy Human Heart

The human heart i's essentially the HfAcentre

heart is responsible for circulating blood throughthg body. The blood not only supplies
oxygen anchutrients to the bodys t i s s u e lsut itaalsodremovegaaditranspokissteto

the kidneysthe liver, andthe lungs The heart contracts and relaxes in a beating rhythm about
100,000 times per daiyp order to circulate bloall The anatomy of the heart and the flow of

blood trough it are shown below in figure 1

Superior Vena Cava
“Left Pulmonary Artery
Right Pulmonary Artery
Left Atrium

Right Ventricle
eft Ventricle

Right Atrium

Inferior Vena Cava

Figure 1: Cross Section of Human Heart

Deoxygenated blood flows into the right atrium of the heart via the vena cava. pabkses
through a tricuspid valve, which is a valve with three flaps, theoright ventricle. The right
ventricle pumps the blood into the pulmonary artery, where it is taken to the lungs to become
oxygenated. The oxygenated blood is taken away from lilmegs and brought back to the left
atrium of the heart via the pulmonary vein. The oxygenated blood passeigh a bicuspid
valve, which haswo flaps, into the left ventricle where it is pumped into the aorta and taken

throughout the bod$



The coronary arteries are thiesselsthat supply blood to the heafxygenatd blood
leaves the left ventricle and passes through the adreaascending aorta splits into two passage
ways, one of which delivers the oxygenated blood to the left ad coronary arteries; the
other leading to the aortic arch. The left coronatgrgrsupplies blood to the left atrium and
ventricle, while the right coronary artery supplies blood to the right atrium and veniitde.
coronary arteries rualong the epicardium of the heastpplying blood to the myocardium.
Their role is vitalin the nourishment of the myocardial tissamce it is too thick to fully obtain
nourishment from the blood passing through the chambers of thé heart

The wall of the heart is composed of three layers: the epicardium, the myocardium, and
the endocardiumThe epicardium and the endocardium teimtype | and type 1l collgen and
elastin;in addition, the endocardiueontains endothelial celfs® The myocardium consists of
cardiac muscle fiberancluding fibroblasts and myocytes in a collagen maffixe® muscle
fibers facilitate contraction of the heart via conduction of electric sidndisThe coronary
arteries supply blood to the epicardium, the outermost layer, where it penetrates to the
myocardiunt* Therefore, wherdisruption d this blood flow occurs, damage or death to that
particular region of the heart may occur.

2.2 Rodent Heart

The systenic and pulmonary circulation of a rodent heart is identical to that of a healthy
human heart. As seen kigure 2 below, the blood enters the heatthe rightatrium via the
vena cava’ It passes through a valve into the right ventriblninto the plmonary artery. The
pulmonary artery takes the deoxygenated blood to the lungs. From the lungs, the now
oxygenated blood is taken to the left atrium via the pulmonary vein. From the left atrium, it

enters the left ventricle, where it is pumped into thésaand taken throughout the body.



Figure 2: Blood Flow Through Rodent Heart*?

The differences Dbetween the human heart
distribution coronary artery blood flow, dual blood supply i@ tat to the right and left atrium of
the heart, and he &fThe average tbdedt earmbedtsgatatraterofediBtlito s . o
beats per minute, whereas a healthy human heart functions at about 70 beats per’ minute
Despite these differences, the rodent heart serves as a favorable preliminary step in modeling the

function of ascaffoldfor cardiac regenerain in the heart.

2.3 Myocardial Infarction

Coronaryarterydisease is one of severauses o& disruption of blood flow through the
coronary arteriesA disruption in the blood flownmay causensufficient blood supply to the
myocardium this is also kown asischemia’ Ischemia occurs in three common ways:
atherosclerosis, embolism, or artery sp&sthAtherosclerosis ishie congeson of the coronary
artery & a result of plaque Hdrup on tte vessel wallBlockage of the coronary artery from the
plaguemay cause myocardial infarction. An arterial embolism is thelkdge of an artery due to

a bloodclot.*> When a blood clot blocks the coronary arteniitdersblood flow to the heart,

a



preventing oxygen from reaching the myaltal tissue. An arterial spasm a spasm of the
arterial wall due to plaque builgh."®> When thisoccurs in the coronary artery, the blood flow
diminishedeading to a lack of oxygen supply to the tisdneall the aforementioned cases, if the
blood supply to the myocardium is blocked more than a few minutes, it may cause danoage
deathto a portion of the tissue, also known as myocardial infarction.

Myocardial infarction, also known as a heart attamtgurs when blood supplp the
myocardiumis reduced or blockedlue to congestio of one or more coronary arteries
Diminished blood flow, as a result of the blockage, reduces oxygen supply to the cardiac cells.
Oxygen depletion greatly diminishes ATP production in the cells. A lack of ATP production
results in reduced muscle contibigt. If this persists for several minutes, tissue death occurs. In
the weeks and month following tissue death, remodeling of the tissue occurs, resulting in scar
tissue formationThe scar tissue primarily consists of fibroblasts and aligned fibrousgeol)
which have inferior contractility to the native myocardium. These inferior properties are

responsible for the formation of ventricular aneurysfns.

2.4 Post-Myocardial Infarction

Infarcted myocardium eventually develops into scar tissue. The scar tissue, isvhich
mechanicallyunproductive,does not conduct the electrical charges tha¢althy myocardium
does. In fact, the scar tissue interrupts the normal charge pathways; therefore, the disrupted
electrical pathwgs may result in arrhythmiaan abnormal beating of the heart. In addition, the
heart does not produce the same output petraction as it did prior to the occlusion. This also
occurs due to a thinning of the ventricular wall at the site of the scar tissue. The increased
pressure and thinning of the ventricular wall cause the heart to stray from its normal elliptical
shape toa spherical shapelso known as a ballooning effect called ventricular aneurysms
Myocytes in the region try to compensate for the thinning and the redacdidcoutput by
undergoing hypertrophio increase healthy muscle mas#s the heart muscle in the scarred
region tries to compensate for its deficiencies, the stress on the heart increases. The extra muscle
tissue poduced by the myocytes amplifies the stress on the heart with each contraction. As a
result, many complications may arise.

To treat doctors use biomaterial scaffolds to provide extra support. These scaffolds

provide mechanical support to the wall of theart which not only aidin maintaining the

9



elliptical shape, but alssupport the higher stresses egdron the heaff In patients with large
scarring and left ventricular dysfunction, scaffolds have been shown to impewedtallheart
function®

Another side effect of infarction is congestive heart failure (CHF)infarction
significantly reduces cardiac output so c¢huthat systemic blood supply issufficient, fluid
build up, or edema, occurghis condition is notacutelylife threatening however, itauses

shortness of breath which can limit physical actifity

2.5 Current Treatment Methods

The two current treatment methods for ventricular aneurysms are: direct linear closure
and endoventricular patch plasty. The direct linear closure procedure involves an excision of the
scar tissue followed by reconstruction tbk healthy tissue in order to close the wound. The
advantage with this procedure is that ther@l@wv probabilityof an inflammatory or an immune
responseccurring since no biomaterials are used. The disadvantages associated with the direct
linear clesure procedure are: increased tension in the ventriculaandihe potential for a lack
of tissue to facilitate wound closuféThe endoventricular patch plasty involves excision of the
scar tissue followed by replacement with a biomatg@aath The current gold standard material
of choice is DacroA® The advantages with this procedure gretentialreduction ofventricular
wall tension, andevascularization and alignment of the muscle fiBefhe disadvantages with
an endoventricular patch plasty are: the potential for an inflammatory or an immune response

and no cardiac regeneration.

2.6 Cardiac Regeneration

Cardiac patches are being researched as an important method of cardiac regeneration.
Cardiac patches, or biomaterial scaffolds, are seeded with myocardial cells and implanted into
the heart. The impnted scaffolds are being researched for their ability to stimulate regeneration
of fully-functional myocardial cells that aid in the function of the heart.

Cardiac regeneration is a heavily debated topic among researchers. It was previously

believed thamyocardial cells terminally differentiate and do not divide in the adult heart. It was
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also believed that the heart can only grow through myocyte hypertfoptywever, recent
studies have challenged this point of view, citing exaiediac cardiomyocytes growing in the
hearts of several patients after cardiac transplargsidsnce’

The alternate pat of view among researchers is that some myocardial cells divide. There
is evidence that suggests that myocytes immediately express early and latergtatethgenes
after infarction® These genes increase the number of dividing myocytes by a factor of 3 to 4,
one week after infarction. Theffects of this increase can be easily neglected since cell
proliferation cannot occur where there is insufficient blood supply (i.e. the infarctiorf’site).
Since the infarction site is not ideal for cell proliferation, researchers have developed scaffolds

that can be used to aid cardiac regeneration.

2.6.1 Scaffolds

Scaffolds are commonly used as a foundation of cardiac regeneration. Scaffolds
are vital for sustained myocardial cell growth and general cardiac regeneration because they
provide mechanical support for the cells until they form an esfitdar matrix*® There are
several varieties of scaffolds available, each with their strengths and weaknesses.

Park et al. developed a list of requirements that an ideal scaffold must meet:

(1) Highly porous withlarge interconnected pores (to facilitate mass transport), (2)

hydrophilic (to enhance cell attachment), (3) structurally stable (to withstand the shearing

forces during bioreactor cultivation), (4) degradable (to provide ultimate biocompatibility
of the tssue graft), and (5) elastic (to enable transmission of contractile féfces).

Dacron a polyester mesh, is currently the getdndard of treatment for endoventricular
patch plasties. It habeen used for its durability and flexibilif§. However, Dacron has
mechanical properties much higher than that of native mgagar resulting in amaterial
mismatch. In addition, it has been shown to induce thrombus fornfatidhile Dacron is a
suitable material for a patch, it is not ideal fegeneration. Dacron does not resorb and it does
not provide an ideal environment for cell survival and proliferation. In addition, it has been
shown that Dacron is antigenic and induces an inflammatory respoii$es creates an
environment that is not conducive to cell survival and proliferation.

While Dacron patches are curtgnthe goldstandarg Veritas is becoming a popular
material choice for a scaffold to induce regeneration. Veritas is udanked bovine

pericardium. Veritas has been shown to resorb and promote tissue ingrowth and angidgenesis.
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Since vascularization is necessary for the survival of cellspthisdes an ideal environment for
cell viability and proliferation. Finally, the material has been shown to be biocompatitie.
pitfall of this materialis that it is derived from bovine pericardium. While this material is
advertised as mostly acellular, there is a potential for DNA extractioithwiould elicit an
immune response.

Porcine urinary bladder matrix (UBM) is currently being researched as a replacement for
the nondegradable patches that are commonly used in clinical environments. The experiment
which Robinson et al. conducted demoattd that the replacement tissue consisted of
characteristics of healing scadand nor mal myocardi um. Robinsor
showed that only 10% of the UBM was remaining three months after imfflanHaving
degradation properties is advantageous for implantable scaffolds because they do not require a
second surgery. dWwever, if the degradation rate does not match the rate of regeneration
problems may arise.

Fibrin glue is a common surgical sealant and adhesive that is composed of fibrinogen and
thrombin®® Christman et al. concluded that transplanted cells are ity to survive when

injected in fibrin glue. However, fibrin glue does not have a positive effect on cell ret&htion.

2.6.2 Stem Cells

Stem cells are cells that have the ability to develop into various different cell types in the
body. Currently, bone marrow is the most common source of cells for caeghair. The reasons
for the use of bone marrow include: its ability to renew itself {@mmgh and its ability to
recompose a comprehensive array of progenitor cells after sieljlgrafting®® Orlic et al. was
able to promote myocardial regeneration in mice by injecting bone marrow cells into the
infarction zon€’® Potapova et al. was able to increase stroke work in canine hearts with defects
by implanting bone marrowterived stem dks.>’

Human mesenchymal steralls (hMSCs), which are derived from the bone marrow, are
noted as having the ability to differentiate into cardiac myocytes, among other cell lines such as
chondrocytes, osteocytes, and adipose tefsudies have shown that implantation of hMSCs in
the scar tissue of the heart has improved heart funttidowever, it is unknown whether this is

due to cardiac myocyte proliferation or hMSC differentiation.
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2.6.3 Stem Cell Seeded Scaffolds

Scaffolds are commonly used as a foundation of cardiac regeneration. Scaffolds are vital
for sustained myocardial cell growth and general cardiac regeneration because they provide
mechanical support for the cells until they form an extracellular nfitAark et al. developed a
list of requirements that adeal scaffold must meet. Some of these requirements include high
porosity with interconnected pores to facilitate cell attachment and mass transport, a hydrophilic
material to aid in celittachmentand degradation properties for biocompatibility pugss

A scaffold that meets such requirements also needs to be seeded with stem cells to aid in
some form of tissue regeneration. While cell density can be arbifiable 1summarizes some
stem cell seeded scaffolds and the cell densities chosen by eachTgrisupformation will be
valuable for determining the cell density that will be used for this design.

Type of cell Cell Count Scaffold Reference
Myoblasts 80 x 10 cells/cnt Homologousacellular matrix | °°

Bone marrowderived | 8 x 10 cells/an’ PGCL polymer 20
mononuclear cells

Bone marrow MSCs | 1 x 10 cells/cnf Bovine pericardium i
Cardiomyocytes 6.67 x 10 cells/cnf | 3D collagerbased matrix 4z

Table 1: Cellular Scaffold Seedings in Rodent Models

2.6.4 Growth Factors
Growth factors are another method of myocardial regeneration that has had some success.
Vascularendothelial growth factor (VEGF) is commonlgad in coalition with stem cells to
promote cardiac regeneration. In order for cells to survive in the scar tissue, vascularization must
occur. VEGF has been shown to stimulate endothelial cell proliferation, which results in
angiogenesis. Angiogenesis Vital for the regeneration of myocardial tissdeThe use of
growth factors appears to be a promising route as a method of promoting cardiac regeneration.
Matrix-metallo proteinasesMMPs) are enzymes that are wived in ventricular
modeling through degradation of scar tissti&tudies show that MMPs have an elevated
concentration in the plasnud patients with congenital heart failure or ischemic tiséuenally,
another study has shown that the ventricular dysfunctiorengtthened when MMPs are
inhibited** This illustrates the importance of MMPs in the remodeling process, and as a result,

consideratiorof MMP usage in scaffolds for cardiac regeneration is pertinent.
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Chapter 3: Project Approach

3.1 Project Hypothesis

Unlike thecurrent, conventional treatments of myocardial infarctibis,project aims to
develop alinically applicablecardiac scaffldl that actively seeks to regenerate cardiac tissue
vivo. It is hypothesizd thatthe final scaffold design will regenerate cardiac tissue and restore
myocardial functionThe scaffold mudbe clinically viable, mushave similar mechanical
propertiesa the existing patchesjust haveegenerative properties, and must be successfully

implanted into rats to meet this hypothesis.

3.2 Project Assumptions

There are assumptions tliaégroup has made in order to allow this project to be
completed withirthe time limits that are present. The problems of heart disease and myocardial
infarction have been simplified in order to meet the required goals of this project in a timely
manner. Some of the assumptions made by this project may not be accepted by every
stakeholder; however, verifying these assumptions is well beyond the scope of this project. The
following assumptions have been made

A Following myocardial infarction, regeneration of the myocardium will improve cardiac
function.

A Stem cells, specificalliluman mesenchymal stem cells, migrate to the infarction region
and play an important role in myocardial regeneration.

A A fatigue testing apparatus can simulate the wear that a comgeesiteldundergoesn
vivo.

A Cell growthin vitro can model myocardiakgeneration.

A Rats are an acceptable model for the human anatomy.
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3.3 Project Goals

The purpose of this project was to develop and implant a scaffold that will ratgene
cardiac tissue in the infeted heart. The precise goals of this project are to

A Develop a prototype scaffold that is cost effective, easily implantable, biocompatible,
clinically applicableand maintenanckess.

A Select suitable materials with the necessary mechanical gexlerative properties to
supporta section of the ventutar myocardium.

A Determinethe mechanical properties of the candidate materials by testing them
independently and in different combinationgth various procedures.

A Design a fatigue apparatus in order to test the fatigue properties of the candidate
materals.

A Characterize the ability of the candidate materials to promote the viability and migration
of human mesenchymal stem cells.

A Implant the selected scaffold iadentsin order toevaluate the effectiveness of the

scaffold.
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Chapter 4: Design

Professo Gaudette gavéhe group the following initial client statement ftire project:

ADesign a scaffold to promote cardiac r ec

treatment of ventricular aneurysnis

Using this client statement, objectives, functions, comdiaand specifications were
formed. Beforesuch detailgould be defined, the stakeholders needed to be considered. Once the
stakeholders and their needs were outlinieel,group wasble to follow the engineering design
process to narrow the scopetloé project. The objectives defindde final goals for the scaffold.

The functions outlined the meati® means thatould be used in order to achieve tipeals. The
constraints limitedhe design spacand the potentiatlesign optionsFinally, the speciftations

setspecific requirements fahe design.

4.1 Stakeholders

Defining the stakeholders of the projegas a crucialstep in the design process. It
allowedthe groupto determine who the scaffold was being designed for in ordeeliger the
most ajpropriate productThe main stakeholder iBrofessoiGlenn Gaudette, who is an assistant
professor of Biomedical Engineering at Wester Polytechnic Institute. Profes§taudette is an
expert in the field of cardiac tissue engineeramgl his work is funed by the American Heart
Association.

Another set of key stakeholders in this project are Dan Filipe and Megan Murphy. Both
Dan and Megan are Biomedical Engineering graduate students at Worcester Polytechnic
Institute. This projectis largely based off of h e i r Desigruad § Cofmposite Scaffold for
MyocardialRR gener at i on F o lwhiahwas oogpldted in @00& t i on 0O

The needs of ProfessGaudette areo deliver a finished product liiefinal deadline of
April 2008 and to fulfill the iitial client statement. Also, Profess@audette is expecting a
useful product with clinical applicalty. Dan and Megai seeds are to continue theesearch
which is primarily based on the studlyat they began last year. Their reseanas primarily

theoretcal, while this project aim® take the results of their research and apply it practically.
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Beyond thedam of ProfessdGaudette, Dan, and Megawho areassistingthe team on
this project, two additional stakeholders:ahe patients for whom the séalfd is being designed
for and the cardiac surgeons wihdl be implanting them. It isnperativeto consider the needs
of these two parties. Thp a t i eerds @resafety and usefulnessideally the scaffold is
implanted and regenerates lost cardiac eyt@s without causing any adverse effects or harm
The cardiac surgeomeeda product that is easy to implant as well as onedbas not require
pre-surgical preparatiarin order toensure that these needs are riet, team interviewed Adam
Salman M.D., PhD., the Director of Cardiothoracic Surgical Researclat
Maimonides Medical Centen Brooklyn, NY. Dr. Saltnan has had experience with implanting
both Urinary Bladder Matrix and Veritas in canine models. He indicated that Veritas was easy to
work with and had the ability to self seal. In other words, once the Veritas was sutured into the
heart, the material would seal around the sutussch prevented blood leakage through the
patch. This information was pertinent in the future consideration oiftagens a scaffold
candidate.

After considering the needs afl the stakeholderghe group considered theineeds.
This groupneeded to stay within the rangetbétime span and budget, while at the same time
delivering a product that satisfied theeds of all the stakeholder®ncethe groupoutlined all
the needs othe stakeholders, the next step metdesign process wdo definethe objectives,
constraints, functions, and specificatiohbose assisted in creating design alternatives as well as
choosing a final design.

4.2 Objectives, Functions, Constraints

Defining a set of design objectives is a crucial part of the design process. It gives the
designers a chance to think about what they want their design to do. Following much thought
and branstorming,the group formulated the following objectives fibve composite scaffold.

Composite scaffold for cardiac cell regeneration
0 The scaffold should be safe
A Biocompatible material
A Sterile
0 The scaffold should be useful

A The scaffold should regersge cardiac cells
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e Promote cell viability
A The scaffold should provide mechanical stability
e Reliable mechanical properties
e Prevent ballooning
A The scaffold should be marketable
e Reproducible
e Easily implanted

e Clinically viable

Above all, safety is the most portant objective fothedesign. If the scaffold is not safe
thenit is not practical for clinical applications. Tensurethat the design is safeit should be
made of a biocompatible material. A biocompatible material is one can be implanted in the
human body and not be rejected by the orgam which it is implantedThe immune system is
meant to protedhe bodyfrom any foreign matter within the body. The material tfog scaffold
must be accepted by the immune system.

Beyond biocompatibilitythe group also needed to consider the composite as a whole,
specifically the effects that could arise whammbining the various componeniorthe project
the groupwill be combiningstem cellsanda scaffold material Therefore, ti is crucial that the
union of these materials do not cause any unwanted reactions wulihilbody Finally, the
scaffold must be sterile in order to protect patients from sustaining an infection due to
implantation.

The next objectives includesefulness and practicality the desgn. Forthis design, the
scaffold shouldregenerate cardiac myocytes, provide mechanical stability, and be marketable.
Based onthe initial client statementthe scaffold must promote cardiac regeneration. Cell
viability must also be retained with the saffold; at minimumthe scaffold must foster an
environment thamaintains the initially seeded cells

Mechanical stability is another aspect of usefulness that was considerpteviaisly
indicated ventricular aneurisms have a thinning effectthe vatricular wall due to the supar
mechanical properties of the scar tissliee scaffold design should have mechanical properties
that resist the forces of thventricularwall. These properties includfatigue strength, stiffness,

and tensile strength.
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The | ast measure of usefulness is the sc
difficult to implantor manufacturethen its market valueeduces The scaffold should be made
of a materiawith appropriate mechanical propertiédso, the scaffoldshould be reproducible
to ensure thanarket profits can maximized.

Using the design objectivea weighted objective tree was made and can be found in
Figure3. The two main branches are safety and usefulngssh are weightedsimilarly. Both
safety ad usefulness are crucial the successful desigsf animplantable scaffid. The sub
branches of safety include the material of gwaffold its construction and the sterility.
Usefulness was sutategorized byhe ability to regenerate cardiac cellse tability to provide
mechanical support, and the scaffsldnarketability.The weighted objectivieee playsa role in

elucidating the end goals tife project withoutextensivelylimiting thedesign spae

Composite Scaffold for Cardiac Cell Regeneration 1.0 I

he scaffold should be he scaffold should be
useful 0.40 safe 0.60

Made of Cause no
Be marketable A : harmful 25
biocompatible Sterility 0.15
0.10 % byproducts
material 0.30
0.15
Easily Reproducible
implantable 0.05 0.05
Have reliable
mechanicy: ball:)r:i\rllemo 08
roperties 0.07, 975

Figure 3: Weighted Objective Tree

Regenerate Provide
cardiac cells mechanical
0.15 stability 0.15

Promote cell
viability 0.15

The objectivesprovide the group withend goals however,functions are necessary to
characterize the desigBelow is a list ofthe main functionsthat thecardiac scaffold must

perform in order to meeheobjectives:
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Functions:
e Deliverstem cells
e Provideanenvironment for cells to thrive
e Facilitate surgicasimplicity
e Provide mechanical stability
¢ Resist forces induced by heart

¢ Resistrubbing forces of the lungs

These functionsassistin meeing the stated objectives. Additiomgl these functions
ensurethat the final desigris able to perform as requested in the design statement. Delivering
stem celldgs a function that must occur to allow the design to regenerate cardiac S&esakng
the scaffold improperlgould result in cell Iss or death which would prevent new tissue growth
and promote design failurdnother point of possible failureiith the stem cellss alack of
nourishment. lis imperativeto successfully seed and deliver stem cells to the infarct region in
order toenaireviability throughout the regeneratiypeocess.

The saffold mustmeet required functions in order to preveost infarction problems,
such asaneurgms The mechanical functions delineateshsurethat once implanted, the
scaffdd is able to preventreeurysms and provide mechanical stability. As the heart ptase
are forces applied to the ventricular wall. Following infarction, therevaekened regions of the
ventricular wall. The desigmeedsto be able to handle dbe forces exerted by theertricular
wall. Due to the fact that the lungs and heart are so close, especiallyodert model, the
scaffold needs$o be able to resist rubbing forces from the two organs. Lastly, to ensure that the
needs of the surgeorsge met, a necessary functiori the scaffold was to facilitate surgical
simplicity.

Since thggroupdoesnot have unlimited time dundsto completegheresearchthe scope
of the project was narroweth order to do that, the grougmmpiled a set of constraints to limit
the designspace. e following constraints limisome options for design alternativeghile

providingattainable goals for the project.

Constraints:

e Must be implantable
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e Must be biocompatible

e Cannot cause harm to the user

e Must be durable

¢ Design costsannot excee the $468 budget
e Must be completed by April 2008

These constraints aid narrowing the scope of the project, but tlieynot excessively
limit potential solutions. The scaffoldnust be implantable and biocompatibl&ollowing
implantation the scaffoldilso needs$o be biocompatible. Whenever implanting a material into
the body an immune response dicited This does not necessarily saudevice failure, but it
must be minimized. For this reason this device neetb be biocompatible, otherwise
encapslation may occurand causelevice failureIn addition, release ainy cytotoxic elements
from the scaffold posimplantationcould render the deviagnsafe for clinical use. The goal of
this designis to regenerate lost tissue and heal an infarct sitetmmbarm the patientOther
important constraints that limit tlteesign space atée budgetandthe time frame This project
must becompletedwi t hi n a vy e bauddetsof #468Mhese coastraints allowed the

design of the device to be completeithin the allotted time and financial boundaries.

4.3 Specifications

The following specifications ensurthat once implantedthe scaffold willbe able to
withstand the forcesf the heart and prevent anesmys.The scaffold must maintain at least the
minimum mechanical integrity as defined by piaws designs, in order to sustain forces on the
ventricular wall. The scaffold should have a failure strength that is not statistically different
beforeand after cyclic loading d.5Hzfor 20,000 cycles at20mmHg fiDesign of a Composite
Scaffold for Myocardial Rgener at i on F o lsktstandardg forl tensila strength o n 0
and suture retention strength. However fatigtrength must also be testdde to the cyclic

pressure loading on the ventricular wall.
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4.4 Revised Client Statement

From thedelineatedbbjectives, functions, constraints, and specificatitimsgroupwas
able to expand upothe initial client statement tgrovide a revised client statemenwhich
includes althekey points otthe projet. The revised client statemaatshown below

Design an implantable scaffold to promote cardiac regeneration for use in the surgical
treatment of ventricular aneurysms. The scaffold must maintain the minimum required
mechanical properties as defined byyous designs. It must maintain its fatigue strength under
conditionsof at least B,000 cycles ab.5Hzunder a pressure df20mmHg It must beclinically
applicable,durable and biocompatible. It must be safe for use in experimentation, be practical
for surgical applications, have predictable biomatetiissue responses, and require minimal
maintenance. The scaffold must withstand normal heart pressures, sustain normal heart function,
facilitate surgical simplicity, andhave the ability to seeal Finally, the design cannot exceed
the budget of $468 and it must be completed by April 2008.

4.5 Design Alternatives
Based on the delineated objectives, functions, constraints, and specifications, design

alternatives were formedDriginally two patch matéals wereselected UBM and Veritas A
brainstorming session with Professor Gaudette, Megan Murphy, Dan Filipe, and the design team
was heldand a morphological chart was created (see Tabl&BM and Veritas were chosen

due to preliminary research dong Bilipe et al. The suture retention strength and the tensile
strength were previously characterized for these biomaterials. They were determined by Filipe et
al. as good biomaterial candidates for cardiac regeneration. In addition, Filipe et al. determine
that fibrin gel was a good host environment for hMSCs. Therefore, fibrin gel was used as a
potential means to provide a conducive environment for cell growth. Collagen gel and the
Aimicrofractur® technique were ideas presented durnbrainstorming sessn. Collagen gel
seemed promising as a host environment for the cells since it is an abundant ECM Phetein
Ami crofractureo techniqgue offered a uniqgque me
were chosen to promote cardiac regeneration dubet@bundance of studies that show their
capabilities to differentiate into cardiac myocytéEGF and MMPs were considered in order to
enhance cell function and to encourage new tissue form&ionto budget constraints, VEGF

and MMPs were ndhcludedin any of thedesignalternatives
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Table 2: Morphological Chart

Function Means

Maintain similar UBM Veritas
mechanical

properties to a

healthy rodent

heart
Provide an Fibrin Gel Collagen |[i Mi cr of
environment Gel in scar tissue
conducive to cell
growth
Promote cardiac h MSCo hMSCs hMSCs and | hMSCs,
Myocyte and VEGF MMPs VEGF,
regeneration and

MMPs

Using this chart and ideas from the brainstorming sessgmt affive design alternatives were
recorded.

e Scaffold seeded with hMSCs amlinctured

e Scaffold seeded with hMSCs

e Two scaffolds with fibrinseededjel in between

e Scaffold with fibrin gel on top sealed with fibrin glue
e Scaffold injected with hMSCs

The first design involvea scaffold with seeded hMSCs thaingplanted onto the heart.
After implantation blood channels are opened up to provide cell nourishimensecond design
is a scaffold that is seeded with hMSCs on one side. The scaffold would be prepared for a given
time prior to implantation to allow demigration into the patchThe third design use$wo
scaffoldswith a fibrin gel solution containing the hM&0n between The two scaffolds would
be sutured together to hold in the gel, then sutured onteethteicularwall. Thefourth design
uses a sdtold and fibrin gel. In this desigithe gelis placed on thecaffoldand therfibrin glue
is used to seal the geThe scaffold wuld then be implantethcing down. Thdifth designis a

scaffoldthatis injected with hMSCand implanted onto theentricular wall
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Using the objectives, functions, and constraints a set of comparison objectives was
created to compare the design alternatives. five designswere then compared using a
paiwise comparison chart (see TaB)e For each objecte, each desigwas rated fromd to 1,
four being the best and orieeing the worst. After comparing all categorithe numbers for each

design were tallied up and the design with the most points was chaberiiaal design.

Table 3: Pairwise Comparison Chart

Design
Scaffold | geattoldfibrin | Scaffoldibrin gel | Scaffoldinjected
seeded with g e
I gel-scaffold I fibrin glue with fibrin gel
Objectives punctures
Safety 4 3 3 1
Delivery of cells 4 2 3
Promote cell
viability 4 3 2 1
Manufacturabity 3 2 4 1
Surgical simplicity 4 3 2 1
Cost 4 1 2 3
Biocompatibility 4 2 1 3
Totals 27 16 16 13

4.6 Final Design
Based on researclobjectives, functions, constraints, specificaticarsj comparison by

the pairwise comparison chara final design was choselfsee Figure 4)This final design
incorporatesa scaffold seededith hMSCsfollowed by syringe needle punctures to the scaffold
and through the ventricular walFor this designno scar tissués excised from the infated
region. The sdéold is seeded with hMSE€for a given amount of tim@reiimplantationis
implanted on top of the scar tissdéis time will be determined viacell loadingassay.

This design is advantageous due to its simplicity. It is a clinically viable desigwithat
be easy to surgically implargince it only inwlves one component: tlseaffold. Implanting the
scaffoldwill require the same surgical technique as the implantation of any acellular patch used
in the endoventricular patch plasty procedure; howeavatso provides regenerative capability
with the use of hMSCs. In addition, it is one of the safest design alternatives due to its surgical
ease. Furthermore, the design is cost effective as a result of its simplicity. Finally, the needle

puncture desigmllows for sufficient cell delivery and nourishment, to promote differentiation
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and proliferation of cardiac cells. Overall, this design rated better than the others and was chosen

to bethefinal design.

Syringes

with hMSCs

i
Blood Flow | 1 i Ventricular ‘
| y | ScarTissue |
L |
\
|  Blood Flow 1
‘ 4

Figure 4: Final Design Schematic

Veritas Seeded ‘
|
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Chapter 5: Methodology

In order to evaluatthedesign alternatives, it was necessary to conduct a series of tests to
ensure that the scaffold met the specific aims of the project. As a continuation of a previous
project,fiDesign of a Compdate Scaffold for Myocardial®gener ati on Fol |l owi ng
which validated the efficacy dfovine urinary bladder atrix (UBM) and bovine pericardium
derived collagen matrix (Veritas) for tensile and suture retention strehgts essential to
measire the fatigue properties of the two biomaterial consideratidBd and Veritas. The
specifications bthe biomateriascaffoldare:the scaffold must maintain at least the minimum
mechanical integrity as defined by previous designs, lemddaffold shold have a failure
strength that is not statistically differdrgfore and after cyclic loading at least20,000cycles
at0.5Hz under pressure a20mmHg In order to test the fatigue strengthyas necessary to

design and build a fatigue test apptas.

5.1 Fatigue Test Apparatus

The first step in designing the fatigue apparatus was to set specifications, objectives,
constraints, and functions. The specification was: it must cyclically infuse and avitisdtine at
a minimum rate 00.5Hzat a pessure ofl20mmHgfor 12 hours. The objectives were: to run
multiple tests at one time, to provide a uniform pressure which resulted in a ballooning effect on
thescaffold to measure both the pressure and the change in heigitesigure transducers aad
sonomicrometerand to have a continussystem that could run for a h@ur period. The
constraints were: it must be sealed to prevent water leakage, it must be able to fasten the
membranes, it must be able to infuse and withdraw salithe aate indiated bythe
specificationsandit must maintain a minimurayclic loadof 120mmHgover the 1zhour
period. The function was to provide a hydrostatic pressutéescaffold forcingit to balloon
outin a repetitive nature, as a simulation of the foeg®eriencedn vivoto ensure that the
biomaterial has the necessary fatigue propertiefs faivo applications.

After delineating the requirements of the systdm,groupput togetheseveraldesign
alternatives. One involved a tube used to supm@yitiuid with the patch fastened to the tip. The
other design involved a siell plate with tubes running through the bottom of each well. The

group considered the objectives, functions, specifications and constraints as they pertained to
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these two design A pairwise conparison chart, shown below in Tablewhs used to determine

the better design.

Design

Objectives 12-well plate Tube
Prevent water leakag 1 2
Fasten patct 2 1
Multiple tests at a tim¢ 2 1
Simulate in vivo forces 2 2
Continuous sstem 2 2
Measures pressure al 2 2

change in heigh

Totals 11 10

Table 4: Fatigue Apparatus Pairwise Comparison Chart

The results of the pairwise comsam chart indicatéhat thel2-well plate desigms the most
effectivefor this designThis designs not only more efficient, but @lsoprovidesa better

method of fastening the scaffold. The only way to properly fasten the scaffold to the tube without
leakage would be to screw it down; however, since VeamasUBMis such a delicate material,
screwing it downs not afeasibleoption. The finaldesign is pictured below iRigure5.
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Figure 5: Schematic of Fatigue Apparatus

Usingthis schematidhe apparatus was buising the following step$irst, the dimensions of a
12-well platewere measuredn a sheet of acrylid@hen, using a skill savthe acrylic was cut
into the proper dimension$he diameter of each well was measuauabut one incleacl), and
four holesof an area given by thataineterwere drilledinto the acryli¢ using a drill pressAfter
that,washers were gluedith super gluearound each holend wellto seal the coveand the well
plate Following this,holes were drilledn the bottom of the four chosen well®flon tae was
placedaround the insertion region of tetbow tube connectpandtheywereinsertednto each
holewith two washers in between teéow tube connect@nd the bottom of the welNext,
tubingwas runfrom each well tdhe syringes orthe syringgpump.The wells were sealedlith
all-purpose seaid, andthe surrounding unused welleere filledwith silicone caulkingFinally,
washers were attachadound each well, and a grommeds fastenedround the inner ring of

the washes:

5.2 Self-Sealing Test

Once the fatigue test apparatugs built the group wasble to run aelf-sealingtest onthe
two biomaterial considerations: UBM and VeritAsschematic of the test is shown below

Figure 6
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Empty Syringe

Scaffold

Pressure
Supplied by
Pump

Saline

Figure 6: Schematic of SeKSeal Experiment

The materials must have the ability to ssdfl in order to prevent leakage from suturing and
from puncturingholesduring thein vivotesting Since minor leakage of the fatigue apparatus
occurred, a control experiment was performed taenthat leakage does not affect thsults
In order to run this test, a given volume of salvees infusednto the well of the fatigue
apparatus until about 120 mmHg of pressure was applied seéffileld In the control
experiment the scaffold wastmuncturedFor the experimena syringe needlevas usedo
puncturethree holes in thecaffold If the pressuralid not stabilizeabove 0 mmHgthe scaffold

was not considered sedkaling.

5.3 Fatigue Strength Test
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Following the seHlsealing testvasthe fatigue strength test. Since UBM was unable to

self sealpnly Veritas was considerddr fatigue strengthBelow is a schematic of the test
(Figure 9:

//////// " Plexiglass

cover
//////// Scaffold
Rubber
grommet

Plastic Washers

Pressure
Supplied by
Pump

Saline

Figure 7: Schematic of Fatigue Strength Experiment

The systen{syringe, ubing andwell) wasfill edwith saline.Next, any air in the system
was removedThen,a pressure transducer limeas attachethroughthe tubing This was usetb
measure thpressure applied to tlseaffolds A sono crystalvas suturedo the side of ezh well.
Following this,the Veritas scaffold was placed over the wElien, a washer was used to fasten
the scaffold tightly over the grommet and wasliénally, using the fouclampsthewell cover
was tightly heldover the well plate so that the fagzaffoldwells coincidel with the holes in the
cover. Thisallowedroom for thescaffoldsto expandThen anadditional sono crystatas

30



sutured over the scaffal&inally, the apparatus was submerged to a depth of 12.5 mm under
water to facilitate sigrieng between then sono crystals. Plastic wrap was placed over the water
vessel in order to create a humidified chamber.

Using LabVIEW 8.0 the syringe pumpvas programmetb infuse and withdrawhe
saline at 0.5 H#or 12 hours while compensating for arpressure drop by infusing additional
volumes of salineSonoSoft, the program that records the sono crystal output data, was adjusted
to the appropriate settingsnd measurements of the location of the sono crystals with respect to
the apparatus were &k Crystal placement is indicatéd the diagram below (Figui@.

Crvstal B: Sutured to
scaffold

Crystal A: Sutured to side
of apparatus

Figure 8: Crystal Placement Diagram

This diagram displaythe geometry of the crystalvith respect to the apparatasasurements Z
and Y were recorded for datest. Then the data was adjusted for this angular discrepancy in
order to obtain the actual change in height of the scaffahdlly, theresults fom the
transducersvere analyzedb ensureghat the data reflectelconstant expansion height,
neglectirg any initial changgin the height. In additiothe pressurevas checked to ensure that

it remainedconsistenthroughout the procedure.

5.4 Cell Loading Test

In order to determine whether or not hnMSC's migrate into the Veritas scaffold, quantum
dotloadech MSCO6 s wer e s eVerifas staffolds, wNttknmremnsiorsos2x2 cm were
placed in &etridish. A16mm diamete©O-ring was placed on top of the Veritas and sealed with

vacuum greaséd.he purpose of the-@ng was to hold thenediathatwasconcentrated with
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20,000 hMSCsAfter 7 days, and 14 days, the Veritas was cut @ntoicroncrosssections and

histologically analyzedising trichromestaining

5.51n Vivo Test

After completing then vitro testing necessary to validate the efficacy of tl@sign forin
vivo applications, it was essential to implant the scaffold in thenbihodel. WPI IACUC
approval was obtained in order to purchase male SpraguBawley, SD, strain300-350
grams) rodentifom Charles River Laboratory. The rodents evhoused at the Gateway Park
housing facility on the Worcester Polytechnic Institute camipus.to time constraints, only two
surgeries were performed. Both surgeries involved implantation of the scaffold in addition to
three punctures with a 30 gauge diee

Two weeks prioto implantationa 1x1 cmpiece ofVeritaswasseeded wh hMSCs at a cell
density of 2x 10° cells/cnf. This densitjies within the average range of cell seeding on
scaffoldsasindicated in Table ITheVeritaswascut and placeth al2-well plate Following
this, an 8mm diameter washer was placed on top of the Veritas and sealed using vacuum grease.
The purpse of thewashemwas to holdLOO microliters of mediavhich was concentrated HDO
cells/microliter,on top of the VeritasThe hMSCs were shown to migrate into the Veritas using
this method with the previously discussmdl loadingassay.

At least three days after the arrival of the rodents, a survival surgery was performed. The
rodents were anesthetized using IP Ketaraime Xylazine. The chests were shaved, and the
rodents were intubated for ventilation throughout the procedure. Next, a thoracotomy was
performed to separate the ribs, using a spring loaded retractor, at the fourth intercostadsspace.
incision of approxnately two centimeters in length was made, and a Veritas patch was sutured
over a portion of the left ventricle. The implants were sutured wit,a6®, or 70 prolene
suture Following implantationthe experiment group received the full thickness pues with a
30 gauge syringe needl@nce the bleeding subsidele chests were closédlayers with a

combination of 2171 4-0 silk, vicryl and monocryl sutures.
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Chapter 6: Results
6.1 Self-Sealing Test

The control experiment, which was performeddautlined in the methodology section,
depicted a minor drop in pressure due to leakage in the fatigue apparatus (FiJure $9lf
sealing properties of Veritas and UBM were determined based on the procedures outlined in the
methodology section. The UBMas loaded to a pressure afout120 mmHg on the fatigue
apparatus and the scaffold was punctured. Significant leakage occurred immediately after the
syringe needle was removed and the pressure dropped to nearly O Arpidiyre of the UBM

postpunctureanda graph of the pressure drageshown belown Figures 10 and 11
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Figure 9: Control Pressure Data
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Figure 10: UBM Self-Seal Test
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Figure 11. UBM Self-Seal Pressure Data

The picture illustrates the pooling of saline above the UBM scaffold after it was punctured three
times. This test determined that UBM does not have-se#ling abilities and therefore is not a
viable option.

The Veritas patch was subjected to themsgrocedure as the UBM patch to determine if
it possessed the essential safling property that is required for the scaffold design. After the
Veritas patch was punctured by the syringe neetlle, pressure dropped gradually and
eventually equilibrate@fter 300 secondat 50 mmHg(Figure 13. After this time period, the

pressure held constant and the leakage ceased. The results of this test determined that the Vertias
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scaffold showeda self-sealingcapability; therefore, additional tests were condudtedetermine

if this material had the necessary characteristics to be incorporated into the design.
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Figure 12 Veritas SelfSeal Pressure Data

6.2 Fatigue Strength Test

The fatigue strength test was more complicated tharaligitanticipated. There were
several factors that dramatically changed the initial design of the fatigue apparatus. The first
issue was the persistent leakage at various locations. The next factor was the large deformation
that the Veritas underwent duritige cyclic loading. Aftel24 hours the deformation that the
Veritas scaffold underwent caused a significant drop in pressure. This drop in pressure meant
that the Veritas scaffold was no longer being loaded to a maximum of 120 nirhéiglrop in
pressure&an be seen in the Figures-18below.
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Figure 13: 24 Hour Cyclic Pressure Loading on Veritas Scaffold
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Figure 14: Initial Cyclic Pressure Loading (0-12 minutes)
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Initial Cyclic Pressure Loading (0-2 minutes)
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Figure 15: Initial Cyclic Pressure Loading (82 minutes)

Since the fatigue strength test was designed to replicate the forces that the Veritas
scaffold experiences peshplantation, the pressure on the patch must cycle from 5 mm Hg to
120 mmHg consistently for the daion of the experiment. The first problem was resolved by
several modifications to the initial design that reduced the leaking to a minimum. The second
problem requiredthe use of LabVIEW 8,0which was used to control the syge pump, as
previously destgbed, to increas¢éhe saline infusion volume when the pressure dropped below
120 mmHg. This program maintained the necessary pressures that were required for the results
of the experiment to be considered valid.

The fatigue test results show that the it4er deforms slowly initially and undergoes
minor deformation during the final hours of the experiment. As shown in Figure 16, the initial
displacement of the Veritas was approximately 1.72 mm. After about 12 minutes, the
displacement increased to rougHdly25 mmand remained consistent for nearly three holiss
shown in Figure 17, the pressure stayed relatively consistent for the initial 30 mkigtess
18 and 19 are zoomed in displacement and pressure graphs that show the details of the
waveforms. Afer 3.6 hours, a minor increase in displacement of 0.25 mm occurred (Figure 20).
The pressure data for this time period was also consistenthy30 mmHg(Figure 21) At 8

hours, another increase in displacement of 1.5 mm was obgq&iigede 22) Thistime per i odo s
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pressure data increased slightly to 135 mn{Aigure 23) After 11 hours, the displacement
actually decreased by 0.4 mfRigure 24) The pressurelataremained the same at 11 hours
(Figure 25)
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Figure 16: Fatigue TestDisplacement Data (630 min)
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Figure 17: Fatigue Test Pressure Data (€80 min)
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Figure 21: Fatigue Test Pressure Data (3.6 hr)
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6.3 Cell Loading Test

Thecell loadingtest was esential for determining the time period that was required to allow
the hMSCs to migrate into the Veritas scaffol
seeded ora 2cm x 2cm section of VeritaBigure 26 is a control trichrome stain of unseeded

Veritas.

Wil &2 o Wt s
Figure 26: Trichrome Control of Unseeded Veritas

After 24 hours, no cell migration occurrddgure27is an image of a trichrome stain on Veritas
that was seeded for 7 days. The cell furthest from the top seediedh b the Veritas migrated

800>m into the scaffold
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Figure 27: Trichrome Seeded for 7 Days

Figure28is an image of a trichrome stain on Veritas that was seeded for 14 days. The cell

furthest from the top seededrtion ofthe Veritas migrated 120em.
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Figure 28 Trichrome Seeded for 14 Days

The purpose of this experiment was to find the ideal duration of seeding time prior to
implantation, which would enable larger densities of hMSCs todxeskeonto the scaffold.
Below is agraph (Figure 2pthat analyzes migration distance over time. From this graph it can

be determined that the optimal seeding time is from 10 to 16 days.
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Figure 29: Results of Cell Loaling Test

6.4 In Vivo Results

Two groups, each consistind eight scaffoldswere seeded about three weeks prior to
implantation. From each group, four scaffolds were taken for histological analysis. Two
scaffolds were taken at 10 days, and two werertait 16 days. Each was histologically analyzed
using trichrome staining. FiguB®is an image of the group 1 Veritas after 10 d&ygure 31 is

an image of the group 1 Veritas after 16 days.
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100 pm

Figure 30: Group 1 Veritas at 10 Da/s

Figure 31: Group 1 Veritas at 16 Days
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The furthest cell in the 10 day group 1 image migrated about 1200pamfurthest cell in th&6
daygroup 1 image migrateabout2800>m. The analysis of these scaffolds was used to ensure
that the implanted scaffolds were optimally seeded.

After about three weeks of scaffold culturing time, two scaffolds were implanted in
rodents. Due to time constraints, only two surgeries wererpagth however, both were
successful in implanting the design. The first rodent weighed about 300g. About 30 minutes
before the procedure, it was administered 0.7mL Ketamine and 0.1mL Xylazine. Minutes prior
to the implantation of the scaffold, the rodemdddue to a technical error in the ventilation
system. The scaffold was still successfully implanted since the rodent died from errors unrelated
to the design. The second rodent weighed about 350g. Thirty minutes prior to surgery, the rodent
was administeed 0.85mL Ketamine and 0.1mL Xylazine. During the procedure, the rodent died
due to small incision in the lung. This procedure resulted in successful implantation of the

scaffold, and the death of the rodent was unrelated to the design.

Figure 32: Application of the Final Design in the Rodent Heart

Figure 32 shows the successful application of the design in the rodent heart during the procedure.
As a result of two successful implantations of the design, it was determinelidhdedign is
surgically simple and clinically applicable.
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Chapter 7: Analysis and Discussion

The purpos@f muchof thein vitro testing was not only to qualify the efficacy of the
design, but alsto determinehe benefitsof certain design component he first test, the self
sealingtest, was used not only to determine the efficacy of the two biomaténidlalso to
determine the bettexcaffoldchoice forthis design. The results of the sskal test indicated that
UBM did not have the abilityotselfseal however Veritas didhave this ability Thereforethe
test not only removed UBM froitine biomaterial scaffold considerations, but it also advanced
Veritasonto further testing.

As shown in Figure 10, the graph of tHBM pressure decreaspsstneedle puncture.
This detail alongvith the pooling of saline abowke scaffold in the apparatus indicatbdt
UBM did not have selsealing potential. One note that mustleressedbout this graph is the
slight peak about half way through thectease in pressure. This was a result of an accidental
disturbance of the apparatus during the pressure recording time. Since human error was a result
of this discrepancy, it can be disregarded.

The selfseal test for Veritas was more successful thanohéie UBM. The pressure
was shown tstabilize after 300 seconds & BimHg. While this data proves that Veritas self
seals, it was expected that the Veritas wouldsedl at a faster rate; howevere leaky
apparatus may have attributed to the desmraésa pressuréNonetheless, Veritas displayed the
necessary self sealing ability as stated by the specifications.

Following the sekseal test, Veritas was tested for its fatigue strengtich wasan
additional design criteriopreviously specifiedThe initial testing of Veritas resulted in failure;
however these results were mostly due to a failuwréhe apparatus. Leakage occuroser the
course of the 24 hour periagsulting in a decrease in the infusiasiume, which therefore
decreasd the pressure appliednthe scaffold. Figures 113 illustrate this response. One note
on the graphs iseededo explain the roughyclewaveform This was not only due to down
sampling of the datavhich was doné order to graptthe information butit wasalso due to a
skip that occurredonsistently in the cycles due to the syringe pump.

Due toconsistent pressure drogsring the fatigue testing.abVIEW programming was

required to apply a consistent presdierdy varying the infusion volume. As a td the data
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in Figures 1625 was acquiredViore deformation occurred than was expected; however, overall

(not including the initial deformation) the displacement only increased by about 2 mm

throughout the 12 hour perio@ihe pressure data did not vanyimore than 10 mmHg. The

variation was due to the delay between the acquisition of the pressure data and the reaction of the
LabVIEW programFurther testing is necessary for more conclusive data on the fatigue strength

of Veritas.

The results of the migtion test were crucial in determining the #kdingime prior to
implantation The migration tests not only ensured that h(MSCs have the ability to migrate
through the scaffold, implying that they can also migrate outheutesialso showed that
increased cell denséiscan be seeded on the scaffold. If an increase in cell density was desired,
then initial cell seedings couldlow cells tomigrate intothe scaffold fola givenamount of time
followed bysubsequent surfaseedingsThis would improe chances of myocaial
regeneration by increasesdll saturationcell viability, increasedgroliferativepotential of
cardiac myocytesandbr increasedlifferentiation of the stem cellih addition, the histology
figures of the celloadingassay weracquired while the method of cell seeding on the Veritas
was still being perfected. As a result, it can be assumed that subsequent seedings of h(MSCs on
Veritas will result in an increase in the abundance of cells and potentially further cell migration.

Finally, the results of the in vivo testing proved the surgical simplicity and clinical
applicability of the design. Due to technical errors, both rodents perished during the surgery;
however, a novice surgeon was still able to implant the scaiffbktefoe, since the deaths were
unrelated to the implantation method, it was concluded that the design was successfully

implanted.
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Chapter 8: Conclusions

Based ornin vitro andin vivotests that were completed, it can be concluded that this
design is almically applicable device for use in the surgical treatment of ventricular aneurysms.
As mentioned, Filipe et 8lproved that both UBM and Veritas scaffold materials aiorihe
necessary mechanical properties for cardiac applications. These include tensile strength, strain,
and suturability. The design presented in this project concludes that Veritas meets all additional
specifications as defined ltlye parameters to bewsed as a clinically applicable scaffold for
cardiac regeneration.

The UBM scaffold material was unable to self seal after five minutes following three
syringe punctures. Due to this failed test it was concluded that UBM would not be an appropriate
scaffdd material for this application. The Veritas did sufficiently seal following the five minute
self-seal test. From these results, it was concluded that Veritas would be the chosen material for
the final design.

The next test completed was the fatigue fEsé Veritas fatigue test was run three
independent times. Results from this test indicate that Veritas reached a maximum deformation
of approximately 5.7mm. This was acceptable for the given specifications. These results indicate
that Veritas will be abléo withstand the forces of the heart over a long term period, ensuring
that the design presented in this project is clinically applicable.

The cell loading test was done to ensure that the cells could be successfully loaded onto
the scaffold materiaFollowing the seeding of the cells and the 16 day intubation period, it was
foundt hat the cells migrated a maxi mum distance
concluded that Veritas provides a sufficient cell loading ability. This ability can lead to a proper
delivery method of cells into the heart following infarction.

The final test of the efficacy dhedesign was then vivoimplantation. The scaffolds
were implanted onto the ventricular wall of male SpraDaw/ley rats and the scaffold material
was punctured. The scaffolds were successfully implanted by a novicersuBgesed on the
results of this test, it was concluded that the design facilitates surgical simplicity.

Following allin vitro andin vivotests it can be concluded tlihédesign is a novel
method of safely delivering hMSCs to the heart. Baseith®functions, specifications,
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constraints, and objectivéise design has accomplished what was desired. It has the necessary

mechanical properties to be effective as well as the porosity needed to self seal and load cells.
Overall it can be concluded thatdtproblem givemn theinitial client statemenivas

solved. Aclinically applicable scaffoldvhich may aid in cardiac regeneratiomas successfully

designed and implantetiowever, furthem vivotesting must be done to determinéhiéfinal

design indices cardiac regeneration.
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Chapter 9: Future Recommendations

There are many aspects of this project that were not pursued due to time and financial
constraints. The $468 budget and the eight month deadline were limiting factors in the amount of
reseach that could be completed. This section details suggestions for future research.

The fatigue apparatus was vital for characterization of a scaffold for use in cardiac
regeneration. Many problems were encountered during the manufacturing process that
diminished the accuracy of the obtained data. Future implementations of the fatigue apparatus
should include a nemodular construction, a higher quality syringe pump, a unified data
collection system, and a less intricate tubing system. Significant lealayered during
experimentation due to the modular construction of the apparatus and the complex tubing
system. Mechanical complications with the syringe pump caused minute discrepancies in the
pressure and height waveforms. The use of two computer sykienteta collection during the
fatigue test increased the probability of inaccuracy, increased the size of the fatigue apparatus
package, and required complex manipulation of the data for analysis. Execution of these
recommendations may provide more actairasults.

The chosen design uses saline filled syringes that are injected through the scaffold and
the ventricular wall. The saline solution can be augmented with possible additives that may assist
in new tissue growth. These additives were omitteel t budget constraints. The first additive
that could be considered is vascular endothelial growth factor (VEGF). VEGF is a naturally
occurring growth factor that induces angiogenesis and increases endothelial pertfreability
Studies have shown that VEGF enhances endothelialization, which is vital for cell survival and
proliferation®®* Matrix metalloproteinases (MMPs) are an additional additive that could be
incorported into the design. MMPs are enzymes that control ECM remodeling following
infarction** The use of MMPs may encourage new tissusé&tion through the degradation of
scar tissue. Therefore it is recommended that using paracrine factors may improve new tissue
formation over stem cells alone.

The surgery that was performed for this project required more time and funding that was
allotted. As a result, future studies should incorporate a larger sample size and a longer

implantation period. Due to budget constraints, aitght ratswere purchasedIncreasing the
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sample size will allow a more accurate statisticalysis. Due to time cot®ints, there was no
implantation periodExtending the implantation period may provide more developed results.

The ultimate goal of this research is to provide an implantable scaffold that assists in the
treatment of ventricular aneurysms and myocéidfarction. The financial and time constraints
limited the incorporation of the componenigesented in this sectiofhe recommendations

presented here may lead to more constructive findings.
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Appendix A: LabVIEW Program

Pump : New Era Pump Systems Inc.
Firmware Version :

Baud Rate (15200 Pump Address (0 VISA resource name

e RUN STOP

Syringe Inside Diameter (19.58 mm)

If diameter is upper than 14.00 mm : Volume unitsareml s
If diameter is lower than 14.00 mm : Volume units are .~ /| 19.58
Flow rate

See below to enter a right value for flow rate

i‘,!l'J. 500 | microlitters per minute (WL /min) <7 ‘
Audible Alarms
Q
Waveform Chart Voltage
2 g

&

1~

0.5-

Amplitude

0-

-0.5-
-1 i
7:00:00.000 PM 7:00:10.000 PM
12/31/1903 12/31/1903

Time
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Pump Address (0]

[SA resource name|

'ump : New Era Pump Systems Inc.
irmware Version :

Eud Rate 192005

Eudible Alarms|

yringe Inside Diameter (19,58 mm)
f diameter is upper than 14.00 mm

f diameter is lower than 14.00 mm : Volume units are pL

low rate
ee below to enter a right value for flow rate

+ Volume units are mL|

[TEH

DAQ Assistant

data

Smiis if(pressure*100 >=5&&pressure*100<=120)

dir = dir;
else if(pressure*100>=75)
ir=1;
else if(pressure*100<=50)
dir=0;

Write To
Measurement
File

ey Signals

f

Elapsed Time
Time has Elapsed *}
= = nH
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Appendix B: Sonomicrometry User Manual
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