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Abstract
Recent evidence suggests that delivering human mesenchymal sem cells

(hMSCs) to the infarcted heart reduces infarct size and improves ventricular
performance. However, cell delivery systems have critical limitations such as
inefficient cell retention, poor survival, and lack targeted localization. Our
laboratories have recently developed a method to produce discrete fibrin
microthreads that can be attached to a needle and delivered to a precise location
within the heart wall. We hypothesize that fibrin microthreads will  support
hMSC proliferation, survival and retention of multipotency , and may therefore
facilitate targeted hMSC delivery to injured tissues such as infarcted
myocardium.  To test this hypothesis, we bundled huyYw % Ow EDPEOI Ul U
microthreads to provide grooves to encourage initial cell attachment. We seeded
hMSCs onto the microthread bundles by applying 50,000 cells in 100 4 + of
media. The number of cells adhered to the microthreads was determined up to 5
days in culture. Cell density on the fibrin microthreads increased over time in
culture, achieving an average density of 730 + 101 cells/mm2. A LIVE/DEAD
assay confirmed that the cellswere viable and Ki-67 staining verified the increase
in cell number over time was due to proliferation . Additionally, functional
differentiation assays suggested the hMSCs cultured on microthreads retain ed
their ability to differentiate into adipocytes and osteoc ytes. The results of this
study suggest that delivering 1 to 4 cell seeded microthreads to the infarcted rat
myocardium will provide a quantity of cells that has b een shown to produce
positive improvement in mechanical function . Additionally these findings
suggest that cellseeded microthreads may serve a platform technology to
improve localized delivery of viable cells to infarcted myocardium to promote

functional tissue regeneration.
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Chapter 1: Introduction

The heart is the central pump vital to the function of the circulatory
system. It is responsible for pumping oxygen and nutrient rich blood through the
blood vessels tofeed all the bodyz UwOUT EQOUWEOQOEwWUDPUUUI UBw6eDPUT w
the health of the heart is of utmost importance to maintaining an POEDPYPEUE Oz Uw
overall well being. This overall well being can be severely compromised if blood
supply to a region of heart tissue is blocked, producing an infarction. This results
in cardiac myocyte death which ultimately forms a scarred region of non
contractile tissue, diminishing the volume of blood pumped per minute (cardiac
output) by the heart [1, 28, 30]

The heart is unable to repair it self after infarction. If left untreated, the
scarred region of dead tissue will thin and resulting in remodeling of left
ventricular chamber dimensions [1]. The ejection fraction, defined as the fraction
of blood within the ventricle that is ejected with each stroke of the heart, declines
with infarct size. However, compensatory responses work to maint ain a normal
stroke volume. The extra pressure and volume generated by the compensatory
response causes stress in the ventricular wall to increase.This puts the ventricle
at risk of aneurysm and rupture [1]. Current medical inte rventions only treat the
effects of infarction by reshaping the heart from the dilat ed, spherical shape, back
to the original, efficient elliptical shape. Procedures such as direct linear closure
and endocardial patch plasty remove the area of infarcted myocardium and
either suture the sides of the heart wall back together or insert a synthetic patch
in place of the excised myocardium [2-4]. While these procedures restore
ventricular geometry and pressures, they do not address the basic issue of
regenerating the lost myocardium. Instead, the area continues to be a regionof

scarred tissue, not contributing to the overall work of the heart.



Cellular therapy has emerged as atechnique to facilitate the regeneration
of new, contractile tissue to replace the infarcted region and prevent pathological
ventricular remodeling . Recent evidence suggests that the delivery of human
mesenchymal stem cells (hMSCs) to the infarcted heart reduces infarct size and
improves ventricular performance [5-10]. However, current cell delivery systems
have critical limitations such as inefficient cell retention and lack of targeted
localization th at lead to cell death, thus limiting the effectiveness of the delivered
cells[11-15].

Recent research efforts have attempted to overcome these limiations by
utilizing biomaterial for more efficient delivery of cells t o the heart. Materials
such as collagen, fibrin, gelatin, alginate, and Matrigel have been studied in this
application in the form of injectable gels or three dimensional biomaterial
scaffolds [16-22]. Many of these materials have shown potential for success;
however they are not without their limitations . The issue of cell and material
retention in injectable gels, as well as vascularization and nutrient diffusion
through three-dimensional biomaterial scaffolds, remains a challenge[6, 16]. This
illustrates the need for a biomaterial scaffold that will allow targeted, controlled
delivery of stem cells to treat the patient, while maintaining cell viability . Here,
we propose a novel scaffold and delivery method that will provide a matrix for
cell attachment and growth , while anchoring cells during delivery .

Recent work by Cornwell et al. has resulted in the formation of discrete
fibrin microthreads [23]. Fibrin is a natural provisional matrix for cell attachment
and migration during wound healing and ha s been used in the form of gels for
cell delivery to infarcted myocardium [16, 17, 24] These microthreads were
developed for use as a scaffold leading to organized, aligned tissues and have
been shown to support fibroblast attachment, proliferation and alignment [23].
Fibrin microthreads have the potential to overcome many of the limitations that

9



other scaffolds have encountered in cell delivery by providing a matrix for cell

attachment and alleviating the potential for cells to wash out of the impl ant site.
Their ability to be used in a manner similar to a suture is also advantageous,
presenting a novel approach to scaffold delivery. By attaching the microthreads
to a needle, the surgeon now possesss the ability to deliver stem cells to a
precise location within the heart wall.

In summary, we hypothesize that fibrin microthreads will support hMSC
proliferation , survival and retention of differentiation capability , and may
therefore facilitate targeted cell delivery to injured tissues such as infarcted
myocardium. In this way, we can directly treat the cause of the decline in cardiac

function and restore contractile tissue within the infarcted area.
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Chapter 2: Background
This project investigates a novel method for stem cell delivery to infarcted

myocardium. There are numerous aspects that need to be considered when
researching a novel regenerative approach for any application. This work is a
critical first step in exploring several fundamental questions regarding the
overall feasibility of delive ring human mesenchymal stem cells via a fibrin
microthread scaffold. This section will present a brief review of cardiac anatomy
and the implications of infarction as well as a summary of the current

approaches to cardiac cell therapy andan overview of th eir limitations .

2.1 Myocardial Infarction
As the central pump for the circulatory system, U1 T wi 1 EUUOz Uwi OUUWEI

are repetitively filling with and expelling blood to deliver oxygen and nutrients

to the rest of the body. The walls of the heart are principally muscular and
thickest in the left ventricle where the highest pressures are reached. The heart
muscle, or myocardium, is lined on either side by the endocardium and
epicardium [25]. Gap junctions, coupling myocardial cells electrically, allow
action potentials to propagate through the cell membranes and causerhythmic

contraction of all myocytes. Upon contraction, blood is forced out of the ventricle
and into the aorta and coronary arteries, feeding the rest of the body and the
heart muscle itself [26, 27]

When a portion of the coronary circulation is blocked, blood supply to the
myocardium is compromised and myocytes are starved of oxygen and nutrients.
Within seconds, physiological and metabolic changes occur[28, 29] Shortly after
occlusion, adenosine triphosphate (ATP) production in the myocardium switches
from an aerobic mechanism to an anaerobic mechanism. This happens as a result
of oxygen and glucose deficiency in the tissue and causes tle production of ATP

to fall rapidly. Since the myocytes have less ATP to use for energy, the muscle

11



begins to lose its ability to contract. A short time later, the supply of creatine
phosphate, which is used as an energy reservefor ATP production, is largely
depleted. As anaerobic glycolysis continues, hydrogen ions accumulate as a
byproduct and after several minutes the intracellular pH of the myocytes
decreases[28]. This causes osmotic flooding of water into the myocytes. Edema
occurs as the heart tissue continues to swell and irreversible damage and cell
death occurs in the myocardium. Within weeks to months, scar formation takes
place as fibroblasts infiltrate the infarct area and deposit fibrous collagen.
Macrophages, monocytes, and neutrophils migrate to the infarcted area as part of
the inflammatory response and matrix metalloproteinases ( MMPSs) released from
the neutrophils causes further infarct expansion and myocyte collagen
degradation [30].

This process has been estimated toaffect a billion cells in the heart,
rendering them unable to contribute to the daily workload of the heart [11]. The
American Heart Association estimates the economic cost of myocardial infarction
and coronary heart diseases to be $156.4 billion Myocardial infarction alone
affects an estimated 920,000 people annually, and increases the chance of sudden
death by four to six times that of the general population. Additional ly, after an
infarction, 22% of men and 46% of women are disabled by heart failure within six
years.( OwUT PUWUUET T OwUT T wil EVDWEEOOOUwWx UOx wi OO
patients are constantly tired and short of breath and thus cannot exert themselves
in daily activities [31].

2.2 Clinical Treatment for Myocardial Infarction

Since the heart is unable to repair itself after infarction, medical

intervention is necessary. If left untreated, the scarred region of dead tissue will

thin and resulting in remodeling of left ventricular ¢ hamber dimensions [1]. The
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ejection fraction, defined as the fraction of blood within the ventricle that is
ejected with each stroke of the heart, declines with infarct size. However,
compensatory responses work to maintain a normal stroke volume. Stroke
volume is defined as the volume of blood ejected from the ventricle with each
beat. This extra pressure and volume generated by the compensatory response
causes stress in the ventricular wall to increase. This puts the ventricle at risk of

aneurysm and rupture [1].

Current medical interventions only treat the effects of infarc tion either by
performing bypass surgery or reshaping the heart from the dilated, spherical
shape, back to the original, efficient elliptical shape. Coronary artery bypass
grafting (or CABG) is typically done first to restore blood flow however this
procedure does nothing to treat the infarct [32]. Alternatively, the use of surgical
ventricular restoration has increased over the past 2.5 years in the Uited Sates
as widespread clinical trials begin to prove its efficiency [33]. This is done using

one of two procedures, direct linear closure or endocardial patch plasty [3].

In direct linear closure, the infarcted myocardium is removed and the
remaining heart tissue is sutured back together. This provides a method for
restructuring the shape and size of the heart However, there is not always
enough myocardial tissue available to achieve the proper dimensions [4]. If the
opening is larger than 3 cm an alternate surgery, called endoventricular patch
plasty, is used which employs the use of a patch that is sutured in place of the
excised infarct [2]. Specifically, the Dor procedure has been used since 1984 and
requires the heart to be completely arrested. Coronary revascularization is
performed to restore blood flow to the epicardial layer and preserve infarct
thickness [32]. The infarcted region is cut out and a balloon is inflated within the

left ventricle as a guide to restore the appropriate volume and shape for more
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efficient heart function . A suture placed around the incision is used to tighten the
ventricle to the shape of the balloon. Once the suture is tightened, a synthetic
patch of polyethylene terephthalate (PET, also known as Dacron™) or
polytetrafluoroethylene (PTFE) is used to close any remaining gap in the
ventricular wall. The patch functions to restore the volume of the ventricle and

prevent further distortion [2, 4].

While this surgical technique restores ventricular dimensions and
maintains pressures within the heart, it does not facilitate the regeneration of
new contractile tissue. The materials used in these procedures are inert, form
large regions of fibrosis, and are typically 4 orders of magnitude stronger than
native myocardium which produces a severe mismatch in mechanical properties
[34]. Thus, the area continues to be a region of scarred tissue, not contributing to

the overall work of the heart.

2.3 Cellular Therapy : Cellular Cardiomyoplas ty and Systemic Delivery
Recent research effortshave focused on replacing dead myocardium with

functional tissue in prevention of pathological ventricular remodeling . One
method, cellular cardiomyoplasty also known as intramuscular injection, is
defined as direct injection of cells into the myocardial wall, and aims to entrap a
bolus of therapeutic cells within the vicinity of the infarct zone . Another method
is systemic delivery which utilize s the circulatory system for a non-invasive
method to repeatedly administer therapeutic cells via blood vessels. Both of these
approaches focus onreplacing the scarred, dead myocardium with viable cells

[35, 36]

Many different cell types have been utilized in these approachesincluding
skeletal myoblasts, bone marrow stem cells, embryonic stem cells, resident
cardiac stem cells and fetal cardiomyocytes [14, 36] Skeletal myoblasts do not

14



electrically couple with the native myocardium and embryonic stem cells raise
several political and ethical issues, as well as the potential for tumor formation.

Much controversy still surrounds the existence of cardiac stem cells and fetal
cardiomyocytes cannot be obtained in sufficient nhumbers to be an effective

clinical treatment [14, 15, 36] Thus, bone marrow stem cells, specifically human
mesenchymal gem cells (hMSCs), have emerged as a promising cell type for
cardiac repair.

2.2.1 Human Mesenchymal Stem Cells in Cardiac Applications

Isolated from adult bone marrow, hMSCs are a rare population of cells
which represent only 0.001% to 0.01% of nucleatedcells within the bone marrow
[9, 37] These cells are an adherent multipotent population which possesgs the
ability to differentiate into tissues such asbone, cartilage and fat They are
particularl y attractive for use in regenerative therapy due to their relative ease of
isolation, high expansion potential in-vitro, and genetic stability [9, 37, 38]
Specifically for myocardial regeneration, hMSCs have the unique characteristics
to be used allogereically without immune suppression , home to areas of injured
tissue, induce increased angiogenesis,and have been shown to differentiate into
a cardiomyocyte -like phenotype within the myocardium [8, 9, 14, 39, 4Q]

Several research groups have investigated the effects of hMSCs orthe
post-infarcted heart and have reported many functional improvements as
outlined in Table 1. This includes reduction of infarct size and improvements in
ventricular performance [5-8, 4044]. They have also demonstrated potential for
myocyte differentiation and release of cytokines or growth factors that may
stimulate repair mechanisms native to the myocardium [5-8, 41, 43, 44] 1t is
important to note that the mechanism by which cellular cardiomyoplasty and
systemic delivery aid in functional cardiac improvements is highly co ntroversial.
Several different mechanisms have been proposed including differentiation of

15



transplanted cells, passive presence of additional cells within the myocardial
wall, cell fusion, and paracrine signaling [35, 44] While the mechanism remains
unknown, researchers agree that cellular therapy using hMSCs restores a
significant portion of myocardial function and thus it remains a promising

treatment.
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Table 1: Outcomes of MSC use in cellular therapy

# Cells Method of

Species ) ) Functional Outcome
P Delivered Delivery

-Decrease infarct size [41]
-Greater left ventricular wall thickness

Rat 1x10 Intramuscular injection
-Capillary density significantly higher

-Cardiomyocyte -like differentiation of hMSCs

-LV systolic dysfunction attenuated [5]
-hMSCs expressed cardiac muscle proteins in the

Rat 3X10 Intramuscular injection infarct
-scar thinning was attenuated and microvessel

formation increased

-Enhanced neovascularization [6]
-Increase in collagen and thicknesspreventing
the scar thinning and expansion
Rat 2x10 Intramuscular injection
-Engrafted hMSCs stained positive for desmin
-No evidence of synchronous contraction with

native myocardium

-Effects are dose dependant 5x10 MSCs nearly [7]
abolished the infarct area
-Systolic performance improved to a level
Rat 2.5x10 or 5x10° Intramuscular injection indistinguishable from sham animals
-Improvement in diastolic function
-Transplanted MSCs developed into cardiac

myocyte-like cells

-All animals in right ventricular infusion group [40]

died of massive pulmonary emboli
Systemic (femoral vein,
-Intravenous delivery is limited by entrapment
left ventricular infusion
of donor cells in the lungs
Rat 4x10 or right ventricular
-MSCs are preferentially attracted to and
infusion)
retained in ischemic tissue

-Fewer than 1% of MSCs migrated to the

myocardium after 4 hours

17



# Cells Method of

Functional Outcome

Source

Delivered

Delivery

: 1x1C to 1x1Cper
Pig Systemic (ear vein)
kg body weight

-Sem cell treated animals had higher increase in body
weight and heart weight

-MSCs homed to areas of ischemia and showed dose
dependant reduction of infarct size, improvement of
ejection fraction, and hemodynamics at 1x1Pand
1x10 cells per kg body weight

-MSCs were not detected in lung, liver or spleen,

contrary to other similar studies

[42]

Pig 2x10 Intramuscular injection

-Less than half of the implanted MSCs engrafted
within the first 8 weeks

-Decrease in infarct size and significant improvement
in cardiac function

-Myocardial efficiency increa sed to a normal level by 4
weeks

-Transplanted cells expressed proteins normally
restricted to cardiac myocytes, vascular endothelium,

and smooth muscle

[44]

Mouse 5x1C or 1x10° Intramuscular injection

-Majority of delivered cells identified in the spleen,

liver, and lungs

-0.44% engraftment rate after 4 days

-transplanted cells became morphologically
indistinguishable from native myocardium and

I Rx Ul UUI E«O&RIOW®DOD W ¢ YactininE T E
cardiac troponin T, and phospholamban

-Observed sarcomeric organization of contractile

proteins

[8]

Mouse 3x10* to 2x10 Intramuscular injection

-New myocytes occupied more than half of the
infarcted region, confirmed by cardiac specific staining
(myocyte enhancer factor 2, cardiac specific
transcription factor GATA -4, and the early marker of
myocyte development Csx/Nkx2.5)

-Transplanted cells appeared to differentiate to
endothelial cells and smooth muscle cells

-Reduction of infarct size and improvement in

hemodynamics

[10]
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2.2.2 Limitations of Cellular Therapy
While the literature outlined in Table 1 demonstrates the positive outcomes of

cellular therapy, severe limitations exist. These limitations are inherent in the mode of
delivery and include a lack of cell retention, localization, cell survival, and matrix for
cell attachment leading to cell death [11, 1315, 45]

The injection of a bolus of cells into a muscular wall which is constantly
contracting results in a large percentage of the freshly transplanted cells leaking back
out the needle track and escaping the myocardial wall [11, 45] Systemic delivery lacks
targeted localization as well since a multitude of cells become entrapped in other major
organs such asthe lungs, liver, and spleen [40, 46] Additionally since all cells were
suspended in either phosphate buffered saline (PBS) or media, these cells lacked a
matrix for cell attachment during delivery which also plays a role in their death [13, 15]

As a result of these limitations, less than 1 to 10% of cells actually engraft and
survive within the myocardial wall [11, 36, 47] With such significant losses in cell
numbers, this brings forth the following question: how many cells ultimately need to be
delivered to the myocardium to have a beneficial effect? Table 2 highlights key
literature detailing the number of cells delivered and the respective engraftment rates
that were observed. Current approaches deliver between 0.5x1C¢ to 50x1C¢ cells per
heart [8, 13, 39, 40, 42, 43, 48Bince the percent engraftment is reported, the actual
number of cells that engraft in each study can be calculated from the total number of
cells delivered. Also, this number of engrafted cells can be normalized to the rat heart
since there are a variety of different species present and this is he animal model of
concern for this project. Based on publishedweight measurements, the rat heart is about
1% the size of a pig heart and 8 times the size of a mouse hearf49-53]. Thus, 400 to
40,000 cells must be delivered to the rat myocardium in order to observe reductions in

infarct size and improvement s in ventricular performance.
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Table 2: Engraftment rates for cellular t herapy

Species Number of Cells Enaraftment Number of Cells # Cells Engrafted Source
P Delivered 9 Engrafted Normalized to Rat
Mouse 5x105 0.44% 2,200 17,600 Toma, 2002
Mouse 5x1C¢ 0.2% 1,000 8,000 Zhang, 2008
Barbash,
Rat 4AxX10 <1% <40,000 <40,000
2003
Freyman,
Pig 50x1C 0-6% <3x10 <36,900
2006
1x1C to 1x1C per 1,00030,000 per kg
Pig 1-3% 400-12,000 Wolf , 2008
kg bodyweight bodyweight

2.3 Biomaterials for Cardiac Regeneration
The use of biomaterials presents an opportunity to overcome the limitations of

cellular cardiomyoplasty and systemic delivery for more efficient delivery of cells to the
heart. Biomaterials allow researchers to control the cellular microenvironment, and thus

enable direction of cellular behavior [54]. Many factors must be taken into consideration
when selecting and designing a biomaterial scaffold including properties such as
scaffold degradation, porosity, compliance, size, and cell adhesion[15, 54, 55] Materials
such as collagen,gelatin, fibrin, and alginate, and Matrigel have been studied in cardiac
applications as either injectable gels or three dimensional biomaterial constructs [16-22,
48, 5661].

Alginate is a naturally derived polysaccharide from brown seaweed and has
been used in the form of gels or three dimensional sponges for delivery of cells to
infarcted myocardium [62]. Leor et at. used a cell seeded alginate sponge tareate a
bioengineered cardiac graft. This and other studies have demonstrated that alginate is
favorable for tissue engineering constructs due to its hydrophilic nature, tunable

porosity, extensive neovascularization in vivo, and biocompatibility [20, 6264].
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However alginate is unable to specifically interact with mammalian cells due to its lack
of arginine -glycine -aspartic acid (RGD) cell adhesion ligands, thus alginate is frequently
covalently modified with this ligand [62]. Also, alginate is known to be mechanically
unstable in vivo due to its ionic cross-linking and it undergoes slow uncontrolled
dissolution [15, 65]

Gelatin sponges are commercially available biomaterials made of purified
porcine skin gelatin [66]. Studies by Akhyari et al. and Li et al. used gelatin sponges for
culture and delivery of cells to the myocardium. This material is biodegradable and
supports the attachment and spontaneous cortraction of cultured cells. However, this
scaffold is too porous and naturally thrombogenic to be used in blood c ontacting
applications [61, 66, 67]

Matrigel is a liquid basement membrane extract of collagen, proteoglycans, and
laminins that consolidates to gel consistency after a few hours at 37C [22]. Studies have
shown that it is angiogenic largely due to its growth fac tor contents, it can assume the
geometry of the host environment, and in combination with collagen gel, it supports
injection of cells for improvements in cardiac function [19, 21, 22, 57]However, due to
its consistency, it is not ideal for use alone or as a scaffold that promotes in situ
regeneration [15].

Collagen is the main component of connective tissues and is the most abundant
protein in mammals. Its use in cardiac applications, either as a three dimensional
sponge or as a gel, has Bown its support of cells for delivery and spontaneous
contraction [60, 68, 69] Collagen is hydrophilic, degradable and an excellent substrate
for cell attachment and infiltration. However it can have poor mechanical properties,
lack structural stability, exhibit a large degree of swelling in culture mediu m, and is
weakly immunogenic and thrombogenic [58, 70]

Christman et al. were the first to demonstrate the improvement in cell survival
when using an injectable fibrin scaffold as compared to intramuscular i njection of a cell
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suspension [15]. Fibrin is a natural provisional matrix for cell attachment and migration
during wound healing. A complex series of coagulation reactions, triggered by platele t
adherence after injury, leads to the production of thrombin. This enzyme cleaves
fibrinogen, which is naturally circulating in the blood, and forms a complex,
interwoven, fibrin clot to stop bleeding and encourage healing [71, 72] These two
components, fibrinogen and thrombin, are used commercially to mimic this final stage
in the coagulation cascade as surgical fibrin sealants and fibrin gels for tissue
engineering [24]. The natural presence of RGD binding motifs to facilitate cell adhesion,
the possibility of using autologous fibrinogen and thrombin, the natural presence of
growth factors, its Food and Drug Administration ( FDA) approval for clinical use, and
its angiogenic characteristics make fibrin attractive for cardiac applications [16, 56, 73]
While all these materials have shown potential for increasing cell survival , the
issue of cell and material retention in injectable gels continues to remain a challenge[16,
24, 48] Additionally, the three -dimensional biomaterial constructs meant to be full
thickness patches for infarct regeneration are plagued by problems with vascularization
and nutrient diffusion [6, 16] These patches are typically on the order of several
millimeters in thickness while diffusi on can only supply nutrients to a depth of 1504 m
[11]. This is not suitable for keeping the entire construct viable while vascularization is
taking place in vivo. This illustrates the need for design of a biomaterial scaffold to
facilitate targeted, controlled delivery of stem cells to the myocardial wall, while
allowing stem cell growth and maintaining cell viability . This scaffold should induce
angiogenesis for new blood vessel formation and persist long enough to guide the
integration of cells, but not so long as to interfere with cell coupling essential to
myocardial function [54]. The ability to deliver gr owth factors via this scaffold is a
desirable capability as well, since growth factors can be used to direct many cellular

processes.
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2.3.1 Fibrin Microthreads
Discrete fibrin microthreads have recently been developed by Cornwell et al. as a

novel scaffold to direct cell orientation and migration for tissue regeneration. These
microthreads are attractive as tissue engineering scaffolds due to their combination of
cell signaling and structural properties [23]. Evaluation by Cornwell et al. demonstrated
that fibrin microthreads were significantly higher in tensile strength than fibrin gels and
proved their support of fibroblast viability, alignment, growth, and migration for 7 days
in culture. These fibrin microthreads are able to be crosslinked for increased tensile
strength and stiffness, and can be loaded with growth factors to influence cellula r
processes[23, 74]

Here, we propose to use fibrin microthreads as a matrix for cell attachment to
anchor cells during delivery. Fibrin has been shown to support hMSC viability and
growth in the form of a gel [16, 17, 24] Fibrin is angiogenic, biodegradable and the
microthreads are capable of being loaded with growth factors. Also their structural
properties present the opportunity for the microthreads to be used in a manner similar
to a suture is also advantageous, presenting a novel approach to scaffold delivery. By
attaching the microthreads to a needle, the surgeon now possesssthe ability to deliver

the stem cells to a precise location within the heart wall.
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Chapter 3: Hypothesis and Specific Aims

We hypothesize that fibrin microthreads will support hMSC proliferation,
survival, and retention of differentiation capability and may therefore facilitate targeted
hMSC delivery to injured tissues such as infarcted myocardium.  Specifically,
guantification of the number of cells will verify that the microthreads are capable of
delivering between 400 and 40,00(hMSCs and immunohistochemistry and functional
differentiation assays will confirm cell viability , proliferation, and retention of

mult ipotency.
Specific Aim 1: Quantify cell number on fibrin microthreads

Here we hypothesize that fibrin microthreads are capable of supporting between
400 and 40,000 hMSCsTo test this we bundled individual f ibrin microthreads in groups
of 4 and seededthem with hMSCs. After 1, 3, and 5 days in culture, microthreads were
analyzed by two methods. For the first method, microthreads were removed from
culture and stained with Hoechst dye to visualize nuclei . The number of nuclei per area
of microthread was counted using ImageJ software. For the second method we sought
to develop a reproducible, time efficient assay for cell quantification to improve upon
the limitations of counting Hoechst dye stained nuclei . Microthreads were digested in
trypsin and hMSCs were re-plated in a standard tissue culture plate. The CyQuant
Cellular Proliferation Assay was used to quantify cell number by converting
fluorescence intensity, produced by a cyanine dye binding to cellular DNA, to cell

number via a standard curve.
Specific Aim 2: Confirm hMSC viability and proliferation on fibrin microthreads

Here we hypothesize that fibrin microthreads support the viability and
proliferation of hMSCs. Human mesenchymal stem cells seeded on fibrin microthread

bundles for 1, 3, and 5 days were stainedwith Ki -67, aprotein present in the nuclei of
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proliferating cells. The number of Ki-67 positive cells was counted and a percentage of
Ki-67 expression was calculated relative to the total number of cells present. To
investigate the effect of fibrin on hMSC proliferation Ki -67 expression on microthreads
was also compared to Ki-67 expression of hMSCs cultured on standard and fibrin

coated chamber slides.Cell viability was determined using the LIVE/DEAD assay.
Specific Aim 3: Demonstrate hMSC retention of mult ipotency

Finally, we hypothesize that hMSCs will retain their ability to diffe rentiate after
being cultured on fibrin microthreads. Fibrin microthread bundles seeded with hMSCs
were cultured for 5 days. At the conclusion of culture time the bundles were digested
with trypsin, re -plated in a standard tissue culture plate, and exposed to standard
differentiation protocols for adipogenesis and osteogenesis Adipogenic cultures were
stained for the presence of lipid vacuoles using Oil Red O and osteogenic cultures were

evaluated for calcium deposition via Alizarin Red S staining .
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Chapter 4: Materials and Methods

This section details the procedures used to achieve our specific aims. Fibrin
microthread production and seeding of hMSCs will be described, as well as our
methods of analysis for quantification of cell number, proliferation, v iability, and

differentiation.

4.1 Fibrin Microthread Production and Seeding
Fibrin microthreads were produced according to a previously published protocol

[23]. Briefly, fibrinogen and thrombin from bovine pla sma (Sigma Aldrich, St. Louis,
MO) were placed into separate 1 mL syringes. The solutions were combined by a
blending applicator tip (Mi cromedics, St. Paul, MN) and extruded through
polyethlyene tubing (0.38mm inner diameter, Beckton Dickinson , Franklin Lakes, NJ)
into a bath of 10mM HEPES, pH 7.4 at roomtemperature (Figure 1). After 15 minutes,
the microthreads were removed from the bath and hung to dry overnight. This process
produced individual fibrin microthreads with an average hydrated diameter of 100 um
[23].

Fibrinogen (70 mg/ml)
in HBS

Blending Connector
(Fibrijet?” Micromedics Inc.)

4.25 mm/min

PE Tubing

—

Thrombin (6 U/ml)
in 40 mM CaCl,

10mM HBS (pH 7.4)

Figure 1: Fibrin microthread extrusion process [23]
In order to facilitate cell attachment, the individual microthreads were grouped
together to form a bundle of fibrin microthreads. Specifically, bundles of microthreads
were formed by placing four microthreads adjacent to each other and dragging a

droplet of phosphate buffered saline (PBS) along the length of the microthreads until
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they adhered to eachother (Figure 2). This provided grooves for initi al cell attachment
and increased surface area for cell growth as compared to a single large diameter

microthread.

PBS

Bundle of

Individual microthreads

microthreads

%ﬂ - T - ]
Microthread

Forceps

Tape

Figure 2: Microthread b undling procedure

To prepare microthreads for seeding, bundles were glued to 3.0 cm outer
diameter stainless steel washers (Seastrom Manufacturing Twin Falls, ID) with Silastic
Silicone Medical Adhesive Type A (Dow Corning , Midland, MI ). Individual washers
were placed in wells of a standard 6-well plate over a 13 mm diameter circular
Thermanox™ coverslip (Nalge Nunc International , Rochester, NY) as seenin Figure 3.
Prior to seeding, the washers with attached bundles were rehydrated with PBS for 15
minutes, then sterilized using 70% isopropyl alcohol for 1 hour, rinsed with three

washes in sterile PBS for 15 minutes and air dried in a laminar flow hood overnight .
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Stainless Steel Washer

Silastic
Microthread Bundle

Thermanox™!

100 uL. cell suspension

Figure 3: Microthread/w asher diagram
Microthread bundles were seeded with hMSCs according to standard cell culture
procedures. Human m esenchymal stem cells(Lonza, Walkersville, MD) in culture were
trypsinized , centrifuged, and re-suspended at a concentration of 500,000 cells/mL in
Mesenchymal Stem Cell Growth Medium (MSCGM : 10% mesenchymal stem cell
growth supplement, 2% L-glutamine, 0.1% gentamicin sulfate/amphotericin-B in
mesenchymal stem cell basal medium, Lonza, Walkersville, MD ). Passage 49 hMSCs
were used for all experiments. A 100 4L drop of cell suspension was placed in the
center of the coverslip and the plate was placed in a 37 C, 5% CQ incubator. After 2
hours of incubation, the washers with attached microthreads were rinsed with PBS to
remove unattached cells and transferred to new 6-well plates containing 2 mL of fresh

media, changed evey three days (Figure 4).

6-well Tissue Culture Plate

Figure 4: Microthread/w asher culture
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4.2 Quantification of Cell Number

The procedures described here focus on quantifying the number of cells that can
be delivered to the target location using fibrin microthread bundles. Initially,
microthreads were seeded with hMSCs and counterstained with Hoechst dye to
determine cell density by counting. While this method allows quantification of cell
number it has several limitations that restrict the efficacy of the results . Thus we sought
to develop a quantitative assay for assessnent of cell number to overcome these
limitations.
4.2.1 Estimation of Cell Attachment

An approximation of c ell attachment on fibrin microthread s canbe obtained by
calculating the surface area available for cell attachment on a microthread bundle and
dividing it by the average area of an hMSC. In this way, we can obtain an estimate of

how many hMSCs can theoretically be cultured on a bundle of fi brin microthreads.

The surface area of a bundle of four microthreads was calculated by first
approximating the circumference of the microthread bundle and multiplying it by the
microthread length. Based on Figure 5, about 75% of an individual microthread
circumference is exposed for cell attachment. Therefore, the circumference of a bundle

of 4 microthreads is asfollows:

Bundle Circumference = a(rd;)p
Where di PUw UT 1 wEDPEOI Ul Uw Ol wEwWUDOT Ol eppéximated U1 Ul EE
percentage of individual microthread exposed for cell attachment in the bundle (0.75),
ECEwd wPUwWUT 1 wOUOET UwOi w@brhdtdal sutthcebated)waien UT 1 wE (
determined by multiplying the bundle circumference by the length of the microthread

bundle.
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Bundle of 4 75% of each Circumference of
microthreads circumference microthread bundle

Figure 5: Microthread bundle ¢ ircumference

Average hMSC area was calculated based ona phalloidin stained image of
hMSCs cultured on an 8-well chamber slide (Nalge Nunc International, Rochester, NY).
Using ImageJ software (National Institutes of Health, Bethesda, MD), the freehand
sections tool was used to trace the perimeter oftwenty cells and the measure function
was used to determine the area within the trace. The number of cells per microthread
was calculated by dividing the total surface area of the microthread bundle by the

average area of an hMSC(1,255+911um?).

4.2.2 Quantification of Cell Number via Hoechst Dye Staining

Microthread bundles were seeded as previously described. After 5h, 1, 2, 3, 4,
and 5 days in culture, washers with attached microthread bundles were removed from
the 6-well plate and rinsed with PBS. The microthreads were cut from the washers,
placed on glass slides, fixed in 4% paraformaldehyde in PBS (Boston Bioproducts,
Worcester, MA) for 10 minutes, rinsed with two washes of PBS for 5 minutes each, and
then permeabilized with 0.25% Triton-X100in PBS for 10 minutes. Then microthreads
were blocked with 1% bovine serum albumin in PBS for 10 minutes and stained with
Alexa Fluor 488 conjugated phalloidin (5%L stock solution in 2004L PBS, Invitrogen
A12379 Carlsbad, CA) for 30 minutes to illuminate the f -actin filaments in the
cytoskeleton. Microthreads were then rinsed with three washes of 1% bovine serum

albumin in PBS for 10 minutes eachand counterstained with Hoechst dye (Cambrex Bio
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Science Charles City, 10) at a concentration of 1:6000 for 5 minutesto visualize cell

nuclei.

Cell density was determined by counting th e number of cells per square
mill imeter of microthread from fluorescent images taken with a Leica DM LB2
microscope. A total of six microthread bundles from two separate experiments were
imaged per time point under 10x magnification. Images were taken successively along
the cell populated region of the microthreads until the entire length w as viewed, this
required anywhere from 5 to 13 images. Counts and area measurements were
performed using Image J software with the Cell Counter plug-in. Raw data was
reported as the number of cells per square millimeter of microthread bundle.

In order to compare the results from this quantification method to alternate
guantification methods and results from literature , the total number of cells per
microthread bundle needed to be calculated. The total number of cells per microthread
bundle can be extrapolated from the raw data by using the bundle surface area
calculation from Section 4.2.1 and multiplying by the number of cells/mm 2 counted.
Adjustments for the unseeded ends of the microthread bundle , as seen in Figure 6were
made by measuring the unseeded area of three microthreads at each time point. The
average unseeded area was then subtracted from the total surface area of the
microthread bundle, to yield the average cell populated area of microthread. This
adjustment was necessary in order to account for the tail portions of the microthread
that were not populated by cells, otherwise simple multiplication of the entire surface
area of the microthread bundle by cell density would overestimate cell number. This
type of data manipulation is by no means an ideal method for determining total cell
number on the microthread bundle since it calculates the surface area of a three
dimensional sample based on a two dimensional image. It is meant only to serve an

approximation of total cell number for comparative p urposes.
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Unseeded end Unseeded end

hMSC

Figure 6: Diagram of hMSC s on microthread bundle
4.2.3 CyQuant Cellular Proliferation Assay

While counting Hoechst dye stained nuclei allows quantification of cell number
it has several limitations. First, it is very t ime consuming to count individual nuclei on
microthread bundles which effectively limits sample size. Second, since we are limited
to imaging this three dimensional scaffold in a single plane, not all the cells on the
microthread are able to be counted. Finally, the amount of microthread area visible in
images varies due to the placement of the microthread on the slide and flattening by the

coverslip. Thus, all counts of nuclei must be normalized to the viewable surface area.

To overcome these limitations we sought to develop an automated assay for
more reproducible , quantitative, and high throughput analysis. Basedon the cell count
from the Hoechst dye protocol, we determined that the assay must detect & few as
1,000cells and up to 20,000 cells. Productresearch revealed that the CyQuant Cellular
Proliferation Assay (Invitrogen , Carlsbad, CA) had the appropriate sensitivity. This
assay employs a cyanine dye that fluoresces upon binding to double stranded DNA and
can detect as few as 50 cell§75, 76] This dye has been proven to correlate well with
measurements made using [3H]-thymidine, which in turn has been shown to be

equivalent to the Hoechst 33342 fluorochrome [75, 77]

First, to determine dye incubation time, hMSCs were passaged according to
standard cell culture protocols and plated in a 96-well plate (Beckton Dickinson,

Franklin Lakes, NJ) at concentrations of 100 to 50,000 cells per well in 1007L of
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CyQuant dye prepared as per kit protocol. The dye was allowed to incubate with the
cells in a 37 C, 5% CQ incubator and a reading was taken with a Victor 2 1420
Multilabel Counter every ten minutes from 30 minutes to 80 minutes. Wells with dye
alone served as controls for background fluorescence subtraction. Fluorescent intensity
was plotted versus time for each cell concentration. The appropriate dye incubation
time was determined as the time after which fluorescence intensity does not statistically

change with time.

Cell attachment to microthreads was quantified using the CyQuant assayat 1, 3,
and 5 days in culture. The diagram in Figure 7 depicts the procedure. Microthreads
were cut from the stainless steel washers and digested in 0.5 mL of 0.25% trypsinin
"EOQOOz Uw! EOEOEIT Hnvittoged UGarkiad) CA) BB & for 5 minutes. An
equivalent amount of MSCGM was added to inactivate the trypsin and the suspension
was centrifuged for 5 minutes at 1,000 RPM. The supernatant wasremoved by pip etting
and the pellet was re-suspended in 2004 L of fresh media and transferred to wells of a
96-well plate. The plate was placed in a 3® C, 5% CQ incubator for 4 hours to allow
complete cell attachment. Each well was then rinsed with 200 4L of sterile PBS twice to
remove residual thread debris. CyQ uant dye (100 4L per well) was added to the plate
and it was returned to incubation. After one hour, a reading was taken with the Victor?3
1420 Multilabel Counter to measure fluorescence intensity and cell number was
calculated based via a standard curve. Unseeded threads and hMSCs plated at 1,000
cells per well served as controls. Background fluorescence was measured by way of

wells with CyQuant dye alone.
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Figure 7: CyQuant procedure

To correlate fluorescence intensity with cell number, a standard curve was
created. Human mesenchymal stem cells were passaged and seeded atl00 to 3,000
cells per well in a 96-well plate. Cells were allowed to attach overnight and then were
processedin the same manner as the microthreads. By creating the standard curve in
this way, we ensured that the cells were exposed to the same conditions and thus
accounted for any loss of cells due to the assay procedure.Wells with CyQuant dye
alone were used to measure background fluorescence of the dye.The standard curve
was created by subtracting the background fluorescence from the fluorescence intensity
of each cell concentration and plotting known cell number versus fluorescence. A linear

trend line was fit to the graph and R -squared value and slope were determined.

4.3 Cell Proliferation
To confirm that the increase in cell number over time in culture on fibrin
microthreads is due to cellular proliferation, microthreads were fixed and stained with

an antibody against Ki-67. Ki-67 is a protein expres®d during G1, S, G2, and M phases
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