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ABSTRACT
Heart disease is the number one cause of death in the United States. During a cardiac infarction,
the coronary arteries are occluded, preventing blood flow to the heart. Without blood flow, the
myocardium does not receive sufficient oxygen to maintain cell health. If cardiomyoctes die, the
myocardium is unable to be regenerated. Most strategies for dealing with a myocardial
infarction focus on reducing the necrosis. A method must be developed to repair the damage to
cardiac tissue and the use of a cardiac patch is promising. If correctly designed, the scaffold of a
cardiac patch could deliver healthy cardiac cells to the myocardium and provide structural
support for the cells until they can produce their own extracellular matrix. A scaffold of the
optimum stiffness would direct the differentiation of cells into healthy cardiac tissue. To
determine the optimum stiffness for a cardiac patch, substrates with stiffness’s of of 5, 11, and 20
kPa were prepared from acrylamide/bisacrylamide solutions. The relative concentration of
fibrillin-1, a major component of scar tissue, produced by mouse embryonic fibroblasts (MEFs)
cultured on the scaffolds was observed by fluorescent microscopy, Western blot, and a slot blot.
In qualitative and quantitative comparisons, the 11 kPa gels were shown to have the highest level
of fibrillin expression. The fibrillin levels were lower on 20 kPa gels. To manufacture a patch
with a stiffness in the physiological range of cardiac tissue, a 20 kPa gel may provide the best
compromise between mechanics and fibrillin expression.
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Chapter 1

Introduction
Every twenty-five seconds, someone in the United States suffers from a coronary
event. And about every minute, someone will die due to one of these events. The result
is that heart disease is the number one cause of death in the United States [8].
And while many factors can lead to a coronary event, including tobacco usage,
poor diet, inadequate exercise and obesity, the resulting damage to the heart is similar in
each case. The blockage of the coronary artery for any reason will result in an infarct in
the area that artery services. The myocardium affected cannot be repaired or regenerated
by the native tissue due to the inability of the cardiomyocytes to replicate. The resulting
damage to the myocardium has been described as consisting of four stages: acute
ischemia, necrotic phase, fibrotic phase, and the remodeling phase [5].
During acute ischemia, the cardiac tissue suffers from a lack of oxygen. The final
size of the infarct is a function of the area of the tissue deprived of oxygen. In the hours
following an infarction, the cardiac muscle loses its striations as the extracellular matrix
(ECM) remodels and couplings between myocytes and the extracellular matrix (ECM)
degrade. The ischemic myocardium behaves as passive nonlinearly viscoelastic material.
While explanations have been suggested to explain the softening of the myocardium,
including disruption of structural proteins and loss of perfusion pressure, the mechanisms
of the softening are not well understood. By 6 hours after a coronary artery occlusion,
the stiffness of the infarct has increased, ending the period of acute ischemia [5].
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While evidence of necrosis may persist for weeks or months, the increase in the
deposition of collagen marks the beginning of a new phase of infarct healing. The
deposition is mainly of types I and III collagen aligned similarly to normal muscle tissue.
The collagen content, its alignment, and the ratio of the subtypes determine the
mechanical properties of the healing infarct during this phase. The amount of fibrillin in
the tissue will also increase up to 4.8-fold during this time frame. Three weeks later,
collagen accumulation slows [5].
The attenuation of collagen accumulation marks the beginning of the remodeling
phase. The cross-linking of the collagen continues to increase during this period.
Ventricular function may improve, though not to previous levels as the tissue remains
stiffer than its original counterpart. Due to the dynamic nature of biologic systems, no
defined end has been identified for the remodeling phase [5].
The damage described above will impair the function of the pumping capacity of
the heart but the most catastrophic possibility would be rupture of the infarction. The
probability of this rupture increases as the tissue of the infarct rearranges, yielding a
thinner infarct with increased endothelial surface, increasing the wall stress within the
chamber. Less immediately threatening, but still dangerous, is the use of the energy of
healthy cardiac muscle to move the necrosed tissue of a compliant infarct. While a
compliant infarct can interrupt the systolic function, an overly noncompliant infarct can
limit the ventricular function by impairing the filling of the ventricle during diastole. The
issue is further complicated by the anisotropic nature of cardiac tissue and the infarct’s
remaining coupling to healthy myocardium. In this area, the stiff infarct restricts the
`
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movement of the coupled myocardium, reducing its ability to stretch radially or
circumferentially. These damaging effects can also lead to hypertrophy of the ventricles
without an increase in pumping capacity [5].
As not everyone who suffers from a cardiac infarction will die, strategies are
necessary to repair the damage caused by the cardiac infarction and improve the pumping
capacity of the heart. Several approaches are available to address the damage caused by
myocardial infarction [5].
If a cardiac infarction is detected early enough, reperfusion with fibrinolysis can
be an effective treatment mechanism. The increase in blood flow to the hypoxic tissue
can prevent further damage and long term functional difficulties. If pharmacological
reperfusion fails, percutaneous coronary intervention (PCI) can be implemented. PCI,
commonly known as angioplasty, is a therapeutic procedure to treat narrowed coronary
arteries. Widening the arteries can allow blood flow to return to the infarct, preventing
further damage. Antithrombotic therapies such as administration of antiplatelets or
unfractionated heparin can also be introduced to prevent the reoccurrence of ischemic
events by preventing or mitigating the formation of possibly occluding clots [10].
However, none of these therapies are capable of repairing the damage already
done to the heart by the first cardiac infarction. While mortality from cardiac infarctions
decreased 3.9% between 1999 and 2006, approaches to manage damage are not enough.
The use of novel therapies such as complement inhibitors, glucose-insulin potassium and
peri-infarction cooling has proved disappointing [10].
The cardiac patch has been introduced as a promising approach. As stated
previously, the myocardium is unable to repair following injury as the cardiomyocytes
`
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cannot replicate and no adult stem cells are present in the myocardium. Cardiac tissue
engineers envision placing functioning cardiac cells on a biodegradable polymer scaffold
and implanting the scaffold on the cardiac damaged tissue. The scaffold would provide
mechanical support for the cells until they could produce their own extracellular matrix.
The scaffold would slowly degrade, leaving behind the healthy cells to repair the infarct
and grow to replace the damaged tissue. With a properly designed cardiac patch, the scar
could eventually be replaced with healthy cardiac tissue, improving cardiac function
following a myocardial infarction [7].
While some materials have successfully been used to deliver cells and improve
cardiac function, the mechanisms for the success of substrates while others fail is not well
understood. To have the best effect, it would be advantageous to design a scaffold with
an appropriate stiffness. Complications can result if the stiffness of the ventricular tissue
is too stiff or compliant following a cardiac infarction and the same effects are likely if
the cardiac patch is not the appropriate stiffness.
Discher, et al described the effect that the matrix can have on differentiation of
cells. They found that native mesenchymal steam cells (MSCs) will demonstrate a
divergent lineage commitment based on the elasticity of the matrix on which they are
grown. Soft matrices that mimicked the elasticity of brain were neurogenic while more
rigid matrices that mimicked collagenous bone were osteogenic [4].
This principle can be used to design a cardiac patch of the proper elasticity. A
scaffold for a cardiac patch ought to be cardiogenic. The goal of this experiment is to
determine the proper stiffness of an implantable patch for cardiac tissue engineering.

`
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Acrylamide/bisacrylamide is used as the scaffold substrate as its elasticity can be
easily adjusted by changing the crosslinking density and manipulating the ratio of the
monomers. The substrate can also be coated in collagen, to aid in the attachment of cells
[2]. Culturing fibroblasts on substrates of different stiffness can be used to find a
substrate of the proper elasticity for the growth of cardiac fibroblast. The scaffolds
chosen here are 5, 11, and 20 kPa, as the tissue of the right ventricular myocardium has
been shown to vary in stiffness from 5 kPa longitudinally to 16 kPa circumferentially.
These limits within the physiological regime are shown in Figure 1-1 [3].

Figure 1-1: The stiffness of the right ventricular myocardium is shown to vary from below 5 kPa
to about 16 kPa within the physiological regime. [3]

MEFs will be grown on the scaffolds for either 4 or 10 days. Then the level of
fibrillin-1 on each scaffold will be qualitatively and quantitatively determined. Fibrillin-1
is a major component of cardiac scar tissue. While fibrillin-1 is also component of
healthy myocardium, its concentration in cardiac tissue has been shown to increase up to
4.8-fold during fibrosis [1]. The increase in the level of fibrillin can be seen in Figure 1`
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2. A low level of fibrillin-1 will be considered optimal for use in a cardiac patch as
higher level of fibrillin is associated with stiff scar tissue.

Pre-infarction

Post-infarction

Figure 1-2: The level of fibrillin-1 (brown) in cardiac tissue has been shown to increase up to
4.8-fold following a cardiac infarction.[1]

We hypothesize that less stiff scaffolds will have lower levels of fibrillin-1 while
stiff scaffolds will have high fibrillin-1 levels. The specific aim of this research will be to
identify the scaffold with the lowest level of fibrillin-1. The stiffness of the scaffold with
the lowest concentration of fibrillin will be considered optimal. The level of fibrillin-1
will be qualitatively and quantitatively assessed by fluorescence microscopy, a slot blot,
and Western blot

`
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Chapter 2

Methods

Cell Culture

Mouse embryonic fibroblasts (MEFs) were selected as the experimental cell. For
the purposes of this study, they behave similarly to cardiac fibroblasts. Both types of
fibroblasts express fibrillin-1, the protein of interest due to its role in the formation of
scar tissue. Cells were expanded in Dulbecco’s Modified Eagle Medium (DMEM)
supplemented with 10% fetal bovine serum (FBS) and 1% penicillin streptomyocin.
Cells were maintained at 37°C and 5% CO2.

Substrate Preparation

To prepare at acrylamide/bis-acrylamide substrate, 25 mm glass coverslips were
coated with 0.022 M sodium hydroxide (NaOH) and heated to 150 °C to evaporate the
NaOH. The surface of the coverslips was covered with 3-aminopropyltriethoxysilatne
(APTES) for 5 minutes and then washed (3 x dH2O). The coverslips were transferred to
gluteraldehyde (0.5% in phosphate buffered saline (PBS)) and soaked for 30 minutes.
Coverslips were washed (3 xdH2O) and stored on a damp surface.
Sigmacote was applied to another set of coverslips, which were then washed (3 x
dH2O).

8

Acrylamide and bis-acrylamide solutions in PBS were prepared to yield 5 kPa, 11
kPa and 20 kPa gels in the ratios provided in Table 2-1 [8]. The stiffness of gel at tjese
acrylamide/bisacrylamide ratios was determined by Chaudhuri, et. al through atomic
force microscopy.
Table 2-1: The stiffness of an acrylamide/bis-acrylamide gel can be adjusted by
changing the ratio of the components. [8]

The gel solution was combined with ammonium persulfate (10%, APS) and
tetramethylethylenediamine (TEMED) to initiate polymerization. The gel was added to
the aminosilated coverslips and a coverslip treated with Sigmacote were placed on top of
the gel solution with the treated side down. The gels were then allowed to polymerize for
1.5 hours. Then the top coverslips were carefully removed and the gels were washed (3 x
PBS).
The gels were photoactivated by the addition of n-sulfosuccinimidyl-6-(4'-azido2'-nitrophenylamino) hexanoate (Sulfo-SANPAH) in 4-(2-hydroxyethyl)-1piperazineethanesulfonic acid (50 mM, HEPES) followed by exposure to 365 nm
ultraviolet light. The gels were washed (3 x 50 mM HEPES) and submerged in collagen
(0.2 mg/mL) overnight. The gels were then washed (3 x PBS) and sterilized by UV light
for 90 minutes.

`
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At this point, passage 4 MEFs were seeded on the gels and glass coverslips as a
control. Samples for fluorescent imaging and blotting were taken 4 days and 10 days
after seeding.

Fluorescent Imaging

The coverslips were washed (1 x PBS) and ice cold cytoskeleton stabilization
buffer (CSB, 50 mM NaCl, 0.5% Triton X100, 10 mM PIPES, 2.5 mM MgCls, 1mM
EGTA, 0.3 m Sucrose), was applied. The coverslips were incubated for 1 minute on ice.
The CSB aspirated and replaced with fixation buffer (FB, 4% Paraformaldehyde inPBS).
The coverslips were incubated for 30 minutes in FB and then washed (3 x PBS).
Permeabilization buffer (PB, 1 x PBS, 2% Bovine Serum Albumin, 0.1% Triton) was
added and allowed to incubate for 45 minutes. The primary antibody, fibrillin-1 (1:400 in
PB) was added and incubated for 1 hour in the dark. All following steps were also
completed in the dark to prevent photobleaching. After washing (3 x PBS), the
secondary antibody, Cy-5, was added (1:200 in PB). After washing (3 x PBS), phallodin
(1:2000 in PB) was added and incubated for 30 minutes. Following washing (3 x PBS),
DAPI (1:5000 in PB) was added and incubated for 5 minutes. After washing (3 x PBS),
the slide was mounted with profade gold mounting media. The coverslip was sealed with
clear nail polish after 24 hours to prolong its quality during storage.

`
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Slot Blot

The Licor multiplexer blotting system, shown in Figure 2-1, is designed for a
multiple-target Western blot. Here the system was adapted to quantify the relative
amount of fibrillin in each sample. A PVDF membrane was wetted in methanol then
washed with PBS before being inserted between the base and top plate. 150 μL of
sample (0.5 μg/mL) and protein loading buffer were added to each well. The membrane
was allowed to dry for 2.5 hr. The membrane was blocked in 1:1 blocking buffer and
TBS for one hour then incubated in fibrillin and tubulin (1:500, 1:2000) for one hour.
The membrane was washed (3 x TBST), incubated for 45 minutes with secondary
antibodies, and imaged with the Licor Odyssey scanner.

Figure 2-1: The Licor multiplexer blotting system was adapted to quantify the relative
amount of fibrillin in each sample [10].

`
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Western Blot

Samples were prepared for the Western blot. The samples were washed (1 x
PBS) and treated with low-UV RIPA lysis buffer (150mM NaCl, 1% Tween20, 0.5% Na
deosycholate, 0.1% SDS, 50 mM Tris, pH 8.0, 1:1000 protease inhibitors). They were
stored at -80 ˚C and subjected to 1 freeze-thaw cycle. The amount of DNA in the sample
was then determined via UV Spectrometry so the amount of protein loaded into each well
could be normalized. Proteins in the sample were denatured by heating at 95˚C for 9
minutes with loading buffer. 1 μg of DNA was then loaded into each well of an 8% acrylbisacrylamide gel. The gel was run at 120 V for 2.5 hours. Proteins were then
transferred to a polyvinylidene fluoride (PVDF) membrane by applying 80 V for 80
minutes. The membrane was blocked to prevent nonspecific binding by soaking in 1:1
blocking buffer and tris buffered saline (TBS) for one hour. The membranes were then
incubated in fibrillin and tubulin overnight (1:500, 1:2000). After washing (3 x TBS w/
Tween (TBST)), the membranes were incubated for 45 minutes with the secondary
antibodies. Images were taken using the Licor Odyessey scanner.

`
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Chapter 3

Results and Discussion
MEFs were cultured on the 5, 11, and 20 kPa acrylamide/bis-acrylamide gels for
either 4 or 10 days before qualitative and quantitative assessment of fibrillin-1
production.

Fluorescent Imaging

Images taken following the immunostaining protocol, at 40X, are presented in
Figure 3-1 through Figure 3-9. Cell nuclei are stained in blue, actin is green, and fibrillin
appears red. For each image, the same exposure time and intensity settings were used for
Y5 (fibrillin) channel so qualitative comparisons can be made about the amount of
fibrillin in each sample. A sample with a higher concentration of fibrillin will be more
intensely red.
On the 5 kPa scaffolds from day 4 (Figure 3-1), very little fibrillin was produced
but a developed actin cytoskeleton can be seen. The 11 kPa (Figure 3-2) and 20 kPa
(Figure 3-3) scaffolds show evidence of more fibrillin fibers with the highest
concentration of fibrillin clearly seen on the 11 kPa scaffolds. Controls, on glass
coverslips, also exhibit very low levels of fibrillin.
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Figure 3-1: MEFS cultured on 5 kPa acrylamide/bis-acrylamide gels were sampled
after 4 days. The nuclei (blue), fibrillin (red), actin (green) were stained.
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Figure 3-2: MEFS cultured on 11 kPa acrylamide/bis-acrylamide gels were sampled
after 4 days. The nuclei (blue), fibrillin (red), actin (green) were stained.

`
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Figure 3-3: MEFS cultured on 20 kPa acrylamide/bis-acrylamide gels were sampled
after 4 days. The nuclei (blue), fibrillin (red), actin (green) were stained.

`
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Figure 3-4:

MEFS cultured on glass slides were sampled after 4 days. The nuclei
(blue), fibrillin (red), actin (green) were stained.

Comparisons based on the images at day 10 are more difficult. Using a
combination of light and fluorescent microscopy, many cell nuclei that did not take up
the DAPI can be seen (Figure 3-6). Insufficient volumes of primary and secondary

`
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antibodies were used in this in this stage to stain all of the nuclei and cytoskeletal
components. The 11 kPa gels (Figure 3-6) are the only images that show any red
fibrillin, which may indicate these samples have the largest amount of fibrillin present.
Figure 3-5 shows a large number of cells proliferating on the 5 kPa gels. No images are
available of the 20 kPa gels as this sample was damaged.

Figure 3-5: MEFS cultured on 5 kPa acrylamide/bisacrylamide gels were sampled after
10 days. The nuclei (blue), fibrillin (red), actin (green) were stained.

`
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Figure 3-6:

`

MEFS cultured 11 kPa acrylamide/bis-acrylamide gel at 10 days. The
nuclei (blue), fibrillin (red), actin (green) are stained
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Figure 3-7:

MEFS cultured on glass coverslips at 10 days. The nuclei (blue), fibrillin
(red), actin (green) are stained.

Cells can be seen proliferating on each of the gels. The gels were observed to
shrink during drying, leaving portions of the class coverslip exposed. On the 11 and 20
kPa samples, cells preferred to proliferate on the coverslip rather than the gel. In Figure
3-8, the boundary between the glass and the coverslip is visible. Cells can be seen
growing on the coverslip at the right but not beyond the boundary of the gel. Other
portions of the gel however, like those seen above, have a large population of cells.
Incomplete photoactivation of the gels may have prevented the collagen from attaching
uniformly to the gels.

`
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Figure 3-8: MEFs cultured on 11 kPa acrylamide/bis-acrylamide gel at 4 days
preferred proliferating on the coverslip. The gel and coverslip boundary can be seen near
the arrow. The nuclei (blue), fibrillin (red), actin (green) are stained.
Other samples had evidence of autofluorescence debris and salt crystals, which
made imaging difficult. Yellow salt crystals, produced from autofluorescence in multiple
channels, can be seen overlaying the cell nuclei in Figure 3-9 below.

`
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Figure 3-9: MEFs cultured on 5 kPa acrylamide/bisacrylamide gel for 4 days. Salt
crystals (yellow) can be seen overlaying cell nuclei (blue).

Slot Blot

From the blot test, the relative concentrations of fibrillin and tubulin were
quantified. Tubulin is cytoskeletal protein expressed constitutively and so can be used to
normalize for the production of fibrillin.
As seen in Figure 3-10, fibrillin expression was seen to increase slightly at day 10.
It may be that with a longer time on the substrate, cells spent more time remodeling the
ECM and producing fibrillin.
While the data from day 4 suggests that an optimum may exist for the stiffness of
the substrate at 11 kPa, this trend is not supported by the Western blot nor was it
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significantly different than the other samples at day 4. Reasons for this will be discussed
below during the analysis of the Western blot.
Using the standard error of the mean (SEM) to identify a 95% confidence
intervals, none of the data points below could be determined to be statistically different.

Figure 3-10: The relative optical density of fibrillin for the 5, 11, and 20 kPa gels, as
well as the controls, was normalized with respect to fibrillin. Standard deviations are
included. None of the samples could be determined to be statistically different using the
95% confidence intervals from the SEM.

Western Blot

A comparison of relative optical density was completed for the Western blot samples.
The optical density of the fibrillin was normalized to the optical density of tubulin as with the slot
blot. These values were then also normalized to the control samples so that data from both
Western blots could be compared (Figure 3-11).
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Figure 3-11: The relative optical density of fibrillin at 5, 11, and 20 kPa was normalized to the
control. The * indicates that this significantly different with 95% confidence, calculated from
the SEM.
The ratio of fibrillin to tubulin was seen to decrease at day 10 demonstrated several
trends. At day 4 the fibrillin expression reached a peak on the 11 kPa substrate. The large
deviation present on the 20 kPa sample at day 4 indicates that a possible transistion in fibrillin
expression. As a whole, fibrilling expression decreased between day 4 and day 10. The day 10
expression levels demonstrated a decreasing trend, with 5 kPa being the highest; however, the
expression on the 5 kPa substrate was decreased from that observed at day 4. From these high
levels of fibrillin, it would appear that 11 kPa is not an optimum scaffold stiffness. The high level
of fibrillin on the 11 kPa scaffold occurs at both day 4 and day 10 unlike in the slot blot, where
the amount of fibrillin was low at day 4 but high at day 10.
The results of the Western blot are likely more accurate than those obtained by the slot blot. With
the slot blot test, proteins are not separated on the basis of size before staining. The Western blot,
on the other hand, first uses gel electrophoresis to separate proteins fragments based on size. This
means that in the slot blot, any nonspecific binding present will be quantified along with the
`
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fibrillin. With the Western blot, specific bands can be identified corresponding to fibrillin.
Additionally, the same trends were observed in two independent Western blots.
Unlike the in the blot test, proteins must be denatured to complete a Western blot, which
may lead the formation of proteolytic fragments. The fibrillin bands in Figure 3-14, which were
used in calculating the ratio of the optical density for fibrillin to tubulin, are a close-up, black and
white image of the top set of red bands in Figure 3-12 and 3-14. These bands were identified as
fibrillin because appear in the 240 kDa molecular weight range. The molecular weight of fibrillin
is 244 kDa.
The lower multiple faint red bands in Figure 3-12 and Figure 3-13 suggest that fibrillin
fragmented during denaturation. The smaller fragments travelled further through the gel than the
entire large fibrillin protein (244 kDa) could have. The large size of the fibrillin protein makes
proteolytic fragmentation probable. However, these bands may also have resulted from
nonspecific binding of the primary antibody.
The lowest level of fibrillin occurred on the control at both 4 and 10 days. This suggests
that a substrate demonstrating a stiffness higher than the range evaluated would be optimal for the
development of a cardiac patch. However, the stiffness of the patch must be stiff enough to have a
low level of fibrillin but not so stiff as to impede the function of the heart as scar tissue does. The
fibrillin level on the 20 kPa gel was similar to the level on the control. To keep a patch within
the physiological range of cardiac tissue, the 20 kPa gel provides the best compromise between
mechanics and fibrillin expression.

`
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Figure 3-12: Western blot 1 of fibrillin and tubulin at 4 and 10 days. (A) protein standard, Day
4 5 kPa (B, C), 11 kPa (D), and 20 kPa (E, F), Day 10 5 kPa (G), 11 kPa (H), 20 kPa (G), Day 4
control ( I, J), and Day 10 control (K, L).
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Figure 3-13: Western blot 2 of fibrillin and tubulin at 4 and 10 days. (A) protein
standard, Day 4 5 kPa (B), 11 kPa (C), and 20 kPa (D), Day 10 5 kPa (E), 11 kPa (F), 20 kPa (G),
day 4 control (H, I, J), and Day 10 control (K, L, M).
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Figure 3-14: In Western 1 the identity of lanes is as follow: Day 4 5 kPa (B, C), 11 kPa
(D), and 20 kPa (E, F), Day 10 5 kPa (G), 11 kPa (H), 20 kPa (G), Day 4 control (I, J), and Day
10 control (K, L). In Western 2, the identity of the lanes is as follows: Day 4 5 kPa (B), 11 kPa
(C), and 20 kPa (D), Day 10 5 kPa (E), 11 kPa (F), 20 kPa (G), day 4 control (H, I, J), and Day 10
control (K, L, M).

DNA Assay
UV Spectrophotometry was used to measure the concentration of DNA in each
sample. This was used to normalize the amount of protein sample per well for the Western blot
and the slot blot and to assess the success of cells growing on each substrate. Cells were seen to
grow poorly on the 11 kPa substrates. The low growth of cells on the 11 kPa substrates and the
high amount of fibrillin produced by the cells suggests that this would be a poor choice of
stiffness for a cardiac patch.
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Figure 3-15: The concentration of DNA in μg/mL was determined for each sample. The *
indicates that this significantly different with 95% confidence, calculated from the (SEM).

Challenges

During the course of the experiment, several challenges were encountered. A
significant number of samples had to be discarded due to bacterial contamination. This
prevented adequate samples from being collected to determine the statistical significance
of all samples. To prevent this from occurring in the future, 1% penicillin streptomyocin
should be included in the DMEM media (10% FBS) to retard bacterial growth. The gels
would also benefit from increased UV exposure for sterilization. Samples could be
exposed to the UV light for a longer amount of timer or placed closer to the UV source.
An additional challenge was the shrinkage of the gels on the glass coverslip.
During polymerization, the gels were enclosed in 6-well plates. This should have
provided a humid atmosphere and prevented the gel from drying. However, the edges of
the gel were observed to have shrunk, indicating that the edges of the gel had dried. This
`
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edge effect, mentioned in by Chaudhuri, Rehfeldt, Sweeney, and Discher, could be
alleviated by the addition of a small amount of PBS to the bottom of each well,
increasing the humidity of the atmosphere.
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Chapter 4

Conclusions and Future Work
Acrylamide/bisacrylamide gels of 5, 11, and 20 kPa were synthesized and seeded with
MEFs. The relative level of fibrillin produced by the fibroblasts on the substrates of varying
stiffness was assessed qualitatively and quantitatively at 4 and 10 days following cell seeding.
Samples with low levels of firbillin-1, an ECM component that makes a large part of scar tissue,
were considered best. Qualitative immunofluorescence indicated that 11 kPa gels had the
brightest staining of fibrillin. Quantitative slot blotting provided mixed results; possibly due to
non-specific binding of the antibody, but did indicate higher fibrillin expression on the 11 and 20
kPa gels at 10 days. Finally, the western blotting quantitatively verified the qualitative
observation by demonstrating high fibrillin levels on 11 kPa gels at the 4 day time point.
Further experiments need to be undertaken to determine the optimum stiffness for a
cardiac patch. In addition to culturing enough samples to demonstrate the statistical significance
of the findings (n = 5 or greater), substrates produced should be tested via atomic force
microscopy (AFM) to ensure that their stiffness corresponds those provided in literature by
Chaundhuri, et al. This is crucial as even small changed in matrix stiffness, even by 20-25%, can
have large effect on differentiation.
Improvements in the synthesis process of the gels may alleviate some the issues
encountered in staining. For example, an increase in the wash time may remove some of the
autofluorescent debris or salt crystals. Additionally, the gels need to be synthesized to more
uniformly coat the coverslips. This may be accomplished by keeping the gels moist at all times to
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prevent the edges from drying and shrinking. An even gel will eliminate bias in the data from the
proliferation of the cells on the glass coverslip instead of the gels.
With these improvements in place, gels in the same range of stiffness could be
investigated. As the optimum stiffness appeared to be in the range of above 20 kPa, gels of
higher stiffness should be fabricated. Findings from future studies will be applied toward the
development of a cardiac patch. With further research, a cardiac patch may be able promote
healing following a cardiac infarction. This remains an important consideration as heart disease
remains the leading killer in the United States.

`

32

Chapter 5

References
[1] Bouzeghrane, F., Reinhardt, D., Reudelhuber, T., & Thibault, G. (2005). Enhanced
expression of fibrillin-1, a constitutent of the myocardial extracellular matrix in
fibrosis. American Journal of Physiology – Heart and Circulatory Physiology
(Bethesda, M.D.), 289, H982 – H991. doi: 10.1152/ajpheart.00151.2005.

[2] Chaudhuri, T., Rehfeldt, F., Sweeney, H. L., & Discher, D. E. (2010). Preparation of
collagen-coated gels that maximize in vitro myogenesis of stem cells by matching
the lateral elasticity of in vivo muscle. Methods in Molecular Biology (Clifton, N.J.),
621, 185-202. doi:10.1007/978-1-60761-063-2_13

[3] Engelmayr, G.C.,Jr, Cheng, M., Bettinger, C.J., Borenstein, J.T., Langer, R., and
Freed, L.E. Accordion-like honeycombs for tissue engineering of cardiac anisotropy.
Nature materials 7, 1003, 2008. doi: 10.1038/nmat2316

[4] Engler, J.A., Sen, S., Sweeney, H.L., and Discher, D.E. (2006). Matrix Elasticity
Directs Stem Cell Lineage Specification. Cell, 126, 677-689. doi:
10.1016/j.cell.2006.06.044.

33

[5] Holmes, J. W., Borg, T. K., & Covell, J. W. (2005). Structure and mechanics of
healing myocardial infarcts. Annual Review of Biomedical Engineering, 7, 223-253.
doi:10.1146/annurev.bioeng.7.060804.100453

[6] Jean, A., and Engelmayr, G.C.,Jr. Finite element analysis of an accordion-like
honeycomb scaffold for cardiac tissue engineering. Journal of Biomechanics , 2010.

[7] Leor, J., Aboulafia-Etzion, S., Dar, A., Shapiro, L., Barbash, I. M., Battler, A., et al.
(2000). Bioengineered cardiac grafts: A new approach to repair the infarcted
myocardium? Circulation, 102(19 Suppl 3), III56-61.

[8] Lloyd-Jones, D., Adams, R., Carnethon, M., De Simone, G., Ferguson, T. B., Flegal,
K., et al. (2009). Heart disease and stroke statistics--2009 update: A report from the
american heart association statistics committee and stroke statistics subcommittee.
Circulation, 119(3), 480-486. doi:10.1161/CIRCULATIONAHA.108.191259

[9] Tse, J. R., & Engler, A. J. (2010). Preparation of hydrogel substrates with tunable
mechanical properties. Current Protocols in Cell Biology, 10.16, 1-16.
doi:10.1002/0471143030.cb1016s47

[10] White, H. D., & Chew, D. P. (2008). Acute myocardial infarction. Lancet,
372(9638), 570-584. doi:10.1016/S0140-6736(08)61237-4

[11] "MPX Blotter User Guide." Li-Cor. Ac Accessories, n.d. Web. 27 July 2012.

`

34

Appendix A

Experimental Data
Table A-1: The concentration of DNA in each sample was determined in μg/mL
Sample
4-5A
4-5B
4-5C
4-11A
4-11B
4-20A
4-20B
4-20C
4-CA
4-CB
4-CC
4-CD
4-CE
10-5A
10-5B
10-5C
10-11A
10-11B
10-20A
10-CA
10-CB
10-CC
10-CD
10-CE

DNA Concentration (μg/mL)
12.87
*
14.2
11.78
12.66
12.39
13.65
17.23
15.08
13.59
14.32
15.18
14.6
15.72
11.67
13.46
8.39
9.04
14.52
12.74
16.89
14.52
8.31
16.64
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Table A-2: The amount of fibrillin relative to the amount of tubulin was determined
from the intensity of bands in the blot test

Sample Lane
4-5A
1
4-5B
2
4-5C
3
4-11A
4
4-11B
5
4-20A
6
4-20B
7
4-20C
8
4-CA
9
4-CB
10
4-CC
11
4-CD
12
4-CE
13
10-5A
14
10-5B
15
10-5C
16
10-11A
17
10-11B
18
10-20A
19
10-CA
20
10-CB
21
10-CC
22
10-CD
23
10-CE
24

`

Tubulin
Intensity
1253
1173
1119
1155
1198
1169
1093
1110
1092
1052
1046
1011
1026
1024
1007
979
958
901
874
875
926
1036
1103
1168

Fibrillin Intensity Fibrillin/Tubulin
1816
1.449
1770
1.509
1376
1.230
1409
1.220
1382
1.154
1472
1.259
1788
1.636
1668
1.503
1595
1.461
1448
1.376
1444
1.380
1342
1.327
1461
1.424
1401
1.368
1391
1.381
1432
1.463
1461
1.525
1670
1.853
1487
1.701
1462
1.671
1453
1.569
2433
2.348
1374
1.246
1446
1.238

36

Table A-3: The amount of fibrillin relative to the amount of tubulin was determined
from the intensity of bands in Western blot 1

Sample
Marker
45A
411A
420A
105A
1011A
1020A
4CA
4CB
4CC
10CA
10CB
10CC

Lane
A
B
C
D
E
F
G
H
I
J
K
L
M

Tubulin
Intensity
5539
4527
4050
5516
5713
9201
10848
6529
5610
5707
9092
10434

Fibrillin Intensity Fibrillin/Tubulin
1295
1249
1304
1148
1257
1488
1677
1096
1098
1173
1280
1448

0.234
0.276
0.322
0.208
0.220
0.162
0.155
0.168
0.196
0.206
0.141
0.139

Table A-4: The amount of fibrillin relative to the amount of tubulin was determined
from the intensity of bands in Western blot 2
Sample
Marker
45B
45C
411B
420B
420C
105C
105B
1011B
4CD
4CE
10CCD
10CE
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Lane
A
B
C
D
E
F
G
H
I
J
K
L
M

Tubulin
Intensity
5539
4527
4050
5516
5713
9201
10848
6529
5610
5707
9092
10434

Fibrillin Intensity Fibrillin/Tubulin
1295
1249
1304
1148
1257
1488
1677
1096
1098
1173
1280
1448

0.234
0.276
0.322
0.208
0.220
0.162
0.155
0.168
0.196
0.206
0.141
0.139
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