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ABSTRACT

Current techniques to direct cells to certain lineages to grow tissue are very expensive
and impractical for future applications. Because current techniques are expensive and
impractical, scientists and engineers need to develop new techniques and methods that are
affordable and can be scaled appropriately. The research for this thesis focused on directing
MC3T3-E1 S4 cells to become bone cells by studying the translocation of beta-catenin.
Research began by electrospinning polymer fibers of different diameters onto glass coverslips
coated with PolyHEMA (PHEMA) and Polyvinyl Alcohol (PVA). The fiber mats produced
were seeded with the cells and tested using immunofluorescence and western blotting
techniques.
The hypothesis of this study was that larger diameter fibers will have more nuclear beta
catenin because the cells will tend to wrap around the fibers and form fewer cell-to-cell
junctions, whereas smaller diameter fibers will have more cytoplasmic beta-catenin because they
will spread on the fibers and reach out to make cell-to-cell junctions.
Qualitative experimental results were obtained through immunofluorescence. The
images showed beta-catenin along the cell membrane in adherens junctions on the flat surfaces
and small nanofiber surfaces. For the large nanofiber surfaces, beta-catenin was seen along the
cell membrane in adherens junctions and in the cell nucleus.
Quantitative results were obtained through environmental scanning electron microscopy
(ESEM) and western blotting. The fiber diameters measured using ESEM and ImageJ showed a
significant statistical difference in diameter between the 22% PMMA (small) and 25% PMMA
(large) fibers. This enforces the hypothesis that the difference in fiber diameter will have a
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different effect on cell fate. Western blots measured the intensity of beta-catenin and cadherin
throughout the cells that were seeded on the flat and nanofiber surfaces. Trends show an
increase in quantity of beta-catenin and cadherin on the nanofiber structures. The trend suggests
that the fibers influenced beta-catenin to move throughout the cell and lead to transcriptional
changes.
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Specific Aims
Aim 1: Develop a scaffolding that could influence beta-catenin translocation in cells.
It was hypothesized that large diameter nanofibers will promote cell differentiation and
small diameter nanofibers will promote cell proliferation. A significant difference in fiber
diameter is required to produce this effect. Cells will respond to the environmental changes by
differentiating into a specific lineage and proliferating or by proliferating alone. This
observation was noted by experimental results in which chondrocytes were developed in a 3D
matrix versus a flat surface.1
Aim 2: Examine β-Catenin translocation using immunofluorescence and western blots.
β-Catenin translocation to the nucleus can promote osteogenesis. It was hypothesized that
β-Catenin will be found at the plasma membrane in adherens junctions for small diameter fibers
and β-catenin would be found in or around the nucleus for large diameter fibers. This was
measured qualitatively through immunofluorescence. The images from this testing are a way to
visualize the placement of beta-catenin throughout the cells on the various surfaces. Western
blots are a quantitative way to observe beta-catenin translocation. The intensity of each band
showed the quantity of the protein in each sample and compared between samples.
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Chapter 1
Introduction

1.1 Scientific and Social Need
Orthopaedic complications can happen at any age and can include breaking a bone, nonunion fractures, bone cancer, and more. Each year there are over two million patients or medical
procedures performed relating to bone replacement, reconstruction, or repair.2 Broken bones are
a primary cost to the health care system and lost workdays in the United States. Many medical
procedures to fix bone problems use allogeneic or autogenous bone grafts. Allogeneic bone grafts
pose the risk of infection and immune rejection because they are taken from cadavers. Autogenous
bone grafts can come from the patient’s bone; however, these grafts can be painful and result in
site morbidity from where the bone was taken. Because allogenic and autogenous bone grafts are
not ideal, new surgical methods and technology needs to be developed to improve orthopaedics in
the health care industry.
Designing bone scaffolds would reduce the need for autogenous and allogeneic bone
grafts. While designing and testing scaffolds, scientists know that the scaffolds must be
biocompatible with the body, provide adequate mechanical strength, and be porous.3 The
biodegradability and the osteoinductive capabilities of the scaffold must also be examined. If the
scaffolds degrade over time, patients would not need another surgical procedure to remove the
scaffold once the area is healed.2 Developing bone scaffolds that could replace traditional bone
grafts would improve patient care and reduce health care costs. When a material is biodegradable
over time, this can sacrifice the mechanical integrity that is needed for bone growth. Ideally, the

2

bone scaffold would degrade at the same rate bone ingrowth is occurring. Osteoinductive
capabilities of the scaffold material is also important because growth factors may be needed to
control cell differentiation. Growth factors are very expensive materials to use and are not ideal
for large-scale implementation of engineered tissues. This is why medical alternatives need to be
developed and researched.

1.2 Research Purpose and Design
The purpose of this research is to determine the effects that different diameter electrospun
fibers have on beta-catenin translocation to the cell nucleus. The effects that the nanofibers have
on the beta-catenin translocation was examined by comparing beta-catenin levels in cells on
fibers and not on fibers. Measuring the beta-catenin translocation is important because an
increase in beta-catenin in the cell nucleus would lead to an increase in cell osteogenic
differentiation.
Cells were seeded onto Poly methyl methacrylate (PMMA) fibers electrospun onto
PolyHEMA coated coverslips, and on PMMA spin coated coverslips, which act as the
experimental control. Cells were also seeded on PMMA fibers electrospun onto 3D printed tglase grids. PMMA is a biocompatible material that is used in bone cement and is not
biodegradable. Because cells will be grown on the same material (PMMA), the only change will
be in the surface on which the cells are grown. In addition, the PolyHEMA coated coverslips
will prevent the cells from adhering to the coverslip itself and force the cells to adhere to the
fibers. The t-glase grids have areas of only fibers and not plastic so the cells will only adhere to
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the fibers. Therefore, the results recorded from fibers and no fibers will be due to the change in
the surface diameter, not the material.
Surface topography has been studied and shown to affect cell differentiation. When
developing a scaffold for bone tissue engineering, the effects that the surface geometry has on
cells must be studied. Geometric cues can have strong effects on the fate of cells and they are
comparable to chemical factors. A study was conducted by researchers at the University of
Fukui in the departments of Fibre Amenity Engineering and Applied Chemistry and
Biotechnology that tested the significance of scaffold geometry on cell
differentiation. Mesenchymal stem cells (MSCs) were grown on flat surfaces and on straight and
random nanofiber surfaces. The nanofiber surfaces directed the cell differentiation toward
osteogenesis even though the medium in which the cells were grown had chemical factors that
should have directed the cells into adipocytes.4 Surfaces that are convex tend to direct MSC
differentiation toward adipogenesis while concave surfaces direct differentiation toward
osteogenesis. Surfaces that force cell shape into rectangles also tend to direct MSC
differentiation towards osteogenesis as aspect ratios increase.5 Electrospun fibers are long and
thin like rectangles and therefore can influence cells to develop into bone cells. Along with
shape, stiffness of a substrate can also affect the fate of cells. Stiff substrates tend to direct stem
cells to differentiate into bone cells. The field of biomedical engineering is holistic because it
takes into account many factors which can affect the body from the inside and outside at a macro
and micro level. Because of this, scientists must think of the many ways in which cells can be
affected when designing bone scaffolds. Substrate geometry and stiffness can be studied, but
other factors such as porosity and topography must be recognized for the possible influences that
they may exhibit on cell growth and differentiation.6 Bone scaffold designs must be examined
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because the slightest change in porosity, stiffness, size, topography, or geometry can direct cells
to differentiate into a different lineage. The more the scaffolding mimics the geometrical nature
of the natural tissue, the more likely the cells will differentiate into that specific tissue lineage.
Because of the many properties that can affect cell growth, proliferation, and
differentiation, scientists and engineers need to examine each factor separately. Examining
variables individually is the best way to narrow down and determine which factors have the most
influence on cell behavior.

Therefore, this research is focusing on how the diameter of

nanofibers affect cellular differentiation into bone.

1.3 Electrospinning
Electrospinning is a technique that uses a high voltage source to charge a solution as it is
being pushed through a syringe. This technique is very diverse and is being applied across many
different fields of science and engineering. The process can use natural and synthetic polymers
and can produce fibers that are on the nano and micron scale. Because the process is so versatile,
novel surfaces and structures can be created for many different applications, including those in
the field of biomedical engineering.7 To perform electrospinning, a desired polymer solution is
loaded into a syringe and attached onto an apparatus which controls the speed at which the
polymer is extracted (Figure 1). Once small drops of polymer develop on the tip of the syringe, a
voltage can be applied to the solution. The voltage charges the polymer drop and the drop
stretches outward, overcoming surface tension, a Taylor cone forms (Figure 2) and a stream of
polymer results. Once polymer solution streams out, the solvent evaporates off and the fibers
travel to a surface on the grounded source.
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Figure 1: Electrospinning process. Photo Credit: Brittany Banik

Figure 2: Formation of the Taylor cone and the whipping of the polymer solution. Photo
Credit: Brown Lab
Many different conditions affect the electrospinning process. Some of the variables
include temperature, humidity, distance, polymer solution concentration, grounded source,
applied voltage, gauge diameter, and more all affect the process and products of electrospinning.
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Conditions such as temperature and humidity can affect the fibers that are being spun. High
humidity results in straight fibers while low humidity tends to produce curly fibers. The
temperature and humidity can also change the polymer to spray instead of stream to the
grounded source. The distance of the syringe tip to the grounded source can also affect the
fibers. The farther away, the longer the polymer stream has to travel and this results in the fiber
stream whipping back and forth (Figure 2). The polymer solution concentration helps to control
the fiber diameter. The higher concentration of the polymer solution, the larger the fiber
diameter. Also, the lower the concentration of a polymer solution, the smaller the fiber diameter.
Low concentration polymer solutions can also result in fibers that are beaded with drops of
polymer. The solvents in which the polymer material is being dissolved in also affects the fibers.
If the solvents evaporate too quickly, the fibers will break as they collect on the surface on
grounded source. The way that the polymer solution concentration affects the fibers is also
dependent on the polymer being used. The applied voltage can be changed throughout the
electrospinning process. If the applied voltage is too high, the polymer solution could spray
instead of stream in a line. Finally, the grounded source can be shaped differently, be stationary
or moving, and surround the collecting surface in different areas to form aligned and randomly
oriented fibers.8 There are different diameter syringe needle gauges available to use. When
electrospinning, the system must be adjusted to compensate for the needle gauge because that
can also affect the final product. Fibers can be spun until the desired density is reached that
would mimic the extracellular matrix.
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1.4 Cell Influences
Cells that are seeded onto different electrospun fiber scaffolds can be affected by the fiber
orientation. Cells that are grown on aligned fiber scaffolds tend to become spindle shaped and
grow parallel to the alignment of the fibers. Cells grown on randomly oriented fibers tend to
spread and adhere to the fibers in all directions.9 This is especially helpful in designing scaffolds
for different tissue bone grafts such as a bone – ligament – bone graft. Bone tends to grow on
the randomly oriented fibers while ligament tends to grow in the aligned fiber region.10 Being
able to engineer a tissue graft would prevent donor site morbidity. It would also replace synthetic
grafts, which are not ideal because they can be rejected by the body, be expensive to create, and
they do not have a long lifespan.
Electrospun nanofibers can mimic the extracellular matrix of bone and allow bone tissue
formation. An important aspect of the nanofibers regarding their effect on stem cells is diameter,
which has been demonstrated to affect proliferation and differentiation previousy.11 Fibers can
be electrospun to have different diameters. Small diameter fibers allow more cell-to-cell
adherens junctions to form. Larger diameter fibers allow cells to wrap around the fibers and
create fewer adherens junctions. Adherens junctions are cell-to-cell contacts that connect
transmembrane proteins known as cadherins with actin filaments. Cell-to-cell interactions and
regulation can be partially contributed to adherens junctions. In adherens junctions, there are
cytoplasmic proteins called catenins and membrane receptors called cadherins. The catenins and
cadherins interact and the catenins ultimately bind to filaments in the cytoskeleton providing
both a structural and biochemical connection between cells.12 There are many different types of
cadherins such as E (endothelial), N (neural), O (osteoblast), P (placental), and VE (vascular
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endothelial) Cadherin. The cadherins interact and connect with cytoplasmic proteins called
catenins. An alpha-beta-catenin complex forms and those proteins then connect to the actin
filaments.13 This creates a structural and biochemical connection between cells. This will in
turn affect the organizational development of the cells.14
Beta-Catenin is one catenin that connects to the cadherins in adherens junctions. BetaCatenin can be found at the plasma membrane, free in the cytoplasm, or in the cell
nucleus. While beta-catenin is connected in the adherens junctions, the levels of free betacatenin in the cytoplasm are kept low.15 When beta-catenin travels to the nucleus, it can affect
transcription. There are many different sites where beta-catenin can be phosphorylated which
would trigger its translocation to the cell nucleus.16 Phosphorylation controls the stability of the
beta-catenin connection at the plasma membrane to cadherins in adherens junctions. For
example, phosphorylation at tyrosine 142 increases transcription activity of beta-catenin by
breaking the catenin-cadherin connection. This then leads to translocation to the cell nucleus and
gene transcription.17

1.5 Testing
To determine whether fiber diameter has an effect on beta catenin translocation to the cell
nucleus, two different sized fiber sets were electrospun and imaged using ESEM. MC3T3-E1 S4
cells were be seeded onto the fiber scaffolds. To determine whether there was a difference in the
diameter of the electrospun fibers, ESEM was used to image the fiber scaffolds. When the
fibers were measured, various statistical methods and comparisons were performed to determine
the differences in the fibers. The scaffolds were incubated until the cells attached to the fibers

9

and reached confluency, then immunofluorescence and western blotting techniques were
conducted. These methods were a way to image and quantify the translocation of beta-catenin
from the cell cytoplasm to the nucleus, which would trigger osteogenesis.

1.5.1 Immunofluorescence
Brittany Banik provided the immunofluorescence technique protocol in the Brown lab.
This technique stains the nucleus, beta-catenin, cadherins, and actin. It allowed us to have a
visual representation of the location of beta-catenin within the cells grown on the different
diameter nanofibers. It also allows us to qualitatively and quantitatively observe the amount of
beta-catenin in the cell. This can be done by studying and comparing the intensity of the
fluorescence of the beta-catenin. Therefore, the brighter and more intense of staining, the more
beta-catenin that is present. Various studies use this method to visualize what scientists and
engineers are looking to study or track in cells. For example, SW480 cells were stained using
immunofluorescence techniques. This research was able to identify the loss or gain of betacatenin by the intensity of the fluorescence. In this case, scientists from Onyx Pharmaceuticals
were able to see the loss of beta-catenin after transfection of the cells by visualizing the reduced
amount of beta-catenin that was stained by the immunofluorescence.18 Another application has
used immunofluorescence to quantify beta-catenin to study the wnt pathway. Studying the wnt
pathway is important because the location of beta-catenin within a cell can determine its
function. Therefore, immunofluorescence has many uses and it is a highly functional technique
used to study various aspects of cells and signaling pathways.19
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1.5.2 Environmental Scanning Electron Microscopy (ESEM)
An environmental scanning electron microscope (ESEM) was used to image the
electrospun fibers. The use of the ESEM technology and its background was taught to me by
Brittany Banik. ESEM uses a beam of electrons, which are deflected and directed toward the
samples being tested. If the samples tested are not conductive, they need to be coated with a
conductive material (e.g. gold) to prevent charging. Charging is when there is an accumulation
of a negative charge from the electron beams. The negative charge accumulation allows for
deflection of the electron beam off the samples. Charging prevents clear images from being
produced and instead results in a low quality image. When conducted properly, the electron
beam hits the samples and secondary electrons are emitted. The secondary electrons are what
allows for quality images of the sample.20
Once an image is obtained from ESEM, the measurements of the sample can be taken
directly from the ESEM software or by using ImageJ. The ESEM software allows the user to
click on the image and gives a measurement instantly. If the user does not want to measure their
sample using the ESEM software, they can also use ImageJ. ImageJ has various techniques,
which would allow the user to take accurate measurements of the samples. If the user is unsure
of the accuracy of the ESEM software measurements, they can be compared to measurements
from ImageJ.

1.5.3 Western Blotting
Once immunofluorescence and ESEM was performed, western blotting was used to
quantify beta-catenin within the cells. Western blots are used to detect, separate, and measure
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certain proteins in a sample. The protocol used for the western blotting techniques in this paper
was obtained from Brittany Banik, PhD candidate, in the Brown Lab. In this research, western
blotting will allow for the separation of nuclear and cytoplasmic beta-catenin. This will help see
whether there was a significant amount of nuclear beta-catenin in one set of fibers versus the
other.
Western blotting can be used in many different types of research to detect and quantify
many different proteins. Detecting and quantifying proteins is important to understand how the
proteins react to specific experimental conditions. For example, mutations in proteins can cause
various diseases and mutated protein levels in samples can be detected using a western blot.
Identifying the proteins that are mutated can help researchers understand the steps of the disease
progression. Understanding how a disease develops and mutates certain proteins in the body can
lead to the development of medications and treatments and possibly even cures. One specific
example is that mutations in presenilin (PSEN) genes can be a cause of Alzheimer’s disease.
These gene mutations can lead to changes in various other proteins in the body, one of them
being beta-catenin. Scientists used western blotting to study the amounts and types of betacatenin that are present along with the PSEN gene mutations.21
In conclusion, there is a strong need to study the impact that a diameter change can have
on a cells ability to become a bone cell. Western blotting and immunofluorescence can be
conducted to understand the process of beta-catenin translocation and quantify it both
quantitatively and qualitatively. In the distant future, this research could possibly aid the
development of growing bone scaffolds for medical use. This would be able to be applied to
people who suffer from bone cancer, people who have broken bones, or wounded war veterans.
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This research is just one of many that are working toward bettering the lives of others and
making more advancements in the medical field.

1.6 Goals and Experimental Methodology
The goals of this experiment were to develop a scaffolding that could influence betacatenin translocation and to examine the translocation within the cell. The scaffolding was
developed by electrospinning different polymer solutions. Troubleshooting was performed to
develop the scaffolds and define the experimental procedure. The fibers were characterized
using environmental scanning electron microscopy and ImageJ. The fiber diameters were
measured and a significant difference in diameter was found between the small (22% PMMA)
and large (25% PMMA) fibers. Cells were seeded onto the scaffolding and imaged using
immunofluorescence to visualize beta-catenin translocation. Western blots were used to obtain
quantitative data of beta-catenin and cadherin protein quantities. The western blot data showed a
trend with higher beta-catenin levels on nanofiber surfaces rather than on flat surfaces.
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Chapter 2
Materials and Methods

2.1 Preliminary Work
The methodology presented in this section was the start of obtaining data on beta-catenin
translocation. Preliminary work includes preparing the coverslips for electrospinning,
electrospinning process, and immunofluorescence.

2.1.1 Coverslip Preparation and Electrospinning
Glass coverslips were spin coated with 100μL of 30% w/v PolyHEMA (PHEMA) 95:5
EtOH: H2O solution at 5000 rpm and a 2% w/v PMMA Nitromethane solution at 2500 rpm. Fibers
were spun onto the PHEMA coverslips for 2 minutes at 5.5 mL/hr. while applying 13 kV. Fibers
were not spun onto the 2% w/v PMMA coated coverslips because they were used as the control.
Some problems that occurred were that the conditions such as temperature and humidity did not
stay constant while electrospinning fibers on different days. The temperature and humidity
affected the distance that the syringe needed to be placed in relation to the grounded source. The
distance needed to be changed to prevent fluffy fibers. Fluffy fibers are not ideal because they
disconnect from the coverslips during cell seeding and incubation. To tackle this, various heating
methods were used. The coverslips with fibers were heated on a hot plate at 75°C for 1 minute in
the center of the hot plate. The edges of the coverslips coated with fibers were also heated at
200°C. This created a border around the coverslip of melted fibers that would prevent them from
lifting off the coverslip. Another method used to prevent the fibers from lifting off the coverslips
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was UV gluing. The glue was placed on the four edges of the coverslips and quickly dried to
prevent the glue from bleeding into the remainder of the fibers on the cover slip. The method that
produced the best results was heating the edges at 200°C. This method did not prevent all of the
fibers from lifting off but it held down most of the fiber mat. This heating method was used to
complete the experimentation.
Another issue that must be addressed is the PHEMA solution not evenly coating the glass
cover slips. PHEMA is spincoated onto the cover slips so that the cells adhere and grow on the
fibers and not on the glass coverslips. When the cells are seeded on to the cover slips, pockets can
be seen where the glass is exposed. The cells will settle into these pockets and grow in there
instead of on the fibers. The PHEMA is spin coated on to the glass cover slips at 5000 rpm. To
try to fix this PHEMA problem, the speed at which the cover slips were spin coated was reduced
to 3000 rpm.

2.1.2 Immunofluorescence
MC3T3-E1 S4 cells were grown and fed every 2 days using α MEM 1X media. They are
an osteoblast precursor cell line that is derived from mouse calvarias (skulls). When the cells were
confluent, they were seeded onto the fiber and no fiber cover slips in a six well plate. The cells
were grown until confluent on the fiber and no fiber surfaces. Immunofluorescence was then
performed to see the translocation of beta-catenin on the fiber and no fiber surfaces. Beta-Catenin
(E-5) and cadherin primary antibodies were used to perform the beta-catenin assay using
immunofluorescence. The secondary antibodies chosen for the immunofluorescence were AntiMouse IgG Dylight 488 and cy5 antibodies. Phalloidin and DAPI were used to stain the cell’s
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actin and DNA respectively. Phalloidin is a highly toxic small molecule that is taken from
mushrooms. DAPI is also toxic and it binds to the adenine thymine (A-T) regions in DNA in the
nucleus. Once the immunofluorescence was complete, the cover slips were mounted onto glass
slides and viewed under the microscope. Expected results would show that beta-catenin would be
highly concentrated at the plasma membrane in adherens junctions on the control surfaces. Betacatenin would be expected to be more concentrated in the nucleus for the cells seeded onto the
fiber surfaces.

2.2 Trouble Shooting
Previous experimentation in preliminary work showed a need for troubleshooting. This
helped define the experimental procedure to obtain results. This section describes the various
changes made and the experimental procedures that were used.

2.2.1 Electrospinning
Randomly aligned electrospun nanofibers are needed for this experimentation. Because past
attempts have resulted in aligned, broken, and beaded fibers new techniques and polymer solutions
were tried to improve the results. Electrospinning using various PMMA solutions was conducted.
The new polymer solutions used were the following:


10% PMMA (70:30, DMF:Chloroform)



12% PMMA (80:20, DCM:DMF)



16% PMMA (80:20, DCM:DMF)



20% PMMA (DMF)

16



21% PMMA (80:20, DCM:DMF)



22% PMMA (Nitromethane)



25% PMMA (Nitromethane)



35% PMMA (80:20, Nitromethane: DMF)

Small grids were 3D printed using t-glase material and used as the platform for electrospinning
the fiber mats for cell seeding. The biggest issue electrospinning is that the fibers are fluffy and
do not stick well to 3D printed grids or glass coverslips. During seeding, the fiber mats lift off the
grid or glass platforms and the samples are destroyed. Each of the new solutions provided
problems with the fibers that were produced. All of the solutions resulted in fibers with polymer
beads. Other complications that arose were toxic smells as the solvents evaporated and broken
fibers.
The solutions that produced the best fibers are the 22% and 25% PMMA (Nitromethane)
polymer solutions. These fibers are electrospun to produce randomly oriented fibers using a square
copper plate. Conditions such as distance (5-16 cm) and applied voltage (10-12 kV) were changed
throughout the electrospinning process to develop each fiber mat. The fibers did not stick well to
the 3D printed grids; therefore, the fibers were electrospun on glass coverslips coated with 95:5
EtOH:H2O PHEMA solution. The fibers were heated at 114 degrees Celsius for 10 to 15 seconds.
The heating somewhat melts the fibers to the coverslips and helps to combat the fluffiness which
causes the fibers to come off during the seeding process.
Fibers were developed for testing at 55% humidity, electrospun at 12 kV for approximately
15 seconds at a rate of 2.5 mL per hour using 22% and 25% PMMA (Nitromethane) solutions.
The fibers were heated on the hot plate (114 degrees Celsius) for 15 seconds. An environmental
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scanning electron microscope (ESEM) was used to image and measure the fibers. Brittany Banik
helped me mount my fiber samples, sputter coat them in gold, and image them using the ESEM.
This will determine whether there is a difference in size, which could contribute to beta-catenin
translocation.

2.2.2 Cell Seeding and Immunofluorescence
MC3T3 cells were seeded onto the 22% and 25% PMMA fiber scaffolds, glass coverslips,
2% PMMA Nitromethane spincoated coverslips, and PHEMA 95:5 EtOH:H2O spincoated
coverslips. The samples were grown for 5 days to reach confluency and immunofluorescence was
performed. The PHEMA spincoated coverslips were seeded with cells to determine whether the
cells were adhering to the fibers or the fibers and the PHEMA coated coverslips. To keep all of
the samples at the same time point, the PHEMA samples were allowed to grow for five days to
reach confluency and then immunofluorescence was performed.

Immunofluorescence was

performed using beta-catenin (E-5) and anti-pan cadherin primary antibodies. The secondary
antibodies chosen for the immunofluorescence were Anti-Mouse IgG Dylight 488 and cy5
antibodies. Phalloidin and DAPI were used to stain the cell’s actin and DNA respectively. The
remaining cell samples were lysed with 250 µL of MPER and frozen at -83°C and were used at a
later time point for western blot testing.
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2.3 Experimental Methodology

2.3.1 Western Blotting
The frozen cell samples of 22% PMMA fibers, 25% PMMA fibers, glass, PHEMA, and
2% spincoated PMMA were thawed and aliquoted for western blot testing. Aliquoting the
samples prevent multiple freeze/thaw cycles. The western blot tagged for β-catenin, tubulin, and
general cadherin using beta-catenin (E-5), α-tubulin, and anti-pan cadherin antibodies
respectively. Testing was carried out over three days by preparing the gel (day 1), running the
gel and sample preparation (day 2), and imaging and data analysis (day 3). A second western
blot was carried out to obtain more data from the samples. Beta-catenin has a molecular weight
of 92 kDa and the anti-pan cadherin has a molecular weight of approximately 125 kDa. Each
membrane was cut at 70 kDa to prevent cutting off either of the proteins that were being tested.
The results from each western blot can be found in section 3.3 .

2.3.2 Coverslip Preparation and Cell Seeding
The testing from 2.2 Trouble Shooting was replicated to repeat the immunofluorescence
and western blot testing. PHEMA coated coverslips were replaced with Polyvinyl Alcohol
(PVA) coverslips to replace PHEMA. Like PHEMA, PVA should prevent the attachment of
cells onto the glass coverslips and force the cells to attach to the nanofibers. Creating PVA
coverslips is much more time consuming than PHEMA coverslips because creating them is a
three-day process.
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The 22% and 25% PMMA Nitromethane polymer solutions were used to electrospin
small and large fibers respectively onto the PVA coverslips. The fibers were electrospun at 20%
humidity at a distance range of 5-16 cm with a speed of 3.5 mL/hr and an applied voltage of 12
kV. The fiber mats were heated for 15 seconds at 114°C to adhere the fibers to the PVA
coverslips. MC3T3-E1 S4 cells at passage 36 were seeded at 60% confluency onto the nanofiber
mats and onto 2% PMMA Nitromethane spincoated coverslips and PVA coverslips. The cells
were incubated for five days to become confluent and fed with α MEM-1X media.

2.3.3 Immunofluorescence
After the five-day incubation, the majority of the nanofiber mats were lifted off the
coverslips. Because of this, there were not enough samples to run an additional western blot.
Two of each nanofiber samples, two PVA coverslips, and two 2% PMMA spincoated coverslips
were able to be used for immunofluorescence. This testing was done using beta-catenin (E-5)
and anti-pan cadherin primary antibodies. The secondary antibodies chosen were Anti-Mouse
IgG Dylight 488 and Anti-Rabbit IgG Dylight 650 antibodies. Phalloidin and DAPI were again
used to stain the cell’s actin and DNA respectively.

20

Chapter 3
Results
The goals of this study were to develop a scaffold that would influence beta-catenin
translocation and to examine the translocation in the cells qualitatively and quantitatively. The
nanofiber scaffolds developed for cell seeding had a statistical significant difference in diameter.
The significant difference in diameter enforces the overarching hypothesis that nanofiber
diameter influences cell fate because the cells are experiencing different sized surfaces.
Immunofluorescence images showed beta-catenin in adherens junctions in the cells on flat
surfaces and small nanofiber surfaces. Images also showed beta-catenin in adherens junctions
and in the nucleus in cells on the large nanofiber surfaces. Western blots showed an increased
quantity of beta-catenin in cells on the nanofiber surfaces compared to the cells on the flat
surfaces.

3.1 Fiber Characterization and Statistics

3.1.1 Fiber Characterization Part I
Trials were conducted are to obtain qualitative data using fibers formed from 22% (small)
and 25% (large) PMMA Nitromethane solutions. The fibers were imaged using an
environmental scanning electron microscope (Figure 3 and Figure 4). Images A, B, and C in
Figure 3 and Figure 4 were measured using ImageJ. Ten fibers in each image were measured, all
of the measurements were averaged and a standard of deviation was calculated.
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Figure 3: ESEM images of the 25% (large) PMMA Nitromethane polymer fibers at a
5000X magnification. Images A, B, and C are images from different sections of
the same fiber mat.

Figure 4: ESEM images of the 22% (small) PMMA Nitromethane fibers. Images A, B, and
C are taken from different sections of the same fiber mat.

Table 1 is a numerical representation of the average and standard of deviation of the fiber
diameters. Figure 5 is a graphical representation of the average and standard of deviation. It is
seen that there is a statistical significance between the two different fiber groups. A single factor
ANOVA test was also used to calculate significance. For the ANOVA, the P value (1.35E-14)
was much less than 0.05, which results in a statistical significance between the groups.

22

Table 1: The average and standard of deviation values of the 25% PMMA (Large) and the
22% PMMA (Small) fiber diameters show a difference of 0.448 µm between the two
different fibers.
Average
(µm)
25%
PMMA
(Large)
22%
PMMA
(Small)

STD

0.970

0.201

0.522

0.131

1.4
1.2

Diameter (µM)

1
0.8
0.6
0.4
0.2
0
Large (25%) Average

Small (22%) Average

Figure 5: Histogram of the 25% PMMA (Large) and 22% PMMA (Small) fiber diameters
show a significant difference between the 25% (Large) and 22% (Small) fiber diameters.

3.1.2 Fiber Characterization Part II
Brittany Banik performed ESEM on the small and large fiber samples on PVA coverslips.
The samples were sputter coated in gold to prevent charging. The images from ESEM were used
to measure the fibers with ImageJ. Table 2 shows the average fiber diameters in microns for the
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fibers and the standard of deviation between the number of sample measurements (n). Figure 6
is a graphical representation of the average fiber diameters. A significant difference can be seen
between the large and small fiber diameter measurements. A single factor ANOVA test was
used to calculate significance between the fiber samples. The alpha value was set to 0.05 and the
p-value (2.85E-36) is much smaller that the alpha value and F Critical value (3.98). These
results show that electrospinning the different PMMA solutions (22% and 25% PMMA)
produced fibers with a statistically significant difference in diameter.

Table 2: ESEM measurements for the 25% PMMA (Large) and 22% PMMA (Small) fibers
show the average diameter measurement and standard of deviation for the 22% (Small)
and 25% (Large) fibers and the sample size (n) used to calculate the values.

25%
PMMA
(Large)
22%
PMMA
(Small)

Average
(µm)

STD

n

1.30

0.158

20

0.517

0.097

50
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Average Diameter (µm)

1.6
1.4
1.2
1
0.8
0.6
0.4
0.2
0
Large (25%)

Small (22%)

Fiber Sample

Figure 6: Graphical representation of the small and large fiber averages measured using
ESEM shows a significant difference between the two different fibers.

3.2 Beta-catenin Visualization through Immunofluorescence
After the five-day incubation, the majority of the fiber mats had lifted off the PVA
coverslips. Two of each sample were used for immunofluorescence testing to qualitatively
examine beta-catenin and cadherin within the cells.

3.2.1 Preliminary Immunofluorescence Results
The MC3T3-E1 S4 cells were imaged using differential interference contrast (DIC) and
fluorescence microscopy. The cell nuclei are in purple, actin is red, cadherins are blue and betacatenin is green. Because there were many focal planes, the cells seeded and grown onto the PMMA
fibers were difficult to image. Figure 7 shows the separate color channels for the cells. The four
channels were overlapped to be viewed all at once when imaging the cells.
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Figure 7: The four separate color channels of immunofluorescence. A.) purple stained
nuclei, B.) red stained actin, C.) blue stained cadherin, D.) green stained beta-catenin.

Figure 8: MC3T3-E1 S4 cells grown on glass coverslips spin coated with 2% PMMA
Nitromethane solution. The flat surface allows the cells to spread out and create focal
adhesions.
The cells seeded and grown on the PMMA fibers are imaged in Figure 9 and Figure 10. Some
beta-catenin can be seen in the nucleus in Figure 3, but beta-catenin can also be seen outside the
nucleus oriented along the fiber in Figure 10.
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Figure 9: MC3T3-E1 S4 cells grown on 35% w/v PMMA fibers. Beta-catenin (green) can
be seen in and near the nucleus as the cell wraps around the fiber.

Figure 10: MC3T3-E1 S4 cells grown on 35% w/v PMMA fibers. Beta-catenin (green) can
be seen oriented along the fibers.

3.2.2 Final Immunofluorescence Results
Figure 11 through Figure 14 are the images obtained from the immunofluorescence.
These images are a qualitative representation of the location of cadherin and beta-catenin inside
of the cells grown on various surfaces.
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Figure 12 shows the cells grown on glass coverslips spincoated with 2% PMMA
Nitromethane polymer solution. Image 8F shows the overlay of cadherin (purple) and betacatenin (green). The beta-catenin is located mainly at the cell membrane in adherens junctions.
It was hypothesized that the larger the nanofibers would allow the cell to wrap around the
fiber and allow the beta-catenin to translocate to the nucleus. The smaller (22% PMMA)
nanofibers would allow more cell-to-cell contacts and this would hold the beta-catenin at the cell
membrane in adherens junctions. Figure 13 shows the cells grown on PVA coated coverslips
with 22% (small) electrospun nanofibers. Figure 14 shows the cells grown on PVA coated
coverslips with 25% (large) PMMA electrospun nanofibers. It is seen in Figure 13F that the
beta-catenin is located along the cell membrane in adherens junctions because the beta-catenin
(green) and cadherin (purple) overlap to produce a white color. Figure 14F shows beta-catenin at
the cell membrane in adherens junctions and in the cell nucleus. Again, the location of betacatenin at the cell membrane in adherens junctions was determined by the overlapping of the
green and purple stain to produce a white color. Beta-catenin in the nucleus was seen by the
green staining being visible in the cell.
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Figure 11: MC3T3 cells seeded on PVA coated coverslips without fibers. The cells appear
to be unhealthy, and cylindrically shaped. Images A through E represent the different
channels from immunofluorescence. A) Cadherin (purple), B) Actin (red), C) Beta-Catenin
(green), D) Nuclei (blue), and E) DIC. Image F is an overlay of cadherin and beta-catenin
in the cells.
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Figure 12: MC3T3 cells grown on glass coverslips spincoated with 2% PMMA
Nitromethane solution. The flat surface allowed the cells to spread out and create cell-tocell contacts. Images A through E represent the different channels of the
immunofluorescence. A) Cadherin (purple), B) Actin (red), C) Beta-catenin (green), D)
Nuclei (blue), and E) DIC. Image F is an overlay of cadherin and beta-catenin in the cells.
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Figure 13: MC3T3 cells grown on PVA coverslips with 22% PMMA Nitromethane polymer
electrospun fibers. The cells are spread out over the fibers creating multiple cell-to-cell
junctions. Images A through E represent Images A through E represent the different
channels of the immunofluorescence. A) Cadherin (purple), B) Actin (red), C) Beta-catenin
(green), D) Nuclei (blue), and E) DIC. Image F is an overlay of cadherin and beta-catenin
in the cells.
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Figure 14: MC3T3 cells grown on PVA coverslips with 25% PMMA Nitromethane polymer
electrospun fibers. The cells are spread out over the fibers and also wrapped around the
fibers. Beta catenin was imaged in the adherens junctions and in the nucleus. Images A
through E represent Images A through E represent the different channels of the
immunofluorescence. A) Cadherin (purple), B) Actin (red), C) Beta-catenin (green), D)
Nuclei (blue), and E) DIC. Image F is an overlay of cadherin and beta-catenin in the cells.
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3.3 Beta-Catenin Quantification Analysis

3.3.1 Western Blot
Western blotting using the previously frozen cell samples will determine the amount of
beta-catenin and cadherin in the cells and examine the differences in cells grown on flat and
nanofiber surfaces. The western blot membranes (Figure 15 and Figure 17) were imaged using
the lab Licor Odyssey computer software program. The western blot (Figure 15) resulted in
three distinct bands for each sample, cadherin (red), beta-catenin (green), and tubulin (green).

Figure 15: Western blot 1 tagging for 1. Cadherin (top row), 2. Beta-catenin (second row),
3. Alpha-tubulin (row three)
The intensities for each protein were graphed and are seen in Figure 16. The intensities
of the proteins were highest for the 22% and 25% PMMA fibers. The sample size in this western
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blot was not large enough to perform a statistical analysis on the data. For the beta-catenin and
cadherin, the intensities increase from the flat surfaces (glass, PHEMA, and 2% PMMA) to the
fiber surfaces (22% and 25% PMMA).

1.8
1.6
1.4
1.2
1
0.8
0.6
0.4
0.2
0
Glass

95:5 Spincoated
PHEMA
Cadherin Mean Intenity

2% PMMA
Spincoated

22% PMMA
25% PMMA
Fibers (0.52 μm) Fibers (0.97 μm)

Beta-Catenin Mean Intensity

Figure 16: Beta-catenin and cadherin intensity for each sample. Beta-catenin and cadherin
intensity increases from flat surfaces (Glass, PHEMA, PMMA Spincoated) to the nanofiber
surfaces (22% (small) and 25% (large) PMMA)
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3.3.2 Repeated Western Blot

Figure 17: Western blot 2 tagging for Cadherin (red), beta-catenin (top green band), and
tubulin (bottom green band).

The standardized intensities for each sample were graphed in Figure 18. Beta-catenin
and cadherin intensity increased from glass to the large fiber samples. For beta-catenin in Figure
18, a significant difference in intensity can be seen between each sample. Table 3 shows the
mean intensity and standard of deviation for beta-catenin within each sample. The standard of
deviation for each sample is very low suggesting that there was not much variability in intensity
within samples.
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Figure 18: Mean intensities for beta-catenin, and both cadherin bands show an increasing
intensity from glass to the nanofiber surfaces.

Table 3: Beta-catenin mean intensity and standard of deviation for each sample.
Sample
Glass
22% PMMA Fibers (0.52 μm)
25% PMMA Fibers (0.97 μm)

Beta-Catenin
1
1.95
2.49

Beta-Catenin
STD
0.213
0.228
0.240

Table 4: Cadherin band 1 mean intensity and standard of deviation for each sample.
Sample
Glass
22% PMMA Fibers (0.52 μm)
25% PMMA Fibers (0.97 μm)

Cadherin 1 Mean
Intensity
1
1.523632531
1.865551863

Cadherin 1 STD
0.046724214
0.298144853
0.259512327
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Table 5: Cadherin band 2 mean intensity and standard of deviation for each sample.
Sample
Glass
22% PMMA Fibers (0.52 μm)
25% PMMA Fibers (0.97 μm)

Cadherin 2 Mean
Intensity
1
1.355948722
1.426584823

Cadherin 2 STD
0.042228726
0.160649248
0.109775491

A single factor ANOVA test was run using Microsoft Excel to calculate if there is a
statistical significance between the samples for each protein that was tagged for in the western
blot test. Testing for a significance in the data between samples using the western blot would
suggest that the significant difference in fiber diameter could cause a change in the intensity of
beta-catenin and cadherin between the glass and nanofiber samples. For each ANOVA, the
alpha value was set to 0.05. The p-values for each protein are much lower than the alpha and F
Critical values, which resulted in a statistical significance for the data.

Table 6: Single factor ANOVA results for each sample.
Single Factor ANOVA
F
Tag
P-Value
Critical
4.58E-4
4.74
Beta-Catenin
1.83E-2
4.74
Cadherin 1
1.69E-2
4.74
Cadherin 2

Alpha
0.05
0.05
0.05

3.3.3 Nuclear Beta-Catenin Western Blot
Another western blot was conducted to examine the nuclear beta-catenin and the total betacatenin within the cells of the PVA, Spincoated PMMA, 22% (small) and 25% (large) PMMA fiber
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samples. Abcam anti-beta-catenin (phospho Y142) and Santa Cruz Biotechnology beta-catenin (E-5)
antibodies were used to tag for the nuclear and total beta-catenin respectively. Because phosphorylation
at tyrosine 142 can disrupt the beta-catenin cadherin connection in adherens junctions, it can force betacatenin to travel to the nucleus and affect transcription. However, using the Anti-beta-catenin (phospho
Y142) antibody can not only tag for nuclear beta catenin but also tag for cytoplasmic beta-catenin.

Figure 19 shows the intensity for nuclear and total beta-catenin in the cells for each sample. The total
beta-catenin protein level does not follow a trend. The nuclear beta-catenin intensity stays relatively
constant, fluctuating around 0.02. A significant difference between the nuclear beta-catenin and total
beta-catenin intensities for each sample can be seem.
A single factor ANOVA was used to calculate significant between the nuclear beta-catenin
samples, the total beta-catenin samples, and between the nuclear and total beta-catenin levels for each
sample. Each ANOVA was set using an alpha value of 0.05. The results from each ANOVA are seen in

Table 7. There is a strong significant difference between the nuclear and total beta-catenin levels for
each individual sample. There is also a strong significant difference in total beta-catenin levels for each
sample. The nuclear beta-catenin levels seen in Figure 19 do not seem to show a significant difference
between each sample. However, the ANOVA shows a weak significant difference with a p-value of
0.434 for the nuclear beta-catenin.
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0.12

0.1

0.08

0.06

0.04

0.02

0
PVA (no fibers)

2% Spincoated PMMA

Nuclear Beta-Catenin Mean Intensity

22% PMMA (small)

25% PMMA (large)

Total Beta-Catenin Mean Intensity

Figure 19: Mean intensities of nuclear beta-catenin and total beta-catenin in PVA (no
fibers), Spincoated PMMA, 22% PMMA (small fibers), and 25% PMMA (large fibers)
samples. Total beta-catenin amounts decrease from flat surfaces (PVA and Spincoated
PMMA) to nanofiber surfaces (22% (small fibers) and 25% (large fibers) PMMA).
Nuclear beta-catenin intensity does not fluctuate much between samples.

Table 7: Single factor ANOVA results for nuclear beta-catenin between each sample, total
beta-catenin between each sample, and between nuclear and total beta-catenin for each
sample. There is a significant difference for each sample listed with each test using an
alpha of 0.05.
Single Factor ANOVA
Sample
P-Value F Critical
Nuclear Beta-Catenin
0.434
4.07
1.76ETotal Beta-Catenin
05
4.07
4.16ENuclear/Total Beta-Catenin
11
4.3

Alpha
0.05
0.05
0.05
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Chapter 4
Discussion
Beta-catenin and cadherin movement was examined within cells using
immunofluorescence and western blots. The blot results showed the different protein levels in
the cells grown on flat and fiber surfaces. The experimental procedures involved learning cell
culture, electrospinning, spincoating, ESEM, and various other lab techniques. Many trials were
performed to obtain qualitative and quantitative results. Each trial that was repeated involved
changing factors, such as the switch from PHEMA to PVA, to improve the experiment. The
elevated amounts of protein seen on the PHEMA sample in the first western blot showed that the
PHEMA did not prevent cell attachment. Because of this, it is not known whether the PHEMA
was effective for forcing the cells to adhere to the fibers. Because many cells were not seen on
the PVA coverslips, this suggests that the cells were adhering to the nanofibers and not the
coverslips. More trials need to be performed to verify these results.
The results for the preliminary immunofluorescence staining showed what was expected for the
control coverslips, which is that the beta-catenin would be at the plasma membrane held in adherens
junctions. Figure 8 shows the cells grown onto the control coverslips without fibers. The betacatenin, stained green, is highly concentrated at the cell’s plasma membrane, which can be seen by
the large amount of green. This is because the cells are allowed to adhere, spread out and make
many cell-to-cell contacts on the flat PMMA surface.
Figure 11 shows the MC3T3 cells grown on the PVA coated glass coverslips and incubated for
five days. The cell on the left is elongated and the cell on the right is rounded which are not
characteristics of healthy cells. In addition to their unhealthy appearance, there were not many cells
present on the PVA coated coverslips. This result was predicted because the PVA should prevent
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cells from attaching to the coverslip. Figure 12 shows the cells grown on glass coverslips spincoated
with 2% PMMA Nitromethane polymer solution. The cells appear healthy and are spread out
making multiple cell-to-cell contacts.
The immunofluorescence results from 3.2.2 Final Immunofluorescence Results show
beta-catenin along the cell membrane in adherens junctions for the flat PMMA surface, betacatenin in the nucleus and along the cell membrane in adherens junctions for the large 25%
PMMA fibers, and beta-catenin along the cell membrane for the small 22% PMMA fibers.
These results are consistent with the experimental hypothesis stated throughout the paper.
Again, these tests need to be repeated to verify the results. The tests also need to be repeated,
tagging and staining for nuclear beta-catenin. Beta-catenin translocation to the cell nucleus
cannot be confirmed without further testing. The results obtained from this experimentation are
promising to for future research on beta-catenin translocation due to a difference in nanofiber
diameter to continue.
Beta-catenin and anti-pan cadherin have molecular weights of 92 and 125 kDa respectively.
Both western blot membranes were cut at 70 kDa to prevent cutting off the beta-catenin and antipan cadherin proteins that were tagged in the blot. The intensity of the bands on each blot membrane
were measured and standardized by using the α-tubulin band.
“Beta-catenin levels outside the cadherin-catenin complex are low in the absence of the
Wingless/Wnt signal”.15 When the protein is stable, cytoplasmic levels can be low because it is
regulated by ubiquitination. Ubiquitination is a way to regulate cells by degradation in the cell
proteasome. Adding a ubiquitin group onto a protein can also change cell function without
causing degradation in the proteasome.22 Cells on flat surfaces have multiple cell-to-cell
contacts, which holds beta-catenin in adherens junctions and keeps beta-catenin levels low. It
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could be possible that the change in geometry causes beta-catenin translocation and the cell
allows the protein levels to increase to cause gene transcription.
The western blot in Figure 17 resulted in five distinct bands for each sample. The
membrane for the second blot, like the first western blot, was cut at 70 kDa, which partially cut a
cadherin band. Because this band was cut, data could not be obtained from it. A future western
blot would be cut at 60 kDa to prevent from cutting this band. The intensities from each of the
bands were measured again using Licor Odyssey software. The α-Tubulin intensity (bottom
green) in Figure 17 was used to standardize the beta-catenin (top green) and cadherin (red)
measured intensities.
The total and nuclear beta-catenin levels in the cells did not follow a specific trend.
Unlike the previous western blot results (Figure 16 and Figure 18); the total beta-catenin levels
decreased from the flat surfaces to the fiber surfaces. The nuclear beta-catenin intensity
fluctuated tightly around 0.02 but single factor ANOVA showed a weak significant difference
for the nuclear beta-catenin between each sample. The remaining ANOVA tests showed a strong
significant difference between the nuclear and total beta-catenin levels for each individual
samples and for the total beta-catenin levels between each sample.
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Chapter 5
Conclusion and Future Work
In summary, this research was a start to understand the influence electrospun nanofiber
diameter has on the translocation of beta-catenin within MC3T3 cells. Because nuclear betacatenin can trigger osteogenesis, this research could help develop new methods to grow bone for
cancer patients, wounded veterans, and patients with other bone related issues. The results
obtained from the western blot and immunofluorescence are promising for future research on this
topic to be continued.
Future work regarding this experimentation involves repeating the current trials to obtain
more data for statistical analysis is needed to explain and verify the results obtained from the
previous western blots and immunofluorescence. Additional changes in the electrospinning
process could be made to improve the fiber mats. Different heating and gluing methods could be
used again to fix the problem of fluffy fibers.
Because the PVA coated coverslips had successful results, additional trials using the
PVA could be repeated to verify the results. The immunofluorescence intensity data could be
measured to make the immunofluorescence quantitative and qualitative. Western blotting could
also be repeated using additional specific antibodies that tag for nuclear beta-catenin. Tagging
for nuclear beta catenin would give a quantitative result of how much beta-catenin translocated
to the nucleus and could produce results that are more accurate.
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