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ABSTRACT 

 

The field of tissue engineering seeks to apply stem cells to biocompatible scaffolds that 

allow for cell division and proliferation. Many characteristics and mechanical attributes of cells 

allow for successful division, especially the nuclear lamina, a fibrous network housed in the 

nucleus of a cell. Nuclear lamina regulate cellular division and provide mechanical support of 

cells. This is an imperative role in the realm of tissue engineering as laminas sense and respond 

to the specific mechanical properties of scaffolds such as elasticity and rigidity. Different 

scaffold size, orientation, or overall material compositions promote varying degrees of cellular 

adherence, division, and differentiation.  

Human mesenchymal stem cells were applied to two different biocompatible nanofibers 

made of PMMA, a polymer, and one flat control surface. Primary and secondary antibodies were 

used as biomarkers for phosphorylated lamins within the nuclei and cytoplasm of the cells. 

Microscopy was then used to view immunostained phosphorylated stem cells on the different 

scaffolds to assess ideal scaffold conditions. CellProfiler was used to quantify the 

phosphorylated lamins of the applied stem cells. Phosphorylation within the lamins of the stem 

cells may imply successful proliferation on the scaffold as ongoing research shows nuclear 

lamina phosphorylation occurs at the onset of cellular division. It also may imply inhibition or 

promotion of cellular motility. The average cell and nuclei intensities varied greatly between the 

two fiber surfaces and the control surface within this study. The presence or absence of 

phosphorylated lamina as well as cellular and nuclei morphology can be used in a wide variety of 

applications in molecular research and in clinical settings.  
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Chapter 1  
 

Background 

Successful cellular division and differentiation are imperative for a stem cell to become a 

mature cell for use within the body. Stem cell engineering involves the application of stem cells 

onto biocompatible surfaces. These surfaces, or scaffolds, often drive stem cells to differentiate 

into a specific mature cell by mimicking the mechanical properties of the tissue or bone that the 

desired cell is found in. For example, if it is desired for a stem cell to become an adipocyte, a 

more elastic surface mimicking that of fat within the human body can help push the stem cell to 

become an adipocyte [1]. This is based on interactions between the cell and the surface they are 

applied to. Many properties of biological scaffolds impact cellular processes, especially division, 

of stem cells.  

Stem Cell Characterization 

Cells within the human body are characterized by their specific functions. For example, a 

white blood cell, or leukocyte, functions within the immune system. The basis of biology and the 

life sciences have taught that structure determines function. This carries over in the realm of 

biology on a cellular level as well. The different cell types in an organism have different 

structures that are better suited for their specific roles in the body. Thus, an immune system cell 

will look differently and serve a different purpose than a bone forming cell. Stem cells have 

changed the way that cells are characterized. Rather than being predetermined by a structure and 

function, stem cells are cells capable of differentiating into many different cell types. This has 
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opened a realm of research known as stem cell engineering that seeks to apply the more versatile 

nature of a stem cell in many applications such as to form tissues or potentially treat degenerative 

ailments. Scientists seek to “push” stem cells to differentiate into target cell types for various 

purposes specifically for regenerative medicine.   

Stem cells are most notably characterized by their origin. Embryonic stem cells are taken 

from an embryo while it is in the blastocyst stage [1]. They are pluripotent, which means they 

can become any cell type [1]. Adult stem cells, often taken from bone marrow, are more limited 

in their differentiation possibilities and are most known to differentiate to blood cells, bone cells, 

or muscle cells [1]. Human mesenchymal cells (hMSCs) are multipotent stem cells meaning they 

are able to differentiate into cells within a certain class of cells, typically the mesodermal lineage 

[2]. These cell types are most often adipocytes or fat cells, osteocytes or bone cells, and 

chondrocytes or cartilage cells [2].  

Cellular Division Phosphorylation 

The cell cycle includes many notable checkpoints that a cell must reach in order to begin 

to divide. Cells are often in the growth phases of the cycle, but when they are ready to divide 

somatic cellular division begins the process of mitosis. Cellular division is a highly regulated 

process that is necessary within an organism for growth and repair. During division, cells must 

undergo a series of structural and chemical changes initiated by biochemical agents, specifically 

cyclin-dependent kinases [3]. Cyclin-dependent kinases are biological catalysts that initiate the 

phosphorylation of molecules by transferring a phosphate group from a readily available ATP 

molecule [3]. Phosphorylation is a common cellular process that changes the structure of the 
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targeted molecule, which in turn can either inhibit or activate the specific molecule’s function 

[3]. In cellular division, phosphorylation is responsible for many events such as the condensation 

of chromosomes and the breakdown of the nuclear envelope [4]. The nuclear lamina specifically 

undergoes phosphorylation in different ways during mitosis.  

The Nuclear Lamina 

The nuclear lamina is a fibrous structure within the inner wall of the nucleus of cells 

made up of type V intermediate filaments called lamins [5]. There are many different classes of 

lamins that create the overall structure of the nuclear lamina such as: lamin A, lamin C, lamin 

C2, lamin B1, and more [5]. Lamin A is believed to be only found in differentiated cells but may 

be present in stem cells as well [6]. B-type lamins are needed for organogenesis and are thus 

more widespread and found in all developing cells [6].  Lamin A/C possess lamin-binding 

abilities in their tail domain [6]. These binding domains allow for structural changes in many 

forms including assembly of a lamin network [6]. Mutations within this tail domain can lead to 

many altered functions such as poor lamin assembly, lower nuclear stiffness, or impairment in 

mechanosensitive genes, which in turn can affect gene expression [6]. Many of the structural 

changes that nuclear lamina undergo can either inhibit or promote downstream changes in the 

nucleus, in neighboring cells, or in cell-surface interactions. As structure determines function as 

noted earlier, any change to the overall structure of the lamin will affect how it performs its 

duties within the cell. 



4 

Phosphorylation of Lamins  

The process of phosphorylation, the addition of a phosphate group, interferes with the 

organization of the nuclear lamina meshwork [6]. As the organization changes, the material 

properties of the nuclear lamina changes in terms of characteristics like stiffness, deformability, 

etc. [6].  Figure 1 shows a nuclear pore, a small opening within the nucleus, as well as nuclear 

lamina within the inner membrane of the nucleus.   

 
Figure 1. Nuclear membrane depicting nuclear lamina through a nuclear pore [7] 

 

Lamin A most commonly undergoes post-translational phosphorylation [8]. This 

phosphorylation is most evident during interphase and mitosis during the cell cycle but is not 

very well understood [8]. Most research into the phosphorylation of nuclear lamina has looked at 

assembly and disassembly [8]. Disassembly of lamina must occur in order for mitotic spindles to 

attach to the chromosomes at the metaphase plate [6,8]. The lamins will then re-assemble 

following cellular division. The phosphorylation during mitosis is known to be facilitated by 

cyclin dependent kinase 1 (Cdk1) [8]. However, Cdk1 appears to only phosphorylate the N-

terminus of human lamin A, which may not be enough to promote disassembly [8]. This may 

mean another Cdk in conjunction with Cdk1 is responsible for the overall disassembly process 

[8]. The following figure shows the disassembled and assembled lamina.  



5 

 

Figure 2. Assembly process of nuclear lamina. a) dimers formed b) dimers come together c) more assembly “beadlike” d) 

thick organized fibers e) helical wound arrays  [9] 

 

The filaments will eventually assemble into array like formation as seen in figure2.e [9]. This 

high ordered structure of assembly appears as a tightly wound coil like structure that occurs as 

the lamina assembles head-to-tail [9]. Lamina may take this form at the completion of cell 

division as initiated by de-phosphorylation events [9].  

This entire process of phosphorylation and de-phosphorylation of nuclear lamina plays a 

large role in stem cell-surface interactions at the molecular level. Recent studies have learned 

that lamins act as mechanosensors to their surroundings [8]. This cell-signaling is imperative in 

stem cell engineering applications. A domino effect occurs because of the sensing abilities. 

Surface stiffness impacts lamina phosphorylation, which in turn affects overall nuclear stiffness 

and cell motility [8]. This cell signaling idea can be seen below in figure 3 depicting how the 

input, stiffness in this case, affects the lamina, which in turn have many other impacts on the cell 

as a whole such as transcription of DNA to mRNA [8]. This chain of events may be helpful in 

understanding the ideal surface properties needed for successful regenerative medicine.  
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Figure 3. Impact that the cellular environment properties such as stiffness have on phosphorylation of nuclear 

lamina and the impact of phosphorylated lamina have downstream in the cell [8] 

Localization of Phosphorylated Lamins  

Phosphorylation of the lamin A/C type can also impact the localization of the lamin itself 

[8]. Although research is ongoing for this phenomenon, it was found that phosphorylation can 

determine which lamin type is present in the nucleus or in the cytoplasm of the cell [8]. Once 

cellular division progresses and the nuclear envelope breaks down, phosphorylated, 

disassembled, lamin A/C are abundantly dispersed throughout the cytoplasm [10]. As cellular 

division comes to a close near the end of telophase, lamin A/C accumulate and are likely 

dephosphorylated [10].  

Biocompatible Scaffold Techniques 

Stem cells are typically introduced to biological surfaces and scaffolds. These scaffolds 

provide a rough framework of the desired shape of desired cellular growth. In general, a 

successful scaffold or surface in stem cell engineering is one that is biocompatible, capable of 

degradation, and possesses the desired mechanical properties [11]. Biocompatibility is arguably 
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the most important factor because the surface must promote cellular growth [11]. The scaffold 

also must be able to degrade as needed after the cells have proliferated, but not too soon into the 

growth process either [11]. Electrospinning is one of the most common techniques in creating 

biocompatible scaffolds for tissue engineering. The process of electrospinning involves ejecting 

melted polymer to form very fine fibers in a desired two-dimensional shape [12]. The fibers 

often resemble small threads crossing over one another creating a meshwork with voids [12]. 

The resulting surfaces are nanofibers that can be manipulated into three dimensional geometries 

[12].  The high surface-area-to-volume meshwork of fibrous scaffolds are ideal in stem cell 

engineering because cells are able to spread within the voids [12]. The electrospinning process 

and device can be seen below in the simplified diagram.  

 

Figure 4. Electrospinning apparatus depicting spinning of the growing polymer ejected from the spinneret and collected 

on a collecting plate [13] 

Cellular Orientation on Nanofiber Meshworks 

There have been many different studies into the way that stem cells adhere to nanofiber 

surfaces. The intricate network of nanofibers closely resembles the extracellular matrix (ECM) 

that surrounds cells within the human body. Because of this mimicry, cells interact and anchor to 

the nanofibers similarly to how they would within the ECM [14].  
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One study completed looked at the geometric potential theory and how it can be used to 

model the interactions between nanofibers and cells [14]. The geometric potential theory 

discusses that boundaries create forces that are normal to the surface of the boundary itself [14]. 

These forces can be related to Earth’s gravity because gravity acts perpendicular to the surface of 

the Earth [14]. On a much smaller level, these perpendicular forces can be attributed to capillary 

action as water moves up small capillaries [14]. As distance increases between two boundaries, 

the geometric potential becomes weaker [14]. This is important in cell-nanofiber interactions 

because as nanofiber distance increases, cell interactions may change or decrease [14]. Similar to 

how water can “crawl” against gravity when capillary action is occurring, a cell can attach to 

parallel fibers, wrap around them to anchor itself, and then spread upwards as if it is “crawling” 

[14].  Figure 5 below shows this cell spreading phenomenon. This cell spreading can be modeled 

mathematically by the geometric potential theory as well.  

 

Figure 5. Parallel fiber stem cell spreading [14] 

 This cellular spreading eventually can lead to neighboring cells interaction with one 

another as well [14]. This can lead to new tissue formation, which is often the desired result of 

stem cell engineering research.  

The specific type of nanofiber can also dictate how a cell will interact with the 

biocompatible surface. Poly(methyl methacrylate) or PMMA is a synthetic plastic-like polymer 
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commonly known as Plexiglass [15]. It is commonly used to create nanofiber scaffolds and was 

used to create the nanofibers in this thesis, which will be further discussed later [15]. PMMA is 

often dissolved in a solvent like acetone to form a solution that can be inserted into the 

electrospinning device for fiber creation [15]. These electrospun fibers are rigid and highly 

biocompatible [15]. Stem cells are often applied to these surfaces because of these suitable 

characteristics [15].  Figure 6 below shows results from a previous study by Ura et al of cells 

interacting with both PMMA nanofibers and PMMA microfibers [15]. Filopodia, which are 

small cellular membrane protrusions, interact with surrounding surfaces as seen below [15]. 

These help provide support and anchor the cells to the fibers. They appear as small arm-like 

projections that are able to wrap around the rod-shaped fibers [15]. Once anchored, stem cells 

will begin to stretch to cover a larger surface area and to communicate with neighboring cells 

[15].  

 

Figure 6. Stem Cell Interactions with Nanofibers (a,b) and Microfibers (c,d) [15] 

 

Many cell-fiber interactions dictate the overall success of stem cell engineering. These 

are driven by many molecular mechanisms, cellular structures, and material properties of 

scaffolds. These considerations and prior studies were kept in mind when completing the 
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research for this thesis. In order to better understand the roles that nuclear lamina play in both 

cell motility and in the overall stem cell engineering process, human mesenchymal stem cells 

and their nuclear lamina were studied on various surface types. It was hypothesized that there 

would be a statistical significance between the average cell and nuclei intensities of 

phosphorylated lamin A/C between each of the three surfaces. This was based on prior studies 

and the importance of mechano-sensing of the nuclear lamina.  

Chapter 2  
 

Methods 

Similar procedures completed in the studies above were followed for the experimental 

protocol in this thesis. hMSCs were cultured and applied to various surface types. Primary and 

secondary antibodies were used to tag phosphorylated lamina in these cells as they grew over 

their surfaces. The average intensities of phosphorylated lamina in the nucleus and in the 

cytoplasm of these cells were found using various software such as CellProfiler. This data was 

then subject to statistical testing to determine statistical significance between the mean 

intensities. A more detailed account of the overall procedure is discussed below.  

Cell Culture 

 Human mesenchymal stem cells (hMSCs) were first thawed by slowly turning the frozen 

vial in a warm water bath. The thawed cells were then plated with bovine serum media 

(Minimum Essential Medium, Alpha 1X with Earle’s salts, ribonucleosides, 

deoxyribonucleosides & L-glutamine, 10% FBS, 15 P/S) for growth. For medium size plates, 
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approximately 10 mL of media was added to one vial of thawed cells.  The plates were labeled 

and placed in an incubator set at 37 °C, the average human body temperature. The media in each 

plate was changed every couple of days to ensure that cells had adequate nutrients at all times. 

Figure 7 shows cells on plates with media under light microscopy.  

 

Figure 7. hMSCs in culture under light microscopy after a) initial growth b) after widespread growth before splitting 

 

 The cells were transferred to larger plates, or split, as needed. This was done by applying 

a small amount, typically 2 mL, of trypsin to each plate. Trypsin breaks down proteins that 

anchor the stem cells to the surface of the plate. After the cells sat in tryspin for approximately 3-

5 minutes, the cells released from the plate and were then in suspension. These cells could then 

be easily transferred to new plates via simple pipetting. New media was then added and changed 

every couple of days like before.  

Creation of Surfaces 

Three surfaces were used in this study: a flat control surface and two different PMMA 

fibers. PMMA is often purchased in powder form and dissolved in a solvent before use. Two 

different types of surfaces made from PMMA were created with differing diameters to assess 
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which diameter led to more nuclear lamina phosphorylation. The first PMMA nanofiber surfaces 

were created of 5% PMMA in the solvent of 2,2,2-Trifluoroethanol (TFE). This yielded a thinner 

meshwork of fibers approximately one micron in diameter. The second PMMA nanofiber 

surfaces were created of 10% PMMA also dissolved in the solvent of TFE. This yielded a thicker 

meshwork of fibers approximately two microns in diameter. Once the PMMA was dissolved, the 

solution was inserted into the electrospinning apparatus’ syringe. A voltage of 15,000 V was 

applied, which slowly pushed the polymer through the needle of the syringe called the Taylor 

cone. The polymer then became solid and spun quickly as it exited the cone onto the collecting 

plate located 15 cm away. The result was small electrospun fibrous scaffolds. Figure 8 below 

shows the 5% PMMA nanofibers and adhered cells, while figure 7 shows the 10% PMMA 

nanofibers and adhered cells. Both images below were taken via DIC.  

 

Figure 8. PMMA nanofibers with live cells adhered under DIC with approximate diameters of a) one micron b) 

two microns 

The control surface was simply a flat surface that the cells grew and divided on. hMSCs 

were suspended in their culture and then added to these three different surfaces. Everything other 

than surface type, such as incubation temperature (37 °C), was kept constant to remove any 

extraneous error.  
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Use of Antibody Labeling 

Antibody labeling or immunolabeling is a method used in biomedical research to label 

structures of interest [16]. There are two distinct techniques of antibody labeling: direct and 

indirect [16]. Direct uses only primary antibodies, while indirect uses both primary and 

secondary antibodies [16]. Indirect immunofluorescence techniques were used in this study 

because the use of secondary antibodies typically amplifies the intensity of the structure of 

interest [16].  

Primary antibodies are protein bound specific, which means their primary role is to bind 

to the structure of interest [16]. Secondary antibodies are polyclonal, typically in the class of 

IgG, and are species specific [16]. Secondary antibodies bind to the bound primary antibody and 

amplify the fluoresce of the dye thus labeling the structure desired. Primary and secondary 

antibodies, Phospho-Lamin A/C (Ser22) Antibody #2026, were purchased from Cell Signaling 

Inc. [17]. These antibodies were supplied in 10 mM sodium HEPES (pH 7.5), 150 mM NaCl, 

100 ug/mml BSA, and 50% glycerol [17]. They are stored at -20 °C until applied to cells [17]. 

They are diluted 1:800 when used in immunofluorescence applications such as this study [17]. 

They are reactive with human, mouse, and rat cell lines and detect lamin A/C when they are 

phosphorylated at the Ser22 residue [17]. This phosphorylation site is studied because the 

sequence following is a signal pathway that serves a role in cellular division [17].  

Alexa Fluor 568 dye, an orange-fluorescent dye, was used to label channel 00, the 

channel corresponding to the laminas [18]. Alexa Fluor 488 dye, a green-fluorescent dye, was 

used to label channel 01, the channel corresponding to pLam or phosphorylated laminas [19]. 

Alexa 350 phalloidin, a blue- fluorescent dye, was used to label channel 02, the channel 
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corresponding to actin [20]. This dye was chosen because it “selectively stains F-actin” [20]. 

Each dye fluoresces at a different wavelength corresponding to the number in each dye name.  

Application of Antibodies to Cells  

Once the cells were thawed and placed in media on their surfaces, the labeling antibodies 

were prepared and added. Cells are typically washed with PBS before addition of 

immunostaining occurs. The general methods to immunostaining follow a strict procedure as 

outlined by the manufacturer. The manufacturer often provides instructions for ideal use of their 

antibodies. The following procedural steps are courtesy of CellSignaling Inc., the company that 

these specific antibodies were purchased from [17]:  

 

NOTE: Prepare solutions with reverse osmosis deionized (RODI) or equivalent grade water. 

1. 20X Phosphate Buffered Saline (PBS): (9808) To prepare 1L 1X PBS: add 50 ml 20X 

PBS to 950 ml dH2O, mix. Adjust pH to 8.0. 

2. Formaldehyde: 16%, methanol free, Polysciences, Inc. (cat# 18814), use fresh and store 

opened vials at 4°C in dark, dilute in 1X PBS for use. 

3. Blocking Buffer (1X PBS / 5% normal serum / 0.3% Triton™ X-100): To prepare 10 ml, 

add 0.5 ml normal serum from the same species as the secondary antibody (e.g., Normal 

Goat Serum (#5425)) and 0.5 mL 20X PBS to 9.0 mL dH2O, mix well. While stirring, 

add 30 µl Triton™ X-100. 

4. Antibody Dilution Buffer (1X PBS / 1% BSA / 0.3% Triton X-100): To prepare 10 ml, 

add 30 µl Triton™ X-100 to 10 ml 1X PBS. Mix well then add 0.1 g BSA (9998), mix. 
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1. B. Specimen Preparation - Cultured Cell Lines (IF-IC) 

NOTE: Cells should be grown, treated, fixed and stained directly in multi-well plates, chamber 

slides or on coverslips. 

2. Aspirate liquid, then cover cells to a depth of 2–3 mm with 4% formaldehyde diluted in 

1X PBS. 

3. Allow cells to fix for 15 min at room temperature. 

4. Aspirate fixative, rinse three times in 1X PBS for 5 min each. 

5. Proceed with Immunostaining (Section C). 

6. C. Immunostaining 

NOTE: All subsequent incubations should be carried out at room temperature unless otherwise 

noted in a humid light-tight box or covered dish/plate to prevent drying and fluorochrome fading. 

1. Block specimen in Blocking Buffer for 60 min. 

2. While blocking, prepare primary antibody by diluting as indicated on product webpage in 

Antibody Dilution Buffer. 

3. Aspirate blocking solution, apply diluted primary antibody. 

4. Incubate overnight at 4°C. 

5. Rinse three times in 1X PBS for 5 min each. 

6. Incubate specimen in fluorochrome-conjugated secondary antibody diluted in Antibody 

Dilution Buffer for 1–2 hr at room temperature in the dark. 

7. Rinse three times in 1X PBS for 5 min each. 

8. Coverslip slides with Prolong® Gold Antifade Reagent (#9071) or Prolong® Gold 

Antifade Reagent with DAPI (#8961). 
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9. For best results, allow mountant to cure overnight at room temperature. For long-term 

storage, store slides flat at 4°C protected from light. 

Imaging  

Images were taken of each surface in different locations to analyze intensities of the 

biomarker antibodies. Eighteen sets of images were taken from the flat control surfaces. Eighteen 

sets of images were taken from different locations on the 5% PMMA surfaces. Fifteen sets of 

images were taken from different locations on the 10% PMMA surfaces. These image sets were 

then inputted into CellProfiler for quantification.  

CellProfiler Use 

CellProfiler is a software used to quantify and visualize cells based on python, a 

programming language. It utilizes pipelines that each play specific roles as needed by the 

researcher. Each pipeline is used to outline images/objects, count objects/images, etc. For this 

experiment the following pipelines were used: identifyprimaryobjects, identifysecondaryobjects, 

measureobjectintensity, and measureobjectsizeshape.  

Identifyprimaryobjects was used to identify the nuclei in the lamin channel 00 images. 

Identifysecondaryobjects was used to identify the cells in the actin channel 02. The identification 

of objects is often image specific. Three channels (00, 01, 02) of one image were inputted. The 

threshold values within the identifysecondaryobjects pipeline were changed as needed in 

CellProfiler. The measureobjectintensity pipeline was used to measure the fluoresced intensities 

of nuclei and cells for the phosphorylated lamina images (channel 01). These pipelines allowed 
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for easy identification of cells that possessed phosphorylated lamina in both the cytoplasm and 

nucleus of the cells. Measureobjectsizeshape provided cell and nuclei morphology data. The 

CellProfiler interface and the pipelines used can be seen below in figure 9.  

 

Figure 9. CellProfiler interface depicting used pipelines 

 

The left of figure 9 shows the added four pipelines used to a) identify the fluoresced 

nuclear lamin, b) identify the fluoresced cytoplasmic lamin, c) quantify the intensities of the 

fluoresced objects, and d) measure cell and nuclei morphology. Images are uploaded to image 

section of the sidebar and are grouped based on name in the groups section of the sidebar.  

ImageJ Use 

ImageJ is another software used in biomedical research. It is an imaging software that can 

correct color scales, overlay images, etc. ImageJ was used in this research to better visualize the 

images of each channel. It was also used to improve the contrast of the DIC images taken, 
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labeled as channel 03. These images can be found in Appendix B. ImageJ was also used to 

confirm the approximate width of the created nanofibers. Once an image of the fiber surface was 

uploaded to ImageJ, a line was drawn over the width of a visible fiber. Under the analyze 

heading, plot profile was selected. This then displayed a graph depicting two peaks. The 

estimated distance from one peak to the other yielded the estimate of the fiber diameters.  

Statistical Testing  

T-tests are statistical tests that determine significance between two means. This type of 

test was used to better understand if the average intensities on one surface type were significant 

with respect to the average intensities found on another. These were also used to determine any 

significance between aspect ratios of the cells and nuclei on different surfaces. This statistical 

testing was done by using the data analysis tools embedded in Microsoft Excel. The chosen tests 

performed were the following: t-Test two-sample assuming unequal variances. This type of t-test 

was chosen because the variances in each image set were very different from one another.  

Chapter 3  
 

Results 

Object Identification 

The following object identification results were obtained from the identifyprimaryobjects 

and identifysecondaryobjects pipelines in CellProfiler. One example for each of the surfaces can 

be seen below. The remaining object identification images can be found Appendix A.  
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Figure 10. Nuclei and cells identified on flat control surface using CellProfiler 

 

Figure 11. Nuclei and cells identified on 5% PMMA surface using CellProfiler 

 

Figure 12. Nuclei and cells identified on 10% PMMA surface using CellProfiler 
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Phosphorylation Intensities  

Measureobjectintensity pipeline was used in conjunction with these identified objects to 

determine overall phosphorylation. Figure 13 shows an example portion of the 

measureobjectintensity window for the control surface cells image 2. This window lists 

intensities as needed for both the cell (pictured) and nuclei (not pictured). 

 

Figure 13. CellProfiler measureobjectintensity window example for image 2 of control surface cells 

 

 Three channel images represented one location on each surface. For each set of these 

images, an average integrated cell and nuclei intensity was found. The compiled results of 

integrated intensities for each image set within each surface can be found in the following tables. 

Table 1 lists the average intensities on each flat control surface location. Table 2 lists the average 

intensities for the cell and nuclei at each location on the 5% PMMA surface. Table 3 lists the 

average intensities for the cell and nuclei at each location on the 10% PMMA surface. These 

values were compared and inputted into several t-tests to determine statistical significance.  
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Table 1. Integrated cell and nuclei intensities in pLam channel for flat control surfaces 
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Table 2. Integrated cell and nuclei intensities in pLam channel for 5% PMMA surfaces 
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Table 3. Integrated cell and nuclei intensities in pLam channel for 10% PMMA surfaces 
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Table 4. Average of cell and nuclei integrated phosphorylation intensities on each surface as identified by 

CellProfiler 

 

 

 

Figure 14. Average cytoplasmic phosphorylated lamin A/C on each surface with error bars that depict the 

standard deviations 

 

 

Figure 15. Average nuclear phosphorylated lamin A/C on each surface with error bars that depict the standard deviations 
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Cell Morphology  

Cell and nuclei morphology was found using the measureobjectsizeshape pipeline in 

CellProfiler. Figure 16 below shows an example of the measureobjectsizeshape pipeline window.  

 

Figure 16. CellProfiler measureobjectsizeshape window example 

 

This pipeline yields many different terms regarding the shape and size of both the cells 

and nuclei in each image set. The parameters of interest were area, major axis, minor axis, and 

form factor. The aspect ratio for each of the image sets was found by dividing the major axis by 

the minor axis. The closer this value is to 1, the more circle-like in shape. Roundness was also 

found by the following equation:  

𝑅𝑜𝑢𝑛𝑑𝑛𝑒𝑠𝑠 =
4 ∗ 𝐴𝑟𝑒𝑎

𝜋 ∗ 𝑀𝑎𝑗𝑜𝑟 𝐴𝑥𝑖𝑠2   

Equation 1. Roundness Equation 

A roundness value closest to 1 also means more circle-like. A value of one refers to a 

perfect circle. The aspect ratio and roundness values were calculated using the data exported 

from CellProfiler.  
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Table 5. Cell morphology data on control surface 
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Table 6. Nuclei morphology data on control surface 
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Table 7. Cell morphology data on 5% PMMA surface 
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Table 8. Nuclei morphology data on 5% PMMA surface 
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Table 9. Cell morphology data on 10% PMMA surface 
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Table 10. Nuclei morphology data on 10% PMMA surface 
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Figure 17. Average cell aspect ratio and roundness values for all surface types 

 

 

 

 

Figure 18. Average nuclei aspect ratio and roundness values for all surface types 
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Intensity Statistical Testing Results 

Table 11. T-test comparing the average cell intensities from the flat control surface and 5% PMMA surface 

 

Table 12. T-test comparing the average nuclei intensities from the flat control surface and 5% PMMA surface 

 

 

Table 13. T-test comparing the average cell intensities from the flat control surface and 10% PMMA surface 
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Table 14. T-test comparing the average nuclei intensities from the flat control surface and 10% PMMA surface 

 

Table 15. T-test comparing the average cell intensities from the 5% PMMA surface and 10% PMMA surface 

 

 

Table 16. T-test comparing the average nuclei intensities from the 5% PMMA surface and 10% PMMA surface 
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Morphology Statistical Testing Results 

Table 17. T-test comparing the average of nuclei aspect ratios from the control surface and 5% PMMA surface 

 

 

Table 18.  T-test comparing the average of nuclei aspect ratios from the control surface and 10% PMMA surface 

 

 

Table 19. T-test comparing the average of nuclei aspect ratios from the 5% PMMA surface and 10% PMMA surface 
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Table 20. T-test comparing average cell aspect ratios of the control and 5% PMMA surfaces 

 

 

Table 21. T-test comparing the cell aspect ratios of the control and 10% PMMA surfaces 

 

 

Table 22. T-test comparing average cell aspect ratios of 5% PMMA and 10% PMMA surfaces 
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Chapter 4  
 

Discussion  

The hypothesis of this research was that the difference between the average integrated cell and 

nuclei intensities between the three surfaces, the control and two PMMA surfaces, would be statistically 

significant. This was hypothesized because as seen in previous nuclear lamina studies, different 

characteristics of stem cell engineering scaffold surfaces impact the way a cell responds to the surface 

itself. These interactions are imperative for better understanding what is occurring on a molecular level 

when stem cells are applied to different surface types. The t-tests above were conducted between each of 

the different surfaces and the two different intensities studied for a total of six unique t-tests: average 

nuclei intensity between control and 5% PMMA surface, average nuclei intensity between control and 5% 

PMMA surface, average cell intensity between control and 10% PMMA surface, average nuclei intensity 

between control and 10% PMMA surface, average cell intensity between 5% PMMA and 10% PMMA 

surface, and average nuclei intensity between 5% PMMA and 10% PMMA surfaces. Each of the tests 

were conducted with a confidence level of 0.05 on Microsoft Excel. Each test yielded a p value (two 

tailed) that could be compared to this confidence level in order to determine statistical significance.  

Control Surface vs 5% PMMA Surface Intensities Statistical Discussion 

When comparing the average cell intensity between the control surface and the 5% PMMA 

surface with a t-test, the two-tailed p-value was found to be 6.59*10-7. This value is much less than the 

confidence level of 0.05. This means that the difference between the average cell intensities found on the 

control plate vs found on the 5% PMMA plate is statistically significant. A t-test was then performed 

between the average nuclei integrated intensities between the control and 5% PMMA surfaces as well. 

This resulted in a two-tailed p value of 1.95*10-7. This is also much less than the confidence level of 0.05. 
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This means there is a statistically significant difference between the average nuclei intensities of the 5% 

PMMA and the control plates that is not due to random chance.  

Both of these t-tests support the initial hypothesis that there would be a statistical significance 

between the cell and nuclei intensities of phosphorylated lamina on different surface types. This means 

that the difference between the average intensities on the control surface and 5% PMMA surface are  not 

due to random chance; the surface properties influenced this difference of intensity averages. There are 

many potential explanations of these results, but none can be confirmed without further testing. The 

surface area of a nanofiber scaffold is much larger than the bottom of a sterilized plate. Cells may be able 

to better anchor themselves to the surface of a fiber because they are able to wrap around the circular 

cross section using filipodia and cellular adhesion proteins. Phosphorylated lamin have also been studied 

with respect to cellular division and migration. The cells present on the control surface may have more 

migratory abilities than those adhered to the fibrous scaffolds and thus may have an increased 

concentration of phosphorylated lamina. The cells present on the PMMA surface may be adhered and 

primarily stretch while on the fibers rather than migrate in any way.  

Control Surface vs 10% PMMA Surface Intensities Statistical Discussion 

The two-tailed p value that resulted in the t-test performed to compare the control surface 

and the 10% PMMA surface integrated average cell intensities was found to be 0.0002551. This 

value was much less than the confidence level of 0.05. This means that the difference between 

the average cell intensities of the two surfaces is statistically significant. The p-value from the t-

test performed to compare the average nuclei intensities was found to be 0.36523. This value is 

larger than the 0.05 confidence level. This means that the difference between the average 

integrated nuclei intensity for the control surface and 10% PMMA surface is not statistically 

significant.  
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These findings indicate that phosphorylated cytoplasmic lamin A/C was more prevalent 

on the control surface than on the 10% PMMA surface and that this difference is not due to 

random chance. High levels of cytoplasmic phosphorylated lamin A/C may indicate cells 

undergoing division because as the nuclear envelope breaks down, the phosphorylated lamin 

remain within the cytoplasm as they prepare to form spindles for chromosomal separation. This 

may also mean cells found on the fibrous surface of 10% PMMA may have been more adhered 

to their surface. The difference between the average nuclei intensities was not statistically 

significant, which could be due to error in data collection or quantification. Error is likely 

because previous studies have seen that nuclear lamina likely phosphorylate in response to 

different surfaces. This could also mean that the cells interact with both surfaces in a similar 

manner but based on previous research of the importance of nanofiber interactions with stem 

cells this seems unlikely. It could also potentially indicate that phosphorylated lamin localized in 

the cytoplasm are more influential on studies of lamin and environmental sensing. Studies can be 

continued on the localization of phosphorylated lamin to better understand what exactly is 

happening and why it is happening.  

5% PMMA Surface vs 10% PMMA Surface Intensities Statistical Discussion 

The two-tailed p value that resulted in the t-test performed to compare the 5% PMMA 

surface and the 10% PMMA surface integrated average cell intensities was found to be 

0.0237663. This value is less than the confidence level of 0.05, which means that average cell 

intensities between the PMMA surfaces are statistically significant. Statistical significance 

means that these average values are not due to random chance. The p value from the t-test 
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performed to compare the average integrated nuclei intensities between the two PMMA surfaces 

was found to be 0.198. This value is larger than the 0.05 confidence level, which means the 

difference between the mean nuclei intensities is not statistically significant.  

These findings indicate that phosphorylated cytoplasmic lamin A/C was more prevalent 

in the 5% PMMA surface than in the 10% PMMA surface and that this difference is not due to 

random chance. As discussed above, there may be many reasons for this statistical significance, 

but one could possibly lie in the number of dividing cells on either surface. Cytoplasmic 

phosphorylated lamin A/C could indicate the stages of cellular division that follow nuclear 

membrane breakdown or a more mobile cell. The difference between the average nuclei 

intensities on the 5% and 10% PMMA surface was not statistically significant. This could be 

simply due to error because the difference between the average intensities of cytoplasmic 

phosphorylated lamina was significant, but it could also be due to another phenomenon not 

previously studied. Based on the results of this study, more research is needed in the field of 

nuclear lamina phosphorylation and localization.  

Cell and Nuclei Morphology 

A previous study conducted about nuclear lamina responding to ECM elasticity found 

that a higher lamin A:B ratio results in nuclei that are oblong, oval shaped [21]. A low lamin A:B 

ratio was found to result in nuclei that are rounder, more circular in nature [21]. Figure 10 shows 

the identification of nuclei and cells on a control surface. The nuclei highlighted from 

CellProfiler appear rounded and circular in nature. According to Swift and Discher, this would 

mean the phosphorylated lamin present on control surfaces likely possess a low lamin A:B ratio. 
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Figures 11 and 12 depict identified cells and nuclei that are much more oblong in shape when 

compared to those present on the control surface. This may likely mean that the lamin present 

have a high A:B type ratio. This ratio is important because it has been determined that a very 

small or very large level of lamin A may indicate low cell migration  [21]. Lamina A is known to 

promote stability in a cell’s overall structure so a high amount of this lamin type can inhibit 

migration by increasing stability in the cell overall [21]. However, this does not mean that the 

cells are not spreading at all. Stiffer cells may adhere to the fibers and spread out over a larger 

surface area. Cellular spreading allows cells to adhere to the surface, while also interacting with 

neighboring spreading cells. This facilitates tissue formation over time. The PMMA surfaces, as 

shown by the presence of oblong nuclei, may indicate slower cell migration, while also 

indicating cellular surface adhesion. This could be due to many reasons such as a faster overall 

adherence to the PMMA surfaces or the stage of the cell cycle that the cell was currently in when 

it was imaged. This phenomenon could also potentially explain some of the above statistical 

results. Concrete conclusions cannot be drawn just from the data within this study, but this 

phenomenon of lamin ratio changing based on surface stiffness may play a role in better 

understanding the changing stem cell morphologies in regenerative medicine.  

T-tests were also performed between the nuclei aspect ratios to determine if the shapes 

seen were significantly different. The above conclusions were further validated from the t-test 

results on nuclei aspect ratio. The p-value when comparing the aspect ratios between the 5% 

PMMA and 10% PMMA surfaces was found to be 0.5162, which is much larger than the 

confidence level of 0.05. This means that the means are not statistically significant, which 

follows what was expected. The p-value from the t-test between the control and 5% PMMA 

surface was found to be 3.874*10-6. This value is much smaller than the confidence level of 0.05, 
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which means the difference between the average nuclei of the control and 5% PMMA surfaces is 

statistically significant. The p-value for the t-test conducted between the control surface and the 

10% PMMA surface was found to be 0.00652. This also indicates that the difference between the 

nuclei aspect ratio of the control and 10% PMMA surfaces is statistically significant as well. 

These statistical tests indicated that the nanofiber nucleus shape was affected by the PMMA 

surface.   

T-tests were also performed between the average cell aspect ratios as well. The p value 

between the control surface and 5% PMMA surface was 0.012. This value is less than the 

confidence level of 0.05, which means there is a statistical significance between the average cell 

aspect ratios found on the control and 5% PMMA surface. The p value between the control 

surface and 10% PMMA surface was found to be 0.046. This is also less than 0.05 and thus there 

is a statistical significance between the cell aspect ratios found on these two surfaces. The t-test 

comparing the 5% PMMA and 10% PMMA surfaces was found to be 0.0756. This is much 

larger than 0.05 and thus there is not a statistical significance between the cell aspect ratios found 

between the PMMA surfaces.  

This all means that nanofiber surfaces likely cause a change in cellular shape when 

compared to traditional flat plates. This is expected based on previous studies because cells on 

fibrous surfaces tend to adhere, then wrap around, and stretch on the surface to fill the voids of 

the porous structures.  



43 

Chapter 5  
 

Conclusion 

Limitations  

The statistical testing yielded that there was significance between the average values of 

integrated cellular phosphorylated lamin A/C when comparing all three of the surfaces to one 

another. It also indicated statistical significance between the average nuclei intensities of 

phosphorylated lamin A/C of the control and 5% PMMA surfaces. These t-tests also determined 

that there was not a statistical significance between the nuclei averages between the control and 

10% PMMA surface as well as between the 5% and 10% PMMA surfaces. A possible 

explanation for these results could be not a large enough sample size. Larger sample sizes can 

improve statistical significance if there is an error in any of the inputted data. This could include 

obtaining 30 images rather than slightly under 20 of the live cells on the different surface types. 

Error is also likely either in data collection or data quantification because there is statistical 

significance between many of the averages compared, but not all of the averages compared, 

which does not follow what should be expected. The standard deviation of the average nuclei 

intensity on 10% PMMA is larger than the overall average. This means there must be error in 

data collection and/or quantification. There is one outlier within table in the 13th set of images. 

This nuclei average is an order of magnitude higher than the other recorded values. Data 

quantification was done twice, which means this discrepancy must lie in CellProfiler use or the 

image collected.  

This study was also limited in the surfaces studied. A more complex study could include 

more surfaces of varying diameters and/or surfaces of a different biocompatible polymer other 
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than PMMA. These surfaces of varying stiffness can change nuclear lamina composition and 

overall cell morphology. This will allow further research into the mechano-sensing capabilities 

of nuclear lamina too as discussed above.   

Future Impact 

Nuclear lamina research can open many doors in the future of biological and clinical 

research. The mechano-sensing capabilities of the lamina can be further researched on surfaces 

of varying stiffness. This will allow researchers to gather a plethora of research into the most 

ideal scaffold for individual stem cell engineering studies and applications. Because lamina 

either inhibit or promote cell migration, they also can be studied in terms of cancer metastasis. 

The ratio between lamina types can be studied to understand how cells, specifically cancer cells, 

migrate throughout the body [8]. This research can focus on how to induce the ideal ratio of 

lamina types to prevent migration of abnormal cells to slow or completely inhibit cancer 

spreading [8].  If cancer cell metastasis can be blocked in any way, treatment options can focus 

on localized doses of radiation. Cells found with high levels of lamin A are overall stiffer and 

cannot migrate between tissues as a result of their increased rigidity [8].  

The field of regenerative medicine becomes more innovative as biomedical research and 

technology continues to evolve. Stem cell engineering, although only one aspect of regenerative 

medicine, is at the forefront of current bioengineering research. The overall steps on culturing 

cells, applying cells to surfaces, and studying the cells once they proliferate as desired can be 

modified for each researcher’s end goal. Small aspects within the overall stem cell engineering 

outline can be modified to better understand the impact that different changes have on tissue 
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growth. The nuclear lamina plays a huge role in the way stem cells respond to the surfaces they 

grow on. Between their mechano-sensing abilities and their impact on cellular motility, 

understanding the nuclear lamina will allow extensive improvements in the field of regenerative 

medicine for years to come.  
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Appendix A: CellProfiler Identification of Phosphorylated Lamin in Nuclei and Cytoplasm 

CellProfiler Images of Live Cells: Control Surface Cells 
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CellProfiler Images of Live Cells: 5% PMMA Surface 
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CellProfiler Images of Live Cells: 10% PMMA Cells 
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Appendix B: DIC Images of Cells on Surfaces  

 

Flat Surface DIC Images of Live Cells 
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5% PMMA DIC Images of Live Cells and Fibers 
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10% PMMA DIC Images of Live Cells and Fibers 
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