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 Cells move in condensed groups during major steps of development, re-

epithelialization during later stages of wound healing, and cancer. However, cell 

populations are sparse in many biological contexts and processes. In an injury, for 

example, during the proliferation phase of wound healing, granulation tissue is produced 

by fibroblasts and is sparsely populated by many cell types. To comprehend these 

processes, an understanding of the transition between sparse populations and dense 

populations is necessary. Current understanding comes from confluent sheets or 

“scratch tests.” Little information is available on the transition between the gas-like free 

space state to the fluid-like continuum state.  This understanding would help engineer 

tissues and understand cancer and fibroblasts. Here we study the density dependent 

motion of cells on a surface.  We start with a sub-confluent population and observe 

collective cell motion as the layer transitions from a dispersed distribution to a highly 

condensed monolayer. We find that this transition is similar to the gas to fluid phase 

transition process where density rises, velocity drops and slow cells form clusters. We 

also observe a critical cluster size, a growing correlation length that diverges with 
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increasing cell density, and a migration velocity that appears to diverge negatively with 

increasing cell density. 
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CHAPTER 1 
OVERVIEW OF CELL DYNAMICS 

Motivation 

Over the last several decades, there has been an emphasis on cell migration 

(both single and collective) at a molecular level, but there is no consistent group of 

studies that focus on the mechanical forces that drive this phenomenon. The following 

study will bridge this gap by investigating the physical driving forces that control cell 

transitions from a non-confluent to a densely packed monolayer. This will be done by 

using time lapse microscopy to observe epithelial cells during this transition over a 

period of three days and determining what critical parameters control single cell and 

collective cell migration and perhaps offer a way on how to control these factors for 

future implications in wound healing and cancer research.  

Hypothesis 

 As cells move from an uncondensed and sparsely seeded state to a highly 

condensed monolayer, it is hypothesized that the migration speed of cells will also 

decrease. However, we also observed that regions of slow migration speed contained 

groups of cells that maintained their cell-cell adhesions, while regions with fast migration 

speeds had groups of cells with lower life-spans – this brought about the hypothesis that 

there are two different types of cluster systems during this transition, fast and slow 

moving clusters. With further analysis, it was shown that cluster size and speed both 

show strong divergences, and cluster size versus speed scales like a power law – 

leading to the final hypothesis that cluster size versus density, and speed versus density 

also scales like a power law.  



 

10 

Introduction 

 Research in cell migration has a rich history due to its role in different forms of 

cancer metastasis, wound healing, and embryogenesis (1-3). An understanding of the 

biophysical and biological principles essential to life is vital for developing effective 

therapies to serious medical conditions. In recent years, research in this field has 

allowed us to learn about the different states that exist as cells populate a surface, but 

the physical and dynamic characteristics of the cells during these transitions remain a 

mystery. In this study we observed the migratory behaviors of cells as they populate a 

surface – moving from being dispersed throughout the field of view to a highly 

condensed monolayer. The following sections will cover current literature on cell 

migration. 

Cell Migration 

Extensive research has been conducted to monitor the chemical and mechanical 

characteristics of single cells, however living organisms are more than a compilation of 

single cells - organisms are comprised of groups of cells that behave differently than 

their single cell counterparts. Results of cell migration studies may also vary between in 

vivo and in vitro studies, and whether a 2-D or three-dimensional (3-D) 

substrate/scaffold is used.  The following information describes generalizations of cell 

migration across different cell types.  

Single Cell Migration 

 Migration is a biological process that involves a cascade of events: cell 

polarization, cell membrane protrusion, substrate adhesion and traction, and then cell 

translocation (1).  
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 The first step in the cell migration cycle is polarization. This is when  clear “front” 

and “back” sides of a cell become distinguishable and are triggered by an environmental 

cue from the extra-cellular matrix (ECM) or electric fields (1, 4, 5). Two major regulators 

of polarity in cells are filamentous actin (F-actin) and the cell division control protein 42 

(Cdc42). In animal cells, F-actin is a building block used to make higher order structures 

such as lamellipodia   (cross-linked sheets of actin filament).and filopodia (thin, long, 

rope-like bundles which serve as the sensors to the cell). It is present in different stages 

of cell migration and can also be seen in other critical cellular processes, like glucose 

signaling and cell division. Asymmetry of a cell during migration is partly due to an 

increased concentration of F-actin at the front of the cell which has a role in cell 

membrane extension. A fluorescent stain image illustrating the increased F-actin 

concentration can be seen in Figure 1-1.The protein Cdc42, has an increased 

concentration at the front of migrating cells similar to F-actin. It is able to influence the 

position of the Golgi Apparatus in front of the nucleus, which increases delivery of 

vesicles to the leading side of the cell, leading to increased microtubule organization 

essential for protrusion (5, 6). When  Cdc42  is not expressed, cells are unable to 

become polarized and instead become large and round (7).  

 After the cells have achieved spatial asymmetry, cell membrane extensions, due 

to actin polymerization, are formed in the direction of cell migration and serve as 

protrusive machinery. Lamellipodia and filopodia are more concentrated at the front of 

the cell which aid in pulling the cell forward. An illustration of these protrusive elements 

can be seen in Figure 1-2. The force exerted by the previously mentioned machinery 

must be greater than the contractile force made between the cell and the substrate in 
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order for the cell to move forward. To combat the opposing force, the binding and cross 

linking of filaments are increased in the lamellipodia and filopodia. Actin polymerization 

can occur via severing or uncapping of already existing filaments but the major 

contributor to actin is the addition of globular actin (G-actin) monomers to an F-actin 

growth site. The addition induces the formation of F-actin filaments (1, 8).   

Polymerization of the cell membrane that results in moving the cell forward can 

be described using the Elastic Brownian Ratchet Model, seen in Figure 1-3 (9) . The 

actin fiber (red rope structure) bends constantly due to changes in thermal energy. 

When bent away from the surface, monomer units are added (pink) which results in a 

force propelling the cell forward as the actin straightens (9, 10). 

 Once the lamellipodia and filopodia have extended toward cell migration, 

adhesions between the cell front and the substrate must be produced to maintain 

integrity, while the adhesions at the back of the cell get released to decrease tension. 

The major family responsible for adhesion between the cell and the ECM are called 

integrins, which are heterodimeric glycoproteins capable of forming receptors and 

adhesion between the cytoskeleton of the actin and ECM molecules. They are also 

responsible for adhesion between cells and are recycled in lamellipodium. Integrins can 

be considered to be the “feet” of a cell since it is the direct connection that the cell has 

with the ECM, and controls whether or not the cell moves forward. An illustration of the 

role of integrins in cell migration can be seen in Figure 1-4.  

Integrins serve a crucial role in cancer metastasis. When cells mutate and begin 

expressing a metastatic phenotype, both integrin expression and binding affinity to ECM 

molecules increases (11). The increased adhesion allows for the cancerous cells to 
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become more migratory and invasive. In addition, the increased concentration of 

integrins  encourages cell survival by preventing anoikis ( cell death due to the failure of 

a cell to anchor itself onto the ECM) (12).  

Migration speed depends on the stiffness and level of cell adhesion to the 

substrate. Myosin based motors are essential for both detachment and translocation of 

a cell. The motor protein, myosin II, is a cell locomotion protein that converts adenosine 

triphosphate (ATP) chemical energy into mechanical energy, and is also involved in 

protein transport and mitosis (13). It is comprised of a heavy chain pair, motor domain 

and an essential and regulatory light chain, which provide the structural integrity (Figure 

1-4). This motor protein, although found throughout the cell, is more concentrated at the 

back of the cell when polarized. It has an important role in the disassembly of adhesions 

between the cell and the ECM by applying direct physical stress (14). Myosin II is 

activated via phosphorylation of the regulatory light chain creating a contraction which 

pulls on actin filaments that are adhered to the ECM through integrin receptors. 

Eventually the bond severs and results in a decreased tension at the back side of the 

cell leading to faster cell migration. Although membrane extension and rear release are 

separate events, the speed of migration is dependent more heavily on tension release 

at the back of the cell instead of the forces of protrusion at the front of the cell. It was 

previously observed that amoebae deficient of myosin II in the cell rear crawled more 

slowly than the wild type, but when the deficiency was in the front of the cell, the 

migration speed difference from the wild type was negligible (15). 

The final step in the cell migration cycle is the creation and recycling of integrins 

after the cell releases its rear. As previously described, the myosin II motor protein uses 
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mechanical stress to “rip” the cell from the ECM leaving behind integrins. The integrin 

molecules that remain on the cell after the myosin II protein “rips” the cell from its 

adhesions to the ECM, endocytosis  regulated by GTPase Rab21 proteins occurs (16) 

and the integrins are used again at the front of the cell. Figure 1-6 illustrates how ripped 

integrins from the back of a migrating cell makes its way to the front of the cell through 

recycling.    

Cell migration begins with the polarization of the cell, followed by membrane 

extensions to bring the cell forward, increased adhesion to the ECM through integrin 

receptors at the front of the cell, decreased traction forces due to “ripping”, and finally 

cell rear release and recycling of integrin. Single cell migration has been studied 

extensively in the past, but only recently has collective cell migration come to the 

forefront. In order to have a full appreciation of the story of cell migration, it is essential 

to know how biological and mechanical processes differ between single cell and 

collective cell migration.   

Collective Cell Migration 

Collective cell migration is defined as the movement of two or more cells while 

maintaining cell-cell adhesions. These cell cluster migrations occur during different 

stages of development and also in adult organisms. For example, during 

morphogenesis, the sprouting of collective cell migration helps to create the tracheal 

system used for breathing, and in wound healing, keratinocytes migrate laterally across 

the surface of the wound (3, 17, 18).  

Collective cell migration increases tissue integrity, the ability to influence 

immobile cells to migrate, and neighboring cell interactions, which can influence the 

overall distribution and shape of the tissue (1). Similar to single cell migration, the 
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collective cell migration is a direct result of a polarization of a group of cells. This 

polarity is induced by an environmental trigger, such as fibroblast growth factor (FGF) or 

vascular-endothelial growth factor (VEGF).  

In order for a cluster of cells to migrate, protrusions (extensions of cellular 

membranes from the leading edge) must also be created that extend outward towards 

the environmental stimulus. Like lamellipodia and filopodia in single cell migration, these 

structures are created from the leading edge cells as a result of actin polymerization 

and they connect the plasma membrane to the ECM. 

Adhesion between the substrate and the actin cytoskeleton through the use of 

integrins is also an essential step for collective cell migration. Other types of cell-cell 

interactions -adherens junctions, desmosomes, tight junctions, and gap junctions- are 

not seen in single cell migration (3).  

Adherens junctions are strong cell-cell adhesions that form bridges between the 

actin cytoskeletons of adjacent cells and are mediated by calcium dependent E-

cadherins, which is a type of transmembrane protein found along cell-cell interfaces. An 

electron micrograph of an adherens junction is produced by passing an electron beam 

through the sample can be seen in Figure 1-7. Contrast in electron microscopy is 

generated by electron density measured after the beam has passed through the 

sample. Tight junctions are the closest cell interactions in nature and are highly ion 

selective. They form at the apical surface of the cell creating a barrier exterior to the 

basolateral surface of the cell resulting in  zero net movement of membrane proteins 

(19).   
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Desmosome are cell-cell interactions common among epithelial cells. They are 

primarily seen along the lateral membrane, displayed as patches, which bind 

intermediate filaments with the plasma membrane, as seen in Figure 1-8. When cells 

lose desmosome adhesion it leads to a process known as the epithelial to 

mesenchymal transition (EMT). EMT occurs when a polarized cell begins changing 

phenotype and losing cell-cell junctions. The underlying basement membrane 

deteriorates which allows for the cell to travel through the lymphatic system to a new 

destination. 

A major difference between gap junctions and the previously mentioned cell-cell 

interactions is that the two neighboring cells are not actually attached in a gap junction, 

providing a direct channel that connects the interior contents of adjacent cells to each 

other allowing for free passage of ions.  

Obtaining a deeper understanding of how cells multiply (uncontrolled mitosis) 

and metastasize (travel to other parts of the body) is a potential key that may lead to 

more successful therapeutics. Research has shown that one malignant cell detachment 

from the primary tumor site is sufficient for traveling and recolonization of a new tissue 

system. This is known as the epithelial to mesenchymal transition (EMT). A 

mesenchymal cell is a type of undifferentiated stem cell. The mesenchymal to epithelial 

transition (MET) during cancer progression (Figure 1-9) is when the undifferentiated 

cancer cell adopts once again the epithelial phenotype and begins metastasizing and 

forming new tumors. It is also possible for incomplete-EMT to occur in advanced types 

of cancers. This occurs when the cancerous cells adopt the mesenchymal phenotype 

while maintaining some epithelial cell features such as cell-cell junctions (20). Adopting 
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the mesenchymal phenotype keeps a small cluster of cells together rather than having 

single cells leave the primary tumor.  

When a single cancer cell detaches from the tumor, apoptosis may occur as a 

result of the unfavorable environmental conditions surrounding cell. However, in 

collective cancer cell migration, the cells on the edges of the cluster, buffer most of the 

harmful environmental mechanisms, allowing for the cell at the center of the cluster to 

move through the blood stream unaffected (3, 20). This allows the cluster to survive 

until it reaches the final destination and create a new tumor.  

 When cells move from an un-condensed to a confluent (highly dense) monolayer 

there are kinetic changes observed (2). At low densities the cell population is disordered 

and as they continue to multiply and eventually attach to neighboring cells they 

transition from a gas-like state to one that is more ordered. The behaviors of cells 

contribute to their overall collective motion and are dependent on the cell-cell adhesions 

– the stronger the adhesion the more coordinated and mechanically coupled the 

adjacent cells become. In other words, with increased density, free motion of individual 

cells becomes restricted by neighboring cells forcing the group of cells to move 

together.  
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Figure 1-1. Illustration of increased F-actin concentration at front of migrating cell. 

Increased actin polymerization allows for the distinction between a clear front 
and rear of a cell. The front of the cell is the side of the cell that leads cell 
migration and is the site of the formation of protrusive elements (21) 

 
 

 
 
Figure 1-2. Illustration of protrusive machinery, lamellipodia and filopodia, in a migrating 

cell. These elements are created due to actin polymerization at the leading 
edge of a cell and form adhesions to the substrate which help the cell propel 
forward.  (22) 

 
  



 

19 

 
 
Figure 1-3. Illustration of Elastic Brownian Ratchet Model which explains the forces that 

contribute to cell movement. The red wire represents actin filaments and over 
time, actin monomers are added to the end of these filaments, as represented 
by the wire shaded pink (in step 1). Since the actin fiber is elastic, as it 
exhibits Brownian Motion, this is when actin monomers are added (step 2). 
When the newly elongated fiber goes back to its original position, it propels 
the cell forward (step 3). (9) 
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Figure 1-4. Illustration of general principles involving cell migration – in the direction of 

net force, filopodia and lamellipodia are formed at the leading edge, and 
integrins (as represented by the 3 parallel lines) are the feet of the cell that 
serve as the contact point between the cell and the substratum (1).  
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Figure 1-5. a) Structure of Myosin II protein essential for cell migration is seen in it is 

made of an essential light chain which makes up the motor, a regulatory light 
chain, and non-helical tail which make up the heavy chain. b) direction of 
actin filaments with respect to myosin II protein. The motor puts physical 
stress on the adhesions formed my integrins at the rear end of cells which 
results in a “ripping” of the cell from the substrate, which decreases tension 
and allows for the cell to propel forward. (13) 
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Figure 1-6. Illustration of integrin recycling following integrin “ripping” due to myosin 

motor induced stress. Integrins that are no longer adhered to the substrate 
can move along the edge of a cell and come back into the cell by way of 
endocytosis. They are then re-processed and are sent to the front of the cell 
to form adhesions with the protrusive elements. (1) 
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Figure 1-7. Electron micrograph of adherens junction which holds epithelial cells 

together and create thin bands or patches between the cells. This type of cell-
cell interaction is seen in collective cell migration and helps prevent cells from 
detaching from one another. (23) 
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Figure 1-8. Stereoimage of desmosome which is a patch that connects the cytoplasm of 

two cells to each other. This type of interaction is seen in collective cell 
migration and help prevent cells from moving as individuals. (24) 
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Figure 1-9. Epithelial to Mesenchymal Transition (EMT) as it relates to cancer 

progression is seen here. This is when a cell, or a group of  cells, abandon 
traditional epithelial characteristics and adopt a mesenchymal phenotype, 
allowing them to detach from the primary tumor site. They are then able to 
travel through blood vessels and the lymphatic system until they reach a new 
site, and then begin to proliferate and form a new tumor. When they attach to 
a new site, and go back to adopting an epithelial phenotype, this is known as 
the Mesenchymal to Epithelial Transition (MET). (25) 
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CHAPTER 2 
METHODS 

Cell Culture and Preparation of Sample 

Madin-Darby canine kidney (MDCK) cells were cultured in Dulbecco’s Modified 

Eagle Medium (DMEM) with 5% Fetal Bovine Serum (FBS) and 1% Penicillin 

Streptomycin (Pen-Strep). An island of cells was created by depositing 1 microliter of 

cell culture media containing approximately 500 cells at the center of a collagen coated 

glass bottom dish obtained by Pyrex. The sample was then left at room temperature for 

20 minutes in order to let the cells form adhesions to the collagen coated petri dish. 

Afterwards the dish was filled with approximately 5 mL of cell culture media and placed 

in an incubator where it was maintained at 37oC and 5% CO2 for two hours.   

Microscopy and Image Analysis 

 The island of cells was imaged using a fully automated and environmentally 

controlled live-cell microscope in bright field every minute until the field of view was filled 

with enough cells to make a confluent monolayer. One in focus and one out of focus 

image were taken in order to differentiate cell clusters from areas void of cells. This was 

done because out of focus images are enhanced when imaging above the cell layer. 

Velocity fields were computed using a particle image velocimetry (PIV) technique and a 

speed histogram was generated for every time point for each substrate. Average cell 

size was estimated by manually counting, in 200 minute intervals, the number of cells in 

a several different area.  
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CHAPTER 3 
RESULTS 

Cell Density and Migration Speed 

 Over a period of approximately three days, cells were observed as they migrate, 

proliferate, and populate a surface – moving from a sparse cell population to a 

condense monolayer. In order to study these transitions, cell density was calculated 

manually in 200 minute intervals. Several different sections of the field of view were 

chosen and the number of cells in a given area was counted, providing the appropriate 

information to calculate cell density. An average of the different densities for the same 

time point was calculated. Figure 3-1 shows a scatter plot of the measured cell densities 

over time. In order to estimate the density of every frame, a smoothing spline fit was 

used, which is a method of fitting a smooth curve to noisy data.   Particle Image 

Velocimetry (PIV) is an optical method that calculates velocity fields for a particular 

domain using software to determine how speed during collective cell migration differs 

from single cell migration. Figure 3-2 shows the velocity fields at three different time 

points. The first time point (Figure 3-2a) shows the cells sparsely seeded throughout the 

field of view - the cells are larger, trying to seek out neighbors and form cell-cell 

adhesions. From the first time point, the next two images (Figure 3-2b and Figure 3-2c) 

show the cells as they fill the entire surface to form a confluent monolayer. As the layer 

transitions from having several small clusters to one large cluster, the average cell 

begin to decrease in size and the migration speeds also decrease (Figure 3-2e, Figure 

3-2f).The corresponding migration speeds (Figure 3-2d) are  high (as can be seen by 

the increase in vector length) since the cells are in a gas-like state. The cells at the last 

time point are so densely packed that their migration velocity fields show them not to be 
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moving at all, inferring that cells may transition into another class as a function of cell 

dynamics.  

 At each time point, the velocity vector magnitudes obtained from the PIV 

software analysis are combined in order to create a speed histogram – which shows the 

distribution of migration speeds over time. Each histogram was normalized, illustrating a 

probability density function (with an integral over the entire area equal to one) and 

computed using a bin size of .46 µm hr-1. An arrangement of all speed histograms at 

each time point was arranged to create a 2-D false color intensity map (Figure 3-3), 

which makes otherwise black, white, and grey images easier to understand.  The map 

ranges from red (most intense) to blue (least intense). Figure 3-3 illustrates how the 

peak of the speed histogram shifts to a slower cell migration speed and narrows over 

time. The narrow peaks seen at later time points in comparison to broad peaks seen at 

the beginning of the experiments show that, as a cell cluster grows to form a densely 

packed, confluent monolayer, the distribution of speeds becomes homogenous because 

each cell is affected and moves like neighboring cells. In the case of later time points, 

the cells all have a lower average cell migration speed due to the increase in density. 

Figure 3-4 depicts this relationship with three histograms displayed at different time 

points showing the peak becoming narrower and shifting towards a slower speed with 

time. The peak of each speed histogram for each time point was denoted as the 

average migration speed for that particular time. This was done instead of calculating 

the overall mean of the distribution which can bias the average due to skewed 

distributions. Figure 3-5 is a plot of these histogram peaks as a function of time, 

showing that average speed did decrease with time, going from approximately 14 µm hr-
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1 to 4 µm hr-1. Interestingly, average speed did not follow the same linear relationship 

with increased cell density. At a density around 2,000 cells mm-2, the average speed 

dramatically decreases, exhibiting a divergent behavior and indicating an upper limit, or 

critical density, during collective cell migration (Figure 3-6).  

Nucleation and Growth of Cell Clusters 

At low densities, the surface of the sample is populated by small clusters that 

grow into one large cluster as density increases with time. The cell layer is divided into 

two populations – fast and slow moving clusters. The slow moving clusters take up 

approximately 10% of the surface at low densities, and gradually increase to 90% as 

density increases. In order to differentiate between a fast and slow moving cluster of 

cells, a cutoff speed was applied to all frames. This cutoff was determined by calculating 

the average cell migration speed at a point where 90% of the surface was covered with 

cells; this gives us the speed of the average slow moving cluster – this cutoff is 

approximately 15.5 µm hr-1. A binary 2-D speed map is shown in Figure 3-7 with the 

applied cutoff speed and cluster of cells defined as regions in the binary speed map that 

are connected in both space and time. All areas highlighted in red represent slow 

moving clusters. Figures 16a-c show the slow, growing clusters at low densities 

migrating and proliferating over time to establish one large slow moving cluster.  

 For the duration of the experiment, many fast and slow moving clusters had a 

short life time as a result of the cells detaching from one another due to forces pulling 

the cluster in opposite directions.  At the same time, other cells were able to exist 

permanently and continue to grow until a condensed phase was created. The average 

sizes of these growing clusters and transient clusters over time were measured and are 

plotted in Figure 3-8. The area of the short lived transient clusters was observed to be 
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less than approximately 5,000 µm2, and growing clusters grew indefinitely with an area 

greater. This established a critical cluster size, which was determined to be 

approximately 10 cells. If a cluster was below this threshold, it was unstable and would 

not persist or grow to become a part of the confluent monolayer, but if the average area 

of the cluster was greater that the critical cluster size, it would continue to grow until the 

surface became a condensed monolayer. The relationship between the average areas 

of the growing cluster size versus speed is shown to scale like a power law with an 

exponent of -.2 (Figure 3-9) – with a clear decrease in speed as the cluster size 

increases.  

Scaling of Average Cluster Size and Average Migration Speed 

 The power law relationship, seen in Figure 3-9, between average cluster size and 

speed gave rise to the hypothesis that these two parameters, each plotted against cell 

density, will follow the same relationship. Determining whether these factors follow a 

scaling law is important because the divergent behavior further suggests that a critical 

point, whether for cluster size or cell density, is established. The first step was to make 

two separate plots of cluster size versus cell density, and average speed versus cell 

density (Figure 3-10). They both exhibited divergent like behavior; with cluster size 

increasing with cell density, and speed decreasing with cell density.  But when scaled 

on a logarithmic axis, the relationship between cluster size and cell density was not 

linear, indicating that it does not follow a power law but rather behaves like a 

polynomial. A reduced density was calculated in order to fit a power law relationship. 

Reduced density was calculated using equation (3-1) where 𝜎 ̃ is the reduced density 

and 𝜎𝐶𝑅 is the critical density. :  
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𝜎 ̃ =  𝜎𝐶𝑅 −  𝜎
𝜎𝐶𝑅

  (3-1) 

This value for reduced density was then fitted with the average cluster size in the 

following scaling law equation (3-2), with Σ as the average cluster size, 𝛴* is the critical 

amplitude, and p1 is the critical exponent.  

𝛴 =  (𝛴∗)(𝜎�−𝑝1) (3-2) 

We found that the critical density according to this power law was, 𝜎𝐶𝑅 = 2499 +/- 9   

mm-2, critical amplitude 𝛴∗= 4370 +/- 460 mm2 , and a critical exponent p1 = 1.01 +/- .02 

. The cluster size versus reduced density that scales like a power law can be seen in 

Figure 3-11.  

 Applying a reduced density to fit a scaling law was used with average cell 

migration speed by the following equation (3-3):  

𝑣 =  (𝑣∗)(𝜎�−𝑝2) (3-3) 

The critical density calculated was similar to the one calculated with cell cluster 

size, 𝜎𝐶𝑅= 2507 +/- 3 mm-2. It was also found that  𝑣∗ = 14.17 +/- .07 µm hr-1, and p2 = 

.214 +/- .002. The power-law relationship between average speed and reduced density 

can be seen in Figure 3-12.  
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Figure 3-1. Cell density as the layer transitioned from a sparse to a highly dense 
monolayer was calculated by manually counting cells within a given area at 
several different points at for every 200 frames. A smooth fitting spline was 
applied to this data in order to estimate the cell density at every time point for 
a period of 72 hours.  
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Figure 3-2. a-c) show the layer at three different time points (t = 0, 1.5, 3 days) and d-f) 
show their corresponding velocity field vectors – long vectors represent fast 
moving cells, and short vectors are slow moving. These speed maps were 
obtained by using particle image velocimetry (PIV). As time goes on, the field 
of view becomes densely packed with cells, and the velocity fields also 
become slower. (Scalebars = 200 µm) 

 

Figure 3-3. Speed histograms were calculated for each time point, and Figure 11a is a 
false color intensity map for every time point. The peaks of the histograms 
become narrower and shift to the left as time persists, showing that the 
migration speeds become more homogenous over time and those speeds are 
slowing down.  
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Figure 3-4. Speed histograms for three different time points were normalized and 

plotted here, further showing how the peaks shift to the left over time, and 
become narrower over time. 

 
Figure 3-5 Speed of a particular time point was determined by using the peak of each 

speed histogram rather taking an average over the entire curve, this was 
done because the peak represents the speed of the majority of the cells and 
including other speeds would introduce bias. When plotting speed versus 
time, a linear relationship is seen – scaling like a power law which is indicative 
of a phase transition.  
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Figure 3-6. Speed plotted against cell density shows a strong divergence, which leads 

to the hypothesis that perhaps there is an upper limit to cell density.  
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Figure 3-7. The velocity field maps seen in Figure 3-2m gives rise to the hypothesis that there are two different types of 

clusters as the layer transitions into a tightly packed monolayer – slow and fast moving clusters. a) slow moving 
clusters at t = 1 hour, b) slow moving clusters at t = 1.5 days, c) slow moving clusters at t = 3 days. A slow 
moving cluster was determined by taking the average speed of a cell at the final time point. This cell migration 
speed was used as a threshold and a 2-D binary map was created. The patches in red show slow moving 
clusters and with time, these patches grow until they create one large slow moving cluster.(Scalebars = 330 
µm)  
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Figure 3-8. Growing clusters are defined as a group of cells that appear and never 

disappear, or in other words, they keep growing indefinitely. Transient 
clusters are defined as clusters that appear and then disappear – having a 
short life time. The average size of these two types of clusters was calculated 
for each time point and when plotted, a critical cluster size is determined to be 
approximately 5000 μm2.  
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Figure 3-9. Size of the growing clusters when plotted versus cell migration speed scales 

like a power law with an exponent of -.2. This result leads to the hypothesis 
that if this relationship scales like a power law, then maybe cluster size versus 
cell density and speed versus cell density also scales like a power law. 
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Figure 3-10. From the results in Figure 17, it was hypothesized that cluster size and 

migration speed versus cell density will scale like a power law. The first step 
in determining this relationship is to plot these relationships un-scaled. It 
shows that both parameters show strong divergences, and a critical density is 
at approximately the same point – 2500 mm-2.  
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Figure 3-11. Reduced density is calculated using pre-determined equations for scaling 

analysis and when plotting cluster size versus this reduced density, a power 
law relationship is observed. The critical amplitude of this relationship is very 
close to the critical nucleus size previously calculated.  
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Figure 3-12. Cell migration speed versus reduced density also shows a power law 

relationship. The critical amplitude calculated is 14.17 +/- .07 μm hr-1 which is 
very close to the speeds of cells at very low densities.  
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CHAPTER 4 
DISCUSSION 

 In this study, collective cell migration was studied as it transitions from a state of 

sparsely seeded cells to a confluent monolayer. Parameters observed during this 

transition include a critical cluster size, above which a group of cells will be able to grow 

indefinitely until they fill a surface, a critical density observed through power law 

relationships. The critical density observed here was close to the density at the glass 

transition (σglass = 2800 mm-2) This transition occurs when a material  slows down in 

average migration speed and while the viscosity increases  in a solid-like state, but still 

flows over a long period of time (2). The critical cluster size amplitude, Σ*, and critical 

speed, v*, are also noted as being very similar to the critical size seen in Figure 17 

(which distinguishes a growing cluster from a transient cluster) and the migration speed 

of cells at low densities, respectively.  The information gathered from this data suggests 

the existence of an upper limit on cell density and a lower limit on cell or cluster size. 

 Critical exponents from scaling laws are believed to be universal (the exponents 

will be the same regardless of the chemical or physical composition of a particular 

transition) and help describe phase transitions. When taking the square root of equation 

3, the following equation (4-1) is obtained for correlation length. 

𝜉 = (𝜉∗)( 𝜎�−1/2) (4-1) 

A diverging correlation length is a phenomenon that is observed in mean field 

universality classes, and an exponent of -1/2 is similar to the exponent characteristic of 

the gas to liquid transition. 
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CHAPTER 5 
FUTURE PLANS AND FINAL REMARKS 

The next step in this collective cell migration research is to determine what 

dynamic states cells transition between as they populate a surface. Eventually, we will 

exert substrate stiffness control, which will act as a 2-D pressure. It is hypothesized that 

over a large parameter space, cell density, migration speed, and the varying pressures 

will give way to a phase diagram for cell dynamics. In Figure 5-1, you will see the 

preliminary diagram that shows the different densities of cells with varying pressures as 

they enter three different phases: one uncondensed phase and two different condensed 

phases. More data points must be collected in order to complete the phase diagram.  

Understanding the transitions seen in this study between an uncondensed to a 

confluent monolayer has potential applications for biomedical and tissue engineering.  

ECM based scaffolds have been implanted for regenerative purposes ranging from 

cartilage to the creation of function new tissue for organs.  Prior to implantation, cells of 

the desired phenotype grow into the scaffold and are expected to proliferate and interact 

with neighboring affected tissues once inside the body. This study shows that migration 

and proliferation are dependent on a critical cluster size as well as the upper limit to cell 

density. These two parameters may influence the final state of the desired system and 

should be considered prior to implantation of any scaffold that is dependent on 

collective cell migration. 
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Figure 5-1. For future experiments, it is planned to vary a 2-dimensional pressure and 

measure cell density as it moves from an un-condensed to a condensed 
monolayer, and create a phase diagram for cell dynamics. This 2-D pressure 
will be altered by changing the substrate (PDMS) by which the cells adhere 
to. Figure 21 shows current results. Three clear phases have been observed, 
one un-condensed phase and 2 distinct condensed phases. It is hypothesized 
that the transitions between these phases are dependent on pressure.  
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