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Abstract: 

 

 
Poly-aneuploid cancer cells, otherwise known as PACCs, are a novel and exciting 

single cell system for cancer biology research presenting a great opportunity as a 

highly relevant cell type to advance cancer treatment therapies. PACCs are large, 

multinucleated chemotherapy resistant survivor cancer cells, which exhibit motile 

behaviors on 2D substrates, making them a highly likely candidate for metastatic cell 

precursors. In this project I study and describe the migration phenotypes of PACCs 

exhibited in physiologically relevant 3D substrates. I implemented 3D encapsulation 

and live microscopy approaches to challenge these cancer-derived cells and study 

their behavior in environments that more closely resemble the challenges 

encountered in vivo. The results of the investigation indicate that the PACCs switch 

from active motility in 2D to more a static, but still exploratory behavior using filopodia 

in 3D. The large PACCs seem unable to freely transverse the presented 3D gel 

environment in which the cell is encapsulated. These intriguing results merit a re-visit 

of the original hypothesis, which postulated that if the cells are motile on 2D 

substrates, they could potentially exhibit similar motility in 3D environments. I discuss 

the relevance of the results of this study in the context of the currently known cell 

biology of the PACCs and I propose new directions for future work. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
  



 6 

Table of contents  

ACRONYMS ....................................................................................................................................................... 8 

INTRODUCTION ................................................................................................................................................ 9 

1 THEORETICAL BACKGROUND: ..................................................................................................................... 10 

1.2 CANCER ......................................................................................................................................................................10 

1.2.1 Chemotherapy .................................................................................................................................................11 

1.3 POLY-ANEUPLOID CANCER CELLS, PACCS ..........................................................................................................................12 

1.4 CELL BIOLOGY ..............................................................................................................................................................17 

1.4.1 The Cell cycle ....................................................................................................................................................17 

1.4.2 Cell migration...................................................................................................................................................19 

1.4.2.1 Mesenchymal migration ...............................................................................................................................20 

1.4.2.2 Amoeboid migration .....................................................................................................................................21 

1.4.2.3 Chemotactic migration .................................................................................................................................21 

1.5 IN VITRO STUDIES ..........................................................................................................................................................22 

1.5.1 3D in vitro studies .......................................................................................................................................22 

2 MATERIAL AND METHODS ............................................................................................................................... 24 

2.1 MATERIALS ..................................................................................................................................................................24 

2.1.1 Solutions and reagents ....................................................................................................................................24 

2.1.2 Equipment ........................................................................................................................................................24 

2.1.3 Maintenance of cell lines and cell culture .......................................................................................................24 

2.2 Protocol for PACCs generation............................................................................................................................24 

2.3 Simplified protocol for collagen samples preparation ........................................................................................28 

2.3 EXPERIMENTS ..............................................................................................................................................................28 

2.3.1 Collagen experiment optimization...................................................................................................................28 

2.4 TIME-LAPSE IMAGING ....................................................................................................................................................30 

2.5 IMAGING ANALYSIS ........................................................................................................................................................31 

2.5.1 Image preprocessing ........................................................................................................................................31 

2.5.2 Ilastik ................................................................................................................................................................32 

2.5.3 Single cell migration/tracks: TrackMate plugin in Fiji .....................................................................................34 

2.6 DATA ANALYSIS ............................................................................................................................................................35 

2.6.1 Data preprocessing ..........................................................................................................................................35 

2.6.2 Displacement analysis .....................................................................................................................................36 

2.6.3 Trajectory quantification .................................................................................................................................38 

2.7 STATISTICAL ANALYSIS ....................................................................................................................................................38 



 7 

2 RESULTS .................................................................................................................................................... 39 

3.1 QUANTIFICATION OF CELL SURVIVAL DURING ENCAPSULATION ...............................................................................................41 

3.2 QUANTIFICATION OF CELL DIVISION DURING ENCAPSULATION ................................................................................................42 

3.3 QUANTIFICATION OF CELL MIGRATION ..............................................................................................................................43 

3.3.1 Qualitative description of cells exhibition migration and migration-like behaviors .......................................43 

3.3.2 Quantitative analysis of cell migration ............................................................................................................45 

3 DISCUSSION ............................................................................................................................................... 54 

4 FUTURE OUTLOOK ..................................................................................................................................... 59 

5 CONCLUSION ......................................................................................................................................... 62 

6 BIBLIOGRAPHY .......................................................................................................................................... 63 

 



 8 
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Introduction 

Living organisms across the tree of life display various behaviors as a response to their 

environment. The behavior is often recognized as movement, for example towards food 

sources upon recognizing changes in nutrient availability, or away from threats. While 

such behaviors are easily observable in higher order organisms, studying them down to 

molecular detail is often too complex. Single cell systems provide a great analytical tool 

to address how environmental stimuli are perceived and how they can trigger a behavioral 

response such as movement. More specifically, the research project presented in this 

thesis focuses on how single cells perceive changes in their physical environment and 

how in turn that causes a change in the dynamic behavior of those cells.  

 

Several cell types exhibit dynamic behaviors, or movement, which is essential to their 

important functions in various tissues. For example, dendritic cell migration for antigen 

presentation [1], keratinocytes in wound repairing [2,3] macrophages and leukocytes in 

the immune system [4], or metastasizing cancer cells [5]. 

 

Here, I am investigating the effects of the physical environment on cell motility in the field 

of cancer biology. Namely, how individual chemotherapy resistant cancer cells develop 

and display motility in 3D environments, an essential process to be studied in order to 

understand cancer metastases.  
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1 Theoretical Background: 

 

1.2 Cancer  

Cancers are defined as uncontrolled tissue growth caused by the uncontrolled division of 

individual cancer cells, which are an abnormally altered cell type. Generally, cancer cells show 

deregulated proliferation, which is the process of a cell dividing and growing in the same stage. 

To achieve uncontrolled proliferation healthy cells, undergo various mutations and therefore 

modifications of their cell shape and function. The accumulation of such modified cells results in 

the formation of growing tissue masses known as tumors. The biggest hazard with cancer 

progression is not particularly tumor formation itself, since tumors can remain benign [6],   

but rather the formation of cancer metastases when individual cells move and proliferate in new 

parts of the body [7,8,9]. In the worst case, untreated metastases and invasion can continue and 

spread almost everywhere in the human body. Around 90% of all cancer deaths are caused by 

the spread of the cancer instead of the primary tumor itself. [5] 

 

This makes cancer metastasis an incredibly important process to investigate in detail. The 

current knowledge on the cancer spreading process is that it occurs in the following steps: [9] 

(See Figure 1) 

1) Metastasis and invasion: The cascade begins with tumor cells migrating away from the 

primary tumor through invasion of the barriers of the surrounding extracellular matrix 

(ECM). 

2) Intravasation or entrance of tumor cells into blood vessels or the lymphatic system 

through the membrane. 

3) Cells travel through the bloodstream. Here, a tumor cell's ability to survive in the 

bloodstream circulation is determined by its ability to resist stress. [9] 

4) Tumor cells enter secondary sites after attaching to newly reached blood vessels, also 

known as extravasation. 

5) Lastly, the cancer cells start to colonize the new location. 
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Figure 1: An illustration of the five steps a tumor cell undergoes from the primary tumor to a secondary location. 

Figure is from [9]. 

 

The metastatic pathway clearly demonstrates that during the spreading away from the primary 

location, a cancer cell has to adapt to a series of various environments. Both at the primary tumor 

location, during the metastatic movement, and at the new location, the cancer cells have to 

detect and respond to widely different microenvironments, each of which will result in a different 

behavioral response [10]. Therefore, in this work we investigate how the physical environment 

will affect the behavior of a particular cancer cell type, which we describe in more details below. 

   

1.2.1 Chemotherapy 

Chemotherapy is a standard treatment for cancer patients and has given a huge advancement 

to cancer treatment since the 20th century. It is performed through the use of chemical 

compounds which target cancer cells [11]. Not always chemotherapy can ensure the full recovery 

of a patient and the complete elimination of every cancer cell. Some cells appear to resist the 

treatment and later continue proliferating at the site of the primary tumor or in a new location. 

For example, the cancer cell type we use for the current investigation, known as poly-aneuploid 

cancer cells (PACCs) are generated post chemotherapy; they remain resistant to the original 

treatment and later in their life cycle they produce daughter cells resistant to the original 

treatment [12]. In this project, cisplatin is used as a chemical compound to simulate 

chemotherapy in vitro for the generation of PACCs. Cisplatin is a commonly used chemical 

compound synthesized by M. Peyrone in 1844. The chemical structure makes it possible to bind 
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cancer cell DNA, causing DNA damage and interfering with DNA repair thereby resulting in cell 

death [13,14].  

 

1.3 Poly-aneuploid cancer cells, PACCs  

In this investigation of the development of motility as a response to the environment, we have 

selected a unique and highly relevant single cell system: Poly-aneuploid cancer cells (PACCs). 

PACCs are a rare type of cancer cell newly under the spotlight after a series of research efforts 

demonstrated that this cell type could serve as a precursor of treatment-resistant metastasizing 

cancer cells [12]. PACCs were first observed in an in vitro system developed for live microscopy 

imaging of the effects of various treatments on a collection of cancer cell lines [15]. The first 

tested treatment was a gradient of hypoxic environment where the majority of the precursor 

cancer cells died, however a small percentage of cells remained resistant to the treatment (about 

5%). Among the resistant cells were a mix of cells with size similar to the original cell line called 

“sister cells” as well as individual cells that had significantly larger size than the original cancer 

cell line sizes (PACCs). Those large cells carried either an enlarged single nucleus or were 

multinucleated. Initially these cells were considered pre-apoptotic, however, surprisingly under 

continued live-cell microscopy of about 14 days, instead of going through cell death, they began 

displaying motile behaviors about four to five days post treatment. After 10-14 days, the PACCs 

were also able to produce treatment-resistant motile daughter cells through cell division and/or 

budding. This process is remarkably robust since PACCs' generation described here was 

possible for multiple cell lines. Six different cancer lines were tested also under other types of 

stress such as pH changes, absence of nutrients, chemotherapy, or radiation. Remarkably, the 

generated PACCs and their progeny are resistant not only to the originally supplied 

chemotherapy drug, but to the other described stresses as well. Empirically, it was established 

that the induction of the PACCs was correlated to the dose of treatment with higher stress 

producing more PACCs [12,15,16,17,18,19].  

 

This cancer cell behavior is unique and highly relevant to the study of cancer metastases, so it 

raises the question, why weren’t these cell types observed and reported on previously? A closer 

look into various publications shows that these cells were visible in many images from in vitro 

cell culture and histology preparations from patient biopsies (Figure 2). However, as previously 

stated, due to their morphology and size they were discussed solely as pre-apoptotic. As the 

current investigations show, these cells are also not very common, they amount to below 5% of 

treated populations, so they are difficult to capture without a protocol dedicated to their enriched 

generation. The development of modern technologies for observation of live cells in microscopy 
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for long periods while simultaneously supplying treatments are allowing us to fully describe the 

chain of events that these cells encounter [12,16,17,18,19].  

 

Figure 2: Different environments PACCs have been found in. A) The blue circle shows a PACC (from cell culture) 

stained with Nile Red contrast B) Red circles shows PACCs clinically found in prostate cancer from a patient. The 

Figure is from [17]. 

 

How do these cells reach such an increase in cell size and what does it mean for their 

functionality?  

Originally these cells were named poly-giant cancer cells (PGCCs) due to the visual observation 

of their size. Closer investigation of their molecular processes led to the better description of their 

genetics. Since all cancer cells in general are aneuploid, this includes the cell type described 

here. What separates them from other cancer cells, is that they carry an n+ aneuploidy which is 

the reason why they are called poly-aneuploid cancer cells or PACCs. PACCs undergo whole 

genome doubling (WGD) without subsequent cell division and in this way retain an increasingly 

higher number of chromosomal materials, which can happen in a single enlarged nucleus or in 

multiple nuclei. The need to preserve the nuclear-cytoplasmic ratio in all living cells means that 

the higher genetic content results in increases of the cytoplasm and needed organelles, 

ultimately resulting in a misshapen morphology (Figure 3) [20]. The final PACC size depends on 

which parent cell line they are derived from with originally smaller cell sizes producing somewhat 

smaller PACCs [12,16,17,18,19,21]. Due to the lack of cell division, it can be described that the 

PACCs have entered a quiescent-like state, where they are retaining proliferative potential, but 

have exited the cell cycle. 
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Figure 3: PACCs are found in the PC3 cell line.  A) The PC3 cell line not treated with chemotherapy and B) shows 

an example of how the PACCs can be formed after 72 h treatment. The figure is from [12].  

 

To retain the ability to grow while withstanding stress, the PACCs demonstrate different 

metabolism with increased fat stores and lipid droplets. Figure 4 shows that PACCs are full of 

lipid containing structures, with the PACCS potentially using these fat stores for survival post-

stress. While stress is present the fat stores allow them to remain dormant [21].  

 

Figure 4: An example of a PACC containing several lipid droplets (black arrow) around the nucleus. The figure is from 

[21]. 

 

What does the cell cycle program of the PACCs look like? Generally, eukaryotic cells undergo a 

cell cycle comprised of 4 stages – G1 (cell growth; often associated with a related growth phase 

G0 – resting phase during which the cells are waiting for optimal growth conditions), S (DNA 

duplication), G2 (preparation for division), M (cell division, or mitosis). A fuller description of the 

cell cycle and its regulation is available in Section1.4.1. PACCs are typically observed in the 
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cancer cell culture 72hrs post chemotherapy. The PACCs then are able to persist up until about 

10-14 days of exposure to the same treatment during which time they are in G1/G0 phase. It is 

known that in order to survive a therapeutic insult and go into quiescence, cells go through S 

and G2 phases, but then they don't proceed through mitosis. Instead, they skip to an endo cycle 

to go back into G0/G1. As a quiescent state can protect the genome from damages, one 

speculation is that the PACCs enter quiescence to access the polyploid program and adopt new 

functions, such as their resistance (Figure 6).  After 10-14 days of exposure to the stress, the 

PACCs are able eventually to re-enter the cell cycle and begin dividing to produce smaller 

daughter cells that retain the main PACCs properties of resistance and motility. 

As the emergence of resistance is a defining feature of PACCs that is connected to their 

polyploidy, several fundamental models suggest potential paths to achieve this resistance 

(Figure 5). The first is the tumor cell heterogeneity model. Here, the cancer cells already have a 

mutation present, however, they have to go through the PACCs phenotype cell state transition 

before they can clonally outgrow. This is not in order to survive stress but to protect their DNA 

[17]. 

 

 

Figure 5: An illustration of the four possible models that make the PACCs resistant. Figure is from [17].  

 

The quiescent state model notes that there is no mutation present before the stress, but rather 

the original population carries heterogeneous genomes that result in a resistant clonal outgrowth. 

Another classic model is the evolutionary triage model where the extra genomic material is used 

to spin off variants; most of those will die until the resistant ones outgrow. Finally, there is the 

idea of stress induced mutation or adaptive mutation that is called the self genetic modification 
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model where cells take time to manufacture a resistant mechanism for a directed rearrangement 

to generate the resistant clone. Further studies are needed to elucidate an exact resistance 

evolution model or if there is a combination of several models for different cancer cell lines [17]. 

 

Apart from the resistance, the second-striking phenotype of the PACCs is their motility. So far, 

current studies had been conducted only in 2D in vitro environments. Such surfaces, however, 

are not a common physiological encounter. This raises the question of how will the PACCs 

respond to an environment that more closely simulates tissue. A full description of the state-of-

the-art knowledge on motility and migration can be found in Section 1.4.2.  The question relevant 

to this work is whether PACCs will continue to exhibit motile behavior in 3D and if yes, which 

type of migration is optimal for such a large cell if it were to exit the primary tumor?  

 

In this master thesis, I have generated PACCs from prostate cancer cells (PC3) through the use 

of cisplatin chemotherapy and observed them with live-cell imaging in a type I collagen 3D 

environment in various concentrations. 

  

 

Figure 6: Illustration of the formation of PACCs. From left to right, the normal cell becomes a cancer cell. After 

experiencing stress, the cancer cell exits the cell cycle program, making it possible to duplicate genetic material 

without subsequent division. The cell acquires new phenotypes of a significant increase in cell size, resistance to 

stress and motility. After 10-14 days of exposure to stress, the PACCs produce daughter cells, which are smaller in 

size, but retain the resistance and motility behaviors. Created with BioRender.com.  

 

https://biorender.com/
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1.4 Cell Biology  

1.4.1 The Cell cycle 

Cell division and the cell cycle were first described in 1882 by Walther Flemming [22]. By using 

a developing method over time, they were able to distinguish and draw different stages of the 

cell cycle [23]. The eukaryotic cell cycle includes four phases. The G1 phase marks the beginning 

of a cell's life and involves cell growth. Some cells may divide very infrequently, but mostly not 

at all. Some cells can spend a long time in this phase, or the related rest phase called G0, while 

other more rapidly dividing cell types in adult humans may spend only a few hours in this phase. 

Then, the cells enter S phase, which takes up to 10-12 hours, and during which the DNA is 

duplicated and the phase results in two identical copies of the genome [24,25].  

When the genome is copied, cells enter G2 phase which is about four to six hours long and 

causes an incredible amount of cellular activity that must occur in preparation for cell division in 

M phase. This is because the new cells do not only need their own genome, but also need to 

produce all other cellular components and organelles. Then, the M phase or mitosis results in 

the cell dividing into two daughter cells. This phase takes approximately one hour for a 

mammalian cell. The stage afterward is known as interphase, also called resting time during 

which there is no division (Figure 7) [24,25].  

 

                                  

Figure 7: An illustration of the cell cycle. The four phases of the cell cycle are G0, G1, S, G2 and M-phase. The figure 

is created with BioRender.com. 

 

https://biorender.com/
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1.4.1.1 The cell cycle control system 

Cell cycle progression occurs by receiving specific signals that cause the exit from one phase 

and entrance into the next. The regulation of these time-sensitive transitions is performed 

through a process known as signal transduction. These are molecular pathways transmitting 

messages within the cell. This particular function is performed by cyclins during the cell cycle, 

which are small signaling molecules present in the cytoplasm, which bind and trigger the function 

of protein kinases. The protein kinase is an enzyme that activates or deactivates other proteins 

by phosphorylation, the act of adding a phosphate group to another molecule. Kinases are 

typically found in an inactive state and become activated through binding to a cyclin. The bound 

form of a cyclin and a protein kinase is known as an MPF complex or maturation promotion 

factors. Unlike kinases, cyclins have varying concentrations in the cell during the progression of 

the cell cycle with different cyclins being synthesized in each phase of the cell cycle. Through 

the presence of MPFs and the triggering of activity of kinases, the cell passes the so-called 

checkpoints in order to exit from one part of the cycle and progress to the next. For example, 

during G1 cells must pass through the restriction point in order to be able to progress further 

through the parts of the cell cycle that prepare the cell for division [25,26,28].  

 

Depending on whether the requirements of the restriction check point are met or not, the cell will 

either continue to G1 phase or move into G0 which is a non-dividing state.  

 

Most human cells are in G0 phase at any given time; however, they can be called back into the 

cell cycle. This is done by receiving external signals like growth factors. Another checkpoint is 

the M phase, and it governs the separation of sister chromatids during mitosis [25,26,27].  

 

Cells are able to exit the cell cycle through naturally occurring processes such as quiescence or 

senescence. A particularly interesting state is quiescence where cells have exited the cell cycle, 

but retain proliferative potential and can re-enter the cell cycle and continue dividing, unlike, 

senescence cells which cannot re-enter [29]. However, cells can also exit or progress through 

the cell cycle in a deregulated manner, which can result in cells dividing uncontrollably and leads 

to the development of cancer [26]. 

Cancer cells do not abide by the signals’ instructions that normally regulate the cell cycle. Even 

in the absence of growth factors or when there is no space for new cells, which are typically 

indicators to stop dividing, cancer cells may continue to divide. There are numerous causes for 

this which explains why there are numerous types of cancer, all of which are caused by some 
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combination of genetic mutations. The immune system may be able to recognize and eliminate 

a deregulated cell, but if not, it may divide quickly and become a tumor [25,26,28,29]. 

Therefore, cancer treatment relies heavily on understanding the science behind cell division and 

cell cycle regulation. Any cancer treatment that hopes to be effective must address the issue on 

this fundamental biological level.  

 

1.4.2 Cell migration 

There is an important distinction to be made when discussing cell movement and that is the 

distinction between cell motility and cell migration. Cell motility refers to random cell movements, 

while migration entails movement towards or away from a stimulus [5]. Cells have different ways 

to exhibit migration. By migration we refer to a cell that is moving towards an attractant (nutrients 

or another cell) or away from a threat (toxin or a predator). Two types of migration relevant to 

this study are the amoeboid and mesenchymal types. An example of these two types can be 

seen in Figure 8 and Figure 9.  

 

Figure 8: A contrast image of the two types of cell migration recorded during an invasion. The left refers to the 

mesenchymal shape. The right shows an amoeboid shape. Figure is from [30]. 

 

 

Figure 9: Schematic representation comparing the two modes of migration – mesenchymal and amoeboid. Figure is 

from [31].  
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1.4.2.1 Mesenchymal migration 

Mesenchymal migration results in cells with an elongated spindle-like shape with their length to 

width ratio being greater than a factor of two. A cascade of small GTPases is triggered at the 

preparatory phases of migration that determines the side of the cell where a leading edge will be 

formed [30]. The cells then recruit their internal actin organization to produce actin-rich filopodia 

and lamellipodia at the leading edge that allow the cell to protrude forward and begin the process 

of “crawling” (seen as Stage 1, Figure 10). The protruded part of the cell then needs to adhere 

to the substrate (Stage 2, Figure 10) at the leading edge, for which further actin polymerization 

is needed while detaching the back of the cell (or the trailing edge), where actin depolymerization 

occurs. In these stages the actin-rich structures serve as contractile stress fibers that align with 

fibers of the extracellular matrix (ECM) through integrin-dependent focal adhesions [33]. The last 

stage is the motion of the cell body. A contraction from the back will give the cell direction and 

the cell body motility [32]. The typical cell velocity achieved with this migration mode is 

approximately 0.1-0.5 μm/min, which is defined as “slow” migration [31].  

 

 

Figure 10: This figure illustrates the process of cell movement. 1) Protrusion of the Leading Edge. 2) Adhesion at the 

Edge and deadhesion at the Trailing Edge. 3) Movement of the cell body. Figure is from [32].  
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1.4.2.2 Amoeboid migration 

The second type of migration to be discussed in relation to the conducted research project is 

amoeboid migration (Figure 9). This is a significantly faster migration mode, compared to the 

mesenchymal migration with cell velocity reaching 5-20 μm/min [31]. This kind of migration 

shows a rounded and dense cell morphology, with cells often adhering weakly to their substrate. 

For this reason, this migration mode has been commonly documented in 3D confinements, rather 

than on 2D surfaces [30]. Generally speaking, the amoeboid type of migration has been less 

studied, however, recent advances in in vitro 3D confinements, coupled with optogenetic 

approaches have revealed that amoeboid migration can result from plasma membrane flow [34]. 

Plasma membrane flows are generated through polarization of the processes of endo- and 

exocytosis at the cell rear and the cell front respectively. This flow of membrane material is 

coupled to the acto-myosin cortex contractility and the interaction of the two processes is 

sufficient to propel cells forward [34].  

   

It is imperative to note that cells do not need to exhibit only one type of migration but can switch 

between the two types when exposed to different environments. The transition often happens at 

switches from high to low-adhesion, however it also depends on the activity of multiple molecular 

pathways. In the case of cancer cells this observation is particularly important to keep in mind, 

as they are exposed to varying microenvironments that need phenotypic adjustments, and such 

transitions in migration may play a crucial role in metastasis [30,31,32]. 

 

1.4.2.3 Chemotactic migration 

The current study focuses on the detection of physical stimuli from the environment, such as 

changes in the stiffness of the presented substratum, however, it is important to highlight the 

ability of cells to respond to a chemical gradient. The cell migration that occurs in these 

circumstances is known as chemotaxis.  Ultimately, cells do not respond only to a chemical or 

only to a physical stimulus, but rather to a combination of both. This notion is especially important 

when we think about what triggers a cancer cell to depart from the original tumor site and what 

are the indications for arrival and proliferation at a new location. Therefore, considering 

processes such as chemokinesis, which results in an increase in motility due to the molecular 

environment [10] should therefore be carefully investigated in future work.  
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1.5 In vitro studies 

In vitro studies allow experimentation outside or apart from a living system and provide a tool to 

understand the minimal essential components of an in vivo process or a system. In in vitro 

experimentation individual components can be introduced in a controlled sequential manner and 

allow the fine-tuning of individual variables: such as changes in temperature, pH, or physical 

components such as composition, stiffness, porosity of a substrate. While a great tool to dissect 

biological topics through a bottom-up approach, in vitro work also presents some physiological 

limitations, as not all elements of the in vivo microenvironment can always be introduced and/or 

studied in a synthetic system [59,60].  

 

1.5.1 3D in vitro studies  

To research the migratory and motility behaviors of the PACCs in this project, I created a 3D in 

vitro environment to replicate a tumor-like microenvironment. To achieve this, a 3D 

encapsulation of the cells in collagen-I type hydrogel was performed and their motility was 

imaged in real time. 

 

Collagen type I is macromolecule, which helps the integrity of many tissues (Figure 11). The 

structure of collagen I makes it possible to produce collagen matrices to mimic an in vivo 

environment. As collagen is derived from living organisms, it provides an opportunity to compare 

the results of the study to a closer in vivo situation [60,61]. 

 

 

 

Figure 11: An illustration of type 1 collagen, which is a straight triple helix. Figure is created with BioRender.com. 

 

However, the polymerization of collagen in different concentrations can result in different 

collagen matrices. Increasing the collagen concentration results in an increase of the elastic 

modulus of the produced hydrogel [62]. The opportunity to fine tune the collagen concentration 

can allow for a match to be made between the produced stiffness of the hydrogel and for 

instance, a living tissue.  The stiffness of a hydrogel can be defined by a physical property, such 

as the Young’s modulus, by utilizing for instance optical tweezer experimentation [48,63].  

 

 

 

https://biorender.com/
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Figure 12 provides a view of how the collagen matrix would look like depending on the 

concentration. 

 

 

 

 

 

 

 

 

Figure 12: An illustration of collagen matrix in increasing concentration. Figure is created with BioRender.com. 
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2 Material and Methods 

2.1 Materials 

For the generation of PACCs, the following item list was used: pluriSelect filters, 15 μm 

pluriStrainer Cell Strainer (pluriSelect REF:43-50015-01), pluriSelect Connector Ring 

(pluriSelect REF:41-50000-01), T-75 flasks, 50 mL conical tubes. For imaging: 96-well 

transparent flat-bottom plates (Corning). 

  

2.1.1 Solutions and reagents 

Complete medium composition: DMEM (Gibco), 10% FBS (Gibco), 1x ZellShield (Minerva 

Biolabs). For cell line propagation and generation of PACCs additionally used: sterile 1x PBS 

(Gibco), sterile TryplE-EDTA 0.05% (Gibco), filter sterilized Cisplatin (3mM), used in final 

concentration of 3 μM (kind gift from Prof. Dr. Emma Hammarlund lab, University of Lund). For 

the collagen gel preparation: Collagen type I rat-tail, FirstLink, MEM 1x (Gibco), NaOH 

(SigmaAlrdich).  

  

2.1.2 Equipment 

Nikon Eclipse Ti-E microscope, with incubation chamber – 37°C, 5% CO2, 20x objective. Cell 

counter Life Technologies. 

 

2.1.3 Maintenance of cell lines and cell culture 

The PC3 cell line was received as a kind gift through the collaboration with Prof. Dr. 

Emma Hammarlund lab from University of Lund. The cell lines were kept in the -80 ℃ 

freezer. The cell line was maintained and propagated using standard protocols [35].   

 

2.2 Protocol for PACCs generation 

The protocol extends over 10 days. 

Seeding: (day 1)  

The original cancer cell line, PC3, was seeded for a final cell concentration 

of 1x106 cells in a T-75 flask. The control cells that are not to receive treatment were also 

seeded on the same day in lower concentrations (about 250.000 cells). Cells are then placed 

in a 37°C incubator, 5% CO2 for 24 hours. 
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Treatment: (day 2) 

The complete medium is removed, the cells are carefully washed with 1x PBS, and treated with 

a drug master mix (medium+antibiotic, f.c. 3 μM cisplatin) into the same T-75 flask. The cells 

are left with the drug mix in the incubator for 72 hours, which yields the largest quantity of 

PACCs. Typically, for a treatment with cisplatin of IC50 of 6 μM, the expected yield from 1million 

seeded cells is ~250.000 to 300.000 PACCs (Figure 13).  

 

Figure 13: Part 1: An illustration of the formation of PACCs protocol (week 1). In the first week pre-treated PC3 

cells are seeded and receive treatment the day after. The treatment is chemotherapy with 3 μM Cisplatin. Three 

days post-treatment, the formation of PACCs has occurred and the PACCs have to be filtered away from sister 

cells and dead cells. Illustration created with BioRender.com. 

 

Filtration: (day 5) 

On day 5 the PACCs are formed. This is appreciable by light microscopy (Figure 14). However, 

the PACCs are accompanied in the flask by cell debris as well as sister cells. Sister cells are 

cancer cells that remained resistant to the treatment but have not converted to PACCs and 

therefore have retained a cell size similar to the original cell line. These cells were not a part of 

the investigation that pertains to this study. Therefore, the PACCs were filtered. 

https://biorender.com/
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Figure 14: Left image, non-treated PC3 cells at 100% confluence. Right image; PC3 cells and PACCs (four red 

arrows) after the treatment. 10x Bright Field microscopy, Leica light microscope. 

 

The process for filtering the PACCs starts by gently washing the cells with 1x PBS. Cells are 

lifted with TryplE similarly to the cell seeding, however, cells resuspension is 20 mL complete 

medium in a 50 mL Eppendorf tube. The more diluted the cells are, the less likely it is that they 

will experience filter clogging. Two connector rings with filters are placed on two 50 mL conical 

tube. It is recommended to use 2 filters per 1 T-75 flask, as too many cells will cause excessive 

filter clogging. First, 5mL of complete medium will be gently added on top of the filter for priming 

the filter. As the media will usually not flow through the filter immediately, pull the media through 

with an aspirator on the lowest suction force connected to the connector ring to pull the media. 

Preferably to not use the aspirator for the following steps of the protocol if it can be avoided. 

 

Slowly pipette 5 mL at a time the cell suspension on top of the filter. 

Most of the suspension will flow through on its own. However, at the end, some clogging may 

occur that prevents steady flow through. If this occurs, then the aspirator can be used to gently 

aspirate at the lowest suction force, pull the rest of the sample through the filter. Once all cells 

have been filtered, the filter will be removed and placed the one-at-a-time upside-down into a 

new 50 mL conical tube. Last, each filter will be washed with 10 mL complete medium. For this 

part it is important to be forceful, which means to press the pipette directly against the filter. It 

is also important to be sure to cover all areas of the filter, so as to collect as many cells as 

possible. 
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Figure 15: Part 2: An illustration of PACCs collagen encapsulation (week 2).  After keeping the filtered cells for five 

days after the filtration, the collagen experiment will take place. Combining First Link collagen (type I), 𝐻2𝑜, MEM 

10x, NaOH and the cells, a 3D environment is provided for the cell encapsulation. Two separate samples are 

prepared, one with PACCs and another with control cells for comparison of the two cell types. 96-well plates are 

used by adding ~200 µl of the collagen mix with cells per well. After leaving the 96-well plate (as is in the figure) in 

the incubator for ~30 min, the cells will be imaged in real time with the Nikon Ti-Eclipse microscope for ~18 hours 

every 10 min On the right side an example image from the microscope. Illustration created with BioRender.com. 

 

After the filtration, PACCs are counted. Centrifugation of the filtered collected PACCs, 5 min at 

1000 RPM. The supernatant is aspirated and the pellet of PACCs is resuspended in 1 mL 

complete medium for standard protocol of cell counting. One should expect a low cell count 

number, ~250.000 – 300.000 PACCs per each T-75 seeded on day 1. Importantly, the cell 

counting for PACCs will not be precise as for other cell types, due to the large cell size of the 

PACCs. Typically, the counter displays a value of at least 2x higher cell count than the real 

number of cells in the suspension. Through empirical evidence, I can conclude that the number 

can be overestimated even up to 3x. This is highly important when considering the number of 

cells to be distributed for later imaging in each well of a 96-well plate.  

  

The PACCs are then provided with fresh medium without antibiotics and returned to the 

incubator, 37°C, 5% CO2. The PACCs from the day of filtration are indicated as Day 0 PACCs. 

On day 5 the collagen experiment will take place. Figure 14 shows an example image from the 

light microscope of PACCs on day 5.  

https://biorender.com/
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2.3 Simplified protocol for collagen samples preparation 

Full description of the protocol and its optimization is in the section below, “Collagen experiment 

preparation”. 

 

Procedure: 

● Remove current media. 

● Wash the cells with PBS and lift them with Trypsin. 

● Spin them down with the centrifuge for 5 min at 125 RCF. 

● Aspirate the medium. 

● Resuspend the pellet in 1 mL complete media. 

● Count the cells. Calculate for a cell count of 7000 cells per well in a 100 µl cell 

suspension in 1 mL total volume of collagen mix. The cells are resuspended with 

complete media.  

● The mixing should be done on ice. Keep the NaOH, MEM and collagen cold by putting 

1 mL in a cold Eppendorf tube on ice. The cell suspension should not be on ice. 

● Follow this order during the mixing: (Total volume 1mL, full recipes in Section Collagen 

experiment optimization)      

1. MEM 

2. Collagen 

3. NaOH 

4. Cell suspension 

● Dispense 200 µl from the 1 mL collagen mix per well 

● Put it in the incubator for around 30-40 min 

● Add 100 µl complete media on top of the collagen. 

Note: Remember to pipette slowly and to use cold pipettes to decrease making bubbles 

Note: For a low concentration of PACCs, spin them down again, 3 min at 125 RCF.  

 

2.3 Experiments 

2.3.1 Collagen experiment optimization 

Different concentrations of collagen were tested to identify an optimal environment where the 

cancer cells can survive as well as display motility in the gel. 2, 1, and 0.5 mg/mL collagen 

concentrations were used for the final experiments.  

  



 29 

Additionally, a wide range of cell concentrations per well were tested in order to optimize the later 

imaging. The goal was to have at least 1 to 5 cells per field of view. Since the PACCs and control 

cells have different cell sizes, this amounts to a different number of cells per well. For both cell 

types, I tested a range of cell concentrations from 500 to 7000 cells per well. Ultimately, 7000 cells 

per well were used for PACCs and 5000 cells per well were used for the control cells. Importantly, 

the PACCs were provided with both conditions: present alone in a field of view with no neighbors 

(in several 2 mg/mL collagen) and present with at least 1-3 neighbors (in the remaining 

experiments).  

  

Given that the collagen experiment is prepared in cold conditions, some key optimizations are the 

cooling of all equipment and optimizing a fast-pipetting order. At the same time, pipetting must be 

as gentle as possible to prevent bubble formations, which are harder to avoid at the beginning of 

the polymerization process in cold conditions. 

 

For the preparation of a 2 mg Collagen, the following mixing order was optimized and carried out 

for all experiments: 100 µl MEM 10x, containing phenol red pH indicator, is mixed with 800 µl 

collagen. Approximately 80 µl NaOH is added to neutralize the solution from acidic to neutral. The 

pH change was indicated by the final color shift from bright yellow to soft pink. The cell suspension 

is mixed into the above-mentioned solution. Subsequently, 200 µl of the final collagen mixture was 

added per well. The same procedure was repeated for the control cells. Afterwards the 96-well 

plate was placed in the incubator with CO2 and 37℃ for around 30-40 min. 100 µl complete medium 

(with FBS and Zellshield) were then added on top of the collagen mix. The amount of additive 

material for the 2 mg/mL, 1 mg/mL, and 0.5 mg/mL collagen can be seen in Table 1.  
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Table 1: 0.5 mg/mL, 1 mg/mL and 2 mg/mL collagen concentration preparations used for this study.  

Collagen concentration     Recipe: 
  

  

  

0.5 mg/mL 

1.  100 µl MEM 

2.  200 µl Collagen 

3.  580 µl H20 

4.  20 µl NaOH 

5.  100 µl cell suspension  

  

  

1 mg/mL 

1.  100 µl MEM 

2.  400 µl Collagen 

3.  360 µl H20 

4.  35-40 µl NaOH 

5.  100 µl cell suspension 

  

  

2 mg/mL 

1.  100 µl MEM 

2.  800 µl Collagen 

3.  70-80 µl NaOH 

4.  100 µl cell suspension 

 

2.4 Time-lapse imaging 

The Nikon Eclipse Ti-E microscope was used as the imaging system for this study. The microscope 

has an incubation box connected with a heater and CO2. This helps ensure that the conditions are 

as similar to the incubator conditions as possible. Temperature was set to ~37 ℃ and CO2 5%.  

Throughout the duration of the study, another microscope was also tested, the Juli Stage Real-

Time cell history recorder (NanoEntek), which can image directly inside of the incubator. However, 

due to technical difficulties with the stage automation, the microscope was not available for reliable 

data collection. Therefore, the Time Lapse microscope was utilized, even though the conditions 

inside of an incubation box attached to a microscope are not as stable and ideal for cell growth 

over the 18 hours imaging period. To improve the conditions, the stage is located inside a black 

plexiglass box that ensures a closed system with controlled heat and CO2. Nonetheless, there were 

clearly conditions in which cell growth, and cell division were observed throughout the entire 

imaging period, suggesting that the cells were in a sufficiently favorable environment. This 

confirmed the use of the Nikon Time Lapse. A 20x objective and brightfield, has been used during 

all experiments.  
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Multipoint acquisition was performed every 10 min for 18 hours, resulting in movies with 109 frames 

of the cells in brightfield. The images acquired were 2160x2560 pixels and the pixel size were 0.33 

µm/px. (Figure 15). 

 

Figure 16: An illustration of the 96-well plate used to image the cells in the 3D environment with PACCs (row B2-

B5) and control cells (row C2-C5). The final collagen mix is surrounded by the protective medium.  The illustration 

of the 96-well plate is created with BioRender.com.  

 

2.5 Imaging analysis 

The purpose of the image analysis is to end up with tracks from cells which have been recorded 

on the microscope.  We will get individual tracking of the cells, which will give the coordinate for 

their center of mass positions [x(t), y(t)]. This will be relevant as we want to analyze the motion 

of the PACCs and the control cells.  

2.5.1 Image preprocessing 

For the pre-processing, we started by opening the .nd2 files from the microscope in FIJI to crop 

the video to a smaller file size, as the file otherwise will be too big for the software to process 

As the software, Interactive learning and segmentation toolkit (Ilastik) [42] read files either in 

HdH5 files or .tiff, the original raw data movie was saved as .tiff from FIJI. As another software 

is used for the cell tracking, called TrackMate plugin in Fiji, and the plugin works best with pre-

processed images this was an important conversion. As the images are taken in brightfield, it 

can be difficult for TrackMate to distinguish between the background and the cell (Figure 17). 

Final collagen mix 
for the experiment

Protective medium

PACCs replicate: i.e for 2 mg/ml

Control cells replicate:

https://biorender.com/
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Figure 17: The brightfield image without any Pre-processing shows that using the plugin TrackMate directly we 

cannot identify and segment the cell correctly.   

 

2.5.2 Ilastik  

Ilastik is a machine learning software to classify images [42]. It has the advantages to 

distinguish between different intensities of pixels. This property allows labeling the target of the 

investigation. In this case, we want to label the cells and the background.  

 

To perform the segmentation of an image, Pixel Classification and Object Classification projects 

were selected. The combination of the two properties means, first and foremost, it can select 

the category it belongs to using the pixel intensity. In our case, we are interested in classifying 

the cells and the background. During this research project, the software could not necessarily 

segment or recognize all the cells. For example, the data was pre-prepared by identifying 

manually and eliminating dead cells. In such cases, manual segmentation was performed. This 

was done using a brush function, where one could mark the cell or the background by hand. 

The background was also sometimes manually adjusted, as the brightfield image could have 

some blurred backgrounds, which Ilastik could detect as cells. All in all, adjustments were made 

so that the processed images would match the original ones. In addition, there was another 

feature called object classification which helped make the previous segmentations from pixel 

classification into objects. 
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Furthermore, objects that had a pixel value corresponding to the cell or background were 

divided (Figure 18). This feature was also an advantage for pixel values placed under the cell 

category, even if it was not under that label, could be edited, so the not-label cell could be label. 

This was done at the threshold size ratio. This threshold ratio helps edit and, among other 

things, reject small stuff, which is not the cell, like in Figure 18 to the right. Nevertheless, some 

of the cells were not always corrected, as some of them, such as the control cells, were dividing. 

This resulted in the program not registering the segmentation. This is also partly due to the fact 

that there is a low contrast in the original images that comes from the microscope. Another 

example that indicating potential software issues is about for cells with long filopodia arms. In 

this case the software would detect two cells instead of one. Therefore, this was also checked 

as thoroughly as possible during the TrackMate Fiji plugin use. TrackMate can manually track 

the cells if something does not match with the original images.  

 

Figure 18: The transformation of microscope image through the Ilastik software.  Left image: the brightfield image 

of a PACC without any preprocessing. Right image: Ilastik processed image. 

 

A template was made for the control cells and the PACCs.  By having a template, it was possible 

to run more than one file at a time. One file in this case means an individual frame of the movie. 

One dataset can contain up to 17 frames (a series) that includes the control cells and the 

PACCs.  This was a huge advantage to reduce the processing time. On the other hand, there 

is the disadvantage that running more than one file could take more than 12 hours, making the 

processing of one dataset with one to nine files for controls and PACCs take more than 24 

hours.  
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Ilastic presents some limitations and is in need of a few manual adjustments, however overall 

it is a useful tool that I familiarized myself with for the purpose of this study, but have also taken 

advantage of how other have been using it for the same purpose in the literature [36,37]. 

 

 

Figure 19: Another example of the final result using Ilastik, namely the binary image of a PACC, which were used 

end the end to track with TrackMate from Fiji.  

  

The result of the program will be a binary image where we have segmented the cell and the 

background, which will make it easier to track the cells with TrackMate (Figure 19).  

 

2.5.3 Single cell migration/tracks: TrackMate plugin in Fiji 

After all the cells were run through in the ilastik, they were now ready to be tracked with 

TrackMate in Fiji. TrackMate provides a tool to track individual tracks [43]. In addition, 

TrackMate also has the property to manually detect the number of existing spots. Depending 

on the cell size, an estimated cell size was given. A detector was then selected. In this case it 

was the Downsample log detector. This is due to previous reporter who have investigated the 

same in relation to the purpose [36]. Additionally, a threshold of 0.45 was chosen. For the initial 

thresholding all was selected. The selected view was selected to be Hyperstack Displayer and 

all set filters on spot were selected too. The algorithm was chosen to be the simple LAP tracker, 
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including linking max distance (50 μm), gap closing distance (50 μm) and max frame gap (5). 

Duration of tracks was selected as filter on tracks. Last, the tracks were edited manually with 

TrackScheme. The aim of the cell tracking is to find the coordinate of the center of mass to 

further investigate the cell's motion across the field of view. For detailed performance of 

TrackMate previously reports were used [36,37]. 

Some rules were considered to establish which cells were tracked or not tracked. One of the 

rules for the cells to be tracked in the first place was that the cell had to be defined as “alive”; 

to stop following the tracking of a cell which has divided, and to instead divide the new tracks 

over the two new daughter cells. This was performed manually as TrackMate had trouble 

detecting the appearance of a new cell. Instead, its misrepresented the data as if the original 

cell was experiencing a long motion.  Originally, this led to incorrect tracks, which were 

subsequently corrected.  

 

2.6 Data Analysis 

2.6.1 Data preprocessing 

Since the tracking of cells starts at different positions and times, some preprocessing is needed 

before the experimental trajectories can be used for further data analysis. First, the software 

recorded the evolution of the tracks as number of frames, therefore, this magnitude had to be 

converted to units of time, minutes particularly. The position of the cells also needed to be 

converted to physical units, in this case from pixels to micrometers. The metadata of the 

experimental files provided the information to perform the change of the units as the images 

acquired were 2560x2160 pixels and the pixel size was 0.33 µm/pixel. Once the data is 

converted to the appropriate units, all the tracks are transposed so they present the same 

starting point in space and time.  

 

𝑇(𝑖) =  𝑡(𝑖) − 𝑡(0) 𝑓𝑜𝑟 𝑖 = 0 𝑡𝑜 𝑁 

𝑋(𝑖) =  𝑥(𝑖) − 𝑥(0) 𝑓𝑜𝑟 𝑖 = 0 𝑡𝑜 𝑁 

𝑌(𝑖) =  𝑦(𝑖) − 𝑦(0) 𝑓𝑜𝑟 𝑖 = 0 𝑡𝑜 𝑁 

 

, where N is the total number of measurements per track.  

 

 

 

(1) 
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2.6.2 Displacement analysis 

The Brownian motion is a well-known stochastic phenomenon discovered by Einstein in 1905 

[38]. A particle following a Brownian motion from time zero can be described with the 

distribution:  

 

𝑃(𝑟, 𝑡) =
1

√4𝜋𝐷𝑡
 𝑒(

−𝑟2

4𝐷𝑡
)
,  

 

 where t is the time, r is the distance and D is the diffusion constant.  

Mean squared displacement (MSD) calculates how far a particle or cells move over time. It is 

used to characterize random trajectories and used to see how a particle deviates from an initial 

point. In biophysics is used to determine whether a particle Is spreading slowly due to diffusion, 

i.e following a Brownian motion, or if and advective force is also contributing to the movement 

[38]. The MSD of an ensemble of cells is:  

 

𝑀𝑆𝐷 ≡ < |𝑟(𝜏)  − 𝑟(0)|2 > =
1

𝑁
 ∑ |𝑟(𝑛)(𝜏) − 𝑟(𝑛)(0)|2

𝑁

𝑛=1

 

 

where <> is the ensemble average (EA),  𝑟(𝑛)(𝜏) is the position of the nth cell after time,  𝑟(𝑛)(0) 

is the starting position of the nth cell pathway. Last, N is the total number of cells considered in 

the ensemble.  

 

The particles in biophysical systems may follow more complex types of migration, aside from 

the Brownian motion. These different movements can be close to a diffusion process or be 

completely different to it. 

 

(3) 

(2) 
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Figure 20: Visualization of the different regimes of diffusion for different anomalous coefficients. Red line) shows the 

behavior of a Brownian motion, blue line) shows the superdiffusion regime, and yellow) represents the subdiffusion 

regime. Figure is modified from [37].  

 

In order to describe these more complex trajectories the MSD can be formulated as a power 

law. This MSD expression presents the anomalous coefficient, whose value allows to find if a 

particle follows any of the different diffusion regimes: 

 

< 𝑟2(𝜏) >= 𝐾𝜏𝛼 

 

, where  is the anomalous coefficient and K also known as the generalized diffusion coefficient 

[64]. Depending on how the curve of the MSD looks the value of  will change. Equation 4 has 

been used in this study to determine how the motion of our cells differed from a diffusive 

movement [38,39,40]. The different values that the anomalous coefficient can present 

represented in Figure 20 are:  

 

●  < 1 the trajectory is comparable to a subdiffusive movement. The MSD value starts 

decreasing as time advances as seen in Figure 20, yellow line. This can indicate that 

the motion of a particle is non-active as it moves slower than a Brownian motion.  

 

●  = 1 the movement is comparable to Brownian motion: By Brownian motion it means 

that the movement of the particles could be replicated with a random walk.   

 

● 1 <  < 2 the trajectory is comparable to a superdiffusion movement. Here the MSD 

grows more compared to the other lines.  This could mean that particles have a more 

active motion in the beginning of a process. 

(4) 
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●  = 2: the trajectory is comparable to a ballistics motion. By this it means that the 

particles are accomplished with a high velocity and acceleration.  

 

So, in Figure 20, the different behaviors previously explained can be visualized. MSD is an 

important tool which can be used to identify the type of anomalous diffusion processes. Last, 

Anomalous diffusion has been observed in many different fields in physics. By using it is 

possible to find the way the particle or cell is diffused [37, 39, 40]. 

 

2.6.3 Trajectory quantification 

The trajectory of the particles can also be studied with other quantities apart from the MSD.  

In this study we use the end-to-end length (ree) to gain more information about our system. 

The end-to-end length (ree) is defined as the position of the first point to the final position of the 

end point (eq. 5):  

𝑟𝑒𝑒 = |𝑟(𝑡𝑒𝑛𝑑) − 𝑟(𝑡0)|, 

 

Where tend is the last time point of the track. So, a big ree distances mean that the particle has 

moved from its original point following a preferred direction of motion. 

 

2.7 Statistical analysis 

There are various approaches to define a typical value from a set of N elements of data, but the 

mean value is defined as:  

𝜇 =
1

𝑁
∑ 𝑥𝑖

𝑖

 

Once the mean value of the data set is known the standard deviation, (𝜎), can be computed as: 

 𝜎 =  √
1

𝑁 − 1
∑(𝑥𝑖 − 𝜇)2 

𝑖

 

, where  𝜎 is the standard deviation (SD) of the data set.  

Different data sets can be compared to see if their samples come from the same distribution. In 

this study we compared pair of datasets. The first thing we did was to find if the data sets 

followed a normal distribution. If the two quantities to be compared were normal we used a T-

student test [65]. In a T-test the average values of the two data sets are used to determine 

whether they come from the same population. In a similar way the Mann-Whitney U-test is a 

non-parametric statistical test that tells us if the two data sets come from the same population 

when they do not follow a normal distribution [66]. 

(5) 

(6) 

(7) 
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When performing a statistical test we obtain a p-value. The p-value can be compared to a typical 

significance level, α, and it represents the probability of observation under the null hypothesis. 

In this study the significance is set to α = 0.05. The null hypothesis is false if the p-value is less 

than α and the distributions are statistically different [67]. 

2 Results  

In vitro studies and cell imaging: 

Upon the generation of PACCs from prostate cancer cells (PC3), the cells are left in culture for 

five days. The 5-day mark was selected as previous work demonstrates that PACCs typically 

develop motility on 2D surfaces at that time point (Figure 22). The selection of this time point 

was paramount, because the experiment calls for harvesting the highest number of alive motile 

PACCs, which was estimated to be on Day 5 post-treatment. At that time, on a 2D surface, a 

PACC moves via mesenchymal migration (see Figure 22). Once visually confirmed by 

microscopy that the majority of surviving cells post treatment were indeed motile PACCs, those 

cells were lifted from cell culture and introduced in a 3D collagen gel (type I) in three 

concentrations. The used collagen concentrations were 2 mg/ mL, 1 mg/ mL, and 0.5 mg/mL. 

These concentrations were selected based on literature suggesting that the 2 mg/mL 

concentration of this specific brand of collagen (FirstLink) was optimal for cell encapsulation 

[44,45,46,47,56]. The exact same concentration and brand of collagen was also used in a study 

investigating the encapsulation of motile cancer cells to study their invasion and colonization 

abilities [49]. More details on the procedure and a schematic depicting the process can be found 

in Materials and Methods Section. 

 

Figure 22: A PC3 PACC (red arrow) on a 2D surface. The image is taken from the light microscope by mobile 

phone camera. The PACC moves via mesenchymal migration.  
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Here, it is important to note that encapsulation of living cells and their imaging is a non-trivial 

process, which involved several optimization steps, such as: 

- Optimization of the collagen gel preparation and polymerization.  

- Cell preparation and optimization of the use of exact cell concentrations. 

- Cell embedding in the gel to ensure cell survival over the imaging period.  

- Selection of optimal microscopy set-up allowing the continued unperturbed visualization 

of the cells. 

- Selection of the optimal imaging time-frame and duration.  

Details on these optimization steps are presented in the Material and Methods section.  

 

Due to the presence of motility of PACCs on 2D surfaces, a hypothesis was formulated 

that a 3D environment, which is more similar to the physiological environment of tissue, 

could trigger either a more engaged form of migration or a different type of migration, 

compared to the one observed in 2D. 

I performed the following set of experiments presented below in order to test this hypothesis 

Real-time imaging provided the opportunity to investigate the PACCs and compare them to the 

pre-treated PC3 cells when both are encapsulated in a 3D environment. Microscopy was 

performed every 10 min for 18 hours using a Timelapse brightfield microscope with a 20x 

objective, monitoring growth conditions (CO2 and temperature, 37 ℃) The duration of 18 hours 

was selected, since it was observed that sometimes the PACCs did not exhibit any major 

migration behaviors up until 14 hours.  

  

The advantage of using brightfield microscopy is that it is an approachable non-laborious 

method that provides a non-invasive environment for the cells. Complications such as photo-

toxicity can be avoided, and the cells can be observed in an as close to a natural state as 

possible. The following parameters were of particular interest: cell motility, cell death, and cell 

division. All of these parameters could be potentially altered if the cells are expressing additional 

fluorescently tagged proteins and/or are subjected to intense light for the prolonged period of 

time for which observation was needed (18 hours). 

 

This experiment structure allowed the collection of varied qualitative and quantitative data. 

Analysis of each individual real-time imaging movie allowed for a detailed overview of the data 

by separating it in categories. Firstly, it was important to report on the proportion of cell death: 

do both cell types – untreated cell line PC3 and their PACCs - survive the encapsulation of the 
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three different collagen concentrations? Second, does the encapsulation still provide beneficial 

enough environment where the cells can cycle through their cell cycle and undergo division? 

And lastly, whether the cells exhibit any movement. Cell death and cell division are 

quantitatively described, while motility, which is a complex cell phenotype is described in both 

qualitative categories and through quantification of cell tracks.   

 

3.1 Quantification of cell survival during encapsulation 

Figure 23 shows the number of dead and living cells per cell type in each collagen 

concentration. Cells were categorized as “dead” based on either being already dead in the first 

place or that they died in the duration of the experiment. This can be seen in figure 24B and 

24C (the one below, in brightfield) Comparing the results from PACCs versus control clearly 

shows that PACCs experienced more cell death events. For the control cells in 0.5 and 1 mg/mL 

condition no cell death was observed, while in 0.5 mg/mL 45 PACCs were counted, out of which 

17 cell death occurred for the PACCs in the same collagen concentration. In 2 mg/mL of 

collagen concentration, the PACCs show an even higher cell death compared to 0.5 mg/mL 

and 1 mg/mL conditions with more than 50% of the PACCs dying. At the same time, the 2 

mg/mL condition also affected the control cells where now cell death can be reported (9 cells). 

These data are indicative that the 0.5 mg/mL and 1 mg/mL conditions provide a more stable 

environment where cell death is less likely to occur and therefore could be considered closer to 

a physiological-like environment. A publication from Wullkopf. et al, 2018, [48] shows that the 1 

mg/mL collagen condition has similar stiffness to human tissue.  

 

Figure 23: Quantification of number of living (solid color) and dead (shaded color) cells in various collagen concentrations. All 

PACCs data is shown in orange, control cells are in green. for 0.5 mg/mL n=2 exp, n=78 cells, for 1 mg/mL n=3 exp, n=71 cells 

and for 2 mg/mL n= 3 exp, n= 62.   
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Figure 24: Examples of brightfield images from the time lapse microscope during the experiment. A) A 

brightfield image of a living cells with filopodia. B) A brightfield image of a dead cell. C) An example of how a 

control cell in 2 mg/mL can die during 18 hours the experiment. After 5 hours and 30 min the cell will dies, 

which the last image in figure C shows.  

 

3.2 Quantification of cell division during encapsulation  

To further verify the physiological relevance of each collagen condition, the percentage of cell 

dividing was quantified. Typically, cells divide when they reach M phase in the cell cycle. An 

example of how the control cells divide during the experiment can be seen in Figure 26D-F.  

However, PACCs do not divide at all at the selected stage of their development for imaging 

(Day 5). They are in paused cell cycle program and therefore are not quantifiable for this 

parameter. On the contrary, the control cells served as an indication that the 2 mg/mL collagen 

condition has the lowest percent of dividing cells at 29%, compared to 47.8% in 1 mg/mL and 

43% in 0.5 mg/mL (Figure 25). The measurement of cell division is useful as a reference to the 

health of the cell line and the ability of the control cells to advance through the cell cycle. If 

nutrients can be distributed evenly in the collagen and cells can perceive a physiological 

environment, this could be an indication to not pause the cell cycle. 

 

BA

C
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Figure 25: Quantification of dividing control cells (yellow) and non-dividing control cells (brown) in various collagen 

concentrations in %. The percentages for dividing cells in 0.5 mg/mL are 43%, for 1 mg/mL is 48% and for 2 

mg/mL is 29% 

 

3.3 Quantification of cell migration 

3.3.1 Qualitative description of cells exhibition migration and migration-like behaviors 

 

Cell migration is a challenging parameter to dissect quantitatively, as it is comprised of many 

parameters and definitions. To begin with, the definition of migration was separated in two 

categories: the presence of “movement” and “less movement”. The “movement” category is 

defined as cell shape change over time plus the presence of filopodia arms (Figure 26A-C). 

Here is an example of a collected time point with cells displaying behavior defined as 

“movement” in a video format. The “less movement” category is defined as lack of cell death 

overtime and minor cell shape changes (such as minor membrane protrusions and ruffling, 

which cannot be qualified as the criteria of “movement”). Here are examples of what “less 

movement” is defined as. 

https://sid.erda.dk/cgi-sid/ls.py?share_id=gHFW5VWEVw;current_dir=Movement;flags=f
https://sid.erda.dk/cgi-sid/ls.py?share_id=gHFW5VWEVw;current_dir=Less%20movement%20;flags=f
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Figure 26: A timeline of the PACCs and control cells. A-C is for the PACCs in a 0.5 mg/mL collagen concentration. 

At t = 510 sec or 26B the PACCs begin to make long filopodia (arrow) D-F is for the control cells in 1 mg/mL. The 

circles demonstrate that the cells are dividing at the time t = 1020 sec or Figure 26F.   

 

 Figure 27 shows the percentage of how many cells display each of these behaviors. All control 

cells display the “movement” phenotype in 0.5 mg/mL, with progressively observing more of the 

“less movement” phenotype in 1 mg/mL. In 2 mg/mL the “less movement phenotype” becomes 

dominant. Similarly, this phenomenon is also observed for the PACCs. They demonstrate more 

movement in 0.5 mg/mL with 86% in comparison to 70% in 1 mg/mL, and in 2 mg/mL where they 

are 78% of the cells showing “movement” phenotype. Nonetheless, the PACCs’ increase in 

percentage of cells that show “less movement” is still less drastic than the quantification for the 

control cells. The control cells switch from 100% “movement” in 0.5 mg/mL to nearly 100% “less 

movement” in 2 mg/mL. The results from the PACCs do not demonstrate such strong 

responsiveness to the environment. Even though I quantify an increase in the “less movement” 

cells, this increase is not significantly different to the one seen in the control cells.  
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Figure 27: Quantification of cells that have “movement” or “less movement” for the control cells and the PACCs.  

PACCs in 0.5 mg/mL conditions have “less movement” (orange) with 14%, and 86% “movement” (blue). Control cells 

in 0.5 mg/mL have 100% “movement” (brown). In 1 mg/mL the PACCs have 30% “movement” and 70% “less 

movement”. The control in 1 mg/mL has 17% “less movement” and 83% “movement”. In 2 mg/mL the PACCs have 

21% of “less movement “and 79% “movement”, and for the control it is 18% of “less movement” and 82% “movement”.  

 

3.3.2 Quantitative analysis of cell migration 

 

To investigate the cell’s capacity to explore its environment in greater detail that is not restricted 

to the two rather arbitrary categories defined above, a machine learning program was used for 

the aforementioned untreated PC3 cells and for the PACCs.  The program analyzes individual 

images from a time-lapse movie. It converts them into a binary image by using Ilastik (The 

Interactive Learning and Segmentation Toolkit). This image is then used to perform tracking with 

the TrackMate plugin in Fiji. The conversion is needed for optimal cell segmentation. The 

TrackMate plugin then operates by finding the center of mass of each cell and tracking that 

position across the field of view until the final position is reached. Using this method, we can 

define the x and y coordinates of each cell within its recorded microscopy field of view. More 

details on the process can be found in Materials and Methods section. An example is shown in 

Figure 28, which illustrates the process. 
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Figure 28: An example of the analysis process having the tracks and plotting the x and y coordinates. A) This is an 

example of a PACC’s tracking from the plugin TrackMate in Fiji. Before the tracking was performed, the image was 

converted to a binary image (not seen here). B) A x and y coordinate system, where the dataset from the TrackMate 

is plotted. The tracking starts from the coordinate (0,0).  

 

Figure 29 shows the detected cells’ trajectories for each cell type (control and PACCs) in each 

collagen concentration. For the tracking all living cells were considered, so cells display both 

“movement” and “less movement” phenotypes. This was necessary as in some conditions if the 

“less movement” cells were to be excluded this would result in a non-analyzable dataset of 1-2 

cell tracks. All trajectories are set to start at the same x/y position (0,0) on the plot. Using this 

type of cell track plotting, we can clearly visualize that the control cells have progressively shorter 

cell tracks with increasing collagen concentration. The cell trajectories in the 0.5 mg/mL condition 

cover a significantly larger area of the plot than in the 2 mg/mL condition, where the trajectories 

are collapsed in the center of the plot. This data confirms the previous qualitative description that 

the control cells demonstrate a high percentage of the “less movement” phenotype in 2 mg/mL 

collagen. The data also shows a trend between the change in collagen concentration and the 

change in motility phenotype, suggesting that higher collagen concentration could have a limiting 

effect on cell motility.  
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Similarly, the PACC’s tracks also demonstrate a decrease in motility with increasing collagen 

concentration, with 0.5 mg/mL condition displaying the longest cell tracks moving furthest away 

from the center of the plot, compared to 1 and 2 mg/mL. However, here we can also clearly 

compare the behavior of the PACCs to the control cells, which show that overall, the PACCs 

move less than their control counterpart, covering shorter track distances. This result describes 

the difference in the PACCs versus control cells behavior much better compared to the qualitative 

analysis, which described which cells move “more” or “less”. The result from the cell tracking 

analysis, however, shows that from the cells that did move, the PACCs still covered less distance 

compared to the control cells, which is a highly intriguing result. This result holds true in all three 

tested collagen conditions.  

 

Figure 29: The cells’ trajectory tracking for the PACCs and the control cells in all the different collagen 

concentrations. All tracks begin at (0,0) at t = 0 sec. A, C,E) is for the control cells and B,D,F) is for the PACCs. 
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Using these data, we formulate the hypothesis that the control PC3 cells move more than 

PACCs. Employing an end-to-end (ree) distance plot we aim to test this hypothesis. At the 

same time, we will test quantitatively the qualitative observations from above figures of 

the results. Those are whether the PACCs’ changes in movement over collagen 

concentrations are a plateau as reported from the qualitative analysis and whether the 

control cells show a strong linear trend with decreasing movement over increasing 

collagen concentration.  

 

 

Figure 30: The end-to-end distribution of the number of tracks (count) versus the track length in microns (ree). This 

is made for the control cells (A,C,E) and for the PACCs (B,D,F). The first row is for the 0.5 mg/mL collagen 

concentration, the second row 1 mg/mL and the last is for the 2 mg/mL.  
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To either reject or confirm our hypothesis, firstly the ree distance for each track was determined, 

which is the distance from the first position to the end position of the track. Figure 30 shows the 

distribution of the number of tracks (count) that display a certain track length (ree) as defined in 

eq. 5. This analysis reveals that with increasing collagen concentration, the distribution of ree 

distances for the control cells strongly shifts towards shorter distances of up to 30 μm, while the 

0.5 mg/mL condition has cell tracks distribution of up to 80 μm. When comparing control cells to 

PACCs, we find an interesting result that the number of short track distances of up to 10-15 μm 

is comparable, while the number of mid-range tracks of 20 to 40 μm strongly decreases for the 

PACCs. Even though long-range tracks above 40 μm are also rare for the control cells (only 

counted one or maximum two tracks per distance length), they are completely non-existent for 

the PACCs in any of the collagen conditions. 

 

The standard deviation for each ree distance was calculated and plotted in Figure 31, where all 

the trajectories for the control cells and PACCs were summed up to find the mean value of the 

ree distance per collagen condition. On this plot we can clearly see that the mean ree distances 

for the control cells are steadily declining with increase of collagen concentration, while the 

PACCs track distances decline between 0.5 and 1 mg/mL and then plateau between 1 and 2 

mg/mL. Figure 31 also shows the standard deviations for each ree track distance mean value. For 

both cell types, the standard deviation decreases with increasing collagen concentration. The 

standard deviation is a quantification of the biological variation within a system. High standard 

deviation is an indication of high variability in the tested system. In this case, the highest standard 

deviation is seen for the 0.5 mg/mL collagen condition, where the cells demonstrate the widest 

distribution of ree distances of their tracks.  

 

This result is consistent with the observation that more cells exhibit motility at this condition and 

therefore a wider plethora of behaviors has been recorded. Conversely, at high collagen 

concentrations, there was limited movement, fewer moving cells and from the cells that did move, 

they covered shorter distances and therefore the distribution of their biological behaviors is more 

limited.  
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Figure 31: All the trajectories for the control cells and PACCs summed to find the mean value of the ree distance per 

collagen condition. The error bars represent the standard deviation.  

 

The plot of the mean values of the ree track distances in Figure 31 show that the biggest numerical 

difference is between PACCs and control cells in 0.5 mg/mL condition (16.11 μm and 25.7 μm, 

respectively). In order to understand whether this difference is meaningful, the statistical 

significance was estimated. To select the appropriate statistical significance test, the distribution 

of the data has to be considered for normality (normal distribution or not). For instance, a normal 

data distribution would justify the use of a test, such as the student t-test, but a non-normal 

distribution would require the use of a non-parametric test. The test for checking the normal 

distribution of the data showed that the control cells have a p – value = 0.00018, which is below 

the 5 %, and therefore the dataset is not normally distributed. The PACCs had p-value of = p = 

0.042, which also indicates that they are not normally distributed. These results justified the use 

of a non-parametric test for two populations that similarly to each other have a non-normal 

distribution. The Mann-Whitney is a U test for comparing independent data samples. Comparing 

the data for the control cells and PACCs in 0.5 mg/mL condition using the U-test resulted in a p-

value of 0.024, which indicates that we can reject the null-hypothesis that they are equal to each 

other. Therefore, the control cells do move significantly more than the PACCs in the 0.5 mg/mL 

collagen concentration condition. 
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The ree distances were also used to estimate the ensemble-average mean squared displacement 

(MSD). Firstly, the data was fitted with K* (eq.4), where  represents the anomalous 

coefficient. In order to allow for most precise fitting, the following data alignments were performed.  

 

1.Throughout the duration of the time-lapse cells begin their movement at different time points. 

Therefore, all tracks were shifted and aligned to start at time point t=0 sec. 

 

2. At the same time, cells move for a different length of time as indicated by the presence of 

increasing noise along the blue line in Figure 32 – i.e. some cell track durations are 30mins, 

while others are 300 min.  

 

Therefore, a cut-off was made after the first 10 time points (100 min) to allow same-conditions 

comparison of the fitting analysis for each concentration. To clarify, as the time interval between 

each time point is 10 min, the cut-off at 10 time points is equal to 100min or 1.6 hours.  
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Figure 32: EA MSDs for the three collagen concentrations for the PACCs (B, D, F) and control cells (A, C, E). The six 

EA MSDs were fitted into a linear equation to obtain the values of the anomalous  exponents. The dashed line 

represents the fitting, and the marked black line is the data, which were fitted to the linear equation.  

 

The 100 min cut-off includes 9% of all the existing tracking data that is used to fit it to the MSD. 

Even though this is a small amount of data, the cut-off was necessary because of the increase 

in noise over time could result in the wrong detection of anomalous types of diffusion due to the 
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noise artefact. Here, it was important to make sure that we investigate the results from only 

correctly fitted MSD.  

 

Next, after fitting the data, we can examine the relationship between the MSD and time and see 

whether it is a linear or non-linear relationship (Figure 32). A linear relationship indicates a normal 

diffusion (Brownian motion) and a non-linear relationship describes the so called anomalous type 

of diffusion that can be either subdiffusion or superdiffusion. Using the fitted lines on our MSD 

data, we can extract the values for , which describe the type of diffusion.  

 

Figure 33: The relationship between the anomalous  coefficient and the three collagen concentrations. The number 

of  can be seen in Table 2. The error bars represent the standard deviation.  

 

 

Table 2 for the anomalous diffusion coefficient from the MSD for the ree distance. Variation is found by with a 5 % 

confidence interval. 
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The control cells in 0.5 mg/mL and 1 mg/mL have a diffusion constant of 1.08 +/- 0.04 and 1.07 

+/- 0.01 which corresponds to a normal diffusion or a Brownian-like motion. The control cells in 

2 mg/mL are categorized instead as subdiffusive as they have an anomalous diffusion coefficient 

at 0.61 +/- 0.03. Interestingly, the PACCs show subdiffusion coefficients for all tested collagen 

conditions. Still, similarly to the control cells, the 2 mg/mL condition produced by far the lowest  

value of 0.23 +/- 0.06. (Figure 33, Table 2) These results are highly interesting as further explored 

in the Discussion section, because if we apply the definition of subdiffusion to this context, it 

would entail that the cells are not moving due to random trapping in their environment. This 

indicates that the environment of 0.5 mg/mL and 1 mg/mL was non-trapping for the control cells, 

but it was trapping for the significantly larger PACCs. 

 

3 Discussion  

Contrary to the suggested hypothesis, the results of the study demonstrate that PACCs exhibit 

no significant motility in 3D environments. The hypothesis that PACCs exhibit more movement 

in a 3D environment or even a special kind of migration in 3D was based on PACCs' 

mesenchymal migration on 2D surfaces. This was also coupled with the suggestion that a 3D gel 

encapsulation would present an environment closer to the one cancer cells experience in vivo as 

it delivers physical constraints signaling the cell that it is in a tissue-like environment. 

 

Nonetheless, the results presented here from the higher number of cell death for PACCs in 

collagen. If we compare this to the control cells to the clear quantification of shorter tracking paths 

and subdiffusion diffusion coefficient values clearly speaks to the impaired motility of the PACCs 

in this 3D environment. In order to understand the root of this discrepancy, we have to consider 

a number of highly important effects of the generated environment the cells are in.   

 

Firstly, we have to consider the choice of gel material – collagen – and whether this choice offers 

an optimal environment for the study. Collagen type 1 was selected for the following reasons. 

Firstly, it is a standard material to produce 3D gels for cell encapsulation [50,51,52]. Secondly, a 

study comparing collagen and Matrigel gels in 2D and 3D suggests that collagen is a better 

substrate when studying invasive cancer cell types [53]. This is due to the fact that cells need to 

interact with collagen to overcome basement membranes and stromal matrices in vivo in order 

to metastasize [53]. The study revealed that Matrigel cannot form representative barriers similar 

to the ones in vivo as well as collagen and was suggested as the superior substrate when 
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studying invasive cancer behaviors. Finally, the specifically used collagen 1 brand and 

concentration for this study, was already tested for the encapsulation of aggressive cancer cell 

types that also have capacity to form PACCs in a study of the effect of the 3D gel on the cell 

motility [49].  

 

Nevertheless, seeing the extreme effect of the collagen on the PACCs, it would be highly 

beneficial to test either a different brand and polymerizing agents for the collagen or another 

commonly used material, such as Matrigel. Slight technical differences can produce strong 

changes in biological behaviors; therefore, we first need to consider in depth the type, brand, and 

concentration of collagen used. Even though collagens should be similar, each brand collects 

and distributes it using slightly different reagents. This determines that different collagen brands 

need to be prepped for polymerization using a different mixture of neutralizing agents. This 

means that different collagen preparations will result in different polymerizations and therefore 

different collagen gel stiffnesses. For example, the collagen used in this study FirstLink rat-tail 

collagen 1, was used in five studies in concentrations of 2 mg/mL, neutralized NaOH was 

considered to be physiological for the studied variety of five different cell types [44,45,46,47,56]. 

The stiffness of this gel preparation, however, was never measured using optical tweezer 

methodologies, as was done for other collagen preparations. In the paper by Wullkopf et al., 2018 

[48], the Corning brand collagen was used (personal communication with the author) and was 

neutralized using a mixture of HEPES, NaHCO3 and MEM medium to produce a 1 mg/mL 

collagen concentration. This specific preparation was tested using optical tweezers to quantify a 

Young’s modulus of Y = 377 ± 68 Pa. This value corresponds well to values of healthy soft tissues 

such as the lung or mammary glands [54]. Nonetheless, we cannot assume that the 1mg collagen 

preparation in this study will have the exact same Young’s modulus due to the differences in 

collagen gel preparation. For all these reasons, it would be important to either test the same used 

concentrations using the other collagen concentration as was tested in the literature or to perform 

a measurement of the Young’s modulus for the collagen preparations used in this study.  

 

Even though the Young’s modulus of the 3D gels used here were not individually quantified, we 

used measures of the cell behavior to ensure that the environments were non-hostile for cell 

survival, growth, and motility. This was done by using the control cells PC3 encapsulation as a 

positive control. PC3s are a well-studied motile and aggressive type of prostate cancer. In 0.5 

mg/mL and 1 mg/mL conditions, these cells showed none of minimal cell death and a high 

percentage of cell division, which indicates that the cells were not stressed in these collagen 

concentrations and could go through their cell cycle. In addition, PC3s had significantly longer 
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track lengths and displayed at the minimum a Brownian-like motion. This suggests that the 

collagen preparations were not by themselves limiting to cell survival and movement. 

Nonetheless, the PACCs underwent cell death more often than the control cells and moved 

significantly less and at lower distances at 0.5 mg/mL and 1 mg/mL.  

 

This behavior could be due to different parameters: larger cells’ inability to transverse within gel 

environment with a certain stiffness and porosity, PACCs biological response to presence of 

collagen (receptor-based detection of collagen causing morphology change and a block of 

motility pathways), and effects of the collagen on the PACCs among others.  

 

Let us consider the effects of the gel concentration on the cell movement. Using the plot of the 

mean-square displacement, the anomalous diffusion coefficient, , was estimated for the 

movement of each cell type (control and PACCs) for each collagen condition. For cells and/or 

biological entities that exhibit motile behaviors due to active processes utilizing energy, the 

expectation would be for an estimation of  >1, or a superdiffusive type of behavior [36,37]. None 

of the measured cells showed a superdiffusive behavior, however. The control PC3 cells 

demonstrated clear motility patterns in 3D visible by eye in 0.5 mg/mL and 1 mg/mL conditions 

as recorded in the qualitative analysis with 100% and 82% of the cells having the “movement” 

phenotype respectively. While the PC3 cells in these two collagen concentrations also had the 

longest ree distance of track lengths (Figure 30), the cells had a normal diffusion ( = 1) that could 

be equated to a random-walk Brownian-like motion. However, diffusion is dependent not only on 

the forces exerted by the living system, but also on the forces exerted by the physical 

environment on the cell itself. In this regard, if we compare the 0.5 mg/mL and the 2 mg/mL 

condition, the 2 mg/mL collagen could provide a stiffer, denser environment, or an environment 

with lesser porosity that could prevent the cells from moving as freely. Even though we have not 

quantified any of the physical parameters of each gel preparation, the fact that the control cells 

in 2 mg/mL show a subdiffusive behavior compared to the cells in 0.5 mg/mL and 1 mg/mL is an 

indication of an increasingly restrictive gel environment that progressively limits motility. The 

definition of subdiffusion is that the molecules (or cells in this case) display a diffusion below 

Brownian-motion due to random entrapment by the environment [55], which indicates a clear 

relationship between the motile entity and its environment. Importantly, all measured cell 

behaviors – death, division, and motility – scaled with the change in collagen concentration in a 

manner suggesting that the increasing collagen provides a more restrictive environment causing 

higher cell death, decrease in cell division, and motile behaviors. In this train of thought, since 

the control PC3 cells which do display motility, but only a normal diffusion  =1, the cells might 
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need an even “softer” collagen environment in order to show migration that corresponds to 

superdiffusive values of  >1 as is the expectation for energy-dependent processes. This 

suggests that the testing collagen environments below 0.5 mg/mL could be an intriguing 

continuation in future research. In it important to note that there are more direct methods for the 

quantification of diffusion coefficients, such as FRAP (fluorescence recovery after 

photobleaching) where a cell is fluorescently tagged, subjected to photobleaching via laser and 

the recovery of signal is recorded over time [57]. This method can be used as a complement 

experiment to validate the diffusion coefficients quantified here. 

 

Nonetheless, using the data produced in this work, intriguingly, the PACCs’ cells MSD diffusion 

coefficient quantification indicates that the PACCs experience environment entrapment as 

indicated by  <1 in all collagen conditions (subdiffusive behavior). What are the reasons for this 

highly motile in 2D cell type to experience a sharp phenotypic change?  

 

The quantification of cell death events for the PACCs indicate that all presented collagen 

conditions from 0.5 mg/mL to 2 mg/mL are more detrimental for the PACCs in comparison to the 

control cells, as they experience more cell death events (Figure 23). The PACCs themselves are 

cells under stress, with paused cell cycle and abnormal genetic content, however, these 

parameters were considered to be in some way related to the emergence of the cell’s resistance. 

In this study, it appears that the PACC is more “sensitive” to the 3D environment compared to 

the more “robust” control cells. PACCs experience more cell death (Figure 23) and more limited 

movements with fewer cells qualifying for the qualitative group of “movement” (Figure 27) and 

with track-lengths end to end distances clearly indicating a very limited short track length (Figure 

30). When visually observing these cells, the majority of them are only able to explore the 

environment through the formation of filopodia, but very few cells physically move across the field 

of view.  

 

Some hypotheses could suggest that: 1. The larger PACCs are unable to transverse the collagen 

matrix due to its stiffness and porosity, which limit the cell’s capacity to physically move through 

the gel; 2. Inhibition of motility through change of PACC morphology in a 3D collagen 

environment; 3. Inhibition of motility due to the presence of collagen itself. 

 

If the cells are unable to move simply due to a physical restriction, this can refer to the ability of 

cells to detect the softness of their physical environment as in article by Lomakin et al, 2020 [58]. 

Using the larger or smaller extent of deformation of the cell nucleus membrane as a result of a 
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stiffer or softer environment, respectively, a cell is able to detect its 3D surroundings [58]. For 

instance, if we take the example of our PC3 control cells, which are smaller than the PACCs and 

with a small nucleus a change from 0.5 mg/mL to 2 mg/mL of collagen can present a significant 

shift in the detection of the stiffness and as a result the cells display a wider range of behaviors 

(strong shift away from “movement” phenotype, sharp increase in cell death in 2 mg/mL collagen, 

etc.). However, due to the incredibly large cell sizes for PACCs, and their large individual nuclei 

or potentially multi nuclei, it is conceivable to consider that the stiffness of the collagen in the 

tested concentrations could not exert sufficient force for the cell to detect any meaningful 

deformation and respond accordingly. Potentially, the test range of collagen was too narrow and 

the PACCs require a wider difference in order to detect a threshold in the change of the 

environment. If the stiffness of the high collagen is therefore insufficient to cause deformation, a 

higher than 2 mg/mL collagen concentration should be tested. However, it is important to note 

that already in 2 mg/mL collagen, the PACCs are experiencing significant cell death, suggesting 

it to be an unfavorable environment. On the other hand, if the cells are confined in a sufficiently 

stiff environment in the current tested conditions to detect deformation but are unable to move 

through the collagen gel matrix due to their large size being limited by the polymer matrix, it will 

be valuable to test lower than 0.5 mg/mL collagen concentrations. Ultimately, in order to answer 

the question how would a PACCs respond in vivo, one must test the Young’s modulus of the 

currently “best” condition 0.5 mg/mL collagen (lowest levels of cell death, and highest levels of 

movement) and compare the stiffness of that gel to a tissue environment. Based on that 

quantification a meaningful analysis of the current data can be done along with a suggestion for 

the improvement of the 3D gel.  

 

At the same time, we must consider the presence of molecular pathways that can respond to the 

new challenge of interacting with a 3D collagen gel. Firstly, the collagen itself could be a 

restrictive substrate to the cells. Therefore, experiments in our collaborating lab in Lund are 

undergoing in which the PACCs are presented with a 2D collagen surface. The PACCs are known 

to be motile in 2D, so will they be motile in a 2D collagen plate? Does the issue of lack of motility 

arise at the level of the 3D encapsulation or much simpler at the interaction with collagen? 

Another possibility is that the PACCs present receptors that can detect the presence of collagen 

and trigger molecular pathways to block motility when encountering this specific substrate.  

 

These hypotheses are highly relevant to answer the question of whether PACCs in this part of 

their development (Day 5), actually can and would exhibit motility in vivo in the organism as they 

do in 2D laboratory conditions. As discussed above, collagen was selected also due to the fact 



 59 

that it generates in vitro a much more natural barrier as the ones observed in vivo at basement 

membranes crossed during cancer cell metastasis. If PACCs have pathways blocking their 

motility when collagen is encountered this could be telling of their life cycle in the organism. For 

example, a Day 5 PACC is large, resistant to treatment, and growing in genetic material. Its size 

could simply not be able to be sustained in motion by its cytoskeleton. Eventually, from Day 12 

onwards, this PACC will produce numerous resistant daughter cells, much smaller in size and 

also as observed in 2D – motile. I would like to suggest a counter-hypothesis to the one presented 

in the introduction, now based on the current results that the large Day5 PACCs do not need to 

exhibit movement at that stage in a 3D environment. They can extend filopodia to “scan” their 

environment, but the energy needed to drive a cell of this tremendous size through a dense tissue 

while it continues to grow count be detrimental to the successful dissemination of the cancer. 

Instead, this large “mother” PACC could potentially remain immobile and resistant to the 

treatment until it exits quiescence and enters the phase of production of “daughter” cells, which 

are smaller and could more easily transverse the primary tumor environment. It would be 

incredibly interesting to perform the same gel entrapment experiments with the PACCs daughter 

cells produced after day 12 of treatment to test whether the same collagen environment affect 

those cells similarly as the large PACCs.  

 

4 Future Outlook   

 

Below I present some meaningful ways in which the current research can be expanded on:  

 

1. Studying the velocity and dynamics of the PACCs. Using the suggestions from the Discussion 

section on clarifying the influence of the collagen itself and selecting the optimal gel 

concentration to test for motility, the next step would be to better define the velocity and the 

dynamics of the PACCs. The velocity quantification could be done by using the MSD, which 

contains a velocity autocorrelation function (VACF) information. In the current study, no 

meaningful translocation of individual PACCs for a sufficient number of cells was available to 

conduct this quantification, however, finetuning the environment could provide a great 

opportunity for similar quantifications, considering that the PACCs exhibit a motility in 3D. 

Being able to record cells exhibiting clear motility will also provide an opportunity to dissect 

the question of the type of exhibited PACC dynamics in 3D and whether they prefer amoeboid 

or mesenchymal types of migration. In 2D the migration is mesenchymal, and so far, the 

observations in 3D have been that the PACCs form long filopodia to explore their immediate 
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surroundings. This could indicate that mesenchymal migration pathways are present and 

utilized in 3D environments as well. Nonetheless, the suggested experiments as in 

Discussion section of further reducing or increasing the collagen concentration will provide a 

different environment stiffness for the cells. Decreasing the collagen concentration sufficiently 

could even result in reduction of the surface contacts with the cell and ultimately result in a 

shift from mesenchymal to amoeboid types of migration. 

 

2. In order to properly assess the types of exhibited migration and to better visualize the cell in 

motion, an ideal experimental continuation is the fluorescent tagging of cytoskeletal and 

membrane components of the PACCs via transfection and their observation via fluorescence 

or laser microscopy. For instance, in order to differentiate between mesenchymal and 

amoeboid migration types, tagging actin filaments would be beneficial to visualize whether 

filopodia extensions are formed or rather for amoeboid migration actin is organized only 

internally (acto-myosin cortex and internal actin filaments). Ultimately, different cell motility 

behaviors are determined by the spatio-temporal interplay between three factors that serve 

as the molecular basis for different cell motility: adhesion, the actomyosin cortex, and actin 

polymerization [4]. Therefore, an analysis of the dynamics of these cell features using 

fluorescence tagging and microscopy over time, so the contribution of each factor can be 

assessed is an exciting future avenue for the enrichment of this project. Cell tagging could 

have already been used in the current study to quantify the observed filopodia lengths for the 

control PC3 cells and their PACCs. An interesting quantification here would be to estimate 

the ratio of filopodia length to cell size. For example, do the control cells which are able to 

move across the field, do they develop longer filopodia comparative to their cell size, which 

provide sufficient force to translocate the cell from point A to point B? Are the PACCs unable 

to form sufficiently long filopodia in order to move them and would they need longer filopodia 

when moving a larger cell size? A fluorescence imaging and analysis is preferred to the 

brightfield (BF) imaging performed here, since from brightfield images neither used plugin 

TrackMate nor Ilastik could segment the filopodia due to their lack of precision in 

segmentation and the easier loss of filopodia in BF 3D.  

 

3. Investigation of chemotaxis for PACCs. So far, the research presented here has been 

focused solely on the physical environment and constraints presented to the PACCs in their 

shift from 2D to a 3D environment. This line of experimentation until now has disregarded the 

fact that the cells are embedded in a complex tumor environment, surrounded by neighboring 

cancer and healthy cells, ECM, blood vessels, etc. The PACCs therefore, do not exist in 
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isolation and receive multiple chemical and molecular stimuli from the neighboring cells. In 

the case that no specifically “optimal” collagen gel concentration is found on its own to trigger 

PACCs motility, we should consider the possibility that molecular stimuli could be needed for 

motility, in which case PACCs would display chemotaxis motility behavior. If the environment 

on its own is insufficient, then how would the PACCs behave if they were introduced in a gel 

encapsulation together with sister cells, even higher concentration of PACCs, PACCs in later 

stages, known as daughter PACCs, or in the presence of healthy tissue cells? These are 

incredibly exciting pairings of cell types for the dissection of the contribution of each of these 

cell types to the tumor microenvironment.  

 

4. The entire study uses only the prostate cancer cell line PC3. As mentioned in the introduction, 

however, PACCs can be generated from a variety of cancer with great success. As a long-

term perspective, it would be very interesting to compare the dynamic behaviors of PACCs 

derived from different cancer cell lines in order to understand if the PACCs retain any of the 

behaviors and signatures of the original cell line, or rather they have “evolved” into an entirely 

new cell type, where PACCs are more similar in behavior, cell and molecular biology to each 

other rather than to the original cancer cells. It would also provide a great opportunity to test 

PACCs derived from different cancer cell lines in different gel environments – i.e. collagen 

versus Matrigel – and infuse those gels with molecular signatures particular to the original 

tissue environment of each cancer cell.  
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5 Conclusion 

 

The project in this Master thesis addresses a novel and exciting cancer cell type that can be the 

precursor cell for cancer metastases: the poly-aneuploid cancer cell (PACC). This chemotherapy 

and treatment resistant cell type was discovered to display motility on 2D surfaces soon after its 

generation, however, the experiments conducted here suggest that the cell present a different 

behavior in 3D. Switching from actively motile to only exploratory behavior using filopodia, the 

extremely large PACC cell seems unable to freely transverse the presented collagen gel 

environment in which the cell is encapsulated. The objective was to test the hypothesis whether 

when presenting those cells with an environment more closely resembling a tissue environment 

this will stimulate further their migration and/or force them to exhibit different types of migration. 

The results, however, suggest a reconsideration of the original hypothesis. I propose a new 

direction for future work on the topic and that is to explore whether the extremely large resistant 

PACCs from Day 5 of treatment are able to exhibit any movement in 3D, or that would be too 

costly process due to their tremendous size, and therefore, motility for PACCs is reserved to the 

offspring: the PACC daughter cells. Testing this new hypothesis will provide a wide variety of 

experimentation where the entire life cycle of the PACCs can be tested for emergence of motility 

in 3D. This will be highly beneficial research for the broad field of cancer biology, where the 

PACCs cell type has been overlooked for the past 100 years due to its rarity and unique 

morphology. The discovery of this cancer cell type, and its analysis using advanced quantitative 

imaging approaches as 3D encapsulations and live-imaging will allow the fast and meaningful 

dissection of the unique molecular pathways of the PACCs with one end goal – to prevent them 

from moving and propagating secondary tumors and metastases.  
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