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ABSTRACT 
 

Cancer cases have been constantly increasing over the past few decades, leading it to become the 

second cause of lethality worldwide, with cancer metastasis being responsible for approximately 

90% of cancer-related deaths. Thus, cancer research is essential to enhance our knowledge of the 

underlying mechanisms that drive tumor progression and metastasis in order to enable the 

development of new anti-cancer therapies. However, even though in vivo and in vitro models that 

are currently used in cancer research have provided valuable information on cancer progression, 

only a few therapies that show promise in vitro studies eventually prove efficacious in clinical 

studies. Consequently, several studies emphasize the limitations of in vitro models, which are 

currently used in cancer research, and highlight the need for the development of new more 

physiologically relevant in vitro models for the study of tumor progression and evaluating the 

efficacy of potential new anti-cancer medications. The aim of this study was to examine whether 

InvasiCell, a novel device and associated in vitro assay that were developed in our lab, can be 

used as a physiologically relevant model to study various aspects of tumor progression, 

compared to the existing in vitro tools that are currently used in cancer research. Specifically, 

wound healing assays, Boyden chamber assays, InvasiCell, and tumor spheroids, were used to 

evaluate the in vitro invasive potential of previously characterized breast and pancreatic cancer 

cell lines with known in vivo metastatic potential. The collective data from this study suggest that 

InvasiCell reflects the in vivo metastatic potential of the evaluated cell lines more accurately and 

reliably than other assays. Additionally, given that fibroblasts are the most abundant stromal cell 

type in the tumor microenvironment and their role in tumor progression is controversial, we used 

InvasiCell to examine whether the presence of NIH3T3 fibroblasts could affect tumor cell 

invasive capacity and potentially improve our ability to predict the metastatic potential of tumor 

cells. Our findings indicate that the inclusion of fibroblasts with cancer cells reduces the invasion 

potential of various breast cancer cell lines tested. Finally, to examine if InvasiCell could be used 

as a drug response assay, we treated breast cancer cell lines with previously established 

concentrations of Doxorubicin Hydrochloride under normal tissue conditions or within 

InvasiCell. We observed that the cells within InvasiCell displayed enhanced drug resistance, 

which resembles previously published studies performed with spheroid assays. Collectively, 
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InvasiCell can effectively distinguish cell lines with different metastatic capacities, allow 

researchers to examine tumor cell behavior and interactions by performing co-culture 

experiments with other cell types, and study cellular resistance to various drugs. Therefore, 

InvasiCell is a promising tool for cancer research, which could enhance our knowledge and 

understanding of critical steps in tumor progression and facilitate the development of more 

effective anti-cancer strategies and therapies. 
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INTRODUCTION 

 

6.1 Cancer: 

Cancer is a significant worldwide health threat since its consistent increase in cases over the past 

few decades, leading it to become the second leading cause of death (WHO). It is a category of 

diseases characterized by cell’s uncontrolled proliferation and spreading to other parts of the 

body (Pecorino, 2016). There have been reported more than 200 distinct cancer types, however, 

the cell type of origin can classify cancer into 5 classes. Carcinoma starts in the skin or from 

epithelium tissue while sarcoma arises in connective tissues. In addition, leukemia refers to the 

cancer of white blood cells that starts in the bone marrow where these cells are generated, 

however, carcinogenesis initiates in immune system cells are called lymphomas and myelomas. 

Finally, cancers that occur in the central nervous system are categorized as brain and spinal cord 

cancers (Cancer research, UK).  

However, carcinoma is the most frequent category of cancer and represents 80 to 90% of all 

cancer cases (National Cancer Institute, Cancer Classification). The abnormal epithelial cells 

proliferate uncontrollably and form an adherent cellular mass of tumor cells. Some of the most 

common sites where solid tumors are developed are breast, lung, and prostate (Thermo Fisher 

Scientific, Solid tumor research). Studies demonstrated that the surrounding environment of a 

solid tumor dramatically affects the tumor growth and progression (Kim, 2022).   

 

6.1.1 Transformation of normal cells to cancer cells: 

Genetic alterations such as mutations and epigenetic changes are essential to transform a normal 

cell into a malignant cell. Specifically, the accumulation of genetic alterations in normal cells 

contributes to the earlier stage of cancer development (Warenius, 2023). It is known that several 

factors can cause genetic modifications endogenously and exogenously. Endogenous factors 

include DNA replication errors and inherent genetic mutations whereas environmental factors 

such as radiation exposure, lifestyle choices like smoking, and viral infections are some 

exogenous parameters (Lutz, 1996).  
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Mutations contribute to cells acquiring a growth advantage when occurring in crucial genes that 

control cell cycle, DNA repair, apoptosis, and other important cellular processes. Hanahan and 

Weinberg described six acquired biological characteristics of tumor cells as “hallmarks of 

cancer” that allow malignant cells to grow and spread. This model comprises autonomous 

growth signaling, resistance to growth suppressor signals, evading apoptosis, continuous 

replications, promoting angiogenesis, and induction of invasion and metastasis, as shown in 

Figure 1 (Weinberg, 2000). Additional traits of malignant cells include altered metabolism, 

genomic instability, immune escape, promote inflammation, and epigenetic changes (Douglas 

Hanahan1, 2011). Therefore, understanding the “hallmarks of cancer” is essential for the 

development of specialized therapies targeting specific characteristics and molecular pathways, 

which could improve patients’ prognosis and survival. It is known that all these acquired 

characteristics of malignant cells worsen tumor prognosis and patient survival by increasing 

metastasis.   

 

 

 

 

 

 

 

 

 

 

Figure 1: The hallmark of cancers. Cancer cells obtain these six traits to support their 

continuous growth and dissemination. For instance, tumor cells are sufficient for self-renewal 

as they secrete growth signal molecules that stimulate their continuous proliferation. 

Additionally, tumor cells evade growth suppressor signals and resist programmed cell deaths, 

allowing them to survive and accumulate genetic mutations. Another hallmark of cancer cells 

is the limitless replicative capacity by maintaining their telomere. Moreover, tumor cells 

promote angiogenesis to supply the tumor with nutrients and oxygen for further tumor 

development. Lastly, cancer cells invade the surrounding tissue and then metastasize to distant 

sites, responsible for the most cancer-related deaths. Adapted from (Hanahan and Weinberg, 

2000) 
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6.2 Metastasis:  

 

Metastasis is defined as the process where tumor cells disseminate from the primary tumor to the 

distant parts of the body through blood and lymph vessels (National Cancer Institute, Metastatic 

cancer). It represents the primary cause of lethality for approximately 90% of cancer patients 

(Lambert, 2017). The metastatic cascade refers to a series of events necessary for metastasis to 

occur as shown in Figure 2. The first steps of metastasis are the local cancer cell spreading and 

invasion from the original tumor into the surrounding tissue. Following, malignant cells enter the 

blood or lymph vessels with a process known as intravasation and spread through the body using 

circulation. After that, tumor cells must persist in the circulation until exit from the vessels 

through extravasation. Finally, tumor cells must adapt and survive within the environment of the 

new tissue, activating their division program to establish secondary tumors at those sites 

(Hapach, 2019).  

 

 

 

 

 

 

 

 

 

 

Figure 2: Overview of the metastatic cascade. Metastasis includes a series of sequential 

steps which are known as tumor metastatic cascade. After the formation of the primary tumor, 

cancer cells invade the surrounding tissue (invasion and migration) until they encounter blood 

vessels. The cancer cells enter the bloodstream with a process known as intravasation. Cancer 

cells have to survive while they travel systemically until they reach a distant organ. At this 

stage, cancer cells exit from circulation (extravasation) and they need to adapt, survive, and 

proliferate to establish the secondary tumor at the distant sites (colonization). Adapted from 

(Hapach et. al, 2019). 

 

 

Adapted from 14 
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Malignant cells potentially can spread to nearly any part of the human body, although specific 

types of malignant cells tend to metastasize in certain areas (National Cancer Institute, Metastatic 

cancer). For example, breast cancer, one of the most frequent cancers in women, appears to 

metastasize prevalently in bone, liver, and lungs (World Cancer Research Fund International, 

Breast Cancer Statistics). Metastasis in critical sites such as the lungs, brain, and lymph nodes 

are correlated with poor prognosis and reduced patient survival, however, several studies 

demonstrate that the specific locations and the number of metastatic tumors are associated with 

the survival of the patients (Riihimäki 2014, Oh 2009, Tie 2023). Several mechanisms of cell 

migration including single cell migration and collective migration have been shown to 

significantly contribute to metastasis.  

 

6.2.1 Single-cell migration:  

Epithelial cells can separate from epithelial tissues and gain mesenchymal or amoeboid 

morphology and characteristics to move as single cells. Epithelial to mesenchymal transition 

(EMT), mesenchymal to amoeboid transition (MAT), and collective to amoeboid transition 

(CAT) are three mechanisms that have been described through the conversion of cells’ 

morphology and characteristics (Gandaglia, 2015). 

EMT has been described during embryonic development, chronic inflammation, and cancer cell 

invasion. It has been characterized as an essential procedure for tumor invasion and metastasis 

(van Zijl, 2011). The distinctive trait of EMT is the reduction of expression of the E-Cadherin 

which is a transmembrane protein that mediates cell-to-cell interactions (Kalluri 2009, Kaszak 

2020). Several factors have been identified to activate intracellular pathways that eventually lead 

to the reduction of the expression of E-cadherin and obtain mesenchymal characteristics such as 

the expression of N-cadherin (Cao, 2019). This shift in the expression from E to N cadherin 

enables the increase in single-cell motility and invasiveness exhibiting a more aggressive 

phenotype (Peinado, 2007). Additionally, mesenchymal cells are elongated and form membrane 

protrusions such as lamellipodia and filopodia. Their movement is conducted by the dynamic 

assembly and disassembly of focal adhesions which mediate the interaction between cell and 

ECM. Specifically, cells release matrix metalloproteases at their leading edge which degrades the 
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ECM barrier and allows the movement of the cells (Mrozik, 2018). However, studies have 

shown that EMT can be reversible, depending on the stage of the metastatic cascade. 

Mesenchymal to epithelial transition (MET) is crucial for the latest step of the metastatic 

process. During MET, cancer cells acquire epithelial characteristics and orientation, resulting in 

the formation of adherent junctions necessary for the establishment of secondary tumors 

(Yamazaki, 2005).  

Despite the mesenchymal phenotype, cancer cells can obtain amoeboid traits to enhance 

individual cell movement and undergo MAT or CAT. Amoeboid cells have rounded cell 

morphology and do not display cell polarity and strong interactions with the ECM. Amoeboid 

cells change their shape by expansion and contraction mediated through actomyosin contractility, 

resulting in high-speed cell migration (Mrozik 2018, Christiansen 2006).  

Thus, cancer cells exhibit plasticity during cell migration and adapt different cell-type phenotype 

and morphology. Tumor microenvironment, molecular pathways such as RHO/ROCK signaling, 

and interactions with ECM are some of the factors that induce the switch in migration modes of 

malignant cells (Santiago-Medina, 2016).  

 

6.2.2 Collective cell migration:  

On the other hand, cells can move as a group of connected cells a process known as collective 

cell migration. This process is observed during embryonic development, tissue regeneration, 

cancer cell invasion, and metastasis (Wu, 2021). The cluster of cells that undergo collective cell 

migration consists of two distinct cell populations described as “leader” and “follower” cells. 

These two cell groups exhibit different topologies and roles to coordinate the synchronized and 

unidirectional movement of the cellular mass (Friedl, 2009).  

Leader cells are localized at the leading edge of the cluster while the dominant follower cells are 

found behind the leader cells. The direction of migration is provided by leader cells that receive 

environmental signals. Additionally, polarized leader cells display “finger-like” structures and 

protrusions such as lamellipodia and filopodia towards the migration direction (Qin, 2021). At 

the leading side of the leader cell, they form focal adhesion junctions while at the trailing edge, 

they display adherent interactions with the follower cells. This asymmetric distribution of 
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connections at the two sides of the cell enables the activation of different molecular pathways 

(Gov, 2007). For instance, leader cells release signaling molecules such as growth factors and 

chemokines to guide movement orientation (Malinova, 2018). Furthermore, leader cells secrete 

ECM remodeling factors to create paths for cell migration (Chapnick, 2014). In contrast, at the 

rear side of leader cells, cell-to-cell interactions are involved in pathways that maintain the 

protrusion polarization of the leader cells by inhibiting cell extension and contributing to the 

coherent migration of cells (Friedl, 2009).  

Follower cells have been underestimated for the past year and were described as passengers 

during collective cell migration. However, studies have demonstrated that the participation of 

follower cells is crucial and necessary for collective movement (Friedl, 2009). Specifically, the 

follower cells have been found to generate traction through small “cryptic” protrusions on their 

basal membrane. Moreover, follower cells facilitate the formation of new leader cells (Friedl 

2009, Chapnick 2014, Vishwakarma 2018). Thus, the active contribution of both leader and 

follower cells is essential for the mechanism of collective cell migration to occur.  

Collective cell migration mechanisms have been described in many cancers such as breast, lung, 

and prostate cancers (Campanale, 2023). Additionally, several studies suggested that collective 

cell migration exhibits increased invasive potential and therapy resistance compared to single-

cell migration (Krakhmal, 2015).  

 

6.3 The tumor microenvironment  

Numerous studies have demonstrated that the tumor microenvironment is crucial in tumor 

growth, local cell invasion, angiogenesis, metastasis, and drug resistance (Yang, 2019). Tumor 

microenvironment refers to the complex interactions of cancer cells with other cellular and non-

cellular components that reside in the surrounding tissue of the tumor. It comprises of a 

heterogeneous cell population originating from the host along the cancer cells such as fibroblast, 

endothelial cells, pericytes, and macrophages. Additionally, cancer cells interact with 

extracellular matrix components like collagen, fibronectin, elastin, and laminin that encompass 

the malignant cells. The intricate network of communications that exists in the tumor 

microenvironment causes alteration in cell behavior and morphology (Anderson, 2020).  
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Intercellular communication among the direct cell-to-cell interactions is mediated by several 

released molecules including cytokines, chemokines, growth signals, and inflammatory 

mediators (Baghban, 2020). Lately, studies have illustrated that exosomes, microRNAs, and cell-

free DNA are significant for cellular communications, transporting genetic information, and 

regulating gene expression (Yang 2019, Xiao 2021). All the vital mediators of interactions 

present in the tumor microenvironment stem from both tumor cells and stromal cells leading to 

the complexity of understanding these bidirectional interactions (da Cunha, 2019). Figure 3 in a 

schematic representation of key components and mediators of interaction that exist in the tumor 

environment.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3: Schematic representation of the tumor microenvironment. The tumor 

microenvironment is characterized by a heterogeneous cell population. Apart from cancer 

cells, it includes endothelial cells, pericytes, fibroblasts (CAF), adipocytes, and various 

immune cells such as dendritic cells, NK cells, T-cells, B-cells, and macrophages (TAM). 

The interactions between the cells in the tumor microenvironment can be mediated by 

contact-dependent pathways using soluble factors and ECM components. Furthermore, the 

cells can interact using horizontal transfer through cfDNA, apoptotic bodies, and exosomes. 

Adapted from (Baghban et al., 2020) 
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6.3.1 Physical and biochemical characteristics of the tumor microenvironment  

In addition to the several signaling molecules existing in the tumor microenvironment that 

mediate cellular communication and interactions of cells with ECM components, the tumor 

microenvironment displays additional characteristics. These properties of the surrounding 

environment of cancer are vital for tumor survival, growth, immune evasion, and therapy 

resistance (Pernot 2022,Spill 2016, Kim 2022 ). 

Hypoxia is one of the key features of solid tumors and it can be described as insufficient oxygen 

supplies to cells due to the constant proliferation and growth of cancer cells. In a tumor 

microenvironment, oxygen concentrations generate a gradient, and in areas that are proximal to 

the blood vessels, the oxygen is abundant compared to distant sides (Cairns, 2006). 

Consequently, at the most hypoxic sites, cancer cells delay their cell division rates or are driven 

to cell death and form the necrotic core (Li, 2021). Alternatively, cancer cells can acquire 

adaptations by activating mechanisms that allow them to survive, proliferate, and metastasize 

despite the low oxygen levels. One key mediator for cellular responses under hypoxia is the 

hypoxia-inducible factors (HIFs) that include three different proteins 1, 2, and 3 each of which 

contains two subunits α and β (Mehrabi, 2018). During normal conditions, HIF-1α is degraded, 

although, under hypoxic environment, HIF-α receives modifications, becomes a dimer with the β 

subunit, and interacts with other activating proteins (Lee, 2004). As a result, HIFs regulates the 

transcription of hypoxia-inducible genes that are associated with cell viability, metabolism, and 

angiogenesis (Suresh, 2023).  

Acidosis is an additional characteristic of the cancer's surrounding environment. Studies have 

shown that the pH in normal tissues is approximately 7.4 however in cancerous tissues it can 

reach the range of 6.5 to 6.9 (Zhao, 2015). Malignant cells develop multiple mechanisms that 

contribute to the reduction of the pH in the tumor microenvironment. Otto Warburg has 

demonstrated that cancer cells shift to aerobic metabolism independently of oxygen 

concentrations (Estrella, 2013). Under physiological conditions, cells catalyze the glycose and 

produce two molecules of pyruvate and adenosine triphosphate (ATP) through glycolysis which 

takes place in the cytoplasm. Followed by oxidative phosphorylation in mitochondria which 

provides the cell with ATP to utilize for cellular typical biochemical activities (Bensinger, 2012). 

The Warburg effect demonstrates that cancer cells choose glycolysis as their main energetic 
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process and convert pyruvate into lactate promoting acidosis in the tumor microenvironment 

(Estrella 2013, Rigoulet 2020). Furthermore, among other factors, HIF-1a regulates enzymes 

associated with aerobic metabolism which are necessary for the Warburg effect of cancer cells 

(Vaupel, 2021). Recent studies have indicated that the acidic conditions of the tumor 

microenvironment not only affect cancer cells but also contribute to the tumor-promoting 

functions of non-cancer cells. For instance, malignant cells benefit their cell proliferation, 

survival, and dissemination. On the other hand, cells surrounding the cancer cells enhance the 

tumor-promoting effects by alternating their gene expression profiles influenced by acidic 

conditions (Courtnay, 2015). Overall, acidosis in the tumor microenvironment is linked to 

several aspects of tumor-promoting processes such as cell migration and invasion, immune 

evasion, and therapy resistance (Andreucci, 2023).  

Recently, several studies focused on elevated interstitial fluid pressure and solid stress in tumors 

relative to normal tissues (Pillai, 2019). The interstitial space refers to connective and supporting 

tissues that are located surrounding the parenchymal cells, blood, and lymph vessels. It 

comprises the interstitial fluid and ECM components. Typically, interstitial fluid is responsible 

for carrying nutrients and waste products between cells and blood vessels. Moreover, it 

transports ions, gases, and a variety of signaling molecules such as cytokines between the cells. 

Thus, interstitial fluid has a significant impact on tissue homeostasis, cellular communication, 

and immune response (Cairns, 2006). Multiple factors have been demonstrated to raise the 

interstitial fluid pressure observed in the tumor microenvironment. For instance, cancer cells and 

stromal cells release molecules that activate fibroblasts and infiltrate immune cells surrounding 

tumors and as a result, increase the cellular density. Additionally, these stromal cells alter the 

composition of ECM and promote angiogenesis, leading to a “reactive stroma” (Wiig, 2012). 

Furthermore, tumors frequently have abnormal leaky blood vessels with increased permeability 

due to the expression of VEGF. This leads to an increased release of proteins and molecules in 

tumor mass, resulting in an elevated colloid osmotic pressure of interstitial space. Also, it has 

been shown that malignancies disturb the flow of lymph within the tumor, consequently 

impairing the removal of interstitial fluid from the tumor site and increasing pressure in the 

interstitial space. Collectively, elevated interstitial fluid pressure and solid stress are essential 

traits of mechanical environment that apply forces and pressure to solid tumors. Studies 
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demonstrated that these physical forces within the tumor microenvironment significantly affect 

the effectiveness of cancer therapies and correlate with lymph node metastasis (Wiig, 2010).  

 

6.3.2 Tumor-associated macrophages 

Macrophages are immune cells that eliminate pathogens in innate immunity using phagocytosis 

and contribute to tissue homeostasis by secreting chemokines that recruit other cell types at 

damaged sites (Heldin, 2004). In the surrounding site of the tumor, distinct types of the host’s 

immune cells are infiltrated, and macrophages are the most extensive immune cells present at 

these sites. These cells are defined as tumor-associated macrophages and can be distinguished 

into groups with different functionalities. The role of TAMs is diverse depending on the stage of 

cancer progression and signals from the tumor microenvironment. It has been demonstrated that 

tumor-associated macrophages are present at various stages of tumor development and 

dissemination including secondary tumor sites (Hirayama, 2017). 

The M1 macrophages promote inflammation by secreting pro-inflammatory chemokines and 

reactive oxygen species resulting in the recruitment of other immune cells that attack tumor cells. 

Although M2 macrophages display support for tumor growth and metastasis through the 

secretion of chemokines that suppress inflammation and matrix metalloproteinases that disrupt 

extracellular matrix components contribute to the tumor cell migration and invasion. 

Additionally, there is a group of M2 macrophages that facilitates angiogenesis due to the 

combinatory release of chemokines that stimuli endothelial cells to proliferate, change the ECM 

components, and supply vascularization such as BFGF, VEGF, IL-1, IL-8, TNF-α, MMP-9, and 

MMP-2 (Bied 2023, Pan 2020). Another important category of macrophages that exists in 

tumors is metastasis-associated macrophages which support cancer cells in the whole stages of 

the metastatic cascade. Particularly, studies indicate that macrophages contribute to the entry, 

surveillance, and exit of malignant cells into the bloodstream and prepare the secondary side for 

the establishment of metastatic foci (Lendeckel, 2022).  
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6.3.3 Cancer-associated fibroblasts  

Cancer-associated fibroblasts represent another type of stromal cells and are the most abundant 

in the tumor microenvironment (Lin, 2019). Fibroblasts are in connective tissues and mediate the 

secretion of ECM components. During wound healing and fibrosis of various organs, fibroblasts 

become activated and convert to myofibroblasts (Cirri, 2011). This type of fibroblast obtains 

contractile stress fiber and exhibits the characteristics expression of α-smooth muscle actin (α -

SMA) and the ED-A splice variant of fibronectin. It has been observed that CAFs display these 

traits of myofibroblasts in many tumors. However, unlike myofibroblasts, CAFs are not driven to 

apoptosis and their activation is irreversible. In addition to the expression of α -SMA, fibroblast 

specific protein (FSP) and platelet-derived growth factor (PDGF) receptors- β are considered as 

CAF markers (Lin, 2019).  

Several studies have shown that CAFs within the tumor microenvironment can originate from 

various precursor cells. The primary source of CAFs is the resting fibroblast and stellate cells 

that are present at the tumor sites. For instance, cancer cells release chemokines and cytokines 

which activate molecular pathways of resident cells, eventually inducing their transformation 

into CAFs. Moreover, CAFs can arise from other epithelial or endothelial cells via the 

mechanisms of epithelial/endothelial-to-mesenchymal transition (EMT/EndMT) respectively. 

Furthermore, bone marrow recruits mesenchymal stem cells and immune cells such as 

macrophages in the tumor microenvironment which can be converted to CAFs. It is 

demonstrated that TGF-β, WNT, and IL-6/STAT3 signaling are important for the transformation 

of mesenchymal stem cells into CAFs (Hinz, 2007). Therefore, the heterogeneous origin of 

CAFs contributes to the existence of various CAFs subtypes in the tumor microenvironment with 

diverse gene expression profiles (Yang, 2023).  

Despite the diverse origins and gene expression patterns of CAFs that categorize them in 

different subpopulations, CAFs display conflicting functions with tumor-promoting and tumor-

suppressive roles in the tumor microenvironment. Particularly, it is evident that CAFs support 

tumor development by the secretion of pro-inflammatory, immune-suppressive, ECM 

remodeling, and angiogenesis factors. However, other studies revealed some tumor-suppressive 

functions of CAFs. For example, CAFs were shown to eliminate the invasion and self-renewal of 
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cancer stem cells and delay tumor progression by enhancing the sensitivity to the treatment 

(Weber, 2009).  

The development of new anti-cancer therapies targeting stromal cells, particularly CAFs, has 

been rapidly growing. Due to the understanding of the presence of varying CAFs subtypes with 

different functionalities, new therapies must focus on targeting those that display tumor-

promoting effects (Feng, 2022). Some of the existing approaches include the blocking of the 

differentiation of CAFs from other cells and the selective depletion of CAFs tumor-supportive 

populations. Other strategies involve reprogramming the tumor-promoting CAFs into tumor-

suppressive CAFs and inhibiting the interactions between cancer cells and CAFs to diminish 

their tumor-promoting function (Hinz, 2007). All these approaches for targeting tumor- 

supportive CAFs are schematically summarized in Figure 4. 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4: Current approaches for selectively targeting tumor-promoting CAFs in the 

tumor microenvironment. The first approach aims to block the differentiation of other cell 

types such as mesenchymal or mesenchymal stem cells into CAFs by inhibiting of signaling 

pathways responsible for that. The second approach is to use genetic manipulation tools or 

antibodies to target specifically only the tumor-supportive CAFs populations. Thirdly, 

scientists promote the differentiation of tumor-suppressive CAFs by inducing reprogramming 

of tumor-supportive to acquire phenotypes of the suppressive populations. Finally, specific 

antibodies block the signaling molecules that are important for cancer cells and CAFs 

interactions resulting in the inhibition of the CAFs function. (Adapted from Yang et al, 2023) 
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6.4 In vivo and in vitro tools for cancer research:  

6.4.1 In vivo models used in cancer research 

In vivo models have a crucial role in cancer research, because using animal models, such as 

mice, provides the ideal recapitulation of the tumor microenvironment. This is the main 

advantage of in vivo models, as it presents the greatest challenge of in vitro models (Chen, 2019). 

Mice and rats are the most favored animals in cancer research due to being closely related to 

humans and the extensive knowledge about their genetic background (Katt, 2016). Specifically, 

mouse models have been used to examine fundamental processes for tumor progression like 

metastasis and drug resistance. Furthermore, they are considered pre-clinical models for the 

evaluation of anti-cancer treatments. Moreover, genetically engineered and 

immunocompromised mice are used for tumor xenografts to examine primary and metastatic 

tumor growth (Chandra, 2020). However, in vivo models come with limitations, thus the 

utilization of in vitro tools in cancer research is a necessity. For instance, working with animals 

comes with ethical concerns, is costly, time-consuming, labor-intensive due to the demands of 

special researchers and laboratory facilities (Martinez-Pacheco, 2021), and usually can only 

provide end point evaluations.   

 

6.4.2 Commonly used in vitro models for cancer research:  

In vitro tools have the advantages of being efficient, easily controlled, low cost, and provide 

easily reproducible experiments related to in vivo models (Jubelin, 2022). Several in vitro tools 

are used in cancer research and each of them is utilized to examine different stages of cancer cell 

development and dissemination. Thus, in vitro models can be classified into different levels of 

complexity, ranging from 2D to 3D models (Chen, 2019). 

6.4.2.1 Wound healing assays: 

Wound healing assays, also known as scratch assays, are widely used in cancer research, and 

considered as essential 2D in vitro tools for research. Wound healing is a cellular process 

responsible for tissue regeneration after injury or damage under physiological conditions (Grada, 
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2017). These assays are applied to study collective cell migration and multiple studies have 

utilized them to examine the migration capacity of malignant and non-malignant cells under 

different experimental conditions (Christensen 2013, Migliaccio 2023, Ahmadiankia 2016). 

Specifically, scientists generate a scratch in a confluent monolayer of cells using a pipette tip for 

example, and the migration of cells is estimated by the gap closure over time. The exact 

procedure of wound healing assays is shown in Figure 5. Additionally, they mentioned that to 

minimize the contribution of the proliferation factor to the closure of the gap, they usually 

conduct wound healing assays for a short time from 8-24 hours and use starvation media without 

growth factors. Thus, these assays are quick, simple without the necessity of any special 

equipment, adaptable, and cost-effective (Christensen 2013, Migliaccio 2023).  

 

 

 

 

 

 

 

 

 

 

 

6.4.2.2 Boyden chamber assays: 

The most commonly used 2D in vitro assay for examining tumor cell invasion is the transwell 

migration assay, also called Boyden chamber assay. The main concept of these assays is based 

on a porous membrane where the cells migrate through the pores which can vary between 3-

12μm diameter. Specifically, the membrane insert generates the two-chamber system consisting 

Figure 5: Wound healing assay for studying migration abilities of cells. (A) The 

wound healing assay is conducted on a confluent monolayer of cells by generating a 

scratch using a pipette tip. (B) The migration ability of cells is assessed by observing the 

gap closure over time. Adapted from (Bise et a, 2011) 
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of the upper and the lower (Bise, 2011). The cells are seeded on the upper chamber in a serum-

free medium and then migrate through the porous into the lower chamber which comprises a full 

serum medium or chemoattractant as shown in Figure 6. The migration ability of cells is 

determined by the number of cells that move to the lower chamber relative to the initial cell 

population (Schirmer, 2024). Thus, transwell migration assays are effortlessly implemented 

(Katt, 2016).  

 

 

 

 

 

 

6.4.2.3 Modified Boyden chamber assays: 

Although these 2D in vitro assays are considered by many researchers to be unreliable self-

sufficient pre-clinical models for cancer research. Primarily, both wound healing and transwell 

migration assays are excessively basic and display low physiological relevance. Particularly, the 

lack of essential players in the tumor microenvironment such as ECM components and other cell 

types can alter the cell’s capacities including the migratory abilities, shape, and intracellular 

pathways as mentioned before (Kramer, 2013). Therefore, there was a need to develop in vitro 

models with increased complexity to better mimic the in vivo microenvironment. An approach to 

achieve that is the inclusion of ECM components and other cell types in these assays. For 

Figure 6:  Schematic representation of the Boyden chamber assays that are used to 

examine cell migration. The insert membrane creates a two-chamber system, the upper 

chamber and the lower chamber. The examining cells are placed in the upper chamber in a 

serum-free media whereas the lower chamber consists of full-serum media. The migration 

ability of the cells is estimated by the number of cells compared to the initial cell 

population that migrate through the porous membrane into the lower chamber. Adapted 

from (Schirmer et al., 2024). 
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example, scientists used modified transwell assays by including ECM like Matrigel or collagen. 

Particularly, the membrane insert which generates the two-chamber system is coated with an 

ECM component. Then, cells are seeded on the upper chamber in a serum-free medium, invade 

through the ECM barrier and pass via the porous membrane into the lower chamber which 

consists of full serum medium, as shown in Figure 7. Through this approach, they evaluate the 

invasion capacity of cells, defined as the movement of cells in a 3D environment and the 

remodeling of ECM (Schirmer 2024, Justus 2023). Even with the presence of ECM and co-

cultures with other cell types which results in more realistic morphology of cells compared to 2D 

in vitro models, these techniques are characterized as 2.5D. This is due to cell-to-cell and cell-to-

ECM interactions occurring only at the side of contact instead of the entire 3D environment as 

existing in a living organism condition (Zhang 2017, Shamir 2014). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 7: Schematic representation of the Modified Boyden chamber assays for 

examining invasive abilities of cells. The porous membrane of the insert is coated 

with an extracellular matrix component such as Matrigel or collagen. The examining 

cells are placed on the upper chamber in a serum-free media whereas the lower 

chamber consists of full-serum media. The invasion ability of the cells is estimated by 

the number of cells compared to the initial cell population that invade through the 

ECM barrier and pass via the porous membrane into the lower chamber. Adapted from 

(Justus et al., 2023). Alex
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6.4.2.4 Τumor spheroid-based assays: 

Currently, many scientists are increasingly focusing on 3D in vitro tools for cancer research. 3D 

in vitro models are intricate relative to 2D models however, they mimic crucial aspects of the 

tumor microenvironment. Under the pressure of the tumor microenvironment, tumor cells can 

preserve their tumorigenic characteristics which can support the investigation mechanisms 

responsible for cancer progression, metastasis, and drug development using an in vitro tool 

(Tidwell, 2021). Tumor-spheroids assays are the gold standard 3D in vitro models to study 

tumorigenesis, metastasis, and drug screening. Cancer spheroids are aggregates of cells that can 

be formed by several methods. This can occur through an anchorage-independent system where 

cells are in suspension or through an anchorage-dependent system where cells are embedded into 

ECM, as illustrated in Figure 8 (Katt 2016, Manduca 2023). Thus, tumor spheroid-based 

techniques mimic and allow the examination of cell-to-cell and cell-to-ECM crosstalk that are 

present in living organisms. The size of spheroids can vary, yet those exceeding 200μm can 

establish oxygen and nutrient gradients which are additional elements of the tumor 

microenvironment that can be replicated in spheroid-based assays. Also, a necrotic core and an 

external proliferative zone with dividing cells that resemble a solid tumor can be generated with 

even larger spheroids beyond 500 μm (Langhans, 2018). Moreover, spheroids can be created by 

co-culturing different cell types such as fibroblasts which enables the study of interactions 

between these cell types in cancer progression. Furthermore, scientists demonstrate that this co-

culture system effectively replicates the EMT process and local cell invasion observed at early 

stages of metastasis in vivo (Zanoni, 2016). Despite the advanced representation of the 3D 

environment of tumors, spheroid-based assays have limitations. Firstly, it is shown that the lack 

of uniformity in size and density of tumor spheroids across multiple experiments significantly 

can affect the examining parameters like drug response leading to low reproducibility (Kim, 

2015). Secondly, the generation of tumor spheroids can be challenging and time-consuming due 

to cell lines like the breast cancer MDA MB-231, which cannot form tightly adherent spheroids 

(Gong, 2015). Therefore, these assays are unsuitable for high-throughput drug screening (Kim, 

2015).  
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6.4.2.5 Microfluidic devices: 

Microfluidic devices are considered promising in vitro tools that are used in cancer research. 

Currently, there exist varying microfluidic-based devices that highly mimic the tumor 

microenvironment and facilitate the identification of biomarkers that improve the diagnosis and 

treatment (Han, 2021). In addition, microfluidic devices provide numerous applications that 

replicate almost every stage of cancer progression and metastasis such as the investigation of cell 

migration, invasion, immune responses as well as intravasation and extravasation (Katt 2016, 

Azadi 2020).  Furthermore, these tools can be utilized in high throughput drug screening and 

single-cell analysis enabling the study of cellular heterogeneity within cancer cell populations 

and enhancing precision medicine (Bargahi, 2022).  Despite the significant contribution of 

microfluidic devices in cancer research, they also have limitations. For instance, the setup of 

these tools is quite complex, requires user expertise, and is costly due to the need for additional 

equipment to achieve the high recapitulation of the tumor microenvironment (Azadi 2020, Han 

Figure 8: Schematic representation of the different techniques that are used to 

generate 3D culture spheroids. Anchorage-independent methods include hanging drop, 

low attachment plate, and magnetic levitation where the cells are in suspension, and these 

approaches allow cells to generate aggregates. On the other hand, cells can be embedded in 

biological or synthetic hydrogels and assist the formation of 3D spheroids, which are 

categorized in anchorage-dependent methods. Additionally, there are more complex 

approaches such as microfluidic devices and micropatterned plates that are specialized to 

generate 3D spheroids.  Adapted from (Langhans, 2018) 
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2023). For the above reasons such devices has remained a niche tool with relatively limited use 

by the research community.  

 

6.5 Generation of InvasiCell:  

These in vitro models have provided essential information about cancer progression and 

metastasis, although due to their pre-mentioned limitations have poor in vivo translational 

potential. Studies emphasized the drug efficiency gap between in vitro and in vivo, since only a 

few therapies that show promise in vitro eventually prove efficacious in clinical studies (Jubelin, 

2022, Jardim 2017). Therefore, the development of new more physiological relevant in vitro 

models for studying tumor progression and evaluating the efficacy of drug is required 

(Mahalmani 2022, Sensi, 2019).  

Considering the limitations of the current in vitro models and their limited in vivo translation, our 

group (Skourides Lab) developed a novel device called InvasiCell which forms the basis for a 

new in vitro assay that can advance the examination of cancer, focusing on tumor invasion and 

metastasis. InvasiCell has a straightforward setup and facilitates quick experimentation. It 

contains a central circular core which allows the formation of tumor spheroids of every cancer 

cell line independently from its capacity to generate spheroids. InvasiCell can be utilized to study 

the first steps of the metastatic cascade which are tumor formation and local cell invasion. 

Particularly, tumor cells are embedded in a low serum collagen gel that imitates ECM and 

invades through an outer full serum gel. Finally, a full serum media is placed on the device to 

create a chemoattractant towards the cells and stimulate their invasion. Figure 9 illustrates a 

schematic representation of a general setup invasion assay using the InvasiCell device.  
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6.6 Characterization of InvasiCell device:  

Furthermore, according to unpublished data generated by the Ph.D canditate Adonis 

Hajdigeorgiou, InvasiCell recapitulates conditions of the tumor microenvironment present in 

virtually every solid tumor. Specifically, the collective data have shown that the device can 

establish de novo stable gradients of nutrients, oxygen, and pH. Moreover, Adonis’ showed that 

the tumor spheroids generated inside InvasiCell exhibit the three characteristic regions such as 

growing solid tumors in living organisms. For instance, the tumor spheroids display a central 

Figure 9: Schematic representation of the InvasiCell devise setup protocol. 1) Sample 

preparation: Performing a normal passage protocol, cells are harvested and centrifuged 

for 5 minutes at 1000rpm, followed by the immediate removal of the supernatant. 2) The 

cells (pellet) are resuspended in the low-serum collagen gel to achieve a concentration of 

100.000 cells and 1.5μl of the mixture is immediately introduced in the device’s central 

core. 3) A glass round coverslip is placed on the top of the device, thus sealing the device. 

The device is then placed in the incubator for 11 minutes until the collagen gel is 

polymerized. 4) After, a full serum collagen gel that mimics ECM is introduced to the 

invasion zone of the device through the side and then again placed in the incubator in a 

humid environment for its polymerization. 5)Finally, the cell culture media, is added to 

immerse the device. 6) The device is ready for imaging or placement in an incubator for 

subsequent analysis.  
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necrotic core where cells have died, a periphery ring where the cells undergo apoptosis due to the 

lack of oxygen and nutrients, and a proliferative ring where cells are actively dividing because of 

the availability of nutrients and oxygen. All the gradients and the three characteristic rings 

observed in the tumor microenvironment can be replicated using the InvasiCell device, as shown 

in Figure 10. Thus, InvasiCell provides the investigation of the invasive potential of various 

cancer cell lines under conditions that exist in a 3D in vivo environment.  
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6.7 Generation and isolation of MDA-i cell line: 

Taking into account that InvasiCell recapitulates conditions and induces similar selection 

pressures that exist in the tumor microenvironment, we proceeded with the isolation of cells after 

conducting invasion assays using the device. Particularly, the aim of my undergraduate thesis 

(Alexandra Manoli, 2022) was to examine how the selective pressures applied by InvasiCell 

which mimic the in vivo situations, have an impact on the metastatic abilities of cancer cells. 

Therefore, during my undergraduate project we have isolated the MDA-i cell line from MDA-

MB-231 (MDA) cells using InvasiCell. Specifically, MDA -GFP stable cells were introduced 

into the core of the InvasiCell device, and those that invaded beyond the invasion zone of the 

device were isolated. Then the process was repeated by using the MDA P1 (passage 1 from the 

device) cells, and the cells that exited the invasion zone were re-isolated, resulting in the 

generation of the MDA-i cell line (passage 2 from the device).  

 

 

 

Figure 10: InvasiCell device recapitulates conditions that exist in the tumor 

microenvironment. A) The InvasiCell device generates de novo gradients of nutrients (green), 

oxygen (red), and acidosis (blue). In the core of the device where tumor cells are placed, 

conditions such as starvation, hypoxia, and acidosis exist as found in solid tumors. However, as 

moving away from the core, there is a greater availability of nutrients and oxygen, the pH 

increases, resembling conditions near the blood vessels in the tumor microenvironment. B) MDA 

and MCF-7 cells were used to set up invasion assays using the InvasiCell device, and after 48 

hours the devices were stained using a necrosis/apoptosis assay kit. The healthy cells are shown 

in blue, the apoptotic cells in green, and the dead cells are shown in red. The tumor spheroids 

generated by the device form a central necrotic core (red), a periphery ring with cells driven to 

apoptosis (green), and an external ring with healthy cells that are actively proliferating due to the 

higher availability of nutrients and oxygen in this region. These three characteristic features are 

observed in solid tumors. (Unpublished data from Adonis Hajdigeorgiou). 

 

 

Alex
an

dra
 M

an
oli

 



 

32 
 

 

 

 

 

 

 

 

 

 

 

6.8 Characterization and comparison of isolated MDA-i cell line: 

Our objective was to assess any differences between the parental MDA and isolated MDA-i cell 

lines which can be generated by the applied pressures of the InvasiCell which could lead to 

enhance the metastatic potential of isolated MDA-i cells.  

Firstly, we investigated some essential cellular characteristics of cancer cell lines such as 

proliferation rates and migration abilities. To evaluate the proliferation rates of these cell lines, 

we used fluorescence intensity as an indicator, and our data revealed that under physiological 

conditions MDA and MDA-i cell lines showed similar proliferation rates. However, we observed 

that under conditions that exist in the tumor microenvironment such as starvation, hypoxia, and 

acidosis MDA-i cells displayed significantly increased proliferation compared to the parental 

MDA cells. Afterward, we proceeded to investigate the FA kinetics which is crucial for the 

migration abilities of cells through time-lapse confocal microscopy using paxillin as a focal 

adhesion marker. Our data showed that the isolated MDA-i cells exhibit faster FA turnover 

Figure 11: The generation and isolation of MDA-i cell line. MDA stable cells were 

introduced in the core of device and the ones that exited the invasion zone of the device 

were isolated. After that, these isolated cells (MDA MB-231-GFP passage 1) were 

introduced to the device, and the re-isolation led to the generation of the MDA MB-231-

GFP (passage 2) cell line. 
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whereas FAs of the parental cells have a longer lifetime, suggesting that the isolated cell line 

displays higher migration abilities.  

Following that, we investigated whether these two cell lines have gene expression changes that 

could explain the altered phenotype of isolated MDA-i cells. Thus, we conducted western blot 

analysis and our data showed that c-Myc which is a known oncogene associated with 

uncontrolled cell proliferation was remarkably overexpressed in MDA-i cells. Although, p53 

which is a tumor suppressor protein, was significantly downregulated in the isolated MDA-i cells 

compared to their parental MDA cells. Furthermore, the activated phospho-FAK was slightly 

elevated in the isolated MDA-i cells relative to the parental MDA cells. This could explain the 

faster FAs disassembly and assembly of MDA-i cells since FAK has a crucial role in the kinetics 

of FAs.  

Finally, to validate the increased proliferation rate under conditions that exist in the tumor 

microenvironment and the elevated migration abilities of MDA-i cells, we performed in vivo 

experiments. Orthotopically injection into nude mice revealed that MDA-i cells showed greater 

tumor establishment ability and formed larger tumors compared to MDA cells. Additionally, the 

isolated MDA-i cells generated greater number of metastatic foci in the lungs of mice, as shown 

in Figure 12. Therefore, in vivo experiments confirmed the altered phenotype of isolated MDA-i 

cells observed in vitro relative to parental MDA cells. 
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6.9 Examining the InvasiCell device for the isolation of cells with increased metastatic 

potential: 

Considering all the data from the characterization and the comparison between the parental 

MDA and the isolated MDA-i cells, Adonis Hajdigeorgiou progressed with the isolation of 

another cell line. Particularly, he used the pancreatic cancer cell line PANC-1 as parental cells. 

Following the same procedure used for MDA-i cells isolation, he generated the isolated PANC-i 

cell line. Unpublished data from our lab suggest that the parental PANC-1 cells displayed higher 

expression of E cadherin compared to the isolated PANC-i cells. However, the isolated PANC-i 

cells exhibit increased expression of N-cadherin compared to their parental cells. This data 

indicates that the isolated PANC-i cells undergo EMT by switching their expression of cadherins 

while in the device. Studies suggested that the EMT contributes to the migration and survival of 

cancer cells during initial steps of metastasis (Safa, 2020). In order to evaluate the in vivo 

metastatic potential of the parental PANC and isolated PANC-i cell lines, Zebrafish xenografts 

experiments were performed. Data generated by Konstantinos Chatzileris showed that the 

isolated PANC-i cells exhibited higher incidence of metastasis and dissemination of cells to the 

tail fin compared to the parental PANC cells (Figure 13). Thus, the InvasiCell isolated PANC-i 

cell line displayed greater in vivo metastatic potential than the parental PANC cells.  

 

 

Figure 12: The in vivo experiments validated the altered phenotypes of isolated MDA-i 

cells observed in vitro. A) Images of primary tumors from isolation 8 weeks post 

orthotopic injections. Mice were injected with MDA 3x10^6 cells and their primary tumors 

(n=2) are present above. Mice were injected with 3x10^6 isolated MDA-i cells, and their 

primary tumors (n=2) are shown below. Mice injected with the isolated MDA-i cells 

formed larger tumors than those injected with the parental MDA cells. B) The graph 

illustrates the tumor volume of mice (mm^3) over time (weeks post injections). The data 

showed that MDA-i cells established tumors earlier and formed larger tumors in mice 

compared to MDA cells. C) The graph shows the percentage of lung sections with 

metastatic nodules from mice that were injected with MDA and MDA-i cells. Data suggests 

that MDA-i cells significantly higher number of metastatic foci compared to MDA cells.  
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Figure 13: In vivo experiments using Zebrafish xenografts validated the higher in vivo 

metastatic potential of the isolated PANC-i cell line compared to the parental PANC cell 

line.Cells (PANC and PANC-i) were transplanted in the PVs (Perivitelline space) of 2dpf (2 

days post fertilization) zebrafish embryos (n=30 for each cell line). Xenografts injected with 

the isolated PANC-i cells displayed higher incidence of metastasis both at 1dpi and 3dpi (days 

post injections). Data generated by Konstantinos Chatzileris 
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MATERIALS AND METHODS 

 

7.1 Cell lines: 

MCF-7, MDA MB 231-GFP stables (generated by Ph. D candidate Maria Christoforou), and 

MDA MB 231 -GFP isolated, MDA231-LM2-4175, PANC-1, PANC-1 isolated, MIA PaCa-2 

and NIH/3T3 cells were cultured at 37°C with 5% CO2 in Dulbecco’s Modified Eagle’s 

Medium-DMEM (UltraCruzTM) supplemented with 10% Fetal Bovine Serum (PANTM 

Biotech) and 1X Antibiotic/Antimycotic solution (Biosera). Trypsin-EDTA 0.05%/0.02% in PBS 

(PANTM Biotech) and 1XPBS pH 7.4 (Gibco) were used during cell splitting and cell passaging 

from a confluent 6cm plate (UltraCruzTM). Cells were cryopreserved at a temperature of -194οC 

in liquid nitrogen with complete growth medium supplemented with 5% (v/v) DMSO 

(SigmaAldrich). 

 

7.2 Wound healing assays: 

Cells were seeded in charged 2-well glass-bottom μ-slide (Ibidi) with DMEM supplemented with 

10% FBS and 1X Antibiotic/Antimycotic solution. After the cells reach the confluence, DMEM 

was substituted by Leibovitz's L-15 Medium (Gibco) supplemented with 1% FBS 1X 

Antibiotic/Antimycotic. Then, a 200-μl sterile plastic micropipette tip was used for scratch-

making in the monolayer of cells to create a cell-free gap. The starvation situation was performed 

to avoid the proliferation factor of cells affecting the gap closing. Finally, the slides were placed 

in the ibidi control system, and the temperature was stable at 37°C for live imaging. Live 

Imaging was performed on a Zeiss Axiovert 200M Microscope with the Axiovision software 

(AxioVs40 V 4.7.2.0) using 5X magnification with 2-hour intervals for 24 hours. 

 

7.3 Transwell migration assays (Boyden chamber):  

All transwell migration experiments were conducted using the 12-well insert 8.0 μm PET clear 

(cellQART®) for 12-well tissue culture plates (UltraCruzTM). Cells and inserts were subjected 

to starvation conditions 24 hours prior to the experiments. Cells were seeded in a 6cm plate and 

after becoming confluent, cells were starved by adding 5 ml of DMEM supplemented with 0.2% 
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FBS for 24 hours. The inserts were placed in a 12-well plate, where each insert contained 500μl 

of DMEM supplemented with 0.2% FBS on the upper side for 24 hours. The starvation media 

was removed from the upper side of inserts and two 200.000 cells were seeded within the upper 

side of inserts in 500μl of DMEM supplemented with 0.2% FBS. Each well of the 12-well plate 

containing the inserts was filled with 750μl of DMEM supplemented with 10% FBS 1X 

Antibiotic/Antimycotic solution to generate a gradient for cell migration. After that, the cells 

were allowed to migrate through the porous membrane of the insert for 24 hours. Then, all media 

were aspirated from both the upper and lower sides of the inserts and a cotton swab was used to 

gently scrapping any remaining cells from the upper side of the inserts membrane. Following, the 

inserts were placed in 400μl of Trypsin-EDTA 0.05%/0.02% in PBS per well and the 12-well 

plate was placed in the incubator at 37°C with 5% CO2 for 5 minutes. Subsequently, cell 

counting was performed and the migration percentage was determined. Migration percentage = 

number of cells in the lower chamber of insert/ total number of cells seeded in the upper chamber 

×100%. 

 

7.4 Modified transwell migration assays:  

The upper chamber of the 12-well insert was coated with 100μl of 0.125% collagen gel 

consisting of 192μl DMEM with 10% FBS and 1X Antibiotic/Antimycotic solution, 11μl 10X 

PBS (Gibco), 0.313μl NAOH 1M, and 6.69μl Collagen I, rat tail (3-4 mg/ml) (Santa Cruz 

Biotechnology). Then, the 12-well plate containing the coated inserts was placed in the incubator 

at 37°C with 5% CO2 for 24 hours. Following, cells and inserts were subjected to starvation 

conditions 24 hours prior to the experiments. Cells were seeded in a 6cm plate and after 

becoming confluent, cells were starved by adding 5 ml of DMEM supplemented with 0.2% FBS 

for 24 hours. The inserts were placed in a 12-well plate, where each insert contained 500μl of 

DMEM supplemented with 0.2% FBS on the upper side for 24 hours. The starvation media was 

removed from the upper side of inserts and 500.000 cells were seeded within the upper side of 

inserts in 500μl of DMEM supplemented with 0.2% FBS. Each well of the 12-well plate 

containing the inserts was filled with 750μl of DMEM supplemented with 10% FBS to generate 

a gradient for cell migration. After, the cells were allowed to migrate through the porous 

membrane of the insert for 48 hours.  Afterward, all media and collagen gel were aspirated from 
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the inserts and a cotton swab was used to gently remove any remaining cells from the upper side 

of the inserts membrane. Following, the inserts were placed in 750μl of Trypsin-EDTA 

0.05%/0.02% in PBS per well and the 12-well plate was placed in the incubator at 37°C with 5% 

CO2 for 5 minutes. Subsequently, cell counting was performed and the migration percentage was 

determined.  

 

7.5 Generation of tumor spheroids:  

Three-dimensional tumor spheroids were generated using 1% agarose-coated 96-well plate 

(UltraCruzTM) to prevent cells from to attach the surface. Each spheroid initially consists of 

2500 cells and by performing normal cell passage protocol, the relevant volume was placed per 

well. After the addition of DMEM supplemented with 10% FBS to reach the final volume of 

100μl per well, the plate was centrifuged at 1100 rpm, 200g for 5 minutes to form cell 

aggregates. Subsequently, cell aggregates were allowed to generate spheroids in the incubator at 

37°C with 5% CO2 for 48 hours. Following, the media from each well was gently aspirated 

using a 0.5 ml syringe and then the spheroids were embedded in 100μl an ECM mimic collagen 

gel. The gel contains 89 μl DMEM supplemented with 10% FBS, 11 μl 10XPBS, 5 μl NAOH 

1M, 2 μl Antibiotic/Antimycotic solution, and 107 μl Collagen I. Afterward, the spheroids were 

placed in the incubator at 37°C with 5% CO2 for 1 hour and a volume of 100 μl of DMEM 

supplemented with 10%FBS was added per well. Then, to evaluate the invasive potential of 

different cell lines, static images were obtained for 3 days by using the Zeiss Axiovert 200M 

Microscope and Axiovision software (AxioVs40 V 4.7.2.0).  

 

7.6 Invasion assay using InvasiCell device: 

7.6.1 Treatment of the device before the setup of the invasion assay: 

The polydimethylsiloxane (PDMS) (Dow Corning) made devices were initially charged by their 

introduction to a plasma chamber for 3 minutes. Subsequently, the devices were treated with 

vapor saline for 3 minutes. Additionally, the round 15mm glass coverslip (Thermo Scientific) 

which is sealing the device, was treated with Rain-X.  
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7.6.2 Solutions for invasion assay were prepared: 

 -Inner collagen gel (2%): 64 μl DMEM, 25 μl DMEM supplemented with 10% FBS and 1X 

Antibiotic/ Antimycotic solution, 11 μl 10X PBS, 5 μl 1M NAOH, 2 μl 1X 

Antibiotic/Antimycotic solution, and 107 μl Collagen I. 

 -Outer collagen gel (2%): 89 μl DMEM supplemented with 10% FBS and 1X 

Antibiotic/Antimycotic solution, 11 μl 10X PBS, 5 μl 1M NAOH, 2 μl 1X 

Antibiotic/Antimycotic solution and 107 μl Collagen I.  

The DMEM supplemented with 10% FBS in the outer gel is a 3:1 ratio with the inner gel to 

generate a growth factor gradient, which operates as a chemoattractant for the cells.  

7.6.3 Sample preparation for invasion assay:  

Succeeding a normal passage protocol, 1 ml of cells was collected in an Eppendorf tube and 

centrifuged for 6 minutes at 1000rpm. After the removal of the supernatant, cells were washed 

by adding 1ml of 1X PBS and were centrifuged again for 6 minutes at 1000rpm, followed by the 

disposal of the supernatant. Then the cells were resuspended in the inner collagen gel to achieve 

a final concentration of 100,000 cells.  

In co-culture experiments with fibroblasts (NIH/3T3), following normal passage protocol, 1 ml 

of NIH/3T3 cells was additionally collected in an Eppendorf tube. Cancer cells and fibroblasts 

are in a ratio of 5:1 in the inner gel which is placed in the core of the device. The relevant 

volume of NIH/3T3 cells was added to the Eppendorf containing the cancer cells and centrifuged 

for 6 minutes at 1000 rpm. After the removal of the supernatant, the mixture of cancer cells and 

fibroblasts was washed by adding 1ml of 1X PBS and was centrifuged again for 6 minutes at 

1000rpm, followed by the disposal of the supernatant. Then the cells were resuspended in the 

inner collagen gel to achieve a final concentration of 120,000 cells. 
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7.6.4 The setup of invasion assay using InvasiCell: 

Immediately after the resuspension of cells in the inner gel, 1,5μl from the mixture was 

introduced into the device core, which is designed by the inner posts. Then, a round 15mm glass 

coverslip (Thermo Scientific) was placed on the PDMS outer spacers of the device, converting 

the droplet into a round disc. Next, for the polymerization of the hydrogel, the device was placed 

in an incubator at 37°C with 5% CO2 for 11 minutes. Following that, to form the invasion zones 

of the device, the outer collagen gel solution was introduced around the core of the device until 

the area designated by the device's outer posts was completely occupied. Subsequently, for the 

polymerization of the hydrogel, the device was placed in an incubator at 37°C with 5% CO2 for 

30 minutes. Finally, DMEM supplemented with 10% FBS and 1% 1X Antibiotic/Antimycotic 

solution was added until the device was completely immersed. Then, to evaluate the metastatic 

potential of different cell lines, static images were obtained every day by using the Zeiss 

Axiovert 200M Microscope and Axiovision software (AxioVs40 V 4.7.2.0) until the cells 

reached the outer spacers. 

 

7.7 Immunostaining on invasion assays for secreted factors using InvasiCell: 

Devices with co-cultured invasion assays of MDA MB 231-GFP and MDA MB 231-GFP 

isolated with fibroblasts were washed 3 times with 1X PBS, and their fixation was performed in 

4% paraformaldehyde (PFA) solution in 1X PBS for 15 minutes. After the removal of the round 

coverslip from the devices, the fixation was continued for 45 minutes. PFA fixation was 

followed by incubation in a 50 mM glycine solution (pH=7.8) in 1X PBS for 20 minutes. 

Subsequently, the invasion assays were washed 4 times for 10 minutes in 1X PBS and then 

blocked with the use of 10% donkey serum (Jackson ImmunoResearch) in 1X PBS for 2 hours. 

Following that, invasion assays were incubated with primary antibodies in block solution 

overnight at 4°C. The primary antibodies used in this experiment were: Collagen type III N-

terminal rabbit 1:500 (ProteinTech). Then, the primary antibody was washed 4 times with 1X 

PBS for 10 minutes before the addition of the secondary antibodies in block solution overnight at 

4°C. The secondary antibody used in this experiment was: Alexa Fluor® 647 donkey anti-rabbit 

1:200 (Jackson Immunoresearch). Afterward, the secondary antibodies were washed 4 times with 

1X PBS for 10 minutes. The volume of 500μl of 1XPBS was added to cover the device and then 
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the device was placed on glass-bottom 35 mm plates (Ibidi). For the imaging, a square cover 

glass L × W 22 mm × 22 mm, (Sigma Aldrich) was placed on the top of it. Images were obtained 

by using a Zeiss LSM 910 airyscan laser confocal microscope with the ZEN 2010 software.  

 

7.8 Drug evaluation in cell culture: 

All the drug evaluation experiments were conducted using a 50mM stock solution of 

Doxorubicin hydrochloride (Santa Cruz). MDA MB 231-GFP and MDA MB 231 -GFP isolated 

were seeded at a density of 50.000 cells per well using a 24-well plate (UltraCruzTM) containing 

1 ml DMEM supplemented with 10% FBS. After 24 hours, fresh cell culture media was prepared 

with the concentrations 87.51μM, 43.76 and 21.87 μM of the drug. Cells were exposed to drug 

concentration for 24 hours. After that, cell counting was conducted using a hematocytometer for 

all drug concentrations, and the number of surviving cells was estimated. Then, the obtained 

values were normalized with the values of untreated cells for each cell line.  

 

7.9 Drug evaluation using InvasiCell device: 

Invasion assays with MDA MB 231-GFP and MDA MB 231-GFP isolated cells were performed 

following the previously described protocol. Each device was immersed in 3 ml of DMEM 

supplemented with 10% FBS containing the concentration of  118 μM. Subsequently, static 

images were obtained every 24 hours with the same exposure time for each cell line for 3 days 

by using the Zeiss Axiovert 200M Microscope and Axiovision software (AxioVs40 V 4.7.2.0). 

The fluorescence intensity indicates the survival of cells was measured and then normalized with 

the intensities of untreated devices to estimate the cell survival.  
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7.10 Quantifications and statistical analysis: 

All quantifications were performed with the Axiovision LE software, ImageJ, and Zen Blue 

Edition. Fluorescence intensity was measured using ImageJ. Statistical analysis was performed 

with the GraphPad Prism software (Prism 8 For Windows, Version 8.01) 
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RESULTS 

 

8.1 Wound healing assays cannot reliably differentiate cell lines with varying in vivo 

metastatic potentials 

Despite their significant contribution to our understanding of specific events of the metastatic 

cascade, current in vitro models used in cancer research have several limitations that reduce their 

in vivo translational potential. These limitations are widely documented in the literature (Katt 

2016) and studies have even suggested that evaluating the tumor cells morphology is a more 

accurate predictor of tumors metastatic potential than using the currently available in vitro assays 

(Conner, 2024). However, InvasiCell, a novel device developed by our group, was shown to 

accurately replicate the in vivo tumor microenvironment in vitro and allowed the isolation of 

more metastatic tumor cell populations (Alexandra Manoli, 2022). Therefore, the aim of this 

study was to examine whether InvasiCell can be used as an accurate model to study various 

aspects of tumor progression, compared to the currently available in vitro tools used in cancer 

research. Initially, the ability of the existing in vitro models and InvasiCell to reflect in vitro the 

in vivo metastatic potential of tumor cells was evaluated by using already characterized cell lines 

with known in vivo metastatic potentials. Particularly, three breast cancer cell lines, namely the 

MCF-7, MDA-MB-231 (MDA), and MDA231-LM2-4175 (LM2) cells which have been 

classified as non-metastatic, metastatic, and highly metastatic respectively, and two pancreatic 

cancer cell lines, namely MIA PaCa-2 (PaCa) and Panc-1 (PANC), with PANC been descriped 

as more metastatic than Paca (Gradiz 2016, Yang  2019, Du 2017), were used for the initial 

evaluations. Additionally, InvasiCell derived cells lines MDA-i and PANC-i, which have been 

validated in vivo for their increased metastatic potential were compared to their respective 

parental cell lines by previous in vivo experiments within our lab (Alexandra Manoli, 2022) were 

also used during these evaluations. 
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One of the most widely used assays used to evaluate the metastatic potential of tumor cell lines 

in cancer research is the Wound healing assay, which is a 2D assay that estimates the collective 

migration abilities of tumor cells by measuring their ability to close a forcefully induce cell free 

gap. Thus, wound healing assays were performed by using the already characterised breast 

cancer cell line MCF7, MDA, and LM2, as shown in Figure 14A. Interestingly, the collected 

data showed that the travel distances, estimated by the gap closure over time, between metastatic 

cell lines such as MDA and LM2 were similar to those of non-metastatic MCF7 cells (Figure 

14B). Additionally, the metastatic breast cancer cell lines MDA and LM2 exhibited comparable 

properties in wound healing assays (Figure 14B), despite the increased metastatic potential of 

LM2 compared to MDA in living organisms. In contrast, the MDA-i cells, which displayed 

increased aggressiveness and metastatic abilities in vivo, showed statistically significant higher 

migration abilities than their parental cell line in Wound healing assays (Figure 14C and D). 
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Similarly, the pancreatic cell lines, PACA and PANC, were used to perform wound healing 

assays (Figure 15A) to evaluate if these cell lines can be differentiated via a Wound healing 

assay. These evaluations suggest that the PANC cells have significantly higher metastatic 

potential than PACA cells using wound healing assays (Figure 15B). However, comparison of 

the PANC-i cells with PANC cell line via Wound healing (Figure 15C) showed that the 

InvasiCell isolated cells did not display any higher migration abilities than their parental cell line 

(Figure 15D).  

 

 

 

 

 

 

 

 

 

 

Figure 14: Wound healing assays can weakly distinguish the isolated MDA-i from their 

parental MDA cells and failed to differentiate other breast cancer cell lines with varying 

in vivo metastatic potentials. A) Microscope images from live imaging of wound healing 

assays on t=0 and after 24 hours. The MCF7 cell line is present on the left, the MDA cell line 

is present on the middle, and the LM2 cell line is present on the right. The gap of MCF-7 

wound healing is 606.57 μm at t=0 and 200.86 μm at t=24 hours. The gap of MDA wound 

healing is 715.16 μm at t=0 and 262.3 μm at t=24 hours. The gap of LM2 wound healing is 

715.19 μm at t=0 and 276.64 μm at t=24 hours. B) Graphical representation of travel distance 

for MCF7 (red), MDA (green), and LM2 cells (purple). The travel distance was calculated by 

the differences between the gap distance at t=0 and the distance gap at =24 hours. C) 

Microscope images from live imaging of wound healing assays on t=0 and after 24 hours. 

The parental MDA cells are present on the left and the isolated MDA-i cells are present on 

the right. The gap of MDA wound healing is 715.16 μm at t=0 and 262.3 μm at t=24 hours 

while the gap of MDA-i wound healing is 825.82 μm at t=0 and 309.43 μm at t=24 hours. D) 

Graphical representation of travel distance for MDA (green), and MDA-i cells (pink). The 

data were analyzed by one-way ANOVA, Data shown Mean ± S.D. The average was 

calculated using n= 30 (the measurements of gap-closing for each wound healing at every 

time point). Bonferroni posttest: P< 0.5 (*), 0.01(**), 0.001 (***). 
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Figure 15: Wound healing assays discriminate between PACA and PANC-1 cells 

based on their in vivo metastatic capabilities but cannot differentiate the isolated 

PANC-i and parental PANC cell lines.  A) Microscope images from live imaging of 

wound healing assays on t=0 and after 24 hours. On the left is present the PACA cell 

line and on the right is the PANC cell line. The gap of PACA wound healing is 663.95 

μm at t=0 and 504.18 μm at t=24 hours. The gap of PANC wound healing is 848.36 μm 

at t=0 and 557.38 μm at t=24 hours. B) Graphical representation of travel distance for 

PACA (blue) and PANC cells (brown). The travel distance was calculated by the 

differences between the gap distance at t=0 and the distance gap at =24 hours. C) 

Microscope images from live imaging of wound healing assays on t=0 and after 24 

hours. On the left is present the PANC cell line and on the right is the isolated PANC-i 

cell line. The gap of PANC-1 wound healing is 848.36 μm at t=0 and 557.38 μm at t=24 

hours μm while the gap of PANC-i wound healing is 520.49 μm at t=0 and 280.74 at 

t=24 hours. D) Graphical representation of travel distance for PANC (brown) and 

PANC-i cells (dark magenta). The data were analyzed by one-way ANOVA, Data 

shown Mean ± S.D. The average was calculated using n= 25 (the measurements of gap-

closing for each wound healing at every time point). Bonferroni posttest: P< 0.5 (*), 

0.01(**), 0.001 (***). 
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8.2 Boyden chamber assays are unable to distinguish between cell lines with different in 

vivo metastatic potentials 

Considering the inability of wound healing assays to reliably differentiate cell lines with 

different metastatic abilities in vivo, we proceeded to examine our cancer cell lines using Boyden 

chamber assays.  Boyden chamber assay, also known as Transwell migration assay, are the most 

commonly used 2D in vitro model to evaluate the metastatic potential of tumor cells based on 

their ability to pass through a porous membrane. In addition, modified Boyden chamber assays 

have been proposed to enhance the complexity and better mimic the in vivo conditions. 

Specifically, these assays include an ECM component on the top of chamber insert and evaluate 

the invasion abilities of cells based on their ability to invade into the ECM barrier and pass 

through the porous membrane. Initially, Boyden chamber assays were used to evaluate the 

metastatic potential of the selected cell lines. The collective data about the chosen breast cancer 

cell lines indicated that the Boyden chamber assays efficiently differentiate the non-metastatic 

MCF-7 cells from the metastatic MDA and LM2 cells, as both the MDA and the LM2 cell lines 

showed statistically significant higher percentages of metastatic cells compared the MCF-7 cell 

line. However, these assays were unable to distinguish between MDA and LM2 cell lines as they 

showed no statistically significant differences (Figure 16A). Similarly, evaluation of the 

metastatic potential of the MDA-i cell line, via the Boyden chamber assay, showed no 

statistically significant differences between the isolated cells and their parental cell line (Figure 

16B). 
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Moreover, similar observation was made when the Boyden chamber assays were used to evaluate 

the metastatic potential of the pancreatic cancer cell lines. Specifically, the collected data 

illustrated that there are no statistically significant differences between the metastatic potentials 

of the PANC from PACA cell lines (Figure 17A) or the isolated PANC-i cell line from their 

parental cells (Figure 17B). This is quite surprising given the fact that a wound healing assay 

could better capture the differences in metastatic potential between PANC and PACA than the 

Boyden chamber-based assay and demonstrates that these assays only capture a small fraction of 

the conditions inside a tumor and thus the characteristics that a cell must exhibit to display 

increased invasion are very narrow and fail to accurately represent the in vivo invasive capacity 

of the cell.  

 

 

 

 

 

 

 

 

 

 

 

 

Figure 16: Boyden chamber assays cannot accurately discriminate breast cancer cell 

lines with different in vivo metastatic potential. The number of 200.000 cells of each 

cell line was added to the upper chamber of the Boyden chamber insert. After 24 hours, 

cells that migrated to the lower chamber were trypsinized and counted. The percentage of 

the migration was calculated by the ratio of migratory cells to the initial cell population. 

A) Graphical representation of the percentage of migration of cells using Boyden chamber 

assays. The percentage of migration for MCF7 cells is shown in red, for MDA in green, 

and for LM2 in purple. B) Graphical representation of the percentage of migration for the 

parental MDA (green) and isolated MDA-i cells (pink) using Boyden chamber assays. 

The data was analyzed by one-way ANOVA, Data represents Mean ± S.D. The data was 

calculated using n=3 chambers (for each cell line) Bonferroni posttest: P< 0.5 (*), 

0.01(**), 0.001 (***). 
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Given that Boyden chambers were ineffective to reflect the in vivo metastatic potential of the 

tested cell lines, modified Boyden chamber assays were performed by coating the Boyden 

chamber inserts with collagen. Particularly, we wanted to assess whether this approach could 

increase the accuracy of these assays to distinguish tumor cells with validated in vivo different 

metastatic capabilities. During this experiment, both isolated cell lines were used and compared 

to the respected parental cell lines, as none of these cell lines showed significant differentiation 

in Boyden chamber assays. These evaluations showed that neither of the isolated MDA-i and 

Panc-i cell populations have altered metastatic potential than their respected parental cell lines 

(Figure 18A and 18B), despite the elevated metastatic abilities of isolated cell lines observed in 

vivo.  

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 17: Boyden chamber assays cannot differentiate any of the pancreatic cell 

lines with varying in vivo metastatic potentials. A) Graphical representation of the 

percentage of migration of cells using Boyden chamber assays. The percentage of 

migration for PACA cells is shown in blue and for PANC cells is shown in orange. B) 

Graphical representation of the percentage of migration for the parental PANC (orange) 

and isolated PANC-i cells (dark magenta) using Boyden chamber assays. The data was 

analyzed by one-way ANOVA, Data represents Mean ± S.D. The data was calculated 

using n=3 chambers (for each cell line) Bonferroni posttest: P< 0.5 (*), 0.01(**), 0.001 

(***). 
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8.3 Tumor spheroids-based methods display an improved predictive ability of the in vivo 

metastatic potential compared to other assays but are plagued by various challenges 

making them challenging to implement 

Tumor spheroid-based assays are considered the gold standard 3D in vitro tool used in cancer 

research, thus we attempted to generate tumor spheroids for our breast and pancreatic cell lines. 

The first challenge we faced was the lack of a standardized protocol for generating tumor 

spheroids. As described in the introduction, there are several techniques used to generate 3D 

culture spheroids, such as the non-scaffold system where cells are in suspension or the scaffold-

based system where cells are embedded into a collagen gel. Studies demonstrated that the choice 

of method for generating spheroids can vary depending on the ability of the examined cell line to 

form spheroids, even when using the same type of cancer cell lines (Stadler 2018, Gheytanchi, 

2021). The capacity of cells to generate spheroids has been associated with the expression level 

of cadherins that is essential to form adherent junctions (Stadler 2018). Therefore, we performed 

several to optimize the protocol which resulted in the effective generation tumor spheroids using 

our breast and pancreatic cell lines (Figure 19). Initially, we tested a scaffold-based system using 

hydrogel to create tumor spheroids. Specifically, we made our plates low adherent by using 1% 

agarose gel and then we embedded a small number of tumor cells in a hydrogel. We found that 

Figure 18: Modified Boyden chamber assays were unable to distinguish the 

isolated from their parental cell populations. The number of 500.000 cells was added 

to the upper chamber coated with 0.125% collagen gel of the insert. After 24 hours, the 

cells that invaded to the lower chamber were trypsinized and counted. The percentage 

of the invasion was calculated by the ratio of invaded cells to the initial cell population. 

A) Graphical representation of the percentage of invasion for the parental MDA (green) 

and the isolated MDA-i cells (pink) using modified Boyden chamber assays. B) 

Graphical representation of the percentage of invasion for the parental PANC cells 

(orange) and the isolated PANC-i cells (dark magenta) using the modified Boyden 

chamber assays. The data was analyzed by one-way ANOVA, Data represents Mean ± 

S.D. The data was calculated using n=3 chambers (for each cell line) Bonferroni 

posttest: P< 0.5 (*), 0.01(**), 0.001 (***). 
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generating spheroids using this technique is time-consuming because the formation of spheroids 

can begin from even a single cell. The aggregates of MDA cells 15 days after the embedding into 

collagen gel are shown in Figure 19A. We observed that the cell clusters remained small in size 

after 15 days of embedding, resulting in cell death, and failed to migrate into the collagen gel. In 

an effort to overcome this, we used a non-scaffold system, the hanging drop technique to 

generate spheroids and subsequently the cell aggregates were embedded in a collagen gel using 

low-adherent plates. Although tumor cells generated aggregates in a few days, when we 

embedded the spheroids in gels, they were dissociated and became small cell clusters. 

Additionally, we observed within the next two days after the embedding, tumor spheroids fully 

disassociated because cells were loosely attached within aggregates (Figure 19B). Considering 

the above observation, we included Matrigel within the hanging droplet to support the tight cell-

to-cell interactions. However, the spheroids were destroyed while embedding them in collagen 

gel, and in the following days cell aggregates disassociated (Figure 19C). 
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After optimizing the protocol to generate tumor spheroids (described in Material and Method 

section), we successfully generated tumor spheroids for all breast and pancreatic tumor cells, 

which were used to evaluate and compare the metastatic potential of the different cell lines. 

Evaluation of the breast cancer cell lines showed that MCF7 can be differentiated as their 

spheroids showed significantly lower invasive potential than those from the metastatic MDA and 

highly metastatic LM2 tumor cell lines. However, LM2 tumor spheroids did not reflect the 

elevated in vivo metastatic potential of LM2 compared to MDA cells (Figure 20A). 

Interestingly, according to tumor spheroids results, MDA cells were shown to be significantly 

more metastatic compared to LM2 which is in contrast with their metastatic potential observed in 

vivo (Figure 20B). Following this, we continued to examine if the isolated MDA-i cell which 

showed statistically significant higher metastatic potential than their parental MDA cells in vivo 

using tumor spheroids (Figure 20C). The collected data suggested that the tumor spheroids 

technique can distinguish the isolated MDA-i cells from their parental MDA cells within 24 

hours (Figure 20D).   

 

 

Figure 19: Unsuccessful techniques for generating MDA tumor spheroids. A) 

Scaffolding-based model. The cells were embedded in the hydrogel using a low-adherent 

plate. The cells are allowed to form spheroids. On the right, microscope images of MDA cells 

aggregates taken 15 days post-embedding. B) Hanging drop method. A drop of cell 

suspension in media is placed on the lid of the Petri dish which is then placed inverted over 

the Petri dish. The Petri dish contains PBS to generate humidity and cells are allowed to 

generate spheroids for 5-7 days. Following, the tumor spheroids are embedded in collagen 

gel. Microscope images of MDA cells aggregates are shown on Day 0 (day of embedding), 

Day 1, and Day 2 post-embedding. C) Hanging drop method using an ECM component in the 

drop of cells. A droplet of cell suspension in media containing Matrigel is placed on the lid of 

the Petri dish. Then, the lid is placed inverted over the Petri dish, and cells are allowed to 

generate spheroids for 5-7 days. After that, the tumor spheroids are embedded in a collagen 

gel. Microscope images of MDA cells aggregates are present on Day 0 (day of embedding), 

Day 1, and Day 2 after embedding.  
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Figure 20: Tumor spheroid assays can differentiate the breast cancer cell lines 

with varying in vivo metastatic abilities apart from the LM2 cell line. Breast cancer 

cell lines were used to generate tumor spheroids. The number of 2500 cells per well 

were cultured in a low adherent 96-plate and were allowed to form spheroids for 48 

hours. After that, the spheroids were embedded in collagen gels and static images were 

obtained over time. A) Images of tumor spheroids for MCF7, MDA and LM2 cell lines 

at T=0, T=24 hours and T= 48 hours. The red outlines show the initial tumor spheroid 

size at T=0. B) Graphical representation of migration distances (μm) for MCF7 (red), 

MDA (green) and LM2 (purple) cells from the initial spheroid area at 24 hours (Day1) 

and 48 hours (Day2). C) Images of tumor spheroids for the parental MDA cells and 

isolated MDA-i cells at T=0, T=24 hours and T= 48 hours. D) Graphical representation 

of the migration distance for MDA (green) and MDA-i (pink) cells from the initial 

spheroid area 24 hours (Day1) and 48 hours (Day2). The data was analyzed by one-way 

ANOVA, Data represents Mean ± S.D. The data was obtained by measurements of 

distance from leader cells to the initial spheroid area using n=6 spheroids (for each cell 

line) Bonferroni posttest: P< 0.5 (*), 0.01(**), 0.001 (***). All brightfield images were 

obtained using 5X objective.  
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Similarly to the breast cancer cell lines, tumor spheroids for the PACA and PANC cells were 

generated to investigate if the tumor spheroids of pancreatic tumor cells replicate their 

differences in metastatic potentials in vivo (Figure 21A). Our data showed that the tumor 

spheroid assay significantly distinguished between the more aggressive PANC cells and PACA 

cells within 24 hours (Figure 21B). In addition, we proceeded to study if the isolated PANC-i 

and the parental PANC cells can be differentiated for their different metastatic abilities using the 

tumor spheroid method (Figure 21C). Collected data from the tumor spheroids technique 

showed that this assay effectively differentiated the isolated PANC-i cells which displayed 

increased metastatic abilities in vivo compared to their parental PANC cells (Figure 21D).  
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Figure 21: Tumor spheroid assays can discriminate all the pancreatic cell lines with 

varying in vivo metastatic abilities. Pancreatic cancer cell lines were used to generate tumor 

spheroids. The number of 2500 cells per well were cultured in a low adherent 96-plate and were 

allowed to form spheroids for 48 hours. After that, the spheroids were embedded in collagen 

gels and static images were obtained over time. A) Images of tumor spheroids for PACA and 

PANC cell lines at T=0, T=24 hours and T= 48 hours. The red outlines show the initial tumor 

spheroid size at T=0. B) Graphical representation of migration distances (μm) for PACA (blue) 

and PANC (orange) cells from the initial spheroid area at 24 hours (Day1) and 48 hours (Day2). 

C) Images of tumor spheroids for the parental PANC cells and isolated PANC-i cells at T=0, 

T=24 hours and T= 48 hours. D) Graphical representation of the migration distance for PANC 

(orange) and PANC-i (dark magenta) cells from the initial spheroid area 24 hours (Day1) and 

48 hours (Day2). The data was analyzed by one-way ANOVA, Data represents Mean ± S.D. 

The data was obtained by measurements of distance from leader cells to the initial spheroid area 

using n=6 spheroids (for each cell line) Bonferroni posttest: P< 0.5 (*), 0.01(**), 0.001 (***). 

All bright-field images were obtained using 5X objective. 
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8.4 InvasiCell reflects the in vivo metastatic potential of cancer cell lines more accurately 

and reliably compared to other assays including spheroid assays 

 

Following the evaluation of the metastatic potentials of the selected cell lines with the most 

commonly used techniques and methods that are used in cancer research, we proceeded to 

examine whether InvasiCell could differentiate more reliably cell lines with varying in vivo 

metastatic potentials than other in vitro tools. Initially, we performed invasion assays to study the 

invasive potentials of breast cancer MCF7, MDA, and LM2 cell lines which had been 

characterized for their different in vivo metastatic potentials. The collected data suggests that the 

InvasiCell distinguishes the cell lines based on their in vivo metastatic potentials, as the highly 

metastatic LM2 cells showed statistically significant higher metastatic potential than both the 

MDA and MCF-7 cell lines (Figure 22A and B). Specifically, LM2 cells invaded the entire 

invasion zone 16 days after the setup of invasion assays, while MDA cells had 268.28 μm until 

the edge of the invasion zone. Furthermore, the non-metastatic MCF7 cells barely moved outside 

the core of the device by day 16 as they traversed only 417.72 μm from the core (Figure 22A). 

Therefore, InvasiCell was able to differentiate between these breast cancer cell lines with 

different in vivo metastatic potentials on day 16 (Figure 22B). Also, the LM2 cells were able to 

exit the invasion zones of InvasiCell one day earlier than the metastatic MDA cells. Additionally, 

we observed that the invasion rate of MCF7 cells within the InvasiCell replicates their non-

metastatic abilities from the first days of invasion assays compared to the metastatic MDA and 

LM2 cells (Figure 22C).  
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Subsequently, we conducted invasion assays to assess whether InvasiCell could reflect the 

parental MDA and isolated MDA-i cell population in vivo metastatic potential. The analysis 

showed that the isolated MDA-i cells have higher metastatic potential within InvasiCell as they 

traversed and exited the invasion zone after 15 days, whereas MDA cells were 389.97 μm away 

from the end of the invasion zone (Figure 23A). Interestingly, the isolated MDA-i cells showed 

significant and sustained increased metastatic potential from their parental MDA cells starting 

from day 5 and remaining until the day they exit (Figure 23B and C). 

 

 

 

 

B C 

Figure 22: InvasiCell effectively distinguishes between breast cancer cell lines with varying 

in vivo metastatic potentials. A) Microscope images of MCF7 (left), MDA (middle), and LM2 

(right) cell lines 16 days post introduction in InvasiCell. MCF7 managed to invade only 417.72 

μm distance from the core of the device in 16 days. LM2 cells reach the end of the invasion zone 

(blue arrows) in 16 days compared to MDA cells which are 268.68 μm from the end of the 

invasion zone. B) Graphical representation of the percentage of migration within InvasiCell of 

MCF7 (red), MDA (green), and LM2 (purple) on day 16. C) Graphical representation of the 

percentage of migration within InvasiCell of MCF7 (red), MDA (green), and LM2 (purple) over 

a period of 17 days. The data were analyzed by two-way ANOVA, Data shown Mean ± S.D. The 

average was calculated using n=30 (the number of measurements taken each day for each cell 

line. Bonferroni posttest : P< 0.5 (*), 0.01(**), 0.001 (***). 
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Figure 23: InvasiCell successfully discriminates the isolated MDA-i cells which 

displayed increased in vivo metastatic potential from their parental MDA cells. A) 

Microscope images of MDA (left) and MDA-i (right) cell lines 15 days post introduction in 

InvasiCell. Isolated MDA-i cells invade and reach the end of the invasion zone (blue arrows) 

in 15 days compared to parental MDA cells which are 389.97 μm from the end of the 

invasion zone. B) Graphical representation of the percentage of migration within InvasiCell 

of MDA (green) and MDA-i (pink) on day 15. C) Graphical representation of the percentage 

of migration within InvasiCell MDA (green) and MDA-i (pink) over a period of 17 days. The 

data were analyzed by two-way ANOVA, Data shown Mean ± S.D. The average was 

calculated using n=30 (the number of measurements taken each day for each cell line. 

Bonferroni posttest : P< 0.5 (*), 0.01(**), 0.001 (***). Alex
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Considering that all the breast cancer cell lines with different in vivo metastatic potentials were 

distinguished using InvasiCell, we moved on to examine whether the pancreatic cancer cell lines 

could also be differentiated by InvasiCell. Similarly, the PACA and PANC cell lines were used 

to set-up InvasiCell devices. Collectively our data illustrated that the PANC cells traversed and 

exited from the invasion zone faster than the PACA cells. As shown in Figure 24A, PANC cells 

required 41 days to invade and exit the invasion zone, while PACA cells had a 2243.72 μm 

distance until the edge of the invasion zone. Thus, PACA cells exhibited a significantly reduced 

invasion compared to PANC cells (Figure 24B). Additionally, we observed that the PANC cells 

showed significantly increased invasion rates compared to the PACA cells in the first three days 

(Figure 24C) despite the long period PANC cell line required to exit the device.  
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Findings from our lab validated that the isolated PANC-i cells displayed higher metastatic 

potential in vivo compared to their parental PANC cells. According to previously data, only the 

tumor spheroids technique was able to discriminate these cell populations. Thus, we conducted 

invasion assays to study whether this differentiation could be achieved by using InvasiCell. The 

analysis revealed that isolated PANC-i cells exited from the device eleven days earlier than their 

parental PANC cells. Specifically, by day 30 when the isolated PANC-i cells exited the invasion 

zone of the device, the parental PANC cells had to invade 2496.62 μm until the edge of the 

invasion zone (Figure 25A). Therefore, the PANC-i cells displayed a significantly increased 

metastatic potential than their parental cell within InvasiCell (Figure 25B). This data indicates 

that InvasiCell can replicate the difference between the in vivo metastatic abilities of these cell 

populations. 

 

 

 

 

 

 

 

 

 

 

Figure 24: InvasiCell effectively differentiates between Paca and Panc cells in few days. A) 

Microscope images of PACA (left) and PANC (right) cell lines 41 days post introduction in 

InvasiCell. PANC cells invade and reach the end of the invasion zone (blue arrows) in 41 days 

compared to PACA cells which are 2243.72 μm from the end of the invasion zone. B) 

Graphical representation of the percentage of migration within InvasiCell of PACA (blue) and 

PANC (orange) on day 41. C) Graphical representation of the percentage of migration within 

InvasiCell PACA (blue) and PANC (orange) over a period of 17 days. The data were analyzed 

by two-way ANOVA, Data shown Mean ± S.D. The average was calculated using n=30 (the 

number of measurements taken each day for each cell line. Bonferroni posttest : P< 0.5 (*), 

0.01(**), 0.001 (***). 

A 

Alex
an

dra
 M

an
oli

 



 

63 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

8.5 The inclusion of NIH/3T3 fibroblasts within InvsiCells core reduces the invasion rates 

of breast tumor cells  

The tumor microenvironment consists of various cell types besides the tumor cells as stromal 

cells and immune cells, with fibroblasts been the most abundant stromal cells present in the 

surrounding tissue of a tumor. Several studies demonstrate their controversial role in cancer 

progression acting both as tumor-promoting or tumor-suppressive (Feng, 2022). Thus, we 

wanted to investigate whether the presence of NIH3T3 fibroblasts within the InvasiCell could 

affect the invasive capacity of cells. Furthermore, we also aimed to examine if the fibroblasts 

could improve the ability of InvasiCell to reflect the in vivo metastatic potential of tumor cells. 

Therefore, InvasiCell devices were set-up by introducing fibroblast within the tumor cell core 

sample at a ratio of 1:5. Our data showed that a small number of fibroblasts managed to survive 

B 

Figure 25: InvasiCell replicates the difference between the in vivo metastatic 

potentials of parental PANC and isolated PANC-i cells. A) Microscope images of 

PANC (left) and PANC-i (right) cell lines 30 days post introduction in InvasiCell. The 

PANC-i cells invade and reach the end of the invasion zone (blue arrows) in 30 days 

compared to parental PANC cells which are 2496.62 μm from the end of the invasion 

zone. B) Graphical representation of the percentage of migration within InvasiCell of 

PANC (orange) and PANC-i (dark magenta) on day 30. The data were analyzed by two-

way ANOVA, Data shown Mean ± S.D. The average was calculated using n=30 (the 

number of measurements taken each day for each cell line. Bonferroni posttest : P< 0.5 

(*), 0.01(**), 0.001 (***). 
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and exit the core of the device over time (Figure 26A). In addition, quantification of the invasion 

potential of cell showed that all examined cell lines displayed a delay in their invasion abilities 

compared to their invasion rates within InvasiCell without fibroblasts. As shown in Figure 26B, 

when fibroblasts were included with MDA cells, the reduction in their invasion rate became 

significant compared to the MDA invasion rate after 13 days. However, isolated MDA-i and 

LM2 with the presence of fibroblasts displayed a remarkable reduction in their invasion abilities 

on 5 days and maintained compared to their invasion potentials without fibroblasts. Specifically, 

MDA cells with fibroblasts invaded and covered the entire invasion zone in 21 days. Despite the 

increased in vivo metastatic potentials of MDA-i and LM2 cells compared to MDA cells, cells 

exited the invasion zone on days 22 and 23 respectively when we included fibroblasts (Figure 

26C).  
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As mentioned in the introduction, fibroblasts are responsible for the ECM remodeling within the 

tumor microenvironment. Additionally, previous data suggested that the presence of fibroblasts 

in the core of the device along with tumor cells leads to a delay in the invasive potentials of 

tumor cells. Therefore, we wanted to examine whether the presence of fibroblasts alters the 

deposition of ECM components. We proceeded by performing Immunofluorescence staining for 

collagen type III on invasion assays of MDA-i cells with fibroblasts and without fibroblasts 

using InvasiCell. Our data indicated that the secretion of collagen type III was increased at 

positions with fibroblasts and resulted in the formation of a stiff network (Figure 27A). 

However, we observed that in the absence of fibroblasts, the collagen seemed to accumulate near 

the core of the device, and the signal was significantly reduced (Figure 27A and B).  

Figure 26: The presence of fibroblasts reduces the invasion abilities of the tumor cells and 

leads to a reduction of the assay to differentiate cells based on their in vivo metastatic 

potential. A) Fluorescent images of MDA invasion assays including fibroblasts in the core of 

the device at days 0, 5, and 11. MDA cells are shown in green and NIH fibroblasts are shown in 

red. The blue arrows demonstrate the boundaries of the core of InvasiCell. B) Graphical 

representation of the percentage of invasion for MDA (red)/MDA with fibroblasts (brown), 

MDA-i (pink)/MDA-i with fibroblasts (black), and LM2 (purple)/ LM2 with fibroblasts (grey) 

using InvasiCell. C) Graphical representation of the percentage of invasion using MDA with 

fibroblasts (brown), MDA-i with fibroblasts (black), and LM2 with fibroblasts (grey). This 

graph demonstrates the exact day when cells exit the invasion zone of the device. Specifically, 

MDA cells with fibroblasts (brown) required 21 days to invade and reach the edge of the 

invasion zone, while MDA-i with fibroblasts (black) and LM2 with fibroblasts (grey) needed 22 

and 23 days respectively. The data were analyzed by two-way ANOVA, Data shown Mean ± 

S.D. The average was calculated using n=20 (the number of measurements taken each day for 

each cell line. Bonferroni posttest : P< 0.5 (*), 0.01(**), 0.001 (***). 
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Figure 27: Immunofluorescent staining showed that the deposition of collagen type III is 

increased in the presence of fibroblasts. A) Confocal images of fixed invasion assays of 

MDA-i cells with and without fibroblasts (NIH) 5 days post their introduction into device. 

MDA-i cells are shown in green, and fibroblasts is shown with cyan. An antibody against 

collagen type III was used to detect its deposition, which is shown in red.  B) Graphical 

representation of collagen type III fluorescence intensity without (black) and with fibroblasts 

(gray). The data were analyzed by two-tailed unpaired t-test, Data shown Mean ± S.D.  
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Furthermore, we conducted live imaging using invasion assays of tumor cells including 

fibroblasts in order to investigate the behavior of fibroblasts with tumor cells under conditions 

that exist in the tumor microenvironment. We observed that the fibroblasts that managed to exit 

from the core of the device displayed an elongated-shape morphology. In addition, our data 

showed that over time fibroblasts constantly assemble and disassemble multiple protrusions 

through which interact with tumor cells (Figure 28).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 28: Fibroblasts interact with tumor cells by forming multiple protrusions. 

Fluorescent images from live imaging using invasion assays of MDA-i cells (green) with 

NIH fibroblasts (red), 3 days after introducing the cells into InvasiCell. The time point for 

each image is indicated below.  
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8.6 InvasiCell can be used to evaluate accurately cellular drug response compared to other 

in vitro assays  

 

Several studies emphasized the need to develop new in vitro tools that mimic conditions existing 

in the tumor microenvironment leads to improve the efficiency of drug screenings (Hirata, 2017). 

Given that our data revealed that InvasiCell recapitulates the in vivo microenvironment, and the 

device can effectively reflect the different cell lines in vivo metastatic potential, we moved on to 

examine whether InvasiCell can be used as a drug response assay. Initially, MDA and MDA-i 

cells were treated with three different concentrations of Doxorubicin Hydrochloride under 

normal culturing conditions, in order to calculate the IC50 of the cells in response to the drug 

after 24 hours of treatment. Our data showed that a concentration of 43.76 μM of Doxorubicin 

Hydrochloride leads to the death of half of the cells, both for the MDA and MDA-i cell lines, 

after 24 hours (Figure 29A). Subsequently, based on previously established for MDA cells in 3D 

tumor spheroids (Huang, 2020), InvasiCell devices were set up by using either the MDA or the 

MDA-i cell lines, and Doxorubicin Hydrochloride at a final concentration of 118.70 μM was 

introduced to the cell culturing media (Figure 29B). We used the fluorescence intensity as an 

indicator for the survival cell populations compared to the initials. Our results indicated that 

around 60% of the initial cells survived at this concentration after 24 hours of treatment. 

Additionally, we observed that after 72 hours of exposure to the drug, MDA-i cells showed 

significantly increased cell survival compared to their parental MDA cells within the InvasiCell 

(Figure 29B). Therefore, collected data suggested that cells showed enhanced drug resistance 

within the InvasiCell compared to tissue culture conditions. Also, in comparison with previous 

evaluations performed by Huang et al (Huang, 2020), cells within InvasiCell showed to be more 

resistant to potential medications compared to spheroids, as than the same cells in tumor 

spheroids, as Doxorubicin Hydrochloride IC50 tissue culture concentration by 2.713 folds in 

order to induce apoptosis to half of the cells within InvasiCell, whereas it had to only be 

increased by 1.356 folds to have the same effect in spheroids (Figure 29 table).   
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Figure 29: Evaluation of cellular response to Doxorubicin Hydrochloride using MDA and 

MDA-i cells under normal tissue culture conditions and within InvasiCell. A) Graphical 

representation of cell viability of MDA (green) and MDA-i (pink) after 24 hours of exposure 

to the drug concentration of 21.88 μM ,43.76 μM, and 87.51 μM in cell culture condition. B) 

Graphical representation of fluorescence intensity of MDA (green) and MDA-i (pink) after 

24,48 and 72 hours of exposure to the drug concentration of 118.70 μM using InvasiCell. The 

fluorescence intensity is used as an indicator for the number of surviving cells. The data were 

normalized with the survival of untreated cells. Data shown as Mean ± S.D. The average was 

calculated using n=3 (each experiment for each concentration was performed in triplicate). A 

summary table illustrates the drug concentrations used in our experiments and those in the 

Huang et al. study under 2D tissue culture and 3D conditions using InvasiCell or spheroids 

respectively. The fold of increased in concentrations from 2D tissue culture to 3D conditions 

using InvasiCell or tumor spheroids respectively was calculated.  Alex
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DISCUSSION 

 

Cancer incidence has been increasing the past few decades making it the second leading cause of 

death worldwide. Metastasis is defined as the dissemination of tumor cells from primary tumor 

sites to secondary sites or distant organs. Approximately 90% of cancer-related deaths are 

attributed to metastasis (Lambert, 2017). Consequently, cancer research is undoubtedly 

important to provide knowledge about essential mechanisms of tumor progression and metastasis 

contributing to the development of new anti-cancer treatments. Both in vivo and in vitro tools 

used in cancer research have provided important insights about cancer progression. However, the 

main limitations of in vitro models used for cancer research can be summarized as the lack of 

reproducibility due to the absence of standardized protocols and the inability of most assays to 

replicate the in vivo tumor microenvironment which is crucial for both understanding cancer 

progression and evaluating the effectiveness of potential new therapies (Grada, 2017). These 

limitations of in vitro models were apparent in this study, which aimed to investigate whether 

InvasiCell, a novel in house build device, can be used as a physiologically relevant model to 

study various aspects of cancer progression compared to existing in vitro tools that are used in 

cancer research, such as the wound healing assays, Boyden chamber assays, and tumor 

spheroids.  

 

 9.1 Evaluation of the in vitro models used in cancer research 

We initially performed the 2D wound healing assay which is one of the most commonly used 

assays in order to evaluate the migration abilities of tumor cells. However, it is known that 

wound healing assays are used to study the collective cell migration of normal and tumor cells 

under different experimental conditions (Migliaccio, 2023). According to the literature, the 

typical analysis of wound healing assays which is the estimation of migration abilities by the gap 

closure is appropriated for cell lines that undergo collective cell migration. Specifically, the gap 

closure must be measured by the “sheet” migration and not by tracking just an individual cell. 

This is because the migration abilities of cells in collective cell migration are influenced by cell-
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to-cell interactions. (Javer, 2020) Thus, wound healing assays are not suitable for all cell types, 

and the examination of single-cell migration using wound healing assay requires altered analysis 

for accurate results (Riahi, 2012).  

An additional limitation of wound healing assays is the variation in the gap between series of 

experiments. The scratching process caused cell damage resulting in the release of the cellular 

components and affecting the surrounding cells. Thus, studies demonstrated that differences in 

the extent of cell death because of the variation in gap size could have an impact on the 

migration capacities of cells (Guy, 2017). Furthermore, performing wound healing assays under 

starvation conditions is essential to eliminate the contribution of the proliferation factor to the 

gap closure. However, it has been suggested that starvation treatment needs specificity for each 

cell line regarding the concentration and duration (Zhao, 2020). Importantly wound healing 

assays fail to recapitulate any major conditions of the tumor microenvironment and their 

physiological relevance is further eroded by the fact that they measure 2D cell migration. Taking 

into account the inconsistency of wound healing data and the aforementioned limitations of these 

assays, makes it unlikely that they can reliably distinguish between cell lines with distinct in vivo 

metastatic potentials.   

These limitations of the wound healing assay can be reflected in our findings, as they show that 

the wound healing method cannot reliably reflect the different metastatic potentials of cell lines. 

For instance, these assays failed to differentiate the non-metastatic breast MCF7 cells from the 

metastatic MDA and LM2 cells. In addition, wound healing assays were ineffective in 

discriminating the isolated pancreatic PANC-i cells from the parental PANC cells. As already 

mentioned, data from our lab demonstrated that the isolated PANC-i cells showed enhanced 

metastatic abilities than their parental PANC cells using zebrafish as in vivo model. It is 

interesting to note that wound healing was the only assay tested that failed to discriminate 

between MCF7, an epithelial cell line that retains tight junctions and cell lines that have 

undergone EMT such as MDA. We thus rank wound healing assays as the poorest choice for 

prediction of in vivo metastatic potential however this does not mean that the assay cannot be 

used to generate useful information as long as the researcher is aware of the limitations.  

Similarly, the most commonly used assay to evaluate the metastatic potential of tumor cells is the 

Boyden chamber assays, which are also known as the transwell assays. Although the Boyden 
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chamber method is simple and widely used for studying cell migration and invasion, it does have 

some limitations. For instance, transwell migration assays are endpoint assays with poor 

reproducibility, and chamber inserts are expensive (Poon, 2022). In addition, it has been shown 

that the chemoattracts gradient generated are not maintained for more than a few hours (Isert, 

2023). In an effort to enhance the sensitivity of Boyden chamber assays for examining the 

differentiation cells with different in vivo metastatic potentials, we performed modified Boyden 

chamber assays by adding an ECM barrier. However, our data revealed that the introduction of 

an ECM component into Boyden chamber assays does not remarkably enhance their ability to 

reflect the different in vivo metastatic potentials of cell lines. Furthermore, one challenge we 

faced by performing Modified Boyden chamber assays was the lack of a standardized protocol 

for modified Boyden chamber experiments. Particularly, we observed variations in the number of 

cells and in the time cells were allowed to invade between provided protocols for these assays. 

Moreover, there are two alternative ways to perform modified Boyden chamber experiments. 

Specifically, some scientists seed the examined cells on the top of the gel that mimics ECM, 

while others prefer to embed cells in the gel (Poon 2022, Gradiz 2016). Therefore, all these 

modifications observed in protocols could lead to different results. A standardization of the 

method would be very useful and allow more meaningful comparisons between published data.  

For example, our data showed that only the non-metastatic MCF7 cell line was discriminated 

from the other breast metastatic cell lines by conducting Boyden chamber assays. This was an 

improvement over wound healing and stems from the inability of the epithelial cells to detach 

from their neighbors and pass through the pores. Additionally, these assays were unable to 

distinguish between other cell lines with significantly increased in vivo metastatic potentials such 

as LM2 from MDA, and isolated MDA-i and PANC-i from their parentals. As already 

mentioned, EMT is an essential process for tumor invasion and metastasis and is characterized 

by the switching of epithelial to mesenchymal expression markers. Furthermore, EMT has been 

associated with increased migration and invasion abilities that contribute to more aggressive 

phenotypes. Analysis of the breast cancer cell line demonstrated that the MCF7 cells showed 

epithelial characteristics while MDA cells displayed mesenchymal characteristics (Fenouille, 

2012). Parallel studies in pancreatic cancer cell lines revealed that PACA and PANC cells 

express some epithelial and mesenchymal markers supporting that they undergo EMT (Dubois, 

2017). According to these data, Boyden chamber assays failed to differentiate between cell lines 
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with distinct metastatic abilities and indirectly differentiated epithelial cells from those 

exhibiting acquired mesenchymal characteristics. Notably, scientists observed that the inhibition 

of EMT by promoting the expression of epithelial markers can reduce cell migration abilities 

using Boyden chamber assays (Sodek, 2009). These findings align with our data from Boyden 

chamber experiments where only the non-metastatic epithelial MCF7 cells showed significantly 

decreased migration abilities and were differentiated from the other metastatic breast cancer cell 

lines.  

Based on our data showing that neither wound healing assays nor Boyden chamber assays could 

differentiate between cell lines with varying in vivo metastatic potential, we proceeded to 

perform tumor spheroids-based assays. It is generally accepted that 3D techniques are more 

physiologically relevant than 2D in vitro models and accurately resemble in vivo conditions. As 

mentioned previously, tumor spheroids are the gold standard 3D in vitro model to examine tumor 

progression, metastasis, and drug screening. Thus, we carried out tumor spheroid assays to 

investigate whether these assays could reflect the in vivo metastatic potentials of our examined 

cell lines. As reported extensively through the literature generating spheroids can be difficult for 

many tumor cell lines. Cells with low levels of cadherin receptors tend to be very challenging in 

this respect and indeed we were forced to establish and optimize the assay for our cell lines. 

Although tumor spheroid assays differentiated most of the cell lines for their in vivo metastatic 

potential, these assays failed to reflect the enhanced in vivo metastatic abilities of LM2 compared 

to MDA cells. Specifically, according to data from tumor spheroid assays, the MDA cells 

showed significantly elevated invasive potential than the LM2 cells which contrasts with their 

metastatic abilities observed in vivo. It has been demonstrated that MDA cells display reduced 

expression of E-cadherin and weak cell-to-cell interaction that contribute to their inability to 

form dense spheroids (Sutherland, 1988). It is possible that this is the reason MDA invade more 

in this assay. The TME conditions that are challenging and found in tight spheroids will most 

likely not be established in loose spheroids leading to elevated proliferation. Although various 

techniques have been developed for generating spheroids, even for cell lines such MDA which 

cannot form tightly adherent spheroids, these assays are challenging and time-consuming. In 

addition, several studies have reported that cells within compact spheroids exhibit altered cellular 

properties such as growth, invasiveness, sensitivity to drugs, and maintenance of spheroids 

structures including the necrotic core, due to the strong cell-to-cell communication (Han 2021, 

Alex
an

dra
 M

an
oli

 



 

75 
 

Fernandez 2023). Thus, based on this, tumor spheroids methods may not be appropriate for 

examining all the cell types, because of the structure and morphology of spheroids affect the 

cellular properties (Fernandez, 2023). 

Additional limitations of the tumor spheroids-based technique are the limited uniformity and 

reproducibility of tumor spheroids size and volume across multiple experiments even using the 

same protocol and cell type. Taking everything into account, tumor spheroids assays are 

considered unsuitable for performing high throughput drug evaluation testing anti-tumor 

medications (Fernandez, 2023).  

Considering all of the above, the application of a 3D in vitro model remarkably enhances the 

accuracy of reflecting the in vivo metastatic abilities of our cell lines. However, tumor spheroids 

were ineffective to reflect the greater metastatic potential of LM2 than MDA cells.  

 

9.2 Evaluation of InvasiCell as in vitro tool for cancer research  

Unpublished data generated by Mr. Adonis Hajdigeorgiou revealed that InvasiCell can establish 

de novo gradients of nutrients, oxygen, pH and increased solid stress. These data suggest that 

InvasiCell can mimic conditions that exist in the tumor microenvironment. Additionally, it has 

been demonstrated that growing solid tumors generate three distinct regions including the 

necrotic core, the periphery ring, and the proliferative ring. Mr. Hajdigeorgiou’s data showed 

that tumor spheroids generated by InvasiCell exhibit these three characteristic regions such as 

solid tumors in living organisms. Therefore, InvasiCell enables the examination of invasive 

potential of various cancer cell lines under a 3D environment that mimics in vivo situations 

without the addition of any equipment.  

InvasiCell provides consistency in its protocol in contrast to other in vitro tools that lack 

standardized protocols. Specifically, the standardized protocol has been developed and validated 

by Mr. Hajdigeorgiou for studying invasive potential of various cancer cell types including 

breast, pancreatic and colorectal cancer cell lines. Thus, InvasiCell exhibits increased 

reproducibility compared to other in vitro tools used in cancer research. However, the set-up of 

InvasiCell display increased complexity compared to that of some other in vitro tools, such as the 

Boyden chamber assays which are the most commonly used in cancer research due to their 
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simplicity. Additionally, the time required to evaluate the invasion potential within InvasiCell 

can vary based on the invasion abilities of the examined cancer cell lines.  

By performing invasion assays within the InvasiCell, we observed effective discrimination of all 

examined breast and pancreatic cell lines with varying in vivo metastatic potentials. Particularly, 

the non-metastatic MCF7 distinguished between the metastatic and highly metastatic MDA and 

LM2 cell lines respectively. Additionally, our data suggested that only InvasiCell was able to 

reflect the elevated metastatic abilities of LM2 compared to MDA. Furthermore, InvasiCell 

differentiates the device-isolated cell populations MDA-i and PANC-i from their respect parental 

cell lines.  Therefore, collected data indicated that InvasiCell reflects the in vivo metastatic 

potential of evaluated cell lines more accurately and reliably than other in vitro models. Figure 

30 illustrates a summary table showing the vitro assays performed and their ability to reflect in 

vivo metastatic potential in various cell lines.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 30: Summary table of data collected by performing several in vitro assays. The 

table shows all the in vitro assays performed (wound healing assays, Boyden chamber 

assays, modified Boyden chamber assays and tumor spheroids) and their ability to reflect the 

varying in vivo metastatic potentials of examined cell lines.  Alex
an

dra
 M

an
oli

 



 

77 
 

9.3 Introduction of fibroblasts within InvasiCell 

In addition, InvasiCell allows researcher to carry out co-culture experiments with other cell types 

existing in the tumor microenvironment and study cellular interactions, due to its flexible set up 

protocol. Our data showed that the inclusion of NIH3T3 fibroblasts in the core of the device with 

tumor cells caused a reduction in the invasive potential of the tumor cells compared to their 

invasion rates in the absence of fibroblasts. According to the literature, some key functions of 

fibroblasts in the tumor microenvironment are the remodeling of ECM and altering the stiffness 

by secretion of ECM components including Lamins, collagen, and fibronectin (Hirayama, 2017). 

Our data for immunofluorescence staining revealed that the deposition of collagen type III was 

significantly increased in the presence of fibroblasts compared to invasion assays without 

fibroblasts. One of the reasons that caused the reduction in invasive potentials of tumor cells 

could be the enhanced stiffness gels because of the increased collagen secretion by fibroblasts. 

Additionally, via time-lapse imaging, we observed that tumor cells displayed physical 

interactions with fibroblasts during their invasion. This also can contribute to the delay in the 

invasive potential of tumor cells due to the relatively low motility of fibroblasts. Furthermore, 

only a small number of fibroblasts manage to survive in the environment provided by InvasiCell, 

which increases cell toxicity and affects the properties of tumor cells due to the harsh 

environmental conditions. Finally, the release of growth factors and other signaling molecules 

from fibroblasts in the tumor microenvironment was found to influence the tumor cell behavior 

(Feng, 2022). Hence it could be an additional explanation for the delayed invasive abilities 

exhibited by tumor cells. It should be noted that these experiments were carried out through the 

introduction of fibroblasts not CAFs in the device. We have shown that these cells effectively 

turn into CAFs however this process is slow and these experiments should ideally be repeated 

using CAFs which presumably will have an improved capacity to survive the harsh conditions in 

the core but in addition could impact their ability to modulate the invasive capacity of tumor 

cells. 
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9.4 Drug response within InvasiCell 

Our last question was to examine whether the InvasiCell can be used as a valid tool for drug 

response. Our data indicated that tumor cells within the InvasiCell showed enhanced drug 

resistance in Doxorubicin hydrochloride relative to normal tissue culture conditions. These 

findings resemble previously published studies performed with spheroid assays (Huang, 2020). 

However, we observed that the magnitude of concentration changes between tissue culture and 

InvasiCell is greater than used between tissue culture and spheroids in other studies. Thus, 

InvasiCell can provide a more accurate evaluation of cellular drug responses to different drugs 

compared to other in vitro tools. 

 

9.5 Conclusion  

In conclusion, InvasiCell reflects the in vivo metastatic abilities of cell lines more accurately than 

any other widely used in vitro tools including wound healing assays, Boyden chamber assays, 

modified Boyden chamber assays and tumor spheroids. Additionally, the device enables the 

study of cellular interaction between tumor cells and other cell types present in the tumor 

microenvironment and the examination of cellular responses to different drugs. Therefore, 

InvasiCell is a promising in vitro tool that could enhance our understanding of tumor progression 

and evaluate potential anti-tumor therapies more reliably than existing in vitro assays.   

Moreover, in vivo models are considered the ideal tool for studying various aspects of cancer 

such as metastasis, however, they display significant limitations. It has been reported that 

orthotopic injections are recommended over subcutaneous injections for evaluating the 

metastatic potential of pancreatic ductal adenocarcinoma. However, scientists demonstrated that 

orthotopic models have technical difficulties such as the challenging injection site and 

requirement of specific equipment for observing tumor growth due to the limited accessibility 

(Fernandez, 2023). Therefore, InvasiCell could be used along with in vivo experiments to 

eliminate some of the technical challenges associated with evaluating the metastatic potential of 

certain cell lines using orthotopic mice injections. 
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9.6 Future experiments:  

Studies demonstrated that the CAFs derived from varying sources of the tumor 

microenvironment however they primarily originated from resting present in the tumor site 

(Feng, 2022). Future experiments will be focused on investigating whether other subtypes of 

fibroblasts such as human mammary fibroblast (HMF), which is isolated from human breast, 

could impact the invasive potential of tumor cell lines differently compared to results observed 

using the embryonic NIH3T3 fibroblasts. Thus, we will perform invasion assays including 

different types of fibroblasts along with the tumor cells in the core of InvasiCell and we will 

examine the invasiveness of tumor cell lines. Furthermore, Immunofluorescence staining for 

additional ECM components such as Lamin and Fibronectin could be performed for further 

investigation of ECM remodeling due to the presence of fibroblasts. Additionally, it is known 

that one of the mechanisms for activating and transforming normal residual fibroblasts into 

CAFs is the contact-dependent signaling mediated by the interaction with tumor cells (Feng, 

2022). Based on that, future experiments will be performed using co-culture experiments 

between tumor cells and fibroblasts under in vivo conditions including starvation, hypoxia, and 

acidosis. After allowing sufficient time for CAF formation, we will repeat the experiments with 

the inclusion of fibroblasts in the core of InvasiCell within tumor cells, to examine cellular 

interaction and the invasive potential of tumor cells.  

In order to evaluate further the cellular drug response provided by InvasiCell, additional 

concentrations of Doxorubicin hydrochloride will be tested in invasion assays using breast 

cancer cells lines. In addition, all experiments performed with Doxorubicin hydrochloride will be 

repeated using the pancreatic cancer cell lines to examine potential differences in cellular drug 

responses between breast and pancreatic cancer cell lines under normal tissue culture conditions 

and within InvasiCell. Eventually, similar experiments will be conducted using alternative anti-

tumor medications that are used in cancer research, such as Cisplatin, to evaluate the cellular 

drug responses using the InvasiCell.  Alex
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ABBREVIATIONS 

 

 

ABBREVIATION MEANING 

EMT Epithelial to mesenchymal transition 

MAT Mesenchymal to amoeboid transition 

CAT Collective to amoeboid transition 

ECM Extracellular matrix 

MET  Mesenchymal to epithelial transition 

TME Tumor microenvironment  

CAFs Cancer associated fibroblasts 

TAMs  Tumor associated macrophages 

HIFs Hypoxia-inducible factors 

ATP Adenosine triphosphate 

VEGF Vascular endothelial growth factor 

α-SMA α-Smooth muscle actin 

FSP Fibroblast specific protein 

PDGF Platelet-derived growth factor 

EndMET Endothelial to mesenchymal transition 
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TGF-β Transforming growth factor beta 

STAT3 Signal transducer and activator of transcription 3 

FA Focal Adhesions 

MDA MDA-MB-231 

LM2 MDA-231-LM2-4175 

PACA MIA PaCa-2 

PANC PANC-1 

IC50 Half-maximal inhibitory concentration 
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