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Resum 

La migració cel·lular dirigida al llarg dels gradients de densitat de la 

matriu extracel·lular (ECM) – un procés anomenat haptotaxi – té un paper 

central en la morfogènesi, la resposta immune i la invasió del càncer. Se 

suposa habitualment que les cèl·lules responen a aquests gradients 

migrant direccionalment cap a les regions de major densitat de lligands. 

En contrast amb aquesta visió, aquí mostrem que la integració de la 

detecció del gradient ECM i la dinàmica de polaritat persistent pot donar 

lloc a trajectòries de migració no trivials, inclosa la migració contra el 

gradient i els cercles persistents. Hem generat patrons simètrics de 

densitat de fibronectina confinats a àrees rectangulars de diferent 

amplada. Com era d'esperar, en adherir-se a aquests patrons, les cèl·lules 

es van polaritzar i van migrar amb força cap a la direcció de la densitat de 

proteïnes més alta. Tanmateix, després d'assolir la densitat màxima, les 

cèl·lules van mostrar diferents patrons de migració en funció de l'amplada 

del gradient. En gradients 1D confinats, les cèl·lules no es van repolaritzar 

i van continuar migrant de manera persistent contra el gradient de 

fibronectina. En canvi, en gradients amplis, van fer un gir de 90º i van 

migrar per la carena definida per la densitat màxima de fibronectina. Per 

a amplades intermèdies, van sorgir trajectòries no trivials com els cercles. 

En general, el nostre estudi revela que el confinament modula la capacitat 

de les cèl·lules per detectar i respondre a senyals haptotàctiques i 

proporciona un marc per entendre com les cèl·lules naveguen per entorns 

complexos i dinàmics. 
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Abstract 

Directed cell migration along gradients of extracellular matrix (ECM) 

density – a process called haptotaxis – plays a central role in 

morphogenesis, the immune response, and cancer invasion. It is 

commonly assumed that cells respond to these gradients by migrating 

directionally towards the regions of highest ligand density. In contrast 

with this view, here we show that the integration of ECM gradient sensing 

and persistent polarity dynamics can give rise to non-trivial migration 

trajectories, including migration against the gradient and persistent 

circles. We generated symmetric patterns of fibronectin density confined 

to rectangular areas of different width. As expected, upon adhering to 

these patterns, cells polarized and migrated robustly towards the 

direction of the highest protein density. However, after reaching the 

maximal density, cells exhibited different migration patterns depending 

on the gradient width. On confined 1D gradients, cells failed to repolarize 

and continued to migrate persistently against the fibronectin gradient. By 

contrast, on wide gradients, they made a 90º turn and migrated along the 

ridge defined by the maximal fibronectin density. For intermediate 

widths, non-trivial trajectories such as circles emerged. Overall, our study 

reveals that confinement modulates the ability of cells to sense and 

respond to haptotactic cues and provides a framework to understand how 

cells navigate complex and dynamic environments. 
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Chapter 1 – Introduction 

 

1. Directed cell migration 

Coordinated movements are common among different organisms. For 

instance, migratory birds use organized patterns to optimize energy and 

improve locomotor performance (Weimerskirch et al., 2001). Similarly, 

cells in the body coordinate their movements to perform important 

physiological functions. Central to this self-organization is the ability of 

cells to perform directed migration (Fortunato & Sunyer, 2022).  

Cell migration is a process by which cells move from one location to 

another within an organism. Although cells possess the ability to move 

both randomly and directly, the effectiveness of migration is improved 

when cells exhibit clear directionality (Roussos et al., 2011b). Therefore, 

directed cell migration plays a crucial role in several biological processes. 

During development, endothelial cells undergo proliferation and 

migration, contributing to the expansion of pre-existing vasculature, a 

phenomenon known as sprouting angiogenesis (Lamalice et al., 2007) 

(Figure 1A). The resulting vascular network serves as a vital source of 

oxygen and nutrients for the surrounding tissues and organs. Another 

illustrative example is the migration of intestinal epithelial cells from the 

bottom of the crypt to the tip of the villus, allowing constant renovation 

of the epithelium and maintenance of intestinal homeostasis (Krndija et 

al., 2019) (Figure 1B). Directed cell migration is also relevant to tissue 

repair mechanisms. Epidermal skin cells proximal to a wound exhibit 

migratory behavior, moving towards the site of injury and initiating the 
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healing process by re-establishing the epithelial layer (Krawczyk, 1971) 

(Figure 1C). 

 

 

Figure 1 – Examples of directed cell migration. A: Endothelial cells migrate 

along a gradient of vascular endothelial growth factor (VEGF) during sprouting 
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angiogenesis. B: Intestinal epithelial cells migrate from the crypt to the tip of the 

villus for homeostasis. Once at the villus tip, they are further extruded. C: In 

response to a wound, keratinocytes migrate to repair and re-epithelize the 

damaged epithelium. D: Dendritic cells migrate from the site of antigen exposure 

towards the lymph node to present these antigens to T-cells. Upon reaching the 

lymph node, dendritic cells follow a chemokine gradient of CCL19 to locate T-

cells. E: Upon disruption of the basement membrane (BM), cancer cells migrate 

into nearby blood vessels, where they intravasate and begin circulating in the 

bloodstream. Through extravasation from blood vessels and manipulation of the 

local microenvironment at the new site, cancer cells colonize distant organs. 

(Figure inspired and adapted from: panel A – Lee et al., 2022; panel B – 

Corominas-Murtra & Hannezo, 2023; panel C – DiPersio, 2007; panel D – Worbs 

et al., 2017; panel E – Schroeder et al., 2012) 

 

Moreover, during the early stages of an immune response, dendritic 

cells migrate towards lymphatic vessels to present antigens collected to 

T cells (Weber at al., 2013) (Figure 1D). This organized movement plays 

a crucial role in effective communication and coordination of immune 

responses. 

In these directed cell migration examples, precision and tight 

coordination characterize movement. Failure of this coordination can 

have serious implications and contribute to the development of diseases. 

One significant example is the formation of birth defects. Specifically, 

inadequate guidance of neural crest cells during early development has 

been identified as a contributing factor in neurocristopathies, which are 

a range of disorders involving various congenital abnormalities (Watt & 

Trainor, 2014). Conversely, excessive coordination among cells can also 
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lead to disease, as observed in the context of cancer. During cancer 

development, carcinoma cells migrate from the primary tumor site to 

intravasate blood vessels (Hapach et al., 2019; Roussos et al., 2011b). 

Afterwards, they extravasate into the bloodstream to establish colonies 

in distant organs, a process known as metastasis (Figure 1E). Thus, 

enhanced cell migration in cancer is often associated with poor prognosis. 

Directed cell migration has been widely observed across different cell 

types and functions. Therefore, cells exhibit a spectrum of migration 

modes. This includes single cell migration, which can manifest in both 

amoeboid and mesenchymal forms, and multicellular migration, which 

may occur collectively or through streaming. However, cells exhibit a 

dynamic capability to transition between modes of single cell migration, 

and between single cell and multicellular migration. This adaptability 

depends on various factors, such as tissue topology, extracellular matrix 

(ECM) composition, degree of adhesion to the ECM, and the presence of 

biochemical cues (Liu et al., 2015; Ruprecht et al., 2015). For instance, 

under conditions of physical confinement and low adhesion, fibroblasts 

and epithelial cells can shift to a faster migration mode, favoring the 

development of large and stable blebs due to increased cell contractility 

(Ruprecht et al., 2015). Another illustrative example is hypoxia prevalent 

in solid tumors, which triggers the transition of collectively invading 

cancer cells into individually moving amoeboid cells, thereby increasing 

cancer dissemination (Lehmann et al., 2017). This extreme plasticity 

underscores the complexity inherent in the mechanisms that regulate 

directed cell migration. 
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1.1 Single cell migration 

Single cell migration describes the motility of cells as an 

independent individual entity. Directed migration of single cells can be 

divided into two morphological variants: amoeboid migration and 

mesenchymal migration. These variants depend on the cell type, cell-

matrix interactions, structure of the actin cytoskeleton, and protease 

production (Friedl & Wolf, 2003). 

 

 

Figure 2 – Morphologies of mesenchymal and amoeboid migrating cells. A: 

From left to right, the cells are arranged to illustrate morphological shapes 
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corresponding to their migratory modes. On the far left, mesenchymal migration 

is characterized by protrusions rich in actin polymerization, such as 

lamellipodia and filopodia. On the far right, amoeboid migration is primarily 

driven by pressure-induced protrusions like blebs. B: Microscopic images from 

different migratory modes. From left to right: fish keratocyte labelled with actin 

(magenta) and myosin (green); human primary monocyte-derived dendritic 

cells (MDDCs) labelled with actin (red) and nuclei (blue) four days after 

scrambled shRNA transduction; natural killer (NK) cell labelled with calcein 

(pink). Scale bar: 10µm; Dictyostelium discoideum cell labelled with actin (red) 

and myosin (green). (Figure adapted from: panel A – García-Arcos et al., 2024; 

panel B – Okimura et al., 2018; Ménager & Littman, 2016; Czerwinski et al., 2023; 

Brzeska et al., 2014) 

 

1.1.1 Mesenchymal migration  

Mesenchymal migration (Figure 2) is a prominent mode of 

migration observed in various cell types, including fish keratocytes 

(Figure 2B), fibroblasts, neural crest cells, and tumor cells (Roussos et al., 

2011b).  Mesenchymal migratory cells typically have an elongated shape 

and exhibit actin-based protrusions, such as lamellipodia and filopodia, at 

their leading edge (Bear & Haugh, 2014). The migration velocity in this 

mode is relatively slow owing to a strong dependence on cell-matrix 

interactions (Friedl et al., 1998). Structurally, these cells exhibit a 

combination of a cortical and stress fiber-based actin cytoskeleton (Friedl 

& Wolf, 2003). This contributes to a higher adhesion force generation, 

which is characterized by fiber pulling and bundling. Therefore, this 

cellular migration mechanism is traction-dependent, implying that it 

relies on the forces exerted by the cell on the substrate through 
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contractile actin networks (Bear & Haugh, 2014). Moreover, a notable 

feature is the presence of proteolytic ECM remodeling (Wolf et al., 2003). 

This mechanism helps overcome ECM barriers by generating ECM defects 

and migratory pathways.  

 

1.1.2 Amoeboid migration 

Amoeboid migration (Figure 2) can be observed in the unicellular 

amoebae Dictyostelium discoideum (Figure 2B) (Condeelis et al., 1992) 

and cell types such as leukocytes (Figure 2B) or tumor cells (Devreotes & 

Zigmond, 1988). Unlike mesenchymal migration, amoeboid movements 

are fast because of either weak or no adhesion to the microenvironment 

(Yumura et al., 1984; Friedl et al., 1998; García-Arcos et al., 2024). 

Amoeboid protrusions are mainly blebs, which are actin-free membrane 

“bubbles” that rely on cell contraction and pressure-driven flow inside 

the cell (Charras & Paluch, 2008; Lämmermann & Sixt, 2009; García-Arcos 

et al., 2024). Structurally, cells exhibit cortical organization of the actin 

cytoskeleton, resulting in low adhesion force generation. Additionally, 

amoeboid migratory cells refrain from matrix metalloproteases (MMPs) 

activity, which enables them to navigate ECM barriers without active 

degradation (Wolf et al., 2003; Wyckoff et al., 2006). 

 

1.2 Multicellular migration 

Multicellular migration unfolds when cells move into groups or 

clusters. Multicellular migration can be categorized as collective or 

streaming migration. This classification depends on several factors, 
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including the cells' interaction capabilities, ability to degrade the ECM, 

necessity of cell-cell junctions, and morphological characteristics of the 

participating cells. 

Collective migration describes the coordinated movement and 

behavior of a group of cells. This migration mode is fundamental during 

development, morphogenesis, vascular sprouting, tissue repair, and 

cancer invasion. Although a group of cells may exhibit a lower 

instantaneous velocity, their movement is notably more persistent 

(Mayor & Etienne-Manneville, 2016). This persistence allows them to 

efficiently cover longer distances compared to isolated cells. The key to 

collective migration is cell-cell interactions, serving not only for physical 

connections but also for facilitating essential communication among cells. 

This intercellular communication regulates individual cell motility and 

protrusion behavior within a group (Mayor & Etienne-Manneville, 2016). 

Streaming migration plays a crucial role in development and 

cancer invasion (Roussos et al., 2011b). This migratory mode is 

characterized by the directed movement of individual cells situated close 

to each other, forming a dynamic cell cluster. While streaming, individual 

cells navigate the same tracks, maintaining alignment without the need 

for direct or intact cell-cell adhesion. Nevertheless, similar to collective 

migration, streaming migration frequently involves degradation of the 

ECM to carve out migratory paths (Roussos et al., 2011a). Therefore, 

comigrating cells can accurately navigate through these tracks, thereby 

facilitating their migration and directionality. 
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2. Cues that trigger directed cell migration 

Directed cell migration is typically driven by spatial gradients within 

the cellular microenvironment. The nature and location of these gradients 

dictate the specific type of directed cell migration (Figure 3). Migration 

toward gradients of soluble chemical factors is termed chemotaxis, 

whereas migration aligned with variations in substrate topology is known 

as contact guidance. If migration is influenced by gradients in ECM 

stiffness this is referred to as durotaxis. Alternatively, migration toward 

variations in substrate-bound proteins is called haptotaxis. 
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Figure 3 – Types of directed cell migration. A: Chemotaxis: cells navigate 

gradients of soluble chemical factors. B: Contact guidance: cells orient 

themselves with topological patterns. C: Durotaxis: cells respond to gradients in 

the stiffness of the ECM. D: Haptotaxis: cells follow gradients of substrate-bound 

proteins. (Figure adapted from: Fortunato & Sunyer, 2022) 

 

Additional types of directed cell migration have been observed, 

including electrotaxis (migration in response to electric field gradients) 

(Shim et al., 2024; Leal et al., 2023), curvotaxis (migration affected by 

curvature variations) (Pieuchot et al., 2018; Sadhu et al., 2024), 

frictiotaxis (migration responsive to friction gradients) (Shellard et al., 

2023), and barotaxis (migration influenced by pressure variations) 

(Lennon-Duménil & Moreau, 2021). However, this section will exclusively 

introduce the types represented in Figure 3, delving into the nature of 

these gradients, where they can be observed, and shed light on the 

current understanding of their underlying biochemical and mechanical 

mechanisms. 

 

2.1 Chemotaxis 

Chemotaxis was first discovered in the late 1800s and was 

described as the directed movement of cells in response to soluble 

chemicals (Figure 3A; Figure 4A) (Engelmann, 1881; Pfeffer, 1881; 

Jennings, 1931; Adler, 1966). Since its initial observation, chemotaxis has 

been extensively studied across various biological contexts, including 

Escherichia coli migration towards food sources (Adler, 1966; Rashid et 

al., 2019), Dictyostelium discoideum migration towards secreted cAMP 
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gradients (Gerisch et al., 1975; Huang & Iglesias, 2014), and leukocyte 

migration towards chemokines released during inflammation and 

infection (Schall et al., 1990; Wong et al., 2010). Most cells respond 

passively to chemical cues generated by neighboring cells or tissues. 

However, some cells, such as dendritic cells, possess the ability to 

autonomously generate their own gradients (Alanko et al., 2023). This 

capability enables them to migrate more effectively in complex 

environments (Alanko et al., 2023). 

 

 

Figure 4 – Chemotaxis forms. A: Gradients of chemoattractant proteins depend 

on concentration to drive a chemotactic response towards the ligand. Above a 

defined threshold, this chemoattraction is transformed into chemorepulsion, 

revealing a chemotactic response driven not only by local ligand density but also 

by ligand slope. B: Some chemorepellents alone cannot drive any migration 
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response, and a homogeneous attractant leads to random directionality. 

However, when both are combined, the competition between the chemokines 

drives a response to the gradient ligand, resulting in chemorepulsion. (Figure 

adapted from: panel A – Tharp et al., 2006; panel B – Dowdell et al., 2023)  

 

Chemotactic gradients are detected through the binding of soluble 

chemicals, commonly referred to as chemoattractants, to specific 

receptors, such as tyrosine kinase receptors (DesMarais et al., 2009) or G-

protein-coupled receptors (Bagorda & Parent, 2008). Upon receptor 

binding, a chemotactic response is initiated, usually involving the 

production and degradation of phosphatidylinositol-3,4,5-trisphosphate 

(PI(3,4,5)P3) in the plasma membrane (Heit et al., 2002; Chung et al., 

2001). PI(3,4,5)P3 levels are regulated by PI 3-kinases (PI3Ks) and the PI 

3-phosphatase PTEN (Funamoto et al., 2002). When exposed to a 

chemoattractant gradient, PI3Ks and PTEN dynamically localize to the 

membrane at the leading and trailing edges of the cell, respectively, and 

induce cell polarity (Janetopoulos & Firtel, 2008). This localization leads 

to the selective accumulation of PI(3,4,5)P3 at the leading edge, 

promoting the extension of actin-enriched membrane protrusions and 

directed migration (Chen et al., 2007). 

Studies have revealed additional complexities in chemotaxis. For 

example, negative chemotaxis (or chemorepulsion), where cells move 

away from the chemical source, has been identified during neutrophil 

migration (Figure 4) (Tharp et al., 2006). Additionally, in bacteria, certain 

soluble chemicals have been found to induce both positive and negative 

chemotaxis depending on the chemical concentration (Figure 4A) (Tharp 
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et al., 2006; Toews et al., 1979). In addition, an indirect negative 

chemotaxis has been demonstrated in eukaryotic cells, as cells do not 

directly respond to the chemorepellent but instead exhibit negative 

chemotaxis when competing for receptor binding with a homogeneous 

chemoattractant (Figure 4B) (Dowdell et al., 2023). 

 

2.2 Contact guidance 

After the discovery of chemotaxis, contact guidance was 

introduced as a form of directed cell migration in response to substrate 

topography, such as grooves, arrays, or pillars (Figure 3B) (Harrison, 

1912; Weiss, 1934). Since then, contact guidance has been observed in 

various cell types using structured substrates that either mimic natural 

topographies or create artificial conditions to uncover hidden cellular 

properties (Tomba & Villard, 2015). 

These studies have revealed that cell response to topographical 

cues depends on the mode of migration. For example, breast carcinoma 

cells with mesenchymal migration respond more strongly to aligned 

collagen fibrils than those with amoeboid migration (Wang et al., 2014). 

This strong contact guidance response is driven by actin-rich structures 

and cell-matrix adhesions aligned along the cue direction (Fujita et al., 

2009; Albuschies & Vogel, 2013). When substrates present ECM with 

specific waveforms, cell polarization and directional migration can be 

delayed above the threshold amplitude. However, at lower amplitudes, 

the orientation of actin-rich structures and cell-matrix adhesions along 

the wave axis is facilitated, thereby promoting directed migration 

(Fischer et al., 2021). These findings reinforce that ECM fibril waveforms 



Chapter 1 – Introduction            PhD thesis – Fortunato, I.C. 
 

              14 
 

may act as barriers to cell polarization due to subcellular disorientation 

and potentially affect tumor cell migration. 

Although there is still much to understand, contact guidance is 

described as contractility-independent, as cells can polarize upon 

inhibition of the main contractile protein in the cells, myosin II (Kubow et 

al., 2017). Alternatively, Arp2/3, an actin-related protein complex, is seen 

to enhances topographical detection. This is likely due to a reduction in 

the membrane protrusion area, leading to an improvement of protrusions 

alignment along the lines (Ramirez-San Juan et al., 2017). Recent studies 

have demonstrated that substrate stiffness modulates cellular responses 

to contact guidance (Comelles et al., 2023). In this study, fibroblasts 

exhibited stiffness-independent responses in cell-matrix adhesion and 

actin dynamics. Conversely, both clusters and single breast carcinoma 

epithelial cells showed stiffness-dependent contact guidance, with 

increased substrate stiffness promoting more directional and efficient 

migration. 

 

2.3 Durotaxis 

Durotaxis is a phenomenon in which cells migrate directionally in 

response to stiffness gradients in their microenvironment (Figure 3C; 

Figure 5) (Lo et al., 2000). This response is usually from soft to stiff and is 

known as positive durotaxis (Figure 5). In vivo and in vitro observations 

of durotaxis include migration of neural crest clusters during Xenopus 

laevis development (Shellard & Mayor, 2021), pancreatic stellate cell 

activation (Lachowski et al., 2017), and cancer invasion (DuChez et al., 

2019; McKenzie et al., 2018). Moreover, collective cell migration exhibits 
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a more efficient response to durotaxis when compared to single cell. This 

efficiency comes from long-range force transmission across cells through 

cell-cell contacts, facilitating their response to these gradients (Sunyer et 

al., 2016). 

Positive durotaxis is driven by the exertion of higher tractions and 

increasing areas on stiffer surfaces (Espina et al., 2022). Thus, gradient 

detection requires the activity of proteins that mediate force 

transmission within cell-ECM adhesions. These pivotal proteins include 

integrins, two isoforms of myosin II (Raab et al., 2012), focal adhesion 

kinase (FAK) (Wang et al., 2001), and actin (Vincent et al., 2013). 

Variations in these proteins and intracellular contractility have been 

proposed to explain why some cells are more prone to durotaxis than 

others (Yeoman et al., 2021). However, the role of the Arp2/3 complex in 

durotaxis remains unclear. While Arp2/3 inhibition impedes single cell 

durotaxis in cancer cells (DuChez, 2017), contradictory findings indicate 

that durotaxis is unaffected in human retinal pigment epithelial cells 

(Rong et al., 2021). Recent studies have highlighted that durotaxis is also 

regulated by zyxin, a protein specifically found in mature cell-ECM 

adhesions (Beningo et al., 2001; Hakeem et al., 2022; Yip et al., 2021). 

While durotactic responses typically occur due to ECM proteins, 

3D epithelial clusters exhibit optimal stiffness when exposed to gradients 

coated with cell-cell adhesion proteins, such as E-cadherin (Pallarès et al., 

2023). Thus, both cell-ECM and cell-cell adhesion can facilitate collective 

durotaxis. This phenomenon was explained using a continuum model that 

focused on the interplay between cellular traction, contractility, and 

surface tension. 

In addition to positive durotaxis, also negative durotaxis have 

been described in recent years (Figure 5). Negative durotaxis, wherein 
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cells migrate towards softer areas, has been observed in single U-251MG 

glioma cells (Isomursu et al., 2022) and is thought to contribute to the 

metastasis of acral melanoma (Huang et al., 2022). This behavior is 

explained by migration towards cell-intrinsic optimal stiffness, where a 

cell's contractile and cell-ECM adhesion machinery determines the 

generation of maximal traction.  

 

 

Figure 5 – Durotaxis forms. The most common form of durotaxis is positive 

durotaxis, where cells move from soft to stiff substrates. However, negative 

durotaxis, where cells move from stiff to soft substrates, also has been observed. 

In contrast to single cell, collective durotaxis is highly efficient and has only been 

observed in the form of positive durotaxis. (Figure adapted from: Mathieu et al., 

2024) 

 

2.4 Haptotaxis 

Haptotaxis was first identified by Carter in 1965, who observed 

that fibroblasts migrated along adhesion gradients (Carter, 1965, 1967). 

Since then, haptotaxis has been defined as directed cell migration guided 
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by substrate-bound protein gradients (Figure 3D). Therefore, these 

gradients are typically associated with the ECM proteins. 

In vivo observations have revealed the significance of haptotaxis in 

physiological processes. For example, during an immune response, 

gradients of the chemokine CCL21 fixed with an ECM component, 

heparan sulfates, have been identified within the mouse skin. These 

gradients guide dendritic cells towards the lymphatic vessels (Weber et 

al., 2013) to perform their immune function. Similarly, fibronectin 

gradients present in the perivascular space and periphery of breast tumor 

tissue promote changes in cell morphology and directional movement. 

These observations were made both in vitro and in vivo, highlighting the 

role of haptotaxis in cancer progression and invasion (Oudin et al., 2016; 

Lu et al., 2014; Santiago-Medina & Yang, 2016). Despite its relevance in 

physiology and pathology, haptotaxis remains one of the least studied 

types of taxis. In the following paragraphs, we will summarize what is 

currently known about haptotaxis. 

Previous studies have presented conflicting evidence regarding 

the key mechanisms of haptotaxis. In 2016, it was demonstrated that 

myosin contractility and microtubule dynamics play crucial roles in 2D 

haptotatic gradient sensing (Autenrieth et al., 2016). Additionally, it has 

been shown that the Golgi apparatus reorients to a posterior position 

between the nucleus and trailing edge during haptotaxis (Figure 6A) 

(Autenrieth et al., 2016). In agreement with this work, myosin has also 

been highlighted as an important factor in haptotatic responses of 

fibroblasts in 3D environments (Figure 6B) (Moreno-Arotzena et al., 

2015). However, in 2016, another study claimed that dynamics of actin-

rich membrane protrusions, specifically lamellipodia, were the key 

determinant of haptotatic migration in fibroblasts and vascular smooth 
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muscle cells (King et al., 2016). Differences in lamellipodial dynamics 

were shown to bias cell migration towards higher protein concentrations 

(Figure 6C). This study also identified a specific subset of lamellipodia 

regulators crucial for haptotaxis by systematically dissecting the specific 

pathway upstream of the Arp2/3 complex (Figure 6D), further linking the 

components of this pathway to cancer metastasis (King et al., 2016). They 

also demonstrated that haptotaxis operates through this pathway, not 

only in 2D but also in 3D environments (King et al., 2016). Interestingly, 

this study rejects the idea that myosin contractility is necessary for 

gradient recognition during haptotatic migration of fibroblasts. 

Therefore, the role of contractility in haptotaxis and its key mechanisms 

remains unclear. 

Although fibroblasts have been extensively studied in the context 

of haptotaxis, other cell types exhibit distinct behaviors in response to 

substrate-bound protein gradients (Autenrieth et al., 2016; Moreno-

Arotzena et al., 2015; King et al., 2016; DeLong et al., 2005). Mesenchymal 

stem cells (MSCs) and fibroblasts encounter haptotactic gradients at the 

interface between healthy and fibrotic tissues as they migrate towards an 

injury site (Wen et al., 2015). However, in contrast to fibroblasts, which 

display robust haptotactic responses, MSCs require modulation of cell-

matrix adhesions to exhibit similar behaviors (Wen et al., 2015). To 

understand how adhesion dynamics dictate haptotaxis, they developed 

RGD and collagen gradients in polyacrylamide hydrogels with 

physiologically relevant stiffnesses. These experiments indicated that 

haptotactic behaviors are limited by adhesion (Wen et al., 2015). 

Fibroblasts exhibited robust haptotaxis regardless of ligand composition 

and fiber deformation, whereas MSCs displayed haptotaxis only when 

cell-matrix adhesion was indirectly reduced by the addition of free 
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soluble matrix ligand mimetic peptides (Wen et al., 2015). This study 

highlights the importance of substrate adhesion dynamics in the 

regulation of haptotactic response. Additionally, it also provides insights 

into the distinct migratory behaviors of different cell types in response to 

substrate gradients. In addition to MSCs, protein gradients on surfaces 

have also been shown to modulate neuronal development. Using 

gradients of pure laminin to pure BSA, rat hippocampal neurons revealed 

that axons tend to grow in the direction of increasing laminin density 

(Figure 6E) (Dertinger et al., 2002). Specifically, linear gradients with a 

certain laminin concentration slope resulted in directed axon growth, 

whereas gradients with lower slopes had no detectable effect (Dertinger 

et al., 2002). Substrate-bound netrin-1 gradients have also been 

described to promote growth cone attachment and axon guidance in 

neurons (Dominici et al., 2017; Qiu et al., 2024). 

Like other types of directed cell migration, haptotaxis also exhibits 

unconventional mechanisms. For instance, amoeboid human T 

lymphocytes move through haptotaxis mediated by integrin α4β1 found 

on endothelial venules (Figure 6F) (Luo et al., 2020). However, these 

lymphocytes are attracted to areas with decreased adhesion mediated by 

integrin αLβ4 (Figure 6F). This behavior was termed reverse haptotaxis 

and was not observed in the mesenchymal cells. Moreover, the described 

mechanisms of mesenchymal haptotaxis favor orientation towards 

increasing adhesion and cannot fully explain reverse haptotaxis (Luo et 

al., 2020). Nevertheless, multidirectional integrin-mediated haptotaxis 

might operate around transmigration ports on endothelia, stromal cells 

in lymph nodes, and inflamed tissues where integrin ligands are spatially 

modulated (Luo et al., 2020). 
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Figure 6 – Described mechanisms of haptotaxis. A: Chick embryonic 

fibroblasts migrating in digital gradients show directional migration towards 

higher ECM protein densities when the Golgi is positioned behind the nucleus. 

Scale bar is 10 µm. B: Human dermal fibroblasts follow gradients of platelet-

derived growth factor BB (PDGF-BB). However, this response is lost when the 

cells are cultured with blebbistatin, an inhibitor of myosin and contractility. C: 

Microscopic images showing a fibroblast with its edges exposed to different 

concentrations of ECM protein. Membrane protrusions extend more in areas 
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with higher protein concentrations compared to lower protein areas. D: 

Fibroblasts exhibit increased Arp2/3 at the cell edge exposed to higher protein 

concentrations, aligning with their direction of movement. Scale bar is 50 µm. E: 

Axons from rat hippocampal neurons tend to grow in the direction of increasing 

laminin density. F: T lymphocytes display different haptotaxis modes, depending 

on the type of adhesion they form. When the gradient is made of vascular cell 

adhesion molecule (VCAM-1), lymphocytes adhere through α4β1 and migrate 

towards higher VCAM-1 concentrations. In contrast, when the gradient is made 

of intercellular adhesion molecule (ICAM-1), lymphocytes adhere through αLβ4 

and migrate towards lower ICAM-1 concentrations. Scale bars is 200 µm. (Figure 

adapted from: panel A – Autenrieth et al., 2016; panel B – Moreno-Arotzena et 

al., 2015; panel C – King et al., 2016; panel D – King et al., 2016; panel E – 

Dertinger et al., 2002; panel F – Luo et al., 2020) 

 

Upon encountering an external cue, directed cell migration occurs 

through distinct steps: 1) sensing the cue; 2) interpreting and transducing 

the cue by coordinating the migration machinery accordingly. The role of 

the physical forces is central to these steps. These forces are not only 

integrated into signal sensing, but also act in transmitting information 

throughout the cell to coordinate a response. Therefore, forces play a 

crucial role in the directed migration mechanisms. The following sections 

introduce these migratory steps with a focus on forces. 

 

3. Sensing mechanical gradients 

To directly migrate, cells must first sense the gradient. In some types 

of directed cell migration, physical forces play a minor role in gradient 
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sensing. For instance, chemotaxis sensing is primarily mediated by G-

protein-coupled or tyrosine kinase receptors. However, when cells move 

in response to mechanical cues, such as stiffness or substrate-bound 

proteins, physical forces become crucial for sensing external cues. This 

specific sensing process is referred to as mechanosensing. 

Mechanosensing involves cell detection and interpretation of mechanical 

cues from their surroundings. During migration, this occurs through cell-

ECM contacts, known as focal adhesions (FAs). FAs not only enable cells 

to detect changes in ECM properties but also allow them to exert pushing 

and pulling forces on the ECM. Initially, the ECM resists these forces 

because of stiffness, which varies from an elastic modulus of hundreds 

(e.g., lung) to tens of kilopascals (e.g., skeletal muscle) to thousands of 

kilopascals (e.g. bone) (Figure 7A) (Levental et al., 2007; Swift et al., 2013; 

Saraswathibhatla et al., 2023; Helvert et al., 2018). As cell forces intensify, 

ECM resistance increases nonlinearly, or ECM stiffness, known as 

nonlinear elasticity (Storm et al., 2015; Saraswathibhatla et al., 2023). 

Over time, sustained cell forces cause ECM resistance to relax through 

stress relaxation, resulting in creep under loading (Saraswathibhatla et 

al., 2023). This behavior is defined by the ECM viscoelasticity. Eventually, 

upon the release of cellular forces, permanent deformations occur due to 

ECM mechanical plasticity (Saraswathibhatla et al., 2023). 

Thus, this section will focus on the two main elements of 

mechanosensing: the different ECM components and the assembly, 

maturation, disassembly, and transport mechanisms of FAs. 
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3.1 Extracellular matrix (ECM) 

Extracellular matrix (ECM) is a complex and dynamic network that 

surrounds cells (Figure 7B). ECM provides structural support, regulates 

cellular behavior, and participates in numerous physiological processes, 

including tissue development, homeostasis, and wound healing (Mouw et 

al., 2014; Saraswathibhatla et al., 2023). Moreover, ECM serves as a 

scaffold for cell adhesion, migration, and differentiation 

(Saraswathibhatla et al., 2023). The ECM also acts as a reservoir for 

growth factors, cytokines, and other signaling molecules, regulating their 

availability and activity (Gattazzo et al., 2014). This dynamic network is 

composed of various macromolecules such as collagen, fibronectin, 

laminin, elastin, and hyaluronic acid (HA). 

Collagen is the most abundant protein in the ECM and is essential 

for tissue integrity and mechanical strength (Figure 7B) (Fratzl, 2008; 

Svensson et al., 2010). It forms fibrils, networks, and filaments that 

contribute to the structural framework of tissues, such as skin, bone, 

cartilage, and tendons (Birk & Bruckner, 2005; Shadwick, 1990; 

Shoulders, 2009). Collagens are characterized by their triple-helical 

structure, which is stabilized by hydrogen bonds and other interactions 

between amino acid residues (van der Rest & Garrone, 1991). These 

collagenous structures provide tensile strength and resilience to the 

tissues, allowing them to resist mechanical stress and deformation. 

Collagen turnover and remodeling are tightly regulated processes 

essential for tissue repair, regeneration, and homeostasis. Dysregulation 

of collagen metabolism is associated with various pathological conditions 

including fibrosis, arthritis, and cancer (Tang et al., 2020). 
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Figure 7 – ECM stiffness ranges and its components. A: The stiffness of the 

ECM varies significantly across different tissues. For example, lung ECM stiffness 

is in the range of hundreds of pascals, smooth muscle ECM stiffness is in the 
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range of thousands of pascals, while skeletal muscle ECM stiffness reaches tens 

of thousands of pascals. B: Epithelial cells have varying ECM components with 

different spatial organizations on their basal side. Stromal cells, such as 

fibroblasts, are responsible for producing and maintaining the ECM suitable for 

the requirements of the tissue. (Figure adapted from: panel A – Butcher et al., 

2009); panel B – Saraswathibhatla et al., 2023) 

 

Fibronectin is another important ECM protein that mediates cell 

adhesion and signaling (Figure 7B) (Vogel, 2006). It exists in both soluble 

and insoluble forms and interacts with integrin receptors from FAs via its 

two arginine–glycine–aspartate (RGD) sequences (Lemańska-Perek & 

Adamik, 2019; Humphries et al., 2006). It also binds to other ECM 

components such as collagen and fibrin, forming a scaffold that supports 

cell migration and tissue organization (Kubow et al., 2015). Fibronectin 

plays a key role in tissue morphogenesis, wound healing, and embryonic 

development (Bonnans et al., 2014; Lemańska-Perek & Adamik, 2019). 

Dysfunctional fibronectin signaling has been implicated in cancer 

metastasis, cardiovascular diseases, and developmental disorders 

(Bonnans et al., 2014). 

Laminin is a glycoprotein and a major component of the basement 

membrane, a specialized ECM structure that separates epithelial and 

endothelial cells from the underlying connective tissue (Figure 7B) 

(Yurchenco, 2011; Chang & Chaudhuri, 2019). Laminin plays an 

important role in cell adhesion, migration and differentiation, providing 

a scaffold for tissue organization and integrity (Hamill et al., 2009). It also 

interacts with other ECM components, such as collagen and 

proteoglycans, to modulate cell behavior and signaling (Dzobo & 
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Dandara, 2023). Mutated laminin has been implicated in various diseases 

including muscular dystrophy and kidney disorders (Nelson et al., 2015; 

Vijayakumar et al., 2014). 

Elastin provides elasticity and resilience to tissues such as the 

skin, blood vessels, and lungs (Figure 7B) (Huang et al., 2021). It forms 

elastic fibers that recoil after stretching to maintain tissue shape and 

function. Elastin molecules are cross-linked to each other and to other 

ECM proteins such as fibrillin, originating a network which promotes 

mechanical stability and tissue flexibility (Cocciolone et al., 2018; 

Chaudhuri et al., 2020). Elastin synthesis and assembly are tightly 

regulated processes essential for tissue development and repair (Wang et 

al., 2021). Mutated elastin is associated with hereditary connective tissue 

disorders such as Marfan syndrome (Thomson et al., 2019). 

HA is a non-proteinaceous ECM component that regulates tissue 

hydration, lubrication, and viscoelasticity (Figure 7B) (Huang et al., 

2021). It forms a high molecular weight glycosaminoglycan that binds to 

water molecules, creating a hydrated gel-like matrix that fills the 

interstitial spaces within tissues (Balazs et al., 1986). HA also interacts 

with cell surface receptors, such as CD44 and the receptor for 

hyaluronan-mediated motility (RHMM) (Saraswathibhatla et al., 2023). 

Dysregulated HA metabolism is associated with inflammatory diseases, 

osteoarthritis, and cancer metastasis (Wolf & Kumar, 2019). 

ECM production and remodeling are mainly performed by 

fibroblasts and pericytes (Huang et al., 2021), also known as stromal cells 

(Figure 7B). Fibroblasts are widely distributed in connective tissues and 

tumors (Huang et al., 2021; Kalluri & Zeisberg, 2006). Fibroblasts secrete 

structural ECM proteins, such as collagen and fibronectin, as well as 

enzymes involved in ECM modification and degradation (Lynch & Watt, 
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2018; Voloshenyuk et al., 2011; Brilla et al., 1995). These cells respond to 

various signaling cues, including cytokines, growth factors and 

mechanical forces, regulating ECM composition and stiffness 

(Voloshenyuk et al., 2011; Siwik et al., 2000; Balestrini & Billiar, 2006). 

Pericytes are located around endothelial cells and contribute to their 

vascular stability and function. Pericytes interact with ECM and other cell 

types within the vessel wall (Payne et al., 2019). 

 

3.2 Focal adhesions (FAs) 

FAs are dynamic protein complexes that connect the actin 

cytoskeleton of cells to ECM components such as RGD and collagen. These 

adhesions facilitate bidirectional transmission of mechanical signals 

between cells and their microenvironment. Therefore, in addition to 

anchoring the cells, FAs also function as cell mechanosensors of ECM 

characteristics, which are essential for translating cytoskeletal forces into 

migration and cell signaling (Riveline et al., 2001; Geiger et al., 2009). FAs 

are composed of several proteins including integrins, FAK, paxillin, talin, 

vinculin, zyxin, and α-actinin (Figure 8) (Hynes, 2002; Geiger et al., 2009; 

Winograd-Katz et al., 2014). 

FAs assembly is characterized by the sequential recruitment of 

adhesion proteins around a central nucleation site (Figure 8A). This 

process is initiated beneath small membrane protrusions by the 

engagement of integrin receptors. Integrins are transmembrane 

heterodimers containing α- and β-subunits (Saraswathibhatla et al., 

2023). The α- and β- subunits preferentially combine according to the 

ECM protein. For example, α1β1 integrin is the main receptor for collagen, 
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whereas α5β1 integrin usually links RGD sequences present in 

fibronectin (Hynes & Naba, 2012). The extracellular domain of integrin is 

directly linked to ECM components and the intracellular domain links 

cytoplasmic adhesion proteins. Therefore, upon binding to the ECM, 

integrins undergo conformational changes that initiate intracellular 

signaling pathways. This leads to the recruitment and activation of 

adaptor proteins such as FAK, paxillin, and talin (Figure 8) (Geiger et al., 

2009; Winograd-Katz et al., 2014). Talin is a key FA protein because it not 

only links integrins to actin filaments but also plays a role in integrin 

activation (Zhang et al., 2008; Geiger et al., 2009). Similar to integrins, 

talin unfolds under force. Mechanical forces generated by actin 

polymerization, the actin movement from the interior to the cell edge, or 

contraction increase the association of talin with integrin and promote 

talin unfolding. Previous studies have shown that talin unfolding occurs 

when ~5pN of force is reached (Yao et al., 2014). Association of integrin 

with FAK, paxillin, and talin results in the formation of nascent focal 

adhesions (Figure 8A) (Beningo et al., 2001). These nascent adhesions 

serve as initial anchoring points that stabilize the leading edge and 

reinforce the formation of membrane protrusions (Ban et al., 2018). 

Over time, these stabilized adhesions undergo maturation owing 

to intracellular contraction and actin movement from the edge to the cell 

interior, known as actin retrograde flow. This enhances the generation of 

traction and tension at the FAs. Consequently, vinculin unfolds and 

engages with stretched talin, maintaining talin in an open conformation 

(Figure 8A) (Atherton et al., 2016). As vinculin also binds to actin, the 

association of this protein stabilizes and reinforces FAs (Atherton et al., 

2016). The recruitment of zyxin and α-actinin is also critical for FA 

maturation (Figure 8) (Grashoff et al., 2010). α-Actinin accumulates with 
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actin and reorients it, promoting FAs growth and elongation (Choi et al., 

2008). This process leads to clustering of integrins and FAs 

strengthening, resulting in mature focal adhesions (Figure 8) 

(Calderwood et al., 2013; Sun et al., 2016). Therefore, traction and tension 

directly influence the maturation of focal adhesions, with different 

adhesion proteins displaying variable sensitivity to mechanical forces 

(Ban et al., 2018). 

When the tension at the integrins reaches high levels, FAs 

disassembly occurs at both the trailing and leadings edges. At the leading 

edge, disassembly is facilitated by actin depolymerization and actin 

reorganization (Webb et al., 2002). This promotes the formation of new 

protrusions and adhesions at the leading edge. Disassembly at the leading 

edge is also facilitated by modulating local contractility due to the 

constant extension and retraction cycles of cell protrusions. At the trailing 

edge, disassembly is mainly facilitated by the weakening of local 

contractility and involves the dissociation of paxillin and α-actinin from 

FAs (Choi et al., 2008; Laukaitis et al., 2001). This leads to trailing 

retraction and inward movement of the cell edge, accompanied by 

slipping of the adhesions. Interestingly, FAs disassembly is not a simple 

reversal of the sequential assembly mechanism (Giannone et al., 2004). 

For example, paxillin and α-actinin assemble sequentially, but 

disassemble simultaneously. 

During both assembly and disassembly, FAs proteins are 

dynamically transported within the cell to and from adhesion points. 

Photobleaching experiments revealed distinct dynamics in trailing 

adhesions, slipping ones, compared to leading adhesions, stationary ones 

(DeMali et al., 2002; Gupton & Waterman-Store, 2006). Specifically, 

integrin diffusion appears to increase slipping adhesion, indicating a 
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potential decrease in the affinity of integrins for one or more proteins 

with which they link (Ballestrem et al., 2001). This turnover mechanism 

seems to be orchestrated by microtubules, which regulate the localization 

of adhesion points and dynamics of FAs proteins in response to the ECM 

(Kaverina et al., 1999). 
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Figure 8 – FAs composition and maturation in response to force. A: Above 

5pN of force, talin unfolds to promote the link between the integrin and actin. 

This unfolding expose protein binding sites and recruit vinculin to the adhesion 

complex. Upon the recruitment, integrin clusters, adhesions grow and become 

reinforced, passing from nascent to mature FAs. B: Microscopic images of rat 

embryonic fibroblasts (REF52) stained for zyxin, FAK, vinculin, and paxillin, 

revealing the morphology of mature focal adhesions. (Figure adapted from: 

panel A – Fortunato & Sunyer, 2022; panel B – Malik-Sheriff et al., 2018) 

 

4. Downstream effects of mechanosensing 

After mechanosensing a gradient via FAs, cells respond internally by 

integrating these external signals. This process is known as 

mechanotransduction, where a mechanical signal is transduced into a 

biochemical response within the cell.  

A clear example is the subcellular translocation of Yes-associated 

protein (YAP) due to force. YAP functions as a pivotal mechanosensitive 

regulator within cells, primarily dictated by its localization—in either the 

cytoplasm or nucleus (Figure 9A) (Zanconato et al., 2016; Porazinski et 

al., 2015). In the nucleus, YAP acts as a transcriptional coactivator, 

binding to TEAD transcription factors to modulate gene expression 

patterns crucial for various cellular functions (Figure 9A) (Zhao et al., 

2008). YAP’s nuclear localization is regulated by mechanical signals, such 

as ECM stiffness (Elosegui-Artola et al., 2016), and involves cell 

cytoskeleton integrity (Das et al., 2016) and FAs arrangement (Elosegui-

Artola et al., 2016). Thus, high force directs YAP translocation from the 

cytoplasm to the nucleus by changing the mechanical limitation of nuclear 

pores, thereby regulating its activity and downstream gene expression 



Chapter 1 – Introduction            PhD thesis – Fortunato, I.C. 
 

              32 
 

(Figure 9A) (Elosegui-Artola et al., 2017). Moreover, force-induced YAP 

translocation also depends on nuclear transport (Andreu et al., 2022; 

Driscoll et al., 2015; Elosegui-Artola et al., 2017).  
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Figure 9 – Examples of biochemical signals driven by force. A: Cells seeded 

on soft substrates exhibit YAP localization in the cytoplasm. However, when 

seeded on stiff substrates, higher traction forces are generated, causing YAP to 

translocate from the cytoplasm to the nucleus. This translocation leads to 

expression of important genes. B: Force can activate ion channels, such as Piezo, 

either through direct forces within the lipid membrane due to changes in lipid 

organization or through intracellular forces driven by cytoskeleton filaments. 

Both activation approaches result in an increased influx of Ca2+. (Figure adapted 

from: panel A – Panciera et al., 2017; panel B – Karska et al., 2023) 

 

Another example of a biochemical process driven by force is the non-

selective ion channel Piezo1. Piezo1 detects changes in membrane 

tension and regulates the influx of several cations, such as Ca2+, across 

the cell membrane (Figure 9B) (Coste et al., 2010; Yao et al., 2022; Syeda 

et al., 2016). Activation of Piezo1 not only leads to Ca2+ influx but also 

subsequent activation of calcium-dependent signaling pathways, 

including those involving NFATs, Calcineurin, and PKCs (Aglialoro et al., 

2020). This cascade results in the inside-out activation of integrins, 

increasing cellular adhesion and influencing cell behavior (Aglialoro et al., 

2020; Liu et al., 2024). Therefore, the mechanotransduction process 

mediated by Piezo1 involves its interaction with FAs assembly. 

Even though various biochemical reactions can occur, the most crucial 

response is the establishment of cell polarity, particularly front-to-rear 

polarity. Key proteins that define this polarity regulate the actin 

cytoskeleton, thereby controlling the generation and organization of actin 

structures essential for migration. Thus, this section will explore different 
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types of cell polarity and the general role of the cell cytoskeleton, with a 

particular focus on front-to-rear polarity and the actin cytoskeleton. 

 

4.1 Cell polarity 

Cell polarity represents the asymmetric distribution of cytoplasm, 

organelles, and proteins within a cell, a fundamental aspect crucial for 

various physiological processes. While cell polarity has been 

demonstrated to be crucial for cell persistent migration (Vaidžiulytė et al., 

2022), its integration with the sensing of gradient cues remains unknown. 

Cell polarity manifests in multiple forms, including apicobasal, 

planar, and front-to-rear polarity. Apicobasal polarity refers to the 

epithelial organization in an apical membrane facing the outside of the 

body and a basal membrane oriented towards the underlying tissue. This 

polarity is critical for maintaining the functional and structural integrity 

of epithelial tissues. Key apical polarity regulators include Crumbs, aPKC, 

PTEN, and Par3, which are involved in forming the apical junctional 

complex and segregating the junctional domain from the apical 

membrane (Tepass, 2012). Conversely, the basolateral polarity module 

includes proteins like Dlg, Lgl, Scrib, and Par-1, essential for regulating 

intercellular junctions (Mysh & Poulton, 2021). 

Planar cell polarity (PCP) involves the coordinated polarization of 

cells within the plane of a tissue. PCP is essential for processes like tissue 

elongation, proper orientation of hair follicles, and collective migration. 

Thus, a core PCP pathway, including Wnt-Frizzled/PCP signaling, 

promotes cellular orientation and coordination of collective cell 

movements (Koca et al., 2022). Other PCP proteins include Vang, Pk, and 
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Dsh, which are conserved across species and crucial for establishing PCP 

through their asymmetric distribution within cells (Montcouquiol et al., 

2008; Gray et al., 2011; Ossipova et al., 2022). 

Front-to-rear polarity establishes an asymmetry within the cell, 

where the localization of specific proteins and organelles, along with 

distinct morphological features, define the cell's front and rear. This 

polarity enables cells to orient themselves and move in the right 

direction. Therefore, the establishment of front and rear polarity is 

essential for directed cell migration. 

 

4.1.1 Front-to-rear polarity 

Front-to-rear polarity in directed cell migration refers to the 

asymmetric organization of cellular components, establishing a leading 

edge (front) and a trailing edge (rear) within a migrating cell (Figure 10). 

For example, organelles such as the nucleus, Golgi apparatus (GA), and 

microtubule-organizing center (MTOC) exhibit front-to-rear polarity. The 

MTOC and GA typically position themselves between the nucleus and the 

leading edge (Maninová et al., 2013). Contrarily, the nucleus is often 

located at the trailing edge. Nuclear reorientation and polarity are 

mediated by the LINC complex, which physically connects the nucleus and 

the cytoskeleton. This process is further regulated by signaling pathways 

such as the LPA-mediated activation of Rho GTPases and integrin-FAK-

Src-p190RhoGAP signaling at the leading edge (Maninová et al., 2013). 

Although the front-to-rear polarity of organelles is relevant, the key role 

of this polarity in directional movement is to coordinate the signaling 
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pathways and cytoskeletal dynamics essential for propulsion and 

guidance. (Maninová et al., 2013; Vassilev et al., 2017). 
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Figure 10 – Regulation of front-to-rear polarity. During cell migration, a 

gradient of Rho GTPase activity is established. At the front of the cell (orange 

zone), active Rac1 and Cdc42 stimulate actin polymerization through the 

Arp2/3 complex and formin, generating cell protrusions such as lamellipodia 

and filopodia. Conversely, at the rear of the cell (blue zone), active RhoA 

promotes contractility by enhancing the maturation of focal adhesions and the 

formation of stress fibers. (Figure from: Fortunato & Sunyer, 2022) 

 

The establishment of front-to-rear polarity is mainly coordinated 

by the Rho family of GTPases. Rho GTPases are regulated by guanine 

nucleotide exchange factors (GEFs) (e.g., Vav2, ARHGEF2 and ARHGEF40) 

and GTPase-activating proteins (GAPs) (e.g., ARHGAP24 and ARHGAP35), 

which control the active (GTP-bound) and inactive (GDP-bound) states of 

the GTPases (Ohashi et al., 2017; Schmidt & Hall, 2002; Bai et al., 2015). 

Interestingly, while there is plenty of GEFs and GAPs, only a subset have 

well-characterized functions, and the loss of even a single GEF or GAP can 

have profound effects on cellular behavior and actin cytoskeleton 

organization (Duman et al., 2015; Bai et al., 2015). Moreover, the 

specificity of GEF and GAP interactions with Rho GTPases is complex, 

involving multiple sites on the GTPases for regulation and activation (Li 

& Zheng, 1997). 

Rho GTPases are necessary to facilitate the formation of distinct 

cellular structures, such as membrane protrusions (e.g., filopodia and 

lamellipodia), stress fibers and FAs maturation (Figure 10) (Arthur et al., 

2000; Aspenström, 2019; Nobes & Hall, 1995). Thus, these proteins act as 

molecular switches that regulate actin polymerization, depolymerization, 

and myosin activity, ensuring directional movement. This regulation is 
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mainly promoted by Rac1, Cdc42 and RhoA small GTPases (Figure 10) 

(Zegers & Friedl, 2014). At the leading edge, Rac1 and Cdc42 activate actin 

cytoskeleton polymerization and remodeling, promoting the formation of 

actin-based protrusions (Hall, 2005; Zegers & Friedl, 2014). Specifically, 

Rac1 activates the Arp2/3 complex, a key player in the nucleation of 

branched actin filaments essential for the formation and dynamics of 

lamellipodia (Figure 10) (Steffen et al., 2004; Ten Klooster et al., 2006; 

Yang et al., 2022). The interplay between Rac1 and the Arp2/3 complex 

leads to a rapid polymerization of actin and promotes the extension of the 

cell membrane forward. Interestingly, Rac1 activation can be induced by 

calcium influx through mechanosensitive ion channels (e.g., TRP family) 

(Becker et al., 2009; Fiorio et al., 2012). Cdc42 regulates the formation of 

filopodia, small, stick-like protrusions that extend from the cell surface. 

Cdc42 activates formins such as mDia2, which nucleate and elongate 

unbranched actin filaments necessary for filopodia formation (Figure 10) 

(Grobe et al., 2018; Fu et al., 2022; Pellegrin & Mellor, 2005). Formation 

of these membrane protrusions are essential to drive cell movement. At 

the trailing edge, RhoA controls assembly and adhesion of actomyosin, a 

protein complex formed by the interaction between actin and myosin. 

RhoA activation leads to the stimulation of Rho-associated kinase (ROCK), 

which phosphorylates myosin light chain (MLC), promoting actomyosin 

contractility (Figure 10) (Chang et al., 2008; Choraghe et al., 2020; 

Chrzanowska-Wodnicka & Burridge, 1996). This contractility is essential 

for the maturation of focal adhesions and the generation of mechanical 

forces. Moreover, it facilitates trailing retraction and forward cell 

propulsion (Zegers & Friedl, 2014; Hall, 2005; Lambrechts et al., 2004). 

Interestingly, the regulation of front-to-rear polarity by Rho 

GTPases involves complex feedback loops and crosstalk between 



Chapter 1 – Introduction            PhD thesis – Fortunato, I.C. 
 

              39 
 

different members of the family (Figure 10). For example, inhibition of 

ROCK, a downstream effector of RhoA, can indirectly reduce RhoA activity 

by stimulating Tiam1-induced Rac1 activity. This finding suggests that 

ROCK not only mediates downstream effects but also influences the 

balance between RhoA and Rac1 activities (Tang et al., 2012). Moreover, 

the cross-linking and bundling of myosin generates large, stable actin 

filaments and FAs, which inhibits adhesion signaling to Rac1 (Parsons et 

al., 2010). This feedback loop between Rho and Rac pathways ensure that 

Rho GTPases activities are finely tuned spatially and temporally, which is 

crucial for proper organization of the actin cytoskeleton and the 

formation and maturation of FAs (Mack & Georgiou, 2014; Arthur et al., 

2000; Aspenström, 2019; Nobes & Hall, 1995). Rho GTPases can also be 

modulated by other signals, including those from FAs. FAs are known to 

interact with GEFs, GAPs but also RhoA (Joo & Olson, 2021; Nalbant et al., 

2009). Although the direct control of GEFs and GAPs is not clear, some 

insights about RhoA modulation have been shown. For instance, the role 

of GEF-H1 in localized activation of RhoA at the leading edge of migrating 

cells, which seems to be influenced by FAs (Nalbant et al., 2009). 

 

4.2 Cell cytoskeleton 

Whether random or directed, single or multicellular, cell migration 

requires the cell cytoskeleton to move. The cell cytoskeleton mainly 

consists of three primary polymers: intermediate filaments (IFs), 

microtubules, and actin (Figure 11A). These polymers provide structure, 

organization, mechanics, and shape to the cells, and they are organized 

into networks that can resist deformation in response to external forces. 
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The architecture of these networks is regulated by various proteins, 

including nucleation-promoting factors (NPFs), capping proteins, 

polymerases, depolymerization factors, and cross-linkers (Fletcher & 

Mullins, 2010). The activity of these regulatory proteins is influenced by 

internal or external mechanical forces, which can also affect the local 

organization of filaments in the networks. 
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Figure 11 – Cytoskeletal biopolymers. A: The cell cytoskeleton is primarily 

composed of actin filaments, microtubules, and intermediate filaments. These 

biopolymers exhibit distinct spatial organizations and fulfill various functions 

within the cell. B: Microscopic image of mouse embryonic fibroblasts (MEFs) 

stained for vimentin (green), an important protein in intermediate filaments, 

and the nucleus (blue). C: Microscopic image of retinal pigment epithelial (RPE1) 

cells stained for α-tubulin (white), a key protein in microtubules, and the 

nucleus (magenta). (Figure adapted from panel A – drawn using images from 

Servier Medical Art. Servier Medical Art by Servier is licensed under a Creative 

Commons Attribution 3.0 Unported License 

(https://creativecommons.org/licenses/by/3.0/); panel B – Eibauer et al., 

2024; panel C – Li et al., 2023) 

 

The main differences between cytoskeleton polymers are polarity, 

the type of associated molecular motors, assembly dynamics, and 

mechanical stiffness. Nevertheless, contrary to the traditional view of 

distinct functions for each cytoskeletal component, emerging evidence 

proposes that they interact and support each other. For instance, 

vimentin IFs have been shown to stabilize microtubules against 

depolymerization. They also support microtubule rescue, indicating a 

direct physical interaction that influences microtubule dynamics 

(Schaedel et al., 2021). Similarly, the crosstalk between IFs and actin has 

been implicated in modulating cell migration, mechanoresponsiveness, 

and signaling transduction (Li et al., 2019), For instance, IFs contribute to 

migration speed, nuclear integrity, and resilience to compressive forces 

by regulating actomyosin-generated forces, which are essential during 

cell migration in both two-dimensional (2D) and three-dimensional (3D) 
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environments (Van Bodegraven & Etienne-Manneville, 2020; Sakamoto 

et al., 2013). Moreover, the protein Mip-90 has been identified as a 

microtubule-interacting protein that also interacts with actin filaments. 

This suggests a role in coordinating the interplay between these two 

cytoskeletal networks (González et al., 1998). This intercommunication 

between actin, microtubules, and IFs is crucial for the mechanical 

integrity and functionality of cells. The interactions between these 

cytoskeletal components are not merely supportive but are actively 

involved in regulating and coordinating cellular activities. 

Besides directed cell migration, the cell cytoskeleton is also 

important for the maintenance of intracellular compartments, cell 

division and intracellular transport (Fletcher & Mullins, 2010). 

 

4.2.1 Intermediate filaments (IFs) 

IFs play a significant role in maintaining cellular integrity and are 

distinguished by their unique mechanical properties (Figure 11A; Figure 

11B). IFs exhibit a combination of flexibility and extensibility, allowing 

them to withstand large deformations while maintaining tensile strength. 

This is crucial for protecting cellular structures, such as the nucleus, from 

mechanical stresses encountered in vivo (Pogoda & Janmey, 2023; 

Petitjean et al., 2024). Atomic force microscopy studies have revealed that 

stabilized IFs have a higher bending modulus compared to non-stabilized 

ones, suggesting a Young's modulus of around 900 MPa or higher for 

vimentin IFs (Guzmán et al., 2006). Furthermore, the tensile strength and 

extensibility of IFs, such as desmin in muscle fibers, indicate a 
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pronounced strain-hardening regime and a tensile strength of at least 240 

MPa (Qin et al., 2009). 

The assembly and disassembly of IFs involve the hierarchical 

organization of their protein subunits. Unlike actin filaments and 

microtubules, which rely on ATP and GTP hydrolysis, respectively, IF 

assembly is driven by interactions between coiled-coil dimers. These 

dimers assemble into tetramers, which then associate laterally and 

longitudinally to form the mature filament. This hierarchical assembly 

confers to IFs the above unique mechanical properties (Petitjean et al., 

2024). 

IFs play a crucial role in mechanotransduction. The 

phosphorylation and reorganization of IFs, such as vimentin, regulate FAs 

dynamics and cell contraction (Kraxner et al., 2021; Tang & Gerlach, 

2017). Recent evidence suggests that IFs contribute to 

mechanosensitivity and the regulation of cytoskeletal stability and 

organization (Ndiaye et al., 2022). For instance, vimentin IFs structure 

and align microtubules, supporting them against compressive forces and 

potentially enhancing intracellular transport (Blob et al., 2023). In 

keratinocytes, the keratin network of IFs adapts to increased matrix 

stiffness by forming a more rigid network, working in conjunction with 

actin stress fibers to increase cell stiffness (Laly et al., 2021). Mutations in 

keratin, such as the R416P mutation in keratin 14, disrupt this mechanical 

response, impairing mechanotransduction to the nuclear lamina and 

affecting chromatin remodeling (Laly et al., 2021). Additionally, proteins 

like plectin connect IFs to other cellular structures, modulating their 

response to mechanical stimuli and contributing to the maintenance of 

nuclear integrity under mechanical stress (Laly et al., 2021; Almeida et al., 

2015). 
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4.2.2 Microtubules 

Microtubules are the most rigid components of the cytoskeleton 

(Figure 11A; Figure 11C) (Nasrin et al., 2021). These structures behave as 

viscoelastic materials, and their mechanical properties can be influenced 

by the presence of microtubule-associated proteins (MAPs) or conditions 

that inhibit microtubule assembly (Sato et al., 1988). Tubulin, the building 

block of microtubules, has similar mechanical properties as microtubules 

and contributes to the structure of cytoplasm even in nonpolymerizing 

conditions (Sato et al., 1988).  

Microtubules serve as tracks for the transport of organelles and 

other cellular components by motor proteins such as kinesin and dynein. 

Post-translational modifications of tubulin, such as acetylation, influence 

motor protein interactions with microtubules. Acetylated microtubules 

enhance kinesin mediated transport, crucial for organelle positioning and 

cell migration (Monteiro et al., 2023). In vitro studies suggest that 

acetylation alone does not directly affect kinesin motility but rather 

influences it through microtubule bundling, which increases the number 

of available binding sites for kinesin (Balabanian et al., 2017). Therefore, 

mechanical forces, such as bending, can impede the translocation 

dynamics of kinesin along the microtubules (Mirvis et al., 2018; Nasrin et 

al., 2021). Additionally, MAPs like tau also modulate motor protein 

activity (Chaudhary et al., 2018).  

Microtubules seem to also be involved in mechanotransduction 

(Luo & Robinson, 2011; Saidova & Vorobjev, 2020). Recent studies reveal 

that talin- and actomyosin-dependent response to substrate rigidity 

facilitates the recruitment of α-tubulin acetyltransferase 1 (αTAT1) to 

FAs, thereby controlling microtubule acetylation (Seetharaman et al., 
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2022). This process is critical for the mechanosensitivity of FAs and the 

subsequent translocation of YAP to the nucleus in response to mechanical 

cues (Seetharaman et al., 2022). Additionally, the mechanical stability of 

the talin-KANK1 complex seems to play a role in the mechanosensitive 

recruitment of microtubule-stabilizing complexes to FAs (Yu et al., 2019). 

Thus, talin and actomyosin contractility can control microtubule 

acetylation through αTAT1 recruitment to FAs (Seetharaman et al., 2022). 

Moreover, the interaction between talin and KANK1, and the mechanical 

stability of their complex, may contribute to the crosstalk between the 

actin and microtubule cytoskeletons at FAs, influencing cellular 

responses to mechanical stimuli (Yu et al., 2019). 

 

4.2.3 Actin 

Actin is a highly conserved protein crucial for various cellular 

functions, existing in a monomeric globular form (G-actin) and a 

polymeric filamentous form (F-actin) (Figure 11A). The transition 

between these forms happens by processes known as polymerization 

(assembly) and depolymerization (disassembly). Actin polymerization is 

a dynamic process driven by the addition of ATP-G-actin subunits at the 

barbed ends of growing filaments, while depolymerization occurs at the 

pointed ends following ATP hydrolysis and phosphate release (Fujiwara 

et al., 2018; Shekhar et al., 2020). The regulation of these processes 

involves a complex interplay of proteins that either promote or inhibit 

actin filament assembly and disassembly. Capping protein (CP) is a key 

regulator that binds to the barbed ends of actin filaments, preventing both 

polymerization and depolymerization, with twinfilin facilitating CP's 
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dissociation from these ends (Hakala et al., 2021). Actin filament turnover 

is traditionally associated to cofilin-mediated disassembly of actin 

(Brieher, 2013). Moreover, cyclase-associated proteins have been 

identified as a critical factor that synergizes with cofilin to significantly 

enhance the rate of actin filament depolymerization and monomer 

recycling (Kotila et al., 2019). The interplay between actin assembly and 

disassembly is further complicated by the involvement of proteins like 

profilin. Profilin binding to oxidized G-actin, inhibits polymerization and 

promotes disassembly, thus facilitating cellular remodeling (Grintsevich 

et al., 2021). 

Structurally, formins facilitate the assembly of linear actin 

filaments, while the Arp2/3 complex promotes branched filament 

formation, regulated by nucleation-promoting factors (NPFs) such as 

neuronal Wiskott-Aldrich syndrome protein (N-WASP) and WASP-family 

verprolin-homologous protein (WAVE) (Figure 10). Actin structural 

organization and interactions with actin-binding proteins (ABPs) 

determine the mechanical properties of actin networks. For instance, 

branched actin networks exhibit increased elasticity and resistance to 

deformation under mechanical stress, indicating a history-dependent 

alteration in mechanical properties (Bieling et al., 2016; Chen et al., 2020). 

ABPs like filamin play a crucial role in these interactions, contributing to 

the strength and resilience of the network (Lee et al., 2009). 

Besides filopodia and lamellipodia, the actin cytoskeleton is 

composed of several other distinct structures, such as lamellae, stress 

fibers, the cortex, radial fibers, and transverse arcs (Figure 12) 

(Hotulainen & Lappalainen, 2006; Nemethova et al., 2008). Each actin 
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structure has its specific function. Lamellae and lamellipodia are regions 

at the leading edge involved in movement, with lamellipodia being broad, 

flat extensions and lamellae the more stable regions behind them (Figure 

12A). Filopodia are thin, stick-like projections that can guide migration 

and contribute to stress fiber formation (Figure 12A) (Nemethova et al., 

2008). Stress fibers are contractile actomyosin bundles crucial for 

adhesion and motility, including different types such as dorsal and ventral 

(Figure 12A) (Hotulainen & Lappalainen, 2006; Labouesse et al., 2012). 

Transverse arcs are part of the actin stress fiber network interacting with 

intermediate filaments like vimentin (Jiu et al., 2015). The actin cortex 

refers to a thin layer of actin under the plasma membrane, while radial 

fibers are actin bundles within the lamellipodium (Katoh et al., 1999).  

The dynamic nature of actin structures is fundamental to their 

function. Actin filaments undergo continuous turnover, with a balance 

between assembly and disassembly to maintain the cell's overall 

architecture (Théry & Blanchoin, 2024). This dynamic steady state (DSS) 

is essential for cellular remodeling and migration, as the actin network is 

constantly renewed (Figure 12B). In each structure, the rates of assembly 

and disassembly result in a turnover of actin subunits, with lifetimes 

ranging from seconds for lamellipodia or filopodia to minutes for stress 

fibers (Goode et al., 2023). The average rate of assembly of actin filaments 

in all subcellular structures must precisely match the average rate of 

filament disassembly to maintain a steady state (Mohapatra, 2016). A 

small mismatch would lead to cell extension and fractionation in the case 

of excessive assembly or to cell retraction and collapse in the case of 

excessive disassembly levels (Théry & Blanchoin, 2024). Interestingly, 

local growth within a structure compensates for shrinkage in other areas 
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of the same structure, ensuring addition and release of a similar number 

of monomers. This implies that the DSS of cellular networks is composed 

of multiple DSSs, with a balance of assembly and disassembly rates at 

both the cell and structures levels (Théry & Blanchoin, 2024). 
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Figure 12 – Actin structures and dynamics. A: Microscopic images of actin, 

labeled with phalloidin. Different actin structures are indicated by the yellow 

arrows. Cell type from left to right: macrophages; MEFs and RPE1. B: Each of 

these actin structures are dynamic and have their own steady state, which 

integrates with the overall dynamic steady state of the cell. (Figure adapted 

from: panel A – Théry & Blanchoin, 2024; panel B – Lehne et al., 2022; Cagigas 

et al., 2022; Li et al., 2018) 

 

For a proper mechanotransduction, actin and myosin interact to 

form the actomyosin complex. Myosin motors use ATP hydrolysis to 

produce mechanical work, pulling on actin filaments. This generates actin 

retrograde flow and contractile forces that are required for cell 

movement (Gardel et al., 2008; Koenderink et al., 2011; Matsuda et al., 

2018; Pepper & Galkin, 2022). Therefore, the actin cytoskeleton, through 

its retrograde flow and interaction with myosin, produces mechanical 

forces that are transmitted to the ECM by pulling the FAs (Sun et al., 

2016). The assembly and force generation of actomyosin are regulated by 

various factors, including accessory proteins like Caldesmon and the 

catch-bond behavior of actin-myosin interactions, which influence the 

kinetics of actomyosin formation (Inoue & Adachi, 2013; Kokate et al., 

2022).  

FAs are necessary to the process of actin mechanotransduction, 

serving as the connection between the ECM and the actin cytoskeleton 

(Ciobanasu et al., 2013; Sun et al., 2016). Interestingly, the composition 

and mechanical properties of the ECM can influence the formation and 

disassembly of FAs, thereby modulating the mechanotransduction 
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pathways. Moreover, the force transmission through FAs can lead to 

allosteric changes in function of mechanosensitive proteins within these 

adhesions, eliciting cellular responses that range from immediate 

mechanical adjustments to long-term changes in gene expression (Sun et 

al., 2016). The complexity of these interactions is further highlighted by 

the fact that the local stress distribution within FAs can determine the 

recruitment of specific proteins, which in turn can modify the stress 

distribution and affect the mechanotransduction process (Shams et al., 

2018). The linker of nucleoskeleton and cytoskeleton (LINC) complex also 

plays a pivotal role in actin mechanotransduction by connecting the 

nucleus to the plasma membrane via the actin cytoskeleton. This complex, 

comprising inner nuclear membrane-spanning SUN proteins and outer 

nuclear membrane-spanning nesprin proteins, facilitates the 

transmission of forces from the ECM to the nucleus (Ueda et al., 2022). 

SUN1, a component of the LINC complex, is essential for the activation of 

integrin β1 and the maturation of FAs by affecting the incorporation of 

vinculin and zyxin (Ueda et al., 2022).  

In addition to FAs force, actin influences other critical forces for 

directed migration. For instance, the membrane tension that propagates 

across the plasma membrane (Sitarska & Diz-Muñoz, 2020). 

Traditionally, actin was viewed as the primary source of forces that 

deform the membrane. However, recent findings suggest a bidirectional 

relationship where the membrane actively organizes actin filaments (Liu 

et al., 2008). This dynamic interplay makes membrane tension a global 

and local regulator of cell behavior, influenced by cytoskeletal dynamics 

and actin network organization (Simon et al., 2018; Sitarska & Diz-Muñoz, 

2020). Although membrane tension was once seen as an obstacle to 
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filament growth and cell migration, it is now understood to potentially 

enhance motility by promoting polymerization in the direction of 

movement (Batchelder et al., 2011). This highlights the complex role of 

membrane tension in cell motility and its influence on actin 

polymerization and cell boundary dynamics. 

 

5. Computational models to study directed cell migration 

Computational models are crucial for studying directed cell migration 

because they provide a framework to dissect complex cellular processes 

and predict outcomes of various biological scenarios. These models help 

bridge the gap between molecular mechanisms and observable cell 

behaviors, offering insights that are challenging to obtain through 

experimental studies alone. Various models have been developed to 

address different aspects of cell movement at multiple biological scales 

(Figure 13). Some examples of computational models are random walk 

model, polygonal model, the vertex-based model and agent-based models 

(ABMs). 

Random walk model is one of the simplest models for describing cell 

migration. It captures the stochastic nature of cellular movement, where 

cells move in a series of random steps. This model has been adapted to 

account for different environmental conditions, such as protein gradients 

and geometrical confinement (Dickinson, 2000; Brückner et al., 2019). 

However, in complex environments like 3D extracellular matrices, cell 

migration often deviates from a purely random walk, necessitating 

modifications to the model to incorporate anisotropy and cell 

heterogeneity (Wu et al., 2014; Wu et al., 2015). 
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Polygonal models focus on the geometric aspects of cell shape and 

movement. These models represent cells as polygons and are useful for 

simulating cell boundaries' discrete nature. They incorporate physical 

principles such as cytoskeletal dynamics, membrane tension, and cellular 

adhesion, which are fundamental to cell migration (Prahl & Odde, 2018). 

To be effective, these models must integrate detailed molecular and 

biophysical data, capturing the forces generated by cellular movements 

(Lee, 2018). 

 

Figure 13 – Computational methods used across scales. Different models are 

employed to study cell migration based on the scale: intracellular, cellular, or 

multicellular. For example, vertex-based models are typically used for tissue 

migration, while polygonal models are primarily applied to single cells. (Figure 

adapted from: Buttenschön & Edelstein-Keshet, 2020) 

 

The vertex-based model represents multicellular systems as polygons 

or polyhedral, where cells correspond to vertices. This model simulates 

mechanical aspects of cell migration, such as cell shape changes, 

rearrangements, and force exertion. It relies on principles of force balance 
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at the vertices, determined by the mechanical properties of cells and their 

interactions with the environment (Khataee et al., 2020). While it 

primarily captures mechanical interactions, it can be coupled with 

biochemical signaling pathways to simulate collective cell behaviors 

(Jensen & Revell, 2023). 

ABMs simulate the interactions between cells and the ECM. These 

models incorporate biophysical processes like mechanosensing, force 

generation, adhesion dynamics, and ECM remodeling (Campbell et al., 

2021; He & Jiang, 2018). A remarkable agent-based approach that 

explains how cells interact with the ECM is the molecular clutch model. 

 

5.1 Molecular clutch model 

The molecular clutch model is a powerful tool for understanding 

the mechanics of cell migration. This model explains the transmission of 

force from the actin cytoskeleton to the ECM through FAs, acting like a 

clutch in a vehicle that engages and disengages to transmit power. 

Therefore, it integrates concepts of force transmission, loading rates, 

actin flows, and FAs reinforcement to explain how cells interact with their 

environment and respond to mechanical cues (Fortunato & Sunyer, 

2022). 

The origins of the molecular clutch model were formalized in 1988 

by Mitchison and Kirschner, who likened the interaction between the 

cytoskeleton and ECM to a clutch mechanism (Mitchison & Kirschner, 

1988). This model was later mathematically adapted and experimentally 

validated by Chan and Odde, and further refined by others to incorporate 
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adhesion reinforcement mechanisms (Chan & Odde, 2008; Elosegui-

Artola et al., 2014, 2016). 

In the molecular clutch model, cells exert forces on their ECM by 

contracting their actin cytoskeleton through myosin molecular motors 

(Figure 14A). This force is transmitted through integrins and adaptor 

proteins, called clutches, that link integrins to actin filaments. The rate at 

which force builds up in the clutches, known as loading rate, is 

fundamental to control the amount of force transmitted to the substrate 

(Elosegui-Artola et al., 2018). This rate depends on factors like substrate 

stiffness and the number of myosin motors involved (Bangasser et al., 

2013). Higher loading rates increase force transmission to the ECM 

(Figure 14B). Myosin-driven contraction also generates actin retrograde 

flow and opposes actin polymerization, which pushes the cell membrane 

outward. 

 

 

Figure 14 – Molecular clutch model in directed cell migration. A: 

Representative scheme of the clutch model. (Inset) The clutch model shows 

substrate deformation as a spring, with integrins acting as clutches with specific 
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binding and unbinding rates. Myosin contraction creates a retrograde flow 

opposing actin polymerization, which extends the cell membrane outward. B: 

clutch model predicts an optimal stiffness where cell force and migration are 

maximized (solid line). However, this is often overshadowed by talin/vinculin-

mediated reinforcement (dashed line). Adhesion reinforcement has been 

measured as a function of stiffness, but not protein density. However, it is 

expected that protein density gradients will mimic the predictions observed 

with stiffness gradients. (Figure adapted from: Fortunato & Sunyer, 2022) 

 

One clear example of the strength of this model’s predictions has 

been demonstrated in durotactic responses (Bangasser et al., 2013). Cells 

migrate towards stiffer regions of a substrate due to differential force 

transmission. Force balance within the cell, either globally or locally, 

leads to migration towards stiffer areas where the retrograde flow is 

slower, and force transmission is higher. The model predicts not only 

single but also collective durotaxis (Sunyer et al., 2016).  

The model also predicts that cells exhibit biphasic migratory 

behavior, moving fastest at an optimal substrate stiffness where the 

traction force is maximized (Figure 14B) (Fortunato & Sunyer, 2022; 

Bangasser et al., 2017; Elosegui-Artola et al., 2014). At low stiffness, 

clutches experience "frictional slippage" with high retrograde flow and 

low forces. At high stiffness, clutches go through cycles of force buildup 

and catastrophic disengagement, known as "load and fail" or "stick-slip," 

resulting in low net force transmission. Beyond a certain stiffness 

threshold, talin unfolding and vinculin binding reinforce FAs, increasing 

the clutch binding rate and obscuring the optimal stiffness predicted by 

the model (Figure 14B) (Kechagia et al., 2019; Elosegui-Artola et al., 2014, 
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2018). For instance, cells like U-251MG glioma cells, which lack adhesion 

reinforcement, can exhibit "negative durotaxis" and migrate towards 

softer regions when seeded on substrates stiffer than their optimal 

stiffness (Isomursu et al., 2022).  

Cells also sense protein gradients through differential clutch 

dynamics, where one set of clutches engages with higher density regions, 

leading to asymmetric force transmission and actin retrograde flows 

(Fortunato & Sunyer, 2022). Therefore, like durotaxis, haptotaxis and an 

optimal protein density could also be explained using the molecular 

clutch model. 

 

6. Methodologies to study directed cell migration 

The study of directed cell migration employs both in vivo and in vitro 

techniques, each offering unique insights and advantages. 

In vivo studies use model organisms like Drosophila melanogaster and 

zebrafish to investigate cell migration within a complex, 3D environment. 

These models allow researchers to observe the role of specific genes and 

proteins in real-time within living tissues. For instance, advanced imaging 

techniques such as two-photon microscopy enable high-resolution 

tracking of cells within tissues (Kardash et al., 2010; Moreira et al., 2013; 

Takeda et al., 2018). 

In vitro methodologies offer a controlled environment where 

variables can be systematically manipulated, facilitating the dissection of 

complex cellular behaviors. Moreover, these methodologies enable faster 

and high-throughput experimentation compared to in vivo studies. 

Techniques such as micropatterned substrates help study the effects of 
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mechanical cues on cell motility, while scratch-wound assays and 

Matrigel invasion assays allow researchers to assess the roles of specific 

proteins and signaling pathways (Caballero et al., 2015; Boudreau & Leto, 

2019; Goulimari et al., 2005). 

One significant advantage of in vitro approaches is the ability to 

generate gradients and control cell polarity.  

 

6.1 Generate in vitro mechanical gradients 

Given the numerous signals promoting directed migration, a 

variety of methodologies have been developed to generate these signals 

(Figure 15). This subsection will focus on the fabrication of stiffness 

gradients (to study durotaxis) and substrate-bound protein gradients (to 

study haptotaxis), as these are the main types of directed cell migration 

that rely on mechanosensing. 

Methods to generate stiffness gradients initially used steep 

gradients by polymerizing adjacent drops of soft and stiff acrylamide, 

resulting in a sharp transition analyzed only at the interface (Lo et al., 

2000). However, this method fails to produce long-range, continuous 

stiffness gradients as found in vivo. A more precise approach uses 

microfluidic devices to blend polyacrylamide solutions, creating smooth 

rigidity gradients (Zaari et al., 2004). Despite its precision, this method is 

costly, labor-intensive, and limited to pathological stiffness ranges. A 

more accessible technique involves differential diffusion between a pre-

polymerized gel of varying thickness and a second gel polymerized on top 

(Hadden et al., 2017). While reliable, this method provides a small 

stiffness range, and the thick gels limit microscopic observation. 
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Variations using microfabricated molds can create steeper gradients but 

introduce potential artifacts from gel swelling and topological cues 

(Pieuchot et al., 2018). Photolithography, which patterns stiffness 

gradients using graded or sliding masks, offers a versatile method for 

obtaining wide stiffness ranges relevant to physiological and pathological 

conditions (Figure 15A) (Tse & Engler, 2011; Jiang et al., 2005; Sunyer et 

al., 2016). However, issues with light transmission and diffusion limit 

gradient resolution. 

 

 

Figure 15 – Experimental techniques to generate gradient cues for 

directed cell migration. A: This method utilizes a free radical photoinitiator 

and patterned nitrocellulose photomasks to achieve gradient stiffness through 
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selective crosslinking. B: Types of substrate-bound protein gradients. C: 

Microfluidics generate a dilution series flowing into a wide chamber to create a 

gradient, where proteins adsorb onto the substrate surface. Scale bar is 100µm. 

D: Microcontact printing utilizes polymer stamps with topography, inked with a 

protein solution, to create gradient protein patterns by selectively limiting 

contact regions between the stamp and the surface. Scale bar is 1mm. E: As panel 

A, this methos uses photomask to achieve gradients of immobilized proteins. 

Scale bar is 25µm. (Figure adapted from: panel A – Richards et al., 2019; panel 

B, C, D, E – Ricoult et al., 2015) 

 

Methods to generate gradients of substrate-bound proteins can be 

categorized into continuous and digital gradients. Continuous gradients 

change protein density smoothly across a substrate (Figure 15B). 

Microfluidics is a common method for creating continuous gradients. This 

method manipulates minute volumes of liquid to produce diffusible 

protein gradients that are imprinted onto surfaces by protein adsorption 

(Figure 15C) (Whitesides, 2006; Jiang et al., 2005). However, microfluidic 

devices can be compromised by obstructions such as air bubbles. 

Additionally, accurately characterizing the immobilized gradients is 

challenging, as fluorescence intensity measurements often do not reliably 

reflect protein concentration (Squires et al., 2008). Another technique for 

generating continuous gradients is microcontact printing. This method 

employs a polymer stamp with relief features, which is inked with a 

protein solution, incubated to allow protein adsorption, and then 

contacted with the substrate to transfer the protein pattern (Figure 15D) 

(Baier & Bonhoeffer, 1992; Lang et al., 2008). Photolithography also 

allows for the creation of continuous protein gradients by using UV light 
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to pattern surfaces. This technique involves coating a surface with a 

photopolymer and selectively exposing it to UV light through a graded 

photomask (Figure 15A; Figure15E). This process alters the crosslinking 

level and thus the protein binding capacity in a controlled manner (Hynes 

& Maurer, 2012; Herbert et al., 1997). While photolithography can 

pattern large surfaces in one step, it typically requires a costly cleanroom 

environment and has resolution limitations due to light diffraction.  

Digital gradients consist of discrete patches of proteins arranged 

in a specific pattern to form a gradient (Figure 15B). These patches can 

be dots, dashes, or lines, with the gradient formed by varying the spacing 

or size of these patches (Lang et al., 2008; Fricke et al., 2011). Digital 

gradients can be created using microcontact printing by forming lines or 

dots with increasing protein concentrations through a series of parallel 

channels on a silicon stamp, which are then transferred onto a substrate 

(Figure 15D) (Lang et al., 2008). This method allows for precise control 

over protein placement and concentration, but typically results in 

gradients with limited dynamic ranges and large areas without guidance 

cues. 

While there are numerous techniques for creating substrate-

bound protein gradients, each method has limitations. Continuous 

gradients are difficult to quantify accurately, and digital gradients, 

although more precise, do not perfectly mimic natural protein aggregates. 

Despite advancements, the field still lacks a controlled and precise 

approach for accurately generating gradients of immobilized proteins, 

crucial for studying haptotaxis and related cellular mechanisms (Ricoult 

et al., 2015). 
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6.2 Optogenetics to control cell polarity 

Among the diverse methods to manipulate cellular signaling, 

optogenetics stands out for its unprecedented spatiotemporal resolution 

(Valon & de Beco, 2021). Specifically, optogenetic tools enable the precise 

modulation of Rho GTPases, the pivotal regulators of cell polarity 

(Machacek et al., 2009). By genetically introducing light-sensitive 

proteins called opsins into target cells, optogenetics controls the activity 

of GEFs, thereby modulating Rho GTPase activity at the subcellular level 

(Valon et al., 2015; Toettcher et al., 2011). Temporal control over protein 

activity. This precise manipulation allows for the imposition of 

intracellular gradients of polarity signals, guiding cell migration in a 

quantitative manner (de Beco et al., 2018). 
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Figure 16 – Cell signaling control using optogenetic tools. Photosensitive 

proteins, known as opsins, can be used to control various cellular activities, such 

as gene expression, protein association, or protein clustering. Opsins enable the 

activation of these processes when they are stimulated by light. Thus, these 

proteins provide spatial and temporal control over cellular processes, including 

cell polarity. (Figure adapted from: Tischer & Weiner, 2014) 

 

A range of optogenetic systems has been developed, providing 

spatial and temporal resolutions, as well as control over diverse cellular 

signaling pathways (Figure 16) (Valon & de Beco, 2021). For example, 

The CIBN/CRY2 system is based on the interaction between 

cryptochrome 2 (CRY2) and the CIBN fragment of the photolyase 

homology region. Upon blue light illumination, CRY2 undergoes a 

conformational change that allows it to bind to CIBN, enabling light-

inducible dimerization and manipulation of protein localization (Figure 

16) (Mehdi & Goss, 2018). Another system is the improved Light-

Inducible Dimer (iLID), which uses a mutated LOV domain from Avena 

sativa phototropin 1. Upon blue light exposure, the LOV domain binds to 

a small peptide, SspB, inducing dimerization and enabling the spatial and 

temporal control of protein-protein interactions (Figure 16) (Achimovich 

et al., 2023; Natwick & Collins, 2021). Other systems include PHYB and 

Dronpa (Figure 16). 

Despite its remarkable potential, optogenetics also poses 

challenges. Achieving subcellular activation smaller than 4–5µm remains 

challenging with some systems due to limitations in dimer dissociation 

times (Valon, 2015). Additionally, while systems like iLID offer superior 
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spatial resolution, others require more frequent illumination, leading to 

increased phototoxicity and photobleaching (Levskaya et al., 2009). 

 

6.3 Geometry to control cell polarity 

Geometry exerts a profound influence on cell motility and polarity, 

shaping the spatial and temporal coordination of cytoskeletal elements, 

adhesion complexes, and signaling pathways during migration (Caballero 

et al., 2015). Microtubules and the PCP pathway are particularly sensitive 

to geometric cues, highlighting the intricate relationship between 

geometry and cell polarity (Kaverina & Straube, 2011; Koca et al., 2022). 

Despite the established roles of actin in cell polarity, the mechanisms by 

which geometry governs these processes remain incompletely 

understood (Thapa et al., 2023). 

Experimental studies have shed light on the impact of geometry on 

cell migration. For example, it was shown that cells confined to adhesive 

micropatterns mimicking polarized morphology, preferentially migrated 

towards wider regions (Figure 17) (Jiang et al., 2005). Moreover, cells 

also respond differently to anisotropic substrates based on their 

morphologies (Figure 17A) (Isomursu, 2024). Further investigations 

revealed that cell motility on repeating micropattern ratchets depends on 

individual pattern shapes and their relative positions, highlighting the 

refined responses of cells to geometric cues (Figure 17B) (Ko et al., 2013; 

Caballero et al., 2014).  
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Figure 17 – Cell polarity and migration is regulated using micropatterned 

ratchets and diverse geometries. A: Cells seeded on various micropatterned 

shapes, such as teardrops, squares, and arrows, exhibit distinct anisotropies, 

resulting in varied migration directions. B: Cells subjected to micropatterned 

ratchets (intermittent confinement) tend to migrate towards higher probability 

of protrusions with new and more stable adhesions. Migration direction is 

further influenced by the shapes and spacing of the micropatterns. (Figure 

adapted from: Isomursu, 2024) 

 

The ECM microenvironment also plays a significant role in the 

geometric control of cell polarity. Distribution of ECM components 

influence front-rear polarization and intracellular organization, guiding 

cell migration towards regions with higher ligand density (Théry et al., 

2006). For instance, this phenomenon is evident in cells adhered to 
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teardrop-shaped micropatterns. This geometry favors cell movement 

towards the wider end of the micropattern. However, by altering the 

distribution of fibronectin, with higher concentrations at the narrow end 

of the micropattern compared to the blunt end, cells show reverse 

polarity and shift the migratory behavior (Lee et al., 2021; Isomursu, 

2024). Therefore, altering ligand distribution can reverse cell polarity. 

This experiment highlights the remarkable plasticity of cell behavior in 

response to geometric cues. It also suggests that the spatial distribution 

of ECM ligands influences cell polarity during migration, with cells 

dynamically adjusting their migratory trajectories based on the local 

ligand environment (Lee et al., 2021; Isomursu, 2024). 
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Chapter 2 – General and specific aims 

 

Directed cell migration along gradients of immobilized proteins – 

a process called haptotaxis – is crucial for morphogenesis, the immune 

response, and cancer metastasis. Despite its significance, the mechanisms 

underlying haptotaxis remain poorly understood. This gap in knowledge 

is primarily due to the challenges associated with generating precise and 

controlled protein gradients in vitro. Therefore, we believe that 

fabrication of accurate and reliable gradients is essential for studying the 

cellular responses involved in haptotaxis. In addition to molecular 

signals, mechanosensing and mechanotransduction processes are 

essential to how cells interpret and respond to these gradients. Therefore, 

the mechanical forces are expected to play a critical role in haptotaxis. 

However, these mechanical aspects have not been investigated, leaving a 

significant gap in our understanding of how physical forces really 

characterize this type of directed migration. Moreover, the cellular 

microenvironment is highly complex, not only presenting cells with a 

multitude of different and often opposing cues but also various geometric 

constraints. These constraints within the environment have been shown 

to significantly impact cell behavior, as referred to in Chapter 1 – 

Introduction. Therefore, understanding how physical constraints affect 

haptotaxis is important for replicating a more physiological context in 

experimental settings. 
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Hence, in this thesis we aimed to understand how cells sense and 

respond to gradients of immobilized protein with the following specific 

aims:  

 

1. To develop a system to fabricate well-controlled fibronectin gradients 

within precise geometric patterns. 

 

1.1 To develop a system to fabricate well-controlled fibronectin 

patterns on flexible elastomers. 

 

1.2 To develop a method to spatially quantify the amount of 

fibronectin within these protein gradient patterns. 

 

1.3 Elaborate an experimental and computational workflow to 

monitor cell migration on haptotactic and homogeneous 

patterns.  

 

2. To quantify the migration of cells on homogeneous patterns of 

different fibronectin densities. 

 

3. To study how cells integrate haptotactic cues with cell polarity during 

migration. 

 



Chapter 2 – General and specific aims            PhD thesis – Fortunato, I.C. 

  69 
 

3.1 To study the haptotaxis of single MCF10A cells on symmetric 

patterns of fibronectin density. 

 

3.2 To investigate the effect of substrate stiffness on haptotatic 

response. 

 

3.3 To characterize how the pharmacological disruption of various 

cytoskeletal components alters cell haptotactic response. 

 

3.4 To characterize actin dynamics of single cells migrating on 

homogeneous and gradient patterns. 

 

3.5 To measure membrane tension of single cells migrating on 

homogeneous fibronectin and on symmetric fibronectin 

gradients. 

 

3.6 To quantify the traction forces generated by cells during 

haptotaxis. 

 

3.7 To study the impact of confinement on haptotatic response 

with patterns of different widths. 

 

By addressing these specific aims, this thesis seeks to advance our 

understanding of the mechanical and molecular mechanisms driving 

haptotaxis. Hence, contributing to the broader fields of cell migration, 

tissue engineering, developmental biology and cancer metastasis. 
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Chapter 3 – Materials and methods  

 

1. Stable cell line generation   

MCF10A-LifeAct-GFP cells were produced by transduction of MCF10A 

cells with lentiviral particles generated in HEK293T after transient 

transfection of pLenti.PGK.LifeAct-GFP.W (Addgene, #51010) using 

Lipofectamine 3000 (Invitrogen, #L3000008). Afterwards, the stable 

MCF10A-LifeAct-GFP cell line was obtained from a single cell colony 

expressing medium GFP fluorescence intensity sorted through flow 

cytometry (FACS) using BD FACSDiva 8.0.1 software.   

 

2. Cell culture   

HEK293T cells were routinely maintained in filter-cap Nunc™ 

EasYFlask™ 25 cm2 (Thermo Scientific, #156367) or 75 cm2 Cell Culture 

Flasks (Thermo Scientific, #156499) at 37ºC and 5% CO2 to guarantee a 

steady environment for optimal cell growth. HEK293T cells were cultured 

in DMEM (1X) + 4.5 g/L D-glucose + L-glutamine + pyruvate media (Gibco, 

#41966029) supplemented with 10% fetal bovine serum (Life 

Technologies, #10270098) and 100 U/ml penicillin-streptomycin 

(Invitrogen, #10378016).   

MCF10A, MCF10A-H2B-GFP (gift from G. Charras - London Center for 

Nanotechnology, UK) and MCF10A-LifeAct-GFP cells were routinely 

maintained in filter-cap Nunc™ EasYFlask™ 25 cm2 or 75 cm2 Cell Culture 
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Flasks at 37ºC and 5% CO2 to guarantee a steady environment for optimal 

cell growth. MCF10A, MCF10A-H2B-GFP and MCF10A-LifeAct-GFP cells 

were cultured in DMEM-F12 media (Gibco, #21331020) supplemented 

with 5% horse serum (Invitrogen, #16050122), 100 U/ml penicillin-

streptomycin, 20 ng/ml hEGF (Peprotech, #AF-100-15), 0.5 mg/ml 

hydrocortisone (Sigma-Aldrich, #H0888), 100 ng/ml cholera toxin 

(Sigma-Aldrich,#C8052) and 10 μg/ml insulin (Life 

Technologies,#12585014). When passing cells to maintain culture, cells 

were washed once with sterile PBS 1X (Sigma-Aldrich, #D1408) and 

incubated in Trypsin/EDTA (Gibco, #11590626) at 37ºC and 5% CO2 for 

5 minutes, in case of HEK293T, or 15-20 minutes, in case of MCF10A, 

MCF10-H2B-GFP and MCF10-LifeAct-GFP cells. When all cells detached, 

complete media was added to the T25 or T75 flask and the cell suspension 

was transferred to a falcon tube. Then, cells were centrifuged for 3.5 

minutes at 300 xg and further resuspended in complete media. Cells were 

seeded in a new T25 or T75 previously filled with complete media and 

properly diluted to keep passing them every 2-3 days.    

 

3. Cell seeding for experiments 

For migration experiments, 24 hours before imaging, MCF10A-H2B-

GFP cells were cultured in DMEM-F12 serum-free media (DMEM-F12 

media + 100 U/ml penicillin-streptomycin, 20 ng/ml hEGF, 0.5 mg/ml 

hydrocortisone, 100 ng/ml cholera toxin and 10 μg/ml insulin) 

supplemented with 2 mM thymidine (Sigma-Aldrich, #T1895) to inhibit 

cell proliferation. When passing cells for experiments, MCF10A-H2B-GFP 

cells were washed once with sterile PBS 1X and incubated for 15-20 
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minutes in Trypsin/EDTA at 37ºC and 5% CO2. When all cells were 

detached, DMEM-F12 serum-free media + 2 mM thymidine was added to 

the T25 or T75 flask and the cell suspension was transferred to a falcon 

tube. Then, MCF10A-HB2-GFP cells were centrifuged for 3.5 minutes at 

300 xg and further resuspended in 4-6 mL DMEM-F12 serum-free media 

+ 2 mM thymidine. Then 1000-6000 cells were seeded under the 

microscope on 35 mm MatTek glass bottom dishes (MatTek, #P35G-0-20-

C) previously sterile using UV for 10-15 minutes and filled with 2 mL of 

DMEM-F12 serum-free media + 2 mM thymidine. 

For drug experiments, MatTek dishes were previously sterile using UV 

for 10-15 minutes and filled with 2 mL of DMEM-F12 serum-free media + 

2 mM thymidine + drug treatment. The drugs used were 10 µM para-

Nitroblebbistatin (motorPharma, #DR-N-111), 5 µM Y-27632 (Tocris 

Bioscience, #1254) or 15 µM LY294002 (Cell Signaling Technology, 

#9901S) and dimethyl sulfoxide (DMSO) (Sigma-Aldrich, #D8418) was 

used as control. 

For the actin flows experiments, the protocol was the same as for the 

migration assay with the exception that MCF10A-LifeAct-GFP were the 

cells used and they were seeded on 35 mm MatTek glass bottom dishes 

previously sterile using UV for 10-15 minutes and filled with 2 mL of 

DMEM-F12 serum-free media + 2 mM thymidine + 0.02 mg rutin (Acros 

Organics, #132390050) to avoid GFP photobleaching.  

For traction force microscopy (TFM) experiments, the protocol was 

the same as for the migration experiments. 

For membrane tension experiments, the protocol was the same as for 

the migration assay with the exception that MCF10A were the cells used.   
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4. Preparation of soft PDMS substrates   

Soft elastomeric silicone polydimethylsiloxane (PDMS) substrates 

(Dow, #DOWSIL™ CY 52-276) were prepared mixing solution A and 

solution B with a ration of 9:10, respectively, to obtain a stiffness of 12.6 

kPa. The solution was degassed for 30 minutes and maintained on ice to 

avoid undesired polymerization. Then, 150 µL of the solution was added 

to 35 mm MatTek glass bottom dishes pre-cleaned with air and pre-

warmed at 65ºC using a standard hot plate. Each dish was then spun using 

a spin coater (Laurell Tech., model WS-650MZ 23NPP/LITE) with a 

rotation of 400 rpm and acceleration of 100 rpm for 90 seconds. After the 

spin, substrates were maintained at 65ºC using a standard hot plate, 

while other substrates were being prepared. When enough substrates 

were prepared (between 20-40), substrates were incubated overnight at 

65ºC for complete substrate polymerization and then maintained at room 

temperature. Substrates were used for 1-1.5 months after preparation. 

This procedure was inspired by the protocol described in Latorre et 

al., 2018. 

 

5. Functionalization of soft PDMS substrates for 

photopatterning  

Soft PDMS substrates were incubated with 5% (3-

Aminopropyl)triethoxysilane (Sigma-Aldrich,#281778) diluted in 

absolute ethanol for 3 minutes. The substrates were washed 3X with 

absolute ethanol and then washed 3X with Milli-Q® water obtained by 

using Milli-Q® Advantage A10 Water Purification System (Merck 
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Milipore, #Z00Q0V0WW). Then, substrates were incubated with filtered 

beads solution containing 1:40 red fluorescent (Invitrogen, #F8810) or 

blue fluorescent (Invitrogen, #F8805) 0.2 µm FluoSpheres™ Carboxylate-

Modified Microspheres diluted in boric acid buffer (3.8 mg/mL sodium 

tetraborate (Sigma-Aldrich, #221732) + 5 mg/mL boric acid (Sigma-

Aldrich, #B1934)) for 10 minutes. The substrates were washed 3X with 

Milli-Q® water. Then, substrates were incubated with 1% Poly-L-lysine 

(PLL) (Sigma-Aldrich, #P2636) diluted in borate buffer pH= 8.3 (4.75 g/L 

sodium tetraborate + 3.1 g/L boric acid) for 1 hour. Substrates were 

washed 3X with 10 mM HEPES buffer pH= 8.2-8.4 (Sigma-Aldrich, 

#H3375). Finally, surface of soft PDMS substrates was passivated by 

incubation with 50 mg/mL solution of PEG coupled with succinimidyl 

valerate (mPEG-sva) (Laysan Bio, #MPEG-SVA-5000) diluted in 10 mM 

HEPES buffer pH= 8.2-8.4 for 1 hour. Substrates were washed 3X with 

Milli-Q® water and preserved at 4ºC. Functionalized substrates were 

used for photopatterning until maximum 2 days after functionalization.      

This procedure was inspired by the protocols described in Latorre et 

al., 2018 and Strale et al., 2016.  

 

6. Labelling fibronectin with fluorophore   

Fibronectin from human plasma (Sigma-Aldrich, #F0895) was 

labelled with 647 fluorophore using Alexa Fluor™ 647 Antibody Labeling 

Kit (Life Technologies, #A20186) and following manufacturer’s 

guidelines. The concentration of labelled fibronectin with 647 

fluorophore (Fibronectin-647) was quantified using PierceTM BCA 

protein assay kit (Thermo Fisher Scientific, #23227) also following the 
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recommendations given by the manufacturer. Then, spectrophotometric 

measurements of protein were calculated using Infinite M200 Pro reader 

with i-control software. Fibronectin-647 concentration was defined as 

the average of 3 independent labelling procedures and respective protein 

quantifications.   

 

7. Design of fibronectin micropatterns   

Patterns were designed using Inkscape software. Drawings had gray 

scale values from 0 to 255, where 0 (black color) corresponds to 0% 

protein absorption and 255 (white color) corresponds to 100% protein 

absorption. 

Homogeneous lines had 3 µm, 6 µm, 10 µm, 13 µm, 17 µm, 20 µm, 25 

µm, 30 µm and 350 µm widths and 3 mm length with 100% white color. 

Homogeneous patterns had 20 µm width and 500 µm length with 100%, 

80%, 60%, 40% or 20% transparency of white color. Gradient patterns 

had 20 µm (confined, 1D), 40 µm, 60 µm, 80 µm or 250 µm (unconfined, 

2D) widths and 500 µm length with a gray scale gradient from black in 

the 2 edges to white in the center of the drawing. After designing the 

drawings, they were calibrated according to the photosensitive 

component (p-Benzoylbenzyl)trimethylammonium chloride 

(BocSciences, #B2699-222060) consumption using a custom-made 

MATLAB (Mathworks, USA) script.    

This procedure was inspired by the protocol described in Strale et al., 

2016.  
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8. Generation of fibronectin micropatterns   

(p-Benzoylbenzyl)trimethylammonium chloride was added to soft 

PDMS substrates and degraded under UV illumination (λ= 375 nm) using 

Nikon Eclipse Ti inverted microscope equipped with PRIMO 

photopatterning system and Leonardo software (Alvéole, France) with 

laser power of 4.3 and dose of 900 mJ/mm2 . Substrates were washed 3X 

with PBS 1X. Then, substrates were incubated with filtered fibronectin-

647 solution containing 100 µg/mL fibronectin and 3.8 µg/mL 

fibronectin-647 fluorophores diluted in PBS 1X for 5 minutes. For 

homogeneous lines, 100 µg/mL fibronectin and 30 µg/mL fibrinogen-647 

(Invitrogen, # F35200). Protein will absorb only in areas that were 

previously illuminated with UV and generate the designed micropatterns. 

Substrates were washed 3X with PBS 1X and preserved at 4ºC. 

Photopatterned substrates were used for experiments until a maximum 

of 2 days after photopatterning.  

This procedure was inspired by the protocol described in Strale et al., 

2016.  

 

9. Fibronectin density quantification   

Microfluidic PDMS blocks with channels of 2 mm length, 200 µm width 

and 50 µm height were offered by Dr. Anna Labernadie (Centro de 

Investigación Príncipe Felipe (CIPF), Spain). Surface of PDMS blocks were 

modified using plasma cleaner (Harrick, model PCD-002-CE) to improve 

bonding of the PDMS with 35 mm MatTek glass bottom dishes. Then, the 

channels were pretreated with 2% pluronic solution (Sigma-Aldrich, 
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#P2443) for 1 hour in the case of the control PDMS block (exposed to PBS 

1X solution) and for overnight in the case of PDMS block exposed to 25%, 

50% and 100% fibronectin-647 solutions. Channels were washed 3X with 

PBS 1X. Fluorescence images of the channels filled with the different 

concentrations of fibronectin-647 solutions (PBS 1X, 25%, 50% and 

100%) were acquired using 250 ms, 500 ms, 1000 ms, 2500 ms and 5000 

ms times of exposure in 10 different fields of view (pre-wash images). 

Then, channels were washed 3X with PBS 1X and new fluorescence 

images were acquired using the 5 different exposure times in the same 10 

fields of view previously selected (pos-wash images). Fluorescence 

images of blue homogeneous slides were also acquired with 5 different 

exposure times in 10 different fields of view. All images acquisition was 

performed using Nikon Eclipse Ti inverted microscope with MetaMorph 

software and 10X 0.3 NA, 20X 0.45 NA and 40X 0.75 NA objectives. 

For the control PDMS lines filled with PBS 1X solution, a median of the 

fluorescence intensity in the different 10 images was made for each 

exposure time, obtaining the noise of the camera. For the blue 

homogeneous slide, a median of the fluorescence intensity in the different 

10 images was made for each exposure time, obtaining the mercury lamp 

intensity. Then, the noise of the camera was rested from the 

homogeneous slide median, obtaining the values to normalize 

fibronectin-647 density with mercury lamp fluctuations. For the PDMS 

lines filled with 25%, 50% and 100% fibronectin-647 solutions, the pos-

washed image was rested from the pre-washed imaged for each field of 

view from all exposure times. Then, the mean of the resulting 

fluorescence intensity in the 10 fields of view was made for each exposure 

time. The mean of PBS 1X (used as 0% fibronectin-647) fluorescence 
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intensity in the different 10 images was also made for each exposure time. 

Thus, the mean fluorescence intensity for each percentage of fibronectin-

647 solutions with different exposures time was calculated with the 

following formula: 

 

𝑀𝑒𝑎𝑛 𝑓𝑙𝑢𝑜𝑟𝑒𝑠𝑐𝑒𝑛𝑐𝑒 𝑖𝑛𝑡𝑒𝑛𝑠𝑖𝑡𝑦 =
< [𝑝𝑟𝑜𝑡𝑒𝑖𝑛] > − 𝑛𝑜𝑖𝑠𝑒 𝑐𝑎𝑚𝑒𝑟𝑎

𝑚𝑒𝑟𝑐𝑢𝑟𝑦 𝑙𝑎𝑚𝑝 𝑖𝑛𝑡𝑒𝑛𝑠𝑖𝑡𝑦 − 𝑛𝑜𝑖𝑠𝑒 𝑐𝑎𝑚𝑒𝑟𝑎
 

 

According to the fibronectin-647 concentration estimation after using 

the labelling kit, 0%, 25%, 50% and 100% fibronectin-647 solutions 

correspond to, respectively, 0 µg/mL, 198.92 µg/mL, 397.84 µg/mL, and 

795.68 µg/mL. From this assumption, we correlated the mean 

fluorescence intensity with fibronectin-647 density by multiplying the 

height of the channel (50 µm) with each fibronectin-647 concentration. 

Then, a linear regression was calculated between fibronectin-647 density 

(ng/cm2) and mean fluorescence intensity, forcing the line to go through 

X, Y= (0,0). Since for live imaging experiments the fibronectin-647 

micropatterns were imaged using 10X and 20X objectives and 5000 ms 

exposure time, the equations of the linear regression obtained for the 

5000 ms (Y=0.001830X and Y=0.001060X, respectively) were used in the 

custom-made MATLAB script for fibronectin-647 density quantification 

calibrated with the noise of the camera and mercury lamp intensity in 

each experiment.  

This procedure was inspired by the protocol described in Versaevel et 

al., 2021.  
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10. Imaging for migration and drugs experiments 

Before starting the time lapse, images of a blue homogeneous slide 

were acquired with and without far-red wavelength to further calibrate 

fibronectin density with the mercury lamp intensity and the noise of the 

camera, respectively. Additionally, images from the fibronectin-647 

micropatterns were acquired before imaging. Then, live imaging started 

after defining the settings and cell seeding under the microscope with 

thermal (37ºC), CO2 (5%) and humidity controls. Images were acquired 

every 10 minutes for 16-20 hours using a 10X 0.3 NA objective with 3 

channels: brightfield (cell), green (nucleus) and far-red (fibronectin-647 

micropattern). Multichannel acquisition was performed using Nikon 

Eclipse Ti inverted microscope with MetaMorph software.   

 

11. Imaging for actin flows experiments 

Cells were imaged 4-7 hours after seeding with thermal (37ºC), 

CO2 (5%) and humidity controls.  Images of each cell were acquired every 

4 seconds for 3 minutes using a 60X 1.40 NA objective with 2 channels: 

green (actin) and far-red (fibronectin-647 micropattern). Multichannel 

acquisition was performed using a Nikon Eclipse Ti inverted microscope 

with a CSU-W1 confocal scanner unit.   

 

12. Imaging for TFM experiments 

Before starting the time lapse, images of a blue homogeneous slide 

were acquired with and without far-red wavelength to further calibrate 



Chapter 3 – Materials and methods            PhD thesis – Fortunato, I.C. 
 
 

81 
 

fibronectin density with the mercury lamp intensity and the noise of the 

camera, respectively. Images from the fibronectin-647 micropatterns 

were acquired before imaging. Additionally, images from the red 

fluorescent beads were acquired before imaging with a z series of 10 z 

steps of 1 µm (range = 9). Then, live imaging started after defining the 

settings and cell seeding under the microscope with thermal (37ºC), CO2 

(5%) and humidity controls. Images were acquired every 10 minutes for 

12-20 hours using a 20X 0.45 NA objective with 4 channels: brightfield 

(cell), green (nucleus), red (beads) with the previously described z series 

and far-red (fibronectin-647 micropattern). Multichannel acquisition was 

performed using Nikon Eclipse Ti inverted microscope with MetaMorph 

software. 

 

13. Imaging for membrane tension experiments 

3-6 hours after seeding cells, the media was changed to DMEM-

F12 serum-free media + 2 mM thymidine + 1 µM of Flipper-TR (Tebu-bio, 

#SC020). After 15 minutes incubation, Flipper images of each cell and the 

respective fibronectin-647 micropattern were acquired using a HC PL 

APO CS2 63x/1.40 OIL objective. Flipper was excited at 488 nm and the 

emission was collected in the 550-650 nm range. Hyperosmotic shocks 

were performed by changing the media in the microscope to DMEM-F12 

serum-free media + 2 mM thymidine + 1 µM of Flipper-TR + 320 mmol/L 

sucrose (Sigma-Aldrich, #S9378). After 1 hour incubation, new Flipper 

images of previously imaged cells and the respective fibronectin-647 

micropatterns were acquired. Multichannel acquisition was performed 

using a Leica TCS SP8 microscope equipped with a white light laser 
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(WLL), a hybrid detector (HyD) in photon-counting mode and LAS X 

software.  

 

14. Cell tracking, cell segmentation and migration 

analysis   

Tracking of cells was made with TrackMate plugin from Fiji using 

as reference H2B-GFP nuclear marker that MCF10A cells are expressing. 

2D cell segmentation was made using a custom-made MATLAB script. 

Then, another custom-made MATLAB script was designed to join 

information of fibronectin-647 density, cell tracking and cell 

segmentation to obtain a database that describes quantitatively cell 

migration during the complete live imaging. Persistence ( 
ௗ௦௧

௧ ௗ௦௧
 ), 

cell velocity ( 
∆௫

∆௧
 ), cell length (cell segmentation in 𝑥 axis), 𝑥 positions, 

nucleus positions, 𝑥 turning points (change in directionality) or gradient 

(differences in protein density) are some of the parameters that were 

quantified.  

In fibronectin-647 gradient micropatterns displacements were 

considered positive if cells migrated towards higher protein and negative 

if cells migrated against higher protein. In homogeneous fibronectin-647 

micropatterns, displacements were considered positive if cells migrated 

towards the center of the micropattern and negative if cells migrated 

towards the edges of the micropattern. To avoid possible ECM deposition, 

degradation or remodeling effect, tracks were only analyzed since the cell 

adhered until the first change in directionality. Additionally, since the 
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micropatterns are symmetric, data was normalized so that all cells land 

in the same quadrant of the pattern (𝑥 < 0).   

 

15. Quantification of actin flows, number of actin 

filaments and protrusions rate   

Acquired images of actin were opened using Fiji. Afterwards, 

kymographs were generated in 4 regions of the trailing and 4 regions of 

the leading edges. To each region, actin retrograde flow (actin movement 

from the edges to the cell center), membrane retraction and edge 

velocities were manually measured by converting the angle of actin 

movement vectors into velocity. Actin polymerization velocity was 

calculated with the following formula: 

 

𝑣ௗ = 𝑣௬௭௧ + 𝑣௧ௗ ௪ 

 

Cell masks were made with LifeAct-GFP signal as reference and 

using Otsu threshold in Fiji. Masks and pattern images were oriented to 

have the leading edge on the right side of the images and the trailing edge 

on the left side. Cell leading and trailing edges were defined, respectively, 

as the right and the left extremes with 4 µm length of the masks.   

To measure actin filaments, we first manually defined the trailing 

edge as a radial 10 µm area with the center in the most back membrane 

of the cell. Then, manually measured the number of actin filaments in the 

trailing edge after applying Bandpass Filter and Unsharp Mask from Fiji. 
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The protrusions rate was manually measured by quantifying the number 

of actin peaks in generated kymographs of the leading edge and then 

dividing it by the total time of imaging (3 minutes). 

Fibronectin fluorescence in the leading edge was defined by the 

mean fluorescence in the first 4 µm of the edge. 

 

16. Traction force and traction asymmetry analysis 

All traction computations and the following analyses of traction 

forces were carried out with custom-written MATLAB scripts. Fourier 

transform traction microscopy was used to measure traction forces 

(Trepat et al., 2009; Butler et al., 2002; Serra-Picamal et al., 2015). The 

displacement fields of the fluorescence microspheres were obtained 

using a self-written particle imaging velocimetry (PIV) algorithm using 

square interrogation windows of side length 24 pixels (corresponding to 

about 7.8 µm) with a relative overlap of 0.75 window length. 

Segmented binary masks of the phase contrast images were used 

to extract the tractions under each cell at each time point. To include the 

traction profiles as complete as possible, segmentation was dilated by 15 

µm in all directions. Axial traction profiles 𝑇௫ were calculated by 

averaging the 𝑥-component of the tractions across the width of the 

segmentation at every time point. The axial lengths of these profiles were 

normalized to unit length for each time point, and these length-

normalized tractions were averaged together in groups according to the 

cell trajectory (haptotactic motion, anti-haptotactic motion, or motion on 

homogeneous fibronectin) to form the averaged profiles ⟨𝑇௫⟩. 
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The normalized second moment 𝑄௫ of the 1D-traction profiles was 

calculated as 𝑄௫ =
∫ ௫మ்ೣ ௗ௫

∫ |௫|మ்ೣ ௗ௫
 , analogously to (Rossetti et al., 2024), where 

𝑥 is the spatial coordinate relative to the center of mass of the traction 

segmentation. The moments were then averaged over the corresponding 

times for each cell.   

 

17. Membrane tension analysis 

Lifetime measurements and analysis of membrane tension were 

performed using LAS X software and a custom-made MATLAB script. Cell 

masks were made with Flipper signal as reference and using Moments 

threshold in Fiji. Masks and pattern images were oriented to have the 

leading edge on the right side of the images and the trailing edge on the 

left side. Cell leading and trailing edges were defined, respectively, as the 

right and the left extremes with 11 µm length of the masks.   

 

18. Statistical analysis   

Graphs and statistical analysis were made using MATLAB, 

GraphPad Prism 8.0.2, RStudio and Microsoft Excel. Figures and figure 

legends describe the following statistical details: number of cells, error 

bars, number of independent experiments, statistical tests, and 

corresponding p-values. We considered the result significant when p-

value < 0.05.   
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Chapter 4 – Results 

 

1. Fabrication of a system with precise and well-

controlled fibronectin gradients 

Until now, technical limitations have created a gap in our 

understanding of haptotaxis. To address this, we developed a minimal in 

vitro system that allows for precise control over fibronectin density and 

geometry. Our system uses PRIMO technology with the Light-Induced 

Molecular Adsorption of Proteins (LIMAP) method to create fibronectin 

micropatterns on soft elastomeric substrates (E = 12.6 kPa) (Figure 18) 

(Strale et al., 2016; see methods). These substrates are also coated with 

fluorescent beads to measure cell traction. Therefore, this setup provides 

a controlled environment for studying how fibronectin gradients 

influence cell migration, offering clear insights into the mechanisms of 

haptotaxis. 

 

1.1 Calibrate pattern drawings 

When using PRIMO technology, drawings are first uploaded into 

Leonardo software and then sent to the PRIMO module for patterning 

(see methods). We noticed that when uploading drawings of linear 

gradients, the resulting gradient patterns were not as linear as intended 

(Figure 19A). These nonlinear gradients could impair cells' ability to 

constantly sense a gradient due to its low magnitude. The underlying 
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issue is that as the photoinitiator is consumed, it generates reactive 

species that have a finite lifetime and diffuse in the surrounding fluid. This 

diffusion leads to degradation of the passivation over a short distance, 

which in turn disrupts the linearity of the gradient. To solve this, we 

calibrated the drawings uploaded into the software by creating a 

calibration curve that represents the inverse profile of multiple patterned 

gradients (Figure 19B). Using this calibration curve, we adjusted the 

drawings accordingly and improved the linearity and magnitude of the 

gradients (Figure 19C-D). Consequently, it also enhanced the accuracy 

and reliability of our haptotatic system. 

 

 

Figure 18 – Micropatterning of soft elastomeric substrates using PRIMO 

technology. Illustration of a glass-bottom dish coated with a PEG-decorated soft 

elastomer. Zoomed regions show the schematics of the functionalization of the 

patterned surface (see methods). 
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Figure 19 – Calibration of drawings to improve gradient linearity. A: 

Representative image of a gradient pattern used to calculate the calibration 

curve (up) and its respective fluorescence intensity profile (down). Profiles 
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were generated from the pink line in the upper image of panel A. B: Calibration 

curve calculated using multiple gradient patterns (N = 15). C: Drawings of 

gradients with and without custom-made calibration. White (gray value = 255) 

and black (gray value = 0) colors correlate with 100% protein and 0% protein 

absorption, respectively. D: Gray scale profiles for one drawing of gradients with 

and without custom-made calibration. Profiles were generated from the pink 

lines in panel C. 

 

1.2 Development of a method to spatially quantify 

fibronectin density within haptotatic and 

homogeneous patterns 

One of the challenges of micropatterning is translating 

fluorescence intensity to fibronectin density experienced by cells. To 

address this, we were inspired by the work of Versaevel et al. (Versaevel 

et al., 2021). We flowed fluorescently labeled fibronectin solutions with 

concentrations ranging from 0% (0 µg/mL) to 100% (795.68 µg/mL) 

through PDMS channels measuring 200 µm x 2 mm x 50 µm (Figure 20A; 

Figure 20C). Then, we acquired images before and after washing the 

channels for every protein concentration. Using these images, we 

developed a linear equation that correlates fluorescence intensity with 

fibronectin density for our imaging settings, i.e. 5000 ms of exposure time 

and 10X objective (Figure 20D-E). This equation allowed us to accurately 

convert fluorescence intensity into fibronectin density. However, it is 

known that the intensity of microscope’s mercury lamp fluctuates over 

time, complicating comparisons between independent experiments 

(Heynen, Gough and Price, 1997). To overcome this issue, we accounted 
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for these fluctuations by capturing images of a blue auto-fluorescent slide 

prior to each experiment (Figure 20B). We then used these images to 

normalize the fluorescence intensity. Additionally, we subtracted the 

camera noise to improve measurement accuracy. This approach enabled 

us to reliably convert fluorescence into protein density and make 

consistent comparisons across independent experiments. 

 

 

Figure 20 – Experimental approach to convert fluorescence intensity to 

fibronectin density. A: Illustration of microfluidic PDMS block design. B: 

Representative image of homogeneous slide image acquired with 10X objective 
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and 5000 ms exposure. C: Representative images of channels with different 

percentages of fibronectin-647 solutions acquired with 10X objective and 5000 

ms exposure. D: Linear regression for 5000 ms of exposure time correlating 

fluorescence intensity with fibronectin-647 density using 10X objective. Error 

bars are SD. E: Representative image of fibronectin-647 density quantification 

in experimental homogeneous and gradient patterns using the equation 

correspondent to 5000 ms exposure (Y = 0.001830X). Data from one 

independent experiment. 

 

1.3 Determination of the optimal pattern dimensions for 

our cell model 

Then, we aimed to determine the optimal pattern dimensions for 

studying migration in our cell model, the MCF10A cells, which are well-

characterized and frequently used in cell migration studies (Sunyer et al., 

2016; Palamidessi et al., 2019; Gross et al., 2022; Gilles et al., 1999; Cai et 

al., 2022). To address this, we created homogeneous fibronectin lines that 

were 3 mm in length with varying widths (Figure 21A). The widths tested 

ranged from 3 µm to 350 µm (Figure 21A). We then performed 12-20 

hours timelapse imaging of MCF10A cells expressing histone 2B labelled 

with GFP to facilitate nucleus detection and cell tracking. After tracking 

the cells’ nuclei, we measured cell persistence (
ௗ௦௧

௧ ௗ௦௧
) and velocity 

(
∆௫

∆௧
), which are standard parameters used to characterize migratory 

behaviors (Figures 21B-C). Cells on 17 µm and 20 µm lines exhibited 

faster and more directed movement, while cells on 3 µm and 6 µm lines 

showed slower and more random movement. These results indicate that 

micropattern width significantly impacts cell motility, with 17-20 µm 



Chapter 4 – Results            PhD thesis – Fortunato, I.C. 

93 
 

widths providing optimal conditions. Based on these findings, we decided 

to use 20 µm width patterns to study haptotaxis. Moreover, the patterns 

were set to 500 µm in length to ensure that cells remained within the 

microscope's field of view and allow complete tracking of cells (Figure 

20E). 

 

Figure 21 – MCF10A cells exhibit faster and more persistent migration on 

micropatterned lines with intermediate widths. A: Representative 

fluorescence image of homogeneous lines with 3 mm length and 3 µm, 6 µm, 10 

µm, 13 µm, 17 µm, 20 µm, 25 µm, 30 µm and 350 µm widths. B: Mean persistence 
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of cells migrating in homogeneous lines with 3 µm (N = 20), 6 µm (N = 26), 10 

µm (N = 34), 13 µm (N = 29), 17 µm (N = 29), 20 µm (N = 37), 25 µm (N = 29), 30 

µm (N = 30) and 350 µm (N = 21) widths. Error bars are SD. C: Mean velocity of 

cells migrating in homogeneous lines with 3 µm (N = 22), 6 µm (N = 26), 10 µm 

(N = 34), 13 µm (N = 29), 17 µm (N = 29), 20 µm (N = 40), 25 µm (N = 29), 30 µm 

(N = 30) and 350 µm (N = 37) widths. Error bars are SD. Data of homogeneous 

lines with 3 µm, 6 µm and 10 µm from four independent experiments. Data of 

homogeneous lines with 13 µm, 17 µm and 20 µm from five independent 

experiments. Data of homogeneous lines with 25 µm, 30 µm and 350 µm from 

two independent experiments. 

 

1.4 Experiment and analysis of cell migration in 

haptotactic and homogeneous patterns 

With the methodology optimized, we established the experimental 

and analysis workflow for the upcoming experiments. To analyze single 

cell migration, MCF10A cells were seeded under the microscope to 

precisely monitor the processes of cell adhesion and initial polarization. 

We inhibited cell proliferation with thymidine to ensure only a single cell 

was present in each pattern. Then, we selected only patterns with a single, 

viable, and non-dividing cell for further analysis. Each cell's nucleus was 

tracked to record its trajectory over time, and phase-contrast image 

segmentation was employed to monitor the leading and trailing edges, as 

well as cell length. Fluorescently labeled fibronectin was used to measure 

the exact fibronectin density experienced by each cell at various time 

points. This data was compiled into a comprehensive database detailing 
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single cell migration numerically, both in homogeneous and gradient 

patterns. 

After adhering to the patterns, cells exhibited oscillatory 

trajectories. Since cells can deposit, degrade, and remodel ECM proteins, 

we focused on the initial cell movement — from adhesion to the first turn. 

Moreover, we took advantage of pattern's symmetry to normalize the 

trajectories, ensuring that all of them started on the left half of the pattern 

(𝑥 < 0). Movements toward the center were considered positive, while 

movements away were negative. This methodology allowed us to map cell 

behavior, including cell length, velocity, traction forces, and actin 

dynamics, as functions of fibronectin density. Therefore, we established a 

well-controlled 1D system to precisely understand haptotaxis. 

 

2. Cell length and velocity show a biphasic response to 

fibronectin density 

To study the impact of fibronectin density on cell migration, we began 

by seeding MCF10A cells onto substrates with homogeneous fibronectin 

patterns, varying in density from 20% to 100% (Figure 22A). We assessed 

migratory response by analyzing cell length and velocity, as these 

parameters are expected to vary with changes in adhesiveness (Schreiber 

et al., 2021). Confirming the technique accuracy, patterns with lower 

protein concentrations exhibited reduced fluorescence intensity, while 

those with higher concentrations showed increased fluorescence 

intensity (Figure 22B). We found that higher fibronectin densities 
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resulted in more cells adhering to the patterns, indicating that cells 

adhere more effectively when more fibronectin is present. 

 

 

Figure 22 – The response to fibronectin density occurs in a biphasic 

manner. A: Representative fluorescence images of homogeneous patterns with 

20%, 40%, 60%, 80% and 100% fibronectin. Scale bar is 50 μm. B: Median 

fibronectin density of homogeneous patterns with 20% (N = 23), 40% (N = 39), 

60% (N = 83), 80% (N = 75) and 100% (N = 337) fibronectin. Error bars are 25 

and 75 percentiles. C: Mean cell length for 6 fibronectin density bins. Bin1 = 

[6.91; 15.99] (N = 87), bin2 = [16.13; 29.35] (N = 85), bin3 = [29.48; 43.35] (N = 

88), bin4 = [43.57; 58.97] (N = 90), bin5 = [59.43; 76.64] (N = 87) and bin6 = 

[76.68; 185.05] (N = 90). Error bars are 95% CI. D: Mean velocity in 𝑥 for 6 

fibronectin density bins. Bin1 = [6.91; 15.99] (N = 87), bin2 = [16.13; 29.35] (N 
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= 85), bin3 = [29.48; 43.35] (N = 88), bin4 = [43.57; 58.97] (N = 90), bin5 = 

[59.43; 76.64] (N = 87) and bin6 = [76.68; 185.05] (N = 90). Error bars are 95% 

CI. Data of homogeneous patterns with 100% fibronectin from nine independent 

experiments. Data of homogeneous patterns with 20%, 40%, 60% and 80% 

fibronectin from four independent experiments. 

 

Furthermore, higher protein densities resulted in larger cell sizes 

(Figure 22C) and faster cell movement (Figure 22D) up to 36.29 ng/cm² 

and 51.44 ng/cm² of fibronectin, respectively. Beyond these densities, 

both cell length and velocity decreased, revealing a biphasic response. 

Initially, increased protein density enhanced both adhesion strength and 

cell motility. However, beyond those thresholds, excessive adhesion 

possibly led to decreased cell length and velocity as adhesions became 

overloaded (Fortunato and Sunyer, 2022; Bangasser et al., 2017; 

Elosegui-Artola et al., 2014). Overall, our data show that fibronectin 

density modulates MCF10A speed and elongation. However, higher 

fibronectin density enhances cell adhesion, spreading, and velocity up to 

an optimal level. This indicates a relationship between adhesion and cell 

length, as well as between adhesion and velocity. 

 

3. MCF10A cells follow fibronectin gradients 

To test the hypothesis that MCF10A cells exhibit haptotaxis, we 

seeded them on homogeneous patterns with 100% fibronectin (Figure 

23A-B) and on symmetric gradient patterns with maximum fibronectin 

density at the center and decay to zero at both pattern edges (Figure 24A-
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B). These symmetric patterns enable us to not only understand 

haptotactic behavior but also to investigate how cells respond to changes 

in gradient direction once cell polarity is established. 

 

Figure 23 – Cells in homogeneous patterns exhibit increased velocity over 

time but random directionality. A: Representative fluorescence images of a 

cell migrating in homogeneous patterns. Scale bar is 50 μm. B: Median 

fibronectin density of homogeneous patterns. Error bars are 25 and 75 

percentiles. N = 202. C: Individual tracks of cells migrating in homogeneous 

patterns. N = 99 for cells migrating toward center and N = 103 for cells migrating 

away from center. D: Mean gradient of cells migrating in homogeneous patterns. 
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N = 70 for cells migrating toward center and N = 103 for cells migrating away 

from center. Error bars are SD. E: Initial 𝑥 position of cells migrating in 

homogeneous patterns. N = 70 for cells migrating toward center and N = 103 for 

cells migrating away from center. F: Turning 𝑥 position of cells migrating in 

homogeneous patterns. N = 70 for cells migrating toward center and N = 103 for 

cells migrating away from center. G: Mean velocity in 𝑥 for cells in homogeneous 

patterns. N = 70 for cells migrating toward center and N = 103 for cells migrating 

away from center. Error bars are SD. H: Mean cell length for cells migrating in 

homogeneous patterns. N = 70 for cells migrating toward center and N = 103 for 

cells migrating away from center. Error bars are SD. Data from four independent 

experiments. 

 

On homogeneous patterns, cells moved randomly, with 49.0% 

migrating toward the center and 51.0% moving away from it due to a 

nearly zero gradient ( 
ிேೌିிேೝೌ


 ) (Figure 23C-D). These cells 

adhered uniformly across the patterns (Figure 23E) and they mostly 

turned at the pattern edges (Figure 23F), indicating a persistence length 

greater than the pattern size. Cell elongation was greatest at the center 

(Figure 23G), and cell velocity increased continuously from adhesion 

until repolarization (Figure 23H). 

In gradient patterns, an impressive 82.7% of cells migrated toward 

areas with higher fibronectin density, indicating robust haptotaxis, while 

only 17.3% moved anti-haptotatically (Figure 24C-D). Interestingly, this 

anti-haptotactic response is likely due to cell adhesion occurring near the 

fibronectin peak, where the gradient is almost zero, resulting in random 

directionality (Figure 24C; Figure 24E). Outside this peak, the gradient 
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was significantly different from zero, confirming that cells experienced 

varying fibronectin densities during most of their migration (Figure 24E). 

As expected, the difference in fibronectin density between the leading and 

trailing edges was positive for haptotactic cells and negative for anti-

haptotactic ones. We also observed that both haptotactic and anti-

haptotactic cells predominantly adhered to regions with higher protein 

density (Figure 24F). Overall, these findings show that MCF10A cells 

robustly follow fibronectin gradients and suggest that haptotaxis is 

influenced by the gradient magnitude. 

 

Figure 24 – Polarized MCF10A cells maintain their directionality even 
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when exposed to a gradient with an opposing direction. A: Representative 

fluorescence images of a cell migrating in gradient patterns. Scale bar is 50 μm. 

B: Median fibronectin density of gradient patterns. Error bars are 25 and 75 

percentiles. N = 173. C: Individual tracks of cells migrating in gradient patterns. 

N = 143 for haptotatic cells and N = 30 for anti-haptotatic cells. D: Haptotaxis 

probability for cells migrating in gradient patterns (N = 173) and probability of 

cells moving toward center or away from center in homogeneous patterns (N = 

202). E: Mean gradient of cells migrating in gradient patterns. N = 125 for 

haptotatic cells and N = 30 for anti-haptotatic cells. Error bars are SD. F: Initial 𝑥 

position of cells migrating in gradient patterns. N = 143 for haptotatic cells and 

N = 30 for anti-haptotatic cells. G: Turning 𝑥 position of cells migrating in 

gradient patterns. N = 143 for haptotatic cells and N = 30 for anti-haptotatic cells. 

H: Mean cell length for cells migrating in gradient patterns. N = 125 for 

haptotatic cells and N = 30 for anti-haptotatic cells. Error bars are SD. I: Mean 

velocity in 𝑥 for cells migrating in gradient patterns. N = 125 for haptotatic cells 

and N = 30 for anti-haptotatic cells. Error bars are SD. Data from five 

independent experiments. 

 

3.1 Effects of gradient magnitude, substrate stiffness, 

contractility and lamellipodia expansion in 

haptotatic responses 

Our previous results indicated that gradient magnitude could 

affect haptotaxis. To further test this hypothesis, we used the inherent 

heterogeneity in patterns produced by PRIMO technology. This 

heterogeneity allowed us to divide the data into low, medium, and high 

gradient magnitudes (Figure 25A). Cells on patterns with higher 

gradients experienced significantly greater maximum fibronectin 
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densities (Figure 25B). Cell velocity remained consistent across slopes 

(Figure 25C), while the probability of haptotaxis increased with steeper 

gradients (Figure 25D). This demonstrates that the initial response 

toward higher fibronectin areas is influenced by the gradient magnitude, 

thereby confirming our hypothesis. 

 

Figure 25 – Higher gradients enhance haptotactic response without 

affecting cell velocity. A: Fibronectin density profile for each cell migrating in 

gradient patterns with low (N = 71), medium (N = 48) and high (N = 44) 

gradients. B: Mean maximum fibronectin density for cells migrating in gradient 

patterns with low (N = 71), medium (N = 48) and high (N = 44) gradients. Error 
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bars are SD. P-values obtained using Mann-Whitney test. C: Mean velocity in 𝑥 

for cells migrating in gradient patterns with low (N = 71), medium (N = 48) and 

high (N = 44) gradients. Error bars are SD. P-values obtained using Mann-

Whitney test. D: Haptotaxis probability for cells migrating in gradient patterns 

with low (N = 71), medium (N = 48) and high (N = 44) gradients. Data from four 

independent experiments. 

 

Figure 26 – Haptotatic response remains consistent on stiffer substrates. 

A: Individual tracks of cells migrating in gradient patterns on glass substrates. N 

= 61 for haptotatic cells and N = 18 for anti-haptotatic cells. B: Haptotaxis 

probability for cells migrating in gradient patterns on glass substrates (N = 79) 
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and probability of cells moving toward center or away from center in 

homogeneous patterns on glass substrates (N = 82). C: Turning 𝑥 position of cells 

migrating in gradient patterns on glass substrates. N = 61 for haptotatic cells and 

N = 18 for anti-haptotatic cells. D: Mean velocity in 𝑥 for cells migrating in 

gradient patterns. N = 39 for haptotatic cells and N = 18 for anti-haptotatic cells. 

Error bars are SD. Data from one independent experiment. 

 

As cells were seeded on soft substrates, we wondered if haptotaxis 

would be influenced by substrate stiffness. To test this, we seeded cells 

on gradients patterned on glass substrates with approximately 60-70 GPa 

(Figure 26) (Wereszczak & Anderson, 2014). Our preliminary data 

suggests that haptotaxis efficiency is not affected by substrate stiffness, 

as cells exhibited similar haptotaxis probabilities on both soft and stiff 

substrates (Figure 26A; Figure 26B).  

We next asked whether haptotaxis depends on cell contractility 

and lamellipodia spreading as other modes of directed migration such as 

durotaxis (Yeoman et al., 2021; Ramirez-San Juan et al., 2017; DuChez, 

2017). To test this, we decreased cell contractility by inhibiting myosin 

and ROCK using blebbistatin and Y-27632, respectively. Blebbistatin 

specifically targets myosin by inhibiting its ATPase activity, which 

disrupts its interaction with actin (Straight et al., 2003). On the other 

hand, Y-27632 binds to the ATP-binding site of ROCK, inhibiting its kinase 

activity (Uehata et al., 1997). This reduces the phosphorylation of MLC, 

thereby decreasing myosin activity. To reduce lamellipodia spreading, we 

inhibited PI3K using LY294002. This inhibitor specifically blocks PI3K 

kinase activity, leading to reduced production of PI(3,4,5)P3 at the 
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leading edge (Vlahos et al., 1994). DMSO-treated cells served as 

experimental controls to ensure observed effects were due to the 

inhibitors.  

 

Figure 27 – Inhibition of cell contractility and lamellipodia spreading 

impacts cell motility. A: Median fibronectin density of all homogeneous 

patterns incubated with drugs. Error bars are 25 and 75 percentiles. N = 121. B: 

Mean cell length of cells migrating in homogeneous patterns when incubated 

DMSO (N = 40), blebbistatin (N = 32), Y-27632 (N = 26) and LY294002 (N = 23). 

Error bars are SD. P-values obtained using Mann-Whitney test. C: Mean velocity 
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in 𝑥 of cells migrating in homogeneous patterns when incubated DMSO (N = 40), 

blebbistatin (N = 32), Y-27632 (N = 26) and LY294002 (N = 23). Error bars are 

SD. P-values obtained using Mann-Whitney test. D: Individual tracks of cells 

migrating in homogeneous patterns when incubated with DMSO. N = 21 for cells 

migrating toward center and N = 19 for cells migrating away from center. E: 

Individual tracks of cells migrating in homogeneous patterns when incubated 

with blebbistatin. N = 19 for cells migrating toward center and N = 13 for cells 

migrating away from center. F: Individual tracks of cells migrating in 

homogeneous patterns when incubated with Y-27632. N = 17 for cells migrating 

toward center and N = 9 for cells migrating away from center. G: Individual 

tracks of cells migrating in homogeneous patterns when incubated with 

LY294002. N = 13 for cells migrating toward center and N = 10 for cells 

migrating away from center. H: Probability of cells moving toward center or 

away from center in homogeneous patterns. N = 40 for cells incubated with 

DMSO, N = 32 for cells incubated with blebbistatin, N = 26 for cells incubated 

with Y-27632 and N = 23 for cells incubated with LY294002. DMSO data from 

five independent experiments. Blebbistatin and Y-27632 data from three 

independent experiments. LY294002 data from one independent experiment. 

 

Cells incubated with these inhibitors exhibited reduced cell length 

and velocity in both homogeneous (Figure 27A-C) and gradient patterns 

(Figure 28A-C). Cells on the homogeneous patterns displayed random 

directionality (Figure 27D-H). Surprisingly, cells in gradient patterns 

moved toward areas of higher fibronectin density, similarly to DMSO-

treated control cells (Figure 28D-H). This suggests that individual 

MCF10A cells can efficiently follow fibronectin gradients independently 

of contractility and lamellipodia spreading.  
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Figure 28 – Haptotaxis is unaffected by contractility and lamellipodia 

spreading. A: Median fibronectin density of all gradient patterns incubated with 

drugs. Error bars are 25 and 75 percentiles. N = 140. B: Mean cell length of cells 

migrating in gradient patterns when incubated DMSO (N = 37), blebbistatin (N 

= 27), Y-27632 (N = 35) and LY294002 (N = 41). Error bars are SD. P-values 

obtained using Mann-Whitney test. C: Mean velocity in 𝑥 of cells migrating in 
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gradient patterns when incubated DMSO (N = 37), blebbistatin (N = 27), Y-

27632 (N = 35) and LY294002 (N = 41). Error bars are SD. P-values obtained 

using Mann-Whitney test. D: Individual tracks of cells migrating in gradient 

patterns when incubated with DMSO. N = 29 for haptotatic cells and N = 8 for 

anti-haptotatic cells. E: Individual tracks of cells migrating in gradient patterns 

when incubated with blebbistatin. N = 24 for haptotatic cells and N = 3 for anti-

haptotatic cells. F: Individual tracks of cells migrating in gradient patterns when 

incubated with Y-27632. N = 26 for haptotatic cells and N = 9 for anti-haptotatic 

cells. G: Individual tracks of cells migrating in gradient patterns when incubated 

with LY294002. N = 34 for haptotatic cells and N = 7 for anti-haptotatic cells. H: 

Haptotaxis probability for cells migrating in gradient patterns. N = 37 for cells 

incubated with DMSO, N = 27 for cells incubated with blebbistatin, N = 35 for 

cells incubated with Y-27632 and N = 41 for cells incubated with LY294002. I: 

Turning 𝑥 position of cells migrating in gradient patterns when incubated with 

DMSO. N = 29 for haptotatic cells and N = 8 for anti-haptotatic cells. J: Turning 𝑥 

position of cells migrating in gradient patterns when incubated with 

blebbistatin. N = 24 for haptotatic cells and N = 3 for anti-haptotatic cells. K: 

Turning 𝑥 position of cells migrating in gradient patterns when incubated with 

Y-27632. N = 26 for haptotatic cells and N = 9 for anti-haptotatic cells. L: Turning 

𝑥 position of cells migrating in gradient patterns when incubated with 

LY294002. N = 34 for haptotatic cells and N = 7 for anti-haptotatic cells. DMSO 

data from five independent experiments. Blebbistatin and Y-27632 data from 

three independent experiments. LY294002 data from one independent 

experiment. 
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4. Haptotatic cells can migrate against fibronectin 

gradients once polarity is established 

After the initial migration and polarization toward high fibronectin, 

around 70% of haptotactic cells crossed the fibronectin peak and 

continued migrating persistently against the gradient (Figure 24G). This 

indicated that MCF10A cells could migrate from high to low fibronectin 

densities when there was a preexisting front-rear polarity. Therefore, we 

categorized the trajectories of haptotactic cells into two phases: 1) up the 

gradient – initial migration toward higher fibronectin until reaching the 

peak; and 2) down the gradient – movement after crossing the peak until 

the cell turn. We then focused on these two migration phases. 

We measured cell length and velocity during migration. Cell length 

increased as cells migrated up the gradient, peaking at the highest 

fibronectin density, and decreased as cells migrated down the gradient 

(Figure 24H). Moreover, haptotactic cells accelerated after adhering to 

the gradient and maintained this increased velocity as they migrated up 

the gradient. Upon reaching the peak fibronectin density, their velocity 

immediately decreased and then remained constant at slower velocities 

compared to their migration up the gradient. Nevertheless, even though 

their velocity decreased, cells migrating down the gradient maintained an 

average speed of around 0.5 µm/min (Figure 24I). Anti-haptotactic cells 

showed a similar length profile but had lower velocities compared to 

haptotactic cells (Figure 24H-I). This highlights the lower efficiency of 

initially polarizing and migrating against the gradient. 
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Although stiffer substrates did not affect haptotaxis, we explored their 

impact on cell migration down the gradient. We analyzed the 𝑥 turning 

positions and velocity profiles of haptotactic cells (Figure 26C-D). Similar 

to soft substrates, most haptotactic cells migrated against the gradient 

after crossing the peak (Figure 26C). The velocity profile also followed a 

similar pattern, increasing until the peak and then decreasing afterward, 

averaging around 0.5 µm/min (Figure 26D). 

We also investigated whether contractility and lamellipodia 

spreading affect cells' ability to migrate down the gradient. To explore 

this, we analyzed 𝑥 turning positions for cells treated with the previously 

described drug inhibitors (Figure 28I-L). DMSO-treated control cells and 

ROCK-inhibited cells showed similar crossing probabilities (64.86% and 

65.71%, respectively) (Figure 28I-J). In contrast, cells with myosin and 

PI3K inhibition had lower crossing probabilities (44.44% and 41.46%, 

respectively) (Figure 28K-L). This suggests that myosin and PI3K may 

facilitate migration down the gradient. However, because these cells 

move more slowly, they might not have enough time to reach the 

fibronectin peak and cross it within the imaging time frame. Thus, it is 

challenging to attribute the decrease in crossing probability specifically 

to the inhibition of these proteins.  

In summary, our data show that once polarity is established, MCF10A 

cells can migrate long distances down the gradient with slightly 

decreased cell length and velocity. Moreover, cells lacking myosin and 

PI3K showed more impaired migration down the gradient compared to 

those with ROCK inhibition. 
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4.1 Increased actin dynamics acts as an adaptation 

mechanism to migrate down the gradient 

 Cells migrating in fibronectin gradients experience different 

fibronectin densities at their leading and trailing edges. We hypothesized 

that this difference could influence the velocities of the leading and 

trailing edges during migration. To test this, we measured the difference 

in velocities between the leading and trailing edges during migration up 

and down the gradient (𝑣ௗ௪ − 𝑣௨) (Figure 29A-B). Values near zero 

indicate no change in edge velocity, while positive values indicate an 

increase and negative values a decrease in velocity down the gradient. 

Our analysis revealed that the trailing edge's velocity remained 

consistent regardless of the gradient direction (Figure 29B). In contrast, 

the leading edge was significantly slower when migrating down the 

gradient (Figure 29B). This explains the observed decrease in cell length 

and velocity during migration down the gradient. 

Since actin contractility occurs at the trailing edge and actin 

polymerization at the leading edge, we asked whether actin dynamics 

could explain how cells sustain directed movement and velocity (Bear & 

Haugh, 2014; Hall, 2005; Zegers & Friedl, 2014; Chang et al., 2008; 

Choraghe et al., 2020; Chrzanowska-Wodnicka & Burridge, 1996). To 

investigate actin dynamics at the edges, we used MCF10A cells expressing 

LifeAct-GFP (Figure 29C). At the trailing edge, we measured actin 

retrograde flow (𝑣) and the number of actin filaments (Figure 29D; 

Figure 29H). At the leading edge, we measured 𝑣 , edge velocity (𝑣), actin 

polymerization velocity (𝑣), and the rate of protrusions (Figure 29D). 
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Figure 29 – Migration down the gradient is attributed to increased actin 

dynamics. A: Scheme illustrating how difference in edge velocities is quantified. 

B: Edge velocity differences of haptotatic cells migrating up and down the 
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gradient (N = 70). Error bars are SD. P-values obtained with Wilcoxon test (test 

if values are different from 0) for each condition and Wilcoxon matched-pairs 

signed test when comparing conditions. C: Representative fluorescence images 

of MCF10A-LifeAct-GFP cells migrating up and down the gradient. Scale bar is 

20 μm. D: Representative kymographs of trailing and leading edges with the 

different actin flow vectors and protrusion events. Scale bar is 1 μm. E: Mean 

retrograde flow in the trailing and leading edges of cells migrating up the 

gradient (N = 14). Error bars are SD. P-values obtained using Mann-Whitney test. 

F: Mean retrograde flow in the trailing and leading edges of cells migrating down 

the gradient (N = 26). Error bars are SD. P-values obtained using Mann-Whitney 

test. G: Mean retrograde flow in the trailing edge of cells migrating up and down 

the gradient. N = 14 for cells migrating up the gradient and N = 26 for cells 

migrating down the gradient. Error bars are SD. P-values obtained using 

permutation test. H: In the left, representative fluorescence images of actin 

filaments in the trailing edge of cells migrating up and down the gradient. In the 

right, actin filaments images after using bandpass filter and unsharp mask to 

count the number of actin filaments (indicated by the white arrows). Scale bar 

is 10 µm. I: Mean number of actin filaments in the trailing edge of cells migrating 

up and down the gradient. N = 14 for cells migrating up the gradient and N = 26 

for cells migrating down the gradient. Error bars are SD. P-values obtained using 

permutation test. J: Mean retrograde flow in the leading edge of cells migrating 

up and down the gradient. N = 14 for cells migrating up the gradient and N = 26 

for cells migrating down the gradient. Error bars are SD. P-values obtained using 

permutation test. K: Mean velocity of actin polymerization in the leading edge of 

cells migrating up and down the gradient. N = 14 for cells migrating up the 

gradient and N = 26 for cells migrating down the gradient. Error bars are SD. P-

values obtained using permutation test. L: Mean protrusion events rate in the 

leading edge of cells migrating up and down the gradient. N = 14 for cells 

migrating up the gradient and N = 26 for cells migrating down the gradient. 
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Error bars are SD. P-values obtained using permutation test. Panel B from four 

independent experiments. Panels C-L from five independent experiments. 

 

We observed actin retrograde flow at both cell edges and used this 

to analyze asymmetry in actin flows. Our analysis showed that retrograde 

flows were significantly faster at the trailing edge compared to the 

leading edge when cells migrated up the gradient (Figure 29E). 

Interestingly, cells migrating down the gradient also showed asymmetry 

in actin retrograde flows, though it was slightly less pronounced (Figure 

29F). Thus, actin flow asymmetry between leading and trailing edges 

occurs in cells migrating up and down the gradient.  

To investigate this further, we compared actin dynamics at the 

trailing and leading edges in different cells migrating up and down the 

gradient. At the trailing edge, we observed similar retrograde flow and 

number of filaments during both migration phases (Figure 29G; Figure 

29I). This suggests that the trailing edge is unaffected by changes in 

fibronectin density once polarity is established. In contrast, the leading 

edge showed significant differences. Cells migrating down the gradient 

had faster actin retrograde flow (Figure 29J). This increased retrograde 

flow challenges the cells' ability to maintain persistence and high velocity 

against the gradient. To counteract this, we hypothesize that cells 

migrating down the gradient would increase actin polymerization. Since 

edge velocity is the sum of retrograde flow and actin polymerization, we 

calculated the polymerization velocity to test our hypothesis. Cells 

migrating down the gradient exhibited a faster polymerization rate 

(Figure 29K). Additionally, these cells showed more frequent and faster 



Chapter 4 – Results            PhD thesis – Fortunato, I.C. 

115 
 

membrane protrusions (Figure 29L). This indicates enhanced actin 

dynamics at the leading edge in cells migrating down the gradient, 

characterized by increased membrane retractions and protrusions. 

 

 

Figure 30 – Trailing edge velocity increases as cells cross the center of 

homogeneous patterns. A: Edge velocity differences of cells migrating toward 

or away from center in homogeneous patterns (N = 53). Error bars are SD. P-

values obtained with Wilcoxon test (test if values are different from 0) for each 

condition and Wilcoxon matched-pairs signed test when comparing conditions. 

B: Mean retrograde flow in the trailing edge of cells migrating in homogeneous 

patterns (N = 23). Error bars are SD. C: Mean number of actin filaments in the 
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trailing edge of cells migrating in homogeneous patterns (N = 23). Error bars are 

SD. D: Mean retrograde flow in the leading edge of cells migrating in 

homogeneous patterns (N = 23). Error bars are SD. E: Mean velocity of actin 

polymerization in the leading edge of cells migrating in homogeneous patterns 

(N = 23). Error bars are SD. F: Mean protrusion events rate in the leading edge 

of cells migrating in homogeneous patterns (N = 23). Error bars are SD. Panel A 

from four independent experiments. Panels B-F from five independent 

experiments. 

 

In homogeneous patterns, where both edges are exposed to the 

same fibronectin density, the trailing edge increases its velocity after 

crossing the center of the pattern (Figure 30A). In contrast, the velocity 

of the leading edge remained unchanged (Figure 30A). This suggests that 

enhanced retraction at the trailing edge drives the cell movement in these 

patterns. Notably, the actin dynamics in homogeneous patterns were 

similar to those observed during cell migration up the gradient (Figure 

30B-F). This indicates that both stochastic and gradient-driven migration 

processes involve similar actin dynamics. 

We then investigated how cells' actin dynamics are affected by the 

same fibronectin density at the leading edge but with different gradient 

directions. Thus, we analyzed the key actin parameters measured 

previously and compared both migration phases (Figure 31). 

Surprisingly, the trailing edge remained unchanged, while the leading 

edge exhibited faster cycles of membrane retractions and extensions 

when cells migrate down the gradient, as shown previously (Figure 29G; 

Figure 29J; Figure 29K-L; Figure 31).  
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Figure 31 – Actin dynamics are influenced by gradient direction. A: Mean 

retrograde flow in the trailing edge of cells migrating up and down gradient 

patterns and exposed to similar fluorescence intensity in the leading edge. N = 

13 for cells migrating up the gradient (⟨FLeading⟩ = 168.61 ± 31.81) and N = 22 for 

cells migrating down the gradient (⟨FLeading⟩ = 164.84 ± 45.93). Error bars are SD. 

P-values obtained using Mann-Whitney test. B: Mean retrograde flow in the 

leading edge of cells migrating up and down gradient patterns and exposed to 

similar fluorescence intensity in the leading edge. N = 13 for cells migrating up 

the gradient (⟨FLeading⟩ = 168.61 ± 31.81) and N = 22 for cells migrating down the 
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gradient (⟨FLeading⟩ = 164.84 ± 45.93). Error bars are SD. P-values obtained using 

Mann-Whitney test. C: Mean velocity of actin polymerization in the leading edge 

of cells migrating up and down gradient patterns and exposed to similar 

fluorescence intensity in the leading edge. N = 13 for cells migrating up the 

gradient (⟨FLeading⟩ = 168.61 ± 31.81) and N = 22 for cells migrating down the 

gradient (⟨FLeading⟩ = 164.84 ± 45.93). Error bars are SD. P-values obtained using 

Mann-Whitney test. D: Mean rate of protrusion events in the leading edge of cells 

migrating up and down gradient patterns and exposed to similar fluorescence 

intensity in the leading edge. N = 13 for cells migrating up the gradient (⟨FLeading⟩ 

= 168.61 ± 31.81) and N = 22 for cells migrating down the gradient (⟨FLeading⟩ = 

164.84 ± 45.93). Error bars are SD. P-values obtained using Mann-Whitney test. 

Data from five independent experiments. 

 

Overall, our data show that cells migrating up and down the 

gradient exhibit different actin retrograde flows between their edges. 

This reveals that actin retrograde flow is asymmetric in cells migrating 

along gradients in opposing directions. We also show that cells moving 

down the gradient had a slower leading edge. However, this edge was 

more dynamic, with faster membrane retractions and extensions, 

resulting in a higher frequency of protrusions. We believe these changes 

in actin dynamics during migration down the gradient help cells to 

maintain their polarity and persistence when moving against the 

gradient.  
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Figure 32 – Membrane tension remains unchanged regardless of 

fibronectin density. A: Illustration of Flipper-TR conformations. B: 

Representative lifetime images of cells incubated with Flipper-TR probe 

migrating up and down gradient patterns. C: Flipper’s tau intensities of cells 

migrating in homogeneous patterns with isosmotic media and hyperosmotic 
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media (N = 13). P-value obtained using Wilcoxon matched-pairs signed rank 

test. D: Flipper’s tau intensities of cells migrating in gradient patterns with 

isosmotic media and hyperosmotic media (N = 26). P-value obtained using 

Wilcoxon matched-pairs signed rank test. E: Flipper’s mean tau intensity of cells 

migrating in homogeneous (N = 13) and gradient (N = 26) patterns. Error bars 

are SD. P-value obtained using Mann-Whitney test. F: Flipper’s mean tau 

intensity of cells migrating up (N = 16) and down (N = 10) the gradient patterns. 

Error bars are SD. P-value obtained using Mann-Whitney test. G: Flipper’s tau 

intensities of trailing and leading edges of cells migrating up the gradient pattern 

(N = 16). P-value obtained using Wilcoxon matched-pairs signed rank test. H: 

Flipper’s tau intensities of trailing and leading edges of cells migrating down the 

gradient pattern (N = 10). P-value obtained using Wilcoxon matched-pairs 

signed test. Data from two independent experiments. (Panel A inspired from: 

Roffay et la., 2022)  

 

4.2 Assessing membrane tension during migration up 

and down the gradient 

Actin polymerization can increase membrane tension (Sitarska 

and Diz-Muñoz, 2020). Thus, we hypothesized that higher actin dynamics 

might be linked to increased membrane tension. To test this, we used the 

Flipper-TR membrane tension sensor (Figure 32A-B). We first validated 

the sensor's functionality by inducing a hyperosmotic shock in cells 

migrating on both homogeneous and gradient patterns. As expected, this 

treatment decreased membrane tension (Figure 32C-D) (Assies et al., 

2021). We then compared membrane tension between cells migrating in 

homogeneous and gradient patterns, and between the two migration 

phases (Figure 32E-F). Surprisingly, in our preliminary experiments, we 
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found no significant differences in membrane tension in any of these 

comparisons, nor between cell edges (Figure 32G-H). These results 

indicate that increased actin dynamics do not affect plasma membrane 

tension in our system. 

 

4.3 Traction asymmetry is conserved in cells migrating 

up and down the gradient 

To characterize the mechanics of cell migration in our haptotatic 

system, we measured the traction forces exerted by cells on both 

homogeneous and gradient substrates. We found that traction magnitude 

increased during the first hours of migration on both types of patterns, 

indicating a transient adaptation to the substrate after adhesion (Figure 

33A). To isolate the effect of the fibronectin gradient on traction forces, 

we normalized the traction forces on gradient patterns by dividing them 

by the average traction forces on homogeneous substrates. The resulting 

normalized tractions mirrored the fibronectin density profile, increasing 

with density, peaking at the center, and decreasing down the gradient 

(Figure 34A-B). Cells on homogeneous patterns showed constant traction 

magnitude, likely due to the uniform fibronectin density (Figure 33B-C). 

Furthermore, we observed that traction forces were mainly 

distributed at the leading and trailing edges, forming contractile force 

dipoles (Figure 33B; Figure 34A). To explore this further, we analyzed the 

traction profiles along the polarity axis for cells migrating up and down 

the gradient, as well as on homogeneous fibronectin. All profiles revealed 

an asymmetric intracellular traction distribution, with high traction 
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peaks at the leading edge and lower, more dispersed tractions at the 

trailing edge (Figure 33D; Figure 34C). This asymmetry was more 

pronounced in cells migrating up the gradient and on homogeneous 

patterns, suggesting stronger mechanical asymmetry under these 

conditions. 

To quantify traction asymmetry relative to the patterns, we 

computed the normalized traction quadrupole, 𝑄 (Figure 34D; see 

methods). Negative 𝑄 values indicate traction asymmetry toward 

fibronectin density (polarized), while positive values indicate asymmetry 

against the gradient. A 𝑄 value of zero indicates symmetric tractions 

(unpolarized). Cells migrating up the gradient had negative 𝑄 values, 

showing increased polarity as they approached the fibronectin peak 

(Figure 34E). Surprisingly, cells migrating down the gradient also showed 

asymmetry, although less pronounced, confirming a lower degree of 

mechanical asymmetry (Figure 34E). Cells on homogeneous patterns 

exhibited consistent 𝑄 values, indicating strong polarity during migration 

(Figure 33E). 

We also found a linear correlation between traction asymmetry 

and cell velocity in cells migrating on gradient substrates (Figure 34F). 

Most cells migrating up or down the gradient displayed positive velocity 

and negative 𝑄 values, clustering in one quadrant of the 𝑄 − 𝑣 diagram. 

In contrast, anti-haptotactic cells showed negative velocity and positive 𝑄 

values, occupying the opposite quadrant. 
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Figure 33 – Traction forces increase over time, while traction asymmetry 

remains constant in cells migrating in homogeneous patterns. A: Mean 

normalized traction magnitude for cells migrating in homogeneous patterns 

(N=11) and haptotatic cells migrating in gradient patterns (N=23). Error bars 

are SEM. P-value obtained with Wilcoxon rank sum test. B: Representative mean 

normalized traction images of a cell (grey line) migrating in homogeneous 

patterns. C: Mean normalized traction magnitude for cells migrating in 

homogeneous patterns (N=11). Error bars are SEM. D: Mean profiles of x 
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component of the normalized traction forces for cells migrating in homogeneous 

patterns (N=11). Error bars are SEM. E: Mean normalized traction asymmetry in 

cells migrating in homogeneous patterns (N=11). Error bars are SEM. Data from 

three independent experiments. 

 

Figure 34 – Traction asymmetry is maintained during both migrations up 
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and down the gradient, though with lower magnitude. A: Representative 

mean normalized traction images of a cell (grey line) migrating in gradient 

patterns. B: Mean normalized traction magnitude for cells migrating up (N=23) 

and down (N=18) the gradient patterns. Error bars are SEM. C: Mean profiles of 

x component of the normalized traction forces for cells migrating up (N=23) and 

down (N=18) the gradient patterns. Error bars are SEM. D: Illustration of 

mechanical asymmetry through second moment of tractions forces (Q_X). E: 

Mean normalized traction asymmetry in cells migrating up (N=23) and down 

(N=18) the gradient patterns. Error bars are SEM. F: Scatter plot of average 

velocity and normalized traction asymmetry of cells migrating in homogeneous 

patterns (N=13), up the gradient (N=23), down the gradient (N=18) and anti-

haptotatic (N=4). Data from three independent experiments. 

 

In summary, our results reveal traction force asymmetries 

between the leading and trailing edges of cells during haptotatic 

migration, with more pronounced asymmetry in cells moving up the 

gradient. However, cells migrating down the gradient also displayed 

traction asymmetry, suggesting that cells dynamically adjust their 

traction distribution to adapt to changes in gradient direction. 

 

5. Confinement influences integration of gradient sensing 

and persistent polarity dynamics 

A key feature of our experimental system is that cells are constrained 

to migrate along the 𝑥-axis while being confined vertically along the 𝑦-

axis. This setup implies that cells can only change their migration 
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direction by flipping their front-rear polarity by 180º. So, we wondered 

how the migration dynamics change as the width of the fibronectin 

gradient is altered. To test this, we created fibronectin gradients with 

widths of 20 µm (confined, 1D), 40 µm, 60 µm, 80 µm, and 250 µm 

(unconfined, 2D) (Figure 35A).  

We found that cells consistently followed the fibronectin gradients 

regardless of confinement (Figure 36). However, once reached the 

fibronectin peak, cells showed different migratory behaviors. On confined 

gradients, cells oscillated between both pattern edges and could migrate 

both up and down the gradient, as previously observed (Figure 36A). At 

40 µm, cells were unable to fully repolarize vertically and continued to 

migrate down the gradient similar to the confined gradients (Figure 36A). 

In contrast, cells exposed to 60 µm and 80 µm gradients could repolarize 

vertically, but their migration in the 𝑦-direction was restricted as they 

quickly reached the pattern limits. This led to the emergence of circular 

trajectories (Figure 36A). On unconfined gradients, most cells repolarized 

vertically and continued to migrate along the 𝑦-axis where the fibronectin 

density was highest (Figure 36A). This suggests that once cells repolarize 

in the 𝑦-axis, they lose the ability to migrate down the gradient. To 

characterize these differences, we calculated the standard deviation in 𝑥 

and 𝑦, as well as 𝑥 and 𝑦 probability histograms (Figure 36B-E). These 

analyses confirmed that unconfined gradients led to smaller trajectories 

in the 𝑥-axis and larger trajectories in the 𝑦-axis, while confined gradients 

showed the opposite trend. 
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Figure 35 – Migration down the gradient occurs exclusively in confined 

gradients. A: 𝑥 and 𝑦 components of individual cell tracks in gradient patterns 

with 20 µm width (N = 27), 40 µm width (N = 27), 60 µm width (N = 30), 80 µm 

width (N = 22) and 250 µm width (N = 25). Scale bar is 50 μm. B: Standard 

deviation of cells’ 𝑥 positions in gradient patterns with 20 µm width (N = 27), 40 

µm width (N = 27), 60 µm width (N = 30), 80 µm width (N = 22) and 250 µm 

width (N = 25). Error bars are SD. P-values obtained using Mann-Whitney test. 

C: Standard deviation of cells’ 𝑦 positions in gradient patterns with 20 µm width 

(N = 27), 40 µm width (N = 27), 60 µm width (N = 30), 80 µm width (N = 22) and 
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250 µm width (N = 25). Error bars are SD. P-values obtained using Mann-

Whitney test. D: Probability of cells’ 𝑥 positions in gradient patterns with 20 µm 

width (N = 27), 40 µm width (N = 27), 60 µm width (N = 30), 80 µm width (N = 

22) and 250 µm width (N = 25). E: Probability of cells’ 𝑦 positions in gradient 

patterns with 20 µm width (N = 27), 40 µm width (N = 27), 60 µm width (N = 

30), 80 µm width (N = 22) and 250 µm width (N = 25). Data from one 

independent experiment. 

 

Overall, these results indicate that the ability of cells to follow 

fibronectin gradients is independent of confinement. Remarkably, we 

found that the integration between gradient sensing and persistent 

polarity dynamics can lead to unexpected trajectories. In confined 

gradients, cells fail to repolarize and adapt to migrate against the 

fibronectin gradient. By contrast, in unconfined gradients, cells can 

repolarize vertically and keep their movement on higher fibronectin 

regions. For intermediate confinements, complex trajectories such as 

circles emerged. These findings reveal how confinement modulates the 

ability of cells to sense and respond to fibronectin gradients. 
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Figure 36 – Haptotaxis efficiency is independent of geometric confinement. 

A: Individual tracks of cells migrating in gradient patterns with 20 µm width (N 

= 27), 40 µm width (N = 27), 60 µm width (N = 30), 80 µm width (N = 22) and 

250 µm width (N = 25). B: Haptotaxis probability of cells migrating in gradient 
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patterns. N = 27 for cells in gradient patterns with 20 µm width, N = 27 for cells 

in gradient patterns with 40 µm width, N = 30 for cells in gradient patterns with 

60 µm width, N = 22 for cells in gradient patterns with 80 µm width and N = 25 

for cells in gradient patterns with 250 µm width. Data from one independent 

experiment.
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Chapter 5 – Discussion 

 

Cells are commonly believed to migrate toward areas of highest 

protein density in response to ECM gradients – a process known as 

haptotaxis (Dertinger et al., 2002; Wen et al., 2015; Moreno-Arotzena et 

al., 2015; Autenrieth et al., 2016; King et al., 2016). Our study challenges 

this idea by demonstrating that haptotatic migration changes with 

confinement. In our experiments, epithelial cells exhibited robust 

haptotaxis on symmetric fibronectin gradients, initially polarizing and 

moving toward areas of highest fibronectin density, regardless of cell 

contractility and lamellipodia spreading. Surprisingly, in confined 

gradients, most haptotactic cells continued migrating against the gradient 

upon reaching the peak of fibronectin. This migration against the gradient 

resulted from increased actin dynamics and a weaker but sustained 

traction force asymmetry when compared to migration toward the 

gradient. We further explored this novel migration behavior by tuning the 

gradient width to create different levels of confinement. We found that 

cells followed complex trajectories, including circular movements at 

intermediate widths. In unconfined gradients, cells smoothly repolarized 

and continued migrating vertically along the fibronectin peak, losing their 

ability to migrate against the gradient. 

Although haptotaxis has a clear relevance in both physiology and 

disease, the molecular and mechanical mechanisms of haptotaxis remain 

unclear. This is partly due to the difficulty in developing in vitro systems 

with well-controlled protein gradients (Weber et al., 2013; Oudin et al., 
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2016; Ricoult et al., 2015). With the goal of filling this gap, we developed 

a 1D system that allows precise control and quantification of fibronectin 

density in homogeneous and gradient patterns. We used PRIMO 

technology to develop our patterns due to its prior success in creating 

gradients (Luo et al., 2020; Versaevel et al., 2021). Notably, this work is 

the first to fabricate symmetric fibronectin gradients for studying single 

epithelial cell migration. PRIMO technology offers several advantages: 1) 

flexible pattern design, allowing for easy adjustments, such as changing 

levels of confinement; 2) high resolution, achieving patterns as fine as 1.2 

µm; 3) the creation of complex patterns, including gradients and patterns 

with multiple proteins; 4) reproducibility; and 5) it is maskless and 

contactless, saving time and resources (Melero et al., 2019). We created 

our patterns on elastomeric soft PDMS substrates, which can be tuned to 

match the stiffness of many tissues, ranging from 3 to 18 kPa (Latorre et 

al., 2018; Butcher et al., 2009). PDMS is biocompatible, has excellent 

optical properties and is stable against humidity-induced swelling and 

temperature fluctuations, making it highly homogeneous and isotropic 

(Bélanger & Marois, 2001; Piruska et al., 2005; Miranda et al., 2021; 

Bergert et al., 2016). This substrate is suitable for PRIMO patterning and 

the addition of fluorescent beads, enabling the effective study of single 

cell haptotaxis and measurement of traction forces. By analyzing 

parameters such as cell velocity, length, actin dynamics, and tractions 

forces, we established a direct correlation between cell behavior and 

fibronectin density. In summary, we designed a 1D system that offers a 

clear framework for understanding the molecular and mechanical 

responses to symmetric fibronectin gradients. 



Chapter 5 – Discussion            PhD thesis – Fortunato, I.C. 

133 
 

We observed that MCF10A cells become larger and move faster as 

fibronectin increases in a biphasic manner. The biphasic velocity 

response has been explained by the interplay between adhesion strength 

and actin dynamics (Palecek et al., 1997; Schreiber et al., 2021). Stronger 

adhesions enhance cell velocity by promoting force transmission in actin 

protrusions at the leading edge. However, when adhesion strength 

becomes too high, the retrograde flow is insufficient to detach adhesions 

from the substrate, leading to slower cells (Palecek et al., 1997; Schreiber 

et al., 2021). Thus, the biphasic nature of adhesion-velocity relationship 

balances force transmission and friction (Fortunato & Sunyer, 2022; 

Bangasser et al., 2017; Elosegui-Artola et al., 2014). Adhesion-velocity 

relationship was observed in other cell lines, suggesting that it is a 

universal characteristic of cell motility (Palecek et al., 1997; Schreiber et 

al., 2021; Lemma et al., 2022). Our findings also indicate that the optimal 

fibronectin density for MCF10A cells migration is similar to MDA-MB-231 

malignant breast tumor cell line (Schreiber et al., 2021). 

Besides affecting velocity, adhesions failure due to excessive force 

may also lead to edge slippage and cell shrinking. This would explain the 

biphasic behavior we observed in cell length. Overall, our findings 

highlight that cell length and velocity depend on fibronectin density with 

biphasic relationships. Adhesion-velocity relationship is consistent 

across various cell types and shows similar optimal fibronectin levels for 

both epithelial and malignant breast tumor cell lines. 

MCF10A cells initially migrated toward areas with higher 

fibronectin densities when seeded on symmetric gradients. This result 

reinforces previous observations on the haptotactic responses of 
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epithelial cells (Versaevel et al., 2021). Moreover, MCF10A cells are 

commonly used as a cell model for benign tumors (Nikkhah et al., 2011; 

Rother et al., 2014; Liu et al., 2019; Oudin et al., 2016; Cai et al., 2022). 

This indicates that tumor cells also exhibit haptotaxis and corroborates 

previous in vitro and in vivo studies (Oudin et al., 2016). Notably, over 

80% of the single cells initially followed the fibronectin gradient, 

demonstrating a strong haptotactic response. This robust behavior 

contrasts sharply with the lower efficiency observed in single cells 

responding to stiffness gradients (Raab et al., 2012; Sunyer et al., 2016). 

Therefore, we show that ECM gradients may be a stronger signal for 

directed migration than stiffness gradients, even though both rely on 

integrin-based adhesions to sense their environment. We further support 

this by showing that single haptotactic responses remained unchanged 

on both soft and stiff substrates. These findings also indicate that efficient 

integrin-based directed migration does not require collective force 

transmission as in durotaxis (Sunyer et al., 2016).  

Cells are more haptotactic on steeper gradients, as shown 

previously (Smith et al., 2006). This suggests that a large difference in 

fibronectin density between the cell edges increases adhesion failure in 

low adhesion areas, leading to cell polarity toward the gradient. Our 

experiments also reveal that cell velocity remained constant across 

different gradient magnitudes, which contrasts with prior studies (Smith 

et al., 2006). One possibility is that the tested gradient magnitudes were 

not distinct enough to affect velocity. Nonetheless, our data clearly show 

that the gradient magnitude more strongly influences initial cell 

migration toward higher fibronectin densities than it affects cell velocity. 
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Our study shows that MCF10A cells follow fibronectin gradients 

independently of contractility effects of ROCK and myosin proteins 

(Fortunato & Sunyer, 2022; Chang et al., 2008; Choraghe et al., 2020; 

Chrzanowska-Wodnicka & Burridge, 1996). This implies that differences 

in adhesion strength caused by gradient magnitude are sufficient to 

establish initial cell polarity. The role of contractility in haptotaxis has 

been controversial (Moreno-Arotzena et al., 2015; Autenrieth et al., 2016; 

King et al., 2016). In studies with continuous protein gradients like ours, 

where protein density changes smoothly, haptotaxis was observed to 

occur independently of contractility (King et al., 2016; Ricoult et al., 

2015). However, this behavior was not observed with digital gradients, 

where discrete spots of protein are arranged to form a gradient 

(Autenrieth et al., 2016; Ricoult et al., 2015). This suggests that the impact 

of contractility on haptotaxis may depend on the formation, length and 

spacing of local adhesions. Additionally, while our findings differ from 

those related to durotaxis, they are consistent with contact guidance. This 

leads to a new hypothesis that haptotaxis could rely more on detecting 

gradients through actin protrusions, similar to contact guidance, rather 

than on cell contractility, as seen in durotaxis (Yeoman et al., 2021; 

Kubow et al., 2017).  

Surprisingly, we also found that haptotaxis is independent of 

lamellipodia spreading driven by the PI3K (Welf et al., 2012). This 

contradicts other studies suggesting that lamellipodia are crucial for 

driving haptotaxis through Arp2/3 activation (King et al., 2016). PI3K 

signaling usually increases locally at the leading edge after protrusion 

begins, promoting and stabilizing nascent lamellipodia (Welf et al., 2012). 

However, lamellipodia spreading can be driven by Rho GTPase Rac1 or 



Chapter 5 – Discussion            PhD thesis – Fortunato, I.C. 

136 
 

PI3K, as both directly activate the Arp2/3 complex and promote branched 

actin polymerization (Steffen et al., 2004; Ten Klooster et al., 2006; Yang 

et al., 2022). Since PI3K is often linked to chemotaxis, we hypothesize that 

haptotaxis may rely more on Rac1 than on PI3K for initial lamellipodia 

formation. This would imply that mechanosensitive types of directed cell 

migration depend on Rho GTPase regulation for leading edge 

specification, while PI3K plays a large role in non-mechanosensitive 

migrations (Janetopoulos & Firtel, 2008). Moreover, it reinforces the idea 

that integrins directly regulate Rho GTPases, a molecular link that 

remains poorly understood. In summary, haptotaxis appears to be guided 

by specific molecular pathways that are independent of myosin, ROCK, 

and PI3K for initial sensing and cell polarity establishment.  

One of our key findings occurs when cells reach the peak of 

fibronectin in symmetric gradients. After initially polarizing and 

migrating toward higher fibronectin densities, cells continued to move 

directionally at slower velocities even when exposed to a negative 

gradient. This contradicts the common idea that haptotactic cells only 

move toward regions with the highest protein density (Dertinger et al., 

2002; Wen et al., 2015; Moreno-Arotzena et al., 2015; Autenrieth et al., 

2016; King et al., 2016; Oudin et al., 2016; Weber et al., 2013). A similar 

observation was made during gap closure of Madin-Darby canine kidney 

(MDCK) monolayers on circular fibronectin gradients (Versaevel et al., 

2021). Those gradients had zero fibronectin density at the centers and 

maximum density at the edges of the patterned circles. Initially, MDCK 

cells adhered and spread mostly at the edges with high fibronectin 

density, creating gaps within the tissue. To close these gaps, MDCK cells 

collectively migrated against the fibronectin gradient at lower speeds 
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compared to those observed on uniformly coated substrates. This 

indicates that different haptotactic cell lines can migrate individually or 

collectively against a fibronectin gradient, although at reduced speed 

(Versaevel et al., 2021). 

Migration down a gradient is a well-known phenomenon in 

chemotaxis (Skoge et al., 2014; Hamza et al., 2014). After an initial phase 

of chemotactic migration along a gradient of cAMP, single Dictyostelium 

cells continue to migrate in the same direction when the gradient is 

removed or weakly inverted (Skoge et al., 2014). This effective memory 

has been interpreted in terms of adaptive gradient sensing and bistability 

of the downstream signaling circuitry. The mechanisms underlying 

migration against haptotactic gradients identified here have different 

origin. Unlike chemotaxis, where the machinery for gradient sensing and 

cell polarity are coupled through biochemical signaling, in haptotaxis 

directed motion is coupled to gradient sensing through cell adhesions and 

cytoskeletal mechanics (Wen et al., 2015; King et al., 2016; Roca-Cusachs 

et al., 2013; Bagorda & Parent, 2008; DesMarais et al., 2009). 

We also found that reducing substrate adhesion at the leading 

edge alone does not trigger repolarization. On uniform protein substrate, 

a migrating cell stochastically pauses, reorganizes into a less polarized 

state, and then repolarizes to move persistently in a new direction 

(Hennig et al., 2020). On a gradient, haptotactic cells are expected to 

repolarize when encountering a negative gradient. However, 

repolarization does not occur immediately when the leading edge faces 

less adhesive areas. Thus, while gradient magnitude affects the initiation 

and strength of cell polarization, a change in its sign does not directly 
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cause repolarization. Instead, cells keep their established polarity to 

persistently migrate against the gradient, despite the decreasing 

adhesiveness. Taken together, our data unveil that cells can sustain 

migration against fibronectin gradients due to persistent cell polarity. 

Cell polarity can be considered a form of cellular memory because 

it allows cells to maintain their spatial orientation and functional 

asymmetry over time. This concept is not new, as different types of 

cellular memory have been observed during cell migration. For instance, 

a recent study showed that migrating cells leave permanent “footprints” 

along their paths, which affect subsequent movements (d'Alessandro et 

al., 2021). This indicates that cells not only respond to their environment 

but also actively shape it as they migrate, demonstrating a bidirectional 

interaction between cells and their ECM (Gagné et al., 2020). In our study, 

we prevented the impact of these footprints by focusing on the initial run 

of cells. However, it is important to consider that the leading edge of 

migrating cells might alter the local fibronectin density by depositing or 

endocytosing fibronectin. These local changes can subsequently be 

detected by the trailing edge and complicate our understanding of how 

trailing edge dynamics correlate with fibronectin density. While this 

factor represents a limitation in our study, it also highlights an important 

area for further investigation.  

 We show that the velocity of the leading edge decreases when cells 

migrate down the gradient. This decrease is due to reduced friction, 

which leads to faster retrograde flow (Bergert et al., 2015; Vazquez et al., 

2022). As a result, the leading edge’s movement slows down and cell 

length decreases. These observations are also predicted by the molecular 
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clutch model (Fortunato & Sunyer, 2022; Mitchison & Kirschner, 1988; 

Bangasser et al., 2017; Chan & Odde, 2008; Elosegui-Artola et al., 2014, 

2016). In the model, molecular clutches link actin filaments to the ECM 

and resist myosin-driven retrograde flow. Moreover, the model predicts 

that areas with higher ECM density have more engaged clutches, which 

reduce retrograde flow and increase traction forces. Conversely, in areas 

with lower ECM density, fewer clutches engage, leading to faster 

retrograde flow and reduced traction forces. Based on these assumptions, 

the molecular clutch model predicts that increased friction at the leading 

edge drives cell migration up the gradient, causing asymmetric 

retrograde flow and migration toward higher ECM density. However, 

using the same assumptions, the model fails to predict cell migration 

down the gradient because friction and retrograde flow differences no 

longer favor movements toward low protein areas. 

In our experiments, we observed that retrograde flow at the 

leading edge aligns with the clutch model, exhibiting faster flow in low 

protein areas compared to high protein areas. Interestingly, the trailing 

edge does not match the model predictions and shows no significant 

difference between migration up and down the gradient. One hypothesis 

is that the trailing edge experiences greater resistance to changes in 

fibronectin density compared to the leading edge. This resistance may 

result from the trailing edge having more stable and less dynamic FAs, 

making it less responsive to variations in fibronectin density. 

Consequently, the trailing edge encounters consistent friction and show 

more uniform actin flow rates.  
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Furthermore, we observed that cells migrating down the gradient 

exhibit enhanced actin polymerization and increased protrusion rates at 

the leading edge. We believe this increase helps counterbalance the 

higher retrograde flow observed in these cells, as actin flows at the 

leading edge are known to influence each other. Actin polymerization 

generates force that pushes the membrane forward, creating a 

continuous retrograde flow of actin filaments back toward the cell body 

(Yamashiro & Watanabe, 2014; De Boer et al., 2023). Conversely, 

retrograde flow affects the direction and efficiency of actin 

polymerization by responding to the forces applied at the leading edge 

(Zimmermann et al., 2012; Betz et al., 2009). Therefore, the interplay 

between actin polymerization and retrograde flow can determine cell 

protrusion and persistence (Zimmermann et al., 2012). In summary, cells 

migrating down the gradient have faster retrograde flow, increased actin 

polymerization, and higher protrusion rates at the leading edge, while the 

trailing edge remains unchanged. Moreover, we speculate that the 

differences in actin dynamics between the edges result from their 

connection and communication. This allows cells to adapt their actin 

dynamics and maintain directed migration against fibronectin gradients. 

Our data indicate that membrane tension does not change when 

cells migrate up and down the gradient. Although these preliminary 

might seem surprising, several factors can explain this finding. Actin 

polymerization was shown to increase membrane tension by pushing the 

membrane through the addition of actin monomers (Sitarska & Diz-

Muñoz, 2020). This would suggest higher membrane tension when cells 

migrate down the gradient due to increased actin dynamics. However, 

membrane tension is also influenced by cell size (Diz-Muñoz et al., 2013; 
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Togo et al., 2000; Ren et al., 2021). Smaller cells experience less 

membrane tension than larger cells due to their surface area-to-volume 

ratio (Togo et al., 2000). Given that cells migrating down the gradient are 

smaller, we would expect them to exhibit lower membrane tension, which 

contradicts our earlier hypothesis. Therefore, interpreting membrane 

tension data is complex, as the effects of actin polymerization and cell size 

may offset each other. Additionally, our data show that membrane 

tension is consistent at both the leading and trailing edges. This 

consistency likely results from the connection between the actin cortex 

and the membrane, which allows tension to spread rapidly across the cell 

(Lüchtefeld et al., 2024). Overall, we speculate that membrane tension 

remains constant during migration up or down the gradient due to 

balancing effects of actin polymerization and cell size. Moreover, the 

uniform membrane tension between cell edges may result from a rapid 

tension distribution, preventing the detection of local differences in 

response to varying fibronectin densities. 

Our study is the first to measure traction forces on protein 

gradients and offers new insights into the mechanical responses during 

migration in both up and down the gradient. We observed that traction 

forces increase with fibronectin density for cells migrating up the 

gradient. This confirms previous studies that link adhesion strength to 

traction force generation (Elosegui-Artola et al., 2016; Sarangi et al., 

2017). Consistently, cells migrating down the gradient decreased traction 

forces due to reduced adhesiveness. MCF10A cells also displayed traction 

asymmetries that align with their direction of migration, whether moving 

up or down the gradient. Specifically, cells moving up the gradient 

showed a pronounced peak in traction at the leading edge and lower, 
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more spread-out traction at the trailing edge. A similar traction profile 

was observed when cells migrate down the gradient, though with slightly 

higher traction peaks and less pronounced traction asymmetry. Despite 

the reduced asymmetry, this suggests that traction asymmetry might 

serve as an adaptive mechanism to maintain persistent polarity, similar 

to our previous findings on actin dynamics. Thus, we speculate that actin 

flow and traction forces are correlated, as already suggested by others 

(Gardel et al., 2008; Shin et al., 2010; Craig et al., 2012). Specifically, it has 

been shown that tractions are inversely correlated with actin flow speed 

at the leading edge (Gardel et al., 2008). Our data reflect this inverse 

relationship when cells migrate up the gradient, where slower actin flow 

velocities correspond with higher traction forces. Conversely, when cells 

migrate down the gradient, the trend is reversed, with faster actin flow 

velocities and lower traction forces. Moreover, our data also revealed a 

clear relationship between traction asymmetry and cell velocity. Cells 

with greater traction asymmetry, particularly those migrating up the 

gradient, moved faster. In contrast, cells with lower traction asymmetry, 

such as those migrating down the gradient, moved slower. This 

observation aligns with previous research that links force distribution to 

cell movement (Rossetti et al., 2024). In summary, our study found that 

traction forces are directly related with fibronectin density, with higher 

forces in areas of high adhesiveness and lower forces in less adhesive 

areas. Furthermore, cells displayed traction asymmetry regardless of the 

gradient direction. This asymmetry aligns with the direction of cell 

movement and suggests an adaptive mechanical response that helps 

maintain persistent polarity. We also found that this traction asymmetry 

is closely associated with cell velocity. 
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Further we investigated how confinement along the y-axis affects 

cell migration in fibronectin gradients. We found that cells followed the 

fibronectin gradient regardless of confinement but exhibited different 

trajectories upon reaching the fibronectin peak. In confined gradients, 

cells oscillated between the pattern edges, migrating up and down the 

gradient. In unconfined gradients, cells repolarized their leading edge and 

migrated perpendicular to the gradient axis where fibronectin density 

was highest. Intermediate confinements led to more complex trajectories, 

such as circular paths around the maximum fibronectin area. Thus, 

migration down the gradient mainly occurred in confined gradients. We 

believe this happens because repolarization in confined gradients 

requires a 180º shift of the entire polarity machinery, including proteins, 

forces, cellular organelles, and structures. This process is energetically 

costly, so cells adapt their machinery to maintain migration down the 

gradient (Zanotelli et al., 2021). In contrast, cells in unconfined gradients 

can repolarize in any direction, allowing them to smoothly turn and 

migrate toward high fibronectin areas. These findings challenge the idea 

that gradient sensing alone governs cell polarity and migration. Instead, 

physical constraints like confinement influence whether sensing or 

polarity dominates, resulting in complex and unexpected trajectories.  

A recent study shows that lateral confinement significantly affects 

the velocity of epithelial clusters (Vercurysse et al., 2022). Interestingly, 

we show that confinement has a stronger effect on the persistence of 

migration than on velocity at the single cell level. Additionally, 

confinement within a collagen matrix has been shown to affect the 

migration dynamics of cancer cells (Mosier et al., 2024). In highly 

confined environments, cancer cells migrate faster and retain 
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information about the matrix even after leaving the confined area. This 

suggests that physical constraints, such as geometrical confinement, can 

promote the formation of cellular memory during migration (Kalukula et 

al., 2024; Mosier et al., 2024). In vivo, cells constantly transition between 

high and low confinement (Kalukula et al., 2024). Thus, investigating 

whether cells continue to migrate against the gradient when moving from 

confined to unconfined patterns could offer valuable insights into how 

cells navigate complex microenvironments. Overall, our study shows that 

confinement modulates gradient sensing and polarity integration. This 

results in the emergence of complex and unexpected trajectories, such as 

circles and migration against the gradient. 

Although our study advances the understanding of haptotaxis, it 

also has limitations. For example, we focused on single epithelial cells 

migrating in 1D-2D environments, which may not fully reflect in vivo 

complexities. In a living organism, cells interact with a variety of ECM 

proteins, respond to multiple guidance cues, and interact with other cells, 

including different cell types (Yamada et al., 2022; Fortunato & Sunyer, 

2022; Frantz et al., 2010; Gumbiner, 1996). Thus, future research should 

explore a broader range of ECM proteins, such as collagen and laminin, to 

determine if the migration behaviors we observed are specific to 

fibronectin. Also, using a similar system to ours in studies of chemotaxis 

or durotaxis could reveal if our findings under confinement are universal 

to other types of directed migration. Furthermore, epithelial tissues often 

migrate collectively. So, understanding the impact of cell-cell adhesions 

on collective haptotactic responses is crucial. Although we show that they 

are not fundamental for an effective haptotatic response, changes in cell-

cell interactions could significantly impact how cells migrate up and down 
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a gradient. Another point to explore is the processes of ECM remodeling, 

deposition, degradation, and endocytosis to elucidate how cells interact 

and adapt to protein gradients. To further validate our findings, advanced 

methods like optogenetics could be used to maintain cell polarity in 

unconfined symmetric gradients. By doing so, we could investigate if this 

sustained polarity dominates gradient sensing and make cells migrate 

against the gradient in unconfined gradients. Additionally, labeling FAs 

and myosin to track adhesions and force dynamics could offer deeper 

understanding of how molecular responses vary along the gradient. 

Future research should also focus on assessing cell energy costs to unveil 

how metabolic activity impacts haptotactic responses, cell polarity, and 

repolarization. For instance, using ATP/ADP ratio sensors could provide 

valuable insights, particularly as cells migrate down the gradient (Berg et 

al., 2009; Zanotelli et al., 2019; Tantama et al., 2013). Lastly, exploring the 

molecular mechanisms and force dynamics involved in 3D haptotaxis is 

crucial, though this requires advanced biophysical tools that are currently 

limited. 

Our findings provide a new perspective on haptotaxis and 

highlight the crucial role of cell confinement in shaping haptotactic 

migration. This insight is particularly relevant for cancer research. As 

tumor progresses, its invasive front often becomes much stiffer than the 

surrounding stroma due to increased ECM deposition and remodeling 

(Nia et al., 2020; Acerbi et al., 2015). This means that cancer cells must 

migrate and invade from areas with dense ECM near the tumor to areas 

with less ECM in the surrounding tissue, which contradicts haptotaxis 

(Higgins et al., 2021). This contradiction, known as “migration paradox”, 

suggest that ECM density alone does not determine cell directionality and 
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that other factors may be involved (Mathieu et al., 2024; Shatkin et al., 

2020). Our data indicate that cell confinement could be one such factor. 

In fact, tumor stroma is characterized by confinement due to its dense 

ECM network (Mongera et al., 2023; Illina et al., 2020; Saraswathibhatla 

et al., 2023). So, we hypothesize that cells initially polarize toward the 

high ECM density at the tumor’s invasive front. But once this polarity is 

established, the strong confinement within the stroma can drive cells to 

migrate from high to low ECM areas and escape the tumor niche. Thus, 

confinement may be crucial for understanding the migration paradox and 

how invasive cancer cells navigate environments with varying ECM 

densities. In conclusion, future research will improve our understanding 

of directed migration in complex environments and lead to new 

therapeutic strategies for diseases with abnormal cell motility, such as 

cancer. Moreover, we anticipate that our findings open new approaches 

across several fields, including cell migration, tissue engineering, 

developmental biology, and cancer metastasis. 
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Chapter 6 – Conclusions 

 

Based on the results presented in this thesis, the following conclusions 

can be drawn: 

 

1. We developed a system to fabricate well-controlled and quantifiable 

fibronectin patterns with arbitrary geometry, suitable for both 

homogeneous and symmetric protein gradients. This system is ideal 

for accurately measuring traction forces in adherent cells. 

 

2. We developed an experimental and computational workflow to 

monitor cell migration on homogeneous and haptotatic patterns. This 

workflow generates a dataset that correlates cellular descriptors, 

such as length, velocity, actin dynamics, traction forces and position 

within the pattern, with fibronectin density. 

 

3. Length and velocity of single MCF10A cells exhibit a biphasic response 

to fibronectin density. 

 

4. Single MCF10A cells display a robust haptotaxis.  

 

5. Steeper gradients enhance cells’ haptotatic response but do not affect 

their velocity. 
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6. Upon adhesion, the initial haptotatic response is independent of 

substrate stiffness, cell contractility, and lamellipodia spreading. 

 

7. On confined symmetric gradients, most cells continue migrating down 

the gradient at a slightly slower velocity after reaching the peak of 

fibronectin density. 

 

8. MCF10A cells increase their actin dynamics, such as polymerization 

velocity and protrusion rate, to migrate against the fibronectin 

gradient. 

 

9. Membrane tension remains unchanged in MCF10A cells migrating on 

both homogeneous and haptotatic gradients. It also stays constant 

when cells migrate up or down the gradient. 

 

10. After accounting for the time-dependent increase, the traction forces 

in MCF10A cells directly correlate with fibronectin density and reflect 

the fibronectin density profile. 

 

11. Migration up and down the gradient show actin flows and traction 

asymmetries that maintain a long-term persistent polarity. These 

asymmetries are weaker when cells migrate against the gradient. 

 

12. Our system demonstrates the relationship between velocity and 

traction asymmetry in cells migrating on haptotactic gradients. This 

relationship is also present whether cells migrate up or down the 

gradient. 
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13. Cell confinement modulates gradient sensing and persistent polarity. 

With intermediate confinements, cells display complex trajectories 

like circles. In unconfined gradients, cells lose their ability to migrate 

down the gradient. 
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Chapter 7 – Contributions to the data presented in 

this thesis 

 

 Chemistry for PRIMO patterning coupled with traction 

measurements on elastomeric silicon substrates, as illustrated in Figure 

18, was optimized by Dr. Raimon Sunyer from the Facultat de Medicina 

(Hospital Clínic) – Universitat de Barcelona. 

The experiments in Figure 19, Figure 20 and Figure 21 were 

performed and analyzed by Isabela Corina Fortunato. The custom 

MATLAB code for calibrating pattern drawings and converting 

fluorescent intensity into protein density was made by Dr. Raimon 

Sunyer. 

The experiments in Figure 20, Figure 21, Figure 22, Figure 23, 

Figure 24, Figure 25, Figure 26, Figure 27, Figure 28, Figure 29, Figure 30, 

Figure 31, Figure 35 and Figure 36 were performed and analyzed by 

Isabela Corina Fortunato. The custom-made MATLAB code to generate 

numerical databases describing cell migration was made by Dr. Raimon 

Sunyer.  

 The experiments in Figure 32 were performed by Isabela Corina 

Fortunato with the help of Dr. Joaquim Torra from the Institute of 

Photonic Sciences (ICFO). The analysis was made by Isabela Corina 

Fortunato.  
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 The experiments in Figure 33 and Figure 34 were performed by 

Isabela Corina Fortunato. The analysis was made by Isabela Corina 

Fortunato and Dr. Steffen Grosser from Institute for Bioengineering of 

Catalonia (IBEC) with the help of Dr. Leone Rossetti from King’s College 

London and Miquel Bosch from IBEC. 
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