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Mechanobiology studies the interplay between the cell and its 

environment to correlate cellular functions with physical forces. Cells have the 

ability to exert active forces on their surroundings and, in turn, are able to sense 

and respond to changes in mechanical properties of the extracellular matrix. 

This bi-directional communication controls many relevant biological processes, 

such as morphogenesis, tissue repair or cell migration, proliferation, and 

differentiation. Dysregulation of these highly coordinated mechanisms, results 

in the appearance of pathological processes such as cancer invasion, chronic 

wounds, or skin fragility disorders.  

The inherent difficulty in measuring certain physical quantities such as 

force, in a biological system, has meant that most advances in this field are due 

primarily to a deeper knowledge of the biochemical processes that govern these 

mechanisms. A full understanding of mechanobiology, however, requires a 

combined study of biological and physical phenomena.  

In this regard, a variety of techniques have been developed that have 

provided us with qualitative and quantitative data on the kinematics and 

dynamics of cell behavior. These methods in turn, are often complemented by 

theoretical models that decipher and predict biological behavior based on the 

laws of physics. Nevertheless, in the context of an organism, most tissues 

acquire a three-dimensional structure, so there is a need for these 

measurement techniques to be applicable to 3D environments. Much remains to 

be developed and improved in this direction, as 3D measurement techniques still 

present many difficulties. 

The present thesis reports the development of a new 2D force 

measurement technique based on a flexible structure of known mechanical 

properties. This cantilever-based force sensor is deformed by epidermal 

keratinocytes as they migrate, in a wound healing experimental setup. The 

resultant deflection of the structure is detected over time by image analysis to 

infer the forces exerted by the cells. According to the results obtained, an active 

fluid based theoretical model was formulated that represents the fundamental 

characteristics of the system and predicts the evolution of its behavior. 
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Thereby, we established a reproducible, easy to implement and affordable 

2D force measurement tool. On the other hand, the proposed theoretical model, 

collects the essential ingredients needed to describe how a multicellular tissue 

modulates the force it exerts depending on the compliance of its external 

surroundings. One of its most advantageous features is that its reduced 

complexity allows for easier interpretation and possible incorporation into other 

more complex models. 

This measurement technique was subsequently tested in a Kindler 

syndrome cellular model, which was generated using the CRISPR/Cas9 tool to 

produce the loss of kindlin-1 expression. The results obtained showed that, in 

our specific context, the force measurement tool is sensitive enough to detect a 

difference between the forces and mechanical work exerted by healthy cells and 

those exerted by cells exhibiting poor adhesion to the substrate.  

Furthermore, we also studied the distribution of the cytoskeleton and cell 

adhesions of the migrating monolayer when interacting with the force sensor, 

to characterize how cells respond to this experimental environment.   

Future perspectives focus on a deeper molecular and metabolic 

characterization of the cellular responses upon interaction with a compliant 

body and the adaptation of the force sensor to a 3D environment.  
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RESUMEN  

La mecanobiología estudia la interacción entre la célula y su entorno para 

correlacionar las funciones celulares con las fuerzas físicas. Las células tienen 

la capacidad de ejercer fuerzas activas sobre su entorno y, a su vez, son 

capaces de percibir y responder a los cambios en las propiedades mecánicas 

de la matriz extracelular. Esta comunicación bidireccional controla muchos 

procesos biológicos relevantes, tales como la morfogénesis, la reparación de 

tejidos o la migración, proliferación y diferenciación celular. La desregulación 

de estos mecanismos altamente coordinados conduce a la aparición de estados 

patológicos como las heridas crónicas, procesos invasivos en el desarrollo del 

cáncer o trastornos de fragilidad de la piel, entre otros.  

La dificultad que conlleva la medida de ciertas magnitudes físicas como 

la fuerza en un sistema biológico, ha supuesto que los avances en este campo 

se hayan debido fundamentalmente a una mayor profundización en el 

conocimiento de los procesos bioquímicos que gobiernan estos mecanismos. 

Sin embargo, para llegar a una comprensión completa de la mecanobiología, se 

requiere un estudio conjunto de los fenómenos biológicos y físicos que están 

involucrados. En este sentido, se han desarrollado una gran variedad de 

técnicas que proporcionan datos cualitativos y cuantitativos sobre la cinemática 

y la dinámica de los comportamientos celulares. Estos métodos a su vez se 

suelen complementar con modelos teóricos que, basándose en las leyes de la 

física, descifran y predicen el comportamiento biológico. No obstante, en los 

organismos, la mayoría de los tejidos adquieren una estructura tridimensional, 

por lo que es necesario que estas técnicas de medición puedan aplicarse a 

entornos 3D. En este sentido, todavía hay un amplio recorrido de desarrollo y 

mejora, ya que las técnicas de medición en 3D siguen presentando muchas 

dificultades. 

En el presente trabajo se expone el desarrollo una nueva técnica de 

medición de fuerzas en 2D, basada en una estructura flexible de propiedades 

mecánicas conocidas. Este sensor de fuerza es deformado por células 

epidérmicas (queratinocitos), a medida que migran hacia adelante. La deflexión 
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producida en la estructura se detecta a lo largo del tiempo mediante análisis de 

imagen, para inferir las fuerzas ejercidas por las células. De acuerdo con los 

resultados obtenidos, se formuló un modelo teórico basado en fluidos activos 

que representa las características fundamentales del sistema y predice la 

evolución de su comportamiento. 

De este modo, hemos desarrollado una herramienta de medición de 

fuerzas en entornos biológicos bidimensionales que es fácil de reproducir e 

implementar y de coste reducido en comparación con otras técnicas. Por otro 

lado, el modelo teórico propuesto, reúne los ingredientes esenciales necesarios 

para describir cómo una monocapa de células migratorias modula las fuerzas 

que ejerce en función de la rigidez de su entorno. Una de sus características 

más ventajosas de este modelo, es que su reducida complejidad permite una 

interpretación más fácil y su posible incorporación a otros modelos más 

complejos.  

La técnica de medición fue posteriormente testada en un modelo celular 

de síndrome de Kindler que generamos utilizando la herramienta CRISPR/Cas9 

para producir la pérdida de expresión de kindlina-1. Los resultados obtenidos 

confirmaron que, en nuestro contexto específico, la herramienta de medición es 

lo suficientemente sensible como para detectar una diferencia entre las fuerzas 

y el trabajo realizado por células sanas y las ejercidas por células que 

presentan una deficiencia de adhesión al sustrato.  

Además, también se estudió la distribución del citoesqueleto y 

adhesiones celulares de la monocapa migratoria al interaccionar con el sensor 

de fuerza, para caracterizar cómo responden las células a este entorno 

experimental.  

Las perspectivas futuras se dirigen hacia una caracterización molecular 

más profunda de las respuestas celulares al interactuar con un cuerpo externo 

flexible y hacia la adaptación del sensor de fuerza a un entorno 3D. 
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2.1 The skin 

2.1.1 Function and structure 

The skin is the largest organ in the body constituting 15-20% of total body 

weight. It is a metabolically active organ and one of its main functions is to act 

as a defensive barrier against environmental factors such as microorganisms, 

UV radiation and biological, chemical and physical agents. Moreover, the skin is 

responsible for maintaining body homeostasis, preventing dehydration and 

regulating temperature. It also plays an important role as a sensory organ and 

in the generation of the immune response1, 2. The skin is comprised of three main 

layers: epidermis, dermis and hypodermis (subcutaneous layer).  

 

Figure 2.1. Sectional view of skin structure. From Junqueira’s. Text and atlas. 
12th edition3. 

 

Besides, the skin  along with specialized glands, nerve, hair and nail, form 

the integumentary system, covering all our body and  carrying out the  different 

functions described above (Figure 2.1). 
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2.1.2 Epidermis 

The epidermis is the outermost layer of the skin and has an ectodermal 

origin. It is a stratified and dynamic self-renewing tissue which lacks blood 

vessels and is dependent on the vascularization of the dermis for its nutrition, 

oxygenation and excretion of metabolites4. The epidermis is made up of four 

types of cells:  

- Keratinocytes, which makes up 90% of the epidermis.  

- Melanocytes, responsible of melanin production. Melanin is a pigment 

that is able to absorb radiation and free radicals from UV light. It 

confers a dark color to the skin and protects it against UV radiation5. 

- Langerhans cells are a type of dendritic cells which play a role in the 

immune response. They are located at the basal and suprabasal layers 

of the epidermis and act as antigen presenters to T lymphocytes6. 

- Merkel cells, that are slowly adapting mechanoreceptors involved in 

tactile sensitivity7,8. 

The thickness of the epidermis depends on the region and varies from 

0.05 mm (on the eyelids) to 1.55mm (on the palms and soles) and is divided into 

four layers9 : stratum basale, stratum spinosum, stratum granulosum and 

stratum corneum (Figure 2.2).  

Skin undergoes a constantly self-renew throughout life keeping a precise 

equilibrium between cellular proliferation and differentiation (skin 

homeostasis). The stratum basale (the innermost layer of the epidermis) is 

composed of mitotically active keratinocytes, which secret the ECM components 

of the basement membrane. Some of these cells are stem cells, which divide 

and originate other basal cells that stay in the stratum basale, and transient-

amplifying cells, that migrate towards suprabasal layers as they proliferate and 

differentiate, thus forming the rest of the layers of the epidermis10. Moreover, 

cells endure biochemical changes through the sequential synthesis of different 

proteins and enzymes that characterize the stage of differentiation in which they 

are found, and therefore their location in a given stratum. This process ends with 

the formation of a cornified envelope which provide the skin with the ability to 



 

“Mechanical forces and molecular dynamics in collective cell migration” - Verónica López 

INTRODUCTION 

11 

function as a strong skin barrier, essential for skin permeability and water-loss 

prevention11,12,13. 

 

Figure 2.2. Schematic representation of skin layers. Epidermis. S.corneum 
(yellow), S. granulosum(pink), S.Spinosum (green) and S. basale(blue). Basement 

membrane. (dark red) Specialized ECM beneath the S. basale. Dermis. Fibroblasts(pink), 
ECM (yellow). Hypodermis. Connective tissue, fat, capillaries. Proteins expressed at 

different layers.  Vimentin, K5/14, K1/10, involucrin, loricrin and filaggrin. This is a self-
created illustration.  

2.1.3 Dermis  

The dermis is the thicker layer of the skin, a mesodermal derived 

connective tissue located between the epidermis and the hypodermis. It consists 

of ECM populated with fibroblasts, macrophages, and mast cells as well as 

nerve endings, blood vessels, hair follicles and sweat and sebaceous glands. 

The upper layer of the dermis (papillary dermis) presents rete ridges which 

helps the dermal-epidermal junction endure shear stress. Its main ECM 

components are loose and thin type III and type I collagen fibers, thus providing 

the skin with stress resistance. The lower region of the dermis (reticular 

dermis), is composed of thicker bundles of collagen type I arranged parallel to 

the skin surface and elastin fibers that confers the skin its elastic behavior. 

Both collagen and elastic fibers secreted by fibroblasts, constitute the 

structural and nutritional support to the epidermis together with blood 

vessels2,4,10,14,15. 
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2.1.4 Hypodermis  

Below the dermis is the subcutaneous adipose tissue formed by 

adipocytes that make up a metabolically active tissue that protects the 

organisms providing cushioning and thermal isolation3.  

2.2 Cytoskeleton 
Cytoskeleton is a complex and dynamic network of protein filaments 

present in the cytoplasm of the cell. It helps to maintain the cell shape, gives the 

cell mechanical resistance to stress and it is involved in many processes such 

as cell division, intracellular transport, cell signaling and the generation of 

forces responsible for cell migration, among others.  

There are three types of protein filaments forming the cytoskeleton: actin 

filaments, microtubules and intermediate filaments (IF). Each one is made up of 

protein subunits (actin, tubulin and a family of fibrous proteins respectively) and 

confer different mechanical properties16,17.  

Actin and intermediate filaments are especially important in the structure 

of cellular junctions forming adhesion complexes together with other proteins 

to stablish strong links with the surrounding ECM or neighbor cells (See 2.6 

Forces involved in cell motion). 

2.2.1 Extracellular matrix molecules 

The extracellular matrix (ECM) constitute a dynamic structural and 

functional support for cells and tissues. Depending on its specific composition 

and spatial arrangement of its components, it confers different mechanical 

properties to the tissue adapting it to a variety of functional requirements. Cells 

are responsible of the secretion of this macromolecules and the interaction 

between them and its own ECM can affect several processes including cell 

proliferation, cell differentiation, cell migration, cell adhesion, tissue 

regeneration and repair. Also, the ECM plays an important role in cell signaling.  

The ECM is made up of a mixture of five groups of macromolecules: 

collagen family, elastic fibers, glycosaminoglycans (GAG), proteoglycans 

(association of GAGs to a protein backbone) and adhesive glycoproteins. In the 
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case of skin, the ECM is more abundant in the dermis and scarce between the 

cells of the different layers of the epidermis18,19.  

The basement membrane (BM), also called basal lamina, is a specialized 

ECM which underlies beneath the basal cells of the epidermis, separating it from 

the dermis and providing structural support to the epithelium. Specifically, in 

skin the BM is composed mainly by type IV collagen and type VII collagen (the 

last one forms anchoring fibrils), glycoproteins such as fibronectin and laminin, 

nidogen and proteoglycans (heparan sulfate and perlecan)20,21. 

2.3 Cell junctions 
Cells interact with molecules from ECM or from other cells, thus forming 

structurally organized tissues and organs. Keratinocytes are strongly attached 

to each other by cell-cell junctions, which maintain epidermal integrity and 

barrier function as well as participate in important dynamic processes as skin 

homeostasis, tissue morphogenesis, cell migration and wound healing.  

These cell junctions are formed by a number of molecules as part of 

complex systems and allow cells to detect and react to the properties of its 

environment as they receive chemical and physical signals22,23,. In this section, 

we summarized the different types of cell junctions and molecules involved 

(Table 2.1,Table 2.2 ,Figure 2.3, Table 2.3). 
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 Name Interaction Elements involved 

 

 

 

 

 

 

 

 

Cell-ECM 

Focal Adhesion Intracellular actin 

cytoskeleton with ECM 

through integrin 

heterodimer.  

αβ-Integrin heterodimer (TM) 
Actin cytoskeleton(intracell.) 
Collagen fibers (ECM) 
Some adaptor proteins 
(intracell.):  

Talin 
Kindlin 
α-actinin 
Filamin 
Tensin 
FAK 
Vinculin 
Paxilin  

Focal contact A few intracellular 

actin fibers with ECM 

through integrin 

heterodimer. 

αβ-Integrin heterodimer (TM) 
Less actin fibers (intracell.) 
Collagen fibers (ECM) 
Adaptor proteins(intracell.):  

Talin 
Tensin 
Vinculin 
Paxilin  

Podosome Intracellular actin 

cytoskeleton with ECM  

Integrin (TM) 

Dense actin core 
MMPs 

Close contact Blend between 

podosome and 

filopodia. Links actin 

with ECM through 

integrins. 

Actin filaments 
Integrin 

Talin 

Hemidesmosome Connect intracellular 

keratin intermediate 

filaments to ECM 
molecules of the basal 

layer through integrin.  

Laminin (ECM) 

Integrin (transmembrane) 

Keratin (intracell.). Adaptor 

proteins:  

Plectin 

BP180 

BP230 

 
Table 2.1. Cell- ECM junctions23,24,16,25. TM. Transmembrane molecule. Intracell. 

Intracellular localization. ECM. Extracellular matrix. MMPs. Matrix metalloproteinases. 
FAK. Focal adhesion kinase.  
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 Name Interaction Elements involved 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Cell-cell 

Tight Junction Connect actin 

cytoskeleton 

from both cells 

through a 

claudin-

occludin link. 

IgG Family of JAMS 

(junctional adhesion 

molecules). 

Claudin-Occludin (TM) 

Actin 

 
 
 

 
 
 
 
 
 
 

Cytoskeleton 
linked 

junctions 
 
 
 
 

 
 
 
 

Adherens 
junction 

Connect actin 

cytoskeleton 

from both cells 

through a 

cadherin-

cadherin link. 

E-Cadherin (TM) 

Actin cytoskeleton 

(intracell.) 

Linker proteins 

(intracell.): 

p120cat 

α-catenina 

β-catenina 

 
 
 
 
Desmosome 

Connect keratin 

intermediate 

filaments from 

both cells 

through a 

desmoglein-

desmocollin 

link. 

Desmoglein-

desmocollin (TM) 

Keratins (intracell.) 

Linker 

proteins(intracell.):  

Plakoglobin 

Plakophilin 

Desmoglein 

 
 
 
 

Gap junction 

Transmembrane 

proteins which 

links both cells 

forming 

communicating 

channels 

between them.  

 

Connexin (TM) 

 
Table 2.2.Cell-cell junctions16,23,24. TM. Transmembrane molecule. Intracell. 

Intracellular localization.  
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Table 2.3. “Figure 2.3” Legend. This is a self-created illustration, using 
www.Biorender.com 

 
The most relevant cell junctions to consider in this work, will be adherens 

junctions (AJs cell-cell junctions) and focal adhesions (FAs) (cell-ECM integrin 

mediated adhesions. Their study will be used to characterize the interactions 

among migrating cells with the specific elements introduced in the experiments.  

• Focal Adhesions 

Focal adhesions (FAs) are dynamic multiprotein complexes that connect 

the actin cytoskeleton with the ECM through integrin receptors. They maintain 
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tissue integrity and resistance to mechanical stress. In turn, FAs are the main 

regulators of mechanotransduction which constitute signaling complexes that 

coordinate different pathways involved in cell function (adhesion, proliferation, 

migration, differentiation)26.  

Integrins are broadly expressed heterodimeric adhesion molecules that 

connect ECM components to the intracellular cytoskeleton. They are constituted 

by two subunits:  α and β. This α/β is a non-covalent association that defines the 

affinity state and specificity for its ligands, depending on the conformation that 

they adopt and the type of α and β subunits. There are eighteen α subunits and 

eight β subunits that can combine in 24 different manners. In epidermis, 

integrins are constitutively expressed or wound induced. The most abundant 

integrins in basal keratinocytes are  laminin receptors (α6β4, α3β1) and 

collagen-binding receptors (α2β1) or the wound induced fibronectin, tenascin 

and vitronectin receptors (α9β1)27. 

Each integrin subunit contains an extracellular domain, a transmembrane 

segment, and a short cytoplasmic tail. This ensures a two-way signaling:  

- Inside-out: intracellular signals recruit molecules to the cell 

membrane, which bind to integrin cytoplasmic tail inducing a 

conformational change in the extracellular domain. This 

conformational change activates integrin by changing its affinity state 

for the ligand.  

- Outside-in activated integrin binds to its ligand at ECM. This is 

essential for rigidity sensing since force transmitted from the 

substrate to the integrin triggers the assembly of a protein complex 

at the intracellular domain. This allows integrin binding to the actin 

cytoskeleton and thus, a direct force transmission between cells and 

their surroundings28 (Figure 2.4). 

 More than 150 proteins involved in FA complexes have been described29.  
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Figure 2.4. General representation of some of the molecules involved in the focal 
adhesion (FA) complex. ECM. Extracellular matrix. PM. Plasma membrane. αβIntegrin 

heterodimers are bonded to the ECM (open active conformation, high affinity state). This 
is a self-created illustration, using www.Biorender.com. 

 
• Adherens Junctions 

Adherens junctions (AJs) are cell-cell adhesion complexes mediated 

mainly by cadherin molecules and dynamically response to external stimuli. As 

well as FAs, they are mechanosensitive and allow mechanical coupling between 

cells30.  

The Cadherin family is a group of glycoproteins involved in calcium-

dependent cell-cell adhesions. Specifically, E-Cadherin mediates intercellular 

contacts in epithelial cells and drives cell polarity31. Cadherins are 

transmembrane molecules that present an extracellular domain which acquires 

an active conformation in the presence of calcium to establish cadherin-

cadherin interactions between neighboring cells. The cytoplasmic domain of 

cadherin is connected to the actin cytoskeleton through a protein complex that 

is reinforced in response to mechanical forces.  This creates a multicellular 
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actin network essential for a coordinated cell behavior. Thereby, 

mechanosensitive AJs play an important role in the transmission of intercellular 

tension, cell polarization and migration and tissue integrity32,33,34,35 . 

2.4 Cell migration 
Cell migration plays an essential role in many physiological and 

pathological processes in the body. In order to move, cells need to stablish an 

interaction with their environment through several structures such as 

lamellipodia, filopodia and podosomes. 

This cell movement can be carried out as individual cells, as white blood 

cells during the immune response or germ cells, or as a collective as occurs 

during development, wound healing or tumor invasion.  

2.4.1 Single cell migration 

To be able to move, cells need to experience a polarization and then 

develop extensions (lamellipodia and filopodia) which expands to stablish the 

leading edge of the cell. These extensions adhere to the substrate while the body 

of the cell must retract36. This polarization could appear spontaneously in 

absence of external signals, which is called “random walker” (effective only for 

very short distances), or otherwise, cells can migrate in response to chemical 

or physical signals which promotes a constant migration over long distances37.   

Thanks to advancing imaging techniques, the steps that a single cell 

migration involves have been widely described (Figure 2.5):  

1. Polarization: the direction of the cell movement is determined in 

response to an external stimulus. It defines the cell front and back by 

orienting and reorganizing the molecular mechanisms of cell 

migration. 

2. Protrusion: polymerization of actin filaments at the leading edge 

pushes the cell membrane forward over the substrate resulting in cell 

extension.  
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Figure 2.5. Schematic representation of cell movement stages.1. Polarization. 2. 
Protrusion. 3. Adhesion. 4. Traslocation.5. Detachment. Modified from MBinfo38. 
 

3. . Adhesion: binding of the cell membrane receptors to the substratum 

through focal adhesions, which in turn links to the network of actin 

filaments.  

4. Translocation: Also called retraction. The body of the cell is pulled 

forward by the retrograde actin flow combined with contractile forces 

produced at the rear of the cell by the actomyosin network.   

Myosin II mediates this contraction by regulating the gliding of 

microfilaments and stress fibers and generates enough force to drag 

forward the trailing edge of the cell.  
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5. Detachment: As a result of the tensile forces created by the 

contraction of the actomyosin network, focal adhesions disassemble 

at the rear of the cell and the cell crawls forward. Some extracellular 

events, such as ECM proteases activity on the substrate, are thought 

to also contribute to FA release 16, 36,39,40,41. 

2.4.2 Collective cell migration 

In nature, collective migration has been defined as “the movement of 

groups in which individuals affect the behavior of one another” 42. Thus, epithelial 

cells are connected to each other and move coordinately while keeping the 

integrity of the tissue. This way, they make robust collective decisions to 

guarantee a suitable cell distribution and tissue remodeling. 

The mechanisms that underlie single cell migration have been widely  

studied43, and in recent  years the field has experienced a great evolution in the 

understanding of collective cell migration mechanisms44. As seen above, single 

cells triggered by an external signal, undergo a several-step cyclic process 

driven by actin polymerization and contractility of the cell body, which is also 

fundamental in collective cell migration. 

Some of the differential aspects of collective cell behavior are:  

- Cells are coupled by cell-cell junctions. They coordinate these 

processes to move as a cohesive group and transmit the pulling 

forces through this physical coupling. 

- They experience a simultaneous polarization of many cells at the 

leading edge, which are called “leading cells” (Figure 2.6).  

- A unified organization of the actin cytoskeleton helps to generate 

traction forces within the cell sheet, which are higher than those 

generated by single cells as every cell contributes to the movement.  

- ECM is remodeled as cells move forward, in order to adapt the 

available space for the cell group in constant movement and for the 

formation of a basal membrane45,46. 
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Many years ago, cell density47 was described as another important 

regulator of cell migration. Abercrombie and Heaysman observed in 1953 that 

chicken fibroblast cells alter their polarization, inhibiting protrusions at the site 

where they contact another cell, and developing new ones away from such 

contact, thus resulting in the change of the direction of migration. This is a 

mechanism, called contact inhibition of locomotion (CIL), by which cells are 

capable of sensing cell density. In this respect, it has been shown that 

mechanical forces are transmitted through intercellular adhesion proteins to 

generate CIL.  

From this, it can also be observed that the higher the cell density, the 

higher the friction between cells and then the lower the velocity of migration, 

thus switching the system from a liquid-like state to a solid-like state48.  

The exposure of a cell monolayer to an empty space, triggers a migratory 

behavior, which translates into the formation of finger-like structures 

constituted by the so-called “leader cells” that show extended lamellipodia and 

are strongly attached to the follower cells by cadherin molecules. These leader 

cells have the ability of pulling the followers. This results in a polarized cluster 

where every single cell acquires the same direction as the leader cells 

(directional guidance).  

In addition to cell polarization, a contractile actin belt acts as a 

complementary mechanism that helps the collective group to migrate. These 

actin bundles connect the cells that build up the finger-shaped structure along 

its edges. This mechanism is similar to the purse-string found in in vivo, which 

contributes to the late stage of the gap closure by its actomyosin mediated 

contraction. 

Beyond the migrating front, different cellular movements arise within the 

epithelial sheet, some of which could be described as laminar flows. 

Furthermore, there are chaotic movements within the migrating cell monolayer, 

that can be visualized as “vertices”, as well as cell division or extrusion which 

also affects tissue dynamics.  
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In this context, among all the cellular adhesions, “adherens junctions” 

play an essential role in the coordination of cell movements and 

mechanosensitivity37,49,30.  

 

Figure 2.6. Polarization of leader cells in collective migration. A. Illustration 
modified from Mayor et al.50. It represents the leading-edge plasma membrane with 
elongated leading cells that spread their lamellipodia in response to biochemical and 

mechanical cues, while pulling and guiding their coupled followers in a specific direction 
(directional guidance) B. Contrast phase image of a migrating cell monolayer (HaCat 

cells). White dashed line and arrows indicate, respectively, some of the lamellipodia and 
filopodia of the leader cells. Scale bar =50µm. 

 

2.5 Mechanobiology  
Mechanical forces may activate cellular mechanoreceptors that trigger 

signaling pathways converting them into biochemical responses 

(mechanotransduction) that influence cellular behavior (migration, proliferation, 
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differentiation, apoptosis, morphogenesis). Cells can also react to these physical 

stimuli by means of cytoskeletal re-organization and force generation51. For this 

reason, it is critical for development, homeostasis and progression of many 

diseases how cells respond to its biochemical and biomechanical environment.  

We have mentioned above that cells that form a collective behave similar 

to a huge single cell in terms of migration mechanisms. It appears that the same 

occurs when we refer to forces exerted by cell monolayers on the ECM. Due to 

larger focal adhesions formed by the leading cells, it seems that higher traction 

forces are generated at the front edge and propagate inwards across the entire 

cell sheet52, while opposite retraction forces are generated at the back by the 

follower cells.  

This whole coordinated mechanism needs to be maintained stable. It is 

transmitted through cell-cell adhesions and is reinforced by the so-called actin 

bundles formed at the edge of the migrating finger-like structure30.  

2.6 Forces involved in cell motion 
A migrating cell, experiences external forces from the surrounding 

environment, and internal forces that arises from its own cytoskeleton. This cell 

movement process generates forces from actin polymerization, cell adhesions 

and from the cell body translocation. 

• Actomyosin cytoskeleton 

 As mentioned above, cytoskeleton is a strong scaffold made of polymers 

with different stiffness and diameters (actin, microtubules and intermediate 

filaments) that, in combination with other proteins, form a strong network which 

provides the cell with structural resistance, shape, ability to migrate and divide 

and transport of internal organelles. Regarding cell motility, although other 

polymers also contribute to cell movement, the actin cytoskeleton has been 

described as the most important in the promotion of cell extension (second step 

of cell migration process) 23,.  

Actin filaments are organized in different manners. Thus, the cell cortex 

is a dense network beneath the plasma membrane that, in association with 
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myosin and other actin binding proteins (ABPs), confers the cell perimeter gel-

like properties. In filopodia and lamellipodia they can adopt different 

arrangements as parallel or y-brunched bundles respectively (Figure 2.7). 

 

 

Figure 2.7. Cytoskeletal structures. A. Lamellipodia (y-brunched actin bundles) and 
filopodia (parallel actin bundles) acting as sensory elements in cell migration. B. Stress fibers. 

Contractile actomyosin fibers that help maintain tension on the substratum. Dorsal and ventral 
stress fibers are anchored to focal adhesions while transverse arcs participate in driving cell 

protrusion. Modified from MBinfo38. 
 

Actin filaments are dynamic structures that undergo a process called 

“treadmilling” that allows the cell to rapidly adapt its response and elasticity. 

That means that actin filaments grow asymmetrically, adding or detaching 

monomers of globular actin to its different ends (plus and minus end) in a 

concentration and ATP dependent manner. This process generates forces that 

push the cell membrane forward thus forming cell protrusions. It is assisted by 

actin binding proteins (ABPs) which play different functions (α-actinin, cofilin, 

profilin, Arp2/3. WASP, formins, capping proteins). 

Filamentous actin (F-actin) interacts with myosin motor proteins to 

generate contractile forces. Briefly, the head domain of the myosin protein, 

which has ATP hydrolyzing activity, is attached to the actin filament. Gliding of 

these heads along the actin filament in a cyclic manner produces contraction of 
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the actomyosin bundles. This is essential for force generation in lamellipodial 

structures and stress fibers 40,53.(Figure 2.7). 

• Adhesion mechanics 

In order to migrate, these forces generated by the cytoskeleton, need to 

be transmitted to the substrate. This transmission is carried out through focal 

adhesions (FAs) from the cell to the ECM. In turn, stiffness from the ECM is 

sensed by the FA and transmitted to the cytoskeleton of the cell (dynamic 

mechanoreciprocity). It has been described that the protrusion-retraction cycles 

produced at the leading edge of migrating cells coincide with the force peaks 

produced by the local contractile rigidity sensing units (Contractile units = CUs). 

CUs establish a connection between nascent FAs via F-actin coupled to bipolar 

myosin filaments, which allow anti-parallel F-actin sliding in a sarcomere-like 

contraction. These leading-edge contractions probe substrate stiffness and 

drive adhesion reinforcement. If the substrate is rigid enough to support this 

contraction, recruitment of adaptor proteins is triggered to reinforce adhesion. 

Among them, α-actinin is responsible for F-actin binding and connects CUs to 

the retrograde actin flow, making possible the transmission of traction forces. 

Thus, FAs act as mechanosensitive molecular clutches that resist the actin 

retrograde flow and convert pulling forces into traction forces against the 

substrate54,55 (Figure 2.8).  
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Figure 2.8. Focal adhesions as molecular clutches. Retrograde flow of actin 
polymerization prevents the cell protrusions to be formed (Disengaged). When actin 
cytoskeleton is attached to focal adhesions (Engaged), it acts as a clutch that resist 

against the retrograde flow and translate the myosin contractions into traction forces on 
the underlying ECM, enabling the cell to move forward. Modified from MBinfo38. 

 

On the other hand, cells are coupled between them and this allows the 

transmission of cytoskeleton generated forces to the follower cells promoting 

the collective cell motion. This intercellular force transmission is mainly 

mediated by the aforementioned cadherin junctions. It also contributes to cell 

polarization throughout the whole tissue during collective cell migration by 

generating high levels of Rac-1 at the front and high levels of RhoA at the back 

(multicellular polarization) (Figure 2.9) 22,40,35,30.  
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Figure 2.9. Transmission of cellular forces during cell migration. Actin treadmilling 
pushes the cell membrane and, helped by its anchorage to focal adhesions (FAs), part of the 

force generated by the retrograde flow is directed to the ECM resulting in the forward 
movement of the cell. Traction force is generated by the actin cytoskeleton connected to FA 

(inset). Intercellular forces are transmitted from leading cells to their neighbors through 
adherens junctions (AJs) that connect the cytoskeletons of neighboring cells. CU: Contractile 

units. This is a self-created illustration, using www.Biorender.com. 
 

2.7   Measurement of cellular forces 
Due to the evident importance of physical and mechanical characteristics 

of certain structures and organs in the body for supporting physical loads, 

studies in mechanobiology have been traditionally focused on the macroscopic 

level. Common examples of that are the skeleton or the skin as structural and 

protective elements against external stresses or the generation of forces in the 

respiratory and circulatory systems. But, in the last decades, new questions 

have arisen about the mechanisms of generation and bearing of forces at the 
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cellular level, resulting in the emergence of new experimental techniques for 

their detection56.  

As forces cannot be measured directly, it should be deduced from the 

deformation caused on a material of defined properties as they move57. In this 

regard, many years ago, authors like James and Taylor (1969) made in vitro 

observations to describe tensions among migrating chicken fibroblasts from 

explants, particularly important for the contraction phase of wound healing58. 

Some years later in 1980, Harris et al. stated that they could quantify traction 

forces that cells exert if they spread on a soft substrate by measuring its 

deformation59. Those studies would be the first steps towards the development 

of techniques used nowadays to measure cellular forces60. Several methods 

have been developed to determine the forces that cells produce or resist. Some 

of them are summarized in Table 2.4. These techniques must also be selected 

depending on the type of sample to be analyzed as well as its size, 

environmental requirements, biocompatibility and resolution needed (i.e. length 

and time scales)30,56. (Figure 2.10). 

 

Figure 2.10. Schematic representation of some force sensing techniques. A. Traction 
force microscopy. Migrating cells exert traction force on the underlying soft substrate (green 

arrows). From displacement of fluorescent beads inside the substrate (purple arrows) its 
deformation can be measured. B. Cantilever sensing. The long structure is bent when a force is 

exerted on its free tip. Force exerted and displacement of the cantilever are proportional. C. 
Droplets. A deformable droplet of known mechanical properties is inserted in a tissue. This 

approach can be used to measure stresses inside 3D tissues61, 62. This is a self-created 
illustration, using www.Biorender.com. 
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Table 2.4. Force measurement tools. Scheme of some of the techniques used to probe 
cellular forces30, 61,62,63.  

 

2.8 Wound healing 

2.8.1 Wound healing process 

Healthy skin needs to maintain its integrity to keep a physiological 

homeostasis of the human body as a protective barrier that averts infection, loss 

of water and thermal dysregulation64. Injury to the skin causes disruption of the 

epidermis and the dermis or even deeper underlying tissues, depending on the 

depth of the wound. Wounds are awaited to heal within a period of 7 to 14 days, 

but when the process fails the wound will become a chronic non-healing 

wound65.  
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Wound healing is a complex process that comprises four overlapping 

stages: hemostasis and coagulation, inflammation, proliferation and remodeling 

(Table 2.5) 

 

Table 2.5. Concept map of wound healing process. 
 

• Hemostasis and coagulation  

Begins right after injury and activates the clotting cascade as the first 

response to initiate hemostasis. The clotting factors initiate the extrinsic system 

and exposed collagen triggers the aggregation of thrombocytes resulting in the 

activation of the intrinsic clotting pathway. The aim of this activation is the 

formation of a blood clot which contains cytokines and growth factors66 as well 

as  fibrin, fibronectin, vitronectin and thrombospondins which constitute a 

provisional matrix that acts as a scaffold for the migration of different cells. 

Hemostasis and coagulation initiate the inflammation stage67. 
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• Inflammation 

This stage is essential to provide cytokines and growth factors for cellular 

migration and tissue movement. Most chronic wounds are thought to fail in the 

inflammatory step of wound healing68. 

In the early phase of the inflammatory process, neutrophils are recruited 

to kill bacteria, degrade necrotic tissue and recruit other cell types, thanks to 

their phagocytic function and secretion of pro-inflammatory cytokines, 

proteases, antimicrobial substances (such as ROS) and angiogenic factors. In 

the late stage of inflammation, monocytes are chemoattracted to the wound and 

differentiated into macrophages69 (antigen-presenting cells) which phagocyte 

and secrete a wide variety of mediators70. 

Macrophages have an important role in the transition from inflammation 

to proliferation64. 

• Proliferation 

The objective of this phase is to close the wound, including several steps: 

neovascularization/angiogenesis, reepithelialization and granulation tissue 

formation71. 

• Angiogenesis 

Angiogenesis begins with the activation of signaling pathways by binding 

of growth factors to their receptors on the endothelial cells. Then, the 

endothelial cells secrete metalloproteinases, which dissolve basal lamina and 

allow them to proliferate and migrate to form the new vessels. 

• Reepithelialization 

Local fibroblasts migrate through the fibrin mesh from the wound edges 

and start to synthetize collagen I and fibronectin, among other substances, that 

polymerize and cross-link to form a new metalloprotein-rich matrix of 

connective tissue. Synthesis of collagen and proliferation of fibroblasts are 

inversely proportional and promotes a balance to control degradation of the 

extracellular matrix (ECM). Keratinocytes play a key role in this stage as well, 
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because they ‘shuffle’ into the wound due to their ability to migrate in response 

of a chemotactic gradient. This process of migration ceases when migrating 

cells are in contact with each other67. 

• Granulation tissue formation. 

Mainly fibroblasts, granulocytes, macrophages and blood vessels in 

complex with collagen form granulation tissue. Fibroblasts are responsible for 

the secretion of proteinases to destroy the provisional matrix previously 

generated during hemostasis. After that, fibroblasts synthesize collagen and 

other ECM components (e.g., proteoglycans, hyaluronic acid, 

glycosaminoglycans) to create granulation tissue72. 

• Remodeling 

The granulation tissue is replaced by the scar tissue with gradual 

increase in the concentration of collagen fibers that intend to reach a maximum 

tensile strength. It is not well known how immune mediators induce scar tissue 

formation. 

Fibroblasts differentiate into myofibroblasts, which express α-smooth 

muscle actin (α-SMA) and help to contract the wound. The closure of the wound 

is characterized by the degradation of collagen III and its substitution by collagen 

I, which has a higher tensile strength. Likewise, epithelial keratinocytes that 

migrated into the wound area, concentrically contract the wound, thus 

increasing the tensile stress of the surrounding skin71. Matrix 

metalloproteinases (MMPs) and tissue inhibitors of metalloproteinases (TIMPs) 

are also secreted to remodel the newly synthetize ECM. The resulting scar 

exhibits mechanical properties different from those of unwounded skin73. 

2.9 Mechanical forces in wound healing and skin fragility 

disorders 
The skin's characteristic structure and composition form a barrier against 

the external environment. Thanks to its high degree of intercellular attachment 

and the mechanical properties conferred by both the ECM and the intracellular 
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cytoskeleton, the skin is strong enough to maintain its integrity and yet 

sufficiently flexible to withstand mechanical stress. Changes in the amount or 

spatial organization and cross-linking of ECM components, lead to changes in 

cellular responses and vice versa. Thereby, tensional integrity of the skin 

(tensegrity) is maintained by a balance between intrinsic and extrinsic 

mechanical forces.  

Several skin disorders are related to dysregulation of mechanical 

homeostasis. Epidermolysis bullosa, is a family of skin fragility disorders, 

characterized by skin blistering formation upon minor trauma or friction.  This 

is due to mutations that lead to the absence or non-functional proteins involved 

in cell-cell or matrix cell anchorages. This renders the skin unable to withstand 

applied mechanical stresses and leads, depending on the affected anchoring 

structures, to blistering at different levels of the skin74. 

 On the other hand, wound healing is also governed, in part, by mechanical 

cues. Forces arising from cell migration and myofibroblasts contractions are 

needed for gap closure, therefore, it is required that the ECM has certain 

biochemical and mechanical characteristics for the healing to be successful49,75.  

In this respect, studies show different healing outcomes when comparing 

embryonic and adult wound closure66. These differences are due to different 

mechanisms driving tissue repair, different ECM composition and thereby, 

different basal stresses in both cases.  

An imbalance in tensional integrity between cells and ECM, leads to 

aberrant wound healing. Hypertrophic scars and keloids are both produce by a 

specific mechanical distribution at the wound site, that stimulates an excessive 

wound healing response.  Some investigations for example, have focused on the 

study of the forces generated by fibroblasts obtained from keloids using AFM. 

They found out that actin filaments show different rigidity and force generation 

compared to normal fibroblasts, which drives to an increase in ECM secretion 

and enhanced migratory phenotype beyond the wound margins 76.  

These findings have led to the development of a set of clinical therapies 

(mechanotherapies) based on the application of materials or devices to modify 
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tensions at the wound site. Some examples are the use of “paper tape” or 

“embrace advanced scar therapy” to relieve mechanical tensions and reduce 

scarring and fibrosis77. Other mechanotherapies, such as NPWT (negative 

pressure wound therapy), are used to improve healing of chronic wounds. NPWT 

is based on the application of micromechanical forces to the wound environment 

that  results in tissue strain and reduced inflammation78. This could help to 

restore a “dead space” formed because of the persistent inflammatory 

environment and the destruction of ECM. The absence of a proper ECM structure 

prevents the cells to transmit mechanical forces (reduced migration, 

proliferation, differentiation, and contractile function of myofibroblasts). The 

application of forces through these therapies, induces macro and micro 

deformations in the wound bed which can improve the non-healing wound 

scenario79.  

Furthermore, in multifactorial diseases, such as cancer, mechanical 

properties play a key role. In solid tumors, there is a constant tug-of-war 

between the mechanical compressive stress inside the tumor, produced by the 

growth of cancer and stromal cells and an excessive ECM production, and the 

stress applied externally by the surrounding tissue that resists tumor 

expansion. Hence, tumors produce a stiffer matrix that pushes the surrounding 

tissue in order to grow. Thereby, increased tumor stiffness favors invasion and 

migration.80 

Gathering all this knowledge and important factors for skin functionality, 

3D skin models are already being developed that focus on the maintenance of 

physiologic tensional homeostasis of skin, such as in vitro  3D organotypic 

cultures81, ex vivo research devices for pharmacological and cosmetic testing82, 

or RDEB (recessive dystrophic epidermolysis bullosa) 3D in vitro models to 

evaluate and quantify mechanical adhesion of dermo-epidermal junctions83.   

Characterization of mechanical forces in biological processes, improve 

the development of models mimicking physiological or pathological scenarios, 

that combine molecular and mechanistic features. This is essential for a more 
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accurate design of diagnostic tools and drug discovery, which in addition, are 

reliable alternatives to animal testing.  
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Justification and objectives  

3.1 Justification  
Understanding of the mechanics of the spatiotemporal generation of 3D 

traction forces driving tissue morphogenesis and repair will provide more 

comprehensive information that could guide in the development of new 

approaches in the diagnostic and treatment of diseases (in this case, as a proof 

of concept, known skin diseases).  

For this purpose, we will combine the use of our novel 2D force 

microscopy technique with genetic mutations, to connect specific molecular (i.e., 

adhesion dynamics and actin turnover) and structural (i.e. skin fragility) 

situations to the generation of 2D forces exerted during in vitro wound healing 

experiments. We will compare forces and cell migration patterns of healthy skin 

cells with that of others with known genetic deficiencies. 

Once this technique is fully implemented and characterized for 2D cell 

monolayers, we aim to translate it to a 3D environment with the ultimate goal of 

being able to carry out in vivo three-dimensional force measurements.  

 

3.2 Objectives 

3.2.1 General aim 

Development of an experimental technique and a minimal and simplistic 

computational model that describes the interaction between a biological tissue 

and an elastic body and characterize molecular dynamic rearrangements of 

cells subjected to our technique.  

3.2.2 Specific aims  

1. Setup of an experimental tool to measure cellular forces exerted on a 

compliant body during cell migration. 

-  Selection of the force sensor, measuring system and materials 

to be employed in the experiments: compatible glue and flexible 

fiber rod of known properties. 
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-  Design and 3D printing of the stencil to create controlled wounds 

on different plates.  

2. Physical model formulation from the data generated by the 

experiments, to describe how a multicellular tissue modulates the 

forces it exerts depending on the stiffness of its external 

surroundings.  

 

3. Description of the cytoskeletal rearrangements and cell adhesion 

dynamics in a migrating cell monolayer while pushing a fiber rod.  

 

4. Elucidation of the impact of well-known genetic deficiencies on the 

biomechanics of tissue repair, by analyzing the differences between 

exerted forces of healthy and mutant human skin keratinocytes. 

 

- Generation and characterization of a kinlin-1 deficient cellular 

model and force measurement experiments.  

- Explore the sensitivity of the sensor to detect changes in cells 

exhibiting different phenotypes.  
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Force measurement and model formulation  

4.1 State of the art  
Mechanobiology studies how mechanical forces influence cell behavior 

and cell shape. Traditionally, molecular pathways that control the main cellular 

functions have been widely studied, but less knowledge has been generated 

about how cells communicate with each other to coordinate their behavior in 

response to mechanical stimuli, or how they exert forces to migrate and divide. 

This was in part because of the lack of suitable technologies to measure and 

characterize them. Current biomechanical studies focus on the combination of 

experimental and computational models, to better describe the dynamics of 

living tissues and provide new insights to elucidate the role of mechanics in 

physiological and pathological situations1.  

Many biological processes are mediated by a bidirectional communication 

between cells and their external environment, in terms of mechanical forces. 

For instance, forces exerted by cells are responsible for tissue shaping during 

embryogenesis by influencing differentiation, migration and proliferation 

processes. In wound healing, they also play an important role, since confronted 

epithelial tongues (in cornea and skin) migrate until they meet and exert 

pressure on the opposite migrating front, resulting in a halting of the movement 

(CIL).  Or for example in pathological situations such as cancer, it has been 

studied that the effect of compression stresses on a tumor worsens its 

response to pharmacological treatments2–5. 

Force cytometry methods like the ones developed by Dembo et al.6, du 

Roure et al.7, Butler et al.8, Del Alamo et al.9, Trepat et al.10 and Tambe et al.11 are 

today standard tools widely used to quantify traction forces in single cells or in 

cell monolayers. Many of them are based on the deformation of an elastic body 

or material of known physical properties. 

The ability to accurately measuring the stresses (2D and 3D) exerted by 

individual cells, or by cell monolayers, resting on flat substrates using the 

methods described by these authors has provided significant knowledge 

towards a better understanding of mechanotransduction. Nonetheless, a vast 

majority of organs and tissues of interest are three-dimensional structures, 
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thus there exists a need to develop techniques capable of measuring cell-cell 

forces in a three-dimensional living tissue environment.  

Several studies involving individual isolated cells embedded in 3D 

collagen fibrous matrices have been published in the last decades. This 

approach could provide a qualitative characterization of single cell migration in 

3D biological matrices (Legant et al.12, Koch et al.13), but it is not applicable to the 

complex multi-cell 3D tissue environment. For instance, Campàs et al.14 

formulated a methodology capable of measuring inter-cellular force by 

introducing a drop inside a 3D tissue. However, cells can only exert normal 

stresses on the drop, a situation that is not physiological since cells can also 

apply shear forces on each other. In other words, it is unclear that the behavior 

of cells adhered to the drop is not altered. Other authors, have used beads 

instead of the drop, as tools for measuring and exert forces on tissues to 

quantify their mechanical properties4. Nonetheless, these methods require the 

injection of the element into the sample and depend on the accessibility to the 

tissue and the depth of the sample penetration by light15.  Other approaches, like 

the use of optical tweezers16 or the development of 3D traction force microscopy 

as mentioned above12,17 , still present some difficulties to measure forces in three 

dimensional tissues or in vivo scenarios, such as sample heating (in the first 

example) or optical resolution18. 

Together with experimental techniques, different theoretical procedures 

have arisen to better understand and interpret the measurements. In this 

respect, there are two major approaches. One of them is “particle-based 

models” that can describe cell-cell interactions and the cellular organization of 

the tissue, such as: Active network models (Vertex and Vornoi models), Vicsek-

like models, Cellular Potts and phase-field models. The other approach is 

“continuum models”, which does not focus on individual particles, but refers to 

the whole collective of cells considering it a viscoelastic fluid (active gel theory). 

In continuous models, properties of individual cells and the tissue (i.e. velocity, 

cell density, cell polarity) are averaged over the entire collective19,20 
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4.2 Motivation 
To better understand all these processes, biology uses the mentioned 

physical models to describe the behavior of a specific system. In order to 

develop a model, it is necessary to identify the variables involved in the problem 

to stablish relationships between them. This helps us to reproduce and 

understand in a theoretical way the process to be studied and to obtain 

information from our experiments. In turn, these models are supported by 

experimental measurements for its validation and fitting. These physical models 

usually describe the tissue as a fluid or solid-like active matter, characterized 

by variables that are expressed as differential equations and are often quite 

complex20.  

We try to overcome some of the limitations of the existing techniques, 

reducing the complexity of the system to be analyzed while keeping the 

physiological situation of the tissue, in order to avoid alterations in the behavior 

of tested cells.  In our experiments, a carbon fiber is pushed by an epithelial cell 

monolayer that migrates in response to a free-edge exposure. Based on the 

experimental results obtained, we develop an active-fluid (continuum) model 

that qualitatively reproduces and predicts the most important characteristics of 

our system.  

In this respect, one of our goals is to reduce the complexity of the model 

by recognizing which are the essential elements needed to describe our system. 

We remark that there are no models that describe how a multicellular tissue 

modulates the forces it exerts depending on the compliance of its external 

surroundings.  This way we reduced the number of parameters to make them 

easier to understand and complement other existing models21,22.  

On the other hand, our 2D experimental setup is interesting in itself.  It 

could help us to compare mechanical behaviors of different cell types 

(fibroblasts or endothelial cells for instance), cells presenting mutations that 

are representative of a specific disease (See chapter 6) or cells under different 

pharmacological treatments. We also expect this affordable and reproducible 

technique to be useful and adaptable to three dimensional experiments.  
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Moreover, it is a useful tool to better interpret the so-called competition 

assays23, where two cell populations of different genotype and/or phenotype 

face each other and migrate until they collide. Thus, biochemical signals can be 

isolated from the mechanical role. 

 In summary, it can be used to identify and quantify the biomechanical 

mechanisms involved in healthy tissues as well as in pathological conditions 

such as chronic wounds or skin fragility disorders (widely studied in our group). 

4.3 Methodology 
To answer these questions, we used the classical 2D wound healing 

assay, which has the advantage of being reproducible and representative of 

physiological situations (i.e. wound healing). Later on, it could be modified to be 

used in three-dimensional cultures (see chapter 7 Future perspectives).  

 Our experimental method is based on a slender and long structure of 

known mechanical properties: a carbon fiber. This acts as a cantilever that is 

deformed by epidermal keratinocytes as they migrate. The resultant deflection 

of the structure is detected to infer the forces exerted by the cells (Figure 4.1). 

 

Figure 4.1. Schematic representation of the method. Cell monolayer migrating 
towards the carbon fiber. Green line: Carbon fiber. Pink arrows: direction of migration. 

Blue circle: Glue drop. This is a self-created illustration, using www.Biorender.com. 
 

Keratinocytes are cells which conform a uniform monolayer while hardly 

attached to each other by cell junctions that mechanically stabilize the tissue 

and play a critical role in the transmission of forces during tissue 
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morphogenesis while they endure a constant mechanical stress24. When 

exposed to a free- space, keratinocytes start to migrate. For this purpose, we 

decided to reproduce a traditional 2D wound healing assay, by creating this free 

edge using a stencil. Stencils have been previously used by our group25 and  

many other researchers26,27 to create “non-injured” wounds and thus avoid 

debris and permeabilization of the border cells due to the scratching of the 

monolayer, traditionally used for wound healing assays. These stencils are often 

made of PDMS (synthetic polymer). 

In this work, we 3D printed an original stencil made of PLA (Polylactic Acid), 

specifically designed for our experimental configuration. PLA is described as a 

bioplastic made of lactic acid, which makes it biocompatible28 and amenable to 

be used together with cells. After removing the stencil, cells start to migrate 

until they reach the carbon fiber and start to push it as they advance. This carbon 

fiber has been previously glued at one of its ends to a cell culture plate. In order 

to create a homogeneous monolayer front as close to the fiber as possible while 

avoiding the bulging glue drop, we custom made the shape of the stencil (See 

4.4.2.Experimental setup, Figure 4.2). 

In addition, characterizing the speed and forces of a cell collective, leads 

to the use of techniques such as PIV (Particle image velocimetry). A whole-field 

method to create velocity maps from time-lapse images, which determines the 

displacement of particles inside a fluid (cells in a tissue)29. 

4.4 Materials and methods 

4.4.1 Cell culture 

Experimental work with cells is carried out under aseptic conditions, in a 

level II biosafety laminar flow cabinet. Every cell culture is kept at 37 ° C in a 

moisture-saturated atmosphere containing 95% air and 5% CO2 (NAPCO CO2 

incubator, Thermo Fisher Scientific (Waltham, MA, USA)). Cell culture media are 

replaced every two days, depending on the cellular metabolic activity. Cell 

culture media consist of DMEM (Dulbeco’s Modified Eagles Medium 1X, Invitrogen 

Life Technologies) supplemented with 10% Fetal Bovine Serum (FBS, Thermo 

Scientific HyClone) and 1% of Antibiotic Antimycotic (ThermoFisher). 
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To proceed to cell subculture, the adhered cell monolayer is washed with 

sterile 1x phosphate buffer saline (PBS), and cells are detached from the growth 

surface by trypsinization, using trypsin-EDTA enzyme solution 0.02% (Trypsin 1-

300 0.25% - EDTA (Ethylenediamine tetraacetic acid) (Sigma-Aldrich, Saint 

Louis, MO, USA)) at 37 ° C for 20 minutes. 

For preservation, cells are frozen and stored in liquid nitrogen. For this, 

cultures in exponential growth phase are trypsinized and resuspended in fetal 

bovine serum (FBS, HyClone, Thermo Fisher Scientific) supplemented with 10% 

dimethyl sulfoxide (DMSO, Merck, Darmstadt, Germany) as a cryopreservative 

agent. 

4.4.2 Experimental setup 

HaCat cells (human spontaneously immortalized epithelial keratinocytes) 

obtained from cell bank at CIEMAT, were used in these experiments. Cells were 

cultured as described above until 90% of confluence following standard 

protocols30.  

 

Figure 4.2. Designed of the 3D printed stencil for regular time lapse experiments. A. Top 
view. B. Top view inside of a petri dish. 

 
First, an individual carbon fiber (7,8 µm diameter, kindly provided by 

Gustavo Victor Guinea, PhD from Centre for Biomedical Technology.) is 

separated from a bundle of fibers in a 35 mm petri-dish (Corning®, Corning, NY). 

Then, the individual carbon fiber is carefully positioned under a microscope with 

the help of a custom-made 3D printed stencil as a guide for its positioning 

(Figure 4.2). 
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Then, the fiber is glued at one end with a drop of cyanoacrylate glue, 

whose biocompatibility has been previously observed (See carbon fiber 

positioning in Figure 4.3). The glue drop needs to be as small as possible to 

reduce its interaction with the cell culture. Once the glue drop is completely 

dried, the fiber is cut to the corresponding length (2 to 5 mm) using a scalpel.  

 

Figure 4.3. Steps for carbon fiber positioning under microscope. A. With a 
pipette tip we approach the fiber, previously placed on the plate, towards the stencil. B. 

Carbon fiber is placed in its final position. C. The fiber is glued at one end with a glue 
drop using a pipette tip. D. Carbon fiber is already glued in its final position before the 

removal of the stencil to let it dry. Scale bar = 1000µm 
 

Following, 2 ml of collagen type I from bovine skin 0.1% (Sigma Aldrich) 

are used to functionalize the surface of the culture plate and the glued filament, 

for 2 hours at room temperature under the ultraviolet light. The stencil is also 

functionalized in a separate plate. After that period, the remaining collagen is 

removed, washed with PBS and left under UV light until it is completely dry. 

Then, the stencil is placed again in the functionalized plate, cells are 

seeded at a final concentration of 1550 cells/mm² and incubated for 24 h to allow 

them to attach to the substrate, forming a confluent monolayer. Hereafter, the 
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stencil is carefully removed, creating the two-dimensional wound and excess 

cells are detached with a pippete tip (Figure 4.4). 

 

Figure 4.4. Stencil positioning. A. Macroscopic top view of stencil position after 
seeding cells. B. Microscopic view after removing the stencil. C. Microscopic view after 

removing excess cells with a pippete tip.  Red dashed line: Facilitates the visualization of 
the carbon fiber in the cell culture.  Scale bar = 300 µm. 

 

The culture is afterwards washed with phosphate-buffered saline (PBS), 

and then 4 mL of fresh culture medium is added. This stencil-based method is 

more reproducible and causes less harm to the monolayer front than the 

classical scratching method.  

4.4.3 Time-lapse experiments 

Experiments are performed under an automated inverted microscope 

Leica Dmi8 (Leica, Wetzlar, Germany) equipped with an OKOLab incubator 

(Pozzuoli, Italy). A 4 petri-dish adaptor allows to control the temperature, air 

and CO2, and humidity during the experiment.  

The time-step between frames is 15 minutes and the total duration of each 

experiment is 120 hours. 
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Images are acquired in phase contrast with a 5X magnification objective 

and a Hamamatsu sCMOS Orca Flash 4.0 LT camera (Hamamatsu City, Japan) 

by means of LASX Navigator acquisition software from Leica Microsystems.  

4.4.4 Image Analysis and velocity measurements 

Custom-made image analysis codes for fiber detection were developed 

both in MATLAB software (The MathWorks, Natick, MA), using segmentation 

algorithms previously described31 .  The spatial resolution of the detection is 1,29 

µm. 

Velocity fields were measured from the time-lapse images using the open 

source toolbox PIVLab (Time-Resolved Digital Image Velocimetry Tool for 

MATLAB). The size of the interrogation window was set to 128 pixels with an 

overlap of 64 pixels and a second pass of 32 pixels, leading to a 32-pixel step 

between vectors. This corresponds to a spatial resolution of 42 µm between 

velocity vectors. The correlation algorithm chosen for the calculations was fast 

Fourier transform with multiple passes and allowing window deformation. The 

toolbox includes data validation section to filter noisy vectors by interpolating 

them between neighboring ones.  

Kymographs are space-time plots that display the intensity values of a third 

variable. In our case this third variable is the streamwise velocity, u, that is the 

velocity along the x direction in Figure 4.5 thus reducing, by projection, three-

dimensional data (x, t, u) to two dimensions32.  

For each region (shown as yellow dashed squares, A, B and C, in Figure 4.8 ), 

three columns of PIV velocity boxes of streamwise velocity (u) are averaged 

over the spanwise (y) direction in a band with a width of 126 µm. Each one of 

these averages is represented as a function of time. The color code corresponds 

to the value of “u”. 
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Figure 4.5. Evolution of the wound healing assay at different times. Carbon fiber 
length (L) = 3mm. X axis (streamwise): direction of collective cell migration. Y axis 
(spanwise): parallel to the undeformed fiber at the beginning of the experiment.  

 

4.5 Results 

4.5.1 Measurements of forces exerted by migrating HaCat cells 

To summarize, the experimental setup used for the measurement of 

forces exerted by migrating cells, is carried out by gluing a carbon fiber at one 

end (hereafter “fixed end”) to a Petri dish and after its functionalization, a wound 

is created by using a stencil to prevent the attachment of cells to the fiber and 

its surroundings (See 4.4.2.Experimental setup). 

As cells move forward to close the wound, they push the fiber causing its 

deflection. Then, from images, we analyzed the shape of the fiber over time in 

order to compute the force that cells are exerting on it. This force is modeled as 

a uniform force per unit length, 𝑓", and the only parameter that we vary between 
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experiments is the length of the fiber, 𝐿, which is directly related to its rigidity. 

Lengths used for these experiments range from L= 2mm to L=5mm.  

To compute this force, we fit  Equation 4.1 described in Timoshenko 33 to 

the different shapes adopted by the fiber (Figure 4.6).  

𝑥 = 	
𝑓"
24𝐸𝐼

𝑦#	(𝑦# − 4𝐿𝑦 + 6𝐿#) 

 
Equation 4.1. Describes the shape of a flexible fiber of length L, fixed at one end (y=0) 

and free at the other (y=L) and deflecting under a constant force. 
 

 

 

Figure 4.6. Fitting corresponding to a fiber length = 4mm at time 52,61h. The force 
obtained by fitting Equation 1 is f0= 3.2 nN/µm. 

 
Forces measured for different lengths of the fiber, are represented as a 

function of time in Figure 4.7. We observe that these curves show a maximum 

x = Streamwise coordinate 
 

y = Spanwise coordinate 

E = 229x106 nN/µm2 
(Young’s modulus) 

 

f0= Measured force. 

I = !𝝅 𝟒$ %&𝒅 𝟐$ )
𝟐

= 181.7 µm4 (Moment of inertia) 
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after which, the fiber recoils. This maximum is more pronounced in the shorter 

fibers than in the longer ones. Notice that in the latter, its maximum value is 

very similar to the asymptotic deflection reached at long times.  

 

Figure 4.7. Time evolution of the uniform force per unit length for different fiber lengths. 
Color Scale: length of the fiber. t= 0: time at which the monolayer reaches the fiber.  

 
In order to analyze the time evolution of the streamwise velocity, u (x, t), 

and correlate it with the deflection of the fiber and the stop of the monolayer we 

plotted kymographs (Figure 4.9), representing  the time evolution of this 

magnitude at three different vertical fields (Figure 4.8 as A, B and C).  

 

Figure 4.8. Wound healing assay 
at time = 0.  L = 3mm. X axis: direction of 
collective cell migration. Y axis: parallel to 
the undeformed fiber at the beginning of 
the experiment. Yellow dashed regions A, 
B and C: regions used to obtain A, B and C 
plots in Figure 4.9. Scale bar=500 µm 
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Figure 4.9. Kymographs. Colormap: Time evolution of the streamwise velocity field u (x, 
t) at three different locations (Columns A, B and C), shown in Figure 4.8 as A, B and C. 

White thick line: Fiber deflection. Red dashed line: front of the monolayer. CF=.Length of 
the carbon fiber: 2mm, 3mm and 4mm for the upper, middle, and bottom rows 

respectively Velocity values are positive along the x axis (in the direction of migration). 
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From these kymographs it can be observed that the monolayer stops 

when the fiber reaches its maximum deflection. After this maximum, the fiber 

starts to recoil and the force decreases  

Note that cells that overpass the carbon fiber, continue migrating even 

after the fiber has reached its maximum deflection. However, the number of 

cells that have migrated downstream the fiber is considerably smaller than that 

upstream and therefore the cell density is there smaller. For this reason, the 

force with which these cells pull from this position is negligible compared to 

that of the cells that are pushing at the center of the monolayer (Figure 4.10). 

 

Figure 4.10. Migrating cell monolayer fixed at time = 48h.  A. Brightfield image. 
B. Nuclear staining with DAPI (Blue). Carbon fiber is visualized as a black line. Scale bar = 

100 µm. 
 

To support this claim, a cell density analysis was performed, both by 

bright-field microscopy and by staining cell nuclei with fluorescent DAPI, in 

order to easily visualize the actual number of cells regardless of how much they 

spread. The corresponding quantitative analysis of the DAPI image is shown in 

Figure 4.11.  
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Figure 4.11. Cell density analysis of Figure 4.10. (Number of cells/mm2). Left bar: 
number of cells upstream the fiber. Right bar: number of cells downstream the fiber.  

 

4.6 Model formulation 
In this work, we aim to develop a minimal model which describes the 

physical interaction between a migrating cell monolayer and a flexible carbon 

fiber of known properties that opposes its progress. Keeping this in mind, we 

discard the modelling of the full motion of the monolayer, which would entail the 

approach of a much more complicated model that is not within our goals.  

For this purpose, we propose a one-dimensional model that considers the cell 

monolayer as a compressible active fluid with velocity field u (x,t).  

Our experimental results suggest that the fiber-monolayer system 

behaves as a damped harmonic oscillator, close to the critical damping. That 

means that comparing both systems we find that they exhibit the same features.  

To be more explicative, we have represented Figure 4.12. 
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Figure 4.12. Damped harmonic oscillation. K= stiffness of the spring A. Static 
Equilibrium. B and C. System in motion. Red dashed line: path of the oscillation. Fr: 

restoring force. mu0. Impulse. x = 0: origin of the position (equilibrium point). This is a 
self-created illustration, using www.Biorender.com. 

 
 In Figure 4.12.A, a mass is hanging from a spring (spring-mass system) 

and it stretches some distance, reaching a static equilibrium where there is no 

motion (equilibrium point: x=0). Then, a force is applied to the mass and 

therefore, the spring is stretched downwards (Figure 4.12.B). When the mass is 

left free, the spring-mass system is going to oscillate up and down (system in 

motion) in a straight line along x-axis. The restoring force of the spring (Fr), tries 

to restore the mass to its equilibrium point, causing an acceleration (Figure 

4.12.C). These oscillations describe curves (red dashed line). Here, as it is a 

damped harmonic oscillator, a friction provided by a viscous fluid opposes the 

motion of the system, which reduces the amplitude of the motion until reaching 

an equilibrium position. This explanation is useful to understand the behavior of 

our fiber-monolayer system.  

Thus, the Equation 4.2  describes a damped harmonic motion. The term 

on the left accounts for the inertia effect: mass (𝑚) times acceleration (𝑎).	Note 

that the acceleration is:  𝑎 = 	 𝑥̈ = 	𝑑"𝑥/𝑑𝑡". The first term on the right, −𝑘𝑥, 

corresponds to the restoring force of the spring and -𝛽𝑥̇, is the damping force, 

where  𝑥̇ = 	𝑑𝑥 𝑑𝑡⁄ . Then, the net force (	𝑚𝑎) is equal to the force of the spring 
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and the damping force. The direction of both restoring and damping forces which 

depends on the sign of the displacement (𝑥) and the velocity(𝑥̇)34. 

𝑚𝑥̈ = −𝑘𝑥 − 𝛽𝑥̇	 

Equation 4.2. Equation for damped harmonic oscillators. m = mass.  𝒙̈= 
acceleration. k = spring constant or stiffness factor. x = displacement. β = damping 

factor. 	𝒙̇ = velocity. 
 

The damped harmonic motion varies depending on the amount of 

damping. Thereby, when the damping is low (underdamped), the system 

oscillates and the amplitude of the motion decays (Figure 4.13. Red dashed line).  

If the damping is so high that the system does not oscillate and reaches an 

asymptote, the system is said to be overdamped (Figure 4.13.Blue line). Finally, 

critical damping occurs when the system slowly returns to its equilibrium 

position without overshooting it(Figure 4.13. Green dashed line). 

 

Figure 4.13. Damped harmonic motion. Overdamped (blue line). Critical damping 
(green dashed line). Underdamped (red dashed line). This is a self-created illustration. 

 
 

Oscillations depicted in Figure 4.13 are representative of those described 

by the fiber-monolayer system in the experiments(Figure 4.7). Initially the fiber 

is pushed by the cells, causing a fiber deformation at a nearly constant velocity, 
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causing a displacement from its initial position. It progressively slows down until 

it reaches a maximum deflection (Figure 4.14). Then, the shorter fibers slowly 

recoil describing an underdamped oscillation with high damping, which is close 

to but under the critical damping (underdamped, with high damping), whereas 

the longer ones asymptotically approach the maximum deformation and keep it 

until the end of our experiments (overdamped). 

 

Figure 4.14. Fiber-monolayer system progression over time. A. Initial time. Cells 
have not yet touched the fiber. B. Cells have pushed the fiber until a maximum 

deflection. C: After the maximum deformation, the fiber slowly recoils (example of a 
short fiber deformation). mu0 and mu. Impulse. Fr. Restoring force. Red dashed line.  

Path of the oscillation.  
This is a self-created illustration, using www.Biorender.com. 

 
Thus, our system describes a nearly critically damped oscillation or 

overdamped oscillation depending on the length of the fiber. Keeping this in 

mind, we model the fiber-monolayer system by incorporating an effective 

inertia, a Hookean linear force exerted by the fiber on the tissue and Newtonian 

viscous stresses (Equation 4.3). 

𝑚	 5
𝜕𝑢
𝜕𝑡
+ 𝑢

𝜕𝑢
𝜕𝑥
9 = 	−𝑘𝑥$𝛿;𝑥 − 𝑥$< + 	𝜇

𝜕#𝑢
𝜕𝑥#

 

Equation 4.3. Fiber monolayer system equation. m = effective inertia. u = velocity. 
t = time. x = front of the monolayer. xf = position of the fiber. k = elastic constant.  
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4.6.1 Terms of the fiber-monolayer system equation 

• First term:  

𝑚	 #
𝜕𝑢
𝜕𝑡
+ 𝑢

𝜕𝑢
𝜕𝑥
) 

This term from the Equation 4.3, is equivalent to the resistance of cells to 

change their state of motion, that is an inertia-like term21. This is called “effective 

inertia” because its origin is different from the actual inertia, commonly used in 

mechanics. The effective inertia, 𝑚, can be attributed to the time that cells 

require to rearrange their cytoskeleton in order to change their polarization, as 

ideas from other research works suggest35. We have also applied the material 

derivative  𝐷 𝐷𝑡⁄ = 	𝜕 𝜕𝑡⁄ + 𝑢 𝜕 𝜕𝑥⁄  36, as we computed the acceleration of a field 

that includes both spatial and temporal variations. As the system can vary in 

time and space, we compute the derivative with respect to the two variables to 

analyze how the position of the system evolves. 

• Second term:  

−𝑘𝑥!𝛿-𝑥 − 𝑥!. 

This first term on the right side of the Equation 4.3, corresponds to the 

elastic force exerted by the fiber,  which is proportional to a deflection, 𝑥! , times 

the bending stiffness, 𝑘. From Equation 4.1 

Equation 4.1, we can infer the relationship between stiffness and the 

length of the fiber: 𝑘 = 	𝜕𝑓# 𝜕⁄ 𝑥$ 	∼ 𝐸𝐼 𝐿%⁄   

In this case, we have introduced the effect of the fiber as 𝛿F𝑥 − 𝑥$G. This function 

is equal to zero everywhere except for	𝑥 = 𝑥$, meaning that the force is only 

applied at that point.  

• Third term:  

𝜇
𝜕"𝑢
𝜕𝑥"
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Finally, the third term of the equation accounts for viscous stress, whose 

origin comes from friction between moving cells. We have modeled this effect 

as in Blanch-Mercader et al35. Then, 𝜇, is a constant that measures the viscosity 

of the tissue, and  𝜕"𝑢 𝜕𝑥"⁄ , is a velocity field. We do not consider here, for 

simplicity, the cell-substrate friction. Its effect is expected to be less important 

close to the fiber, were velocity gradients ( 𝜕𝑢 𝜕𝑥⁄ ) are large. 

4.6.2 Boundary conditions 

In order to solve our model computationally, we need to apply a series of 

mathematical modifications. Since there is a spatial dependence of the 

variables, we need to establish some boundaries for that spatial domain and 

define how the system behaves at those limits. 

The system has two boundaries: the carbon fiber and the computational 

limit that we set, where we expect velocities to be independent of the position. 

Then, we stablish the boundary conditions to those limits. 

• Velocity is uniform at a distance “ℓ	” from the fiber. 

Reasonably far from the fiber, at a distance “ℓ” upstream from its initial 

position, the velocity is uniform in space, meaning that it does no longer depend 

on the position. Then, 𝜕𝑢 𝜕𝑥⁄ = 	0 at 𝑥 = 	−ℓ.  

• Dynamic boundary condition at the fiber.  

We already introduced the effect of the fiber through the function 

𝛿F𝑥 − 𝑥$G of the Equation 4.3. This way, we consider the forces that are 

exchanged at the front of the monolayer, whose position coincides with the 

position of the fiber 𝑥 = 𝑥$. There, cells receive the force exerted by the fiber. 

However, this a moving boundary. Then, to make the equation suitable for 

numerical computation, we must add this condition by introducing a scaled 

spatial coordinate: 𝜉 = 	 !𝑥 −	𝑥$% !ℓ + 𝑥$%$ , such that 𝜉(𝑥 = −	ℓ) = 	−1 and 

𝜉!𝑥 = 𝑥$% = 	0 . This way, we handle a mobile domain, mapping it to a fixed 

mathematical domain. Then, we focus on the monolayer front and fiber 

surroundings to determine the monolayer behavior. 
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Moreover, we introduced the following dimensionless notation: 𝑈 = 𝑢/𝑢#;  

𝑇 = 	 𝑡𝑢# 𝐿&⁄  ; ℓO = 	ℓ 𝐿&⁄  ; 𝐾 = 𝑘𝐿&' 𝜇𝑢#⁄  ; 𝑋$ =	𝑥$ 𝐿&⁄ . This mathematical notation is 

applied to reduce the number of parameters of the initial equation and to 

facilitate the understanding of the relationship between them.  

After introducing the first two boundary conditions and the dimensionless 

notation, we obtain Equation 4.4 : 

 

𝜕𝑈
𝜕𝑇

+	
𝑈 − 𝑋̇$
ℓB +	𝑋$

	
𝜕𝑈
𝜕𝜉

= 	−𝐾𝑋$𝛿[𝜉] +
1

HℓB + 𝑋$I
#	
𝜕#𝑈
𝜕𝜉#

 

Equation 4.4. 
 

• Kinematic boundary condition.  

Finally, we need to stablish which is the velocity of the front monolayer, 

𝑥 = 𝑥$. Then, the boundary moves with the local velocity (Equation 4.5.):  

𝑋̇$ = 𝑈(𝜉 = 0) 

Equation 4.5. 
 

To summarize, after applying a dimensionless notation and three 

boundary conditions namely:  

1. Boundary condition imposed at a distance "ℓ" from the fiber:  

• 𝜕𝑢 𝜕𝑥⁄ = 	0 at 𝑥 = 	−ℓ 

2. Boundary conditions imposed at the front of the monolayer:  

•  𝑥 = 𝑥$ 

• 𝑋̇$ = 𝑈(𝜉 = 0) 
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Equation 4.2 turns into Equation 4.6. 

Ẋ&#

2HℓB + X&I
+ KX& +	

1

HℓB + X&I
# 	
∂U
∂ξ
Q

	
ξ = 0

= 0 

Equation 4.6. 

4.7 Theoretical vs. experimental observations  
To summarize, after observing how the bar is deflected over time (Figure 

4.7), we chose two fluid-like behaviors to build a minimal model:  

- Inertia-like term: cells start to migrate until they reach a constant 

velocity. When they touch the fiber, they do not immediately modify its 

velocity.  

- Viscous damping: that represents that the fiber reaches at most only 

one relative maximum deflection after which it slowly recoils.  

Both terms are balanced with the elastic recovery force of the fiber thus 

obtaining a qualitative description of the experimental results (Figure 4.15.B):  

 

Figure 4.15. Experimental vs. Model results. A. Experimental results. Correspond 
to Figure 4.7: Time evolution of the uniform force per unit length for different fiber 

lengths. Color Scale: length of the fiber. t= 0: time at which the monolayer reaches the 
fiber. B. Model results. Time evolution of the dimensionless force per unit length 

computed numerically for 𝓵&	= 5 and K = 0.5, 0.3, 0.2 and 0.1. K: Stiffness. Xf: 
characteristic deflection of the fiber.  
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From the study of the behavior of the system, we can extract the following 

statements:  

• Inertia and viscosity are of equal importance in the motion of the 

system 

This arises from the fact that the fiber deflection describes overdamped 

or nearly critically damped oscillations. It means that the fiber would eventually 

slowly return to its equilibrium position (initial position, 𝑥 = 0) without 

overshooting it because the viscosity of the tissue provides damping. This 

overdamped oscillations strongly depend on the length of the fiber (then the 

stiffness). As we mentioned before, shorter (stiffer) fibers will experiment this 

recoil (see blue color in Figure 4.15 A and B) while the longer ones will reach an 

asymptotic maximum (see yellow colors in Figure 4.15 A and B). Recall that short 

fibers are stiffer than long ones, since 𝑘 = 	𝜕𝑓# 𝜕⁄ 𝑥$ 	∼ 𝐸𝐼 𝐿%⁄ .  

Then, at long times, model predicts that the monolayer stops and the fiber 

goes back to its equilibrium point. However, we cannot observe this recoil at 

times longer than 120h, due to experimental limitations, then we cannot confirm 

experimentally that it comes back to the initial position.   

We treated the monolayer as a viscous fluid. From Equation 4.3  we can 

infer that  𝐿& =	
𝜇
𝑚𝑢#$  can be chosen as the length scale of the flow. This means 

that 𝐿& is the length of the tissue where the effect of the fiber is felt most 

strongly. In this region, inertia and viscous friction are of the same order of 

magnitude and enter in balance with the force exerted by the fiber. Outside this 

region, the effect of the fiber is still noticeable, albeit less pronounced, for a 

longer distance (ℓ). In the region between 𝐿& and ℓ, viscous friction takes care 

of completely damping the velocity gradients, until at 𝑥 = −ℓ, the monolayer 

velocity is nearly uniform (Figure 4.16). 
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Figure 4.16. Schematic representation. Lc:  size of the region where inertia and 
viscosity are equally important. x = -	𝓵 : limit of the region where there is some effect of 

the fiber. Here velocity is uniform in space. This is a self-created illustration, using 
www.Biorender.com. 

 
 

• Effect of the fiber elasticity on the dynamics of the monolayer 

The only parameter that we can change in our experiments, is the fiber 

length (L). Since Young’s Modulus (E) and moment of inertia (I) are inherent 

characteristics of the fibers that cannot be changed, we carried out experiments 

varying the length of the fibers (L).  

As mentioned above, from Equation 4.1 we can infer that  𝑘~𝐿(%. Thus, we 

could cover more than one order of magnitude by doubling the length. This is 

supported by the little variation in 𝐾𝑋$ needed to obtain a high resolution in the 

plot (Figure 4.15.B). 

If we treat the cell monolayer as an undamped oscillator, assuming that 

cell velocities are of the order of 𝑢#, and the maximum deformation of the fiber 

is 𝑥)*+, then 𝑥)*+ coincides with the moment that the inertia of cells are equal 

to the restoring force of the fiber. Beyond that point, inertia can no longer oppose 

elastic forces. If we balance those terms, we get: 
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𝑥)*+"   is given by the balance between inertia and elastic force, using 

Hooke’s law 𝐹 = 𝑘𝑥:  

𝑰𝒏𝒆𝒓𝒕𝒊𝒂 = 𝑬𝒍𝒂𝒔𝒕𝒊𝒄	𝒇𝒐𝒓𝒄𝒆 

 

𝐼𝑛𝑒𝑟𝑡𝑖𝑎:			𝑚𝑎 = 𝑚𝑢" 𝑡'⁄ = 𝑚𝑢"# 𝑥()*⁄  

 

𝐸𝑙𝑎𝑠𝑡𝑖𝑐	𝑓𝑜𝑟𝑐𝑒:			𝑓",()* = 𝑘𝑥()* 

 

𝑘𝑥()*~𝑚𝑢"# 𝑥()*⁄  

 

𝑥()*# ~	𝑚 𝑢"# 𝑘⁄  

 

Recalling that 𝑘~	𝐸𝐼𝐿(%, we replace 𝑥)*+ and 𝑘 in the elastic force 

equation to obtain:  

𝑓",()*~	
𝑚, #⁄ 𝑢"(𝐸𝐼), #⁄

𝐿#
 

Equation 4.7. Equation of force 
 

From Equation 4.7, we stablish the relationship between the force and the 

length of the fiber, which are inversely related. This prediction is in very good 

agreement with the experimental measurements represented in Figure 4.17. 

According to this, we found that the stronger the resistance of the 

environment, the stronger the force cells are able to exert. This behavior is 

commonly observed in mechanotransduction37. In our model, the effective inertia 

makes cells push the fiber at their initial velocity independently of the obstacle 

they reach, whereby modulating its force. This happens until this inertia is 

balanced by the elastic force exerted by the fiber. Thus, at short times, this 

velocity does not depend on the stiffness of the fiber: the stiffer the fiber the 

stronger the force cells exert on it.  
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Figure 4.17. Maximum force measured in experiments corresponding to 
different fiber lengths. Each point corresponds to a single experiment. Color code 

indicates the length of the fiber used in each experiment. Solid red line: fit with a power 
law 𝒇𝟎,𝒎𝒂𝒙~𝑪𝒇 × 𝑳'𝟐.		𝑪𝒇 ≈ 𝟑. 𝟓𝟕 ×	𝟏𝟎𝟕	𝒏𝑵µ𝒎 

 
• Relationship between the maximum elastic energy, maximum 

deflection and force. 

In a mechanical system, energy is equal to the product of force times 

distance. Starting with the force, we have calculated in Equation 4.7, we obtain 

Equation 4.8:  

𝐸()*~𝑓",()*𝑥()*~𝑘𝑥()*# ~𝑚𝑢"# 

Equation 4.8. Equation of energy. 
 

Then, we expect the maximum elastic energy per unit length accumulated 

by the fiber, 𝐸)*+, to be nearly independent of its stiffness, whereby, fibers with 

different lengths, should present the same amount of energy (that transmitted 

by cells).  

This prediction is contrasted in Figure 4.18. It works reasonably well, except for 

the longest fibers (L= 5mm, in yellow). It can be attributed to the fact that the 

hypotheses of uniform force, cell velocity, etc. do not work for the longest fibers.  
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Figure 4.18. Maximum fiber deflection (𝒙𝒎𝒂𝒙 =	𝒇𝟎,𝒎𝒂𝒙/𝒌) as a function of the 
maximum force , 𝒇𝟎,𝒎𝒂𝒙. Color code indicates the length of the fiber used in each 

experiment. Solid line: maximum deflection inversely proportional to the maximum 
force, 𝒙𝒎𝒂𝒙	𝒇𝟎,𝒎𝒂𝒙 ≈ 𝟑. 𝟏 ×	𝟏𝟎𝟑𝒏𝑵 

 

From these arguments, the following hypothesis arises: independently of the 

fiber stiffness, cells exert a certain work on the fiber, meaning that they deposit 

the same mechanical energy in all cases. After spending a given amount of 

energy, cells stop moving. 

4.8 Discussion  
Cells exchange biochemical and mechanical signals with their 

surrounding extracellular environment stablishing a two-way communication 

that regulates biological processes. The mechanical forces received or exerted 

by the cells, are transmitted through cellular structures and molecules, and 

translated into biochemical signals in a process called mechanotransduction, 

which modulates normal cell behavior. A change in the mechanical properties 

of the environment or a dysregulation of mechanotransduction signals may 

favor the progression of certain diseases and pathological conditions, such as 

cancer, asthma, chronic wounds or muscular dystrophy,  which are related to 

abnormal cellular or tissue mechanics1,38. In this regard, force cytometry tools 
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and computational models have been developed to a better understanding of the 

mechanisms by which mechanical forces regulates physiological and 

pathological processes6,7,8,9,10,11. However, most of the organs and tissues of 

interest are three-dimensional structures and the few existing 3D force 

measurement techniques still present some limitations4,18. 

Thereby, we aimed to develop an affordable and reproducible force 

measurement technique, based on a carbon fiber that acts as a cantilever 

pushed by a migrating monolayer of keratinocytes. According to the obtained 

results, we transferred the in vitro results to mathematical relationships to build 

a physical model that helps us to extract information on the biological behavior 

of the tissue. Both experimental setup and model formulation are characterized 

by a reduced complexity, considering the essential elements needed to describe 

and reproduce the most important characteristics of our system. Thus, we built 

an active-fluid model that outline how the tissue modulate the forces it exerts 

depending on the compliance of its external surroundings. 

The experiments conducted are based on wound healing assays, where a 

3D- printed stencil specifically designed for our experimental configuration, was 

used to generate a damage-free wound. Upon the removal of the stencil from 

the cell culture, the cell monolayer is released and exposed to a free edge that 

triggers cell migration. As cell monolayer moves forward, it reaches the carbon 

fiber in its path and pushes it at nearly constant speed, causing the fiber 

deflection. Further on the velocity slows down eventually reaching a maximum 

deflection. After that, the fiber recoils and the monolayer stops (Figure 4.9). This 

observed pattern led us to model the system as a harmonic oscillator around 

the critical damping.  

Keeping in mind our main purpose of creating a minimal model, we 

include in it the essential elements for the description of the observed behavior, 

specifically:  effective inertia, viscous stress between cells and an elastic force 

opposed by the fiber. Thus, balancing the inertia-like term and viscous stress 

with the elastic recovery force, we obtained a qualitative description of the fiber-
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monolayer system that allow us to extract information that is summarized 

below.  

The viscous fluid behavior exhibited by the tissue is responsible of the 

overdamped fiber oscillations meaning that inertia and friction are equally 

important in the region affected by the fiber.  

Conversely, the fiber stiffness also influences on the dynamics of the 

monolayer. To assess that, we tested different lengths of the fiber in the 

experiments, since stiffness and length are inversely related. Then, as the 

moment of maximum deflection of the fiber coincides with the moment that the 

inertia of cells is equal to the restoring force of the fiber, we balance the inertia 

and elastic force of the fiber. Thereby we obtain the equation for the force 

(Equation 4.7), that establishes an inverse relationship between the force and 

the length of the fiber to the square. This prediction is in good agreement with 

the experimental results (Figure 4.17), and resembles the behavior described in 

mechanotransduction: the stronger the resistance of the environment, the 

stronger the forces exerted by cells37.  

Finally, an interesting hypothesis arose from the last finding from our 

experiments. We observed that cells exert a certain mechanical work, which is 

constant for all fiber lengths. Thereby, the fiber accumulates the same maximum 

elastic energy per unit length for all cases, regardless of its stiffness. This led 

us to the conclusion that, under our experimental conditions, the limitation of 

the tissue to keep expanding against an external obstacle, is not so much the 

force to be exerted as the associated work to be done.  

In this regard, we aim to test this hypothesis and correlate the results 

with the model’s prediction (see chapter 7 Future perspectives). 

To conclude, we expect our force measurement technique to be adaptable 

to three dimensional environments and hence to be useful for the improvement 

and development of 3D measurement techniques. Furthermore, the simplicity of 

our model allows an easier interpretation and could be used to be introduced in 

other more complex descriptions of collective cell behaviors. This would allow 
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them to characterize cellular interactions with external compliant elements, and 

compare different cellular populations while isolating the role of mechanical 

forces21,22,23.  

Finally, our method constitutes an affordable, reproducible, and easy to 

implement technique that, together with the model, can be applied to describe 

2D scenarios (i.e. skin and cornea wound healing) that are representative of 

some physiological and pathological situations. 

This work has been published on 2nd February 2021 (Valencia and López-

Llorente et al. Biophysical Journal )39. 
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5 Effect of the carbon fiber on actin 
cytoskeleton rearrangements and 

Cadherin-mediated cell-cell 
adhesion 

 

 

 

 

 

 

“Would	you	tell	me,	please,	which	way	I	ought	to	go	from	here?”-said	Alice	
“That	depends	a	good	deal	on	where	you	want	to	get	to,”	said	the	Cat.	

[…]	
“…you’re	sure	to	get	somewhere,”	said	the	Cat,	

	“if	you	only	walk	long	enough.”	
(Alice's	adventures	in	Wonderland,	Lewis	Carroll)	
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5.1 Adherens junctions mechanosensing and cytoskeletal 

rearrangements in migrating cells 
Collective cell migration begins with the polarization of a group of cells 

that, in response to a biochemical or mechanical stimulus, acquire a migratory 

phenotype characterized by front-rear asymmetry. Thus, two functionally 

distinct morphologies are established in the cell population: leader and follower 

cells. Leader cells extend protrusions and bind to the ECM through integrin at 

the front and contracts the actomyosin cytoskeleton at the back. Both actin 

retrograde flow produced by the formation of the actin filaments that push the 

cell membrane forward and actomyosin contractions at the contractile units 

(CUs)1, are transmitted to the substrate through integrin-mediated focal 

adhesions, thus generating traction forces that facilitate cell body 

translocation2,3 (see  chapter 2 general introduction). These forces are in turn 

transmitted through integrins to the actin cytoskeleton, triggering intracellular 

signals that respond to ECM composition and rigidity (mechanosensing) by 

means of cytoskeletal rearrangements and cell polarization4.  

Cadherins are transmembrane molecules that form adhesions between 

cells in a Ca+2-dependent manner. They are the main components of adherens 

junctions (AJs) that bind to the cytoskeleton through a protein complex (p120, α-

catenin and β-catenin, among others). That way, the mechanical tension is 

transmitted from the cytoskeleton to the cell-cell complex and causes a 

conformational change in the actin-binding protein α-catenin. This allows the 

binding of vinculin to α-catenin leading to a subsequent cell- cell complex 

reinforcement and local cytoskeletal rearrangement (cortical stiffening).  

Cadherin extracellular domain of adjacent cells interact with each other 

(trans-interactions) and adopt a lattice-like lateral organization which allow 

cis-interactions between cadherins from the same cell. This facilitates the 

formation of cadherin clusters at nascent adhesion sites which associate 

through actin bundles at their intracellular domain forming a mature junction 

(Figure 5.1) 5,6,7,8. 
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Figure 5.1. Engaged Adherens junction. This is self-created illustration, using 
www.Biorender.com. 

 
 Therefore, AJs connect the cytoskeleton of neighboring cells, 

establishing a dynamic and coordinated multicellular actin network (mechanical 

coupling between cells). They play an important role in the generation and 

maintenance of the polarization of cells inside the tissue8.  
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The mechanosensitive properties of AJs, makes cadherins the key 

players in the transmission of intercellular forces through the connection of 

longitudinal actin bundles several rows behind the migrating front, thus 

controlling the long-range monolayer dynamics9.  

Hence, the association of the cadherin adhesome to F-actin cytoskeleton 

constitutes a highly dynamic complex that provides the cell with certain 

plasticity to withstand interactions with its surroundings5. 

On this basis, we considered in first instance, both actin and E-cadherin (as one 

of the major cadherins expressed in epithelium)10,  as good candidates to better 

understand the biological behavior of the cell monolayer upon interaction with 

the carbon fiber. The analysis was performed by immunofluorescence at several 

time points during force experiments.  

5.2 Materials and methods 

5.2.1 Cell culture and experimental setup 

HaCat cells were used for the immunofluorescence assays described in 

the present section. Cell culture conditions and experimental configuration were 

performed following the protocols described in chapter 4 (4.4.1 Cell culture, 

4.4.2Experimental setup) 

5.2.2 Immunocytochemistry 

Immunocytochemistry (ICC) assays were performed on 35 mm imaging 

dishes with a polymer coverslip bottom (µ-Dish 35 mm, low, ibidi GmbH, 

Germany), with an observation area of 21mm.  

Due to the special coverslip bottom, the shape of the culture dish differs 

from that used for regular time lapse migration assays performed in chapter 4. 

For this reason, the previous stencil design (see chapter 4, Figure 4.2) was 

slightly modified, in order to achieve the best fitting to the plate and maintain the 

same stencil-based wound generation method for all the experiments (Figure 

5.2).  



 

“Mechanical forces and molecular dynamics in collective cell migration” - Verónica López  
88 

Molecular dynamic rearrangements 

 
 

Figure 5.2. 3D printed stencil for ICC assays. A. Side view. B. Top view inside a petri dish. 
 

After gluing the fiber and creating the wound as described in chapter 4, 

ICCs were performed following steps described below:  

1- Samples were fixed for 20 minutes in cold methanol/acetone (1:1) at room 

temperature. 

2- Blocking of non-specific interactions with 1X PBS-BSA 3% for 30 minutes 

at 37ºC. 

3- Incubation of the primary antibody diluted in PBS-BSA 3%, overnight at 

4ºC (Table 5.1). Fluorescent phallotoxin (phalloidin) was used for actin 

identification (incubation for 20 minutes at room temperature).  

 

Table 5.1. References and dilutions for Phalloidin, primary and secondary 
antibodies.  

  

Primary Ab Origin / Clon Reference Dilution 

E-cadherin Monoclonal BD Transduction. 

610182 

1:50 

    

Phalloidin Amanita 

phalloides 

P2595 (Sigma Aldrich),  
coumarin labeled 

1:100 

Secondary Ab Origin/Specificity Reference Dilution 

Anti-IgG Donkey/Mouse Alexa Fluor 488 
(Invitrogen) 

1:1000 
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4- Wash 3 times with 1XPBS  

5- If needed, incubation of the secondary antibody (Table 5.1) coupled to a 

fluorophore, for 1 hour at room temperature in the dark.  

6- Mounting of the samples with Mowiol (Sigma-Aldrich)/ DAPI (diamidino-

2-phenyl-indole dye (0.25 ng / ml) (DAPI, Roche) for the visualization of 

the nuclei and containing 2,5% of 1,4-diazabicyclo[2.2.2]octane (DABCO, 

Sigma-Aldrich) to avoid the phenomenon of quenching or fluorescence 

decay. 

Immunofluorescence (IF) images were obtained with an automated 

inverted microscope Leica Dmi8 (Leica, Wetzlar, Germany). Images were 

acquired with 20X and 63X magnification objectives, a Hamamatsu sCMOS Orca 

Flash 4.0 LT camera (Hamamatsu City, Japan), and LASX Navigator acquisition 

software from Leica Microsystems. 

For a simpler interpretation of the fluorescence images, Figure 5.3 

represents a schematic showing of the notation used for the different areas of 

the cell culture that were imaged. 

 

Figure 5.3. Schematic representing the notation used for immunofluorescence 
analysis. Green line: Carbon fiber. Black arrows: direction of migration. Blue circle: fixed 
end of the carbon fiber (glue drop).1: fiber region close to the fixed end. 2: middle region 
of the fiber.3: region at the fiber tip.IR-F: inner region immediately upstream the carbon 

fiber. IR – Far F: Inner region distant from the fiber FE-F: Cells at the front edge of the 
migrating tissue that have overpassed the fiber FE: Cells at the front edge of the 

migrating tissue that do not have overpassed the fiber This is a self-created illustration, 
using www.Biorender.com. 
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5.3  Behavior of the cell monolayer upon meeting the fiber  
The fluorescent beam cannot pass through the carbon fiber, so we 

visualize it as a black bar. Taking advantage of this property of the fiber together 

with a nuclear DAPI staining, we are able to determine whether cells pass over 

or under the fiber.  

Our experiments show that cells accumulate upon reaching the fiber, 

acting as a barrier to them. However, this does not prevent them from moving 

forward and continuing to migrate, albeit in a small number. As can be observed 

in DAPI images, most of the cells pass over the fiber. Nonetheless, a few of them 

do manage to pass underneath, being more frequent at the tip. 

Figure 5.4 shows a bottom view (Figure 5.4.A) and a top view (Figure 

5.4.B) of the cell culture. The respective zoom on each image is shown in the 

right panel, where it can be visualized that most of the cells move over the fiber 

to keep migrating.  

 

Figure 5.4. DAPI staining of migrating cells overpassing the fiber. A. Bottom 
view. Upper Right. Zoom on image A in the fiber area B. Top view. Lower Right: Zoom on 

image B in the fiber area. Scale bar= 25µm. 
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5.4  Influence of the fiber on E-Cahderin-mediated cell-cell 

adhesion 
Immunofluorescence were used to assess changes in the subcellular 

distribution of E-Cadherin upon pushing the flexible fiber at fixed time points: 

time 0 corresponds to the day on which the wound is generated, when the cells 

have not yet begun to migrate. From that time on, photos were taken every 24 

hours. Figure 5.5 shows the results at 72h from wounding, as the most 

representative time point since cells have reached and fully bent the fiber at that 

moment. 

 

Figure 5.5. E-Cadherin cell-cell adhesion staining. From top to bottom: DAPI nuclear 
staining, green E-cadherin staining and color channels merged (DAPI + E-Cadherin). From left to 
right: IR-Time 0.  Inner region of the confluent, non-migrating monolayer. IR (Far-F). Inner region 
of the monolayer far away from the fiber after 72h of migration. Scale bar= 25µm.  
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Figure 5.5 corresponds to a stable confluent cell culture (time 0) (Figure 

5.5.A, C, E), and the bulk  of the monolayer located at a distant region upstream 

the fiber (IR Far-F) after 72h of cell migration (Figure 5.5.B, D, F) 

E-Cadherin is distributed throughout the cytoplasm as well as at the cell-

cell contacts, which is characteristic of a non-cohesive steady cell culture 

(Figure 5.5.C), in contrast to a cell culture that has been migrating for 72h, which 

distributes E-Cadherin predominantly to the plasma membrane (Figure 5.5. D), 

This indicates an increase in tissue cohesiveness as a result of cell migration. 

Figure 5.6 represents these same areas (Figure 5.5. C and D) magnified for 

better visualization. Note that, guided by the DAPI images, we have avoided 

focusing on areas of cell accumulation. 

 

Figure 5.6. Zoom on C and D regions of Figure 5.5.Yellow dashed line: indicates zoomed 
areas 1 and 2. White arrows: indicate E-Cahderin cytoplasmic distribution in C-1, and E-Cadherin 

peripheric distribution in D-2. (Zoom =105%). 
 

Likewise, in cells at the leading front (FE), E-Cadherin is fully cytoplasmic 

in static cell cultures (time 0) (Figure 5.7. D) while after 72h of migration it is 
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mainly located at cell-cell junctions with a weak cytoplasmic presence both in 

cells that have migrated freely and those that have overpassed the fiber (Figure 

5.7. E, F).  This is representative of the widely described intercellular tension 

that is transmitted from the migrating front to the inner tissue, resulting in a 

stress buildup that increases tissue cohesiveness, necessary to maintain its 

integrity during migration11,12.  

 

Figure 5.7. E-Cadherin cell-cell staining of the cells at the wound edge. A, D and 
G (FE-Time 0 column). Non-migrating cells. B, E and H (FE column). Cells at the wound 

edge that do not have overpassed the fiber. C, F and I (FE-F column). Cells at the wound 
edge that have overpassed the fiber. Scale bar= 25µm. 
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The analysis of the tissue area surrounding the fiber, showed that there 

is no obvious differential localization of E-Cadherin between regions located 

close to the fixed end (Region 1, Figure 5.8. D), middle of the fiber ((Region 2, 

Figure 5.8. E) and at the tip (Region 3, Figure 5.8. F). In all three cases, the pattern 

distribution is similar to that observed in the inner tissue that has been 

migrating for 72h (Figure 5.6. 2). 

 

Figure 5.8. E-Cadherin cell-cell adhesion staining (72h). From top to bottom: 
DAPI nuclear staining, Green E-cadherin staining and color channels merged (DAPI + E-

Cadherin). From left to right: fiber region 1, 2 and 3. Scale bar= 25µm. 
 

For a better visualization, we show zoomed images of the regions 1, 2 and 

3 (Figure 5.9). Here we compare the tensional state of the monolayer around the 

fiber and immediately upstream the fiber (IR-F). In both Figure 5.9 A and C, we 
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find a similar pattern to that obtained at the bulk of the monolayer that is far 

from the fiber (Figure 5.6. 2).  The region corresponding to the area upstream 

the tip (Figure 5.9. E), is similar to that of the leading edge. Due to a lower cell 

density in this specific experiment, the cytoplasmic spreading upwards the fiber 

is larger. 

 

Figure 5.9. Zoom on regions 1, 2 and 3 of Figure 5.8. Upper row: Original images. Middle 
row: zoom on the IR (F) region. Lower row: zoom on the fiber region. IR (F): Inner region of the 
monolayer immediately upstream the fiber. Yellow dashed line: indicates zoomed areas below. 

White arrows: indicate E-Cadherin localization. (Zoom =105%) 
 

Figure 5.9.B, D, F, shows accumulation of cells around the fiber. This 

precludes us from distinguish if subcellular distribution of E-Cadherin is 

different from that obtained in other regions.  
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5.5 Influence of the fiber on actin cytoskeleton 

rearrangement 
Phalloidin is a phallotoxin isolated from Amanita phalloides mushroom. 

Its ability to bind and stabilize F-actin allows us to visualize actin polymers when 

conjugated with a fluorophore13. We used phalloidin for F-actin staining to 

qualitatively analyze the cytoskeleton structural reorganization of cells upon 

pushing the flexible fiber at fixed time points: time 0 corresponds to the day the 

wound is generated, when cells have not yet begun to migrate. From that time 

on, photos were taken every 24 hours. Here we show the results at 72h from 

wounding as the most representative time point since cells have reached and 

fully bent the fiber at that moment.  

Figure 5.10. corresponds to the inner tissue from a stable confluent cell 

culture (IR-time 0) (Figure 5.10. D), and to two different regions of a cell culture 

after 72h of cell migration: 

- Inner region of the monolayer located at a distant region upstream the 

fiber (IR Far-F) (Figure 5.10.B, E, H).  

- Inner region of the monolayer located immediately upstream the fiber 

(IR-F) (Figure 5.10.C, F, I).  

Cytoskeleton arrangement at the bulk of the monolayer at time 0, exhibits 

the expected cortical distribution, characteristic of steady and confluent cell 

monolayers (Figure 5.10. D). After 72h of cell migration, actin bundles along the 

cytoplasm are formed. The density and distribution of these actin filaments 

differs from the region that is far away from fiber (Figure 5.10., E) to the region 

located immediately upstream the fiber (Figure 5.10.F). Thus, it is possible to 

distinguish much more pronounced ventral stress fibers along the cytoplasm in 

the region that is closer to the fiber. To visualize a zoom on each image, see 

(Figure 5.11). 
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Figure 5.10. Actin cytoskeleton staining (72h). From top to bottom: DAPI nuclear staining, Red 
actin staining, and color channels merged (DAPI + Actin). From left to right: IR-Time 0.  Center of 
the confluent, non-migrating monolayer. IR(Far-F). Center of the monolayer far from the fiber, 

after 72h of migration. IR (F). Center of the monolayer immediately upstream the fiber, after 72h 
of migration. Scale bar= 25µm. 
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Figure 5.11. Zoom on D, E and F regions of Figure 5.10. Yellow dashed line: 
indicates zoomed areas below (1, 2 and 3).  White arrows: indicate actin cortical 
distribution in D-1, and longitudinal actin bundles in E-2 and F-3. (Zoom =105%)  

 

Cells at the front edge of the wound (FE), exhibit a more diffuse 

cytoplasmic distribution in static cell cultures (time 0)  (Figure 5.12. D) that 

differs from the already mentioned cortical  localization at the center of the 

monolayer observed in Figure 5.10. D. Regarding the migratory edges at 72 

hours, both those that have crossed the fiber (Figure 5.10. E) and those that have 

migrated freely (Figure 5.10.F), show the typical protrusions of leading fronts.  
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Figure 5.12.Actin cytoskeleton staining of the cells at the wound edge. A, D and 
G. Non migrating cells. B, E and H (FE column). Cells at the wound edge that to not have 

overpassed the fiber. C, F and I (FE-F column). Cells at the wound edge that have 
overpassed the fiber. Scale bar= 25µm. 

 

However, there are differences between those who have exceeded the 

fiber and those who have not. Figure 5.13  shows a zoom on Figure 5.12. E and F 

for better visualization. It can be noticed that lamellipodia extended at the front 

edge after having overpassed the fiber, are parallel-oriented to the front of 

migration (thus, parallel to the edge)(Figure 5.13. F-2), while lamellipodia 

extended at the border cells that migrated without fiber, are oriented in the 

direction of migration (Figure 5.13. E-1).  
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Figure 5.13. Zoom on E and F regions of Figure 5.12. FE column. Cells at the 
wound edge that to not have overpassed the fiber. FE-F column. Cells at the wound edge 
that have overpassed the fiber. Yellow dashed line: indicates zoomed areas below 1 and 
2. White arrows: indicate actin orientation parallel to the migrating edge in 1, and actin 

orientation perpendicular to the migrating edge in 2. (Zoom =105%) 
 
 

Theoretically, cells closer to the fixed end must exert a larger force than 

those close to the tip. Immunostaining of the region surrounding the fiber (Figure 

5.14), exhibited a clear reinforcement of the cytoskeleton in places where the 

cells need to exert a larger force. Comparing  DAPI nuclear staining of Figure 

5.14., it can be observed that even though the cell density is higher in the middle 

region (Figure 5.14.B, E) and at the fiber tip (Figure 5.14.C, F), actin staining is 

more pronounced at the fixed end (Figure 5.14. A, D).   
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Figure 5.14. Actin cytoskeleton staining (72h). From top to bottom: DAPI nuclear 
staining, Red F-actin staining, and color channels merged (DAPI + F-Actin). From left to 

right: fiber region 1, 2 and 3. Scale bar= 25µm.  
 

Respective zooms on the three regions (Figure 5.15.), allow an easier 

visualization of F- actin bundling, which is enhanced close to the fixed end of the 

fiber (Figure 5.15. D-1) presenting a cytoskeletal organization reminiscent of 

lamellipodial protrusions formed at the leading cells (Figure 5.13. E-1). 

Conversely, regions 2 and 3 (Figure 5.15. E-2, F-3)., exhibit actin filaments as 

those found in the region immediately upwards the fiber (Figure 5.11. F-3), due 

to the high tensional state of the region and cell movement.  
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Figure 5.15. Zoom in on D, E and F regions of Figure 5.14. Yellow dashed line: indicates 
zoomed areas below 1, 2 and 3. White arrows: indicate strong actin bundling enhancement in 1, 

and longitudinal actin bundles and stress fibers in 2 and 3. (Zoom =105%) 
 

Therefore, the cytoskeleton is considerably reinforced at region 1 (Figure 

5.14.D) and gradually decay as the distance to the fixed end increases, showing 

slight differences between regions 2 and 3 (Figure 5.14.E,.F). This is consistent 

with the fact that forces applied close to the fixed position of the fiber need to 

be higher than those exerted at the tip.  

Finally, to assess the overall state of the monolayer, we employed a lower 

magnification.  
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Figure 5.16. Actin cytoskeleton labelling and E-Cadherin immunofluorescence 
(72h). IR.  Cells within the cell monolayer (inner region). Carbon fiber. Cells pushing the 
carbon fiber. Front Edge. Leading front. From left to right. Actin, E-Cadherin and DAPI 

staining. Scale bar =100 µm 
 

Figure 5.16, shows that there exists a gradient in the amount of actin 

around the fiber, extending upwards at a certain distance from the fiber. This is 

especially intense at the left side (fixed end), as noted previously (Figure 5.14. 

D). The intensity observed in cells within the monolayer that are still far from 

the fiber (Figure 5.16.A) is uniform. With respect to the  E-Cadherin distribution, 

an overall jammed (solid-like) state is observed throughout the inner region of 



 

“Mechanical forces and molecular dynamics in collective cell migration” - Verónica López  
104 

Molecular dynamic rearrangements 

the cell culture (Figure 5.16.B, E), and, to a lesser extent,  in the migratory edge 

(Figure 5.16.H). This could be representative of the so-called unjammed 

transition (UJT) which refers to the switch from a solid-like state of a non-

migratory confluent monolayer (jammed) to a fluid-like state of a migratory 

confluent monolayer. Both jammed and unjammed phases highly depend on 

cell-cell adhesion and friction between cells, which is lower at the migratory 

front and increases towards the bulk of the monolayer14,16.This  observations are 

also consistent with the studies that postulate that intercellular tension is 

transmitted from the leading edge into the tissue, generating a growing tensile 

gradient that extends inwards12.  

5.6 Discussion 
Collective cell migration is a process highly coordinated by molecular 

rearrangements driven by active forces generated by cells (traction, cell-cell 

forces, cell protrusions, cellular confinement) or passive forces opposed by its 

environment. A better understanding of the regulation of cell adhesions and 

force generation would help to disentangle important physiological and 

pathological processes that are governed in part by mechanical forces (such as 

embryogenesis, tissue repair and homeostasis or cancer invasion)9,.  

The response of a cohesive cell monolayer to the release of physical 

boundaries, triggers collective cell migration. This is mediated by the anisotropic 

distribution of E-Cadherin at the free edge of border cells, which promotes 

ROCK-dependent contractility at the back and integrin-mediated cell-ECM 

adhesion at the front. Cell-ECM adhesion activates integrin signaling that results 

in actin polymerization and generation of cell protrusions (lamellipodia). This 

migratory phenotype is known as cell polarization. The tension generated by the 

contraction of the actin cytoskeleton is transmitted to adherens junctions (AJs), 

causing a conformational change in α- catenin that allows its binding to vinculin. 

This results in enhanced F-actin binding and recruitment of actin regulatory 

proteins that reorganize the cytoskeleton around the cell-cell adhesion (cortical 

stiffening). Moreover, increasing tension on cadherin-mediated adhesions 

promotes cadherin clustering at the plasma membrane (Figure 5.1) 5,6,8 . 
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Consequently, coordinated movement mainly depends on the strength of 

cell-cell adhesions, which are responsible of cellular mechanocoupling. It has 

been described that monolayer expansion is characterized by larger traction 

forces exerted at the leading edge that are transmitted to the follower cells 

through AJs. Thereby, the transmitted mechanical stress increases towards the 

center of the monolayer, generating a tensional state for the whole tissue that 

is weaker at the front and stronger in the bulk of the tissue12,15.  

Here, this built-up inward tension, is easily visualized at different regions 

of a migrating and non-migrating monolayer. First, the front edge of a steady 

cell culture at time 0 (wound just performed), shows a cytoplasmic distribution 

of E-Cadherin (Figure 5.7. D), meaning that there is no tension transmitted 

through cadherin junctions of neighboring cells that are passively associated11,5. 

In this case, there is no need for an extra recruitment of cadherin proteins to 

the plasma membrane. Furthermore, in cells at the migratory leading front, E-

Cadherin is located within the cell periphery. However, a slight internalization is 

also noticed for both that migrated freely (without fiber) and those that 

overpassed it (Figure 5.7. E, F).  

In our case, we expect the monolayer tension to be higher while pushing 

the fiber. This arises from the following hypothesis: cells adhere to the carbon 

fiber through integrin adhesions, since it is coated with collagen I. The fiber 

poses an obstacle with a certain stiffness. As cell adhesions are known to be 

mechanosensitive, they are capable to react to ECM rigidity17. Thereby, to 

overcome this barrier, they should reinforce both actin cytoskeleton and cell-

cell adhesions in order to exert greater force on the fiber while keeping tissue 

integrity.  

We observed that E-Cadherin staining appears to be more intense and 

ubiquitously localized within cells surrounding the fiber (Figure 5.9.B, D, F). It 

would be conceivable to think that this may be due to a higher accumulation of 

cell-cell adhesions at this point, in response to a tissue stretching produced 

upon migration over the fiber. Nevertheless, it should be noted that these 

differences may be due to the fact that these cells are located in a different focal 
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plane with respect to the cells attached to the plate. In addition, there is an 

accumulation of cells pushing on the fiber, which probably results in its 

shrinkage and overlapping, making the scenario difficult to interpret. Taking this 

into account, we consider that the information obtained from these images, is 

not sufficient to examine the intracellular distribution patterns observed in cells 

over the fiber. 

On the other hand, the premature stop of the monolayer that is pushing 

the fiber, could be explained by the increase in the intercellular tension caused 

by the presence of the fiber. As the cell monolayer expands, intercellular tension 

increases, and then cell adhesions mature, resulting in an increment of the cell 

cohesiveness within the monolayer. This causes a decrease in cell velocity due 

to the increase of intercellular friction18.  

Consequently, it would be reasonable to expect that inner tension of the 

tissue is higher when the expanding monolayer is migrating against an obstacle, 

comparing to that which freely migrates. This assumption is in agreement with 

the observed experimental results and the theoretical model proposed in 

chapter 4. Along the tissue affected by the fiber (𝐿&), there is a balance between 

inertia and friction presented by cells. The resistance exerted by the fiber in 

addition to the accumulation of cells, makes the cells that are pushing in the 

first row to decelerate over time. This stress is transmitted to the follower cells, 

triggering the reinforcement of cell-cell adhesions which results in an increase 

in friction between cells and, eventually, in the halt of migration. 

To confirm this, we evaluated the differences in the bulk of the monolayer (IR, 

inner region) of respective steady cell culture (time 0), the inner tissue far from 

the fiber (IR-Far F) and a region of the monolayer located immediately upstream 

the fiber. The non-migrating cells present a diffuse cytoplasmic distribution of 

E-Cadherin in the center of the monolayer (Figure 5.6. C-1), while the migrating 

cells show a cortical localization regardless of its proximity to the fiber(Figure 

5.6. D-2 and Figure 5.9. A, C). 

A recent study has proven that different isoforms of the Cadherin family are 

involved in the maintenance of tissue homeostasis. They demonstrate the 
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reciprocal collaboration between E-Cadherin and P-Cadherin in the regulation 

of intercellular tension. Magnetocytometry experiments revealed that both P-

Cadherin and E-Cadherin play different roles as tension regulators, being 

responsible of the magnitude of the intercellular tension and regulation of its 

build-up rate respectively11.  

Therefore, the localization of E-cadherin at cell-cell adhesions by itself is not 

sufficient to determine an increased intercellular stress in the presence of the 

fiber. It should be assessed together with other collaborating molecules (such 

as P-Cadherin, integrins, myosin II or α-actinin) and constituents of different cell 

adhesion complexes (FAs, AJs, desmosomes, tight junctions). Also, it should be 

studied concomitantly with other techniques, as quantitative analysis of gene 

and protein expression, to achieve a more solid and accurate characterization 

of the system.  

Also, we correlated the observations obtained from E-Cadherin detection 

with the associated cytoskeletal reorganization. During cell migration, actin 

cytoskeleton organizes in brunches at cell front that constitute cell protrusions 

and form contractile stress fibers at the ventral zone and at the trailing edge.  

To assess how the cytoskeleton is reorganized during our force 

measurement experiments, we analyze the initial steady state of HaCat cells 

(Time 0) which present a cortical organization of actin in the confined cells of 

the inner region of the monolayer (Figure 5.10. D), as described for confluent cell 

cultures12, and more diffuse distribution in border cells (Figure 5.12. A, D, G). 

When migration is triggered, the formation of actin bundles and stronger cortical 

reinforcement within the tissue can be visualized, in response to an increased 

monolayer stress transmitted by the leader cells at the front edge, generating 

an actin gradient that is higher close to the fiber and decays progressively as it 

enters the monolayer (Figure 5.10. E, F),  

Force transmission between neighboring cells, make cells located 

several rows upwards the fiber to start actin polymerization in order to migrate 

and overpass the forthcoming obstacle. This is visualized as an actin gradient 

extending a certain distance upwards the carbon fiber (Figure 5.16. D, G).  that 
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progressively decreases towards the bulk of the monolayer, where the overall 

state of actin is uniform (Figure 5.16. A).  For a more in-depth visualization of the 

inward actin structure, a zoom is shown on a non-migratory monolayer, which 

presents the aforementioned cortical distribution of F-actin (Figure 5.11. D-1), 

versus a migrating monolayer with a carbon fiber (Figure 5.11. E-2, E-3). The 

region which is located far from the fiber presents the formation of some actin 

bundles that denotes that the monolayer is migrating (Figure 5.11. E-2). In turn, 

the region located immediately upstream the fiber, exhibits a clear increase in 

the density of  actin-filaments throughout the cell (Figure 5.11. F-3). 

Leader cells in turn extend actin-rich lamellipodia to the free-space 

(Figure 5.12. E, F). Interestingly, lamellipodial actin network at the front edge, 

show different directionalities. In cells that moved against the fiber, actin 

filaments are arranged parallel to the fiber (Figure 5.13.F-2). In contrast, actin 

protrusion filaments points to the direction of migration (perpendicular to the 

fiber) in cells that migrated freely (Figure 5.13.E-1). This could confirm the model 

proposed by Ofek et al.19. They study the differential roles of cytoskeleton 

elements (actin, intermediate filaments and microtubules) in cellular stiffness 

and compressibility. By measuring compressive modulus and apparent 

Poisson’s ratio of single cells under compression, they conclude that the three 

cytoskeletal elements jointly contribute to the resistance of the cell to external 

constraints, being intermediate filaments and microtubules major contributors 

in maintaining cell shape, and actin cytoskeleton in keeping bulk compressive 

stiffness. Thereby, under single cell compression, actin filaments localize at cell 

periphery to provide the cytoplasm with stiffness and form a dense actin 

network throughout the cell. When compression is released, actin filaments 

exert tensile forces on cell sides while microtubules push towards the former 

compression axis to recover the cell shape. Since our cells have been subjected 

to a compression exerted by the fiber, it is reasonable to think that after 

compression release, actin filaments reorganize in a different arrangement and 

direction. In this sense, it would be interesting to study the role and time 

evolution of different cytoskeletal components in cell recovery under different 
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conditions, such as different timepoints and fiber lengths, in presence of 

inhibitors or by influencing the expression of the main cytoskeletal proteins.  

Furthermore, when the surrounding region of the fiber is analyzed, actin 

staining shows that there is a clear reinforcement of the cytoskeleton in places 

where the cells need to exert a greater force (Figure 5.14). As expected, F- actin 

bundling is enhanced close to the fixed end (Figure 5.15.D1)  and resembles the 

cytoskeletal organization acquired by lamellipodial protrusions formed at the 

leading cells (Figure 5.13. E-1). This is less pronounced in regions more distant 

from the fixed end, which show a dense actin network throughout the cell, with 

no remarkable structural differences between the middle and tip region of the 

fiber(Figure 5.15.E-2, F-3). These regions exhibit a F-actin organization similar 

to those found in the region immediately upwards the fiber (Figure 5.11. F-3), due 

to the high rigidity of the region. Nonetheless, it appears that there is a slight 

increase in the density of actin filaments in the middle position (region 2) with 

respect to the fiber tip (region 3), being the cell density similar in both cases.  

This could be explained in accordance to several studies about the interplay 

between the rheological properties of the cytoskeleton and substrate rigidity4,20. 

They describe the cytoskeleton as an active gel, whose internal mechanical 

properties (viscosity and elasticity) adapt to the matrix stiffness sensed through 

focal adhesions (FAs). Together, these three elements influence on the ability of 

cells to polarize. Thereby, cells need to stiffen when interacting with stiffer 

substrates and vice versa. This cell stiffening can be visualized as an alignment 

of F-actin along the same axis, which changes the elastic modulus of the actin 

network due to its anisotropy. This promotes the localization of traction forces 

in a specific area which, in turn, strengthen the FAs and promote polarization. 

Consistent with this, cells pushing the fiber present strong F-actin polarized 

fibers due to an increase in the environmental stiffness.  

Gathering all observations, it can be assumed that at the center of the 

monolayer, cells do not fully respond to the external stimuli. Recalling the terms 

defined in the theoretical model and the biological behavior of the system 

(chapter 4) the bulk of the monolayer that is far away from the fiber (IR Far-F), 
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would correspond to the region where we imposed the far field boundary 

condition, located at a distance "ℓ" from the fiber. At this boundary, the velocities 

of cells are considered uniform in space. Here cells barely move, so differences 

in velocities between neighboring cells are negligible. The region immediately 

upstream the fiber where a gradient of actin is observed (IR-F), could be 

identified as the length of tissue affected by the fiber,  𝐿& , and should correspond 

with an increase in the tensional state. Cell-ECM adhesions are strengthened by 

recruiting molecules that reinforce the cell attachment to the substrate and 

connection of FAs to the actin retrograde flow, thus promoting cell protrusions1. 

In turn, the cytoskeletal tension transmitted through cadherins results in cell-

cell adhesion reinforcement by the recruitment of actin binding proteins that 

stabilize the link between the cytoskeleton and actin protein regulators. This 

activates actin bundling and cortical stiffness around the cell-cell junction6. 

Consistent to this, cortical stiffening and cytoskeletal F-actin alignment seem to 

be enhanced at the fixed end (region 1) of the carbon fiber, where cells need to 

exert a stronger force in response to a stiffer environment, and decreases 

progressively towards the tip of the fiber. 

In conclusion, the presence of the fiber has a clear effect on actin-

cytoskeleton reinforcement in response to an increase in environmental rigidity, 

generating an inward gradient, as previously reported4,12. However, E-Cadherin 

shows a similar distribution pattern in every region of the migratory layer 

(downstream, around and upstream the fiber) (Figure 5.16. B, E, H). As we 

already discussed above and in accordance with other studies9, 11, E-Cadherin 

staining alone, reveal an overall jammed state of the migrating monolayer, but 

does not provide enough information about the reinforcement of cell-cell 

adhesions at different regions.  

For a deeper understanding, it would be necessary the study of different 

cytoskeletal elements together with other molecules involved in different 

adhesion complexes. The study of their mechanical behavior and subcellular 

localization will contribute to a broader knowledge of the relationship between 

mechanics and signaling pathways.    
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6.1 Kindler syndrome 
Kindler syndrome (KS), also called “congenital bullous poikiloderma”, is 

a hereditary autosomal recessive skin disorder. It is a type of epidermolysis 

bullosa (EB) caused by a mutation in the FERMT1 gene (Fermitin family member 

1), which encodes kindlin- 1 protein. Most of reported mutations that cause KS 

often result in the production of nonfunctional protein or the total loss of kindlin-

1. 

Kindlin- 1 is one of the multiple components that constitute focal 

adhesions (FAs), which are protein complexes that connect the actin 

cytoskeleton to the extracellular matrix. Kindlin-1 is responsible for integrin 

activation, regulation of migration, proliferation and adhesion. At the tissue level, 

it predominates in epithelial basal cells and is localized at the dermal-epidermal 

junction zone. 

 Its loss, caused by FERMT1 mutation, leads to the complex clinical 

manifestations typical of Kindler syndrome, characterized by skin blistering, 

skin atrophy, photosensitivity, poikiloderma and mucosal manifestations. 

Regarding histological features, KS may result in multiple cleavage sites 

(intraepidermal, junctional or dermal) at the same time, including the mucous 

membranes. This differs from other forms of EB in which blistering occurs in a 

particular skin layer.  

KS presents loss of rete ridges, hyperkeratosis, atrophy, cleavage of basal 

membrane, and reduplication of lamina densa. Laminin- 332 and collagen IV and 

VII (ECM proteins secreted by keratinocytes) show an abnormal branched 

staining pattern when analyzed by immunofluorescence1,2,3. 

In vitro KS keratinocytes are typically smaller than the healthy ones and 

present abnormal shape, with protrusions that expand in different directions. 

Some studies argue that KS cells motion is slow and random compared to 

normal keratinocytes resulting  in delayed wound closure4,5,. However, other 

groups have demonstrated that kindlin-1 deficient cells reach higher velocities 

due to deficient integrin-mediated cell-substrate adhesions6,7.  
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Furthermore it has been demonstrated that loss of kindlin- 1 also results 

in a lower proliferation rate and lower efficiency in colony formation3,4,6.  

6.1.1 Kindlin-1 protein structure  

The mammalian kindlin family of proteins consists of three isoforms, namely 

kindlin-1, kindlin-2 and kindlin-3, which express in a tissue-specific manner. 

Kindlin- 1 is mostly expressed in epidermis, and less frequently found in colon, 

kidney and stomach. Kindlin-1 defect results in Kindler syndrome 

genodermatosis. Kindlin-2 is expressed in embryonic stem cells and 

ubiquitously distributed in tissues being more concentrated in myocytes. 

Kindlin-3 expression is restricted to hematopoietic cells. Loss of kindlin-2 and 

kindlin-3 results in embryonic lethality and bleeding disorders respectively8,9.  

 Kindlin – 1 protein is a 677 aminoacid protein encoded by FERMT1 gene. It is a 

component of FAs and plays a regulatory role in migration, proliferation and 

adhesion. Kindlin-1 binds to β-1, β-3 and β-6 integrin subunits causing its 

activation.  

Kindlin-1 presents a FERM-like domain (erzin, raxidin, moesin) consisting of 

three subdomains: F1, F2 and F3. Unlike most FERMT domains, kindlin family also 

exhibits an N-terminal F0 subdomain preceding the F1 subdomain and a 

Plekstrin Homology (PH) domain, which is inserted in the F2 subdomain10. This 

PH domain allows its binding to phosphoinositides (such as PIP3 and PIP2) and 

helps to target kindlins to membranes, which contributes to their localization at 

FAs. Additionally, kindlin-1 presents an ILK site (integrin-linked kinase) that it is 

thought to reinforce its localization at FAs.  

Furthermore, F3 domain, contains a PTB domain (phosphotyrosine binding 

domain), which enables its binding to the NPxY motifs in β-integrin subunit. (N = 

asparagine amino acid; P= proline amino acid; x= any amino acid; Y = tyrosine 

amino acid) (Figure 6.1)11. 
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Figure 6.1. Kindlin-1 protein domains. This is a self-created illustration, using 
www.Biorender.com 

 

FERM-like domain, containing PTB-fold, is also present in talin structure. 

This supports the fact that talin and kindlin bind to proximal and distal tyrosines 

of β-integrin cytoplasmic tail respectively. Both contribute to an integrin 

conformational change from an inactive (bent-closed (BC) or extended-close 

(EC)) to a high-affinity active state (extended-open (EO)), which allows ligand-

binding at the integrin head domains and triggers protein recruitment for FA 

assembly. 

 Contrary to talin, no actin binding site (ABS) has been reported for kindlin-1, so 

it binds to the cytoskeleton through its linking to migfilin protein and/ or the ILK–

PINCH–parvin (IPP) complex11,12 (Figure 6.2). 

 

Figure 6.2. A. General representation of some of the molecules involved in the Focal 
Adhesion (FA) complex. B. Talin and Kindlin binding to β-1 integrin cytoplasmic tail and 

adaptor proteins recruitment. This is a self-created illustration, using www.Biorender.com 
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6.1.2 Relevance of kindlin in mechanotransduction and wound healing  

As mentioned above, integrins are broadly expressed heterodimeric 

adhesion molecules that connect ECM components to the intracellular 

cytoskeleton. They are constituted by two subunits:  α and β. This α/β association 

defines the affinity state for its ligands, depending on the conformation that they 

adopt. At this point, both talin and kindlin play a key role in integrin activation 

and subsequent FA complex formation. 

FAs are mechanosensitive structures formed by a complex association 

of proteins, also called “molecular clutches” (see chapter 2 general introduction) 

The molecular clutch acts as a mechanical link for bi-directional communication, 

that transmits forces from the cytoskeleton to the ECM and vice versa, also 

modulating its response in accordance with its environmental stiffness13. This 

triggers a series of biochemical signals that affect cell adhesion, cytoskeleton 

dynamics, cell proliferation and differentiation through modulation of gene 

expression7,13,14,15,16. 

Little is known about which is the specific role of kindlin in the 

mechanosensitive regulation of integrins14. However, crystallography studies of 

kindlin-integrin interactions have revealed that, besides its amino acid sequence 

similarities with talin, kindlins present a different overall structure. This 

provides them with exclusive integrin recognition sites, which allow 

dimerization of kindlins17,. Moreover, a recent study has demonstrated that 

kindlin-2 dimers are capable of bearing and transmitting forces applied to 

integrins. They also promote cluster formation by binding two β-integrins 

through the kindlin dimer, which allows them to transmit forces from one 

integrin complex to the other producing an intracellular cross talk10. 

In addition to the regulation exerted through FA, kindlin-1 has recently 

been shown to bind to EGFR (Epidermal growth-factor receptor) preventing its 

lysosomal degradation. This was confirmed by studies performed in skin and 

isolated keratinocytes from patients with KS, who present loss of kindlin- 1 and 

reduced levels of EGFR , resulting in impaired EGF signaling and defective 

migratory behavior18,19.  
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In summary, the integrity of FAs is required for processes as 

mechanosensing, cell polarity, cell migration and proliferation, which are 

drastically affected in cells lacking kindlin-1. 

6.2 Motivation and methodology 
Loss-of-function mutations in FERMT-1 produces Kindler Syndrome7. 

Since this is a rare disease, the availability of patient samples is very limited. 

For this reason, we generated a cellular model using CRISPR/cas9 gene editing 

system to target the deletion of a  specific region of the gene which results in 

loss of kindlin-1 expression and reproduce the Kindler syndrome phenotype in 

previously HKE6E7 immortalized keratinocytes.  

As mentioned above, KS keratinocytes present abnormal shape and 

migration patterns. Furthermore, due to its implication in FA formation and the 

important role that they play in mechanosensing and wound re-epithelization, 

the poor substrate adhesion underlaying KS phenotype is expected to correlate 

with changes in cell dynamics and kinematics. This fact leads us to test kindlin-

1 deficient cells under our experimental conditions. Thus, we could analyze how 

kindlin-1 deficiency affect force generation and explore the response of the 2D 

force sensor developed in chapter 4 in cells exhibiting different phenotypes.  

6.2.1 CRISPR/Cas9 gene editing system 

CRISPR/Cas9 gene editing system (clustered regularly interspaced short 

palindromic repeats) consists of the following components (Figure 6.3): 

• Recombinant Cas9 endonuclease: it is an enzyme from 

Streptococcus pyogenes containing two active sites to generate 

double-stranded breaks (DSBs) in DNA. 

• Guide RNA (gRNA): In its natural form, gRNA consists of two RNA 

segments: a target recognition sequence CRISPR RNA (crRNA) and 

transactivator CRISPR RNA (tracrRNA, required for the formation 

of the complex crRNA-Cas9). It contains the specific sequence of 

the target DNA and together with the Cas9 endonuclease form a 
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ribonucleoprotein complex (RNP) to guide the targeted cleavage of 

genomic DNA.  

• Protospacer Adjacent Motif (PAM): It refers to short sequences 

adjacent to the region of DNA to be cut, and they are located in the 

DNA strand complementary to the target. These sequences are 

different depending on the species that Cas9 come from. For Cas9 

from S. pyogenes this sequence is defined as 5′-NGG-3', where N 

corresponds to any nucleotide. 

 

 

Figure 6.3.  CRISPR/Cas9 System. CRISPR / Cas9 system comprises a gRNA and a 
Cas9 nuclease (blue), which together form an RNP complex. The cleavage site is specified 
by the gRNA (sequence marked in yellow), which recognizes 19 or 20 nucleotides on the 

opposite strand of the PAM site, allowing Cas9 to make a DSB (orange) located  between 
nucleotide3 and 4 from the PAM site 3 'of the gRNA. (From GeneScript CRISPR handbook 

2016). 
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6.3 Materials and Methods 

6.3.1 Immortalized human keratinocytes (HKE6E7) 

Primary human keratinocytes were previously immortalized in our 

laboratory using the retroviral vector pLXSN16E6E7, containing an expression 

cassette for the E6 and E7 proteins derived from human papillomavirus HPV16, 

(Addgene (Watertown, MA, USA)), together with plasmids containing necessary 

sequences for viral encapsidation (pNG-VL3-MLVgag-pol, pNGVL3-4070; 

Addgene). This is frequently used for cell immortalization procedures due to 

their specific activities on p53 and pRb (tumor suppressor genes) for 

degradation20.  

Cells were culture for several passages until no feeder layer was 

necessary for their survival. The expression of the HPV E6 / E7 antigen was 

confirmed by Western Blot analysis of the total protein extracted from 

transfected cells. Also, it was confirmed that there is no tumorigenic effect in 

NMRI- Foxn1nu/nu mice (checked for 3 months)21. 

 

6.3.2 CRISPR/cas9 system and nucleofection 

We generated FERMT1-knockout keratinocytes using CRISPR/cas9 gene 

editing system to delete a specific region of the gene. This is expected to 

reproduce the Kindler syndrome phenotype in previously HKE6E7 immortalized 

keratinocytes. 

CRISPR guides (Table 6.1, Figure 6.4) were designed to target exon 6 of 

FERMT1 gene, using a bioinformatic tool22.   

Target site 
 

Target sequence gRNA (5’-3’) 

Exon 6 from FERM1 gene Guide 1:   GATATATATGTAAAATTGAC 

Guide 2:  GATCGCCTGTTTAGCCCTGC 

 
Table 6.1. gRNAs designed to target exon 6 from FERMT1.  
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Synthetic gRNAs and recombinant Cas9 (Alt-R HiFi) were purchased from 

Integrated DNA technologies (IDT (Coralville, IA, USA)). RNP complexes were 

reconstituted following the manufacturer's recommendations and introduced 

into keratinocytes by nucleofection, using Neon transfection system (Thermo 

Fisher Scientific) for this purpose. 

For nucleofection process, 1.5x105 HKE6E7 keratinocytes were 

resuspended in 10 µl of Buffer R (Thermo Fisher Scientific) for each reaction and 

RNP complexes were added to each sample (72.7 pmol of crRNA: transRNA and 

10.9 pmol of Cas9, 6.6: 1 molar ratio). Electroporation conditions were: 1 pulse / 

1700 V / 20 ms. 

 

Figure 6.4. Scheme of CRISPR/Cas9 complex. Green sequence/green arrow. 
Corresponds to guide 1. Pink sequence/pink arrow. Corresponds to guide 2. Green 

asterisk. Cleavage site for guide 1. Pink asterisk. Cleavage site for guide 2. PAM. PAM 
sequence adjacent to each target sequence. 

 

6.3.3 Isolation of edited clones 

After electroporation, cells were plated in 6-well plates (Corning (NY, 

USA)) in absence of feeder layer with keratinocyte growth medium (KGM). KGM 

consists of a 2: 1 ratio mixture of DMEM: HAM'S F12 (Nutrient mixture HAM, 

Gibco), supplemented with 10% FetalClone II bovine serum (HyClone, Thermo 

Fisher Scientific) and 1% penicillin/streptomycin, also containing choleric toxin 

(8 ng/ml, Sigma-Aldrich), insulin (5 μg/ml, Sigma-Aldrich), adenine (2.4 ng/ml, 
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Sigma-Aldrich), hydrocortisone ( 0.4 μg/ml, Sigma-Aldrich) and tyrosine-

triiodine (1.3 ng/ml, Sigma-Aldrich) and epidermal growth factor (EGF), 10 ng/ml, 

Sigma-Aldrich). 

To obtain isolated clones, keratinocytes were trypsinized at 37 ° C for 20 

minutes (Trypsin 1-300 0.25% - EDTA (Ethylene-Diamino-Tetra-Acetate) 0.02%, 

Sigma-Aldrich (Saint Louis, MO, USA)), and plated without feeder layer in 100 

mm diameter plates (Corning) at 103 cell density per plate, in KGM supplemented 

with ROCK Y-27632 inhibitor (10 µM) in order to avoid cellular differentiation and 

promote cell proliferation23,24. 

After 7 days of culture, individual clones were isolated using polystyrene 

cloning cylinders (Sigma Aldrich) and expanded for further analysis. 

6.3.4 Nucleic acid extraction 

To extract genomic DNA, 2x106 keratinocytes were used. Cells were 

washed with 1x PBS, trypsinized, and centrifuged at 233g. Cell pellet was 

resuspended in 700 µl of lysis buffer (20mM Tris HCl, pH 8; 5mM EDTA, pH 8; 

400mM NaCl, and 1% SDS), 10 µl of proteinase K (20 µg / µl, Roche (Basel, 

Switzerland)) was added, and then it was incubated overnight (O/N) at 55 ° C 

with shaking. After adding 4 µl of RNase (5 µg / µl, Roche), a 30 min incubation 

was carried out at 37 ° C. The gDNA was precipitated by centrifugation at 9,200g 

in isopropanol (1: 1 ratio, Scharlau (Barcelona, Spain)) and washed in 70% ethanol 

(Scharlau) followed by centrifugation at 9,200g to remove residual salts. The 

gDNA pellet was resuspended in TE 1x buffer (10mM Tris-HCl, 1mM EDTA, pH 7.5) 

and stored at 4 ° C. 

Total RNA was isolated from approximately 3x106 cells. Cells were 

washed with 1x PBS, trypsinized, and centrifuged at 233g. Cell pellet was 

resuspended in 700 µl of Quiazol Lysis Reagent (Qiagen). RNA was purified using 

the miRNeasy kit (Qiagen) based on silica membrane technology, and finally 

stored at -80 ° C. 

The concentration and quality of the extracted nucleic acids was 

determined by spectrophotometry using an ND-1000 kit (NanoDrop). 
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6.3.5 RNA reverse transcription (cDNA obtention)  

Complementary DNA (cDNA) was obtained from 5 µg of total RNA by 

reverse transcription PCR (RT-PCR), following the instructions specified in the 

SuperScript III First-Strand Synthesis System for RT-PCR kit (Invitrogen 

(Carlsbad, CA, EE .UU.)). The resulting cDNA was stored at -20 ° C for subsequent 

PCR analysis (see reagents and reaction conditions on Table 6.4 and Table 6.5 

below).   

Primers for RT- PCR Localization Tm Amplicon 
Size 

F: CCTTGTTAAAGCCGTCTGGTGA Exon 4 63.57ºC  

~600 bp 

R: CGCCTGCAAAATCCTGTGTT Exon 8 63.40ºC  

 
Table 6.2. Primers for RT- PCR. F. Forward. R. Reverse. 

 

Primers for RT-PCR were designed as shown on Table 6.2.  RT-PCR 

primers were tested under different MgCl2 concentrations (10mM, 15mM and 

20mM) and melting temperatures (60ºC and 63ºC). [MgCl2] = 15mM and Tm= 63ºC 

were selected as the best conditions for these primers. 

6.3.6 DNA fragment amplification  

Amplification of DNA fragments was performed using the polymerase 

chain reaction (PCR) technique. 

 Design of primers was carried out manually with the assistance of 

Primer 3 web tool which allows selecting the ideal primers with optimal 

characteristics of percentage of guanines and cytosines (GC), melting 

temperature (Temperature melting (Tm)), size of both primer and amplification 

product, and number of complementary bases. 
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Primers for PCR Localization Tm Amplicon 
Size 

F: GAGCCTCAGGTCAGTGCTC Intron 5-6 62.9ºC  

~500 bp R: GCACAGTAAGCTGCTACCAA Intron 6-7 60.7ºC 

 
Table 6.3. Primers for PCR. F. Forward. R. Reverse. 

 
Primer pairs were synthesized to target the gene regions of interest 

(FERMT1, exon 6) (Table 6.3), and were tested under different MgCl2 

concentrations (10mM, 15mM and 20mM) and melting temperatures (60ºC and 

63ºC). [MgCl2] = 20mM and Tm= 60ºC were selected as the best conditions for 

these primers.  

 
Table 6.4. PCR reagents. gDNA. Genomic DNA. cDNA. Complementary DNA. 

MgCl2. Magnesium chlorhide. dNTPs. Deoxynucleotides triphosphate. Taq Fast Start. Taq 
DNA polymerase enzyme.  

 
Concentrations and volumes of the reagents used for PCR (Roche) 

reaction are shown in Table 6.4. All PCR reactions were performed in a final 

volume of 15 µl.  

 Concentration Volume 

 
gDNA /cDNA 

 

40 ng/μl / 125 ng/μl 

 

1,5 μl 

 
Buffer 

 

10x 

 

1,5 μl 

 
MgCl2 

 

20 mM/ 15mM 

 

1,5 μl 

 
dNTPs 

 

1,25 mM 

 

2 μl 

 
Primers 

 

10μM 

 

1 μl (R) + 1 μl (F) 

 
Taq Fast Start 

 

5 u/μl 

 

0,15 μl 

 
H2O milliQ 

-  

6,35 μl 
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For the amplification of DNA fragments, specific programs were designed 

using the Veriti 96-Well Thermal Cycler kit (Thermo Fisher Scientific) for each 

pair of primers, the general structure of which is as follows (Table 6.5): 

 
 

Time Temperature Cycles 
5 min 94oC  

 

x 5 cycles 

30 s 94oC 

30 s X + 5oC 

45 s 72oC 

30 s 94oC  

x30 Cycles for 

gDNA  

or  

x25 Cycles for cDNA 

30 s XoC 

45 s 72oC 

7 min 72oC 

 
Table 6.5. General conditions for PCR amplification program. X= specific Tm for 

each primer (See primers described in table 3 and table 2).  
 

After amplification, 5 µl aliquot of the reaction product was resolved in 

1.5% agarose gels (D-1 low EEO agarose, Conda (Madrid, Spain)) in tris base 

buffer, boric acid and EDTA ( Tris-Borate-EDTA (TBE)) with 0.005% ethidium 

bromide, for examination using a transilluminator (Gel Doc XR +, Bio-Rad 

(Hercules, CA, USA)). 

6.3.7 Cloning of PCR products 

Both genomic DNA and cDNA PCR products were cloned into pGEM®-T 

Easy Vector (PROMEGA) following the instructions for ligation and subsequent 

bacterial transformation provided by PROMEGA before further Sanger 

sequencing and analysis of separated alleles.  

6.3.8 Sequencing analysis 

The PCR-amplified gene fragments were analyzed by automatic 

sequencing at the Sanger Sequencing Service of the Genomics Unit (Fundación 

Parque Científico de Madrid, UCM), using the ABI PRISM 3730 DNA Analyzer 
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(Applied Biosystems (Foster City, CA, USA)). Sequence analysis was performed 

using the program Serial Cloner. 

6.3.9 Cellular protein extraction 

Approximately 2x106 cells were used for the extraction of total protein. 

Cells were washed with 1X PBS twice, and then were disrupted using lysis buffer 

(150mM NaCl, 50mM Tris-HCl, 5mM EDTA and Nonident P-40 Substitute 1% 

(Roche)) supplemented with a cocktail of protease inhibitors (Complete Mini 

Protease Inhibitor Cocktail, Roche) and phosphatases (PhosSTOP, Roche). Cell 

lysate was then placed on ice for 15 minutes and subsequently centrifuged for 

10 minutes at 16,100g and 4º C. The resulting supernatant, which contains the 

protein, was stored at -80oC in aliquots to avoid repeated freeze-thaw cycles. 

Protein concentration was determined by bradford colorimetric test (Bio-

Rad), measuring the absorbance at 595nm. The protein concentration in each 

sample was calculated by interpolation using a standard bovine serum albumin 

calibration curve (range 1-25 µg/µl) (BSA, Sigma-Aldrich). 

6.3.10 Analysis of protein expression by western blotting 

Total protein (20 µg/lane) was denatured by the addition of 4X NuPAGE 

Buffer 10X and NuPAGE reducing agent for its stabilization after denaturing 

process (both reagents are used at a final concentration of 1X). Then, samples 

are heated to 70ºC for 10 minutes and placed on ice. 

After that, denatured samples were resolved on acrylamide gels with a 

4-12% NuPAGE Bis-Tris gradient (Invitrogen). In all cases, a molecular weight 

marker (3-198 kDa) (SeeBlue, Invitrogen) and a constant voltage of 120 V was 

used. Subsequently, transfer to a nitrocellulose membrane (0.2 µm pore size, 

Invitrogen) was performed in a humid chamber with transfer medium (33 mM 

Tris-Base, 194 mM Glycine and 20% Methanol) at a constant amperage of 0.40 A 

for 1 hour and 15 minutes. 

For blocking of non-specific binding sites, the membrane was incubated 

in a 5% skimmed milk solution in TBS-0.5% Tween20 (20mM Tris-HCl, 137mM  
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NaCl, pH 7.6) for 1 hour at room temperature. Subsequently, the membrane was 

incubated with the corresponding primary antibody(Table 6.1) diluted in a 0.5% 

solution of skimmed milk in TBS-0.5% Tween20. 

 

Table 6.6. Primary Antibodies for WB. 
 

To detect binding of the primary antibody, corresponding specie-specific 

secondary antibodies conjugated with horseradish peroxidase (HRP) were used 

(Table 6.7). As loading control, an antibody against GADPH was used. Finally, a 

luminescence detection kit (Clarity Western ECL Blotting Substrate, Bio-Rad), 

as a substrate of peroxidase, was used to visualize the results, following the 

instructions of the commercial kit. The signal was quantified using the ChemiDoc 

MT Imaging System (Bio-Rad). 

Secondary Ab Origin Specifity Reference Dilution 

Anti- IgG Donkey Mouse 715-035-151 

(Jackson 

Immunoresearch)  

1:5000 

Anti-IgG Donkey Rabbit NA934 (Amersham) 1:5000 

 
Table 6.7. Secondary antibodies for WB. 

 

6.3.11 Kindlin-1 detection by immunocytochemistry. 

Both HKE6E7 and HKE6E7∆E6 were grown on respective glass coverslips 

and fixed in cold methanol/acetone (1:1) for 20 min at room temperature. Cells 

were incubated in 1X PBS-BSA 3% for 30 minutes at 37ºC. and then incubated in 

primary polyclonal anti-kindlin-1 (Table 6.6) in 1X PBS-BSA 3% at 4ºC overnight 

at 1:100 dilution. Secondary antibody (Alexa Fluor 594, Invitrogen) was used at 

1:1000 dilution for 1h at 37ºC. Glass coverslips were mounted using Mowiol 

Primary Ab Clon/Origin Reference Dilution 

Anti- Kindlin Rabbit Ab68041 (Abcam) 1:1000 

Anti-GAPDH Mouse sc-365062 

(Santa Cruz) 

1:5000 
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mounting medium (Hoechst, Somerville, NJ, USA) and 0.25 ng/mL DAPI (Sigma-

Aldrich). 

6.4 Characterization of generated kindlin-1 deficient 

cellular model 
CRISPR/Cas9 gene editing system was used for the targeted deletion of 

exon 6 (E6) of FERMT1 gene, in order to obtain a deficiency in the expression of 

kindlin-1. For that purpose, a pair of CRISPR RNA guides (gRNA) were designed 

to induce double strand breaks by Cas9 nuclease within intron sequences 

flanking the target exon 6 (Figure 6.5). Both gRNAs and Cas9 were delivered as 

a RNP complex by electroporation. After DNA cleavage, NHEJ (non-homologous 

end joining) DNA repair pathway produces the elimination of the fragment 

containing the exon 6. This results in a shift in the reading frame and a 

premature STOP codon formation, leading to the absence of kindlin-1 

expression.  

• Obtention of homozygous clones for E6 deletion  

After CRISPR/Cas9 nucleofection, cells were seeded for clone isolation 

using polystyrene cloning cylinders. 20 clones were isolated and expanded, of 

which only 16 progressed and were analyzed by PCR, using specific primers 

from Table 6.3  for amplification of the fragment containing the gRNA target sites 

(Table 6.1).  
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 Figure 6.5. Genomic DNA chromatogram of control wild type immortalized human 
keratinocytes (HKE6E7). 

 

In Figure 6.6, wild type control cells (HKE6E7) present a band size of 

approximately 500 base pairs (bp), corresponding to the amplicon size predicted 

for PCR primers designed for this study. Samples number 9, 14 and 16 present 

no deletion. Samples number 1, 2, 3, 5, 6, 7, 8, 10, 11, 12, 13 and 15 are heterozygous, 

presenting deletion only for one allele. Sample number 4 shows a homozygous 

deletion, presenting a band size of approximately 300 bp, which coincides with 

the size of a band lacking a deleted region of approximately 200 bp. 
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Figure 6.6. PCR analysis for homozygous clones for E6 deletion. C: Control cells (HKE6E7). 
IX: DNA Molecular Weight Marker IX. bp: Base pairs.  

 

• Analysis of kindling-1 expression in HKE6E7∆E6 

We next analyzed the expression of FERMT1 by RT-PCR, amplified with 

primers in exons 4 and 8 (See primers for RT-PCR in Table 6.2). Control 

keratinocytes (HKE6E7) produced unedited transcript of approximately ~600 bp. 

Two smaller bands corresponding to  ~500 bp and ~310 bp respectively are 

detected in edited keratinocytes (HKE6E7∆E6) (Figure 6.7).  

Exon 6 is 103 bp long, thus, the amplified fragment of ~600 bp will be 

reduced to an approximately 500 bp fragment. The extra ~310 bp size band 

shows that different transcripts arise from different indels generated during 

DNA repair process after Cas9 double-strand cleavage.  



 

“Mechanical forces and molecular dynamics in collective cell migration “- Verónica López  
132 

Kindlin- 1 deficient cellular model 

 

Figure 6.7. FERMT1 expression analysis in HKE6E7∆E6 cells. C (-): Negative cDNA control. 
C (+):  Positive cDNA control, wild type cells HKE6E7. 

 

Kindlin-1 expression in HKE6E7∆E6 cell lysate was analyzed by western 

blot. HKE6E7∆E6 showed total absence of the 77 kDa kindlin-1 band in contrast 

with unedited control HKE6E7 cells (Figure 6.8). 

 

 
Figure 6.8. Kindlin-1 expression analysis of HKE6E7∆FERMT1 cells.   
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• Sequencing analysis 

Characterization of the edited DNA was performed by TA (thymidine-

adenine) cloning of both PCR and RT-PCR products and subsequent Sanger 

sequencing of individual bacterial colonies (n=12 colonies tested for each 

amplification product). This analysis shows four different DNA end joining repair 

variants in edited cells, revealing that isolated sample number 4, is actually an 

oligoclonal population of cells. All sequences analyzed result in the total 

removal of exon 6 (Figure 6.9). 

 

Figure 6.9. Genomic DNA Sanger Sequencing.  WT: wild type gDNA sequence (unedited 
control cells). A- D:  insertions and deletions corresponding to DNA repair after Cas9 cuts. Fi. 

Absolute frequency (n=12). A and B were found with an absolute frequency of 6 and 4 
respectively. C and D were both found with an absolute frequency of 1.  Blue line.  Remarks the 

most frequent indels.  
 

Approximately 60% of the transcript sequences analyzed resulted in the 

deletion of exon 5 and exon 6 and 40% of transcripts present deletion of exon 6. 

This is consistent with the obtained RT-PCR result. Each band in the HKE6E7∆E6 

lane, correspond to transcripts of different sizes: ~500bp band coincides with an 

amplified cDNA lacking exon 6 and ~ 300 bp band correspond to a transcript 

lacking both exon 5 and 6. All transcripts lead to the production of a premature 

stop codon at the beginning of exon 7 (Figure 6.10). As a result, HKE6E7∆E6 cells 
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do not produce kindlin-1, as shown by previous western blot analysis (Figure 

6.8), making them a suitable cellular model for the following experiments. 

 

Figure 6.10. cDNA Sanger Sequencing. (From top to bottom). Wild type cDNA containing exon6. 
Transcript 1: cDNA sequence cDNA sequence from HKE6E7∆E6 lacking exon 6. Transcript 2: 

cDNA sequence from HKE6E7∆E6 lacking exon 5 and 6. Stop Codons are marked in both 
transcripts (red circle and red vertical line). Black dashed line indicates the end and beginning of 

two consecutive exons. 
 

• Phenotypic assessment of HKE6E7∆E6 cells 

HKE6E7∆E6 cells were observed in culture under microscope to assess 

its morphology and behavior comparing to HKE6E7 control cells.  
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It was observed that HKE6E7∆E6 cell colonies formed were less rounded 

and individual migrating cells present elongated shapes extended in opposite 

directions, in contrast with rounded and unidirectional lamellipodia extended by 

control HKE6E7 cells (Figure 6.11). These features are consistent with those 

reported in the literature for KS cells. Furthermore, the time needed for 

detachment from the cell culture plate was reduced by 50% for cells lacking 

kindlin-1, being 20 minutes for regular detachment of HKE6E7 keratinocytes, and 

10 minutes for HKE6E7∆E6. 

 

Figure 6.11. Morphological analysis of HKE6E7∆E6 cells. A.  Control HKE6E7 cell 
colonies. Scale bar= 50µm. B. HKE6E7∆E6 cell colonies. Scale bar= 50µm. C. Control 
HKE6E7 individual cells. Scale bar= 25µm. D. HKE6E7∆E6 individual cells. Scale bar= 

25µm 
 

Finally, the presence of kindlin-1 was also tested by immunofluorescence, 

in control and edited cells, showing a clear difference in the staining of both 

samples (Figure 6.12).  
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Figure 6.12. Kindlin-1 expression in HKE6E7∆E6 keratinocytes. A. Control HKE6E7 
cells. B. Edited HKE6E7∆E6 cells. Blue:  Nuclear DAPI staining. Green: kindlin-1 staining. 

Scale bar: 100µm. 
 

6.5 Force measurements in kindlin-1 deficient cells 
Kindlin-1 deficient cells previously generated were used for force 

measurement experiments as previously described in the protocols developed 

in chapter 4. Hereafter, HKE6E7∆E6 cells, will be referred as Kin1- cells (kindlin-

1 deficient cells) for convenience. 

Briefly, a carbon fiber is fixed at one end (fixed end), by gluing it to a 35mm 

cell culture dish. After functionalization with collagen I, a wound is created by 

using a custom-made 3D printed stencil. This avoids the cell monolayer 

scratching and controls the size and homogeneity of the wound.  As cells 

migrate to close the wound, they push the carbon fiber bending it until it reaches 

a maximum, which coincides with the stop of the monolayer. Time-lapsed 

imaging is performed under an automated inverted light microscope (Leica 

Dmi8, Germany), taking images every 15 minutes for 120h.  Cells were kept under 

appropriate CO2, temperature and humidity conditions in an incubator (OKOlab, 

Pozzuoli) throughout the experiment. For more details on materials and 

methods, see chapter 4.  

Carbon fiber of different lengths (L= 2mm, 3mm and 4mm) were used for 

force measurements of Kin1- cells. In these experiments, L= 5mm was discarded 
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as it was previously demonstrated that measurements and assumptions made 

for the fiber-cell monolayer system, do not work correctly for fibers longer than 

4mm, since the cell behavior is not homogeneous along the fiber, thus 

stablishing L=4mm  as the limit of our system.  

The shape of the fiber over time was analyzed from images to compute 

the uniform force per unit length, f0, that the cells exert along the fiber. Equation 

4.1 from chapter 4 was used to fit these different shapes. Then, time evolution of 

the uniform force per unit length exerted by both HaCat and Kin1- cells,  is 

represented in Figure 6.13.  

 

Figure 6.13. HaCat vs. Kin1- cells. Time evolution of the uniform force per unit 
length for different fiber lengths Color Scale: length of the fiber. t= 0: time at which the 

monolayer reaches the fiber.  
 

We observe in Figure 6.13, that curves show a maximum followed by a 

recoil, that is in  more pronounced in the shorter fibers (2mm in blue), that in 

the longer ones (3 mm  in green and 4 mm in yellow). Note that longer fibers 

are softer (more compliant) and shorter fibers are stiffer (less compliant). The 

most salient feature is that forces exerted by Kin1- cells are similar to those 

obtained by HaCat cells for both 3 mm and 4 mm fibers, while they exert a 

weaker force on the 2 mm fibers. In addition, that force decays faster once the 

recoil begins. Thereby, as we observed in the experiments conducted with HaCat 

cells (chapter 4), the viscosity of the tissue provides a certain damping which 

causes the fiber to describe overdamped and nearly overdamped oscillations. 
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Since these oscillations depend on the length of the fiber (thus the stiffness), 

the longer ones reach an asymptotic maximum, while the shorter (stiffer) ones 

(2 mm) experiment a recoil which is faster in Kin1- cells than in HaCat cells. This 

suggests that the tissue formed by Kin1- cells is less viscous and therefore 

provides a lower damping. This may be a direct consequence of a lower 

anchorage of focal adhesions and impaired intercellular communication 

commonly found in Kindler syndrome cells6,7.  

Regarding the effect of the fiber elasticity on the dynamics of the 

monolayer, the inverse relationship between the force and the length of the fiber 

predicted by 𝑓",()*~	
(+ ,⁄ ..(01)+ ,⁄

3,
  (Equation 4.7, chapter 4), also applies to the 

Kin1- cell monolayer, as it is a property of the fiber, not of the cells (Figure 6.14).  

 

Figure 6.14. Maximum force measured in experiments corresponding to 
different fiber lengths. Each point corresponds to a single experiment: Circle symbols. 

Experiments with HaCat cells. Square symbols. Experiments with Kin1- cells. Color code. 
Indicates the length of the fiber used in this experiment. Solid red line (HaCat cells). Fit 

with a power law 𝒇𝟎,𝒎𝒂𝒙~𝑪𝒇 × 𝑳'𝟐.		𝑪𝒇𝑯𝒂𝑪𝒂𝒕 ≈ 𝟑. 𝟓𝟕 ×	𝟏𝟎𝟕	𝒏𝑵µ𝒎. Solid green line 
(Kin1- cells). Fit with a power law  𝒇𝟎,𝒎𝒂𝒙~𝑪𝒇 × 𝑳'𝟐.		𝑪𝒇𝑲𝒊𝒏𝟏' ≈ 𝟐. 𝟗 ×	𝟏𝟎𝟕	𝒏𝑵µ𝒎. 

 
 Although the reproducibility of these results is not as high as those 

obtained with HaCat cells (Figure 6.14, circle symbols), we observe the same 
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tendency with Kin1- cells: the stronger the resistance of the surrounding 

environment, the stronger the force that cells are able to exert (Figure 6.14., 

square symbols).  

The last observation derived from the theoretical model described in 

chapter 4 is that mechanical energy transmitted to the fiber, 𝑓#,)*+𝑥)*+, is 

constant for different fiber lengths (Figure 6.15).  

 

Figure 6.15. Maximum fiber deflection (𝒙𝒎𝒂𝒙 =	𝒇𝟎,𝒎𝒂𝒙/𝒌) as a function of the 
maximum force , 𝒇𝟎,𝒎𝒂𝒙. Each point corresponds to a single experiment: Circle symbols. 
Experiments with HaCat cells. Square symbols. Experiments with Kin1- cells. Color code 

indicates the length of the fiber used in each experiment. Solid line. Maximum deflection 
inversely proportional to the maximum force for HaCat cells (Red line:  𝒙𝒎𝒂𝒙	𝒇𝟎,𝒎𝒂𝒙 ≈
𝟑. 𝟏 ×	𝟏𝟎𝟑𝒏𝑵) and for Kin1- cells (Green line:  𝒙𝒎𝒂𝒙	𝒇𝟎,𝒎𝒂𝒙 ≈ 𝟐. 𝟏𝟔 ×	𝟏𝟎𝟑𝒏𝑵) 

 
Figure 6.15 shows the relationship between the maximum force exerted 

by HaCat (circle symbols) and Kin1- cells (square symbols) and the maximum 

deflection of different fiber lengths, which adheres to the hypothesis that the 

work exerted by the cells is the same regardless of fiber stiffness. However, in 

addition to the lower experimental reproducibility offered by Kin1- cells, this 

theory does not fit well for stiffer fibers (2 mm). Possibly, many of the 
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assumptions of the model (uniform force, cell velocity etc.) are not fulfilled in 

this type of cells due to their altered mechanical functions.  

Under normal wound healing assay conditions, Kin1- cells migrate shorter 

distances (Figure 6.16) and likewise, the tissue hardly expands after overpassing 

the fiber compared to HaCat cells (Figure 6.17). 

 

Figure 6.16. Time evolution of migrating HaCat and Kin1- cells (without fiber). 
Scale bar = 500µm. 
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Figure 6.17. Comparison between HaCat and Kin1- cells migrating front (with 
fiber) at initial and final timepoints. Kin1- cells expand approximately 500-600 µm after 
the fiber while HaCat cells continue to migrate beyond the field of view. Also, it can be 

visualized the fiber recoil to the initial position in Kin1- cells. Scale bar = 500µm. 
 

 This is associated to the cell velocity behavior. It has been described that 

Kin1- cells present random migration and increased cell motility as a 

consequence of aberrant lamellipodial formation and poor adhesion to substrate 
6,7, however, there is some controversy in this regard, as other groups confirm 

that they migrate slower than normal cells4,5. Our results show that cell 

velocities along the x axis (direction of migration) are less constant in time as 

compared to HaCat cells.  Kymographs of HaCat and Kin1-  migrating monolayers 

without fiber (control experiments) are shown in Figure 6.18.  They represent the 

time evolution of the streamwise velocity, u (x, t), at three different vertical fields 

as analyzed in chapter 4 
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Figure 6.18. Kymographs corresponding to Figure 6.16.  Colormap. Time 
evolution of the streamwise velocity field u (x, t) at three different regions. Red dashed 
line. Front of the monolayer. Upper row. HaCat cells. Bottom row. Kin1- cells. Velocity 

values are positive along the x axis (in the direction of migration). 
 
 

In Figure 6.18  it is easily visualized that HaCat cells reach high velocities 

at the beginning of the experiment and decay progressively over time. However, 

a greater amount of Kin1- cells at the front reach high velocities that are 

maintained for a longer time and in a more irregular manner, both at the front 

and in the bulk of the monolayer. This is due to the continued change of direction 

and chaotic movement of Kin1- cells within the monolayer as a result of poorer 

coordination between cells.  

These behavioral differences can also be easily visualized in PIV 

analyses.  
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Figure 6.19 corresponds to a PIV analysis of Kin1- cells before touching 

the fiber at two different timepoints. Green arrows represent velocity vectors 

which length depict their magnitude and arrow indicates their direction. It can 

be observed more than three different zones migrating in different directions: 

downwards, upwards, parallel to the fiber (red dashed squares) or even 

describing a vortex (red dashed circles).  

 
 

Figure 6.19. PIV analysis of Kin1- cells at two different timepoints. Red dashed 
circle. Vortices. Red dashed square. Zones of cells migrating in different directions.  

Scale bar =1000µm. 
 

 

This uncoordinated and undirected collective cell behavior of Kin1- cells 

(Figure 6.20. Right). is more disorganized than that shown by HaCat cells, which 

migrate mostly downwards (towards the gap) (Figure 6.20. Left). 
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Figure 6.20. PIV analysis (time= 15h). Comparison between collective behavior of HaCat 
(left) and Kin1- cells (right). Timepoint=15h. Scale bar= 500µm.  

 
 

The streamwise velocity, u (x, t), was also analyzed for different fiber 

lengths (Figure 6.21). Cell velocities in the experiments with fiber shown a 

similar pattern than that observed in controls without fiber: fast and intermittent 

velocities over time. The fiber causes a premature stop of the monolayer 

compared to control experiments (Figure 6.18. Lower row), as previously 

observed in HaCat cells, but the heterogeneity of movement and velocity is 

sustained over time. As explained above, this is due to the change of direction 

of cells.  This confirms that Kin1- cells move faster but the monolayer is not able 

to migrate as a whole as efficiently as normal cells to close the gap. 
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Figure 6.21. Kymographs (Kin1- cells). Colormap. Time evolution of the streamwise 
velocity field u (x, t) at three different regions: A (fixed end), B (middle region) and C (tip). 
White thick line. Fiber deflection. Red dashed line. front of the monolayer. CF. Length of 

the carbon fiber. 2mm, 3mm and 4mm for the upper, middle, and bottom rows 
respectively. Velocity values are positive along the x axis (in the direction of migration). 
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6.6 Discussion 
Together with many other molecules, Kindlin- 1 is an important member 

of focal adhesions that plays an essential role in integrin activation. Kindlin-1 

mediates this activation by its binding to the intracellular domain of the β-

integrin monomer, causing a conformational change that increases integrin 

affinity for its ligands, thus stablishing a link between the ECM and the 

intracellular cytoskeleton. Ligand binding to β-1 integrins triggers the 

recruitment of molecules for the formation of a dynamic macromolecular 

complex known as “integrin adhesome”, “molecular clutch” or most common 

“focal adhesion”. The integrin adhesome performs several interconnected 

functions that mediate integrin signaling, clustering of integrin receptors, 

regulation of actin polymerization and force transduction. This set of events 

regulate basic cell functions such as proliferation, differentiation and 

migration,7,15,16. 

These molecular complexes governed by integrin adhesion, make 

possible the establishment of mechanoreciprocity between the extracellular 

environment and intracellular tension. Thus, cells are able to transmit forces to 

its substrate, which is an essential step in cell body translocation during cell 

migration. Conversely, the molecular clutch provides the cell with 

mechanosensitive ability, allowing it to modify its behavior in accordance with 

different rigidities offered by the environment13,14. 

Kindler Syndrome is a rare disease produced by the loss of function of 

protein kindlin-1, caused by mutations in FERMT-1 gene. This disease manifests 

features derived from a deficiency in cell adhesion function, producing a variety 

of clinical complications, such as the characteristic skin blisters common to the 

epidermolysis bullosa family of skin disorders.  At the cellular level, in vitro KS 

keratinocytes present aberrant cell shapes and migration patterns and lower 

rates of proliferation, which deeply affect wound reepithelization4. 

Bringing this into the context of our study, we considered that Kindler 

syndrome cells are good candidates to be assessed under our experimental 

conditions. Since they do not migrate regularly and, based on previous studies10, 
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kindlin proteins play mechanosensitive role as a part of the FA complexes, we 

expect them to show different dynamic and kinematic patterns compared to 

healthy cells that express normal levels of kindlin-1.  

To confirm this hypothesis, we analyzed the forces exerted by kindlin-1 

deficient cells on a carbon fiber, as they migrate in response to the generation 

of a controlled wound within the 2D cell culture. Experimental conditions were 

configured following the same protocols established for the previous 

measurements performed with HaCat cells in chapter 4. We tested the 

sensitivity of the 2D force measurement technique to detect dynamic differences 

between cells exhibiting different phenotypes.  

Kindler syndrome is a rare disease with a very low prevalence. Therefore, 

the availability of patient biopsies is very limited. Hence, for this study we 

generated a kindlin-1 deficient cellular model, which recapitulates the KS 

phenotype (Figure 6.11). CRISPR/Cas9-mediated gene editing, has been 

described as a highly efficient tool for generation of disease models, as 

previously reported for Netherton Syndrome modeling21 or for the generation of 

animal models of human disease25,26. Thereby, we chose CRISPR/Cas9 

technology as a gene editing tool, to address the deletion of a specific region of 

the FERMT1 gene.  

Previously immortalized human keratinocytes HKE6E7, were selected to 

be edited by electroporation of two RNA guides and a Cas9 nuclease, delivered 

as an RNP complex. Both gRNAs were designed to target intron 5-6 and intron 

6-7 respectively, to achieve the deletion of exon 6. Edited keratinocytes were 

seeded after electroporation to obtain isolated clones. After PCR analysis of 

sixteen isolated cell colonies, only colony number 4 showed a single PCR band 

(Figure 6.6), indicating homozygosity for the target deletion. Then, colony 

number 4 was characterized by TA cloning of both PCR and RT-PCR products 

and subsequent Sanger sequencing. Genomic DNA sequencing revealed that the 

selected cell colony number 4, in addition to the targeted exon 6 deletion 

produced by Cas9 nuclease cuts, also shows a variety of indels (insertions and 

deletions)(Figure 6.9). Thus, the edited cell population is oligoclonal. However, 
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this does not represent a drawback for our study since DNA cleavage by gRNA-

guided Cas9 nuclease and subsequent DNA repair events resulted in null alleles. 

This caused a shift in the reading frame and a premature STOP codon formation, 

leading to the absence of kindlin-1. 

For further characterization of the selected HKE6E7∆E6 cells, kindlin-1 

expression was assessed by RT-PCR and cDNA sequencing, revealing two 

mRNA transcripts lacking exon 5 and exon 6 and exon 6 respectively. Both 

transcripts lead to premature termination codons formation, which result in the 

absence of protein expression. This was confirmed by western blot and 

immunofluorescence (Figure 6.8 and Figure 6.12 respectively). Furthermore, 

HKE6E7∆E6 cells recapitulate the characteristic phenotype of in vitro KS cells: 

abnormal shape and migration patterns, lower proliferation and faster 

detachment from the culture plate comparing to unedited cells, consistently with 

the characteristics reported in  previous works4,9.  

Taken these results together, we confirmed that the generated 

HKE6E7∆E6 kindlin-1 deficient cellular model, hereafter Kin1- cells, constitutes 

a valid model for the planned force measurement experiments. 

Results derived from force measurements of migrating Kin1- cells, 

revealed expected differences when compared with those obtained from HaCat 

cells chapter 4. Surprisingly, they exerted very similar forces when pushing a 

3mm or 4mm fiber, while those exerted against 2mm fibers were reduced. 

Furthermore, the recoil experienced by the 2mm fiber is faster in Kin1- cells, 

resulting in a steeper slope in the representation of the time evolution of the 

force uniformly exerted along the fiber (Figure 6.13).  

Although it has been described that the total amount of β1 integrin is not 

affected by kindlin-1 deficiency4, a later study demonstrates that F3 domain of 

kindlin-1 (containing PTB fold that binds to β integrin tail)11 is essential for 

targeting kindlin-1 to FAs and integrin trafficking towards cell membrane7. 

Thereby, kindlin-1 deficiency reduces β1 integrin cell surface expression, 

although its activation remains unaltered. This is due to the compensatory role 

of kindlin-2. However, kindlin-2 is unable to fully reverse the lack of kindlin-1, 
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so kindlin-1-deficiency causes a reduction in integrin-mediated cell adhesion, 

which accounts for the increased cell motility7.  

Reduced FA assembly and impaired integrin signaling is reflected in the 

poor ability to form lamellipodia and maintain cell polarization in absence of 

kindlin-1.  In normal cells, the existence of a wound edge induces the 

engagement of FA at the leading front, which triggers integrin signaling and 

activation of Rho-GTPases to drive actin polymerization and lamellipodia 

formation27. However, patient-derived Kindler syndrome cells show a 

significantly reduced Rho-GTPases activity and thus decreased F-actin stability. 

This leads to an increased actin turnover and undirected migration4. 

Furthermore, it has been reported that kindlin-1 deficient cells show a 

decreased expression of several molecules involved in cell adhesion, such as 

E-Cadherin, which causes the wound front to no longer maintain its integrity and 

cells begin to migrate independently6. 

Gathering all this information, it could be reasonable to support the 

hypothesis that Kin1- cells present higher cell motility because the lack of 

kindlin-1 reduces the number of focal adhesions. The amount and distribution of 

FAs also could explain why Kin1- cells presented similar maximum forces for 

longer fibers (3mm and 4mm), but lower for stiffer ones (2mm). It is conceivable 

to think that FAs formed by the compensatory function of other molecules (i.e. 

kindlin-2) are enough to overcome the less rigid fibers. However, when a 

stronger force is required, cells need to recruit a large number of adaptor 

proteins to strengthen cell-ECM adhesions and form integrin clusters. This 

leads to an overall actomyosin cytoskeleton reinforcement and promotion of cell 

migration in normal cells. In this case, the rigidity sensing function of Kin1- cells 

is altered due to their reduced ability to form FAs, which could be reflected in 

the inability to generate sufficient traction force to overcome stiffer obstacles.  

 In addition, we studied collective migration, in which the maintenance of 

intercellular contacts is essential for the transmission of the mechanical stress 

produced at the cell front, for a correct migration and pushing of the fiber.  Since 

kindlin-1 deficiency has been shown to reduce the expression of some 
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intercellular adhesion molecules6, including E-Cadherin, it is to be expected that 

impaired intercellular communication and weaker cortical stiffening prevents 

Kin1- cells to properly reorganize and reinforce its cytoskeleton to migrate or in 

response to an  external obstacle. This is consistent with a more chaotic 

collective behavior compared to the synchronized migration exhibited by HaCat 

keratinocytes (Figure 6.19 and Figure 6.20). 

Regarding the contradictory results observed by other groups4,5,6,7, here we 

found that, instead of progressively decrease over time, cell velocities oscillate 

between high and low velocity peaks until they stop (Figure 6.21). In all cases, 

regardless of the presence of the fiber, we observed impaired wound closure 

compared to HaCat cells (Figure 6.16). Both events seem to be correlated, since 

random and undirected migration appear to be the reason why they fail to close 

the wound. This explains that, although Kin1- cells move quickly, the monolayer 

cannot advance longer distances because they do not maintain the collective 

behavior due to the fact that their mechanotransduction and intercellular 

communication mechanisms do not properly work (see the vortices in Figure 

6.19 red dashed circles). This approach could help to clarify those contradictory 

results obtained by different authors, in terms of velocities and wound closure, 

by studying how single cells are integrated within the collective movement. 

On the other hand, the increased actin turnover produced by an impaired 

Rho-GTPase signaling observed in cells from Kindler syndrome patients4, may 

be the cause of a reduced mechanical work exerted by Kin1- cells (Figure 6.15). 

The enhanced membrane plasticity produced by an increased protrusion-

retraction rate, possibly requires a high energy demand. Cell migration, 

epithelial to mesenchymal transition, and actin remodeling in response to 

mechanical forces are the major energy consumers.  These processes require 

an increase in cell metabolism whose interplay with actin dynamics has yet to 

be explored28. A recent study has demonstrated that applied forces on E-

Cadherin activates AMPK (AMP- activated protein kinase), which acts as an 

energy sensor in cells, and regulates cell metabolism through the ATP:ADP ratio 

required for cytoskeleton reinforcement29. Also, an increased integrin 
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engagement and actin bundling in response to a stiffer environment, produces 

the sequestration and inactivation of a cytosolic ubiquitin ligase that regulates 

the degradation of metabolic enzymes, thus resulting in increased glycolytic 

activity30. Therefore, according to these arguments, it is possible that mechanical 

sensing through FAs and force transmission through E-Cadherin may activate 

metabolic pathways to supply more energy in the case of softer fibers. 

Nevertheless, a stiffer environment (2 mm fiber) cannot trigger this activation 

because the rigidity sensing function is impaired in Kin1- cells. Consequently, 

Kin1- cells deliver less mechanical work than HaCat cells (Figure 6.15). 

Nonetheless, although they follow roughly the same trend, the scatter of the 

data associated to the more erratic behavior of Kin1- cells does not allow us to 

state that they follow precisely the prescribed equations (Figure 6.15, square 

symbols). This is to be expected, considering its poor adhesion to the substrate 

and all the consequences derived from it. It would be reasonable to suggest that 

Kin1- cells are unable to coordinate the machinery needed to generate enough 

energy to restructure their cytoskeleton in stiffer environments. In addition, the 

lack of cellular coordination probably causes the individual efforts of each cell, 

aimed at closing the wound and/or overcoming an obstacle, to consume more 

energy than normal cells.  This hypothesis could be tested by means of ATP:ADP 

ratiometric measurements which we plan to conduct as a next step (see chapter 

7, Future perspectives) 

In conclusion, force measurement results lead to the need for an in-depth 

study of the metabolic and mechanotransduction pathways affected, both in 

healthy and Kin1- cells, and to determine how they are altered under our 

experimental conditions with respect to that described by other authors. 

Moreover, a higher number of replicates must be performed to compensate for 

low reproducibility of experiments with Kin1- cells. This variability among 

experiments may be due, in part, to the poor coordination and random behavior 

of Kin1- cells. This, besides decreasing the reproducibility of the results, also 

affects other parameters of the model that assume uniform forces and velocities 

along the fiber. Despite this, we find that the correlations predicted by the 

theoretical model, both the effect of stiffness on the dynamics of the monolayer 
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and the relationship between the maximum elastic energy, deflection and force, 

are in reasonable agreement with the experiments (Figure 6.14, square 

symbols), except for the stiffest fibers (Figure 6.15, square symbols).  

Finally, the force measurement technique proposed in this thesis proved 

to be sensitive enough to detect changes in the forces exerted by different cell 

types, establishing the sensitivity threshold in fibers below 3 mm for Kin1- cells. 

This confirms its potential usefulness in the study of diseases involving 

phenotypes with mechanotransduction defects.   
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7 Future perspectives 
 

 

 

 

 

 

 

 

 

 

Why	does	the	eye	see	a	thing	more	clearly	in	dreams		
than	the	imagination	when	awake?	

(Leonardo	Da	Vinci)	
  



 

 

 



 

“Mechanical forces and molecular dynamics in collective cell migration” - Verónica López 
157 

Future perspectives  

7.1 Future work  
The results shown in this dissertation suggest several future research 

lines: 

 
7.1.1 Adaptation of the force measurement technique to 3D in vitro 

skin cultures  

 
An organotypic 3D skin equivalent, is a three-dimensional culture that 

replicates the complex structure and function of the skin. It comprises both the 

epidermis and dermis. 3D skin equivalents are cultured in transwell inserts 

which allow the culture to be fed from below. Briefly, human primary 

keratinocytes (HK) are seeded on top of a fibrin matrix populated with 

fibroblasts which act as the dermal component. The 3D culture is kept 

submerged until keratinocyte confluence and then placed at the air-liquid 

interphase for 21 days to induce keratinocyte stratification and differentiation to 

mimic human skin1 (Figure 7.1). 

 

Figure 7.1. Schematic representation of the differentiation process of an organotypic 
skin culture. Transwells containing the 3D cell culture, are placed in 6-well plates, and kept 
submerged in culture medium until keratinocyte (HK) confluence. After that, cultures are 

placed at the air-liquid interface to induce epidermal stratification under regular 
temperature and humidity cell culture conditions. This is a self-created illustration. 

 
This system reproduces the structure of the skin (Figure 7.2) and enables 

both  in vitro  and in vivo experiments, such as pharmacological tests and 

characterization studies, as well as its use as a treatment of wounds and burns 

in patients2.  
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Figure 7.2. Organotypic cultures for in vitro studies. Both in vitro 3D skin culture 
and human skin biopsy present similar epithelial structures. A: Schematic representation 
of a differentiated organotypic culture. B: Six organotypic cultures during the process of 

in vitro differentiation into a deep well plate. C: Single organotypic culture into a 
transwell. D: Differentiated organotypic culture outside of its transwell (prepared for 

histological procedure). E: Haematoxilin/Eosin histological section from the organotypic 
culture. F: Haematoxilin/Eosin histological section from a human skin biopsy. This is a 

self-created illustration. 
 

Similarly to the 2D migration assays where we analyzed both cell 

velocities and forces exerted by them, we aim to perform a 3D cell tracking to 

define the trajectory of cells that divide in the basal layer and form the upper 

layers of the epidermis during the differentiation process (Figure 7.3).  

 

Figure 7.3. Schematic representation of the 3D cell tracking experimental 
procedure proposed.  As epidermis grows up, the progeny of a single cell could be 

visualized in red. This is a self-created illustration. 
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For 3D cell tracking visualization, HaCat cells are previously transduced 

with two different viral vectors (retroviral pBABE-H2BGFP (Addgene, 26790) and 

lentiviral plenti-H2BmCherry (Addgene 89766)) to obtain two different 

populations of fluorescent nuclei keratinocytes (green and red). It should be 

noted that HaCat cells are chosen given their ease of handling and mainteinance.  

 Fluorescent HaCat cells are then seeded on top of the dermal matrix at 

different percentages (99% green cells + 1% red cells) to be able to distinguish 

the progeny of these individual cells as epidermal layers are being formed 

(Figure 7.4). This could help to visualize the entire keratinocyte layer and 

distinguish the carbon fiber within the three-dimensional culture when placed 

for measurement of forces.  

This experimental setup is still being improved since it presents several 

technical difficulties. Although this configuration enables imaging of epidermis 

formation over time (Figure 7.4), other microscopy methods that allow for better 

resolution and minimal modifications of the skin culture conditions (such as two 

photon microscopy or light sheet microscopy) should be considered.  

 

Figure 7.4. Preliminary results of 3D cell tracking imaging. A. Orthogonal visualization of 
a 3D skin culture (14 days of epidermal differentiation. B. 3D image of an organotypic skin 

culture (5 days of epidermal differentiation). C. 3D image of an organotypic skin culture (14days 
of epidermal differentiation).  
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Once this cell tracking procedure is well established, we plan to adapt the 

fiber-force sensor technique into the three-dimensional culture, to 

concomitantly analyze the dynamic and kinematic evolution of the differentiating 

epidermis Figure 7.5 shows a plausible positioning of the fiber. 

 

Figure 7.5. Sketch of a carbon fiber immersed in a developing organotypic skin 
culture during differentiation process. A. Day 1 of differentiation. B. Day 21 of 

differentiation. The fiber is expected to be bent. C. Top view of a transwell containing a 
positioned fiber. Black line. Fiber.  

 

7.1.2 Detection of intracellular levels of ATP:ADP 

From the theoretical model described in chapter 4, we hypothesized that: 

“the mechanical work exerted by cells is a limiting factor for a tissue to expand”. 

In order to confirm that hypothesis, we aim to analyze the energetic profile of 

migrating cells while pushing the fiber.  

HaCat cells are chosen for the experimental setup given their ease of 

handling, and are transduced with a lentiviral vector to express a fluorescent 

ratiometric ATP:ADP sensor3 (FUGW-PercevalHR, Addgene 49083). Selected 

positive HaCat cells are used for time-lapse fluorescence imaging. Migrating 

cells, with and without fiber, are monitored for 72h (Figure 7.6).  
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Figure 7.6. Schematic representation of the experimental setup for ATP:ADP 
ratio analysis.  Black arrows.  Direction of migration. A. Control (migrating cell 

monolayer without fiber). We expect higher fluorescence intensity at the leading edge 
and progressive decrease towards de inner tissue. B.  Migrating cell monolayer with 

fiber. We expect the cells pushing the fiber to exhibit a higher fluorescence intensity than 
cells at the leading edge. Red dashed line.  Indicates the fiber position.  

 
 

According to a recent study that describes a higher energy demand of 

cells that migrate through narrow and rigid places4, we expect HaCat cells to 

show increased ATP fluorescence levels in cell monolayers that are pushing the 

fiber compared to those that migrate freely. In addition, given the recent 

demonstrated evidence of reprogramming of cellular metabolism in response 

to actin remodeling5, we aim to correlate these results with the F-actin gradient 

observed in the tissue upwards the fiber. Thus, we intend to study the 

relationship between the time evolution of ATP:ADP ratios and mechanical work 

exerted by cells under different conditions. Further experiments testing 

different fiber stiffnesses, metabolic pathways involved, and glucose uptake will 

be needed to obtain robust data. 
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8 Concluding remarks 
 

 

 

 

 

 

 

 

 

“All	our	dreams	can	come	true,	
	if	we	have	the	courage	to	pursue	them.”	

(Walt	Disney)	
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8.1 Conclusions 
1. We developed an affordable and easy-to-implement force measurement 

technique for cell monolayers based on a flexible structure of known 

mechanical properties (a carbon fiber). This technique is amenable to be 

translated to three-dimensional tissues. 

 

2. Based on the results observed, a fluid-based theoretical model was 

formulated to describe how a multicellular tissue modulates the force it 

exerts depending on the compliance of its external surroundings. The 

model captures the essential features of the fiber-cell monolayer system, 

namely: effective inertia, viscous stress between cells, and elastic force.  

 

3. From the mathematical relationships established, we extracted 

information on the biological behavior of the tissue:  

- The tissue exhibits a viscous fluid behavior responsible for the 

overdamped fiber oscillations.  

- The fiber stiffness is inversely proportional to the maximum force 

exerted by the monolayer.  

- The fiber accumulates the same maximum elastic energy per unit 

length regardless of its stiffness.  

 

4. Immunofluorescence staining showed that the presence of the fiber has 

a clear effect on F-actin cytoskeleton reinforcement in response to an 

increase in environmental rigidity, and generates an inward gradient as 

previously reported by other studies. E-cadherin staining only revealed 

an overall intercellular tensional state transmitted throughout the 

monolayer. 

 

5. A kindlin-1 cellular model was generated by CRISPR/Cas9 technology and 

proved to exhibit a phenotype typical of cells from Kindler syndrome 

patients. 
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6. Our force measurement technique was sensitive enough to detect 

dynamic differences between healthy cells and kindlin-1 deficient cellular 

model. This confirms its potential usefulness in the study of various 

diseases involving mechanotransduction defects. 

 

7. Analysis of kindlin-1 deficient cells revealed that:  

 

- Forces exerted by Kin1- cells are similar to those applied by HaCat 

cells when pushing fibers longer than 3mm (more compliant) but 

weaker on 2 mm fibers (the stiffest ones).  

 

- Kin1- cells migrate faster due to a deficient cell-ECM adhesion but 

their undirected migration and their lack of a coordinated 

collective behavior results in delayed wound healing.  

 

- Despite the variability among the experiments caused by the 

erratic behavior of Kin1- cells, the correlations predicted by the 

theoretical model are in reasonable agreement with the 

experiments.  

 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

“From now on 

what's waited 'til tomorrow starts tonight […] and we will come back 
home, home again” 

(The greatest showman) 

 

 

 

 

 

  



 

 

  



 

 

  



 

 

 

 

 

 




