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Me gustaŕıa expresar mi agradecimiento a todas las personas y entidades

que han hecho posible la realización de este trabajo.

En primer lugar, a la Universidad de Navarra, a Tecnun y al CIMA, por

haberme dado la oportunidad de realizar esta tesis doctoral. Gracias a la

Fundación para la Investigación Médica Aplicada por concederme la beca

de investigación que me ha permitido realizar este trabajo, y a la Fundación

de Becas Caja Navarra y a la Asociación de Amigos de la Universidad de

Navarra por haberme concedido las ayudas para la realización de la estancia

de investigación en el Instituto Tecnológico de Massachusetts (MIT).

En segundo lugar, a mi director de tesis, Carlos Ortiz de Solórzano por
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Abstract

Microfluidic devices filled with hydrogels that mimic the extracellular

matrix are powerful and versatile research tools to recapitulate the 3D tumor

microenvironment and study cancer in vitro. In this work, H1299 NSCLC

cell migration phenotype and dynamics are characterized in hydrogels that

mimic different tumor microenvironments, from pure collagen matrices

similar to connective tissue to mixed collagen-Matrigel matrices that

approximate a disorganized basement membrane at the front of cancer

invasion. The role of the microenvironment composition and mechanical

properties, cell adhesion, MMP proteolytic activity and integrin surface

expression in the migration behavior of H1299 lung cancer cells within

these 3D matrices are explored and explained in light of what it is known

about cell migration in 3D environments. Finally, the extracellular matrix

remodeling caused by H1299 cells in the different microenvironments is

quantified by measuring the ability of H1299 cells to degrade, align, and

compact their surrounding matrix.
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Resumen

El uso de dispositivos microflúıdicos cargados con hidrogeles

biomiméticos que imitan la matriz extracelular sirve como herramienta

para recrear el microambiente tumoral y estudiar in vitro diferentes

fenómenos como la migración celular, la remodelación del microentorno,

y las interacciones célula-microambiente en el contexto del cáncer. Aśı

mismo, estos modelos sirven para investigar en un entorno controlado y

con bajo uso de reactivos la eficacia de fármacos anticanceŕıgenos. En este

trabajo se caracteriza el fenotipo y la dinámica de migración de la ĺınea de

cáncer de pulmón H1299 NSCLC en 3D dentro de hidrogeles que imitan

diferentes microambientes tumorales, desde matrices de colágeno puro

similares al tejido conectivo, hasta matrices mixtas de colágeno-Matrigel

que se aproximan a una membrana basal desorganizada en el frente de

invasión tumoral. El papel que juega la composición del microambiente y

sus propiedades mecánicas, la adhesión celular, la degradación proteoĺıtica

de las matrices, y la expresión de integrinas en la superficie celular en la

migración celular, se caracteriza y explica a la luz de lo que se conoce

acerca de la migración celular en entornos tridimensionales. Finalmente,

la remodelación de la matriz extracelular causada por células H1299 en

los diferentes microambientes se cuantifica midiendo la capacidad de las

células para degradar, alinear, y compactar la matriz circundante.
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Preface

Metastasis is a hallmark of cancer, representing a major clinical challenge

accounting for more than 90% of cancer-related deaths. During tumor

cell dissemination, cells interact with their microenvironment to migrate

and invade their surrounding tissue, intravasate to the bloodstream,

and extravasate to originate distant metastases, a process known as the

metastatic cascade. Since cell migration is a key player in the dissemination

process, understanding the mechanisms underlying this phenomenon is

important to identify new opportunities for therapeutic intervention.

Complex diseases such as cancer can be studied using a variety of in vivo

and in vitro tools that include animal models and traditional two-dimensional

(2D) and three-dimensional (3D) in vitro models, respectively. Most of the

published data on cancer cell migration derive from experiments performed

in 2D conditions, where cells are grown on rigid flat substrates. However,

these studies lack clinical relevance because cells on flat substrates behave

differently from cells within 3D environments. Indeed, in 3D matrices,

cell-matrix interactions trigger signaling pathways and cellular responses

that regulate for instance cell migration phenotype or drug sensitivity.

Traditional 3D in vitro models used to study cell migration include

Boyden chambers and multi-well slides that are capable of recreating the

3D confinement of the cells but provide little control over the cellular

microenvironment. In vivo migration assays have also been performed in

animals, but these experiments are technically complex due to the inherent

challenges of observing real-time events in vivo within living organisms.

Overcoming most of the limitations of the mentioned methods, the use

of microfluidic platforms filled with hydrogels that mimic the extracellular

xxi
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matrix allows studying cell migration in highly controlled 3D environments

with minimal reagent consumption. Furthermore, due to their versatility,

they are also powerful research tools for performing other biomedical studies

such as cell viability assays, cell-based drug screening, and extracellular

matrix remodeling assays in physiologically relevant microenvironments.

In this context, this thesis presents a multidisciplinary approach to

study 3D cancer cell migration, cell-matrix interactions, and extracellular

matrix remodeling in vitro. To this end, microfluidic platforms for 3D

cell migration were designed and fabricated by photolithography and

soft lithography. The fabricated microfluidic devices were used to study

the phenotype and dynamics of H1299 lung cancer cell migration inside

biopolymer hydrogels that mimic different tumor microenvironments. By

modifying hydrogel composition, it is possible to interrogate the role of

matrix biochemical and mechanical properties in the cancer dissemination

process. Hydrogels used in this work were fabricated using collagen type I

and a solubilized basement membrane matrix preparation, thus mimicking

the extracellular matrix found in connective tissues and the disorganized

basement membrane at the front of cancer invasion. The influence of

the microenvironment composition was also investigated in the context

of cancer matrix remodeling by quantifying the degradation caused by

the cellular proteolytic activity and the densification and matrix alignment

induced by cell-exerted forces.

In order to introduce the work done in an organized manner, the content

of the thesis is divided into six chapters and an appendix. The content of

each chapter is summarized below.

Chapter 1. The introductory chapter describes the state of the art

and motivation of the thesis and contextualizes the data presented

throughout the thesis.

Chapter 2. This brief chapter defines the goals and objectives of this

thesis.

Chapter 3. This chapter describes the methods used in this work,

including microfluidic device fabrication, hydrogel preparation and



xxiii

characterization, experimental procedures, and image analysis, among

others.

Chapter 4. The results of this work are presented in this chapter. It

contains results related to the extensive hydrogel characterization, cell

migration and remodeling studies, and the measured cell-exerted forces

within the different microenvironments.

Chapter 5. This chapter presents a complete description and discussion

of all the findings interpreted in the light of what it is known about

3D cell migration, ECM remodeling, and cell-ECM interactions in the

context of cancer.

Conclusions and Future Work. A summary of the concluding remarks

of the thesis and suggestions for future research lines are presented.

Appendices. Appendix A contains detailed protocols and

image-analysis code parameters cited throughout the document.

Appendix B contains the work done during the research internship

at Massachusetts Institute of Technology. Appendix C contains a

list of the international journal articles and international conference

contributions.
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Chapter 1

Introduction

In this introductory chapter, the scientific context of the thesis is presented.

The state of the art in several fields such as cell migration, extracellular

matrix remodeling, and mechanobiology, provides a broad overview of the

topics addressed in this work.

1.1. Cell migration

1.1.1. 2D cell migration

Cell movement is a dynamic process that is necessary during several

biological and pathological processes such as embryonic development,

wound healing, cancer metastasis, and the immune response [1].

Cell crawling is the common mechanism employed by most motile

eukaryotic cells to migrate on 2D surfaces [1]. Migration happens in

response to an external signal in their surrounding microenvironment. This

signal can be a biochemical cue such as a soluble growth factor or hormone,

a direct physical stimulation such as shear flow or an electrical field, or

a cue arising from the physical properties of the ECM and its architecture [2].

The pro-migratory signal is detected by receptor proteins on the cell

membrane and transmitted to the cell via signaling cascades [1]. Once cell

movement is triggered, the process of cell crawling can be divided into three

stages, which are the sprouting of protrusions, attachment, and retraction,

1



2 Introduction

commonly referred to as the cell motility cycle.

The cell migration cycle begins with cell polarization and the extension

of protrusions in the direction of migration [3]. Second, the cell physically

adheres to the substrate at the leading edge via transmembrane receptors.

These receptors participate in the formation of focal adhesions, which

constitute traction sites for migration as the cell moves forward over them

and detaches the cell body and the rear of the cell. Finally, the cell is pulled

forward by contractile forces generated by the cell actomyosin skeleton.

This process is illustrated in Figure 1.1.

Figure 1.1: 2D cell crawling. a) Cell extends a protrusion at the leading

edge in the direction of migration. b) Cell contracts and detaches at the

rear end and advances at the leading edge by exerting traction at a focal

adhesion (in red). c) Cell body moves forward in the direction of migration.

Figure adapted from [4].

1.1.2. The role of the cytoskeleton in cell migration

The cell migration process relies on the cellular cytoskeleton, which

is a dense network of intracellular fibrils that allow cell polarization, the

formation of protrusions and focal adhesions, and cell rear retraction [5].

Structurally, the network is made of three different types of filaments

with different mechanical and biological functions: the microtubules,
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intermediate filaments, and actin filaments.

Cytoskeleton microtubules form the most robust filament network,

are key in focal adhesion formation, and contribute to the signaling that

orchestrates cell migration [6]. Intermediate filaments are responsible

for the mechanical integrity of the cell. Actin filaments participate

in cell motility and are essential for mechanotransduction, a process

by which cells sense mechanical cues and transduce them into a cascade

of biochemical signals leading to biological responses, e.g., cell migration [7].

Indeed, cell crawling is driven by the continuous reorganization and

turnover of the actin cytoskeleton, which has the ability to push the cell via

actin polymerization and to contract the cell rear through the interaction

with myosin. The protrusions at the leading edge of the cell result from

actin polymerization and can be sheet-like or rod-like extensions, termed

respectively lamellipodia and filopodia.

1.1.3. The role of focal adhesions and integrins in cell
migration

Cell crawling not only requires cell polarization and the formation of

protrusions at the leading edge but also the generation of traction forces

to drag forward the cell body. These traction forces are generated by the

contraction of cytoplasmic actomyosin cables that are anchored to focal

adhesions (FA) [8].

FAs are large multi-protein complexes that link the ECM to the actin

cytoskeleton. This complex is known as “the adhesome”, which include

both structural and signaling constituents such as protein kinases and

phosphatases, their substrates, and various adapter proteins [9].

Integrins are transmembrane receptors that mediate the interaction

between cells and the ECM and participate in the assembly of focal

adhesions. These receptors are heterodimers composed of non-covalently

associated α and β subunits that both contain a large extracellular domain
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responsible for binding to ECM ligands and a cytoplasmic portion for the

recruitment of multiple intracellular proteins. They act as sensors of the

ECM microenvironment by means of their binding specificity [10], which is

determined by the receptors’ extracellular domain that recognizes diverse

matrix ligands including fibronectin, collagen, and laminin [11].

During migration, integrin-mediated adhesions continuously form and

turn over, and the assembly and disassembly rate of adhesions are essential

for optimum cell migration speed and directional persistence. The density

of ligands and integrin concentration are also key determinants of cell

migration speed on 2D substrates because, in most cell types, there is

an intermediate cell-substratum adhesiveness that supports maximum

migration. Indeed, it has been shown that an intermediate amount of

adhesion points favors cell migration over cell retention on substrates where

cells exhibit strong adhesion [12].

1.1.4. 3D cell migration

Although cell migration on 2D substrates is well characterized, the

mechanisms underlying 3D migration in vivo are still not well understood.

Cell migration through 3D substrates depends on the balance between

cell deformability and the physical microenvironment constraints [13].

Several 3D modes of migration have been described that are not static

since cells can switch from one type of migration to another depending

on their degree of cellular adhesion and contractility [14]. In fact, similar

cells can migrate through different environments using completely different

migration modes.

Types of 3D migration

The modes of cell migration are classified based on the morphology of

the leading edge of the cell, and other parameters, such as cytoskeletal

organization, the type of cell-matrix interactions and force generation, and

the remodeling of the microenvironment caused by the migrating cells.
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Furthermore, cells can migrate either individually or collectively, as cohesive

multicellular units while in physical contact and in the same net direction

[15].

There are two main modes of single cell migration in 3D

environments: the adhesion-dependent mesenchymal (elongated) and

the adhesion-independent amoeboid (rounded) modes, which are driven by

actin polymerization and actomyosin contraction, respectively. However,

cells can adopt modes of migration that lie between the two extremes of

mesenchymal and amoeboid migration.

Mesenchymal migration The mesenchymal type of migration is

characterized by cell polarization and binding of the leading edge of

the cell to matrix fibers, which generates traction forces and causes the

spindle-shaped elongation of the cell body. This mode of migration

where cells generate a path for them and other cells to migrate, is

dependent on actin polymerization and integrin function, which in turn

facilitate the remodeling and degradation of ECM components through

metalloproteinases (MMPs) and other proteases [14].

Amoeboid blebbing migration The amoeboid type of migration is

characterized by a shortening of cell’s medial axis length. In this mode of

migration through 3D matrices, spherical-shaped cells advance by inducing

shape changes and multiple anterior and outward short rounded extrusions

of the membrane, termed blebs [14]. These blebs guide the cells’ propulsion

and are regulated by the hydrostatic pressure generated by the contractile

cytoskeletal cortex in the cytoplasm.

Blebbing-based migration is considered a non-proteolytic mode of

migration because it does not require cleavage or degradation of ECM

components. Therefore, cells seek and pursue a path for migrating

instead of generating one themselves by degrading their surrounding

microenvironment.
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Other types of 3D single cell migration: Lobopodia-based migration

As has been mentioned before, cells can adopt modes of migration that lie

between the two described types of migration.

In 3D linearly elastic matrices such as cell-derived matrices (CDMs)

[16], fibroblasts have been shown to project blunt cylindrical structures

different from lamellipodia or blebs at the leading edge of the cells. These

protrusions, termed lobopodia [17], assemble robust cell-matrix focal

adhesions, but similarly to membrane blebs, are driven by actomyosin

contraction [18]. Lobopodia-based migration is a pressure-based mode

of migration that requires the use of the nucleus of the cell as a piston

to increase the intracellular pressure and form the characteristic blunt

cylindrical protrusion that perforates the ECM creating a path for the

cell [19]. A schematic representation of the three types of 3D single cell

migration (mesenchymal, amoeboid and lobopodial) is shown in Figure 1.2.

Although it was first discovered in fibroblasts, this mechanism of

migration can operate in a variety of human cells [19]. For instance,

a highly cross-linked 3D ECM can activate actomyosin contractility to

increase intracellular pressure and maintain the lobopodial mode of 3D cell

migration [18].

3D migration modes and determinants

Several factors induce or determine the type of migration, including

the level of confinement and the degree of adhesion of the cells to their

surrounding matrix [20]. However, the main determinants of cell migration

type in a matrix are the size of the ECM pores that can accommodate the

moving cell body, and the deformability of the cell nucleus in response to

space constraints [13].

Mesenchymal migration occurs when cells are able to adhere to the

matrix and extend protrusions driven by actin polymerization. In this

mode, cells are able to remodel the matrix by exerting traction forces on

their surroundings while degrading the matrix using MMPs. Mesenchymal
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Figure 1.2: 3D modes of migration. a-d) Mesenchymal type of migration.

Cells extend elongated protrusions, adhere to their surrounding ECM fibers

(blue) and degrade them due to proteolytic activity. Adapted from [21].

e-h) Amoeboid migration. Cells produce bleb-like protrusions and advance

in the direction of migration without the need of cell-ECM adhesions and

proteolytic matrix degradation. i-j) Lobopodial migration. Cells emit a blunt

and long cylinder-like protrusion in the direction of migration.

migration can occur for example in microchannels coated with ECM

proteins -a simplified model of 3D microenvironments-, and in 3D scaffolds

such as collagen hydrogels [17].

Amoeboid migration is triggered in low-adhesion microenvironments

where cells undergo cycles of expansion and contraction that help them

squeeze through the ECM pores due to actomyosin contractility. Amoeboid

migration can occur in different 3D microenvironments including collagen

hydrogels.

In highly cross-linked matrices that present a linearly elastic behavior,

such as CDMs cells can exhibit lobopodial migration, which involves the
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establishment of focal adhesions between the cell and the ECM. This

lobopodial protrusion that directs cell migration can be accompanied

sometimes by small blebs in the lateral surface of the cell. However, this

type of motility differs from amoeboid blebbing migration because the

latter can occur in the absence of cell adhesions. Indeed, when cell-matrix

adhesions are suppressed, cancer cells can resort to amoeboid migration [20].

Migration mode switching by tumor cells The mesenchymal-amoeboid

transition (MAT) is as a mechanism by which cells adapt their migration

mode to their environment. Since many cancer cell lines are able to change

their mode of migration, this process is especially relevant in the context of

cancer, where cell migration is key to the spread of the disease.

In vitro studies have identified several intrinsic factors regulating cancer

migration. In cancer cells migrating individually, increased contractility

favors amoeboid migration, while lower contractility (and/or increased

adhesion) promotes more mesenchymal phenotypes [22].

The mode of migration of cells can be artificially induced using

pharmacological treatments [14] [23]. Integrin blocking and proteolytic

inhibitor agents have been shown to induce the loss of mesenchymal

phenotype, followed by the gain of amoeboid morphodynamics in 3D

cultures. The process is illustrated in figure 1.3.

Importance of cell migration in cancer

In the context of cancer, metastasis represents about 90% of deaths

in patients suffering from the disease and is, therefore, the leading cause

of cancer mortality. The metastatic cascade is a multi-step process that

starts with tumor cell invasion at the primary organ and the entry into the

vascular system, followed by the exit of cancer cells from the vessels and the

colonization of distal sites [24]. Cell migration and plasticity of cancer cells

are necessary traits for this process to occur. Thus, the mechanisms of cell

migration and intravasation are extensively studied for targeted intervention.
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a) b)

c) c)

Figure 1.3: Migration mode switch after integrin blockade. a) 2D cell

migration on a flat surface. b) Cell detaches from the substrate due to

integrin blockade. c) Mesenchymal 3D cell migration. d) 3D amoeboid

migration as a result of integrin blockade. Figure adapted from [23].

1.2. Extracellular Matrix

The extracellular matrix (ECM) is the non-cellular component that

surrounds cells. It is composed of several molecules such as water, proteins,

and polysaccharides, forming a multi-functional intricate meshwork of

molecules that not only serves as a physical scaffold for cells, but also

provides them with biochemical and mechanical cues [25]. The ECM

also functions as reservoir of bioactive molecules such as growth factors,

cytokines and other soluble mediators, sequestered by their macromolecular

constituents [26]. These retained mediators can be presented to receptors on

cells, thus triggering different cell behaviors. Therefore, ECM participates in

the regulation of a number of cellular functions including polarity, adhesion,

migration, proliferation, differentiation, homeostasis, and apoptosis [27].

1.2.1. ECM types and composition

Although the ECM basic components remain constant across tissues, its

composition and architecture vary from one tissue to the other and even

within the same tissue type [28], resulting in different biophysical properties
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which directly affect cell behavior.

According to location, there are two main types of ECM: the interstitial

matrix, a 3D porous network that surrounds cells within tissues, and the

basement membrane, which is a sheet-like thin layer of ECM that separates

epithelium from the stroma [29]. An schematic representation of both types

of ECM is shown in Figure 1.4.

Epithelial cells

Basement membrane

Interstitial matrix

Figure 1.4: Organisation of the extracellular matrix. Epithelial cells are

separated from the stroma by the basement membrane. Image adapted

from [29].

In mammals, the ECM contains some 300 proteins, known as the core

matrisome. The major components of the matrisome include collagens,

proteoglycans, and complex glycoproteins.

Collagen constitutes one-third of the human proteome and endows

tissues with mechanical stability, strength, resilience, and elasticity [30].

It is the main protein component of the ECM and there are at least 20

different types of collagens, classified into both fibrillar (I, II, III, V, XI),

and non-fibrillar forms (e.g., IV).

Proteoglycans (PGs) are hydrophilic glycosylated proteins dispersed
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among collagen fibers that appear attached to glycosaminoglycan (GAGs)

side chains. They fill the extracellular space and keep tissues hydrated by

sequestering water. Glycoproteins, such as laminin, elastin, and fibronectin,

participate in ECM assembly and have an important role in ECM-cell

interactions by acting as ligands for cell surface receptors such as integrins

[29].

ECMs are typically depicted as tangled networks of lines representing

fibrillar proteins such as fibrillar collagens or elastin, with interspersed

molecules among them such as cytokines secreted by cells (see Figure 1.5).

ECM fibers

Growth factors

Cell

Figure 1.5: ECM representation. Cell surrounded by a tangled network of

fibers and molecules.

1.2.2. ECM in cancer

The hallmarks of cancer are a group of functional capabilities that

endow cancer cells with the ability to survive, proliferate and disseminate,

and include sustained proliferation, evasion of growth suppression, cell

death resistance, replicative immortality, angiogenesis induction, initiation

of invasion and metastasis, dysregulation of cellular metabolism, and

avoidance of immune destruction [31].

The ECM properties modulate these hallmarks [32] and can induce them.
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For instance, an increase in ECM stiffness is linked to an up-regulation

of integrin signaling and thus to increased cell survival and proliferation [33].

Furthermore, increased collagen cross-linking and the related ECM

stiffness promote focal adhesion assembly and oncogenic transformation

[34]. Moreover, several ECM components have pro- or antiapoptotic effects

[35]. Therefore, matrix alterations and dysregulation may facilitate cancer

progression.

1.2.3. Hydrogels to mimic the ECM

To study 3D cell behavior in vitro, a customized cell culture

microenvironment that mimics the native ECM meshwork and provides

cells with physiological mechanical and biophysical cues is required [36].

Therefore, it is important to design 3D scaffolds or biomaterials inspired by

the microstructure of the native ECM [37].

Natural biopolymer-based hydrogels for 3D cell culture typically contain

proteins and ECM components such as collagen, fibrin, hyaluronic acid, as

well as materials derived from other biological sources, such as chitosan,

alginate, or silk fibrils [38]. Biopolymer-based hydrogels are formed by

networks of polymers embedded in aqueous substrate. Their mechanical

properties depend on the network density, structure, and on the individual

polymer properties.

Among natural biopolymer-based hydrogels, type I collagen hydrogels

have been used extensively and successfully as 3D substrates for cell

culture and constitute promising scaffolds for engineered tissues and tumors

[39]. These collagen-based hydrogels are used to mimic the connective

and interstitial tissues due to the abundance of collagen in the natural

extracellular matrix (25% of total protein in vivo in mammals [40]), and

because type I collagen comprises 90% of the protein in human connective

tissues [41]. Collagen-based hydrogels are viscoelastic, macroscopically

incompressible, and present strain-stiffening, defined as an increase in the

material’s elastic modulus with applied strain [42].
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Matrigel R©is a solubilized basement membrane matrix preparation

originally isolated from the Engelbreth-Holm-Swarm (EHS) mouse sarcoma

[43], a tumor rich in ECM proteins, including laminin, collagen IV, heparin

sulfate proteoglycans, entactin/nidogen, and a number of growth factors

in addition to the major components, including FGF (fibroblast growth

factor), EGF (epidermal growth factor), TGFβ (transforming growth factor

β), IGF (insulin-like growth factor), and PDGF (platelet-derived growth

factor). In the context of cancer, Matrigel R©is widely used to mimic the

tumor microenvironment alone or in combination with other proteins such

as collagen in a wide range of applications including angiogenesis assays,

invasion assays, growth of tumor explants, multicellular tumor spheroids

culture and tissue engineering [43]. Contrary to collagen-based hydrogels,

Matrigel R©hydrogels are linearly elastic and do not present strain-stiffening

[44].

1.3. Extracellular matrix remodeling

The extracellular matrix is a dynamic structure that undergoes constant

remodeling to maintain tissue homeostasis [28]. ECM remodeling can be

caused by changes in ECM composition, because of altered synthesis or

degradation of ECM components, or in architecture due to altered network

organization.

Matrix remodeling, regulated by matrix-degrading enzymes such

as metalloproteinases (MMP) and their inhibitors, occurs in different

physiological processes, but if it becomes dysregulated, it can lead to

various congenital defects and diseases, including cancer [45].

1.3.1. ECM proteolytic degradation

Protein components of the ECM are degraded by proteases such as

MMPs, adamalysins, meprins, and serine proteases, being MMP the most

significant enzymes involved in ECM remodeling [46]. Virtually all MMPs
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are secreted as zymogens and are activated in the extracellular space, by

proteolytic cleavage or oxidation, and collectively, can degrade all ECM

proteins. To date, there are 23 human MMPs named by order of discovery.

They are divided into six groups based on substrate preference and domain

organization: stromelysins, matrilysins, membrane-type (MT) MMPs, and

others [47].

Collagenases (MMP1, MMP8, MMP13) can cleave interstitial collagen,

and gelatinases (MMP2, MMP9) participate in gelatin digestion and

collagen IV cleavage. Matrilysins (MMP7, MMP26) degrade aggrecan and

collagen type II, and stromelysins (MMP3, MMP10, MMP11) degrade

noncollagenous matrix proteins and the broadest spectrum of substrates

cleaving PGs, gelatin, laminin, and fibronectin. MT MMPs appear tethered

to the plasma membrane (MMP14, MMP15, MMP16, MMP24, MMP17,

MMP25) and help degrade fibrillar collagens and fibrin among other

substrates. The remaining MMPs are classified as “others”.

MMPs are involved in diseases where key events involve matrix

degradation and inflammation, and they are upregulated in most human

tumors and tumor cell lines [47]. Furthermore, there is a connection

between MMP activity and inflammation as well as between inflammation

and cancer [48] [49], and MMPs have been proved to be involved in cancer

progression [50].

MMPs’ proteolytic activity is necessary for a cancer cell to degrade

physical barriers during intravasation, extravasation, and invasion, and they

participate in several other steps of cancer development. For instance, some

MMPs promote cancer proliferation by modulating the bioavailability of

growth factors and the function of cell-surface receptors [50], and others are

able to confer anti-apoptotic signals to cancer cells. MMPs also regulate

tumor angiogenesis, cell adhesion, and migration, and are associated with

epithelial to mesenchymal transition (EMT) and immune evasion.

Due to their numerous functions related to cancer progression, MMPs

represent a promising anti-cancer target, and many drugs have been

developed with the aim to inhibit MMP activity.
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1.3.2. ECM alignment

ECM is not only modified by synthesis or degradation of its components

but also is remodeled by the forces cells exert within the matrix. In recent

years, the ability of cells to align ECM fibers and the importance of fiber

alignment in the migration process [51] and force transmission [52] have

been reported.

ECM alignment is frequently associated with a higher cell migration

efficiency, both in the case of single cell migration and collective cell

migration [53] since directionally aligned collagen provide cells with a path

for persistent motility.

Role of ECM alignment in cell migration and cancer

Classically, migration dynamics and guidance have been associated with

soluble cues such as chemokines and growth factors [54]. However, in the

recent years, matrix remodeling has emerged as an important factor in

determining cell migration directionality.

During cell migration, cancer cells remodel their microenvironment

by condensing, degrading, cross-linking, and aligning the fibers of their

surrounding ECM network structure. Increased remodeling and matrix

deposition create a reorganized microenvironment that enhances tumor

progression [55] by affecting cell polarity, cell migration, cell-cell interactions,

and augmenting growth factor signaling.

Cells preferentially invade along straightened collagen fibers, compared

to randomly organized collagen matrices [56] and use the remodeled stiff

collagen fibers as invasion “highways” that provide directional cues to the

cells and direct motility through the anisotropy of the microenvironment

[57]. This phenomenon is known as contact guidance mediated migration

and has been reported both in vitro and in vivo in individual and collective
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cell migration.

Several cell lines such as fibroblasts [58] and U87 glioma cells [59]

exhibit contact guidance migration when embedded in 3D matrices. In vivo,

collagen appears aligned perpendicular to tumors in several types of cancer

[57], in which fiber topography fosters local invasion at the tumor-stromal

interface [60], partially because the aligned fibers enhance migrational

persistence by guiding and limiting the number of cellular protrusions [61].

In the context of cancer, the stromal ECM surrounding a tumor can show

fiber alignment that is correlated with enhanced invasion [62], metastasis,

and poor prognosis. For instance, the perpendicular alignment of ECM

fibers to the boundary of a tumor has been associated with poor prognosis

in breast cancer [57] [63], where tumors with increased aligned collagen are

markers for more aggressive cancers. Similarly, there is a strong correlation

between metastatic potential and matrix alignment in colorectal cancer

mouse models [64]. In both cancer types, there is an initial increase in

collagen density in the surrounding area of the tumor, and when become

invasive, collagen fibers lie aligned perpendicular to the tumor boundary.

Migrating cells pull on the surrounding ECM fibers inducing their

stretching and reorientation, but the mechanisms that cause the fibers to

be aligned perpendicular to the tumor boundary in invasive tumors remain

unclear [65].

Due to the importance of fiber alignment as a migration guidance cue,

several image analysis methods have been developed to describe matrix

heterogeneity and orientation by quantifying the anisotropy and the degree

of alignment of the fibrillar components of the cellular microenvironment.

These descriptors of material heterogeneity and orientation are not only

calculated to determine the fibrillar network distribution of the matrix but

also to use them as microstructural parameters in mechanical models of

the ECM.
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1.3.3. ECM densification

Besides ECM fiber alignment, the density of the local ECM surrounding

a cell or a group of cells increases during cell traction, causing matrix

compaction. This increased density and compaction of the ECM results in

a stiffness increase of the pericellular matrix [66] and can have an effect on

cancer cell behavior, promoting an invasive phenotype [67] [68] and giving

rise to durotaxis [69] [70].

Cell-driven ECM compaction occurs when the traction forces exerted by

the cells embedded in it are greater than the elastic forces that the ECM

network can resist, being the extent of remodeling dependent on the cell

line and ECM properties [71].

1.4. Microfluidic tools to study cell migration and

cancer

Microfluidic devices are becoming important research tools to study

in vitro the behavior of cells collectively and individually due to their

advantages over standard macroscale systems.

Traditionally, two-dimensional cell culture techniques in which cells are

grown on flat substrates such as Petri dishes have been used to study

cell migration (e.g., wound-healing assays) but experiments carried on

these systems are of difficult interpretation since the mechanisms of cell

migration used by cells in 2D differ from those in 3D environments [72]

[73]. Awareness of their limitations and of the importance of the cellular

microenvironment (extracellular matrix) in cell behavior have led to a

transition towards 3D culture systems, whenever experimentally possible.

3D in vitro migration models include Boyden chambers and multi-well

slides [74], which are able to recreate the 3D cell confinement but provide

little control of the environment and are not optimized for microscopic

observation or high-throughput studies. These models do not recapitulate

the complexity of tissues and do not offer control over biochemical gradients.
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Migration experiments have also been performed in vivo in mouse

models using intravital microscopy. These highly physiological experiments

are technically complex, provide limited staining options, and are difficult

to visualize and quantify [75].

The incorporation of microfluidics into 3D in vitro cell culture models has

helped overcome some of the limitations of the above-mentioned large-scale

in vitro methods, such as the limited control of physiological factors [76].

Indeed, the use of these versatile platforms has opened the door to study

cell migration in highly controlled 3D environments, allowing real-time

monitorization of experiments thanks to their excellent optical properties

for time-lapse microscopy imaging. Moreover, they allow high-throughput

studies with minimized use of reagents.

For instance, in the context of cancer cell migration, microfluidic devices

have been used to study invasion from a primary tumor [77], overcoming of

mechanical barriers [78], cell intravasation [79], adhesion to blood vessels

[80], extravasation [81], and the effect of interstitial fluid stresses [82].

More recently, microfluidic platforms have been used to test anti-cancer

drugs in organotypic cell cultures [83] and to recapitulate cancer-immune

system interactions [84].

In general, microfluidic assays are physiologically relevant models

in the context of cancer because they allow precise control of the

microenvironment. Therefore, they constitute a good compromise between

in vivo and other types of in vitro studies [84] (see Figure 1.6).
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Figure 1.6: Cancer models. Microfluidic models offer a good compromise

between traditional in vitro and in vivo models. The schematic shows the

different models available for studying biological processes and drug testing

in order of increasing physiological relevance. Figure adapted from [85].

1.5. Mechanobiology

The mechanical factors play a role in biological processes by affecting

cellular behavior during homeostasis and disease. Mechanobiology is the

discipline at the interface of biology, physics, and bioengineering that

focuses on how mechanics and physical forces affect cellular processes.

It is widely known that living cells experience physical forces as well as

chemical stimuli. Mechanotransduction is the process by which cells detect

mechanical signals, interpret, and respond to them by triggering a cascade

of biochemical signals, that elicit biological responses, e.g., cell migration

[86].

The mechanotransduction process is mediated by cellular receptors,

the integrins, that couple the cellular membrane to extracellular matrix

protein-binding domains. Cellular contractile forces are transmitted to the

ECM network via cell-ECM adhesions [87], leading to matrix deformation
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and stiffening [42]. Cellular forces induce ECM plastic deformation over

time [88], stiffer substrates inducing increased cell-generated tension [89]

leading to a positive force-feedback loop [90].

1.5.1. Mechanotransduction in cancer

In the context of cancer, there is strong evidence that alterations in the

mechanical properties of the extracellular matrix and tumor surrounding

tissues significantly promote malignant progression and metastasis [90].

Pathological mechanical strains arise in tissues during cancer progression

resulting in a homeostatic imbalance that further activates tumorigenic

biochemical pathways [91].

For example, the hypervascularization in tumors promotes cancer

progression by compressing blood vessels and inducing hypoxia [92].

Other mechanical stimuli such as the tumor interstitial hydrostatic

pressure enhance interstitial flow from the tumor to stroma and have

been associated with tumorigenesis [93] and tumor vascularization in

vivo [94]. In addition, the high stiffness of tumors directly causes the

mechanical activation of biochemical pathways that are related to the cell

cycle, epithelial-mesenchymal transition, and cell migration [91]. At the

cellular level, it has been demonstrated that metastatic cells generate larger

contractile forces compared to non-malignant cells [89]. Understanding

the mechanisms underlying such mechanical anomalies in cancer may

be important for the development of innovative treatments. Concretely,

since the ECM plays an important role in cancer progression and cellular

mechanotransduction, modulating its mechanical properties may limit the

spread of tumors [95].

1.5.2. Tools for studying cell-ECM interactions

Measuring cell-generated forces at the cell-ECM interface is a critical

part of understanding cell-ECM interactions. Several approaches have

been developed for measuring cellular forces and shed light on the

mechanotransduction phenomena. These approaches are mainly based
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on measuring the deformations -cytoskeletal or extracellular- caused by

tensional forces, to then solve the inverse problem of inferring the magnitude

and direction of the forces causing those deformations, at cellular and

subcellular resolutions [86].

Tools to study cell-matrix mechanical interactions include Förster

resonance energy transfer, microfabricated post-array-detectors, laser

ablation, and Traction Force Microscopy [90] [96] [97].

Förster resonance energy transfer (FRET)-based biosensors are used

for real-time monitoring of cell signaling. This technique is based on the

principle that the distance between a donor and an acceptor fluorescence

molecule will change upon protein activation [97]. It has been used to

demonstrate the unfolding or stretching of proteins caused by cell-generated

forces.

Microfabricated post-array-detectors serve as cell-force sensors. Cells

seeded on top of these sensors (e.g., micropillars of known stiffness) cause

the deflection of the posts, that is directly proportional to the cell-generated

force. Forces can be inferred from the measured deflection, assuming that

the stiffness of the pillars is known.

Laser ablation consists of eliminating a portion of the cellular molecular

assembly using the energy of a focused laser beam. The laser acts as

a precise excision tool that causes the expansion or shrinkage of tissues,

revealing the tensions existing before ablation. Therefore, it is a powerful

tool for probing cell-ECM-related structures such as cell-matrix adhesion

proteins, and ECM components [90].

However, the most common tool to study cell-generated forces is traction

force microscopy (TFM), an in vitro technique where the measurements of

the deformation of the surrounding extracellular matrix are used to retrieve

cellular forces.
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1.5.3. Traction Force Microscopy

The idea of Traction Force Microscopy emerged in the 80’s with the

pioneering work of Harris and co-workers, who demonstrated that the

forces exerted by adherent cells generate wrinkles on thin flexible substrates

made of silicone [98]. However, obtaining reliable force measurements

from wrinkle patterns is a cumbersome task, thus rendering this method

merely qualitative which caused to bring this method in disuse. Several

years later, the term Traction Force Microscopy was coined by Dembo

and Wang [99] [100], who used polyacrylamide gels with fluorescent latex

beads embedded in it to track the deformation of the gel substrate under

cellular forces. In this method, images of fluorescent beads near the surface

of the gel are acquired before and after cellular force relaxation. Then,

the deformations of the gel substrate are calculated using single particle

tracking or correlation tracking algorithms. Particle tracking algorithms

follow individual beads between images, whereas correlation tracking, also

known as digital image correlation or particle image velocimetry, tracks

groups of particles rather than individual particles [101]. Both methods

are often used in combination, e.g. particle image velocimetry to obtain

a first estimate of the displacements, and then single particle tracking for

a more precise calculation [102]. In 2D TFM using thick polyacrylamide

gels, which are homogeneous, isotropic, and linear, the gel substrate can

be approximated by an elastic half-space and an analytical model of the gel

mechanical behavior, the Boussinesq solution, can be used to retrieve cell

forces [103].

In the last two decades, many protocols for measuring cell-generated

forces using traction force microscopy have been developed, based on

the detection of deformations of flexible substrates [104]. Although it

was initially intended to measure single-cell traction forces, this technique

has been extended to other applications including the measurement of

intercellular forces in collective cell migration [101].

Previous research has mainly focused on the quantification of 2D force

fields generated by cells crawling on soft substrates. However, cells generate

traction forces normal to the substrate surface in addition to in-plane forces.
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Therefore, in the recent years, computational tools capable of estimating

3D displacements and force fields have been developed to gain a better

understanding of cell-ECM interactions [44]. Since the gel can not be

considered an elastic half-space as in 2D TFM, the adaptation of existing

algorithms is not straightforward and different solutions based on finite

element methods have been proposed [44][105].

3D Traction force microscopy experiments typically consist of the

following steps: the fabrication of the biomimetic hydrogel with the

cells embedded in it, microscopy acquisition, calculation of the substrate

deformation generated by the cell forces (measurement of displacements

of fiducials such fluorescent beads or ECM constituents), and the recovery

of the exerted forces from the displacement field. During TFM image

acquisition two images need to be acquired: the image of the cells

exerting forces and their surrounding ECM, and the stress-free reference

image captured after cell relaxation typically using drugs aiming at the

depolymerization of the actin network of the cytoskeleton.

A schematic of the experimental setup is shown in Figure 1.7.

a) b)

Figure 1.7: Traction force microscopy schematic diagrams of the

experimental setups. a) 2D TFM on flat hydrogel with fluorescent beads

embedded in it. b) 3D TFM. ECM fiber displacements are measured to

infer the cellular forces.
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3D TFM methods have typically assumed a linear material behavior and

affine matrix deformations, meaning that a uniform macroscopic stress gives

rise to a uniform macroscopic strain. However, the connective tissues of most

organs are highly nonlinear, as are biopolymer ECM models such as collagen

and fibrin hydrogels, both of which present a strain-hardening behavior under

shear stress and collapse when stretched. Therefore, in the present, research

efforts in the 3D TFM field are being focused on taking into account the

nonlinear response of biological materials in the material model used to

recover the forces [44] [106].



Chapter 2

Objectives

The main objective of this thesis is the study of cancer cell migration

and extracellular matrix remodeling during cancer cell migration in

three-dimensional environments of different biochemical and mechanical

properties. To this end, three physiologically-relevant collagen-based

hydrogels have been used to model the ECM inside microfluidic devices.

Then, cell migration phenotypes and rates, along with the extent of matrix

degradation and traction cell-generated forces have been quantified in each

of the hydrogels to shed new light on the microenvironmental conditions

that favor cancer cell migration, thus setting up the stage for future

translational efforts aimed at therapeutically targeting this deadly disease.

The partial objectives required to achieve this ultimate objective are:

1. Characterize the biomechanical properties of three collagen-based

biomimetic hydrogels used to model the ECM. The hydrogels’

morphology and diffusion properties are quantified by microscopy

image analysis. The hydrogels’ mechanical response is quantified by

rheological assays.

2. Design and fabricate microfluidic devices for 3D cell migration

experiments. These migration devices can be loaded with the ECM

biomimetic hydrogels and cells and facilitate easily changing the

cell culture medium. The material used to fabricate the devices is

25
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permeable to permit the necessary gas exchange and has excellent

optical properties for microscopic observation.

3. Perform 3D time-lapse cancer cell migration experiments inside the

biomimetic hydrogels confined in the microfluidic devices. Evaluate the

effect of different integrin and metalloproteinase-blocking treatments

in cell migration within the ECM biomimetic hydrogels.

4. Characterize the 3D cancer cell migration in three different ECM

microenvironments. Determine the migration phenotype and dynamics

of cell migration. The phenotype is determined by cell morphology.

The dynamics of cell migration -speed, directionality, and accumulated

distance- are quantified using automated image analysis. Quantify

the number of cellular focal adhesions, the expression of integrins,

and the degree of adhesion to different extracellular matrix proteins

present in the hydrogels.

5. Quantify the extent of matrix remodeling that occurs during cancer

cell migration. This is done by measuring metalloproteinase activity,

and by quantifying the fiber alignment and extracellular matrix

densification caused by cells in collagen-based hydrogels.

6. Quantify and compare cell-exerted forces within the hydrogels.

Traction force microscopy assays are performed to determine the

magnitude of the exerted cellular forces in different microenvironments.



Chapter 3

Materials and methods

In this chapter, all the experimental procedures, software tools employed,

and equipment used in this thesis are presented. It contains all

the information regarding the fabrication of microfluidic devices, the

experimental setups for cell migration, ECM remodeling experiments, and

TFM assays, and a description of the image-analysis tools used to quantify

the experimental data.

3.1. Cell culture

3.1.1. H1299 cell line

This human non-small lung cancer cell line was derived from a resected

lymph node metastasis after radiation therapy. It was purchased from the

American Type Culture Collection (ATCC, LGC-Promochem SL, Barcelona,

Spain).

3.1.2. Cell transfection

H1299 cells were transfected using pLE GFP-C1 plasmid (Mountain

View, CA, USA) and FuGENE reactive (Roche, Barcelona, Spain) at a 3:1

ratio following manufacturer’s instructions.

27
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After transfection, cells were cultured in the presence of G418 antibiotic

(Sigma Aldrich, Steinheim, Germany) at a 1 mg/ml concentration in order

to select GFP positive cells. Antibiotic-resistant cells were expanded and

frozen.

3.1.3. Culture medium

H1299 cell line was cultured with RPMI 1640 culture medium (Lonza,

Barcelona, Spain). The medium was supplemented with 10% fetal bovine

serum (FBS) (FetalClone III, Thermo Fisher Scientific, Madrid, Spain), and

1% penicillin-streptomycin (100 units/ml, Lonza, Barcelona, Spain). It is

referred to as complete medium from now on.

3.1.4. Culture maintenance

Cells were maintained in complete medium in 25 cm2 cell culture flasks

(BD Biosciences, San Jose, USA). They were kept at 37 ◦C in a humidified

incubator Forma 371 Steri Cycle CO2 (Thermo Electron Corporation, Ohio,

USA) with 5% CO2 and 95% relative humidity.

When cells reached 90% confluence, the medium was discarded and cells

were washed with DPBS (Lonza, Barcelona, Spain) and incubated with

0.05% Trypsin-EDTA(1x) (GIBCO) for 5 min at 37 ◦C in the incubator.

Trypsin-EDTA was neutralized adding the same volume of pre-warmed

complete medium and cells were centrifuged at 1200 r.p.m. for 5 min. The

supernatant was discarded and cells were resuspended in 1 ml of complete

medium and seeded in new flasks.

Whenever necessary, the concentration of cells in suspension was

measured using a Neubauer hemocytometer (Brand, Werheim, Germany).
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3.1.5. Cell freezing

Cells were frozen in FBS containing 10% dimethyl sulfoxide (DMSO)

(Sigma-Aldrich) and stored in cryovials at -196 ◦C in liquid nitrogen tanks.

3.1.6. Cell thawing

Frozen cells were quickly thawed by gently swirling the cryovials in a 37
◦C water bath. Immediately after thawing, the content of the vials was

transferred to new 75 cm2 cell culture flasks (BD Biosciences, San Jose,

USA) with 15 ml of pre-warmed complete medium.

Once cells adhered to the bottom of the flasks, medium was discarded

to remove the remnant DMSO and fresh pre-warmed complete medium

was added to the flasks.

3.2. Cellular staining for microscopy visualization

3.2.1. In vivo cell labeling

H1299 wild-type cells were labeled using the cytoplasmic membrane

dye CellBriteTM Red 644/665 nm (Biotium) following the manufacturer’s

staining protocol.

In order to label cells in suspension, 200000 cells were suspended in

200 µl of complete medium RPMI 1640 at a density of 106 cells/ml in an

Eppendorf tube.

Then, 1 µl of CellBrite Red dye was added to the cells in suspension

and it was well mixed by flicking the tube. After 20 minutes of incubation

at 37 ◦C, the labeled suspension was centrifuged for 5 minutes at 1500

r.p.m. at 37 ◦C. The supernatant was discarded and cells were gently

resuspended in 1 ml pre-warmed complete medium. The washing procedure

involving centrifugation and resuspension in complete medium was repeated

two more times before proceeding with experiments or observation at the
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microscope.

3.2.2. Immunofluorescence staining of fixed cells

Immunofluorescence staining of focal adhesions (FAK) in H1299 cells

To evaluate cell attachments to 3D matrices, H1299 cells stably

transfected with GFP were seeded in hydrogels and plated onto 8-well slides

(Labtek, Nunc, Roskilde, Denmark). Cell migration was stimulated after

hydrogel polymerization with RPMI medium (GIBCO, Barcelona, Spain)

supplemented with 20% FetalClone III (Thermo Fisher Scientific, Madrid,

Spain) and allowed to migrate for 12 hours. Afterwards, samples were

rinsed with PBS and fixed in 4% PFA at 37 ◦C for 30 minutes. Cells were

subsequently permeabilized with 0.005% Triton X-100 in PBS and blocked

with 0.5% BSA in PBS. Then, cells were incubated overnight at 4 ◦C with

the primary antibody Anti-FAK (1:300, Cell Signaling, Danvers, USA).

The following day, samples were washed with PBS and subsequently

incubated for one hour at room temperature with the secondary antibody

conjugated with AlexaFluor 555 (1:400, Invitrogen, Barcelona, Spain).

Finally, images were acquired with an oil immersion 63×
Plan-Apochromat objective (1.4 NA) on a Zeiss LSM 800 laser-scanning

confocal microscope (Carl Zeiss, Jena, Germany). Images were acquired

using Zen 2.3 software (Carl Zeiss, Jena, Germany) and 3D rendered with

Volocity (Perkin Elmer, Waltham MA, USA).

Vinculin immunofluorescence staining in H1299 cells

To quantify cell adhesions to hydrogels, H1299 cells were seeded on

top of the hydrogels in 8-well slides (Labteck, Nunc, Roskilde, Denmark).

After hydrogel polymerization, RPMI medium (GIBCO, Barcelona, Spain)

supplemented with 20% FetalClone III (Thermo Fisher Scientific, Madrid,

Spain) was added to the wells and they were allowed to adhere for 6

hours. Afterwards, the samples were rinsed with PBS and fixed in 4%
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PFA at 37 ◦C for 15 minutes. Cells were subsequently permeabilized with

0.005% Triton X-100 in PBS, washed with PBS, and incubated overnight

at 4 ◦C with the primary antibody Anti-Vinculin H-Vin 1 (Sigma-Aldrich,

Steinheim, Germany) at a dilution 1:200.

The following day, samples were washed with PBS and incubated for one

hour at room temperature with the secondary antibody Donkey Anti-Mouse

conjugated with AlexaFluor 488 (1:400, A-21202, Thermo Fisher).

Finally, images were acquired with an oil immersion 63×
Plan-Apochromat objective (1.4 NA) on a Zeiss LSM 800 laser-scanning

confocal microscope (Carl Zeiss, Jena, Germany) using Zen 2.3 software

(Carl Zeiss, Jena, Germany).

Focal adhesion quantification in H1299 cells stained for Vinculin

Focal adhesions can be quantified in immunofluorescence images using

image analysis approaches [107]. In this work, immunofluorescence images

of vinculin were processed and quantified using the ImageJ software [108],

following the method described by Horzum et al. with slight modifications

[109]. The method combines different plugins of the ImageJ program and

it is able to quantify focal and localized signals within a high background

such as FAs. Prior to image processing, coarse binary masks of the cells

were obtained to demarcate the areas of FA search in the different images.

The raw fluorescent images of the H1299 cells stained for vinculin were

processed as follows: first, a median filter was applied to the images and

the background was subtracted using the subtract background tool with the

sliding paraboloid option. Then, the contrast was enhanced by running the

CLAHE (Contrast Limited Adaptive Histogram Equalization) plugin [110]

and the background was further minimized by applying the mathematical

exponential (EXP). Subsequently, the brightness and contrast of the images

were automatically adjusted and a Laplacian of Gaussian filter [111] was

applied. Images were automatically thresholded in the cell mask area and

a morphological closing was applied to merge FA fragments separated by

thin bridges of pixels. Finally, the analyze particles command was executed
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to scan the thresholded images and identify and automatically quantify

the size of the focal adhesions detected. All the steps were included in

an in-house developed plugin to automatize the quantification. All the

parameters used in the quantification are listed in Appendix A.

Examples of raw images of the H1299 cells stained for vinculin and their

respective FAs segmentation in three types of hydrogels C, CM, and CM+

are shown in Figure 3.1.

Figure 3.1: Representative raw images of H1299 cells at 63× magnification stained

for vinculin and their respective FAs segmentation.
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3.3. Hydrogel preparation

3.3.1. C, CM, and CM+ collagen hydrogels

Collagen hydrogels were prepared following an already reported method

by Shin et al. [112] with slight modifications.

Hydrogels were prepared using a stock of rat tail collagen type I (BD

Biosciences, San Jose, USA) at a final collagen concentration of 2 mg/ml

with deionized water, 10x phosphate buffered saline (PBS), and sodium

hydroxide solution.

Three types of hydrogels were fabricated; one made of collagen type

I and two others made of collagen type I mixed with Matrigel R©(BD

Bioscience, San Jose, USA) (from now on referred to as Matrigel) at two

increasing concentrations.

The nomenclature describing hydrogel compositions was chosen based

on the increasing ratio of Matrigel to collagen; hydrogel type C (2mg/ml

collagen, no Matrigel), CM (2mg/ml of collagen, 2mg/ml of Matrigel), and

CM+ (2mg/ml of collagen, 4mg/ml of Matrigel).

The concentration, pH value, and total volume of the final collagen

solution can be adjusted for different applications. In this work, hydrogels

were prepared at pH 7. Generally, 200 µl of hydrogel were fabricated in a

laminar flow hood under sterile conditions.

Hydrogel type C was prepared with PBS 10x (Lonza, Barcelona, Spain),

NaOH 0.5 N, collagen type I, and deionized water at 4 ◦C. All reagents

were kept on ice throughout the process.

The required collagen volume was calculated based on the collagen

stock solution and the desired hydrogel final volume. The volume of 10×
PBS was always one-tenth (1/10) of the final volume.
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Prepararion of hydrogel type C

To prepare hydrogel type C, the amount of collagen type I was calculated

to obtain a final collagen concentration of 2 mg/ml. The volume of NaOH

0.5 N was determined experimentally by preparing hydrogels with different

volumes of NaOH and measuring the pH with a pH paper strip. To prepare

200 µl of 2mg/ml collagen type I hydrogel at pH 7, NaOH volume fell

between 4 to 8 µl. After determining the exact NaOH volume needed to

adjust the pH, hydrogel recipe was used for future experiments as long as

the same reagents were used.

Sterile deionized water was added to dilute the collagen solution to the

desired concentration without affecting the pH value. Firstly, the required

PBS 10×, NaOH, and deionized sterile water volumes were added to an

Eppendorf tube. Next, collagen type I was added to the tube to a final

concentration of 2mg/ml and the solution was mixed thoroughly using a

micropipette. Once prepared, the pH of the final solution was measured

using a pH paper strip.

In most experiments, microfluidic devices were filled with the prepared

hydrogel solution as described in this chapter (see Section 3.5.3). Gel-filled

microfluidic devices or gel-filled culture plates were put into an incubator

to allow hydrogel polymerization to take place for 40 minutes at 37 ◦C.

During hydrogel polymerization, devices or culture plates were kept inside

Petri dishes with sterile water to guarantee high relative humidity.

After polymerization, gels were hydrated with complete medium by

filling the lateral channels of the microfluidic devices. In the case of gel-filled

culture plates, the medium was gently added on top of the hydrogels,

without disrupting them.

CM AND CM+ HYDROGELS

CM and CM+ hydrogel preparation was similar to that of hydrogel type

C. Hydrogels differed in the Matrigel to collagen ratio.
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Hydrogels type CM and CM+ were prepared using PBS 10x (Lonza,

Barcelona, Spain), NaOH 0.5 N, collagen type I, Matrigel and sterile

deionized water at 4 ◦C.

The required collagen and Matrigel volumes were calculated based on

the collagen and Matrigel stock solution and the desired hydrogel final

volume. The volume of PBS 10× was always one-tenth (1/10) of the final

volume.

Preparation of hydrogels CM and CM+

To prepare hydrogels of type CM and CM+, collagen type I volume

was calculated to obtain a final concentration of 2mg/ml. To fabricate

CM+ hydrogels, a high-concentration collagen type I stock solution was

used (typically between 8 and 9 mg/ml). Matrigel volume was calculated

to obtain either a final concentration of 2 mg/ml or 4 mg/ml depending on

the desired type of hydrogel (CM or CM+).

The volume of NaOH 0.5 N needed to adjust the pH of the solution was

determined experimentally.

First, the required PBS 10×, NaOH, and deionized sterile water volumes

were added to an Eppendorf tube. Next, collagen type I was added to

the tube to a final concentration of 2mg/ml and the solution was mixed

thoroughly using a micropipette. Finally, Matrigel was added to the desired

final concentration (2 mg/ml or 4 mg/ml) and it was again mixed carefully

and thoroughly without introducing air bubbles into the solution. Once

prepared, the pH of the final solution was measured using a pH paper strip

to check the final pH was 7.

After verifying the final pH, the hydrogel solution was loaded either in

microfluidic devices or in culture plates. Gel-filled microfluidic devices or

culture dishes were put into an incubator to allow hydrogel polymerization

for 40 minutes at 37 ◦C. During hydrogel polymerization, devices or culture

plates were kept inside Petri dishes with sterile water to guarantee high

relative humidity.
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As in hydrogel C preparation, gels were hydrated with complete medium

after polymerization.

3.3.2. C, CM, AND CM+ hydrogels with DQ collagen I

In order to visualize and quantify extracellular matrix degradation due

to metalloproteinase activity, C, CM, and CM+ hydrogels were prepared by

adding DQ collagen type I (Life Technologies, Invitrogen, Barcelona, Spain)

to the already mixed hydrogel prepolymer solution at 4 ◦C at 25 µg/ml,

following the protocol described for hydrogels by Peláez et al. [113]. Then,

the hydrogels were gently vortexed before cell seeding in order to ensure a

homogeneous DQ collagen type I distribution.

3.3.3. C, CM, AND CM+ TAMRA-labeled hydrogels

To fluorescently label hydrogels for in vivo confocal fluorescence

microscopy, collagen type I stock solution was labeled with

5-(and-6)-Carboxytetramethylrhodamine Succinimidyl Ester (5(6)-TAMRA,

SE), an amino-reactive fluorescent dye that reacts with nonprotonated

aliphatic amino groups of proteins, following the protocol described in the

next section.

Collagen I labeling with TAMRA

Rat tail collagen type I (BD Biosciences, San Jose, USA) was

labeled with 5-(and-6)-Carboxytetramethylrhodamine, Succinimidyl Ester

(5(6)-TAMRA, SE) (Life Technologies, Invitrogen, Barcelona, Spain). It is

referred to as TAMRA from now on. TAMRA’s emission spectra falls on

the orange/red range (ex/em= 555/518 nm).

The collagen labeling protocol was adapted from the method used by

Geraldo et al. [114], adapted in turn from the protocol of Baici et al. [115].

The labeling protocol was done inside a cold room (at 4 ◦C) and TAMRA
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was protected from light at all times to avoid photobleaching.

Before starting the labeling process, 2 l of labeling buffer (0.25 M

NaHCO3, 0.4 M NaCl) and 1 l of acetic acid 0.2% (v/v) were prepared at

pH 9.5 and 4 respectively and stored at 4 ◦C. TAMRA was prepared at 10

mg/ml by adding 2.5 ml DMSO to the supplied 25 mg TAMRA powder.

To this end, the mixture was vortexed until complete dissolution, and the

resulting solution was stored protected from light at -20 ◦C. The labeling

buffer and the acetic acid were sterilized using 0.2 µm pore size Corning

bottle-top vacuum filter systems.

To start the procedure, 1 ml of highly concentrated rat tail collagen

I solution was injected into a presoaked 3 ml dialysis cassette of 10000

MWCO cut off (10,000 MWCO Slide-A-LyzerTM Dialysis Cassettes, 10K

MWCO, 3 ml) using a 21 G hypodermic needle. High concentration

collagen solutions are typically provided at concentrations around 10 mg/ml

and are highly viscous, therefore the solution was slowly and carefully

manipulated to avoid the formation of air bubbles. The dialysis cassette

was then immersed into 1 l of labeling buffer at 4 ◦C and dialyzed overnight.

The following day, 100 µl of 10 mg/ml TAMRA solution were mixed

with 900 µl of labeling buffer. Both TAMRA solution and labeling buffer

were kept at room temperature since DMSO freezes at 4 ◦C. After mixing,

the diluted TAMRA solution was brought back to -20 ◦C. After carefully

removing the collagen from the dialysis cassette using a 10 ml disposable

syringe with a 21 G hypodermic needle, 1 ml of the dialyzed collagen

solution was mixed with 1 ml of diluted TAMRA solution by pipetting.

Once mixed, the TAMRA collagen solution was transferred into a 2 ml

Eppendorf tube and it was incubated overnight with rotation in a cold

room. The Eppendorf tube was wrapped in aluminum foil to avoid TAMRA

exposure to light.

After overnight incubation, the 2 ml of TAMRA-labeled collagen were

transferred into a presoaked 3 ml dialysis cassette and it was dialyzed

overnight against 1 l of labeling buffer to remove the excess of free dye.
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Then, the TAMRA-labeled collagen was restored to the original collagen

solution by placing the dialysis cassette into 1 l of 0.2% (v/v) acetic acid

solution and dialyzing overnight at 4 ◦C in the cold room.

Finally, the final volume of the TAMRA-labeled collagen was measured

and its final concentration was calculated considering the initial volume

and the concentration of the collagen stock solution. The resulting labeled

collagen was stored at 4 ◦C protected from light to avoid photobleaching.

Preparation of TAMRA-labeled hydrogels

C, CM, and CM+ TAMRA-labeled hydrogels were prepared following

the same C, CM, and CM+ hydrogel protocols described in this chapter,

using TAMRA-labeled collagen as the collagen type I stock solution.

3.3.4. M y M+ Matrigel hydrogels

Matrigel-only hydrogels (M and M+) were prepared with the same

Matrigel concentrations as in hydrogels type CM (2 mg/ml) and CM+ (4

mg/ml), respectively. M and M+ hydrogels were prepared following the

same CM and CM+ hydrogel recipes by replacing the amount of collagen

type I used with the same volume of 0.02 N acetic acid, to maintain the

desired Matrigel concentrations.

3.3.5. Collagen hydrogels with different crosslinking levels:
TG6, TG13, y TG26

Collagen type I hydrogels with different crosslinking levels were fabricated

following the same hydrogel type C protocol, adding different concentrations

of the enzyme transglutaminase (TG).

To prepare transglutaminase-containing hydrogels, collagen was mixed

with the enzyme before adding the rest of the reagents (deionized water,
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PBS 10×, NaOH 0.5 N) to the hydrogel solution.

Three different collagen type I-transglutaminase enzyme ratios were used

to obtain three hydrogels of increasing crosslinking levels: 100:1 (TG6),

50:1 (TG13) and 25:1 (TG26).

3.3.6. Collagen hydrogels with different fibronectin
concentrations: TG6-F10, TG6-F20

Collagen type I hydrogels were prepared with different fibronectin

concentrations using collagen type I crosslinked with transglutaminase at a

100:1 ratio.

Fibronectin was added to crosslinked collagen to obtain hydrogels

containing 2mg/ml of collagen and 50 µg/ml (TG6-F10) or 100 µg/ml

(TG6-F20) of fibronectin.

3.3.7. Hydrogel cell seeding

In order to seed cells inside the hydrogels, first the cells were suspended in

complete medium, and cell concentration was calculated using a Neubauer

hemocytometer.

Hydrogels were seeded with cells at a concentration of 106 cells per

milliliter. The required volume of cell suspension was calculated based on

the original cell concentration and the final hydrogel volume. Cells were

centrifuged in a 1.5 ml Eppendorf tube in a microcentrifuge for 1 minute.

After cell centrifugation, the supernatant was discarded and the hydrogel

solution was added on top of cell pellet at 4 ◦C.

Cells were suspended in the hydrogel by using a micropipette and once

embedded in the hydrogel, loaded in the microfluidic devices or culture

plates at desired hydrogel volume. The loaded microfluidic devices or

culture plates containing the hydrogels were incubated at 37 ◦C for 40
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minutes.

3.3.8. Hydrogel sample preparation for scanning electron
microscopy

First, C, CM, or CM+ hydrogels were prepared as described in Section

3.3.1. Once they had polymerized, they were fixed with 4% glutaraldehyde

in sodium cacodylate buffer 0.1 M pH 7, at 4 ◦C overnight. The following

morning, hydrogels were postfixed with 1% osmium tetroxide in phosphate

buffer, pH 7 at 4 ◦C for two hours.

Next, the hydrogel samples were dehydrated using ethanol in a graded

series (25-100%) and critical-point dried using carbon dioxide (CO2).

In this process, the ethanol in the sample was replaced with liquid

CO2, which underwent a phase transition to gas in a pressurized chamber,

thus leaving hydrogel samples completely dehydrated prior to metal coating.

Finally, to render the samples conductive, they were gold sputtered using

a sputter-coater (Emitek K550 Sputter-Coater) in an Argon atmosphere.

3.4. Hydrogel characterization

3.4.1. Microstructural characterization

To investigate the structure of collagen hydrogels, different imaging

modalities including confocal reflection microscopy, confocal fluorescence

microscopy, and scanning electron microscopy, were used.

Confocal reflection microscopy images

To quantify morphological parameters of the hydrogel networks, image

stacks of the hydrogels were acquired on a Zeiss LSM 800 confocal

microscope (Carl Zeiss, Jena, Germany) in reflection mode exciting the

samples with a laser wavelength of 647 nm, and detecting the light using
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a GaAsP PMT. 1024×1024×50 voxel images were acquired using an

oil-immersion Plan-Apochromatic 63× (1.4 NA) objective lens, with a final

resolution of 0.099×0.099×0.42 µm3/voxel.

Confocal fluorescence microscopy: TAMRA-labeled images

TAMRA-labeled hydrogel samples were excited with a 561 nm

wavelength laser on a Zeiss LSM 800 confocal microscope (Carl Zeiss, Jena,

Germany) using a GaAsP PMT detector. 1024×1024×50 voxel images

were acquired using an oil-immersion Plan-Apochromatic 63× (1.4 NA)

objective lens, with a final resolution of 0.099×0.099×0.42 µm3/voxel.

Image analysis of CRM and CFM images: Fiber Network

Quantification

In this section, the three-step method used to analyze collagen fiber

networks geometry from confocal microscopy z-stacks is explained. The

method, described by Maška et al. [116] [117] involves a step of filtering

preprocessing, the binarization of the images using local Otsu thresholding,

and the use of a fiber extraction algorithm to obtain a 3D reconstruction

of the collagen networks. The fiber reconstruction algorithm (FIRE) [118]

is used to identify individual collagen fibers. The final reconstruction of the

networks allows the quantification of several morphological parameters such

as collagen fiber length, persistence length, and the network pore size. The

flowchart of the process is shown in Figure 3.2.

Fiber Network analysis

Filtering Images are typically affected by random fluctuations of their

pixel intensity values, which amount to what is commonly called noise.

Noise stems from the inherent properties of the imaging modality and

capturing camera and sensors, thus affecting the images of the collagen

networks.
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Figure 3.2: Flowchart of the fiber network extraction algorithm.

Due to the thin and elongated shape of collagen fibers, the low

signal-to-noise ratio of the images, the heterogeneity of collagen intensity

levels, especially in deep optical sections, the images were preprocessed

using a steerable filter targeting arbitrarily oriented ridges [119]. This filter

removes unwanted noise while enhancing fiber-like structures, such as the

collagen fibers. As the diameter of collagen fibers is approximately 150 nm

[120], the standard deviation of the smoothing Gaussian kernel used was

set to σx = 1, σy = 1, σz = 1 in all experiments.

Binarization After filtering, and before fiber extraction, images were

binarized to obtain a coarse binary mask of the entire collagen network.

Image binarization was done by applying a local Otsu threshold separately

to each z-slice of the steerable filter response. This binarization algorithm

chooses a threshold that minimizes the intraclass variance of the resulting

black (background) and white (collagen) pixels.
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Individual fiber extraction The Euclidean distance transform of the

binarized images of collagen networks were used to reconstruct the collagen

networks and extract individual fibers. To do this, the FIRE algorithm [118]

was used.

The first step to reconstruct the network is the computation of the

Euclidean distance map (EDM). To this end, the minimal distance from

each fiber pixel to a background pixel was calculated using MATLAB’s

bwdist.m function in the image processing toolbox [121]. Subsequently, the

computed distance map was smoothed with a Gaussian filter of standard

deviation σd < 1, to cope with small fiber discontinuities originated either

by noise or by low levels of reflected light in the images.

The next step is the computation of the Nucleation Points (NPs) of the

fibers. NPs are points that are local maxima of the filtered distance maps,

calculated by dividing the distance map in box neighborhoods and choosing

the pixels that have the highest values in each neighborhood.

Then, the algorithm traces all the branches of the fibers, extending

them from NPs. To do this, a new set of pixels called Local Maximum

Points (LMPs) is defined at each NP. These LMPs are local maxima

located at a distance exceeding a critical threshold (see Section A.4 for

FIRE parameter values), within a defined box neighborhood centered in the

NP. Since collagen fibers are not branched, the number of LMPs associated

to each NP is typically equal to 2. Each NP and its LMPs are considered

independent short fibers that are extended until they reach an end. At

that point, a new fiber is added to a fiber list containing the start and end

coordinates of each branch. The algorithm repeats this procedure for all

NPs of the mesh.

When two fibers have endpoints that are close together and share a

similar spatial orientation these two fibers are linked together to form a

new longer fiber. Once all fibers are extended, the output of the algorithm

is the network reconstruction N̂ = {V̂ , X̂, F̂}, where the tilde indicates an

estimation to the true network N . The reconstructed network N̂ consists

of a list of n vertices with their 3D spatial coordinates X̂, and a list of m
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fibers F̂ . Each fiber f̂k is a vector of p̂k vertex identifiers, that indicate

the vertices fiber k passes through. Fiber cross-links or fiber intersections

are easily identified in the network as groups of pixels shared by two or

more fibers. All the parameters used in the FIRE algorithm are presented

in Appendix A. An example of the fiber reconstruction is shown in Figure 3.3.

Figure 3.3: Image steps of the fiber network extraction algorithm. Raw

images (CRM slices) are first filtered (Steerable Filter) and binarized (Otsu

thresholding) in order to get the final fiber reconstruction (FIRE output).

Network descriptive parameters Three descriptive parameters of the

network geometry were calculated from the binary networks: fiber length,

fiber persistence length, and pore size.

Fiber length was calculated by aggregating Euclidean distances between

consecutive pairs of fiber points [118], the fiber persistence length by

calculating the best least squares fitting exponential [118], and the pore
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size was calculated by computing the average value of the covering radius

transform over a medial axis of the gel fluid phase [120].

The collagen fibers are represented by thinned skeletal center lines, i.e.,

medial axes of the white pixels of the binarized data sets. The medial axis

is derived from the Euclidean distance map, which specifies for every voxel

of the fluid phase, (pixels not belonging to fibers), the distance from its

center to the center of the nearest voxel of the collagen fibers. The EDM is

used to thin the collagen fibers to its one-voxel-thick medial axis, without

changing the topology and connectivity of the network.

Then, the width of the pores of the fluid phase of the gel is measured

using the covering radius transform, which assigns a value Df to each voxel

of the fluid phase. For a voxel p of the fluid phase, the value Dp
f is the

radius of the largest EDM sphere centered anywhere in the fluid phase that

is fully contained in the fluid phase and covers that voxel p, being an EDM

sphere a sphere with a radius equal to the Euclidean distance map value at

its center point.

SEM microstructural characterization

Hydrogel network microstructure morphology was also imaged using

a scanning electron microscope. SEM generates images of a sample by

scanning the surface with a focused high-energy electron beam. Image

formation depends on the acquisition of the signals produced by the electron

beam and specimen interactions [122].

Hydrogel samples from hydrogels C, CM, and CM+ were prepared as

described in Section 3.3.8.

Images of the three types of hydrogels C, CM, and CM+ were acquired

using a SEM Zeiss DSM 940 microscope (20kV) (Karl Zeiss, Jena,

Germany) at 3000× and 10000× magnification.
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Image analysis of SEM images

To characterize the microstructural features of the 3D hydrogel networks,

SEM micrographs were analyzed to quantify the percentage of porosity,

the thickness of the fibers, and the size of the pores from their binarized

versions (see Figure 3.4).

Figure 3.4: Representative SEM micrographs from hydrogels C, CM, and

CM+ and their respective binarized images. Image adapted from [123].

Three SEM images at 3000× magnification per type of hydrogel (C,

CM, and CM+) were analyzed using DiameterJ [124], a plugin of the free

software ImageJ [108]. Especifically, the images were binarized using a

statistical region-merging algorithm [125] implemented inside the plugin,

and then, the average pore area, fiber diameter, and percentage of porosity

of the hydrogels were quantified.

The percentage of porosity was calculated as the ratio of black (pores)

to white (fibers) pixels. To calculate the average radius of the fibers in one

image, DiameterJ calculates two center-lines, one using an axial thinning
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algorithm developed by Zhang and Suen [126] and the other using Voronoi

tessellation [127]. The length of each center-line is then averaged and the

total area of fibers is divided by the average of the axially thinned and

Voronoi center-line lengths, resulting in a value that is equivalent to the

mean fiber diameter. To calculate the area of the pores, DiameterJ divides

the total number of black pixels in pores by the number of pores in the image.

3.4.2. Diffusion characterization: Dextran diffusion assays

Biomolecule transport in collagen hydrogels was characterized using a

40 kDa RhodamineB dextran (Sigma-Aldrich, Steinheim, Germany) diluted

in RPMI without phenol-red at a concentration of 250 µg/ml.

To perform dextran diffusion assays, the desired hydrogel (C, CM, or

CM+) was prepared and loaded into the hydrogel channel of a microfluidic

device (version 1, see Section 3.5).

After hydrogel polymerization, one of the lateral channels of the device

was filled with RPMI without phenol-red (Lonza, Belgium), whereas the

other one was filled with 40 kDa Rhodamine B dextran at 250 µg/ml to

establish a dextran gradient across the hydrogel region.

Next, the the emission of the fluorescent dextran diffusing in the

hydrogel was imaged every five seconds during six hours in an inverted Zeiss

AxioObserver microscope (Carl Zeiss, Jena, Germany) with a 5× objective

lens. Image analysis was performed as described in the following section.

Image analysis of dextran diffusion assays

To characterize biomolecule transport across hydrogels C, CM, and

CM+, the acquired images of the diffusion assays were analyzed using an

in-house developed Fiji [108] plugin.

The plugin prompts the user to select 12 regions of interest (ROIs) in the

central hydrogel channel. The ROIs are located at three different positions
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(high, medium, and low) within the device. The High-intensity region “H”

is located closest to the dextran-filled channel, medium-intensity region

“M” is located in the middle of the hydrogel region, and the low-intensity

region “L” is situated the farthest from dextran source. An example of the

diffusion experiment is shown in figure 3.5.

After selecting the ROIs, the plugin normalizes their pixel intensity

values with respect to the highest pixel intensity values found in the “H”

region. The normalized intensity is then measured at the three selected

positions for the duration of the experiment.

Figure 3.5: Dextran diffusion in hydrogel CM. Dextran intensity is measured

in three regions of interest (H, M, L) along time.

Normalized diffusion graphs were plotted against time to facilitate visual

comparison of the diffusion properties of the three types of hydrogels.

3.4.3. Mechanical characterization: Rheological assays

Collagen-based hydrogels C, CM, and CM+ were characterized by

means of rheological assays using a stress-controlled rotational rheometer of

plate-cone geometry HAAKE Rheostress 1 (Thermo Fisher Scientific) with

a 35 mm diameter and a cone angle of 1◦ (see Figure 3.6), following the

protocol described by Valero et al. [128]. During the measurements, the

rheometer applies an oscillatory shear stress τ = τ0sin(ωt) to the hydrogel



Section 3.4 49

sample and the shear deformation γ is quantified.

First, 300 µl of hydrogel prepolymer were prepared and pipetted on

the lower plate of the rheometer. Then, the upper plate descended until

the gap between both plates was the required by the sensor specifications

(0.051 mm). The hydrogel was surrounded with low viscosity oil (0.1 Pa

s) to avoid hydrogel dehydration during the experiment. The hydrogel was

allowed to polymerize and stabilize at 37 ◦C for several hours while applying

cyclic strain of amplitude 0.5% and frequency 0.1 Hz before oscillatory

stress sweep assay while instantly recording the shear modulus of the sample.

After hydrogel stabilization, a torque of 5 µNm (at a frequency ω = 0.1

Hz), which generates a stress of 0.446 Pa for the rheometer geometry was

applied to the sample and stepped up logarithmically from this minimum

value up to a value of hydrogel failure. The storage G’ and loss moduli G”

of the hydrogels were measured over time.

All measurements were done in triplicate and averaged per hydrogel

type (C, CM, CM+).

          

a)

          

b)

Figure 3.6: a) HAAKE RheoStress1 rheometer. b) Schematic of the

cone-plate geometry of the rheometer.
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3.5. Microfluidic devices

3.5.1. Design of microfluidic devices

The microfluidic devices used have a main central hydrogel channel

flanked by two channels for cell culture medium filling, which act as medium

and growth factor reservoirs. The central channel is delimited by two

parallel rows of evenly spaced microposts, which function as geometric

capillary burst valves [129], thus confining the hydrogel in the central

channel when loaded through either of the two gel inlets.

The design of the first version of the device was conceived based on

that of Shin et al. [112] where evenly spaced microposts have a squared

geometry. The second version of the device was inspired in Farahat’s et al.

design [130], in which microposts adopt a trapezoidal form.

Microfluidic platforms were designed using computer-aided design

(CAD) software. CAD designs are presented in Appendix A.2.

3.5.2. Fabrication of PDMS microfluidic devices

All the microfluidic platforms used in this work were made by combining

soft lithography and replica-molding techniques.

The fabrication process consists of three main steps: master mold

fabrication, generation of the polydimethylsiloxane (PDMS) replicas, and

bonding of the PDMS replicas to glass coverslips or glass bottom cell

culture dishes to seal the microfluidic systems. Schematic steps are shown

in Figure 3.7.

Master mold fabrication

Master molds were fabricated on 4-inch silicon wafers using SU8

negative photoresist (SU8-100 MicroChem Corporation, Newton, MA, US)

and conventional UV photolithography techniques.
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Uncured photoresist

Cured photoresist

PDMS

Photomask

Silicon wafer

Glass coverslip

UV light

Figure 3.7: Schematic steps of microfluidic device fabrication. UV

photolithography is used to polymerize uncured SU-8 photoresist (orange)

through a photomask (black). Then, the uncured photoresist is removed and

PDMS (blue) is poured on top of the mold to obtain PDMS replicas. Finally,

replicas are irreversibly bonded to a glass substrate to seal the system.

Version 1 microfluidic platforms were fabricated at CEIT’s (Centro

de Estudios e Investigaciones Técnicas de Guipúzcoa) cleanroom facility.

Version 2 master molds for the second version microfluidic platforms were

fabricated by MicruX Fluidic (MicruX Fluidic S.L., Oviedo, Spain).

The master mold fabrication process involves SU-8 photoresist curation

through a photomask containing the desired pattern on top of a silicon

wafer. The process is illustrated in Figures 3.7 and 3.8. The protocol is

described in detail in Section A.1.
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a) b)

Figure 3.8: Fabrication of the master mold. a) Photomask of the design.

b) Master mold obtained after photolithography.

Fabrication of PDMS replicas

After the fabrication of the master mold, PDMS Sylgard 184 (Dow

Corning Corporation) inverted replicas of the mold were obtained via replica

molding.

To this end, PDMS was first mixed (10:1 weight ratio) with the

crosslinker (curing agent) in a disposable plastic cup. The mixture was

stirred for approximately 3 minutes and entrapped air bubbles were removed

by degassing PDMS mixture before pouring it onto the master mold.

Degassing was performed by exposing the PDMS to vacuum, which

causes the bubbles in the PDMS mixture to expand and rise to the surface

where they burst. The degassing step was performed by placing the cup

containing the PDMS mixture inside a desiccator connected to a vacuum

line.

Once most of the bubbles had been removed, the mixture was poured

onto the mold, and it was degassed again until no bubbles remained for

approximately one hour.

Then, the mixture was allowed to cure at room temperature on a leveled

surface for 48 hours to produce an optically transparent replica of the mold.



Section 3.5 53

Rapid curing of PDMS was also possible since its curing time depends on

temperature. Dow Corning Sylgard 184 PDMS can be cured over a range

of times and temperatures, spanning from 2 days at room temperature to

10 minutes at 150 ◦C.

To expedite microfluidic devices fabrication [131], PDMS was cured at

70 ◦C for 4 hours and allowed to cool down to room temperature.

After curing time, replicas were separated from the master mold, and

the gel and channel inlets of the microfluidic systems were created using

disposable biopsy punches of 1.5 and 3.5 mm diameter (Acuderm Inc.),

respectively. Microfluidic devices were circularly shaped by trimming the

PDMS using a hollow punch of 35 mm diameter.

Bonding by oxygen plasma treatment

The last step of the fabrication process is the assembly of the devices.

In this step, microfluidic systems were sealed by either bonding the PDMS

replicas to 35 mm-glass coverslips or to 35 mm glass bottom Willco Well

(WillCo Wells B.V.) dishes.

The main method for PDMS/glass low-temperature bonding uses

oxygen-plasma [132], which generates Si-OH silanol groups that undergo

condensation reactions to yield Si-O-Si covalent bonds. Therefore, PDMS

replicas were irreversibly bonded to the glass substrates by means of oxygen

plasma treatment. PDMS and glass surfaces were exposed to plasma

oxygen at 40 W for 60 seconds using a Zepto Plasma System (Zepto,

Diener Electronic, GmbH).

Right after oxygen plasma treatment, PDMS and glass activated

surfaces were properly aligned before being irreversibly bonded due to the

formation of covalent bonds between both surfaces.
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3.5.3. Working with microfluidic devices

Prior to filling the microfluidic devices, they were sterilized and coated

with poly-D-lysine to enhance hydrogel adherence to the glass bottom of

the devices.

Sterilization of microfluidic devices

Microfluidic devices were sterilized by UV light exposure for one hour

with a Stratalinker R©1800 (Stratagene, La Jolla, CA, USA) as the UV light

source.

PDL coating

To promote hydrogel adherence to the inner surface of the microfluidic

channels, they were coated with 1 mg/ml poly-D-lysine (Sigma Aldrich,

Steinheim, Germany).

PDL coating was done by filling 40 µl into each device and by incubating

them for 4 hours at 37 ◦C.

After incubation, devices were rinsed three times with deionized sterile

water, and dried at 70 ◦C for 48 hours. Before using them, they were

allowed to cool down at room temperature.

Hydrogel filling

Microfluidic devices consisted of a central hydrogel chamber laterally

connected to two wide channels destined for cell culture medium loading.

Channels were connected to the external environment by two hydrogel

inlets and four cell culture medium inlets and outlets.

In order to fill microfluidic devices, 10 µl of hydrogel solution at 4◦C

were drawn with a 2-20 µl micropipette. The devices were filled from either
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gel inlet from one side all the way to the other side.

Hydrogel solution volume was limited to 10 µl to prevent it from

overflowing the lateral channels. An example of hydrogels loaded in the

microfluidic devices is shown in Figure 3.9.

Version 1 Version 2a) b)

Figure 3.9: Brightfield images acquired at 5× magnification after hydrogel

filling. a) Hydrogel loaded in a version 1 microfluidic device. b) Hydrogel

loaded in a version 2 microfluidic device.

3.6. 3D cell migration assays within microfluidic

devices

3.6.1. 3D Cell migration assays

Cell migration assays were done inside C, CM, or CM+ hydrogels at a

cell density of 1000 cells per microliter. After preparing the hydrogel at

the desired cell concentration, it was filled into the central gel channel of a

microfluidic device.

After filling the microfluidic device, it was incubated at 37 ◦C for 40

minutes at 95% relative humidity to allow hydrogel polymerization.



56 Materials and methods

Once the hydrogels had polymerized in the central channel, lateral

channels were filled, one with serum-free culture medium (RPMI 1640

medium supplemented with 1% penicillin-streptomycin) and the other one

with RPMI 1640 medium supplemented with 20% Fetal Clone and 1%

penicillin-streptomycin.

In the case of cell migration control assays, both lateral channels were

filled with serum-free cell culture medium.

Then, the microdevice was introduced in the microscope incubation

chamber at 37 ◦C with 5% C02 and high relative humidity conditions

for image acquisition. Time-lapse videos of the central hydrogel channel

were acquired using an inverted confocal Spinning Disk Zeiss AxioObserver

microscope (Carl Zeiss, Jena, Germany) equipped with a 5× objective lens.

Images were acquired in phase contrast and fluorescence every 15 minutes

during 12 hours at 37 ◦C in a incubating chamber with 5% CO2 and high

relative humidity conditions.

Cell migration experiments under 20% FBS stimulation were performed

in both versions of the microfluidic devices.

3.6.2. Integrin-blocking in cell migration assays

To explore the role of integrin-blocking in cell migration assays, cells were

incubated with integrin blocking antibodies anti-integrin β1, anti-integrin

β3 or with a combination of both, before hydrogel cell seeding.

Anti-integrin β1 assays were performed by preincubating the cells

with anti-integrin β1 antibody Abcam (AB7168, Cambridge, UK) at 10

µg/ml for two hours at 37 ◦C, whereas anti-integrin β3 assays were

performed by preincubating the cells with anti-integrin β3 antibody

Millipore (MAB2023Z, Billerica, USA) at the same concentration under the

same conditions.

To study the effect of blocking integrins β1 and β3 at the same time,
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cells were simultaneously preincubated with both antibodies at 10 µg/ml

for two hours at 37 ◦C.

After the incubation time, the desired hydrogel (C, CM, or CM+) was

prepared at a cell density of 1000 cells per microliter. Once it was prepared

at the desired cell concentration, it was filled into the central gel channel

of a microfluidic device as described in Section 3.5.3.

Next, lateral channels were filled with cell culture medium; one channel

was filled with serum-free culture medium and the other one was filled

with RPMI 1640 medium supplemented with 20% Fetal Clone and 1%

penicillin-streptomycin.

Subsequently, the central hydrogel channel was imaged as described

in Section 3.6.1. These cell-migration experiments were performed inside

microfluidic devices (version 1).

3.6.3. Metalloproteinase blocking in cell migration assays

To investigate the role of MMP blocking in cell migration assays, cells

were incubated with GM6001 Ilomastat MMP Inhibitor (EMD Millipore)

at a concentration of 25 µM for one hour before hydrogel cell seeding.

Before adding the metalloproteinase blocking treatment cells were deprived

of serum for 1 hour to enhance treatment intake.

After the incubation time with GM6001, the desired hydrogel (C, CM, or

CM+) was prepared and filled into the central gel channel of a microfluidic

device as previously described in Section 3.5.3.

Next, lateral channels were filled with cell culture medium containing

GM6001 25 µM; one channel was filled with serum-free culture medium

and the other one was filled with RPMI 1640 medium supplemented with

20% Fetal Clone and 1% penicillin-streptomycin.

Subsequently, image acquisition was performed as described in Section
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3.6.1.

These cell-migration experiments were performed inside microfluidic

devices (version 2).

3.6.4. Viability quantification in integrin blocking cell
migration assays

To confirm integrin-blocking did not affect cell viability, the number

of living cells was compared between the first and the last frame of the

time-lapse cell migration assay videos corresponding to treatments that

involved blocking one or both β1 and β3 integrins. The number of living

cells was averaged per type of hydrogel (C, CM, or CM+).

Cell number was automatically quantified using a segmentation algorithm

previously described by Maška et al. [133]. This algorithm is based on the

“Active Contours Without Edges” method by Chan and Vese [134], which

optimally performs cell segmentation based on their mean intensity, by

fitting a two-phase piecewise constant model to the image. This method

was used to distinguish between living cells and dead cells, based on the

basis that non-viable cells lose their GFP expression and remain undetected

by the segmentation algorithm.

3.6.5. Image analysis of cell migration experiments: cell
tracking within microfluidic devices

H1299 2D time-lapse videos of migrating cells fully embedded in the

hydrogels were analyzed to quantify cell speed and trajectories through the

hydrogels. The images were 1388×1040 pixels wide, which corresponded

to an area of 1.8×1.3mm2. In order to analyze the images, first ROIs were

selected in the middle of the hydrogel channel to avoid cells attached to

the microdevices’ posts (see Figure 3.10 b)).

Since the image sequences suffered from slight shifts due to the cell

imaging set-up (see Figure 3.10 a)), it was corrected by applying a rigid
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Figure 3.10: a) Device position correction. b) ROI selection. c) Fluorescence

image of H1299 GFP cells acquired with a dry Plan-Apochromatic 5× (0.12

NA) objective lens using a Zeiss CellObserver SD spinning disc confocal

microscope. d) Final cell migration tracks in multiple colors overlayed with

the final frame (fluorescence and phase contrast images) of a H199 cell

migration experiment.

registration to the frames with respect to a reference frame (the first frame

of the video) using the software elastix v. 4.8 [135].

Given that the cells were embedded in the hydrogels, the 2D lateral

motility was considered a good estimate of the real 3D motility. Migration

was captured by means of the long depth-of-field of the low magnification

lens used and it was quantified as described in the following paragraph. An

example of the final tracks of H1299 GFP cells in a migration experiment

inside a version 2 microfluidic device is shown in Figure 3.11.

To extract 2D tracks of migrating cells within the microdevices using

the acquired fluorescence time-lapse videos, a contrast limited adaptive



60 Materials and methods

Figure 3.11: Final cell migration tracks in multiple colors overlayed with

the final frame (fluorescence and phase contrast images) of a H199 cell

migration experiment in CM hydrogels inside version 2 microfluidic devices.

histogram equalization filter was applied first to enhance image contrast

[136]. Then, the cells were segmented by minimizing the Chan-Vese

model using the graph cuts approach [133]. This approach segments

objects based on their mean intensity and does not rely on gradient

information, thus allowing the segmentation of cells with imperfect or

incomplete boundaries. The segmented cells were linked between successive

frames using a constrained nearest-neighbor approach, implemented in the

CellTracker system [137]. Finally, the mean accumulated distance (MAD)

and the average speed of the cells were calculated, and cell migration

polarity was assessed. Namely, cell migration polarity evaluates cell speed

average magnitude at different orientations, after re-alignment along the

primary migration direction of each track, identified using the singular value

decomposition analysis of velocities of each cell. The polarity reveals the

degree of anisotropy in cell’s velocities. If cell movement is isotropic, as in

the case of a true random walk or a persistent random walk, the average

magnitude of cell speed is equally likely in all directions. If the migration is

anisotropic, the average magnitude along the primary migration direction is

substantially higher than along other directions [123].
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The mean accumulated distance was calculated by summing the mean

displacement of the cells between consecutive frames over all frames. The

formula is shown in Equation 3.1

MAD =
1

N

T∑
t=2

N∑
n=1

d(xn(t), xn(t− 1)) (3.1)

where N is the number of cells, T is the total number of frames and xn(t)

is the position of cell n in a determined frame t.

3.7. Invasion assays in Boyden chambers

3.7.1. Invasion assays in Boyden chambers under 20% FBS
stimulation

3D invasion assays were performed in Boyden chambers with 8 µm pore

filters. This technique is based on a chamber of two compartments separated

by a microporous membrane [74]. During the assay, cell-containing hydrogels

are placed in the upper compartment of the chamber and then, cells are

allowed to migrate through the hydrogel and pores of the membrane into the

lower compartment, in which a chemoattractant is present (see Figure 3.12).

Boyden chamber

Cancer cell

Serum free medium

 Growth medium

 Collagen hydrogel

Figure 3.12: Representation of a Boyden invasion assay. Seeded cells

(orange) embedded in a collagen-based hydrogel (blue) are allowed to

migrate through the pores of the Boyden chamber, attracted by cell culture

medium supplemented with FBS.
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To do the Boyden chamber invasion assays, cells were first centrifuged

and resuspended in the desired hydrogels at a concentration of 1000

cells per microliter. After placing 100 µl of the hydrogel prepolymer in

the upper compartment of an 8 µm pore size Boyden chamber insert

(Corning, New York, USA), it was incubated at 37 ◦C for one hour. After

hydrogel polymerization, cell migration was stimulated by filling the lower

compartment with 20% serum supplemented cell culture medium. The

hydrogel was hydrated by filling the upper compartment with serum-free

cell culture medium.

After 48 hours at 37 ◦C in the incubator, cells were fixed in 4%

formaldehyde for 15 minutes and the upper side of the insert was

thoroughly wiped off with cotton swabs. The cells in the lower part of

the membrane were stained with 0.5% Crystal Violet dye (Sigma Aldrich,

Steinheim, Germany).

Subsequently, images were acquired using a Leica DMIL led inverted

microscope (Leica Microsystems, Wetzlar, Germany), with a HI Plan 10×
(0.22 NA) objective lens and equipped with a Leica EC3 digital camera. At

least four random fields were acquired per Boyden membrane.

This 3D invasion experiment was done with Matrigel-only hydrogels of

type M and M+ as well as in C, CM, and CM+ hydrogels.

3.7.2. MMP-blocking in invasion assays in Boyden chambers

To determine the effect of MMP blocking in cancer cell invasion,

cells were treated with a broad spectrum MMP inhibitor GM6001 (EMD

Millipore) for 2 hours at a concentration of 25 µM in serum-free medium

before embedding the cells inside the hydrogels for the invasion experiments.

After being incubated for 2 hours in the presence of GM6001, cells

were trypsinized and resuspended in the hydrogels at a concentration of

1000 cells per microliter. After placing 100 µl of the hydrogel prepolymer

in the upper compartment of an 8 µm pore size Boyden chamber insert



Section 3.8 63

(Corning, New York, USA), it was incubated at 37 ◦C for one hour. After

hydrogel polymerization, cell migration was stimulated by filling the lower

compartment with 20% serum supplemented cell culture medium. The

hydrogel was hydrated by filling the upper compartment with serum-free

cell culture medium containing GM6001 at a concentration of 25 µM.

After 48 hours at 37 ◦C in the incubator, cells were fixed and stained,

and image acquisition was performed as described in the previous section

(see Section 3.7.1).

This 3D invasion experiment under MMP blocking was done in C, CM,

and CM+ hydrogels.

3.7.3. 3D Boyden invasion assay quantification

Invasion assays were quantified by counting and normalizing the number

of stained cells per experiment. At least four random fields were counted

per Boyden membrane.

3.8. Hydrogel remodeling assays within microfluidic

devices

3.8.1. DQ Collagen I remodeling assays under 20% FBS
stimulation

To study hydrogel remodeling within microfluidic devices, the desired

hydrogel (C, CM, or CM+) was prepared at a cell density of 1000 cells per

microliter. Hydrogels were added DQ collagen type I (Life Technologies,

Invitrogen, Barcelona, Spain) at 25 µg/ml. In remodeling experiments

requiring the use of DQ-collagen I, cells were labeled with CellBrite Red

dye prior hydrogel cell seeding.

Once prepared, the hydrogel was filled into the central channel of a

microfluidic device and it was incubated for 40 minutes at 37 ◦C to allow
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hydrogel polymerization.

After polymerization time, lateral channels were filled with cell culture

medium; one channel was filled with serum-free culture medium and the

other one with RPMI 1640 medium supplemented with 20% Fetal Clone

and 1% penicillin-streptomycin.

Hydrogel remodeling was imaged using an inverted confocal microscope

ZEISS LSM 800 (Carl Zeiss, Jena, Germany) 24 hours after microfluidic

device loading. A 40× objective lens was used to acquire z-stacks of the

cells and their surrounding collagen fibers and DQ collagen degradation

in two different channels to separate the emissions from the different

fluorochromes (DQ and CellBrite).

3.8.2. DQ Collagen I control remodeling assays under 20%
FBS stimulation and MMP-blocking treatment

To quantify the effect of MMP-blocking on the extent of matrix

degradation due to metalloproteinase activity, cells were treated with

GM6001 (Ilomastat) MMP Inhibitor (EMD Millipore) at a concentration of

25 µM.

Before preparing the hydrogels for the remodeling experiments, cells

were deprived of serum for one hour and incubated with GM6001 in cell

culture medium without FBS. Then, the hydrogels were fabricated at a

cell density of 1000 cells per microliter and added DQ collagen type I (Life

Technologies, Invitrogen, Barcelona, Spain) at 25 µg/ml.

Once prepared, the hydrogel was filled into the central channel of a

microfluidic device and it was allowed to polymerize at 37 ◦C.

After hydrogel polymerization, lateral channels were filled with cell

culture medium; one channel was filled with serum-free culture medium

containing GM6001 25 µM and the other one with RPMI 1640 medium

supplemented with 20% Fetal Clone, 1% penicillin-streptomycin and
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GM6001 25 µM.

Then, the hydrogels were imaged as described in Section 3.8.1.

3.8.3. Image analysis and quantification of DQ collagen
remodeling assays

Proteolytic degradation of hydrogels during cell migration was quantified

as the volume of the dye-quenched protein substrate (DQ collagen I).

30 DQ collagen z-stacks of each hydrogel (C, CM, or CM+) were

analyzed using a custom Fiji plugin. Image stacks were first binarized

using the Moments threshold algorithm that implements Tsai’s moment

preserving approach [138]. This method selects a threshold such that the

binary image has the same first three moments as the grey level image.

Following binarization, a morphological closing was applied to the images,

and they were subsequently filtered with a median filter to remove unwanted

noise.

The process is shown in Figure 3.13.

Figure 3.13: Image analysis of DQ z-stack images. Raw images are

binarized, closed, and subsequently filtered using a median filter.
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3.8.4. Fiber alignment remodeling in TAMRA-labeled
collagen hydrogels

To determine the ability of H1299 cell line to align their surrounding

collagen fibers, microfluidic devices were filled with the desired hydrogel

(C, CM, or CM+) prepared with TAMRA-labeled collagen type I at a cell

density of 1000 cells per microliter. Cells were labeled with CellBrite Red

dye prior hydrogel cell seeding.

Once prepared, the hydrogel was filled into the central channel of a

microfluidic device and it was incubated for 40 minutes at 37 ◦C to allow

hydrogel polymerization.

After polymerization time, lateral channels were filled with cell culture

medium; one channel was filled with serum-free culture medium and the

other one with RPMI 1640 medium supplemented with 20% Fetal Clone

and 1% penicillin-streptomycin.

Hydrogel remodeling was imaged using an inverted confocal microscope

ZEISS LSM 800 (Carl Zeiss, Jena, Germany) equipped with a 40×
immersion oil objective lens, 24 hours after loading the microfluidic devices.

Z-stacks of 512x512 pixels image size of the cells and their surrounding

collagen fibers were acquired at a scaling of 0.312x0.312×0.49 µm3.

To quantify fiber anisotropy 20 2D 512×512 pixel images of each type

of hydrogel were analyzed. Two anisotropy measurements were made

per image: the global anisotropy index measured in a control alignment

ROI of 100x100 pixels located in a non-cellular region of the image, and

the anisotropy index measured in 100×100 pixel ROIs of fiber alignment

in-between cells or in close vicinity of cells.

To obtain these anisotropy measurements, the Fourier Transform

Method (FTM) described by Sander et al. [139] implemented in MATLAB

was used. This method allows the user to obtain an estimate of the

rose of directions, the orientation tensor and principal alignment axes of

the images, and the anisotropy index. An isotropic network where fibers
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are randomly oriented has an anisotropy coefficient value of zero, and a

completely aligned network has the maximum value of anisotropy which

is unity. Thus, the anisotropy index was used as an indicator of fiber

alignment to compare the degree of alignment in the different regions where

it was measured. The method is described in detail in the following section.

3.8.5. Image analysis of fiber alignment remodeling using the
Fourier Transform Method

In this work, the Fourier Transform Method described by Sander et al.

[139] was used to assess fiber directionality and anisotropy because of its

accuracy and short computing time.

Fourier Transform Method

The FTM is based on the 2D Fourier transform (FT), that when applied

to a digital image, reduces its complex spatial description in terms of its

frequency components.

A grayscale digital image is made of pixels that vary spatially in intensity,

where rapid changes in image intensity are indicative of image edges that are

often associated with the boundaries of objects in the scene, and therefore

orientation. Image orientation can be quantitatively analyzed by the FTM

in the frequency domain, where high values of frequency components are

distributed along straight lines and correspond to major structural direction

lines in the spatial domain image. In contrast, if the objects in the image

are randomly oriented, the frequency components in the Fourier spectrum

are approximately isotropic.

The FTM summarizes the values of frequency components in directional

vectors depending on their angle and can be displayed in a polar diagram

that represents an estimate of the rose of directions that shows how fibers

are distributed within the image [140].

To obtain the polar diagram of the fiber distribution, the first step of

the FTM is to apply the 2D discrete Fourier transformation (DFT) to the



68 Materials and methods

digital image. The 2D DFT of a digital image f(x, y) in the spatial domain

of size M×N is given by:

F (u, v) =
M−1∑
x=0

N−1∑
y=0

f(x, y)e−j2π(ux/M)+(vy/N) (3.2)

where x and y represent the spatial coordinates of the image, u and v

the frequency components along x and y-axis, respectively, in the Fourier

domain, and i =
√
−1.

F (u, v) is often complex and contains a real R(u, v) and an imaginary

I(u, v) part. The Fourier transform of f(x, y) is typically displayed in terms

of its power spectrum, which is defined as follows:

|F (u, v)| =
√
R2(u, v) + I2(u, v) (3.3)

The power spectrum of an image is symmetrical about the origin and

displays the relative magnitudes of its frequency components, providing

information about the quantity, angle dependence, and size of the objects

within the image.

In the power spectrum, frequency increases radially outward from the

zero-frequency amplitude located by convention at the center, which

corresponds to the mean grayscale value of the image. As mentioned

above, high frequencies are caused by abrupt transitions in intensity such as

edges and noise, and low frequencies are related to slowly varying intensity

components in the image [141]. Thus, edge detail in an image is encoded in

the peripheral high-frequency part of the Fourier spectrum, whereas shading

is encoded by the central low-frequency part. Straight lines give rise to

linear features in the Fourier spectrum that are oriented perpendicular to

their originating lines in the spatial domain image and consequently, objects

in the image that are oriented at an angle α generate peaks at an angle

(α+ 90) in the frequency domain.

In a 2D binary image of a fiber network, where the length and

orientation of each fiber are known beforehand (ground truth or simulated
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fiber networks), the fiber network orientation tensor is calculated as follows:

Ω =

∑
li

[
cos2θi cosθisinθi

cosθisinθi sin2θi

]
li

(3.4)

Where li is the length of the fiber segment and θi its orientation of the

fiber number i.

The distribution of the fiber orientation is calculated by summing the

length of each fiber oriented in 1◦ intervals between 0◦ and 180◦.

In the FTM, since the length and orientation of individual fibers are

unknown, the distribution of the fiber orientation is determined based on

the fact that the angular variation of the power spectrum in radial segments

of the Fourier space is proportional to the orientation distribution of the

fibers in an image. Therefore, it is calculated by quantifying the angular

variation of the power spectrum in the Fourier domain.

Before the orientation distribution calculation, the DFT is band-pass

filtered to eliminate low-frequency components related to non-uniform

sample illumination and high-frequency noise. Then, the orientation

distribution of the fibers is obtained by transforming the Fourier magnitude

spectrum of the remaining annular section to polar coordinates rθ and by

dividing it into 1◦ intervals where the intensity values along r for a given

angle theta are added together and divided by the number of r values for

that angle.

Number-averaged line intensities are offset 90◦ in the frequency domain

from the orientation in the spatial domain, so they are rotated 90◦ to give

the orientation distribution of the spatial domain, which is in this method

normalized to unit area.

To display an estimate of the rose of directions, the normalized

magnitude of the sum of frequency components in the directional vectors

theta is directly plotted into a polar diagram.
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Afterwards, FTM orientation distribution data is converted to a 2D

second rank orientation tensor by the following equation using the FTM

method described by Sander et al. [139]:

F̂ =

∫ π
2

−π
2

r(θ)⊗ r(θ)FTM(θ)dθ (3.5)

where FTM(θ) is the normalized orientation distribution function, and

r is a unit vector defined in Cartesian coordinates by:

r = [cosθ sinθ]T (3.6)

The dyad product of r is given by:

r ⊗ r =

[
cos2θi cosθisinθi

cosθisinθi sin2θi

]
(3.7)

The orientation tensor of the image F̂ is given by the weighted integrals

of the distribution function, keeping the integration domain between −π
2

and π
2 .

Once the orientation tensor of the image is calculated, the magnitude

and direction of the principal axes of the fibers are determined by extracting

the eigenvalues and eigenvectors of the tensor, and the eigenvalues are used

to calculate the anisotropy index that is defined in the following equation:

α = 1− λ1
λ2

(3.8)

Where λ1 <= λ2 are the eigenvalues of the orientation tensor.

The anisotropy index α ranges between 0 and 1, being 0 the anisotropy

index of an isotropic network and 1 the maximum value of the anisotropy

index of a completely aligned network.

An example of the anisotropy index measured with the FT method in

two test images (aligned and unaligned white sticks on black background)
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is shown in Figure 3.14. Vertical lines in the original image are translated

into horizontal lines in the Fourier spectrum. Rose diagrams peaks coincide

with the main orientations of the white sticks in the test images.

Figure 3.14: Aligned and unaligned test images with their respective Fourier

Spectrums. The anisotropy index α was calculated using the described

Fourier Transform Method.

3.8.6. Collagen density remodeling in TAMRA-labeled
collagen hydrogels

To determine the ability of H1299 cell line to densify and compact

their surrounding collagen fibers within hydrogels, the same images of the

TAMRA-labeled collagen type I used to measure the anisotropy and the

ability of cells to align their surrounding fibers were analyzed to quantify

matrix densification.
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For this purpose, the percentage of pixels occupied by collagen fibrils

in confocal microscopy images in the areas of interest was used as the

indicator of collagen fibril density. Density was measured in selected regions

of 20 2D 512x512 pixel images of each type of hydrogel. Due to the

subjective nature of manual thresholding, in order to segment the fibers

from the background, fiber binarization was performed using a custom Fiji

plugin which applies an automatic threshold to all images and calculates the

fiber to background ratio by dividing the number of pixels belonging to the

fibers by the total area of the binarized image. Images were binarized using

the Moments threshold algorithm in Fiji that implements Tsai’s moment

preserving approach [138].

Fiber to background ratio was calculated in three different regions of

the 512x512 images. It was measured in a control density ROI of 100×100

pixels located in a non-cellular region of the image, in a 100x100 pixel

ROI of fiber alignment in-between cells or in close vicinity of cells, and in

“Doughnut” shape ROIs of 7 µm thickness in the surrounding area of each

cell present in the images. “Doughnut ROIs” were selected using the Fiji

command Make Band Selection, by specifying the desired thickness of the

ROI at the boundary of cells.

3.9. Extracellular matrix protein cell adhesion

assays

To determine the adhesion ability of H1299 cell line to different ECM

proteins, cell adhesion assays were performed in 96-well flat-bottom cell

culture plates (Cellstar, Sigma Aldrich, Steinheim, Germany).

Wells were coated with type I collagen at 50 µg/ml, fibronectin at 50

µg/ml, collagen IV at 50 µg/ml and with 3% BSA (w/v) (used as negative

adhesion control). All proteins used in the assays were purchased from

Sigma Aldrich (Steinheim, Germany). After adding the coating solutions to

the wells, the cell culture plate was incubated for 2 hours at 37 ◦C. Then,

wells were rinsed with PBS and subsequently blocked with 1% (w/v) BSA

in water for 1 hour at room temperature.
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Afterwards, excess BSA was removed from the wells and 20000 cells

were added to each coated well in adhesion cell culture medium, consisting

of RPMI 1640 cell culture medium supplemented with 0.5% (w/v) BSA

and HEPES 20 mM.

Cells were allowed to adhere to the wells for 30 minutes at 37 ◦C and

then the wells were washed with PBS 5 times to remove the cells that had

not adhered to the bottom of the wells. After this washing step, cells were

fixed with 4% paraformaldehyde (PFA) (AppliChem, Darmstadt, Germany)

for 20 minutes at room temperature and stained with 0.5% (w/v) Crystal

Violet dye (Sigma Aldrich, Steinheim, Germany), which binds to proteins

and DNA, for 20 minutes at room temperature.

After Crystal Violet staining, samples were rinsed with water to remove

excess of dye and dried at room temperature. Cells were lysed using 2%

(v/v) SDS in water for 30 minutes under agitation.

Finally, to determine the percentage of adhesion to the different ECM

proteins, the absorbance at 490 nm was measured using a 96-well plate

reader TecanSunrise (Tecan, Männedorf, Switzerland).

Results were corrected against the absorbance obtained in the BSA

coated wells. To determine 100% adhesion for each ECM protein,

absorbance was measured at 490 nm in their control wells that contain the

original 20000 cells.

At least 4 wells were analyzed per ECM protein and experiment. The

experiment was performed three times.
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3.10. Integrin expression in H1299 cells: Flow

cytometry assays

3.10.1. Cell preparation for flow cytometry assays

To determine β1 and β3 integrin expression in H1299 cell line in

hydrogels C, CM, and CM+, cells were embedded in the hydrogels and

incubated at 37 ◦C for 24 hours.

First, C, CM, and CM+ hydrogels were prepared as described in

this chapter, and cells were seeded at a concentration of 1000 cells per

microliter. Next, 400 microliters of hydrogel prepolymer were loaded in

each well of a Lab-Tek Chambered #1 borosilicate Coverglass System

(Lab-Tek, Nunc, Roskilde, Denmark). Then, the hydrogel was allowed

to polymerize for 40 minutes at 37 ◦C in an incubator and right after

incubation, hydrogels were hydrated with 20% serum supplemented cell

culture medium.

Afterwards, the chambered coverglass system was incubated overnight

at 37 ◦C to allow cell migration within the hydrogels.

The following day, cells were recovered from the hydrogels, and at least

400000 initial cells embedded in 400 hydrogel microliters were used in each

flow cytometry measurement.

In order to extract the cells from inside the hydrogels for subsequent

flow cytometry assays, cell recovery solution was used (Corning, Bedford,

MA, USA).

Cells were released without damage under sterile conditions by following

manufacturer’s instructions working in a laminar flow cabinet. With

the purpose of recovering the cells, the medium was removed from the

chambered system and hydrogels were washed 3 times with cold PBS.

After washing, 500 microliters of cell recovery solution were added per

well, and the hydrogels were mechanically disrupted with a micropipette
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tip. Hydrogel and cell recovery mixture were transferred to a 15 ml conical

Falcon tube sitting on ice. The tube was inverted a few times and left on

ice until complete hydrogel dissolution. The gel was not pipetted inside the

tube to avoid cell damage.

After complete release from the gel, cells were centrifuged to a pellet

at the bottom of the tube, at 1200 r.p.m. for 5 minutes at 4 ◦C. Then,

the cell pellet was washed by gentle resuspension in ice-cold PBS and by

centrifuging at 4 ◦C. This washing step in cold PBS was repeated twice.

Finally, the cell pellet was resuspended in 500 µl of cold PBS 5mM

EDTA (Lonza, Barcelona, Spain) for flow cytometry assays in round base

cytometry tubes.

3.10.2. Flow cytometry analysis of integrin expression

β1 and β3 integrin surface expression in H1299 cells was determined via

flow cytometry assays following the methodology described by Argenzio et

al. [142] with slight modifications.

To quantify integrin expression, cells were placed in a 96-well polystyrene

round-bottom microwell plate (Cellstar, Sigma Aldrich, Steinheim,

Germany) and they were incubated with primary antibody at 4 ◦C for 20

minutes. β1 expression was assessed using integrin β1 antibody (Abcam,

AB7168) as the primary antibody, whereas β3 expression was analyzed

using anti-integrin β3 antibody (Millipore, MAB2023Z). Both primary

antibodies were diluted at 1 µg/ml in PBS prior to incubation. Isotype

control was performed using 50 µl of mouse IgG1 antibody (mouse IgG1,

1:100, Biolegend, San Diego, USA) per well.

After primary antibody incubation, cells were washed with cold PBS and

incubated with the secondary antibody Alexa Fluor 488 (1:400) (Invitrogen,

Barcelona, Spain) for 10 minutes at 4 ◦C.

Subsequently, the excess of secondary antibody was washed with PBS
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and cells were resuspended in PBS at 4 ◦C, using 500 µl per 400000 initial

cells. PBS used to perform this assay contained 5mM EDTA (Lonza,

Barcelona, Spain) and was used at 4 ◦C.

Fluorescence measurements and data analysis were performed using

BD FACSCalibur (BD Biosciences, San Jose, USA) cytometer and FlowJo

software, respectively. All measurements were taken in triplicate.

3.11. 3D Traction Force Microscopy assays

3D TFM experiments were done to quantify tractions exerted by H1299

cells embedded in hydrogels C, CM, and CM+. To this end, hydrogels

were seeded with cells at a density of 15,000 cells/well and plated onto 8

well Labtek chambers (Labtek, Nunc, Roskilde, Denmark). Hydrogels were

incubated overnight with FBS-containing cell culture medium to allow for

cell adherence. 300 µl of hydrogel were added per well and FBS-containing

medium was added after polymerization.

The following day, cell culture medium was removed from the wells and

PBS was added to keep the hydrogels hydrated during image acquisition.

Three-dimensional image stacks were acquired using a Zeiss LSM 880

AxioObserver laser scanning microscope (Zeiss, Germany) and a 40×
Plan-Apochromat 0.95 NA objective. The microscope was equipped with

a motorized stage placed on an anti-vibration table, located in a room

kept at a constant temperature of 21◦C. Cells were kept at 37◦C and 5%

CO2 in the microscope incubation chamber during the entire length of the

experiments.

Label-free confocal reflection images of the hydrogel collagen fibers were

acquired using a 633 nm laser, and the H199 GFP cells were imaged using

the 488 nm laser. The desired cell-containing hydrogel volumes were first

imaged under cellular tractions. Then, the embedded cells were treated

with 1 mM Nocodazole (Sigma Aldrich, Steinheim, Germany), which is

an antimitotic drug that disrupts microtubules and inhibits microtubule

dynamics, thus causing cell protrusions to retract and release tractions, and
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imaged every 20 minutes for 2 hours, until reaching the force-free relaxed

state of the hydrogel. The z-stacks were acquired sufficiently distant from

top and bottom of the hydrogel with a voxel size of 0.42×0.42×0.50 µm3.

3.11.1. 3D Traction Force Microscopy analysis

The SAENO software was used to recover the forces exerted by the

H1299 cells [44]. This software computes cell forces within highly nonlinear

three-dimensional biopolymer networks. The deformations of the matrices

surrounding the cells are measured using a finite-element approach, followed

by unconstrained 3D force reconstruction of the cell-exerted forces without

the need of knowing the cell geometry. The mechanical model of the

material used to describe the behavior of biopolymer networks is called

semi-affine elastic network model (SAEN). This model is derived from

the mechanical properties of collagen fibers through a non-linear potential

function ω(λ) with a tangential stiffness ω′′(λ) that exhibits three distinct

regimes accounting for the non-affine behavior of the fibers on small length

scales (see equation 3.9).

ω′′(λ) = k0


eλ/d0 ∀ λ < 0

1 ∀ 0 < λ < λs
e(λ−ds)/d0 ∀ λs < λ

(3.9)

Under compression, the fibers buckle, and the stiffness drops

exponentially with a characteristic strain scale d0 [143]. For small

extensions, the fibers have a constant stiffness k0, but if the fibers

are stretched beyond the linear strain range λ0, the stiffness increases

exponentially with a strain scale ds. The differential fiber stiffness ω′′(λ)

can thus be described with four parameters: a buckling coefficient d0 that

describes the exponential decrease of fiber stiffness under compression, a

linear stiffness k0, a critical strain for the onset of strain stiffening λs and

an exponential strain stiffening coefficient ds.
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These four parameters of the constitutive equation (d0 , k0, λs, ds) of

the SAEN model are extracted from two experiments. In a first experiment,

the stress vs. strain relationship is measured in a cone-plate rheometer as

previously described in Section 3.4.3. In a second experiment, the vertical

contraction of a collagen-based hydrogel under horizontal uniaxial stretch

is measured to obtain the buckling coefficient of the collagen fibers d0.

To estimate the four parameters of the SAEN model, (d0, k0,

λs, ds), the data obtained from the rheological experiments were

compared to the theoretical data based on an initial guess of the four

parameters. The four parameters were then iteratively changed until

the mismatch between the experimental data and the data predicted

by the theoretical model was minimized. The source code used to

perform the parameter optimization was downloaded from GitHub

(httpss://github.com/Tschaul/SAENO/tree/master/macrorheology). The

parameters k0, λs, ds were adjusted using the data obtained from the

rheological stress-sweep assays. However, d0 parameter was not optimized

due to the lack of the experimental setup to perform the uniaxial stretch

assay. Thus, the d0 parameter value was set to be the same used in [143]

for collagen hydrogels.

After estimating the parameters, SAENO was used to retrieve a measure

of cell contractility, which equals the total amount of the forces that the cell

exerts on the matrix. The software provides a value for cell contractility by

computing for every node of the finite element mesh the contractile force

at that node, which is defined as the scalar product of the force at that

node with a unit vector pointing towards the cell force center, the point

that most forces are pointing towards it. The integration of the contractile

forces over the total image volume gives the total contractility [144].

3.12. Statistical Analysis

Statistical analysis was performed using SPSS v17.0 (Chicago, IL, USA)

software for Windows.
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Prior to each analysis, the normality of the data was assessed using

Kolmogorov-Smirnov and Shapiro-Wilks tests. In the case that data

followed a normal distribution, it was analyzed using Student’s t-test

for two independent samples, or one-way ANOVA, followed by post-hoc

(Dunnet and Bonferroni) tests. If data did not follow a normal distribution,

it was analyzed using nonparametric Mann-Whitney U test.

ANOVA and posterior Bonferroni tests were used for multiple

comparisons of normally distributed variables. Kruskal-Wallis and

posterior Bonferroni adjusted-Mann-Whitney U tests were used for

multiple comparisons of non-normally distributed variables. Results were

considered statistically significant when the obtained P-value was smaller

than 0.05 (p<0.05, *), very significant for p< 0.01 (p<0.01, **), and

highly significant when it was smaller than 0.001 (p<0.001, ***).

Data were represented using GraphPad Prism 5.02 software (San Diego,

USA).





Chapter 4

Results

In this chapter, the results obtained are presented. First, three

collagen-based hydrogels used as models of the cancer ECM were

morphologically and mechanically characterized to obtain information of

the hydrogels network architecture and mechanical properties. Then,

the microdevices fabricated to study cell migration and ECM remodeling,

are presented. Both the microfluidic devices and the ECM biomimetic

hydrogels were used to perform H1299 lung cancer migration experiments in

different microenvironments with or without anti-integrin or MMP-blocking

treatments to understand how the microenvironment properties affect

cancer cell migration. Cell migration experiments were analyzed to quantify

the mean accumulated distance and speed of the migrating cells and to

determine their migrating phenotype. H1299 ECM remodeling experiments

were quantified to study the influence of the microenvironment on the extent

of matrix remodeling. The adhesion ability of H1299 cells to different ECM

proteins, their level of expression of integrins β1 and β3, and a study of

focal adhesions size and number to collagen-based hydrogels are presented.

Finally, the results obtained in TFM 3D experiments are shown.

81
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4.1. Characterization of collagen type I and

collagen I-Matrigel Mixed Hydrogels

4.1.1. Microstructural analysis

In order to quantify and compare the 3D microstructural features of C,

CM, and CM+ hydrogels, confocal reflection, confocal fluorescence, and

SEM images were acquired as detailed in Chapter 3, Section 3.4.1. The aim

was to determine whether adding Matrigel to hydrogels of a fixed collagen

type I concentration (2 mg/ml) affects the hydrogel microstructural features.

Microstructural analysis from SEM images micrographs

Figure 4.1 displays representative images of hydrogels C, CM, and CM+

acquired at 3000× and 10000×.

Figure 4.1: Representative SEM micrographs at 3000× and 10000×
magnification of hydrogels C, CM, and CM+.

As shown in the images, increasing the amount of Matrigel gradually
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increases the density of the hydrogel and the thickness of the fibers.

Three SEM 3000× micrographs per type of hydrogel were analyzed

as described in Section 3.4.1 to quantify the percentage of porosity, the

thickness of the fibers, and the size of the pores. The quantification of the

morphological features of the hydrogels is shown in Figure 4.2 and Table 4.1.
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Figure 4.2: Quantification of C, CM, and CM+ hydrogels from 3000× SEM

micrographs. a) Fiber diameter (in µm). b) % of Porosity. c) Pore size (in

µm2). d) Number of pores. * Indicates statistically significant difference

of non-parametric Mann-Whitney U test (p<0.05). Pore size datasets were

compared by ANOVA One-Way analysis of variance followed by Bonferroni

post-hoc test.
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Hydrogel % Porosity Pore area (µm2) Fiber diameter (µm) No. of pores

C 54.16 (4.46) 0.64 (2.69) 0.35 (0.00) 610 (114.03)

CM 45.08 (5.90) 0.87 (2.60) 0.59 (0.05) 337.3 (69.01)

CM+ 47.60 (4.58) 1.04 (6.39) 0.72 (0.10) 162.3 (30.50)

Table 4.1: Average and (standard deviation) of the hydrogels’ morphological

measurements obtained from the 3000× SEM images. The number of

images used to calculate the percentage of porosity, fiber diameter, and

number of pores and was three (n = 3). The number of samples used to

calculate the pore size varied between types of hydrogel since the unit used

was the pore. Namely, the n values were n = 1830 (C), n = 1012 (CM) and

n = 487 (CM+).

Summarizing the results, increasing Matrigel content produces thicker

fibers and reduces the number of pores in the hydrogels of the same 2

mg/ml collagen concentration. The average pore size of hydrogels increases

with Matrigel concentration, as well as their heterogeneity. CM+ hydrogels

are more heterogeneous in regards to both pore size and fiber diameter

than CM hydrogels, which are in turn more heterogeneous than C hydrogels.

Due to a larger number of small pores, C hydrogels are in average more

porous than the mixed collagen-Matrigel hydrogels CM and CM+. It is

important to emphasize that the morphological values obtained from the

SEM micrographs represent the morphology of dehydrated gels. Thus, the

pore size value is underestimated, and the measured values are not to be

taken as real mesh values. They are shown here to highlight the structural

differences between the three analyzed hydrogels.

Morphological quantification of the underlying collagen network of

C, CM, and CM+ hydrogels using Confocal Reflection Microscopy

(CRM)

63× CRM images (see Figure 4.3) were analyzed using the FIRE

algorithm as described in the Material and Methods Chapter (see Section

3.4.1). Nine images of each of the three hydrogel types were analyzed in

order to quantify the pore size and the fiber length of the collagen networks.
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Figure 4.3: Representative confocal reflection microscopy images of the

three hydrogel types C, CM, and CM+. The images are single z-slices of

hydrogel type C, type CM, and type CM+. The images were acquired with

a 63× objective. (Scale bar: 10 µm).

Figure 4.4 and Table 4.2 show the results of the quantification of the

length of the fibers and pore size. The results confirm the increasing

pore size and heterogeneity of the underlying collagen mesh caused by the

addition of Matrigel, linked to a slightly progressive shortening of fiber

persistence length. No differences in fiber length were found across hydrogel

types.

Hydrogel Fiber length (µm) Fiber persistence (µm) Pore size (µm)

C 2.69 (0.05) 1.65 (0.07) 4.39 (0.15)

CM 2.73 (0.24) 1.56 (0.11) 6.10 (0.74)

CM+ 2.87 (0.15) 1.47 (0.06) 10.87 (1.60)

Table 4.2: Average and standard deviation of the morphological

measurements obtained from the CRM images. The number of samples

used to calculate the fiber persistence length, fiber length, and pore size is

nine (n = 9).
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Figure 4.4: Morphological analysis of C, CM and CM+ hydrogels from CRM

images. a) Fiber length in µm. b) Fiber persistence length in µm. c) Pore

size diameter in µm.

Morphological quantification of the underlying collagen network of

hydrogels C, CM, and CM+ using Confocal Fluorescence Microscopy

(CFM) compared to CRM images

In CRM images, collagen fiber brightness decreases as fibers are more

vertically oriented. Indeed, there are fibers oriented above a critical angle

from the imaging plane that remain entirely undetected. In contrast, CFM

data using labeled collagen show little variation of fiber brightness with

fiber angle, thus revealing an isotropic collagen network [145]. Therefore,

to confirm the results found in CRM images, CRM and CFM images of

the three types of hydrogels prepared with TAMRA-labeled collagen type

I (see Figure 4.5) were analyzed using the FIRE algorithm as described in

the Material and Methods Chapter (see Section 3.4.1).
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The results are presented in Figure 4.6, Table 4.3, and Table 4.4.

Fiber persistence length and fiber length are longer in CFM than in CRM

images in all C, CM, and CM+ TAMRA-labeled hydrogels, while the pore

size is smaller in CFM images than in the CRM images. This confirms

the loss of fibers in the axial direction characteristic of CRM is corrected

in CFM mode. Furthermore, both results from CRM images and CFM

images obtained from TAMRA-labeled hydrogels confirm the increasing

pore size and heterogeneity caused by the addition of Matrigel seen in SEM

micrographs.

Hydrogel CM+Hydrogel CMHydrogel C

C
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M
 (

T
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M
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A
)

C
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M
 (

T
A

M
R

A
)

Figure 4.5: 63× Representative CRM images and CFM images of the three

hydrogel types C, CM, and CM+ from TAMRA-labeled hydrogels.

No differences were found between the pore size of C, CM, and CM+

hydrogels measured in CRM images from unlabeled and TAMRA-labeled

hydrogels (see Figure 4.6, d)), indicating TAMRA staining does not affect

the pore size of the hydrogels, thus providing more relevance to the

quantitative data obtained using CFM on TAMRA-labeled hydrogels. The

analysis of CFM images also revealed that CM+ hydrogels have longer
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fibers than C and CM hydrogels.
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Figure 4.6: Comparison between CRM and CFM images of C, CM, and

CM+ TAMRA-labeled hydrogels. a) Fiber length comparison. b) Fiber

persistence length comparison. c) Pore size comparison. d) Pore size

comparison between CRM images of unlabeled hydrogels and CRM images

from TAMRA-labeled hydrogels. The number of samples used to calculate

the morphological parameters is nine for each type of hydrogel. Both

CRM and CFM images were acquired at 63× magnification. * Indicates

statistically significant difference between groups (p<0.05) compared by

ANOVA One-Way analysis of variance followed by Bonferroni post-hoc test.
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Hydrogel Fiber length (µm) Fiber persistence (µm) Pore size (µm)

C 4.35 (0.12) 2.24 (0.07) 1.91 (0.24)

CM 4.06 (0.41) 2.21 (0.26) 2.50 (0.62)

CM+ 4.99 (0.73) 2.63 (0.41) 3.04 (0.42)

Table 4.3: Average and (standard deviation) of the morphological

measurements obtained from the CFM images acquired from

TAMRA-labeled hydrogels C, CM, and CM+. The number of samples used

to calculate the fiber length, the fiber persistence length, and the pore size

is nine (n = 9). Images were acquired at 63× magnification.

Hydrogel Fiber length (µm) Fiber persistence (µm) Pore size (µm)

C 2.84 (0.19) 1.54 (0.07) 3.92 (0.66)

CM 2.70 (0.19) 1.47 (0.09) 5.1 (0.54)

CM+ 2.89 (0.35) 1.45 (0.16) 10.01 (1.31)

Table 4.4: Average and (standard deviation) of the morphological

measurements obtained from the CRM images acquired from

TAMRA-labeled hydrogels C, CM, and CM+. The number of samples used

to calculate the fiber length, the fiber persistence length, and the pore size

is nine (n = 9). Images were acquired at 63× magnification.

Morphological quantification of the underlying collagen network of

transglutaminase crosslinked hydrogels using CRM

After studying the role of Matrigel addition to collagen-based hydrogels

of the same collagen concentration, the effects of enzymatic crosslinking

and of the addition of adhesive proteins to collagen-based hydrogels of the

same collagen concentration were further analyzed to understand how these

variations in hydrogel composition affect hydrogel architecture.

To assess the role of enzymatic crosslinking, CRM images of collagen type

I hydrogels with different crosslinking levels prepared using transglutaminase

(TG) (see Figure 4.7) were analyzed using the FIRE algorithm as described

in the Material and Methods Section 3.4.1. Hydrogels of 2mg/ml of
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collagen type I were fabricated adding transglutaminase (TG) at increasing

concentrations 100:1 (TG6), 50:1 (TG13) and 25:1 (TG26). Moreover,

to test the effect of adhesive protein addition to these meshworks, CRM

images of the hydrogels of collagen type I at 2 mg/ml with increasing levels

of fibronectin were also analyzed. Hydrogels were fabricated using TG

(100:1) as in hydrogel TG6 and fibronectin at 50 µg/ml (TG6-F10) and at

100 µg/ml (TG6-F20). Results of the fiber length, fiber persistence, and

pore size of the networks are shown in Table 4.5, Figure 4.8, and Figure

4.9.

TG6 TG13 TG26

TG6-F10 TG6-F20

Figure 4.7: Representative CRM images from TG6, TG13, TG26, TG6-F10,

and TG6-F20 hydrogels. They were acquired with a 63× objective. (Scale

bar: 10 µm). Figure adapted from [123].
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Hydrogel Fiber length (µm) Fiber persistence (µm) Pore size (µm)

TG6 2.83 (0.12) 1.57 (0.08) 4.77 (0.54)

TG13 3.49 (0.09) 1.53 (0.08) 7.76 (1.40)

TG26 2.71 (0.24) 1.40 (0.14) 9.97 (0.84)

TG6-F10 3.40 (0.16) 1.53 (0.11) 6.53 (1.06)

TG6-F20 3.40 (0.30) 1.63 (0.18) 7.54 (1.41)

Table 4.5: Average and (standard deviation) of the morphological

measurements obtained from the 63× CRM images acquired from hydrogels

TG6, TG13, TG26, TG6-F10, and TG6-F20, (n=9).
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Figure 4.8: Morphological analysis from 63× CRM images of

transglutaminase crosslinked hydrogels TG6, TG13 and TG26. a) Fiber

length in µm. b) Fiber persistence length in µm. c) Pore size diameter

in µm. Figure adapted from [123]. The number of images analyzed per

hydrogel type is nine.
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Figure 4.9: Morphological analysis from 63× CRM images of

transglutaminase crosslinked hydrogels TG6 and transglutaminase

crosslinked hydrogels containing fibronectin TG6-F10, and TG6-F20.

Figure adapted from [123].

Summarizing the results from Figures 4.8, 4.9, and Table 4.5, increasing

both the crosslinking level using TG and fibronectin increased the pore size

diameter of the hydrogels, while it did not significantly affect the persistence

length. The total length of the fibers slighltly increased with fibronectin

addition, suggesting fibronectin could affect collagen fiber polymerization.

The length of the fibers was similar in hydrogels TG6, TG13, and TG26.
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4.1.2. Diffusion across hydrogels C, CM, and CM+

To characterize the transport of biomolecules within the hydrogels and to

confirm the existence of biomolecule gradients across the hydrogel channel,

40 kDa-Rhodamine B dextrans were used to perform diffusion assays across

the different hydrogels as described in the Material and Methods Chapter

(see Section 3.4.2). Diffusion graphs in the three types of hydrogels are

shown in Figure 4.10.
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Figure 4.10: Representative diffusion graphs. a) Diffusion in hydrogel C. b)

Diffusion in hydrogel CM. c) Diffusion in hydrogel CM+.

The diffusion graph in hydrogel C shows how the dextran diffuses

completely in less than 20 minutes while both hydrogels CM and CM+,

maintain a slow diffusive pattern at least during 360 minutes.
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4.1.3. Mechanical characterization of hydrogels C, CM, and
CM+

The effect of Matrigel on hydrogel polymerization

The evolution of hydrogel stiffness during polymerization was measured

during several hours until hydrogel stabilization, defined as the point when

the elastic shear modulus of the samples did not increase or change further

over time. This evolution depended on the type of hydrogel being tested; C

hydrogels required more than 10 hours to stabilize, whereas CM and CM+

shear modulus stabilized in 2-3 hours. Therefore, Matrigel addition results

in faster hydrogel polymerization and stabilization. During polymerization,

the shear modulus of hydrogels of type C sharply increased during the first

5 hours and slightly did so during the rest of the process.

Oscillatory stress sweep assays began after hydrogel stabilization, and

revealed a strain-stiffening phenomenon in all three hydrogels C, CM, and

CM+. Average graphs of the shear modulus G’ and loss modulus G”during

polymerization and during the stress sweeps of the three hydrogel types are

shown in Figure 4.11. The results are presented in Table 4.6.

Hydrogel G’ (Pa) G” (Pa) Max. G’ (Pa) Max. G” (Pa)

C 11.64 (0.26) 1.17 (0.07) 30.22 (3.80) 2.75 (0.13)

CM 10.95 (0.48) 1.06 (0.06) 42.84 (2.84) 3.65 (0.32)

CM+ 31.77 (2.24) 2.52 (0.27) 213.53 (7.31) 15.91 (0.93)

Table 4.6: Average and (standard deviation) of G’ and G” after

polymerization (in Pa) of hydrogels C, CM, and CM+. Maximum G’ and G”

in Pa were measured in stress sweep assays. The number of samples used

to calculate the elastic and loss moduli is three.
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Figure 4.11: Rheological assays of C, CM, and CM+ hydrogels. a) Shear

modulus during polymerization. b) Loss modulus during polymerization.

c) Shear modulus during stress sweep rheological assays. d) Loss modulus

during the stress sweep rheological assays. The graphs show average values

of three experiments.
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Srain-hardening phenomenon in Matrigel-containing hydrogels

The elastic modulus and loss modulus of the hydrogels were measured

after hydrogel polymerization and in stress sweep rheological assays. G’

modulus measured right after polymerization revealed CM+ hydrogels are

stiffer than CM and C hydrogels (p<0.05 compared by Kruskal Wallis test).

After the stress sweep assay, all hydrogels presented strain-hardening. CM+

hydrogel, which contains the highest concentration of Matrigel, shows the

strongest strain-hardening behavior by comparing its G’ modulus before

and after the stress sweep assay. Thus, it can be concluded that Matrigel

favors a stronger strain-hardening phenomenon in collagen-based hydrogels

containing the same collagen concentration.

4.2. Microfluidic device design and fabrication

Successful filling of the hydrogels depends on the equilibrium between

the capillary forces and surface tension within the hydrogel channel [146].

Different factors including spatial geometry, hydrophobic interactions, and

hydrogel viscosity determine hydrogel entrapment in the central channel.

The first version of the device (see Figure 4.12 a)) suffered from frequent

leakage of the hydrogel into the adjacent channels. Therefore, a second

version of the device, inspired in Farahat’s et al. [130], displaying significant

changes in the geometry of the posts and central chamber dimensions was

later designed and fabricated to facilitate hydrogel filling and confinement

(see Figure 4.12 c)).

Three main changes were introduced in the second version: micropost

geometry, microposts spacing, and central hydrogel channel length and

width, aiming at increasing the pressure difference (∆P) of the liquid

(hydrogel prepolymer) interfaces between the central channel and gap

spacing.
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Figure 4.12: Microfluidic designs. a) Version 1 design of the microfluidic

device. b) PDMS Microfluidic device loaded with blue dye (version 1). c)

Version 2 design of the microfluidic device. d) PDMS microfluidic device

loaded with blue dye (version 2). e) 3D volume rendering of the design of

the microfluidic device (version 1). f) 3D volume rendering of the design of

the microfluidic device (version 2).

In the gel-containing channel, a pressure difference arises during gel

filling at the interface between the liquid and the empty part of the channel

(see Figure 4.13 a)). As the hydrogel liquid prepolymer fills the channel and

gap spacings, pressure differences also arise at the interfaces between the
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hydrogel and the lateral channels in the gaps existing between microposts

(see Figure 4.13 b)).

              w
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Figure 4.13: Hydrogel filling process. a) Hydrogel starts filling the central

channel of the device. A contact angle θA appears between the hydrogel

and the microposts. Pi refers to the internal pressure inside the hydrogel,

whereas P0 is the pressure outside the hydrogel. w is the width of the

central channel between microposts. b) Pressure differences ∆Pgap arise

between device microposts, and in the central channel ∆Pwidth. Image

adapted from [146].

The pressure difference across the liquid interface (Pi-P0) is a function

of the surface tension σ, contact angles of the gel channels (θs and θv),

and the height and the width of the gel channels (h and w). From the

capillary burst valve model of a single channel [146], it can be predicted

that if the pressure difference of the liquid interfaces and gap spacing is

minimal (<= 250 Pa) the gel precursor solution will leak into the adjacent

channels. Therefore, the pressure differential (∆Pgap − ∆Pwidth), being

∆Pwidth the minimum pressure required to drive the liquid forward and

∆Pgap the maximum pressure threshold the system withstands before

leaking, needs to exceed the threshold of 250 Pa. Empirically, Huang et al.

[146] set a threshold of 500 Pa to guarantee hydrogel retention between

microposts.

Considering the geometry of the devices used in this work (see Table
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4.7), the water surface tension of 0.072 N/m, and a critical advancing

contact angle θA of 140◦ in both the side wall and the top and bottom

walls of the gel channel, the difference ∆Pgap- ∆Pwidth can be calculated

using the Young-Laplace equation for the interface that gives the pressure

difference:

PA − P0 = 2σ(
cos(θs)

w
+
cos(θv)

h
) (4.1)

where σ is the surface tension, θs the advancing contact angle with the

side wall, and θv the advancing contact angle with the top and bottom

walls of the channel, w the width, and h the height.

Parameter Version 1 Version 2

Height of channels h 110 µm 110 µm

Width of hydrogel channel w 680 µm 1100 µm

Microposts gap spacing s 240 µm 100 µm

∆Pwidth 1165 Pa 1103 Pa

∆Pgap 1462 Pa 2106 Pa

∆Pgap − ∆Pwidth 297 Pa 1003 Pa

Table 4.7: Key design parameters of microfluidic devices (versions 1 and 2).

From Table 4.7 it can be concluded that version 2 of the device allowed

easier hydrogel loading, given the larger pressure differential between the

gap and the gel channel width (∆Pgap- ∆Pwidth). Nevertheless, version

1 of the device was also successfully filled with hydrogels and used in

many cell migration experiments of this work, partially thanks to the

Poly-D-Lysine coating of the devices that was used to enhance hydrogel

adhesion to the glass coverslips of the devices.
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4.3. Quantification of cell migration within

microfluidic devices

Migration experiments within the microfluidic platforms (version 1)

were performed using hydrogels C, CM, and CM+, to quantify the effect

of hydrogel composition, the use of serum (20% FBS), and the use of

integrin-blocking antibodies in the migration capacity of H1299 lung cancer

cells. Three replicas were performed for each experimental condition.

The total number of cells tracked for each experimental condition is

summarized in Table 4.8. A control experiment of cell survival after

treatment with antibody-blocking integrins (see Section 3.6.4) showed

that cells have an almost 100% survival after treatment. The average

difference between the number of cells at the beginning of the experiment

and at the end of the experiment was -1 (C), -0.44 (CM) and +0.77 (CM+).

Hydrogel C CM CM+

Control 198 180 263

20% FBS 383 292 354

20% FBS + Anti-β1 279 328 148

20% FBS + Anti-β3 194 316 139

20% FBS + Anti-β1 + Anti-β3 119 280 171

Table 4.8: Total number of cells analyzed. The table indicates the type of

hydrogel (C, CM, and CM+), the presence or absence of serum (Control

or 20% FBS) and pre-incubation or not with integrin-blocking antibodies

(Anti- β1, Anti-β3 and Anti-β1+β3).

Figure 4.14 shows box-whisker plots of the results, and Table 4.9

contains the MAD of all the migration experiments performed. A nested

factorial 3x5 ANOVA test including all hydrogels and treatments did

not reveal any global significant mutual dependence among the involved

variables. However, a nested ANOVA for simple effects focused on the

type of hydrogel found differences between the hydrogel types (p<0.001).

Posterior comparisons between the hydrogel types revealed that in the

absence of serum (Control treatment) the cells are significantly more motile
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Figure 4.14: Quantification of cell migration. Mean accumulated distance

(MAD), after 12 hours of migration in hydrogels C, CM, and CM+, with no

added chemo-attracting substance (A), using 20% FBS containing medium,

(B) or after conjugation with integrin-blocking antibodies: 20% FBS +

Anti-β1 (C), 20% FBS + Anti-β3 (D) and 20% FBS + Anti-β1+β3 (E).

*, **,*** Indicate statistically significant difference with p<0.05, p<0.01

and p<0.001, respectively.

in hydrogels of type CM compared to hydrogels of types C (p<0.001) and

CM+ (p<0.001). A similar observation was found in the presence of serum

(20% FBS), where cells in hydrogel CM were more motile than cells in

hydrogel C (p<0.05) and CM+ (p<0.001).

The impact of integrin-blocking (Anti-β1 and Anti-β3) was studied

by means of factorial 2x2 nested ANOVAS at each hydrogel type. A

global interaction was discarded when considering all three hydrogel types

together. However, some pairwise interactions were found significant, as

described next. In hydrogels of type C, a significant decrease in migration

capacity relative to 20% FBS was found in the presence of Anti-β1

(p<0.01) and Anti-β3 (p<0.01).
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Experiment C CM CM+

Control MAD 35.85 (2.44) 58.31 (2.34) 31.69 (1.95)

Control speed 2.91 4.86 2.64

20%FBS MAD 52.51 (2.17) 63.81 (1.87) 36.98 (1.82)

20%FBS, speed 4.37 5.32 3.08

20%FBS + Anti-β1 MAD 45.93 (1.95) 46.48 (1.85) 42.94 (2.69)

20%FBS + Anti-β1 speed 3.83 3.87 3.58

20%FBS + Anti-β3 MAD 43.39 (2.48) 41.53 (1.80) 44.15 (2.69)

20%FBS + Anti-β3 speed 3.61 3.46 3.68

20%FBS + Anti-β1 + Anti-β3 MAD 49.93 (2.90) 56.62 (1.90) 47.79 (2.44)

20%FBS + Anti-β1 + Anti-β3 speed 4.16 4.72 3.98

Table 4.9: Migration experiments. Mean and (standard error) of

accumulated distance (in microns) after 12 hours of migration, and speed

of migration (in microns per hour) in hydrogels C, CM, and CM+, with

no chemo-attracting substance (Control), using serum-containing medium,

(20% FBS), or after incubation with integrin-blocking antibodies (20% FBS

+ Anti-β1, 20% FBS + Anti-β3 and 20% FBS + Anti-β1+β3).

The pre-incubation with both antibodies (Anti-β1 + Anti-β3) did not

significantly reduce cell motility. In hydrogels of type CM, and similar to

what happens in type C hydrogels, a significant reduction in migration

capacity was found when using integrin-blocking antibodies, both acting

alone (Anti-β1: p<0.001; Anti-β3: p<0.001) and combined (Anti-β1 +

Anti-β3: p<0.05). Finally, for type CM+, and in contrast with the other

two hydrogels, the addition of integrin-blocking antibodies significantly

increases migration capacity (Anti-β1: p<0.01; Anti-β3: p<0.001), and

combining both has an additive effect (Anti- β1 + Anti-β3: p<0.001).

The analysis of the migration polarity (see Figure 4.15) showed that the

cells moved preferentially following an anisotropic random walk, meaning

that the cells had equal probability of migrating in any direction, but once

a direction was chosen, the movement was persistent in that direction.
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Figure 4.15: Cell migration polarity diagrams from H1299 2D cell trajectories

migrating inside hydrogels C, CM, and CM+. Adapted from [123].

4.3.1. Quantification of the effect of Matrigel addition in cell
invasion in Boyden chambers

To confirm the effect of Matrigel seen in the migration experiments

performed within the microfluidic devices, invasion experiments were

performed using Boyden chambers filled with the three collagen-based

hydrogels (C, CM, and CM+) and with two hydrogels containing only

Matrigel with the same concentration as in CM (M) and CM+ (M+) for

48 hours (see Figure 4.16). These control migration experiments could not

be performed in microdevices because the highly viscous consistency of the

Matrigel-only hydrogels prevented from a proper fixation of the hydrogel

within the migration chamber in the central channel.

The invasion results obtained in Boyden chambers (see Figure 4.17 and

Table 4.10) showed a similar trend to the one observed in microdevices

assays. Cell counts were normalized and plotted against migration in pure

Matrigel hydrogel M.

In collagen-containing hydrogels an intermediate concentration of

Matrigel (CM) favored invasion, similar to what it was observed in migration

experiments inside microfluidic devices. In pure Matrigel hydrogels, cell

migration was higher in hydrogels that only contain Matrigel at a low

concentration (M) compared to migration in hydrogels containing Matrigel

at a higher concentration (M+). Finally, Matrigel-only containing gels,
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M and M+ clearly favored cell migration compared to their corresponding

collagen-containing hydrogels, CM and CM+, respectively.

C Hydrogel CM Hydrogel CM+ Hydrogel

M Hydrogel M+ Hydrogel

Figure 4.16: Representative images used to quantify cell invasion in

hydrogels C, CM and CM+, and in Matrigel-only hydrogels with the same

concentration as in CM, (M) and CM+, (M+). Snapshots show cell invasion

in the different hydrogels towards 20% FBS-containing RPMI 1640 cell

culture medium. Figure adapted from [123].

Hydrogel C M CM M+ CM+

Control 0 (0) 2.62 (0.82) 0 (0) 0 (0) 0 (0)

20% FBS 26.25 (5.28) 1227.5 (49.85) 560.62 (17.31) 399.37 (40.21) 186.42 (43.72)

Table 4.10: Mean and (standard error) of the number of invading cells

in C, CM, and CM+ hydrogels, and in Matrigel-only hydrogels, at the

same concentration as in CM (M, 2mg/ml) and CM+ (M+, 4mg/ml).

The number of replicas of each experiment is 8 for 20% FBS, and 4 for

serum-free, control experiments.
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Figure 4.17: Invasion fold, relative to M hydrogels of all the described

hydrogels, in the presence or absence of serum. The number of replicas

of each experiment is 8 for 20% FBS experiments and 4 for those

without serum. *** indicates a very statistically significant difference of

ANOVA One-Way analysis of variance followed by Bonferroni post-hoc test

(p<0.001). Figure adapted from [123].

4.3.2. Quantification of the effect of crosslinking in cell
migration

To study the effect of hydrogel crosslinking and composition in cell

migration, migration experiments were performed inside microfluidic devices

(version 1) using the previously characterized hydrogels with increasing

crosslinking levels (TG6, TG13, TG26) and with increasing levels of

fibronectin (TG6-F10, TG6-F20). Results are presented in Figure 4.18 and

Table 4.11.



106 Results

Figure 4.18: Quantification of H1299 cell migration in hydrogels with increasing

levels of crosslinking or fibronectin content. Bar plot of the mean accumulated

distance (MAD). A: Serum-free. B: 20% FBS. The number of cells analyzed

was: TG6: 176 (A), 178 (B); TG13: 271 (A), 303 (B); TG26 250 (A), 231

(B); TG6-F10 162 (A), 211 (B); TG6-F20 164 (A), 135 (B). *** indicates

a highly statistically significant difference of ANOVA One-Way analysis of

variance followed by Bonferroni post-hoc test (p<0.001). Figure adapted from

[123].

Hydrogel TG6 TG13 TG26 TG6-F10 TG6-F20

Control

MAD 44.16 (2.08) 47.56 (2.72) 50.27 (2.61) 48.44 (2.38) 36.46 (2.21)

20% FBS

MAD 66.64 (5.57) 82.20 (4.66) 86.29 (5.25) 55.56 (3.07) 56.15 (3.79)

Table 4.11: Control migration experiments. Mean and (standard error)

of accumulated distance (in microns) after 12 hours of migration in

collagen-only hydrogels with increasing crosslinking levels TG6, TG13, and

TG26, and with increasing levels of fibronectin TG6-F10, and TG6-F20,

with no chemo-attracting substance (Control) and using serum-containing

medium, (20% FBS). The numbers are average values obtained in two

migration experiments. Figure adapted from [123].
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Summarizing the results, hydrogels with high levels of crosslinking

(TG13, TG26) favored cell migration compared to softer, less crosslinked

hydrogels (TG6). For similar levels of crosslinking, increasing levels of

fibronectin (TG6-F10, TG6-F20) slowed down cell migration compared to

hydrogels with no fibronectin (TG6).

4.4. Study of H1299 3D cell migration phenotypes

in hydrogels C, CM, and CM+

The H1299 cell migration phenotype inside hydrogels C, CM, and

CM+ was determined based on the morphology of the cells analyzed

using 3D image stacks of H1299 GFP expressing cells, and the qualitative

evaluation of Focal Adhesion Kinase (FAK) immunostained focal adhesions.

Examples of volume-rendered images of 3D confocal stacks of all hydrogels

preincubated or not with integrin-blocking treatments are shown in Figure

4.19.

In C hydrogels, the presence of serum caused a clear

mesenchymal-phenotype (Figure 4.19 a)) in which H1299 cells showed

polarization of the cell body with defined flat protruding structures, at the

leading edge and a rear end. Conversely, in CM and CM+ hydrogels, the

presence of serum frequently caused a lobopodial phenotype (Figure 4.19

i) and q)) since H1299 cells showed a blunt-ended cylindrical protrusion

characterized by the presence of numerous short-lived membrane blebs

along their surface.
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Figure 4.19: Representative 3D volume-rendered images of confocal

immunofluorescence images showing FAK (red) staining in H1299 cells

embedded in the three hydrogel types (C, CM, and CM+) under

integrin-blocking treatments. Scale bar: 10 µm. Figure from Anguiano et

al. [123].

Blocking β1, β3 or both surface integrins, triggered a switch to

amoeboid migration phenotype, independent of the hydrogel composition

(Figure 4.19 b,c,d, 4.19 j,k,l, 4.19 r,s,t). Accordingly, polarity disappeared
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and the cells acquired a rounded morphology with multiple small bleb-like

protrusions on their surface.

It should be noted that the combined blockade of β1 and β3 integrins

increased the number and size of these blebs on the surface of H1299 cells

compared with the single integrin blocking treatments.

Regarding the cell attachment to hydrogels, the staining of focal

adhesions using FAK antibody revealed the presence of multiple focal

adhesion clusters at cell protrusions both in mesenchymal and lobopodial

phenotypes. However, rounded amoeboid cells showed faint staining of

FAK antibody at cell protrusions. In contrast, it was distributed mainly

homogeneously in the cytoplasm indicating lack of cell adhesion to the

hydrogels.

4.5. Quantification of matrix remodeling

To quantify matrix remodeling caused by H1299 cells within hydrogels,

two different experiments were performed as previously described (see

Sections 3.8.1 and 3.8.4). On one side, TAMRA-labeled hydrogels

containing H1299 cells were imaged inside microfluidic devices to quantify

collagen alignment (anisotropy) and collagen densification in the surrounding

areas of cells. On the other side, C, CM, and CM+ hydrogels containing

DQ collagen type I at 25 µg/ml and H1299 cells were imaged to quantify

the volume of DQ-collagen degradation induced by MMP activity.

4.5.1. Quantification of matrix alignment

The global anisotropy index α was measured in control ROIs in

non-cellular regions of the images and the local anisotropy index was

measured in the close vicinity of cells as shown in Figure 4.20 a).

Representative images of the alignment remodeling experiments are shown

in Figure 4.20 b). Results of matrix alignment are shown in Table 4.12 and

in Figure 4.21.
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Figure 4.20: Remodeling quantification. a) Diagram of 3 cells (orange) and

collagen fibers (blue). The control area is selected in a corner of the image

far away from cellular influence. The alignment area is selected close to

cells. Surrounding areas are Doughnut-shape ROIs in the periphery of each

cell. b) Representative images of hydrogels C, CM, and CM+. c) Polar

plots and anisotropy coefficients of the representative images shown in b).
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Anisotropy data were analyzed using one-way analysis of variance

(ANOVA) followed by Bonferroni post-hoc test. The global anisotropy

index of alignment α of the control areas was similar in all three hydrogels,

being always less than 0.2 (20% of alignment). Local anisotropy was higher

than global anisotropy in all hydrogels (p<0.001), thus indicating that cells

align the collagen fibers in their surroundings in all three hydrogels (C, CM,

and CM+).

Hydrogel Type Global Anisotropy Local Anisotropy

Hydrogel C 0.151 (0.015) 0.298 (0.030)

Hydrogel CM 0.167 (0.013) 0.509 (0.023)

Hydrogel CM+ 0.198 (0.023) 0.493 (0.026)

Table 4.12: Anisotropy index in alignment experiments. Mean and (standard

error) of the anisotropy index α after 24 hours of 20% FBS stimulation in

hydrogels C, CM, and CM+. Anisotropy index in control areas is referred

to as global anisotropy whereas the anisotropy index in alignment areas is

referred to as local anisotropy (n=20 images).
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Figure 4.21: Fiber anisotropy and matrix densification. a) Anisotropy

coefficient α in the control areas (global anisotropy) and in the alignment

areas (local anisotropy) in hydrogels C, CM, and CM+ (n=20 images). b)

Fiber density (%) in the control areas, in the alignment areas, and in the

surroundings of the cells in hydrogels C, CM, and CM+ (n=20 images).



112 Results

Collagen fiber alignment was higher in Matrigel-containing hydrogels

CM and CM+ than in collagen-only hydrogels (type C), pointing out at a

role of hydrogel composition in the extent of matrix remodeling. Compared

to global alignment, the local anisotropy index increased 196.67% in

hydrogel C, 304.79% in hydrogel CM, and 250.40% in hydrogel CM+.

4.5.2. Quantification of matrix densification

Matrix densification was measured by calculating the percentage of

pixels belonging to collagen fibers in three different regions of CFM images.

As explained in Section 3.8.6, the percentage of fibers was measured in

non-cellular regions of the images (control ROIs), in alignment areas (in

close vicinity of cells), and in “Doughnut” shape ROIs of 7 µm section

thickness in the surrounding of cells as shown in Figure 4.20 a). Results of

matrix densification are shown in Table 4.13.

Hydrogel Type Control Area Alignment Area Surrounding Area

Hydrogel C 0.239 (0.008) 0.300 (0.020) 0.518 (0.019)

Hydrogel CM 0.206 (0.009) 0.369 (0.020) 0.757 (0.013)

Hydrogel CM+ 0.170 (0.011) 0.300 (0.027) 0.746 (0.020)

Table 4.13: Mean and (standard error) of the collagen percentage quantified

after 24 hours of 20% FBS stimulation in hydrogels C, CM, and CM+.

Collagen density percentage results are average values obtained in 20

different images per type of hydrogel.

Collagen density data were analyzed using one-way analysis of variance

(ANOVA) followed by Bonferroni post-hoc test. The density of the control

areas was similar in all three hydrogels, being always less than 0.25 (25% of

collagen fibers). Local collagen density measured in the surrounding area

of cells (“Doughnut ROIs”) was higher than the density measured in control

areas in all hydrogels (p<0.001), thus demonstrating that cells compact

the collagen fibers in the three hydrogels.
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The compaction of collagen around cells (measured in the “Doughnut”

ROIs) was higher than the compaction that occurs in alignment areas in

hydrogels CM and CM+ (p<0.001). Matrix densification was also higher

in Matrigel-containing hydrogels CM and CM+ than in hydrogel type C

(p<0.001).

4.5.3. Quantification of degradation due to MMP activity

Metalloproteinase degradation activity of H1299 cells was quantified by

measuring the volume of a dye-quenched protein substrate DQ-collagen

type I (Life Technologies, Invitrogen, Barcelona, Spain) at 25 µg/ml

in hydrogels C, CM, and CM+ after 24-hour stimulation with 20% FBS

in microfluidic devices (version 2) as previously described (see Section 3.8.1).

Representative 2D and 3D images of the analyzed confocal z-stack

microscopy images are shown in Figures 4.22 and 4.23. The results of

the volume quantification in µm3/cell and number of cells in 30 z-stacks

per hydrogel type (C, CM, and CM+) are shown in Tables 4.14, 4.15 and

Figure 4.24.

DQ-volume results were compared among hydrogels C, CM, and CM+

with and without GM6001 treatment by ANOVA One-Way analysis of

variance followed by Bonferroni post-hoc test. Comparing the DQ-volume

degradation in experiments under 20% FBS stimulation in the three types

of hydrogels, it can be concluded that the degree of degradation was

larger in CM+ hydrogels compared to CM and C hydrogels (p<0.001).

CM hydrogels also showed a greater degradation volume than C hydrogels

(p<0.001), highlighting that H1299 cancer cell migration in Matrigel

containing hydrogels requires higher levels of MMP degradation.

GM6001 25 µM treatment reduced the volume of DQ-collagen

degradation in hydrogels CM and CM+ (p<0.001) but no significant

differences between control and MMP-blocking treatment were found in

hydrogel C (p>0.05), indicating that cells in collagen-only scaffolds migrate

using a lower MMP-dependent mechanism.
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Figure 4.22: DQ-Collagen type I degradation in 20% FBS remodeling

experiments. a) 2D representative images of DQ collagen degradation and

CellBrite labeled H1299 cells in controls. b) 3D representative images of

DQ collagen degradation and CellBrite labeled H1299 cells in controls.
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Figure 4.23: DQ-Collagen type I degradation in GM6001 remodeling

experiments. a) 2D representative images of DQ collagen degradation

and CellBrite labeled H1299 cells under GM6001 treatment. b) 3D

representative images of DQ collagen degradation and CellBrite labeled

H1299 cells under GM6001 treatment.
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Hydrogel Type GM6001 20% FBS

Hydrogel C 1105.88 (62.15) 1910.79 (168.87)

Hydrogel CM 2171.26 (164.07) 4792.79 (264.77)

Hydrogel CM+ 3750.20 (168.99) 7815.84 (442.82)

Table 4.14: DQ-Collagen type I degradation volume and (standard error) in

µm3/cell. Experiments were done in hydrogel types C, CM, and CM+ with

(GM6001 treatment) or without MMP-blocking treatment (control) after

24 stimulation with 20% FBS.

Hydrogel Type GM6001 20% FBS

Hydrogel C 126 91

Hydrogel CM 123 99

Hydrogel CM+ 99 134

Table 4.15: Number of cells in the analyzed DQ-collagen degradation

experiments inside hydrogel types C, CM, and CM+ under 20 % FBS

stimulation with (GM6001 treatment) or without (control 20% FBS) MMP-

blocking treatment after 24 stimulation with 20% FBS.
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Figure 4.24: DQ collagen degradation volume comparison between hydrogels

C, CM, and CM+ with and without GM6001 treatment. (n=30). ***

Indicates highly statistically significant difference between groups (p<0.001)

compared by ANOVA One-Way analysis of variance followed by Bonferroni

post-hoc test.

MMP activity effect on H1299 cell migration inside hydrogels C, CM,

and CM+

To further investigate the role of MMP activity in the migration of H1299

cancer cells in hydrogels C, CM, and CM+, cell migration experiments
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were performed in microfluidic devices (version 2) as previously described

(see Section 3.6.3). Cell migration results (mean accumulated distance of

migrating cells) are shown in Figure 4.25 a), and in Table 4.16. Boyden

invasion assays were also performed for 48 hours in presence and absence

(control) of GM6001 treatment. Boyden invasion results are shown in

Figure 4.26 and in Table 4.17.

MAD migration results in hydrogels C, CM, and CM+ (control 20%

FBS) were compared by means of Kruskal Wallis test. Cells embedded inside

CM hydrogels migrated more than in hydrogels CM+ (p<0.05). Migration

results in GM6001 treated and control experiments were compared by

U-Mann Whithney test in each type of hydrogel. A reduced cell motility

was observed in hydrogels CM (p<0.05) and CM+ (p<0.05) when cells

were treated with GM6001.

Hydrogel C CM CM+

Control

MAD 82.73 (5.40) 150.52 (7.74) 57.80 (4.35)

speed 6.89 (0.45) 12.54 (0.64) 4.82 (0.18)

GM6001

MAD 68.15 (6.23) 67.25 (14.55) 38.49 (3.15)

speed 5.68 (0.52) 5.60 (1.21) 3.21 (0.26)

Table 4.16: H1299 migration experiments. Mean and (standard error) of

accumulated distance in microns after 12 hours of migration, and speed

of migration (in microns per hour) within hydrogels C, CM, and CM+

inside microfluidic devices (version 2). Experiments were performed under

20 % FBS stimulation with (GM6001) or without MMP-blocking treatment

(control). n=4 for each condition and type of hydrogel.
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Figure 4.25: Quantification of cell migration in hydrogels C, CM, and CM+

(mean accumulated distance) in control experiments (20% FBS) and with

MMP-blocking treatment (GM6001). MAD differences between hydrogels

C, CM, and CM+ (control) were compared by Kruskal Wallis test. GM6001

treatment MAD results and control migration results (20% FBS) were

compared by U-Mann Whithney test in each type of hydrogel (n=4). Results

were considered statistically significant when the p-value was smaller than

0.05 (p<0.05, *).

Hydrogel Type Control GM6001

Hydrogel C 15.75 (1.48) 3.6 (0.43)

Hydrogel CM 560.63 (17.31) 22.25 (1.22)

Hydrogel CM+ 186.43 (43.72) 11.1 (0.52)

Table 4.17: Number of invading cells and standard error in H1299 invasion

experiments in Boyden Chambers. Experiments were done under 20 % FBS

stimulation with (GM6001 treatment) or without (control) MMP-blocking

treatment. The number of replicas of each experiment was 6.

MMP-blocking treatment in invasion assays confirmed the results seen

in cell migration experiments under GM6001 treatment. A reduced invasion

due to MMP-blockade, was observed in both hydrogels CM and CM+

(p<0.001).
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Figure 4.26: Boyden invasion assays in control experiments and with

GM6001 MMP-blocking treatment. a) Diagram of the Boyden invasion

assay. Cells migrate through the hydrogel and pores of the transwell

membrane in response 20% FBS cell culture medium. b) Representative

images used to quantify cell invasion. c) Box-plot of the number of invading

cells in control and GM6001 invasion experiments. *** Indicates highly

statistically significant difference between groups (p<0.001) compared by

ANOVA One-Way analysis of variance followed by Bonferroni post-hoc test.

20 images from 6 different replicas were analyzed per condition and type of

hydrogel.

4.6. Focal adhesions and H1299 adhesion to ECM

protein substrates

Focal adhesions were quantified in H1299 cells adhered to hydrogels C,

CM, and CM+. The area and number of adhesions were measured using

an in-house developed plugin for Fiji in 63× confocal images of H1299 cells

stained for vinculin, as described in Section 3.2.2. Results are shown in

Table 4.18 and in Figure 4.27.

Results revealed a significant higher number of focal adhesions in
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hydrogels containing Matrigel while the mean area of the focal adhesions

increased with increasing Matrigel content, being the highest in CM+

hydrogels.
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Figure 4.27: Focal adhesion quantification. a) Representative images of

H1299 cells stained for vinculin. b) Number of adhesions per cell. ***

Indicates highly statistically significant difference between groups (p<0.001)

compared by Kruskal Wallis test (n= 20 images). c) Mean area of

focal adhesions. *** Indicates highly statistically significant difference

between groups (p<0.001) compared by ANOVA One-Way analysis (n= 20

images). d) Adhesion assay to ECM protein substrates. *** Indicates highly

statistically significant difference between groups (p<0.001) compared by

ANOVA One-Way analysis. 4 wells were analyzed per ECM protein and

experiment. The experiment was performed in triplicate.
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Hydrogel No. of cells Area/cell (µm2) No. of adhesions/cell

C 36 0.94 (0.05) 36.94 (5.15)

CM 24 1.31 (0.01) 140.66 (9.80)

CM+ 28 1.52 (0.04) 81.04 (8.67)

Table 4.18: Number of H1299 cells analyzed in 20 vinculin

immunofluorescence images at 63× and the mean area and number of

adhesions per cell with their respective standard errors. Experiments were

done on top of hydrogels C, CM, and CM+.

The ability of H1299 cells to adhere to different ECM components was

assessed by performing adhesion assays in 96-well flat-bottom cell culture

plates with different ECM proteins: collagen I, collagen IV, and fibronectin.

Adhesion results are shown in Figure 4.28. H1299 cells adhered to collagen

I and IV coatings with respect to the negative control BSA (p<0.001), and

adhesion was higher in the case of collagen type I than in collagen type IV.

Cells barely adhered to fibronectin (p>0.05) compared to the BSA negative

control.
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Figure 4.28: Adhesion assay to ECM protein substrates. *** Indicates highly

statistically significant difference between groups (p<0.001) compared by

ANOVA One-Way analysis of variance followed by Bonferroni post-hoc test.

4 wells were analyzed per ECM protein and experiment. The experiment

was performed in triplicate.
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4.7. Integrin expression in H1299 cells after being

embedded inside hydrogels C, CM, and CM+

H1299 surface expression of integrins β1 and β3 was measured by flow

cytometry assays after retrieving the cells from inside hydrogels C, CM,

and CM+ using Corning cell recovery solution, a non-enzymatic method

for the recovery of cells for subsequent biochemical analyses as previously

described in Section 3.10.1.

Cells were embedded inside the three types of hydrogels to analyze

whether or not integrin expression was altered by hydrogel composition.

Cells cultured in flasks were also analyzed by flow cytometry to compare

the basal expression of integrins β1 and β3 in H1299 cells when cultured

on 2D flat substrates.

Results are shown in Figure 4.29. ANOVA one-way analysis of variance

followed by Bonferroni post-hoc test was used to compare the obtained

results (see Figure 4.29 c)).

Surprisingly, integrin β1 and β3 surface expression in H1299 was not

increased in hydrogels of type C (p> 0.05) compared with the measured

integrin expression when cells were cultured in flasks. H1299 Integrin

β1 expression increased in hydrogels CM and CM+ with respect to the

expression in flasks and with respect to the expression in hydrogel C. Finally,

β3 integrin expression seemed to be higher in hydrogels CM and CM+ than

in flasks although the differences were statistically non-significant (p>0.05).

A two-way analysis of variance (ANOVA) with repeated measures was

performed to examine the effect of the type of integrin (factor 1, two levels:

integrin β1 and integrin β3) and type of hydrogel (factor 2, three levels:

C, CM, and CM+) on the integrin expression measured by fluorescence

intensity. Post-hoc tests were performed in order to assess pairwise

differences (p < 0.05, Tukey’s HSD correction for multiple comparisons).
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Figure 4.29: Flow cytometry assays. a) H1299 β3 surface integrin

expression in cell culture flask and hydrogels C, CM, and CM+. b) H1299

β1 surface integrin expression in cell culture flask and in hydrogels C, CM,

and CM+. c) H1299 β1 and β3 surface integrin expression comparison

in cell culture flask and in hydrogels C, CM, and CM+. Flow cytometry

assays were performed in triplicate (n = 3). *** Indicates highly statistically

significant difference between groups (***, p<0.001), (*, p<0.05) (ANOVA

one-way analysis). d) e) f) H1299 surface β1 and β3 integrin expression in

hydrogels C, CM, and CM+, respectively. (n=3).
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The two-way analysis of variance yielded a main effect for protein,

F(1, 23) = 111.34, p<0.002, such that the average fluorescence level

was significantly higher for protein integrin β1 (mean = 36022.66, SD =

15123.34) than for protein integrin β3 (mean= 5662.85, SD = 14997.37),

a main effect of hydrogel on the fluorescence level, F (2, 23) = 21.16,

p<0.002, such that the average fluorescence level was significantly lower

for gel C (mean = 9429.25, SD = 11333.16) than for hydrogel CM (mean

= 26851.70, SD = 28939.84) and hydrogel CM+ (mean = 20428.38,

SD = 21095.51). Moreover, a significant interaction effect was observed

between protein and hydrogel, F (2, 23) = 17.48, p<0.004, indicating that

hydrogel’s effect on integrin expression was greater for integrin β1 than for

integrin β3. Finally, the repetition effect was non-significant, F(3, 23) =

1.02, p>0.52.

4.8. TFM 3D in C, CM, and CM+ hydrogels

4.8.1. Parameter optimization for force reconstruction using
SAENO software

The four parameters d0 , k0, λs, ds required to compute the cell-exerted

forces using SAENO were estimated as described in Section 3.11.1.

The average data of three rheological stress sweep assays for each type

of hydrogel (C, CM, and CM+) were used to adjust k0, λs, ds parameters,

whereas the buckling coefficient d0 was set to be the same reported in the

bibliography [44]. The graphs of the simulated data and the experimental

data used to obtain the parameters are shown in Figure 4.30. The estimated

parameters are shown in Table 4.19. A table including all parameters used

in the SAENO software can be found in Appendix A.5.

4.8.2. Cell contractility in C, CM, and CM+ hydrogels

To study how H1299 cells responded to changes in matrix composition,

TFM 3D experiments were performed as described in Section 3.11 and
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Figure 4.30: TFM parameter fitting. Material stress as a function of the

shear strain predicted by the SAEN model (blue), and the corresponding

data measured using a cone-plate rheometer (red) for hydrogels C, CM, and

CM+. d) Vertical contraction as a function of the horizontal stretch of a

2.4 mg/ml collagen I hydrogel from Steinwachs et al. [44].

Hydrogel Type k0 d0 λs ds

Hydrogel C 300 0.00032 0.02 0.3

Hydrogel CM 300 0.00032 0.02 0.3

Hydrogel CM+ 900 0.00032 1 1

Table 4.19: SAEN model parameters for each type of hydrogel C, CM, and

CM+.

quantified using the SAENO software [44]. Ten cells and their surrounding

collagen fibers were imaged within each hydrogel type (C, CM, and CM+)

before and after force relaxation using Nocodazole 1 mM.
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Images of representative cells, collagen fiber displacements, and

cell-exerted forces within the different matrices are shown in Figure 4.31.

The results of cell contractility are shown in Table 4.20. The effect of

adding Nocodazole to perform the TFM assays can be seen in Figure

4.32, where Z-max projections of the Z-stacks acquired before and after

Nocodazole treatment are shown. In Figure 4.31, displacements of the

hydrogel fibers surrounding the cells in hydrogels C, CM, and CM+ point

toward the center of the cells in the direction of the protrusions retraction.

The average cell contractility was measured in datasets of 10 H1299

cells per hydrogel type. In C hydrogels, the measured cell contractility

was of 6.30 nN, which was comparable to that of hydrogel CM (6.63 nN)

(p>0.05), probably due to the similar Young’s modulus of both hydrogels.

However, cell contractility was significantly higher in CM+ hydrogels (32.63

nN) than in C and CM hydrogels (**, p<0.005). Kruskal Wallis test was

used to assess the differences in cell contractility across hydrogel types

statistically.

Hydrogel Type C CM CM+

Mean contractility (nN) 6.30 6.63 32.63

s.e. 1.93 1.15 5.83

Table 4.20: Cell contractility (nN) measured in datasets of 10 H1299 cells

within hydrogels C, CM, and CM+ using SAENO software.
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Figure 4.31: Representative images of 3D matrix displacements in the three

hydrogel types (C, CM, and CM+). Arrow hue indicates the magnitude of

the displacements. Volume renderings of the representative cells are shown

before and after force relaxation using Nocodazole 1 mM.
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Figure 4.32: Representative images of H1299 cells within the three hydrogel

types (C, CM, and CM+) before and after force relaxation using Nocodazole

1 mM.



Chapter 5

Discussion

In this chapter, the results of this work are examined under the light of the

state of the art in the fields of microfabrication, hydrogel characterization,

3D cancer cell migration, ECM remodeling, and mechanobiology. First, the

use of C, CM, and CM+ collagen-based hydrogels as cancer ECM models

is justified, and their morphological and mechanical characterization is

compared to that of other hydrogels of similar biochemical composition used

in tissue engineering applications. Then, the virtues of PDMS microdevices

for their use in cell culture and cell migration applications are highlighted,

along with a discussion about the two particular designs used in this work.

Then, the 3D cell migration results are analyzed to determine which of

the used ECM-mimicking hydrogels favors H1299 cell migration, and why

that is the case, based on its biomechanical and morphological properties.

To support that discussion, the migration phenotype of the cells within

each hydrogel was assessed by FAK immunostaining, the degree of cell

adhesion to the different hydrogels was assessed by quantifying the number

and size of focal adhesions to the different matrices, and the role of integrins

in H1299 migration was evaluated by measuring the expression levels of

integrins β1 and β3 by flow cytometry, and by migration assays performed

after integrin blockade. Since ECM remodeling also plays a role in cancer

cell migration and cell-exerted forces partially cause it and are required in

cell migration, ECM remodeling experiments and traction force microscopy

assays were performed in the three hydrogel types to see whether or not the

hydrogel composition affected the degree of ECM remodeling and H1299

force generation.

129
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5.1. Hydrogel composition and characterization

5.1.1. Mixed collagen I-Matrigel hydrogels to recapitulate the
tumor microenvironment

Over the last years, biopolymer-based hydrogels have been extensively

used as 3D biomimetic models of the cancer ECM. In particular, collagen

I has been used to recreate the connective tissue, i.e, the tumor stroma,

because of its abundance in the tumor microenvironment [147]. Indeed, it is

a clinical observation that an increased concentration of collagen is normal

in human solid tumors, commonly associated with higher incidence of

metastasis [39]. This cannot be explained by morphological and mechanical

properties alone, being possibly the combined consequence of the activity

of integrins and the plasticity of the cell motility phenotype, modulated by

matrix stiffness and a complex, rich microenvironment [17] [34]. Matrigel,

on the other hand, is widely used in 3D cancer culture models to simulate

the microenvironment of a basement membrane [148], a thin ECM lamina

that separates organs from the surrounding connective tissue.

In the context of cancer invasion, the role of the microenvironment

composition is of special interest at the leading edge of tumor invasion,

located at the interface between the connective tissue and a disrupted

basement membrane. Both are dense matrices that act as functional barriers

that become disorganized during the invasion, allowing the invasion of the

primary tumor and formation of secondary niches. Therefore, hydrogels

made of collagen mixed with Matrigel are thought to recapitulate the

microenvironment of the leading edge of cancer invasion, at the interface

between the connective tissue and an increasingly disorganized basement

membrane [17] [18] [147] [149].

Accordingly, in the experimental models used in this work, collagen

type I at 2 mg/ml concentration (C) was used as the basis of all hydrogels

following Shin et al. [112]. This concentration has been shown to allow

cell migration and invasion in the limited temporal context of the cellular
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models of the disease [79] [150] [151]. Then, Matrigel was added to

collagen hydogels at two different concentrations 2 mg/ml (CM) and 4

mg/ml (CM+) to better recapitulate the microenvironment at the leading

edge of cancer invasion, in two situations of increasing confinement. In

summary, cell migration was studied in three hydrogels (C, CM, CM+) that

represent microenvironments of increasing complexity.

5.1.2. Morphological and mechanical characterization of
hydrogels

Biocompatible hydrogels are known to modulate cellular behavior and

are therefore used in many tissue engineering applications. However, the

properties of hydrogels of similar, or even with the same composition, widely

change between studies due to the heterogeneity of the fabrication process

and characterization protocols and to the variability of the biochemical

components, which is especially relevant when using Matrigel [39] [152].

Therefore, one of the purposes of this work was to characterize the

morphology and the biomechanical properties of the hydrogels employed in

this study (C, CM, and CM+) as a prerequisite for a rational interpretation

of the results of the migration and ECM remodeling experiments. To do so,

different characterization techniques were used, including SEM, CRM, and

CFM imaging, image-analysis quantification, and rheological stress sweep

assays.

Morphological characterization of collagen-Matrigel mixed hydrogels

The hydrogel’s mesh pore size is a critical parameter in 3D cell

migration [13]. Indeed, it is the pore size and interfiber cross-link distance

what most critically sets the steric hindrance for migrating cells in 3D

microenvironments. The pore size also affects the network mechanical

properties [153] [154] which are known to play a role in the dynamics of cell

migration and in the diffusion of factors across 3D microenvironments. As

described in the Results Chapter (see Section 4.1.1), the automated analysis

of hydrogel morphology based on SEM micrographs revealed a progressive

increase of network pore size, fiber diameter, and structural heterogeneity
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as Matrigel was added to the baseline collagen I concentration. The average

pore area was 0.64 µm2 in C hydrogels, 0.87 µm2 in CM hydrogels, and

1.04 µm2 in CM+ hydrogels. CM+ hydrogels are also more heterogeneous

in regards to both pore size and fiber diameters than CM hydrogels, which

are in turn more heterogeneous than C hydrogels.

SEM is commonly used to morphologically characterize hydrogels due

to its excellent resolution [154] [155]. However, this microscopy modality

requires significant sample manipulation, dehydration, and chemical

processing, which severely alters the morphology of the hydrogels, thus

preventing an accurate quantitative analysis of the 3D fiber and porous

structure. Therefore, the morphological values obtained underestimate the

pore size, and are not to be taken as real network values, but else, as

relative values to evaluate the effect of adding an increasing concentration

of Matrigel to a collagen-only hydrogel. To obtain a more accurate

description of the hydrogel structure, the average pore size of fully hydrated

TAMRA-labeled hydrogels was also calculated from stacks of CFM images,

as described in Section 3.4.1.

The analysis of collagen-only hydrogels by CFM yielded a pore size

of 1.91 µm for hydrogel C, similar to the values reported in previous

studies [156]. Previous findings on collagen I-only hydrogels showed that

increasing collagen concentration results in a decrease in the pore size of

the networks [157]. However, keeping the collagen concentration constant

across hydrogels and adding Matrigel instead increased the pore size. This

trend, that had been observed on SEM images, was better quantified by

CFM. Indeed, adding Matrigel at a concentration of 2 mg/ml (CM) and 4

mg/ml (CM+) resulted in pore sizes of 2.50 µm and 3.01 µm, respectively,

which are larger than the pore size measured in hydrogel C (1.91 µm).

Conversely, adding Matrigel to collagen networks did not strongly affect

collagen fiber length or persistence length. This pore size increase could be

explained by the thickening of the collagen fibers induced by the binding of

Matrigel constituents. The porosity of the hydrogels, quantified on SEM

micrographs (see Section 4.1.1), revealed C hydrogel was slightly more

porous than CM and CM+ hydrogels, due to a larger number of small pores.
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The effect of TAMRA-labeling could be argued to interfere with the

polymerization of the hydrogel, thus altering its structure. To rule out

this possibility, TAMRA-stained and unstained hydrogels with the same

composition were analyzed by CRM (see Section 4.1.1, Figure 4.6), yielding

statistically significant similar results. Therefore, it can be safely concluded

that the measurements obtained on CFM images of TAMRA-labeled

hydrogels are not affected by the staining procedure.

The morphological effect of hydrogel crosslinking using transglutaminase,

and the effect of adding an adhesive protein such as fibronectin to

collagen-only (2 mg/ml collagen I) hydrogels, were analyzed by CRM on

unstained hydrogels. Increasing the crosslinking level increased the pore

size of the collagen networks (see Section 4.1.1). Furthermore, the effect

of fibronectin at a high concentration had a similar impact on hydrogel

pore size. Both results indicate that increasing the complexity of the

composition of the hydrogel, allowing a higher level of crosslinking or the

amount of adhesive components, increases the pore size. This supports the

finding that increasing the concentration of Matrigel -rich in fibronectin

and proteins that facilitate crosslinking of the underlying collagen mesh-

increases the size of the mesh pores, possibly by thickening the collagen

bundles during hydrogel polymerization.

It is worth mentioning that the hydrogel pore size values measured on

CRM images were significantly higher than those obtained on CFM images

of the same hydrogels (see Section 4.1.1). This is due to the fact that CRM

imaging suffers from a directional bias and leaves vertical collagen fibers

undetected, resulting in a substantial overestimation of the pore size of the

networks. Moreover, as already explained, the pore size calculations from

SEM micrographs were considerably smaller than those obtained in CRM

or CFM images, thus confirming hydrogel shrinking during SEM sample

preparation. Therefore, the pore size values calculated from CFM images

of TAMRA-labeled hydrogels are the most reliable results, and CRM-based

values are to be used to perform relative comparisons.
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Mechanical characterization of collagen-Matrigel mixed hydrogels

The storage and loss moduli of C, CM, and CM+ hydrogels were

monitored both during hydrogel polymerization, and under oscillatory stress

sweep assays. During stress sweep assays, cyclic loads were applied to the

samples, inducing an increasing shear strain.

The shear modulus measured at polymerization was ∼11 Pa for C

and CM hydrogels, and 32 Pa for CM+ hydrogels. These results are in

agreement with other rheological studies that report shear modulus values

(G’) between 10 and 50 Pa for Matrigel-only hydrogels at concentrations

50% and 100% of the stock solution [158]. Similarly, other studies have

reported increasing stiffness values between 0.5 to 100 Pa for collagen I

hydrogels at concentrations ranging from 0.5 to 4 mg/ml [159]. Therefore,

it can be concluded that the shear moduli of the collagen-based hydrogels

used in this work are within the expected values.

The mechanical characterization of the hydrogels also revealed a

nonlinear elastic behavior. Indeed, all hydrogels exhibited a strain-hardening

behavior typical of biopolymer hydrogels and biological materials, which

stiffen as they are strained, thereby preventing large deformations that could

threaten tissue integrity [42]. This behavior was expected for collagen-only

hydrogels as many previous studies report this phenomenon [42] [159].

Unlike collagen I, cell-derived matrices (CDMs), such as Matrigel-only

hydrogels exhibit linear elastic behavior [17] [160], i.e., do not undergo

strain stiffening under increasing force. This linear elastic behavior could

be due to their reduced content of fibrillar proteins and due to the lack

of an underlying fibrillar network structure similar to that of collagen I

hydrogels. However, the mixed collagen I-Matrigel hydrogels used in this

work exhibited non-linear elastic behavior, indicating that it is the collagen

I component of the hydrogels what induces the nonlinear elastic behavior

when added to CDMs. Although mixed collagen I-Matrigel hydrogels have

been used [147] [149], and even mechanically characterized [161], to the

best of our knowledge no prior studies had reported the strain-stiffening

phenomenon of these acellular matrices.
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Summarizing, from the mechanical characterization of the hydrogels it

was observed that the shear modulus of C hydrogels significantly increased

when adding Matrigel at 4 mg/ml (CM+). Also, it has been observed that

all three types of hydrogels behave nonlinearly.

5.1.3. Diffusion characterization within hydrogels

Chemical gradients are important in many biological processes, including

the transport of chemical species across membranes and the chemically

driven cell migration, (chemotaxis). Indeed, cell migration is typically driven

by gradients of soluble signal factors and ligands bound to the ECM [162].

Therefore, the existence of chemical gradients including growth factors,

chemokines and other biomolecules helps creating a microenvironment that

is adequate for cell migration.

In this work, 20% FBS was used to stimulate cell migration in collagen

I and collagen I-Matrigel mixed hydrogels inside microfluidic devices. To

visualize and confirm the formation of a chemical gradient across hydrogels,

fluorescent dextran diffusion studies were performed in C, CM, and CM+

acellular hydrogels. These diffusion experiments confirmed a stable dextran

gradient in hydrogels containing Matrigel (see Section 4.1.2), and a fast

fading gradient in collagen I-only hydrogels. This is consistent with the

increased density and decreased porosity of hydrogels type CM and CM+

compared to hydrogels of type C, quantified in the SEM images (see Section

4.1.1, Table 4.1). However, the relatively small decrease in porosity does

not explain the large reduction in diffusivity shown in Figure 4.2, pointing

at other factors, such as retaining factors or binding interactions between

the dextran and matrix attachment proteins as the reason for the higher

retention measured in hydrogels CM and CM+ [123].
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5.2. Microfluidic devices for 3D cell migration

Microfluidic devices are used in a wide variety of biological applications

including diagnostics [163] and therapeutic studies [164]. Microfluidic

systems in combination with 3D scaffolds such as collagen-based

hydrogels enable the study of 3D cancer cell migration in a controlled

microenvironment, with optimal reagent consumption. In this work,

microfluidic devices were designed and used to perform 3D cell migration

experiments and ECM remodeling assays, using collagen-based hydrogels

(C, CM, and CM+) as cancer ECM models.

The devices were made of PDMS, a polymer which is extensively used

due to its excellent properties, including a tunable Young’s modulus, optical

transparency -required for transillumination microscopy-, biocompatibility,

permeability, and non-reactivity toward most chemical reagents [165].

PDMS replicas of the designs were bonded to thin glass coverslips,

thus allowing the use of high NA, high resolution, objective lenses, in

epifluorescence, -i.e., reflection- mode.

The two design versions of the microfluidic devices used in this work

(see Section 4.2, Figure 4.12) allowed the confinement of the hydrogels

in the central channel thanks to evenly spaced microposts that acted as

capillary burst valves [146]. The design of the devices, containing three

channels, was inspired on previous microfluidic platforms used to study

3D cell migration [112] [130] [166]. The dimensions of the microchannels

and the micropost spacing (see Section 4.2, Table 4.7) were optimized to

ensure successful filling of the hydrogels in the central channel. Version

2 of the device allowed an easier hydrogel loading compared to version 1,

due to the larger pressure differential between the microposts gap and the

gel channel width (see Section 4.2). Nevertheless, both PDMS devices

(versions 1 and 2) were successfully fabricated and filled with hydrogels for

different experiments including the morphological quantification of acellular

collagen networks using CRM and CFM imaging modalities, cell migration

experiments, and ECM remodeling assays. Among their advantages, it is

important to highlight the low amounts of hydrogel needed for loading the

devices (< 10 µl), which translates into a cost-effective experimental setup.
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5.3. Cell migration dependence on hydrogel

composition

3D cell migration trough biopolymer networks is the result of a complex

interplay between the cell’s molecular activity and the morphological and

mechanical properties of the network [167]. To navigate such a complex

microenvironment, cells take advantage of both biochemical signaling and

mechanical cues, while probing the surrounding ECM via integrin-mediated

adhesions. In particular, cells migrating through 3D matrices experience

opposition due to biophysical interactions with the ECM. To overcome

this opposition, they can degrade their surrounding matrix by secreting

proteolytic enzymes such as metalloproteinases [168].

In this work, the 3D migration of H1299 -metastatic- lung cancer cells

was quantified within collagen I and collagen I-Matrigel mixed hydrogels.

First, the effects of the hydrogel composition, morphology, and mechanical

properties in the migration phenotype and dynamics were studied and

then, both the role of metalloproteinases and the role of integrins in cell

migration were interrogated using a metalloproteinase inhibitor (GM6001)

and by preincubating the cells with anti-integrin antibodies (anti-integrin

β1 and β3), respectively.

5.3.1. Migration dependence on hydrogel type (C, CM, and
CM+)

In the cell migration experiments, H1299 lung cancer cells slowly moved

through collagen I only (C) 3D hydrogels at a speed that ranged from

2.91 µm/h (unstimulated) to 4.37 µm/h when stimulated by FBS. These

migration speed values are similar to those reported by others using other

cancer cell lines (e.g., MDA-MB-231/MT1, DU-145/MDA-231) [155] [169]

[170]. The analysis of migration directionality showed that H1299 cells

moved following an anisotropic random walk [123], as has been previously

shown for cell migration in 3D scaffolds [137] [155] [171], which is consistent
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with the short persistence of FBS gradient across the C hydrogel.

In the presence of Matrigel (CM), H1299 cells increased their migration

speed, possibly due to the increased pore size and rigidity of CM hydrogels

compared to C hydrogels. This is in agreement with the observations of

Lang et al. showing that increasing the rigidity of collagen matrices of

enough large pore sizes increases migration speed [150]. This fact is also

supported by the control experiments using collagen I-only hydrogels with

different levels of crosslinking. Indeed, these control experiments showed

that cells in crosslinked hydrogels moved faster than in non crosslinked

hydrogels, possibly due to the increased pore size. This change in migration

speed is also coincident with a change in migration phenotype.

H1299 cells in stiffer CM+ hydrogels slowed down their migration

speed compared to the migration speed through CM hydrogels. This

seems to contradict Lang et al., since the increased stiffness and larger

pore size of CM+ hydrogels should in principle enhance cell migration.

This behavior is however consistent with the control invasion experiments

performed in Boyden chambers within Matrigel-only hydrogels that

showed a reduction in migration with increasing Matrigel concentration,

regardless of the increased hydrogel stiffness, and could be explained by the

increased attachment sites and binding to Matrigel components. Indeed,

a similar behavior has been reported by Zaman et al. in matrices of

reconstituted Matrigel with increasing levels of fibronectin [155] and is also

visible in the control experiments using collagen hydrogels with different

concentrations of fibronectin, that show a decrease in migration speed

in fibronectin containing collagen scaffolds compared to bare crosslinked

collagen hydrogels. Accordingly, there seems to be a balance between

the contradictory effects of pore size, stiffness, and attachment. In CM

hydrogels, the increment in pore size compared to C hydrogels is more

prevalent than the problems caused by the increased attachment, for

similar rigidities. Contrarily, in CM+ hydrogels, the impact of increased

attachment overcomes the migration benefits of increased rigidity and

larger pore size.

The immunophenotyping of H1299 cells by staining focal adhesions (see
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Section 4.4) showed that H1299 lung cancer cells display a mesenchymal

type of migration in pure collagen matrices (C) that can turn to lobopodial

in mixed collagen-Matrigel matrices (CM and CM+). This plasticity could

be explained by both the composition and the mechanical properties of

the hydrogels. In fact, it has been described that fibroblasts show efficient

lobopodial-based motility in cell-derived matrices with a linear-elastic

component, as in CM and CM+ mixed matrices at low strains, while

showing a lamellipodial phenotype (i.e., mesenchymal) in 3D collagen-only

matrices [17] [18]. This switch from mesenchymal to lobopodial migration

has been linked both to an increment in network stiffness as well as to

the presence of soluble factors, widely found in Matrigel, that are known

to activate the small GTPase RhoA pathway [17] [172]. Furthermore, the

results also confirmed that cells migrating through CM mixed matrices move

faster than the mesenchymal migrating cells in collagen I-only matrices

[17].

In summary, the results confirmed that the presence of soluble

growth factors in Matrigel, e.g., EGF, TGFβ [173] [174], as well as

the Matrigel-containing hydrogel architecture, can promote a change

in migration phenotype from mesenchymal to lobodopial. Furthermore,

Matrigel, at low concentration, facilitates migration, most probably by

providing a supportive and growth factor-retaining environment. However,

an excess of Matrigel impedes migration due to excessive attachment that

impairs cell motility.

5.3.2. H1299 lung cancer cell integrin expression, adhesion,
and MMP activity

Integrins are cell adhesion receptors critical for the metastasis of

solid tumors [175]. Integrins control ECM remodeling by regulating the

localization and activity of several proteases such as MMPs [176], which

in turn contributes to the regulation of cell migration. Integrin expression

levels typically vary between normal tissue and cancer, making them

interesting therapeutic targets.
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Integrin expression is known to be modulated by the ECM, its stiffness

having a large impact on the expression of integrins and focal adhesion

complex [177]. In this work, H1299 β1 and β3 integrin expression was

quantified by flow cytometry after retrieving the cells from inside hydrogels

C, CM, and CM+. β1 and β3 integrin expression in H1299 cells cultured

on 2D flasks was also measured as a control test to compare with the

results obtained from cells embedded in a 3D microenvironment.

Flow cytometry assays revealed no significant differences in β1 integrin

expression between H1299 cells cultured on flasks or embedded in C

hydrogels. Conversely, β1 integrin expression increased in hydrogels CM

and CM+ compared to cells embedded in hydrogel C. β1 integrin expression

was indeed expected in all collagen-containing hydrogels since collagens

are their main binding ligands [178]. The fact that integrin β1 expression

increases -for equal collagen type I concentration- with increasing stiffness

is in accordance with previous findings that have demonstrated how soft

substrates induce integrin internalization and subsequent degradation [177]

[179].

No significant differences in the level of integrin β3 expression were

found among the cells cultured on flasks or inside the three types of

hydrogels under study, although a similar trend relating expression and

stiffness could be observed also for this integrin, that can be associated

with ligands present in the hydrogels at lower concentrations than collagen

I, such as the fibronectin traces found in Matrigel-containing hydrogels.

In summary, β1 integrin expression was significantly higher than β3

expression in all hydrogels, partially because of the higher presence of integrin

β1 binding ligands. These results indicate that H1299 integrin surface

expression is modulated by hydrogel composition, being Matrigel-containing

hydrogels the hydrogels of highest H1299 integrin expression, possibly due to

their increased stiffness and growth factor presence compared to C hydrogels.

The assays that analyzed H1299 cell adhesion to several protein

substrates confirmed the ability of H1299 cells to adhere to collagen I

and collagen IV, but not significantly so to fibronectin. Furthermore,
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significant cell adhesion differences were found between collagen I and

collagen IV coatings, being collagen I the protein that enhances cell

adhesion the most. These results are in agreement with the enhanced

integrin expression found in CM and CM+ hydrogels, where collagen I

and collagen IV (contained in Matrigel) are important hydrogel components.

The analysis of H1299 focal adhesions seeded on top of the three types

of hydrogels revealed a higher number of focal adhesions in cells lying on

top of hydrogels containing Matrigel (see Section 4.6). Furthermore, the

area of the FAs increases with increasing Matrigel content, thus being the

largest in CM+ hydrogels. Previous research done on flat surfaces has

shown that there is a biphasic relationship between the size of FAs and

cell speed [180]. Concretely, cell speed steadily increases until a threshold

value in FA size is reached beyond which cell speed slows down. This would

suggest a higher cell migration speed in Matrigel containing hydrogels with

respect to C hydrogel, and could indicate that FAs in CM+ hydrogels may

be above the threshold between both phases. Furthermore, it has also been

reported that the cellular adhesion strength increases nonlinearly with FA

size [181] [182], which could again explain the cell speed reduction found

inside CM+ hydrogels. In summary, CM hydrogels could favor migration

compared to hydrogel C due to the increased expression of integrins and

larger focal adhesions, whereas it could favor migration in CM hydrogels

compared to CM+ hydrogels due to the lower cell adhesion strength

associated with the smaller FA size.

5.3.3. Integrin blocking effect on H1299 cell migration

The experiments with integrin-blocking antibodies confirmed the

modulating effect of the properties of the microenvironment. Indeed,

migration of cells preincubated with integrin-blocking antibodies showed

that blocking one or both integrins (β1 and β3) causes a transition to an

amoeboid, integrin-independent migration phenotype in all three hydrogel

types (C, CM, and CM+). These results are supported by other studies

that report that blocking integrins triggers an amoeboid phenotype that

promotes efficient bleb-based migration ratios in 3D lattices. Indeed,
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it has been shown that in situations of high confinement, and in the

absence of focal adhesions, mesenchymal cells spontaneously switch to

an amoeboid migration phenotype [155] [183] [184] [185]. However,

the effect of this switch in the migration speed is different in the three

hydrogel types, pointing once more to an equilibrium between the role

of integrins as attachment and traction mediators, as well as to the

role of the pore size, and hydrogels structure heterogeneity. Indeed, in

collagen only (C) and CM hydrogels, blocking integrins reduces migration

speed possibly due to an ineffective attachment to the substrate that

in turn affects the traction forces and ECM remodeling required for

integrin-mediated migration. Consequently, in these smaller pore sized

hydrogels, the amoeboid migration phenotype is less effective than the

original mesenchymal migration in which the proteolytic activity allows the

cells to degrade their surrounding matrix. Contrarily, in larger pore sized

CM+ hydrogels, the switch to amoeboid phenotype enhances migration

speed, probably because these hydrogels cause excessive attachment that

is released when integrins are blocked. This supports previous findings that

indicate that tumor cells moving along collagen fibers progress through the

matrix or remain still depending on the density of the surrounding matrix

[14] and their capability to squeeze through the mesh pores.

Finally, these results nicely support the results of Zaman et al. [155]

in fibronectin-containing reconstituted Matrigel hydrogels. The authors

reported the expected reduction in migration speed after integrin blockade

when using Matrigel with no fibronectin (representative of low attachment

C hydrogels) but observed a speed enhancement effect in Matrigel with an

abundance of fibronectin (representative of high attachment CM+) gels.

Surprisingly, but consistent with this discussion, blocking both integrins

only had an additive effect compared to blocking only one of them in CM+

hydrogels. This points to an incomplete switch from integrin-dependent to

integrin-independent movement when only one of the integrins is blocked

[184] [186] and in turn indicates a compensatory mechanism by which

blocking one of the integrins increases the activity of the other integrin, as

reported by Wennenberg et al. [187].

It is also interesting to point out that the lobopodial migration phenotype
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frequently seen in collagen I-Matrigel mixed hydrogels is different both

morphologically and in terms of integrin dependence, not only from the

amoeboid type of migration [17], but also from the migration phenotype

described by Poincloux et al. [169] in Matrigel-only scaffolds. In those

hydrogels, migrating breast cancer cells show a rounded shape with an

actomyosin-based uropod that generates contractile forces at the cell rear.

These contractile forces are transmitted to and exert traction forces on

the ECM through β1 integrins, thus pulling on the matrix in the rearward

direction, generating forward movement of the cell that pushes the matrix

at the front. Therefore, the lobopodial type of migration seems to be

an intermediate form between a pure mesenchymal type of migration in

collagen-only matrices and a rounded uropod-based type of migration in

Matrigel-only hydrogels, possibly due to the presence of Matrigel while

retaining a prevalent collagen structure.

5.3.4. MMP blocking effect on H1299 cell migration

The role of MMPs in cancer progression is highly controversial. Indeed,

although they seem a valuable therapeutic target based on preclinical

studies and their known role in disease progression [188], several clinical

trials using anti MMP agents have been completeley unsuccessful. In this

work, MMP-blocking cell migration experiments were performed within

microfluidic devices to assess the effect of MMP blockade in H1299 3D cell

migration through the different collagen-only and collagen I-Matrigel mixed

matrices.

Migration experiments using GM6001, a broad-spectrum MMP inhibitor,

showed a significant decrease in cell migration speed in Matrigel-containing

hydrogels (CM and CM+) compared to the control migration experiments

done in the absence of inhibition. These results are consistent with those

reported in studies using similar 3D collagen matrices, where the inhibition

of MMP activity significantly reduced migration speed in HT-1080/MT1

fibrosarcoma and MDA231 breast cancer cell lines [14] [170] [189]. MMP

blockade impaired H1299 cell migration through collagen I and collagen

I-Matrigel mixed hydrogels, pointing at the remodeling role of MMPs in
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these hydrogels. These results are consistent with the integrin-blocking

experiments where cancer cells are unable to degrade the matrix and

adopt an amoeboid phenotype. The reversal of speed seen when blocking

both integrins in CM+ hydrogels is not seen in this case, since the effect

of blocking all MMPs goes beyond the combined effect of blocking the

integrins β1 and β3.

Supporting these migration results, the invasion experiments using

Boyden chambers revealed an even larger invasion reduction due to MMP

blockade in Matrigel-containing hydrogels (94% and 96% for CM and CM+

hydrogels, respectively) compared to pure collagen I C hydrogels (77%

reduction, not statistically significant by the ANOVA one-way analysis of

variance). Therefore, although there seems that H1299 cells use MMPs to

migrate and invade through all three hydrogels, MMP proteolytic activity is

higher in stiffer Matrigel-containing hydrogels. These findings of increased

MMP activity with increased matrix stiffness have also been reported in

other cell lines including pancreatic cancer cells in which substrate stiffness,

collagen concentration, and the degree of collagen crosslinking modulated

cell MMP activity [190]. In particular, MMP expression modulation due to

ECM stiffness has been recently reported in highly invasive cancer cell lines

MDA-MB-231 and HT-1080, but not in less invasive cancer cells [189].

Furthermore, the same observation has been reported in tumor angiogenic

studies where MMP expression was upregulated in collagen I hydrogels

of increasing crosslinking due to glycation by exposure to increasing

concentrations of ribose [191]. Altogether, it can be concluded that matrix

stiffness increases matrix metalloproteinase activity in H1299 cells embedded

inside hydrogels CM and CM+ compared to C hydrogels, which is also

consistent with the increased integrin expression observed in both hydrogels.

5.4. H1299 cell-induced ECM remodeling and

cell-ECM interactions

ECM remodeling is crucial for tumor malignancy and metastatic

progression [192] but its quantification in 3D in vitro or in in vivo is not

straightforward.
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The standard method to visualize ECM remodeling in collagen-based

hydrogels consists of immunostaining of collagen in fixed samples. From

the immunostained images one can quantify the alignment and orientation

of collagen fibers [34]. This method, however is static and cannot capture

the ECM remodeling dynamics. To study ECM remodeling in vivo,

non-invasive techniques such as echocardiography and second harmonic

imaging generation (SHG) in two-photon intravital microscopy of whole

tissues have been used. Other molecular approaches focus on the study of

the formation of new ECM using radioactively labeled substrates to trace

matrix-trafficking [193]. These methods are not widely used because of

their experimental and technical complexity.

In vitro, the surface structure of the ECM can be studied using atomic

force microscopy [194], which does not provide information in a significant

tissue volume, leaving three-dimensional optical microscopy as the method

of choice to study the dynamics of the ECM and cell-ECM interactions.

Pre-labeled ECM proteins such as Rhodamine-conjugated fibronectin

[195] or collagen I [114] can be used to study ECM remodeling dynamics

in 3D hydrogels. These proteins can be visualized using confocal and

multiphoton microscopy. A popular alternative for visualizing ECM

reorganization and collagen matrix fibrils include confocal reflection

microscopy and multiphoton second harmonic generation imaging, because

they do not require exogenous labeling and can be used in combination

with life fluorescence imaging to simultaneously track protein expression,

cell morphology, and cytoskeletal reorganization [196].

The progressive degradation of the cellular ECM can also be imaged

using collagen labeled with highly quenched FITC molecules (DQ collagen),

which exhibit increased fluorescence yield upon collagen cleavage [197].

Moreover, fluorescence confocal imaging of DQ collagen can be used in

combination with imaging of the collagen fibrillar network using CFM, CRM,

or SHG to assess the role of proteolytic degradation and the reorganization

of collagen -e.g., the formation of micro tracks- caused by migrating cells.
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In this work, H1299-induced ECM remodeling was assessed using CFM

and image analysis techniques. On one side, MMP proteolytic degradation

was quantified by measuring the volume of DQ collagen I in z-stacks of

the three types of hydrogels inside microfluidic devices. On the other side,

hydrogels C, CM, and CM+ were prepared using TAMRA-labeled collagen

I to label all collagen fibers surrounding H1299 cells and have a better view

of the interactions between H1299 cells and the fibrillar networks. ECM

densification and ECM alignment were quantified in confocal 2D slices of

the TAMRA-labeled hydrogels containing H1299 cells labeled with CellBrite.

DQ-collagen I remodeling caused by H1299 cell migration stimulated

with 20% FBS showed increased collagen degradation due to MMP activity

with increasing Matrigel concentration. This is explained by the presence

of soluble growth factors that stimulate MMP activity [172] and increased

matrix stiffness of CM+ hydrogels. DQ-collagen I remodeling experiments

using GM6001 metalloproteinase inhibitor showed a sharp decrease in

DQ-degradation volume in hydrogels CM and CM+, also confirming the

higher metalloproteinase activity in Matrigel-containing hydrogels CM and

CM+ with respect to C hydrogel.

Migration results using GM6001 showed an 8% decrease in H1299 cell

migration speed in collagen I-only hydrogels while this speed drop was

higher for H1299 cells migrating through CM and CM+ hydrogels (55%

and 33% decrease, respectively). These migration results are in agreement

with what was observed in ECM remodeling experiments, in which cells

degraded Matrigel-containing hydrogels more than collagen I-only hydrogels

at the same collagen concentration. Interestingly, the greater MMP activity

in Matrigel-containing hydrogels resulted in the generation of micro tracks

that facilitated cell invasion in Boyden assays.

Regarding the ECM alignment and densification experiments, collagen

fiber alignment measured as the local anisotropy index in regions surrounding

the cells or in between two cells was higher in Matrigel-containing hydrogels

(CM and CM+) than in collagen I-only (C) hydrogels, pointing out

at hydrogel composition and stiffness as crucial determinants of the

extent of matrix remodeling. Compared to global anisotropy, the local
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anisotropy index significantly increased in all three types of hydrogels, thus

confirming that H1299 single cells can align collagen fibers. It is noteworthy

that the ability to align collagen fibers within the ECM has repeatedly

been associated with malignancy, which is a remarkable feature of the

high-metastasic NCI-H1299 cell line.

The results observed in single H1299 cells are similar to those obtained

in ECM alignment experiments done using cancer spheroids or tumors.

Tumors and spheroids are typically used to study ECM remodeling due

to their greater capacity to generate traction forces that align fibers

in their surrounding microenvironments, simplifying the observation of

the alignment phenomena [198]. This induced fiber alignment has been

reported in different types of cancer including glioblastoma (U87 tumor

spheroids) [59] and breast cancer (tumors in vivo) [60]. Other single

cancer cell experiments related to ECM alignment generally study the effect

of pre-aligned matrices on cell migration by stretching or subjecting the

matrices to loading to align the collagen fibers [199] [200], but do not

capture the process of cell-induced ECM fiber alignment.

Similar to what occurs with collagen alignment, densification of the

matrices in the surrounding region of the cells was higher in CM and CM+

hydrogels compared to C hydrogels, coinciding with the larger collagen

reorganization observed in Matrigel-containing hydrogels.

Both the alignment phenomenon and densification of the ECM at

the cell-matrix boundary are caused by the cells exerting forces on the

fibers and have been previously observed in different cancer models [90].

Therefore, to gain a better understanding of ECM remodeling and cell-ECM

interactions, TFM 3D assays were performed to measure the ability of

H1299 cells to exert forces within C, CM, and CM+ hydrogels. Cell

contractility was quantified in TFM 3D experiments as explained in Section

3.11.1. Summarizing the TFM 3D results, cell contractility was significantly

higher in H1299 cells embedded within CM+ hydrogels than in C, and

CM hydrogels, possibly due to the higher stiffness and pore size of CM+

hydrogel.
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Previous research on cell behavior on 2D substrates has reported that cell

tractions increase with higher substrate stiffness and with growing ligand

density [201]. However, this is not the case for cellular traction forces in 3D

matrices, where the pore size is also crucial for the cell-force generation.

Indeed, if the pore size of the matrix is small, given the same substrate

stiffness, cells tend to spread less and generate thinner protrusions than in

larger pore sized matrices, thus exerting lower magnitude traction forces [44].

Since the incorporation of nonlinear elastic material models to 3D TFM

is very recent, the magnitude of cell forces within 3D biopolymer networks

are not yet well characterized [104]. Steinwachs et al. [44] quantified

MDA-MB-231 cell traction forces within collagen I hydrogels of varying

concentrations from 0.6 to 2.4 mg/ml where the Young Modulus of the

hydrogels increased from 44 Pa to 513 Pa and the average pore size

decreased with collagen concentration. In their work [44], they reported

similar traction forces (an average cell contractility of around 47.6 nN)

across the collagen I hydrogels of different collagen concentrations, which

can be explained by the smaller pore size in the denser and stiffer 3D

matrices. Other study using fibroblasts within 3D collagen-GAG matrices

of varying pore size reported cell forces in the range of 11 to 41 nN [202]

by calculating the deformations of the matrices using optical microscopy.

Therefore, it can be concluded that the exerted forces within C, CM,

and CM+ hydrogels measured in this work are within the expected force

range. The fact that H1299 cells exert larger forces in CM+ hydrogels is

in accordance with the highest degree of remodeling seen in this hydrogel

measured as the ability to compact the surrounding matrix, as well as with

the increased expression of β1 integrin that further correlates with the

larger focal adhesions.

Bearing all these findings in mind H1299 lung cancer cell migration

inside CM hydrogels that recapitulate the microenvironment at the leading

edge of tumor invasion is favored by an increased integrin expression and

metalloproteinase activity stimulated by the architecture of the hydrogels

and the soluble growth factors found in Matrigel. These hydrogels reveal

the role of hydrogel composition in promoting cell migration, since, in pure

collagen matrices (C hydrogels), cell migration decreases, possibly due to
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reduced pore size as well as due to a fewer number of focal adhesions

to sustain an effective migration. Contrarily, cell motility in hydrogels

containing the highest Matrigel concentration (CM+ hydrogels) is hindered

by an excessive attachment. Besides, it should be noted that Matrigel

presence alters the collagen I networks and may promote a switch in

H1299 cell migration phenotype from mesenchymal to lobopodial. This

study highlights the relevance of microfluidic devices filled with biomimetic

collagen-Matrigel mixed hydrogels as research tools to recapitulate the

tumor microenvironment for the study of cell migration and therapeutic

drugs and targets. A summary of the key findings of this work is shown in

Figure 5.1.
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Figure 5.1: Summary of the findings. ECM properties affect cell behavior,

ECM remodeling, and H1299 migration phenotype and dynamics.
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In this work, we have presented an extensive study about the role of

the ECM, and ECM remodeling in 3D lung cancer cell migration. To

this end, we have analyzed the migration of H1299 lung cancer cells in

biomimetic microenvironments created inside microfluidic devices. The

main conclusions of this thesis can be summarized as follows:

We have designed and fabricated a microfluidic device for 3D cell

culture, along with a set of image analysis tools, that together

provide a robust, reliable platform to study lung cancer cell migration

and ECM remodeling in 3D environments. This device guarantees

adequate optical properties for time-lapse in vivo microscopy, and is

easily adaptable to high-throughput studies, such as the discovery of

new anti-cancer drugs.

Three collagen-based hydrogels of varied composition have been used

to mimic different tumor microenvironments, from pure collagen

matrices similar to connective tissue, to mixed collagen-Matrigel

matrices that approximate a disorganized basement membrane at the

front of cancer invasion. These hydrogels have been characterized in

regards to their microstructure, mechanical, and diffusive properties

to allow a rational interpretation of the results of the different

experiments done using these gels.

The image based microstructural characterization of the hydrogels

shows that the addition of Matrigel to collagen at 2 mg/ml increases
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the pore size, and causes heterogeneity in the collagen mesh structure,

while slightly reducing the porosity of the meshworks.

The mechanical characterization, done by rheological oscillatory

stress-sweep experiments, confirms the nonlinear elasticity of

the hydrogels under study. Also, at the same collagen I basal

concentration of 2 mg/ml, Matrigel addition at 2 mg/ml (not

statistically significant) or 4 mg/ml (statistically significant) increased

the stiffness of the hydrogels.

Our dextran diffusion assays revealed that a gradient across

Matrigel-containing hydrogels lasted longer than in pure collagen

hydrogels, due to the increased binding interactions between the

dextran and matrix attachment proteins.

Immunophenotyping of migrating H1299 lung cancer cells reveals a

mesenchymal type of migration in pure collagen matrices (C) that

can turn to lobopodial in mixed collagen-Matrigel matrices (CM and

CM+), where it coexists with the mesenchymal phenotype, thus

highlighting the heterogeneity of the hydrogels. H1299 cells ability

to switch their mode of migration from mesenchymal to lobopodial

is linked both to an increment in network stiffness as well as to the

presence of soluble factors, widely found in Matrigel.

Time-lapse migration experiments of H1299 lung cancer cells confined

in hydrogels showed that Matrigel, at a balanced, intermediate

concentration (CM hydrogels), enhances cell migration compared

to collagen I-only (C) hydrogels due to the increased pore size

and increased rigidity caused by Matrigel. Matrigel at a higher

concentration (CM+) does not show this migration increase, probably

due to the increased cell attachment, shown by the number and size

of the measured focal adhesions.
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Integrin-blocking migration experiments emphasized the modulating

effect of the properties of the microenvironment. These experiments

showed that blocking one or both integrins (β1 and β3) causes a

transition to amoeboid, integrin-independent migration phenotype in

all three hydrogel types. Blocking integrins reduced cell migration

speed in hydrogels containing just collagen or collagen and Matrigel at

2 mg/ml possibly due to a less effective attachment to the substrate

that affects the traction forces required for integrin-mediated

migration. Contrarily, in larger pore sized CM+ hydrogels containing

4 mg/ml of Matrigel, the switch to amoeboid phenotype enhances

migration speed, probably due to the release from an excessive

attachment associated to integrin-blockade.

β1 and β3 H1299 integrin expression quantified by flow cytometry

after recovering the cells from inside hydrogels increases with

increasing stiffness and Matrigel concentration, thus indicating that

Matrigel addition enhances integrin expression. β1 integrin expression

is significantly higher than β3 expression in all hydrogels, partially

because of the higher presence of integrin β1 collagen I and IV binding

ligands.

MMP-blocking cell migration and invasion experiments showed a

reduction in cell migration which is larger in Matrigel-containing

hydrogels than in collagen I-only hydrogels, pointing at the higher

remodeling role of MMPs in Matrigel-containing hydrogels.

H1299 ability to remodel the microenvironment increases in Matrigel

containing hydrogels with respect to pure collagen matrices. MMP

proteolytic activity quantified as the volume of a dye-quenched protein

substrate (DQ collagen I) showed an increasing MMP activity with

increasing Matrigel content and hydrogel stiffness. Besides, alignment

and densification of the hydrogels were measured in TAMRA-labeled

collagen matrices. The results indicate that H1299 cells are able

to align and pull collagen fibers toward them in all three hydrogel

types, being the alignment more pronounced in Matrigel-containing
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hydrogels. Cell contractility measured by TFM 3D was higher in CM+

hydrogels than in C and CM hydrogels.



Future Work

In this thesis, a variety of approaches have been used to facilitate the

understanding of 3D cancer cell migration, extracellular matrix remodeling,

and cell-ECM interactions in physiologically relevant microenvironments.

Results and conclusions drawn from this work raise new questions and

suggest possible future lines of research that are proposed below:

Perform 3D cell migration studies and ECM remodeling quantification

with other lung cancer cell lines to extend the relevance of the study

and compare their behavior in vitro. It would be interesting to have

data from different cell lines, to compare the migration dynamics

and remodeling ability using cancer cell lines with different levels of

invasiveness.

Perform uniaxial stretch assays in hydrogels C, CM, and CM+

to measure the vertical contraction in response to horizontal

stretch. These experiments will provide a more extensive mechanical

characterization of the hydrogels and will help optimize the parameter

related to hydrogel contraction used to calculate cell-exerted forces in

the SAENO software.

Perform Traction Force Microscopy experiments using other cell lines

to explore cell-ECM interactions and quantify cell-exerted forces in

different cancer cell lines.

Study of focal adhesion formation within the studied 3D matrices.
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The quantification of the number of focal adhesions in the different

3D matrices could be done to further evaluate the degree of cell

adhesion to the 3D substrates under study.

Determine which MMPs are involved in the proteolytic degradation of

the different matrices to have a better understanding of the proteolytic

degradation process within the 3D matrices used in this work.

Study the effect of increasing collagen concentrations in the behavior

of lung cancer cells. In this work, collagen concentration was kept

constant at 2 mg/ml but it is well-known collagen concentration

affects the pore size and mechanical properties of the matrices. New

collagen-based matrices can be devised to study the role of the tumor

microenvironment, which in combination with cross-linking strategies

increase the mechanical properties of the hydrogels to mimic stiffer

tissues.

Perform high-resolution time-lapse cell-migration experiments to

capture ECM-remodeling dynamics for several hours. Develop

software tools to automatically quantify the differences in both density

and alignment between the successive frames of the videos.

Perform high-resolution time-lapse cell migration experiments to be

able to analyze and quantify the 3D morphology of the cells during

migration, which cannot be done in the 5× cell-migration videos due

to the lack of resolution.

Exploit of the microfluidic platform for new applications. For instance,

the microfluidic device could be also used as a platform to investigate

the cell-extravasation phenomenon in cancer development across

an endothelial monolayer. Another application would be the use of

this platform to perform viability assays to monitor drug toxicity or

cell-based drug screening experiments.
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Adapt the design of the device for high-throughput drug screening

experiments.
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Appendix A

Protocols

A.1. Photolithography protocol

The master mold fabrication process was performed as follows:

Firstly, the silicon wafer was cleaned with Piranha solution

(H2SO4:H2O2/ 1:1) for 5 minutes to remove any organic residues

from silicon wafer surface. Then, the wafer was rinsed with deionized

water and dried using pressurized nitrogen gas. Next, it was dehydrated for

20 minutes at 200 ◦C on a hotplate and it was allowed to relax at room

temperature for at least 5 minutes.

Secondly, the SU8 photoresist was poured on top of the wafer and it was

spread using a spin coater at 2000 r.p.m to obtain a uniform photoresist

film of 120 µm thickness. Next, the wafer was put on a hot plate increasing

its temperature progressively until 95 ◦C. Once it had reached 95 ◦C, the

photoresist was prebaked for 30 minutes, and it was allowed to relax at

room temperature for 10 mins.

Then, the wafer was exposed to an appropriate dose of UV light through

a transparency photomask with the microfluidic system defined pattern.

The photolithography mask acted as a template, and it was designed to

optically transfer the microfluidic devices’ pattern onto the wafer.
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Subsequently, the wafer was post-baked on a hot plate by gradually

increasing the temperature until 95 ◦C. Once it reached 95 ◦C, it was

kept at this temperature for 30 minutes and it was cooled down to room

temperature.

After the wafer reached room temperature, the photoresist was

developed according to manufacturer’s instructions. To develop SU-8

photoresist, the wafer was immersed in Propylene glycol monomethyl ether

acetate (PGMEA) for 15 minutes. Next, the developer was neutralized with

isopropanol (IPA), and it was rinsed with deionized water.

Lastly, the wafer was dried using pressurized nitrogen gas and it was

heated to 150 ◦C for 2 minutes on a hotplate. The resulting mold is known

as the master mold. An example of a master mold is shown in figure A.1.

Figure A.1: Master mold obtained after photolithography.
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A.2. CAD designs of microfluidic devices

Both photomask designs of the microfluidic devices are shown in Figure

A.2.

a)

b)

Figure A.2: Photomask designs of the microfluidic devices. a) Version 1. b)

Version 2.
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A.3. Focal adhesion quantification parameters in

vinculin immunofluorescence images

The values of the parametes used in the image processing steps of the

quantification of the focal adhesions are listed in Table A.1.

FA quantification steps Parameters Values

Median filter Radius 2 pixels

CLAHE Blocksize, histogram, slope 19, 256, 6

Enhance Contrast Saturation 0.35 (Automatic)

LoG 3D σx, σy 5, 5 pixels

Automatic threshold Default Default

Closing Default Default

Analyze particles size, circularity 50- Infinity, 0-1.00

Table A.1: FA quantification parameters.

A.4. Fiber Extraction Algorithm Parameters

The values of the parameters used for the collagen fiber network

reconstructions using the FIRE algorithm [118] are listed in Table A.2.

A.5. SAENO software parameters

The values of the parameters used for the cell-exerted forces

reconstruction using the SAENO software [44] are listed in Table A.3.
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FIRE Parameters Parameter Value Meaning

Preprocessing

σd 0.3
Standard devation of Gaussian smoothing

filter for the distance function (in pixels).

NP parameters

θnuc 1.5
Distance function threshold for a

point to be considered a nucleation point (in pixels).

Sxbox 1
Radius of box in which to check

the point is a local maxima of the distance function (in pixels).

Fiber extension

θLMP 0.2
Minimal distance function value

for which a point may be considered a LMP.

θLMPdist 2 Minimal distance (in pixels) between two LMPs.

θext cos(70*π/180)
Maximal value of the angle between the direction of the fiber

and the direction of the candidate extension. direction.

λdirdecay 0.5 Decay rate for fiber direction. update

Dangling fibers removal

θdangextend cos(10*π/180)

Maximum difference in angle between a short fiber such

that it is considered to be aligned with another fiber

going through the same cross-link.

θdang−L 15

A fiber is removed if it is shorter than this value (in pixels),

contains only a single cross-link,

and is unaligned with all other fibers

that share the same cross-link.

Fiber processing.

Sfiberdir 4 Number of nodes used for calculating the direction of fiber end.

θlinkd 8
Maximal distance between two fibers ends

for which the fibers may be linked.

θlinka cos(-130*π/180)
Minimum angle between two fiber ends for linking

of the two fibers.

θflen 15
Minimal fiber length for a fiber with one or zero crosslinks.

Shorter fibers are removed.

θnumv 3 Minimum number of vertices a free fiber can have.

Scale .099 .099 .42 Image resolution in x, y, z.

Table A.2: FIRE parameters.
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Name Value Description

MODE Regularization Unconstrained force reconstruction.

BEAMS 300 Number of fibers per tetrahedron.

K 0 300 (C, CM), 900 (CM+) Linear stiffness parameter.

D 0 0.00032 Buckling coefficient of the fibers.

λs 0.02 (C, CM), 1 (CM+) Onset of fiber strain-stiffening.

D S 0.3 (C, CM), 1 (CM+) Strain stiffening coefficient of the fibers.

DRIFTCORRECTION 1 Perform a drift correction.

DRIFT STEP 2.0 e-06 Initial stepwidth with which the optimal drift value is searched (m).

DRIFT RANGE 30.0 e-06 Maximum search range for drift correction (m).

ALLIGNSTACKS 1 Perform a z-dependent drift correction.

FIBERPATTERNMATCHING 1 Calculate deformations.

SUBPIXEL 0.0005 Convergence criterion in voxels of the fiber matching algorithm.

VB MINMATCH 0.7
Only sections, which are matched with a higher

cross-correlation than this value, are considered valid for force reconstruction.

VB SX 12 Size of cross-correlated sections in x direction (voxels).

VB SY 12 Size of cross-correlated sections in y direction (voxels).

VB SZ 12 Size of cross-correlated sections in z direction (voxels).

BOXMESH 1 Build a mesh.

BM GRAIN 7.5 e-06 Grid constant of the regular cubic finite element mesh (m).

BM N 54 Number of nodes in every dimension (x,y,z).

Table A.3: SAENO parameters.



Appendix B

Research Internship at

Massachusetts Institute of

Technology

B.1. Introduction

The research project I worked in at MIT in collaboration with the

Dana Farber Cancer Institute aimed at the characterization of the immune

response of tumor cell spheroids embedded within an extracellular matrix

inside microfluidic devices. These ex vivo systems are able to recapitulate

the tumor microenvironment and model the response to immune checkpoint

blockade to facilitate the development of cancer therapies. The ex vivo

response to PD1 immune checkpoint blockade was studied in murine

and patient-derived tumor spheroids inside 3D Cell Culture Chips DAX-1

for organotypic 3D cell culture (AIM Biotech, Singapore). Concretely, I

collaborated with the preparation of mice tumor-derived spheroids from cell

lines MC38 and CT26, and helped with performing and quantifying spheroid

viability assays.
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B.2. Methods

B.2.1. Tumor spheroid preparation

Spheroids were prepared from syngeneic murine models fresh tumor

specimens received in cell culture media (DMEM) on ice. To prepare

the spheroids, the tumors were minced in a 10cm dish (on ice) using

sterile forceps and scalpel. Minced tumor was resuspended in fresh

DMEM cell culture media (4.5 mM glucose, 100 mM Na pyruvate, 1:100

penicillin-streptomycin) (Corning CellGro, Manassas, VA) supplemented

with 10% FBS (Gemini Bio-Products, West Sacramento, CA), 100 U/ml

collagenase type IV (Life Technologies, Carlsbad, CA), and 15 mM HEPES

(Life Technologies, Carlsbad, CA), except for CT26 tumors that were

prepared in RPMI. Samples were pelleted and resuspended in 10-20 ml

medium supplemented with 10% FBS and strained over 100 µm filter

and 40 µm filters to generate S1 (>100 µm), S2 (40-100 µm), and

S3 (<40 µm) spheroid fractions, which were subsequently maintained in

ultra low-attachment tissue culture plates. S2 fractions were used for

ex vivo organotypic culture. An aliquot of the S2 fraction was pelleted

and resuspended in collagen type I hydrogel (Corning, Corning, NY) at a

concentration of 2.5 mg/ml prepared by mixing collagen type I with 10×
PBS and by adjusting the pH to 7.0 with NaOH 0.5 N. pH was confirmed

using PANPEHA Whatman paper (Sigma-Aldrich, St. Louis, MO). The

spheroid-collagen mixture was then pipetted into the central gel region of

the microfluidic culture device. Collagen hydrogels containing spheroids

were hydrated with media with or without indicated therapeutic monoclonal

antibodies after 30 minutes of incubation at 37◦C. Murine spheroids were

treated with isotype control IgG (10 µg/ml, clone 2A3) or anti-PD-1 (0.1,

1.0, 10 µg/ml, clone RMP1-14).
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B.2.2. Tumor spheroid immunostaining

Tumor-derived spheroids contain different cellular types including tumor

cells, fibroblasts and immune cells, and their composition can be assessed by

labeling the different types of cells and imaging them using a fluorescence

or confocal fluorescence microscope.

Tumor spheroids embedded in collagen hydrogels were stained inside

the microfluidic devices by inducing a liquid pressure gradient across the

lateral channels so that the different staining solutions used to label the

spheroids diffuse through the center hydrogel. For immunofluorescence

studies spheroids were first washed with PBS, and blocked with FcR

blocking reagent (BioLegend, San Diego, CA) for 30 min at room

temperature. Directly conjugated antibodies for murine-derived spheroids

were CD45-AlexaFluor488 or 647 (30-F11), CD8a-PE (53-6.7) (BioLegend,

San Diego, CA). Antibodies were diluted 1:50 in 10µg/ml solution of

Hoechst 33342 (Thermo Fisher Scientific, Waltham, MA) in PBS and loaded

into microfluidic devices. After one hour of incubation at room temperature

in the dark, spheroids were washed twice with PBS with 0.1%Tween20

followed by PBS. For qualitative viability assessment, microfluidic devices

were loaded with 1:1000 solution of calcein AM (Thermo Fisher Scientific,

Waltham, MA) in PBS. Images were captured on a Nikon Eclipse 80i

fluorescence microscope equipped with Z-stack (Prior) and CoolSNAP CCD

camera (Roper Scientific). Image capture and analysis was performed using

NIS-Elements AR software package. An example of 3D image of a small

MC38 spheroid is shown in figure B.1.

B.2.3. Spheroid image-based cell segmentation

Confocal fluorescence microscopy images were acquired on an Olympus

Fluoview FV1000 microscope equipped with a 20× magnification objective

to be able to segment Hoechst labeled cell nuclei in the different cell

types. Segmentations of cell nuclei were done using MATLAB and CellSegm

toolbox [203] with the adaptive thresholding option. Since many cells are

close together, initial segmentation had to be post-processed to calculate the

local maxima in the images and separate cells in clusters between neighbor

local maxima.
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Figure B.1: MC38 spheroid immunostaining.

Figure B.2: MC38 spheroid cell nuclei segmentation using CellSegm

software.

B.2.4. Viability assays: Live/Dead staining

Dual labeling was performed by loading the microfluidic device with

Nexcelom ViaStain AO/PI Staining Solution (Nexcelom, CS2-0106).

Following incubation with the dyes (20 minutes at room temperature

in the dark), images were acquired on a Nikon Eclipse 80i fluorescence

microscope equipped with Z-stack (Prior) and CoolSNAP CCD camera

(Roper Scientific). Image acquisition was performed using NIS-Elements

AR software package. Image deconvolution was done using AutoQuant
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Module. Whole device images were achieved by stitching in multiple

captures. Live and dead cell quantitation was performed by measuring total

cell area of each dye. Three different laboratories verified immune-mediated

cell death of MC38 MDOTS following PD-1 blockade.

Viability assays of the spheroids were conducted on days 0, 3, and 6.

Cell culture medium and treatment renewal was performed every 3 days.

B.2.5. Live/Dead automatic quantification

A plugin for ImageJ software was developed in order to quantify viability

assays from fluorescence microscopy images. The plugin allows the user to

automatically quantify the percentage of cell viability from the acquired

live/dead images using AO/PI staining solution.

Figure B.3: Example of image thresholding in a viability quantification assay.

The software calculates the area of live cells and the area of death cells

providing the user with a reliable quantitative value for cellular viability.

This value is useful to compare the viability among different control and

anti-PD1 experiments at different antibody concentrations. The software

opens the live/dead images, selects the area of interest in the central
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channel of the microfluidic device, and automatically binarizes the stained

cells. The number of particles in the binarized images is automatically

quantified with the Analyze Particles option in the ImageJ software.

The area and circularity of every segmented cluster of cells is stored in

an excel file containing the results and the thresholding parameters used

in the experiment. An example of image thresholding is shown in Figure B.3.

B.3. Results

MC38 viability assays in control experiments (using IgG) and in PD1

blockade experiments at day 6 revealed a viability of ∼90% in controls

whereas viability decreased to a ∼30% in anti-PD1 treated spheroids

at a concentration of 10µg/ml. MC38 spheroid viability is dose- and

time-dependent in response to anti-PD1 treatment. The results were

confirmed in multiple independent replicates across different laboratories.

The effect of PD1 blockade on cell viability required immune cells, as MC38

spheroids lacking immune cells were insensitive to the treatment.

MC38 spheroids responded well to anti-PD1 treatment, while other

models (e.g., B16F10 and Lewis lung carcinoma) exhibited little cell death

compared with MC38 spheroids. CT26 model showed modest spheroid

killing upon anti-PD1 treatment.

Results relative to this project are published in: Jenkins, R. W., Aref,

A. R., Lizotte, P. H., Ivanova, E., Stinson, S., Zhou, C. W., ... & He, M.

X. (2018). Ex vivo profiling of PD-1 blockade using organotypic tumor

spheroids. Cancer discovery, 8(2), 196-215.
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Publications

C.1. International journal articles

Anguiano, M., Castilla, C., Maška, M., Ederra, C., Peláez, R., Morales,

X., Muñoz-Arrieta, G., Mujika, M., Kozubek, M., Muñoz-Barrutia, A.,

Rouzaut, A., Arana, S., Garcia-Aznar, J. M., Ortiz-de-Solorzano, C.

(2017). Characterization of three-dimensional cancer cell migration

in mixed collagen-Matrigel scaffolds using microfluidics and image

analysis. PLoS ONE, 12(2), e0171417.

Jenkins, R. W., Aref, A. R., Lizotte, P. H., Ivanova, E., Stinson, S.,

Zhou, C. W., Bowden, M., Deng, J., Liu, H., Miao, D., He, M. X.,

Walker, W., Zhang, G., Tian, T., Cheng, C., Wei, Z., Palakurthi,

S., Bittinger, M., Vitzthum, H., Kim, J. W., Merlino, A., Quinn,

M., Venkataramani, C., Kaplan, J. A., Portell, A., Gokhale, P. C.,

Phillips, B., Smart, A., Rotem, A., Jones, R. E., Keogh, L., Anguiano,

M., Stapleton, L., Jia, Z., Barzily-Rokni, M., Cañadas, I., Thai, T.

C., Hammond, M. R., Vlahos, R., Wang, E. S., Zhang, H., Li, S.,

Hanna, G. L., Huang, W., Hoang, M. P., Piris, A., Eliane, J. P.,

Stemmer-Rachamimov, A. O., Cameron, L., Su, M. J., Shah, P.,

Izar, B., Thakuria, M., LeBoeuf, N. R., Rabinowits, G., Gunda, V.,

Parangi, S., Cleary, J. M., Miller, B. C., Kitajima, S., Thummalapalli,

R., Miao, B., Barbie, T. U., Sivathanu, V., Wong, J., Richards, W.

G., Bueno, R., Yoon, C. H., Miret, J., Herlyn, M., Garraway, L. A.,

Van Allen, E. M., Freeman, G. J., Kirschmeier, P. T., Lorch, J. H.,

173



174 Publications

Ott, P. A., Hodi, S., Flaherty, K. T., Kamm, R. D., Boland, G. M.,

Wong, K. K., Dornan, D., Paweletx, C. P., Barbie, D. A. (2018). Ex

Vivo Profiling of PD-1 Blockade Using Organotypic Tumor Spheroids.

Cancer Discovery. 8(2), 196-215.

C.2. International conference contributions

Anguiano, M., Castilla, C., Maška, M., Ederra, C.,

Fernandez-Marques, J., Peláez, R., Rouzaut, A., Munoz-Barrutia,

A., Kozubek, M., Ortiz-de-Solorzano, C. (2015). Characterization of

the role of collagen network structure and composition in cancer cell

migration. Conference proceedings IEEE Engineering in Medicine and

Biology Society. 81398142. Milan, Italy.

Anguiano, M., Morales, X., Ariz, M., Mart́ınez-Villar, M.,

Ortiz-de-Solorzano, C. (2018). Quantification of matrix remodeling

during H1299 lung cancer cell migration in microfluidic devices. AACR

2018 Proceedings: Abstracts 1-3027. (#178). Chicago, USA.
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R., Morales, X., Muñoz-Arrieta, G., Mujika, M., Kozubek, M.,
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