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Abstract
Metastasis is one of the most lethal manifestations in cancer, accounting for up to 90% of cancer
related deaths. Recently, it has been shown that the mechanics of tissues, as well as the biological
response of cells to different biophysical stimuli, play an active role in the development of cancer
as well as in metastasis. Since this disease is a major concern in public health, understanding the
biology of metastasis and how mechanics affect this process is essential to develop new therapeutic
strategies to attack and even prevent it.
The main aim of this thesis was to study the role of the mechanical environment and the nutrient
availability in the evolution of Colorectal Cancer (CRC), one of the leading causes of cancer deaths
worldwide. For this, we first varied different fabrication parameters of previously established pro-
tocols for generating type I collagen hydrogels. With these hydrogels, we studied the migrating
behavior of CRC cell-line spheroids and found that the combined effect of the ultrastructure of the
hydrogels and their mechanical stiffness generated profound distinct patterns in cell invasion.
In a parallel approach, we analyzed the response of spheroids to dynamic changes in glucose
and Fetal Bovine Serum (FBS) availability in order to check whether these changes generated an
adaptive response in the samples. Our results showed that the spheroids indeed had the ability
to adapt to nutrient-deprived environments, especially after several cycles of nutrient-abundance
and nutrient-starvation. Furthermore, in the case of the HCT-116 cell line, we observed that the
spheroids expelled their necrotic core during the starvation cycles, a striking phenomenon that, to
the best of our knowledge, has never been reported in literature.
Due to the notoriety of the event, we explored, in the last part of this thesis, the possible mech-
anisms involved in the ejection of the core. For this, we explored different cytoskeleton (CSK)
blockers in the preconditioned spheroids during the starvation periods to check whether the ejec-
tion of the core was related to cell contraction. This approach allowed us to conclude that it was
indeed involved in the phenomenon, since blocked spheroids did not eject their core during the
mentioned period.

Keywords: Cancer, colon, spheroids, migration, invasion, collagen, hydrogels, mechanobiology,
cytoskeleton, contraction.
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Resumen
La metástasis es una de las manifestaciones más letales del cáncer, con un estimado de 90% de
muertes relacionadas por cáncer. Recientemente, se ha demostrado que la mecánica de los tejidos
y la respuesta biológica de las células ante distintos estímulos biofísicos juegan un papel activo
en el desarrollo del cáncer y la metástasis. Dado que esta enfermedad es un problema de salud
pública, el entendimiento de la biología de la metástasis y la forma en la que la mecánica afecta
este proceso es esencial para desarrollar nuevas estrategias terapéuticas para atacarla e incluso pre-
venirla.
El objetivo principal de esta tesis consistió en estudiar el rol del entorno mecánico y la disponibil-
idad de nutrientes en la evolución del cáncer colorrectal (CRC por sus siglas en inglés), una de las
principales causas de muerte por cáncer en el mundo. Para esto, se variaron diferentes parámet-
ros de fabricación de hidrogeles de colágeno tipo I previamente descritos en literatura. Con estos
hidrogeles, se estudió el comportamiento migratorio de esferoides celulares derivados de líneas
celulares de CRC y se encontró que el efecto combinado de la ultraestructura de los hidrogeles y
de su rigidez mecánica generaban patrones invasivos profundamente distintos.
En una aproximación paralela, se analizó la respuesta de los esferoides ante cambios dinámicos
en la disponibilidad de glucosa o suero fetal bovino (FBS, por sus siglas en inglés) con el fin de
estudiar la potencial respuesta adaptativa de las muestras ante dichas variaciones. Los resultados
demostraron que los esferoides efectivamente tenían la habilidad de adaptarse a entornos privados
de nutrientes, especialmente después de varios ciclos de abundancia e inanición. De manera adi-
cional, se observó que, en el caso de la línea celular HCT-116, los esferoides expulsaron su núcleo
necrótico durante los ciclos de deprivación, un fenómeno que, en lo que a los autores concierne,
nunca ha sido reportado en literatura.
Debido a la notoriedad de este evento se exploró, en la última parte de esta tesis, los mecanis-
mos posiblemente involucrados en la eyección del núcleo. Para esto, se exploraron diferentes
bloqueadores del citoesqueleto en esferoides durante los períodos de inanición para comprobar la
relación entre la expulsión y la contracción celular. Este enfoque permitió concluir que efecti-
vamente había un vínculo, pues los esferoides tratados no eyectaron su núcleo durante los ciclos
mencionados.

Palabras clave: Cáncer, colon, esferoides, migración, invasión, colágeno, hidrogeles, mecanobi-
ología, citoesqueleto, contracción.







Contents

Acknowledgements V

Abstract VIII

List of Abbreviations XVII

List of Figures XXI

List of Tables XXVI

1 Introduction 1
1.1 Cancer . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 2

1.1.1 Colorectal cancer (CRC) . . . . . . . . . . . . . . . . . . . . . . . . . . . 3

1.1.1.1 Incidence, prevalence, and mortality . . . . . . . . . . . . . . . 3
1.1.1.2 Natural evolution of the disease . . . . . . . . . . . . . . . . . . 3

1.1.2 Metastasis . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 4

1.2 Cancer cell mechanobiology . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 5

1.2.1 Cell migration modes . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 5

1.2.2 Cell-cell and cell-matrix mechanical interactions in metastasis . . . . . . . 5

1.2.2.1 Cell-cell mechanical interactions . . . . . . . . . . . . . . . . . 5
1.2.2.2 Cell-matrix mechanical interactions . . . . . . . . . . . . . . . . 6

1.3 Nutrients, cancer cell metabolism and growth . . . . . . . . . . . . . . . . . . . . 9

1.3.1 Glucose as a major component in cancer metabolsim . . . . . . . . . . . . 9

1.3.2 FBS and cell growth . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 10

1.3.3 Nutrient preconditioning as a therapeutic target against cancer . . . . . . . 11

1.4 Importance of in vitro models for CRC . . . . . . . . . . . . . . . . . . . . . . . . 12

1.4.1 Spheroid cultures as models to better recapitulate in vivo CRC tumor be-
havior . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 12

1.4.2 Collagen hydrogels as a platform for studying CRC cell invasion and mi-
gration . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 14



Contents XIII

1.5 Thesis objectives . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 15

2 Materials and methods 16
2.1 Commercial cell lines . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 17

2.2 Fluorescent cell transfection . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 17

2.3 Spheroid formation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 17

2.3.1 Hanging drop technique . . . . . . . . . . . . . . . . . . . . . . . . . . . 18

2.3.2 Liquid overlay technique . . . . . . . . . . . . . . . . . . . . . . . . . . . 18

2.4 Type I collagen hydrogels for spheroid migration studies . . . . . . . . . . . . . . 19

2.4.1 Hydrogel preparation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 19

2.4.2 Hydrogel polymerization . . . . . . . . . . . . . . . . . . . . . . . . . . . 21

2.4.3 Measurement of the mechanical properties of the hydrogels . . . . . . . . 21

2.4.3.1 Rheology measurements . . . . . . . . . . . . . . . . . . . . . . 21
2.4.3.2 AFM measurements . . . . . . . . . . . . . . . . . . . . . . . . 22

2.4.4 Analysis of the collagen fiber network and fibril structure in the hydrogels . 22

2.5 Spheroid migration studies . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 23

2.5.1 Single spheroids seeded on top of a hydrogel (unconstrained 2D experiment) 24

2.5.2 Single spheroids seeded on top of a hydrogel, but surrounded by another
layer of hydrogel (constrained 2D experiment) . . . . . . . . . . . . . . . 24

2.5.3 Fully suspended single spheroids inside a hydrogel (fully embedded ex-
periment) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 25

2.6 Preconditioning experiments . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 26

2.6.1 Experimental design . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 26

2.6.1.1 Employed media . . . . . . . . . . . . . . . . . . . . . . . . . . 27
2.6.1.2 Assessment of the role of cytoskeletal activity on the biological

response of spheroids under dynamic nutrient deprivation . . . . 28
2.6.1.2.1 Treatment with Y-27632 . . . . . . . . . . . . . . . . 28
2.6.1.2.2 Treatment with Blebbistatin . . . . . . . . . . . . . . . 28

2.7 Viabiliy staining . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 29

2.8 Sample preparation for Transmission Electron Microscopy (TEM) . . . . . . . . . 29

2.9 Histological analysis . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 30

2.10 Fluorescent staining of actin cytoskeleton . . . . . . . . . . . . . . . . . . . . . . 30

2.11 Optical clearing . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 30

2.12 Imaging and analysis . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 31

2.13 Statistical analysis . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 31



XIV Contents

3 Type I collagen hydrogels and colorectal cancer cell migration 32
3.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 33

3.2 Results . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 36

3.2.1 Gelation temperature increases up to two orders of magnitude the overall
stiffness of a hydrogel with a fixed concentration . . . . . . . . . . . . . . 36

3.2.2 Surface stiffness of hydrogels is modified by the gelation temperature . . . 38

3.2.3 Fiber morphology changes in different zones of a hydrogel . . . . . . . . . 39

3.2.3.1 Hydrogel surface . . . . . . . . . . . . . . . . . . . . . . . . . 39
3.2.3.2 Hydrogels inner structure . . . . . . . . . . . . . . . . . . . . . 41

3.2.4 HCT-116 and HT-29 migration patterns are modulated by a combination
of the ultrastructure of the hydrogels and their stiffness . . . . . . . . . . . 43

3.2.4.1 Single spheroids seeded on top of a hydrogel (unconstrained 2D
experiment) . . . . . . . . . . . . . . . . . . . . . . . . . . . . 43

3.2.4.2 Single spheroids seeded on top of a hydrogel, but surrounded by
another layer of hydrogel (constrained 2D experiment) . . . . . . 48

3.2.4.3 Fully suspended single spheroids inside a hydrogel (fully em-
bedded experiment) . . . . . . . . . . . . . . . . . . . . . . . . 54

3.3 Discussion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 57

4 Mechanobiological behavior of CRC spheroids in preconditioning 63
4.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 64

4.2 Results . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 69

4.2.1 The initial starvation period enhances the growth of HCT-116 spheroids . . 70

4.2.2 The initial starvation period enhances the growth behavior of the precon-
ditioned spheroids during the first cycle in abundant media . . . . . . . . . 74

4.2.3 The first cycle in deprived media alters the growth of the preconditioned
spheroids with respect to the initial starvation period . . . . . . . . . . . . 78

4.2.4 The second cycle of nutrient abundance potentiates the growth of the spheroids
seen in the first cycle of nutrient abundance . . . . . . . . . . . . . . . . . 83

4.2.5 The previous cycles influence the response of the spheroids in the last cycle
of starvation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 87

4.2.6 The restriction of FBS combined with low glucose availability does not
generate an adaptive response in HCT-116 spheroids . . . . . . . . . . . . 93

4.3 The necrotic core of the HCT-116 spheroids is expelled during the deprivation
cycles in the “best-to-worst” experiment . . . . . . . . . . . . . . . . . . . . . . . 94

4.4 Discussion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 98



Contents XV

5 The ejection of the necrotic core in HCT-116 spheroids 102
5.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 103

5.2 Results . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 110

5.2.1 The ejection of the necrotic core is not a universal event . . . . . . . . . . 110

5.2.2 The ejection of the core is not caused by swelling of the spheroids . . . . . 113

5.2.3 The ejection of the necrotic core has variable behavior inside collagen ma-
trices . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 113

5.2.4 Glucose is a major factor for the ejection of the necrotic core . . . . . . . . 115

5.2.4.1 Changes in the concentration of FBS under constant levels of
glucose . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 115

5.2.4.2 Changes in the concentration of glucose under constant levels of
FBS . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 116

5.2.5 The ejection of the necrotic core is a mechanical effect regulated by the
contractile activity of the cells . . . . . . . . . . . . . . . . . . . . . . . . 119

5.2.5.1 Cells inside HCT-116 spheroids have elongated shapes and form
concentric rings round the core . . . . . . . . . . . . . . . . . . 119

5.2.5.2 Treatment with Y-27632 inhibits cytoskeletal contraction but it
also affects spheroid growth . . . . . . . . . . . . . . . . . . . . 125

5.2.6 The biological response of HCT-116 spheroids to Blebbistatin is dose-
dependent . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 129

5.3 Discussion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 134

5.3.1 The ejection of the necrotic core is not a universal event . . . . . . . . . . 134

5.3.2 Glucose is a major factor for the ejection of the necrotic core in HCT-116
cell spheroids . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 136

5.3.3 The ejection of the necrotic core is a mechanical effect regulated by the
contractile activity of the cells . . . . . . . . . . . . . . . . . . . . . . . . 138

6 Conclusions and future work 142
6.1 Conclusions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 143

6.1.1 General conclusions for Chapter 3 . . . . . . . . . . . . . . . . . . . . . . 143

6.1.2 General conclusions for Chapter 4 . . . . . . . . . . . . . . . . . . . . . . 144

6.1.3 General conclusions for Chapter 5 . . . . . . . . . . . . . . . . . . . . . . 144

6.2 Conclusiones generales . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 145

6.2.1 Conclusiones generales para el capítulo 3 . . . . . . . . . . . . . . . . . . 145

6.2.2 Conclusiones generales para el capítulo 4 . . . . . . . . . . . . . . . . . . 146

6.2.3 Conclusiones generales para el capítulo 5 . . . . . . . . . . . . . . . . . . 146



XVI Contents

6.3 Future work . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 147

7 Contributions 148
7.1 Journal publications . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 149

7.2 Conference proceedings . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 149

Appendices 150

A Statistical analysis results for Chapter 3 151

B Full time series evolution of the experiments described in Chapter 5 158

References 166



List of Abbreviations

2D 2-Dimensional

3D 3-Dimensional

5FU 5-Fluorouracil

Acetyl-CoA Acetyl-Coenzyme A

ADP Adenosine Diphosphate

AFM Atomic Force Microscopy

AMPK Adenosin Monophosphate-Activaded Protein Kinase

ASC Adipose Stromal Cell

ATCC American Type Culture Collection

ATP Adenosine Triphosphate

BF Bright Field

CAM Calcein AM

CMAC Cell-Matrix Adhesion Complex

CP Cyclophosphamide

CQ Cloroquine

CRC Colorectal Cancer

CSC Cancer Stem Cell

CSK Cytoskeleton

D0 Low glucose DMEM supplemented with 1% P/S and 1% L-glutamine

D10 Low glucose DMEM supplemented with 10% FBS, 1% P/S, and 1% L-glutamine

DG0 High glucose DMEM supplemented with 1% P/S and 1% L-glutamine



XVIII List of Abbreviations

DG10 High glucose DMEM supplemented with 10% FBS, 1% P/S, and 1% L-glutamine

DMEM Dulbecco’s Modified Eagle Medium

DMSO Dimethylsulfoxide

DNA Deoxyribonucleic Acid

DXR Doxorubicin

ECM Extracellular Matrix

EDTA Ethylenediaminetetraacetic acid

EGF Epidermal Growth Factor

EMT Epithelial-Mesenchimal Transition

ER Endpolasmic Reticulum

FBS Fetal Bovine Serum

GBM Glioblastoma Multiforme

GelMa Metacrylated Gelatin

GFP Green Fluorescent Protein

GLUT1 Glucose Transporter 1

GLUT3 Glucose Transporter 3

H&E Hematoxylin & Eosin

HA Hyaluronic Acid

HIF Hypoxia Inducible Factor

HIF-1α Hypoxia Inducible Factor 1α

HIF-2α Hypoxia Inducible Factor 2α

IF Intemediate Filaments

IGF-1 Insulin-like Growth Factor 1

IISA Instituto de Investigación Sanitaria de Aragón

INMA Instituto de Nanociencia y Materiales de Aragón



List of Abbreviations XIX

IR Irinotecan

ISC Intestinal Stem Cell

IVM Intravital Microscopy

MPLSM Multiphoton Light-scanning Microscopy

NADH Nicotinamide Adenine Dinucleotide

NaOH Sodium Hydroxide

NK Natural Killer Cell

OXPHOS Oxidative Phosphorylation

PAA Poly(Acrylic Acid)

PBS Phosphate Buffered Saline

PDA Pancreatic Ductal Adenocarcinoma

PDGF Platelet-derived Growth Factor

PDMS Polydimethylsiloxane

PFA Paraformaldehyde

PI Propidium Iodide

RI Refractive Index

ROCK Rho-associated protein Kinase

ROCK1 Rho-associated, Coiled-coil-containing protein serine/threonine Kinase 1

ROCK2 Rho-associated, Coiled-coil-containing protein serine/threonine Kinase 2

RPMI Roswell Park Memorial Institute cell medium

RT Room Temperature

SAI Servicio de Apoyo a la Investigación

SEM Scanning Electron Microscopy

SHG Second-Harmonic Generation microscopy

SNARK Sucrose Nonfermenting AMPK-Related Kinase



XX List of Abbreviations

TCA Tricarboxylic Cycle

TEM Transmission Electron Microscopy

TME Tumor Microenvironment

TNM Tumor, Node, Metastasis Classification of Malignant Tumors

UPR Unfolded Protein Response



List of Figures

1-1 The Hallmarks of cancer. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 2

1-2 Development of CRC. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 3

1-3 Schematic description of cell-cell adhesions. . . . . . . . . . . . . . . . . . . . . . 6

1-4 Schematic description of cell-matrix adhesions. . . . . . . . . . . . . . . . . . . . 7

1-5 The three major metabolic pathways in eukaryotic cells. . . . . . . . . . . . . . . . 9

1-6 Schematic description of the main in vivo tumor characteristics reproduced in
spheroids. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 12

1-7 Spheroid fabrigation methods. . . . . . . . . . . . . . . . . . . . . . . . . . . . . 13

2-1 Schematic representation of the unconstrained 2D experiment. Image created with
biorender (https://biorender.com/). . . . . . . . . . . . . . . . . . . . . 24

2-2 Schematic representation of the constrained 2D experiment. Image created with
biorender (https://biorender.com/). . . . . . . . . . . . . . . . . . . . . 25

2-3 Schematic representation of the fully embedded experiment. Image created with
biorender (https://biorender.com/). . . . . . . . . . . . . . . . . . . . . 25

2-4 Schematic representation of the experimental design for the media preconditioning
experiments. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 26

3-1 Schematic representation of the variables measured in this chapter. . . . . . . . . . 35

3-2 Representative examples of the rheological behavior of the six tested hydrogels
(defined in section 2.4 of chapter 2). . . . . . . . . . . . . . . . . . . . . . . . . . 37

3-3 SEM images of the collagen fiber network present in the surface and inner zones
of the six tested hydrogels (defined in section 2.4 of Chapter 2). . . . . . . . . . . 40

3-4 Quantitative analysis of the morphological structure of the collagen fiber network
present in the surface of the six tested hydrogels (defined in section 2.4 of Chapter
2). . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 42

3-5 Migration patterns obtained for HCT-116 and HT-29 spheroids in the Unconstrained
2D, Constrained 2D, and fully embedded experiments. . . . . . . . . . . . . . . . 43

3-6 Time evolution of the migration patterns for the HCT-116 spheroids in the uncon-
strained 2D experiment. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 44

https://biorender.com/
https://biorender.com/
https://biorender.com/


XXII List of Figures

3-7 Time evolution of the migration patterns for the HT-29 spheroids in the uncon-
strained 2D experiment. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 45

3-8 Time evolution of HCT-116 spheroid and invaded area growth of the unconstrained
2D experiment. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 46

3-9 Time evolution of HT-29 spheroid and invaded area growth of the unconstrained
2D experiment. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 47

3-10 Time evolution of the migration patterns for the HCT-116 spheroids in the uncon-
strained 2D experiment. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 49

3-11 Time evolution of the migration patterns for the HT-29 spheroids in the uncon-
strained 2D experiment. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 50

3-12 Time evolution of HCT-116 spheroid and invaded area growth for the constrained
2D experiment. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 51

3-13 Time evolution of HT-29 spheroid and invaded area growth for the constrained 2D
experiment. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 53

3-14 Time evolution of the migration patterns for the HCT-116 and HT-29 spheroids in
the fully embedded experiments. . . . . . . . . . . . . . . . . . . . . . . . . . . . 54

3-15 Time evolution of HCT-116 spheroid and invaded area growth for the fully embed-
ded experiment. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 55

3-16 Time evolution of HCT-116 spheroid and invaded area growth for the fully embed-
ded experiment. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 56

4-1 The TCA cycle. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 64

4-2 The Warburg effect. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 65

4-3 Complete time series of the preconditioning experiments for the HCT-116 cell line. 70

4-4 Mean area evolution of HCT-116 spheroids during the initial starvation period for
the different preconditioning experiments. . . . . . . . . . . . . . . . . . . . . . . 71

4-5 Mean area evolution of HT-29 spheroids during the initial starvation period in the
“best-to-worst” experiment. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 73

4-6 Mean area evolution of HCT-116 spheroids during the first cycle in abundant media
for all the experiments. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 75

4-7 Mean area evolution of HT-29 spheroids during the first cycle in nutrient and
growth factors abundance of the “best-to-worst” experiment. . . . . . . . . . . . . 77

4-8 Mean area evolution of HCT-116 spheroids during the first cycle of starvation for
all the experiments. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 78

4-9 Mean area evolution of HT-29 spheroids during the first cycle of starvation for the
“best-to-worst” experiment. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 80



List of Figures XXIII

4-10 Mean area evolution of HCT-116 preconditioned groups during the second cycle
in abundant media. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 83

4-11 Mean area evolution of HT-29 preconditioned spheroids during the second cycle
in abundant medium. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 85

4-12 Mean area evolution of HCT-116 preconditioned groups during the second cycle
of starvation for all the experiments. . . . . . . . . . . . . . . . . . . . . . . . . . 87

4-13 Area evolution of HT-29 preconditioned groups during the second cycle of starvation. 90

4-14 Time evolution of the area in every preconditioned group for the DG0-D0 experiment 93

4-15 HCT-116 spheroid morphology during the first cycle in nutrient abundance. . . . . 94

4-16 HCT-116 Spheroid behavior during the first cycle of starvation. . . . . . . . . . . . 95

4-17 Viability assays of preconditioned (C24) spheroids and positive controls in the first
cycle of starvation. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 96

4-18 HCT-116 spheroid morphology during the second cycle in abundant media. . . . . 97

4-19 HCT-116 Spheroid behavior during the second cycle of starvation. . . . . . . . . . 98

5-1 Graphic depiction of the major components of the CSK. . . . . . . . . . . . . . . . 103

5-2 Graphic depiction of the acto-myosin contraction. . . . . . . . . . . . . . . . . . . 105

5-3 Adherens junctions and the major types of intercellular unions. . . . . . . . . . . . 106

5-4 Graphic depiction of the adhesion belt and its relationship with the adherens junc-
tions. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 107

5-5 Time evolution of the spheroids of the mentioned cell lines during the first cycle in
D0. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 111

5-6 Time evolution of the spheroids of the mentioned cell lines during the second cycle
in D0. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 112

5-7 Time series of the formation of the localized swelling inside the HCT-116 spheroids.113

5-8 Spheroid behavior during the first cycle in D0. . . . . . . . . . . . . . . . . . . . . 114

5-9 Spheroid behavior during the second cycle in DG10. . . . . . . . . . . . . . . . . 115

5-10 Representative example of the HCT preconditioned groups in the FBS precondi-
tioning experiment. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 116

5-11 HCT-116 C24 preconditioned spheroids behavior under the first cycle in D10. . . . 117

5-12 Comparison of the shape of the necrotic core for the glucose (DG10-D10, left
panel) and “best-to-worst” (DG10-D0, right panel) preconditioning experiments. . 118

5-13 Representative example of the HCT negative controls (D10) in the glucose precon-
ditioning experiment (DG10-D10). . . . . . . . . . . . . . . . . . . . . . . . . . . 118

5-14 Representative images of semi-thin and ultra-thin cuts of positive control of HCT-
116 spheroids in the glucose preconditioning experiment. . . . . . . . . . . . . . . 119



5-15 Representative Hematoxylin-Eosin (H&E) images of parafin-embedded sections
of HCT-116 spheroids in the “best-to-worst” experiment. . . . . . . . . . . . . . . 121

5-16 Example of cell selection for measuring roundness in the H&E sections of HCT-
116 and HT-29 spheroids. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 122

5-17 Representative Hematoxylin-Eosin (H&E) images of parafin-embedded sections
of HT-29 spheroids in the “best-to-worst” experiment. . . . . . . . . . . . . . . . . 123

5-18 Actin filament location inside a cleared sample of a C24 preconditioned spheroid
maintained for 168 hours before and after clearing. . . . . . . . . . . . . . . . . . 124

5-19 Time spheroid behavior of treated spheroids with Y-27632 in the chronic scheme. . 126

5-20 Time spheroid behavior of treated spheroids with Y-27632 in the acute scheme. . . 128

5-21 Time evolution of representative examples of treated (C24B) and non-treated sam-
ples (C24) for the C24 preconditioned group during the first cycle in D0. . . . . . . 130

5-22 Time evolution of representative examples of treated and non-treated samples for
the C24 preconditioned group during the first cycle in D0. . . . . . . . . . . . . . 131

5-23 Time evolution of the spheroid area behavior of treated spheroids with Blebbistatin
in the acute treatment. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 132

5-24 The glutaminolysis pathway. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 136

B-1 Complete time series evolution of the spheroids treated with 100 µM Y-27632 in
the chronic experiment. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 159

B-2 Complete time series evolution of the spheroids treated with 10 µM Blebbistatin
in the chronic experiment. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 160

B-3 Complete time series evolution of the non-treated spheroids in the Blebbistatin
chronic experiment. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 161

B-4 Complete time series evolution of the DMSO control spheroids in the Blebbistatin
chronic experiment. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 162

B-5 Complete time series evolution of the DG10-D0 preconditioning experiment. . . . 163

B-6 Complete time series evolution of the DG10-D10 preconditioning experiment. . . . 164

B-7 Selection of cells for measuring roundness in H&E sections of HCT-116 and HT-
29 spheroids. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 165



List of Tables XXV

List of Tables

2-1 Media composition for the preconditioning experiments. . . . . . . . . . . . . . . 27

3-1 Mechanical properties of the six types of hidrogels. . . . . . . . . . . . . . . . . . 38
3-2 Percentage differences of HCT-116 and HT-29 spheroid size and invaded area be-

tween the two polymerization schemes, calculated as explained in Chapter 2. Data
for the unconstrained 2D experiment. . . . . . . . . . . . . . . . . . . . . . . . . 48

3-3 Percentage differences of HCT-116 and HT-29 spheroid size and invaded area be-
tween the two polymerization schemes, calculated as explained in Chapter 2. Data
for the constrained 2D experiment. . . . . . . . . . . . . . . . . . . . . . . . . . . 52

3-4 Percentage differences of HCT-116 and HT-29 spheroid size and invaded area be-
tween the two polymerization schemes, calculated as explained in Chapter 2. Data
for the fully embedded experiment. . . . . . . . . . . . . . . . . . . . . . . . . . . 57

4-1 Mean growth rates of HC-116 spheroids during the initial starvation period for all
the experiments. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 72

4-2 Mean growth rates of HT-29 spheroids during the initial starvation period of the
“best-to-worst” experiment. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 74

4-3 Mean growth rates of HCT-116 spheroids during the first cycle in abundant media
for all the tested experiments. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 76

4-4 Mean growth rates of HT-29 spheroids during the first cycle in nutrient and growth
factors abundance for the “best-to-worst” preconditioning experiment. . . . . . . . 77

4-5 Mean growth rates of HCT-116 spheroids during the first cycle of starvation for all
the experiments. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 79

4-6 Percentage changes in the growth rates of HCT-116 spheroids between the cycle
of starvation and the intial starvation period. . . . . . . . . . . . . . . . . . . . . . 80

4-7 Mean growth rates of HT-29 spheroids during the first cycle of starvation for the
“best-to-worst” experiment. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 81

4-8 Percentage changes in the growth rates of HT-29 spheroids between the first cycle
of starvation and the initial starvation period. . . . . . . . . . . . . . . . . . . . . 82

4-9 Mean growth rates of HCT-116 preconditioned spheroids during the second cycle
in abundant media for all the tested experiments. . . . . . . . . . . . . . . . . . . 84

4-10 Percentage changes in the growth rates of HCT-116 preconditioned spheroids be-
tween the first and second cycles in abundant media. . . . . . . . . . . . . . . . . 85

4-11 Mean growth rates during the first cycle in nutrient-enriched media for the HT-29
spheroids in the “best-to-worst” experiment. . . . . . . . . . . . . . . . . . . . . . 86

4-12 Percentage changes in the growth rates of HT-29 spheroids between the second
and first cycles in abundant media. . . . . . . . . . . . . . . . . . . . . . . . . . . 86



XXVI List of Tables

4-13 Mean growth rates during the second cycle in nutrient-deprived media for all the
tested experiments. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 88

4-14 Mean growth rate differences between the cycles of starvation for all experiments. . 89
4-15 Percentage changes in the growth rates of HCT-116 spheroids between the second

cycle in starvation and the initial starvation period. . . . . . . . . . . . . . . . . . 89
4-16 Mean growth rates during the second cycle of starvation for the “best-to-worst”

experiment. Data for the HT-29 cell line. . . . . . . . . . . . . . . . . . . . . . . . 91
4-17 Percentage changes in the growth rates of HT-29 spheroids between the starvation

cycles. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 92
4-18 Percentage changes in the growth rates of HT-29 spheroids between the second

cycle of starvation and the initial starvation period. . . . . . . . . . . . . . . . . . 92

A-1 Statistical results for the spheroid area evolution of HCT-116 and HT-29 spheroids
in the Unconstrained 2D experiment. . . . . . . . . . . . . . . . . . . . . . . . . . 152

A-2 Statistical results for the spheroid and invaded area evolution of HCT-116 spheroids
in the Unconstrained 2D experiment. . . . . . . . . . . . . . . . . . . . . . . . . . 152

A-3 Statistical results for the invaded area evolution of HCT-116 and HT-29 spheroids
in the unconstrained 2D experiment. . . . . . . . . . . . . . . . . . . . . . . . . . 153

A-4 Statistical results for the spheroid area evolution of HCT-116 spheroids in the Con-
strained 2D experiment. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 154

A-5 Statistical results for the spheroid area evolution of HCT-116 and HT-29 spheroids
in the constrained 2D experiment. . . . . . . . . . . . . . . . . . . . . . . . . . . 154

A-6 Statistical results for the invaded area evolution of HCT-116 and HT-29 spheroids
in the Constrained 2D experiment. . . . . . . . . . . . . . . . . . . . . . . . . . . 155

A-7 Statistical results for the spheroid area evolution of HCT-116 spheroids in the Fully
Embedded experiment. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 156

A-8 Statistical results for the invaded area evolution of HCT-116 and HT-29 spheroids
in the Fully Embedded experiment. . . . . . . . . . . . . . . . . . . . . . . . . . . 157



1. Introduction



2 1 Introduction

1.1. Cancer

Cancer, the second leading cause of death worldwide, is the common name for a group of diseases
characterized by the presence of abnormally dividing cells that have the ability to disseminate and
invade foreign tissues inside an organism [1]. Cancer can be classified according to multiple crite-
ria; however, one of the most common is related to the type of cell from which the tumor originated.
According to this criterion, there are four major families: carcinomas, sarcomas, lymphomas, and
neuroectodermal tumors [2, 3]. Carcinomas comprise cancers originated from epithelial cells, such
as colorectal cancer (CRC), and constitute the most common type of human cancers. Sarcomas
encompass tumors originating from cells belonging to the connective tissue, such as osteosarcoma.
In turn, lymphomas cover cancers related to the lymphopoietic and hematopoietic cells, such as
leukemia. Finally, the neuroectodermal family includes all tumors derived from cells of the central
and peripheral nervous system, such as glioblastoma and neuroblastoma [2].

During the natural evolution of the disease, tumor cells acquire several features that allow them
to surpass and even control the multiple regulatory mechanisms of an organism in order to sur-
vive and disseminate to distant parts. These features have been organized in what is called as
the Hallmarks of Cancer (Figure 1-1) [3–6]. In this PhD dissertation, the broad focus was placed
into understanding how the deregularization of cellular metabolism, together with the unlocking
of phenotype plasticity, could potentially alter the invasive capacity of CRC cells.

Figure 1-1: The Hallmarks of cancer. Taken from [6].
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1.1.1. Colorectal cancer (CRC)

1.1.1.1. Incidence, prevalence, and mortality

CRC is the third most common type of cancer worldwide, with an estimated number of new cases
in 2020 of 1.931.000 (10% of total new cancer cases), and the second leading cause of cancer
deaths, with an estimated number of deaths in 2020 of 935.173 (9.4% of the total cancer deaths)
[7]. Furthermore, the incidence and mortality of CRC among persons younger than 50 years has
increased in recent years [8–10]. CRC initiates in the crypts of the colon (or rectum) epithelium
[11]. In these zones, the elevated proliferative rates of the Intestinal Stem Cells (ISC) increase the
probability to develop mutations during the replication of DNA [12, 13]. Such mutations can also
be generated by other external factors, including diabetes, obesity, smoking, and elevated alcohol
consumption [14–18].

1.1.1.2. Natural evolution of the disease

Following the acquisition of the mutations, transformed ISC can proliferate and form bening tu-
mors, known as adenomatous polyps. These polyps can become malignant and invade distant
organs, especially the liver.

Figure 1-2: Development of CRC. Adapted from [19].

In clinics, several classifications have been proposed to group patients with similar prognosis [20].
The TNM system is nowadays the most used one. It was initially developed by Denoix [21], and is
based on the size of the tumor (T), the compromise of lymph nodes (N), and the dissemination to
other tissues (M). The stages under this system are also represented by Roman numerals, ranging
from I to IV, to indicate the degree of development of the lesions at the histological level.
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For the CRC, the classification is as follows [22, 23]:

1. Stage 0: The tumor is located in the colon or rectum mucosa layer, but has not invaded other
regions.

2. Stage I: The tumor penetrated the mucosa layer and penetrated the muscularis layer of the
colon/rectum.

3. Stage II: The tumor “anchors” to tissues surrounding the colon/rectum, such as the peri-
toneum, but it has not infiltrated in lymph nodes.

4. Stage III: The tumor has infiltrated surrounding lymph nodes, but has not spread to other
zones in the body.

5. Stage IV: The tumor has metastasized.

1.1.2. Metastasis

Among the multiple features depicted in Figure 1-1, the hallmark related to the activation of in-
vasion and metastasis is a critical step in the evolution of the disease, as metastasis is the leading
cause of cancer-related deaths [1, 24–26]. According to Weinberg et al. and López-Lázaro et al.
[2, 27], metastasis is defined as the formation of one or several tumors stemming from the dissem-
ination of tumor cells to other locations in an organism. It is an inherent characteristic of tumor
cells, and is especially present in CRC and other carcinomas [5, 28, 29].

As every other hallmark, metastasis is a gradual process that initiates with the detachment of a
group of cells from the main mass (either in groups or as individuals). These detached cells first
invade the tissue surrounding the tumor and transform it to facilitate the communication between
the tumor and the blood or lymph vessels and to promote tumor survival [2, 28, 30]. Once the cells
come in contact with the blood vessels, they intravasate and travel through the blood or lymph
system until they reach a specific zone. Afterwards, tumor cells extravasate and start invading the
parenchima of the target tissue [2, 31]. If the cells successfully colonize the parenchima, they will
form small nodules, called micrometastases, that can expand until they form clinically detectable
tumors [2]. These new tumors are called metastatic tumors and, given the scarce therapeutic strate-
gies to counter their progression, are often associated with poor prognosis and a reduced life ex-
pectancy [26].

Due to the importance of metastasis, a vast amount of research has been conducted to understand
the mechanisms involved in the multiple steps that lead to its progression. As a result of this effort,
several biochemical and genetic key factors in the development of metastasis [2, 5, 32], as well
as biochemical signaling pathways that become altered during its evolution, have been identified
[11, 33–35]. The identification of these factors and pathways have allowed researchers to develop
therapeutic strategies to combat not only metastasis, but also cancer [5].
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1.2. Cancer cell mechanobiology

Although metastasis is a process that has been traditionally studied from a molecular point of
view [5, 11, 31–53], there is indisputably a mechanical component that also affects profoundly
the dissemination of the cells. The study of this component has given birth to an emerging field
called cancer cell mechanobiology. Mechanobiology is a broad field of science that focuses on
the way cells can form, maintain and adapt the tissues as an active response to mechanical stimuli
in their environment [54, 55]. In the context of cancer, mechanobiology focuses on studying how
the physical barrier imposed by the extracellular matrix (ECM), its mechanical properties, the
mechanical interaction of cells with themselves and the ECM [56], and the mechanical properties
of cells [57, 58] contribute to the progression of the disease, especially in the acquisition of the
invasive phenotype associated with metastasis [59].

1.2.1. Cell migration modes

Cell migration is a complex process that comprises cell morphology and the molecular cues that
allow cells to migrate [60]. Cell migration modes can be roughly classified in two main categories:
individual or collective [60]. Both modes of movement are related to the presence, or absence, of
cell-cell unions. Thus, in the individual migration mode, cells lack these unions whereas in the
collective mode, the unions are retained [60]. The migration mode chosen by the cell depends
on multiple factors [60–62]. However, the adhesivity of the cells to the ECM, which depends
on the architecture, composition, and mechanical properties of the matrix, and the presence of
intercellular unions constitute two of the most important parameters to determine the migration
mode [60, 63, 64].

1.2.2. Cell-cell and cell-matrix mechanical interactions in metastasis

1.2.2.1. Cell-cell mechanical interactions

Cell-cell interactions are responsible for the transmission of electrical, chemical or mechanical
signals among cells. However, they also provide physical points of contact for other cells [65].
Adhesions are specifically related to mechanical interactivity and are supported by the presence
of transmembrane proteins that, in the extracellular space, interact with the transmembrane pro-
teins of neighboring cells, and, in the intracellular space, interact with all the major components
of the cytoskeleton [66]. This gives rise to different classes of cell-cell adhesions: tight junctions,
adherens junctions, and desmosomes. Tight junctions, which are commonly found in epithelial
cells, such as those in the colon, act primarily as controllers of paracellular permeability by re-
stricting difussion of molecules based on their size and charge [67]. Adherens junctions modulate
cell shape, maintain tissue integrity, and helps transmitting mechanical forces among cells through
the CSK [68]. Tight junctions involve the interaction of transmembrane proteins of the cadherin
family, such as E-cadherin, and the intracellular catenin family members (p120-catenin, β-catenin,
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and α-catenin) that connect the cadherins with the CSK of cells, especifically the actin cytoskele-
ton [68]. These junctions are usually lasting and stable in time, as their main function is to keep
the contact between cells. Finally, desmosomes provide mechanical stability to cells subjected to
high mechanical stress, such as cells in the myocardium, bladder, gastrointestinal mucosa skin, by
linking intermediate filaments (IF), another major component of the CSK, to the plasma membrane
of cells [69]. Figure 1-3 shows a schematic representation of these junctions in cells.

Figure 1-3: Schematic description of cell-cell adhesions. Taken from [70].

Cell-cell interactions play a key role in metastasis, as it has been demonstrated that cancer cells are
able to suppress genes encoding different proteins involved in the maintenance of cell-cell adhe-
sions, such as E-cadherin, [5, 33, 35], while upregulating the expression of genes encoding other
cell-adhesion molecules, such as N-cadherin [46, 50, 71]. This shift is known as the epithelial-
mesenchimal transition (EMT) and it is a major feature in epithelial cancers.

1.2.2.2. Cell-matrix mechanical interactions

Cell-matrix interactions account for the fashion cells interact with their surrounding ECM. Re-
garding mechanical interactions, they are mediated by specialized transmembrane receptors, called
adhesion receptors, that interact with the ECM at the exterior of the cell, and with the cytoskeleton
(CSK) at its interior [72]. Since the ECM is composed of several proteins (collagen, non-collagen,
and proteoglycans [73]), there are also different types of adhesion receptors [74]. Adhesion re-
ceptors form cell-matrix adhesion complexes (CMACs), which are crucial to cells since they serve
as sensing centers of the composition, mechanical properties, and even the geometry of the ECM
[73, 75, 76]. The received signals from these receptors influence multiple processes inside the cell,
such as their shape, polarity, fate, and motility [77, 78]. Thus, these complexes are continuously
regulated and can be created or suppressed depending on the cell needs [74, 75]. Figure 1-4 shows
a schematic representation of the different cell-matrix mechanical interactions from a contact point
of view.
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Figure 1-4: Schematic description of cell-matrix adhesions. Taken from [79].

In cancer, the interaction between cells and the ECM, and their role in cell migration have been
broadly studied, mainly with the aid of 2D in vitro assays. For instance, Provenzano et al. vi-
sualized the mechanical interactions between the stroma and tumor epithelium to determine the
influence of the ECM, its density, and composition on the formation and progression of breast can-
cer [80]. For this, the authors performed multiphoton light-scanning microscopy (MPLSM) and
second-harmonic generation microscopy (SHG) imaging of the ECM of both healthy and patholog-
ical murine breast tissue explants. In light of these results, the authors defined three characteristic
signatures of breast cancer. These signatures demonstrated that collagen fibers were denser around
the tumor, and that their orientation changed on the invasive fronts and the non-invasive ones, thus
concluding that fiber orientation facilitates cancer cell migration. The same authors demonstrated,
several years later, that the increase in collagen density around the tumor increased tumorigenesis
of breast cancer [38], probably due to the fact that collagen may stimulate cell proliferation.

The idea of collagen fibers as potential pro-cancerogenic factors was retaken by Han et al. [48].
The authors studied in vitro the intravasation capacity of cancer cells by changing the orientation
of collagen fibers. For this, they seeded a mixture of type I collagen and matrigel inside a mi-
crofluidic device. Collagen fiber orientation at the center of the device, and at the interface with
the matrigel was measured. This platform was subsequently seeded with single cancer cells and
the migratory patterns of cells were tracked. With their results, the authors observed that the fibers
at the interface, which had an average orientation close to 90°(with respect to the horizontal axis
of the visualization field), facilitated the infiltration of cancer cells inside the matrigel.
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In turn, Ritching et al. [47] studied the velocity and the persistent time of cancer cells on collagen
hydrogels with fibers with varying alignment degrees. The orientation of the fibers was performed
by using a uniaxial deformation device. Once deformed, the authors seeded MDA-MB-231 cells
on the surface of these hydrogels and measured the aforementioned parameters. They observed
that as the alignment increased, the stiffness of the hydrogels (in the direction of alignment) and
the persistent time of cells increased. With their results, the authors concluded that fiber alignemt
is essential to enhance cell persistent movement along a given direction and, therefore, it is a key
factor to the progression of metastasis.

Ayuso et al. [81] analyzed cell migratory patterns of head-neck (OSC-19) and glioblastoma, GBM,
(U-87 MG) cancer spheroids under chemotactic gradients. For this, they designed a microfluidic
device in which they seeded the cells. They applied a biochemical gradient of FBS and monitored
cell migration. The authors observed that, although both cell types migrated towards the positive
direction of the gradient, the exhibited migratory patterns were different, as OSC-19 cells migrated
collectively whereas U-87 MG cells migrated individually. These results further reinforce the
notion that studying cell migration in cancer is essential to understand the diverse mechanisms
used by cells to move through different matrices. Finally, Gong et al. [82] developed a protocol for
generating collagen fiber bundles, which resemble the collagen observed by Provenzano et al. [80].
These bundles, which were then seeded in a microfluidic device to align fibers in the longitudinal
direction of the chip, were used to demonstrate the capacity of the bundles to generate directed
cell migration of MDA-MB-231 and HCT-116 cells. They were also mixed with agarose to also
demonstrate that they can elicit a migratory response to better simulate in vivo observations.
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1.3. Nutrients, cancer cell metabolism and growth

1.3.1. Glucose as a major component in cancer metabolsim

As every living organism, cancer cells require energy to support their needs. However, since they
cannot generate it de novo, they need to find a source in their environment. This source comes from
the food that an organism ingests and has multiple forms, including fats, proteins, and polysac-
charides [83]. Cells release energy from food molecules through a series of chemical reactions
(oxidation) where the electrons of a donor molecule (food) are transfered to an acceptor molecule
that also stores part of the energy that is lost during the process [84]. This yields a byproduct
that has lower energy content than the preceding donor molecule. At the end of the oxidation
chain, the remaining carbons from the original source are released as waste in the form of carbon
dioxide (CO2) and water [83]. The transference of electrons from donor molecules to acceptors
is mediated by different cellular intermediates, denominated electron carriers, that continuously
accept (reduce) and give electrons (oxidate) without being consumed in the reaction [83]. There
are multiple types of electron carriers accross species; however, adenosine triphosphate (ATP) and
nicotinamide adenine dinucleotide (NADH) are two of the most common ones [83]. These two
molecules can be used throughout the cell to sustain different functions.

After food is digested, eukaryotic cells can use three major interconnected processes to extract
the energy held in the chemical bonds of food molecules: glycolysis, the Tricarboxylic Acid Cy-
cle (TCA), and oxidative phosphorylation (OXPHOS) [83, 84]. Figure 1-5 shows a schematic
representation of these processes.

Figure 1-5: The three major metabolic pathways in eukaryotic cells. Taken from [84].
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Although there are multiple sources of energy, carbohydrates and, in particular, glucose, are the
major sources of energy for animal cells due to their high caloric content [83]. Once glucose enters
the cytoplasm, it is converted through the glycolysis process into pyruvate [85]. Pyruvate produc-
tion does not require the presence of oxygen, but it does need the presence of ATP and NADH to
be produced [83, 85]. However, the fate of pyruvate depends upon whether oxygen is present. In
the presence of oxygen, pyruvate can enter the mitochondrion of cells, where it serves as the input
for the TCA cycle by converting into Acetyl-coenzyme A (Acetyl-CoA) [86, 87]. As the TCA
cycle progresses, electrons resulting from a specific step in the cycle are transfered to a series of
membrane protein complexes located in the mitochondrion to carry out the third major energetic
process: the OXPHOS [87, 88]. By contrast, in absence of oxygen, pyruvate stays in the cyto-
plasm, where is converted into lactate, a product excreted from the cell [85]. Lactate production is
crucial for cancer cells, since it has been demonstrated that the heterogeneity in nutrient and oxy-
gen availability forces cells to reprogram their metabolic pathways to use glycolysis and lactate
production as the major energy production sources, even in the presence of oxygen, in a process
called the Warburg Effect [89].

1.3.2. FBS and cell growth

Similar to multicellular organisms, cells in in vitro cultures need multiple factors to proliferate. In
vivo, these factors, along with nutrients, hormones, proteins, coagulants, immunoglobulins, and
cells are transported in the blood [90]. Blood is therefore a mixture of native cells (erythrocytes,
leukocytes, and thrombocytes), and a liquid part, called plasma, comprised by the rest of the men-
tioned components. When plasma is further treated to remove the coagulation factors, the resulting
liquid is called serum [91]. Serum is therefore a complex mixture of components that cannot be
produced synthetically in a scalable manner, mainly due to the fact that it has over 697 proteins
[92], but is nonetheless essential for proper in vitro cell growth [93]. As such, blood serum is re-
placed by sera coming from other mammals. Among them, the most common is the Fetal Bovine
Serum (FBS) [94]. In cancer, FBS is a standard component in cell culture media [95].
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1.3.3. Nutrient preconditioning as a therapeutic target against
cancer

As stated above, nutrient availability varies greatly during tumor progression, forcing cancer cells
to alter their behavior in order to adapt to such changes. For instance, in glioblastoma (GBM),
the lack of oxygen forces massive cell migration towards vascularized zones, giving rise to a phe-
nomenon known as pseudopalisade [96]. In CRC, nutrient starvation has been shown to upreg-
ulate autophagy as a protective mechanism against nutrient stress [97, 98], although it can also
lead to cell death [99]. Furthermore, at a systemic level, nutrient starvation has been shown to
have intergenerational lasting effects via epigenetic modifications [100–102]. Epigenetics refers to
modifications of gene expression via mechanisms that are not directly related to the DNA coding
sequence [103, 104].

Taking into account the potential lethal effect of nutrient starvation on cancer cells, several studies
have assessed the efficacy of different chemotherapeutic drugs in combination with short periods of
both glucose and FBS restriction against different CRC cell lines [105–109]. These short-termed
periods of starvation are known as preconditioning periods and, according to these studies, may
potentitate the killing effect of the drugs.
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1.4. Importance of in vitro models for CRC

1.4.1. Spheroid cultures as models to better recapitulate in vivo
CRC tumor behavior

Classic in vitro studies in cell culture have been performed in 2D cultures [110]. In these cul-
tures, cells grow in flat surfaces (Petri dishes, flasks or glass) as adherent monolayers to which
multiple treatments can be tested with relative ease [111]. In addition, 2D cultures do not require
complex configurations for maintenance and are simple to implement [110, 111]. However, de-
spite these advantages, these cultures present two major drawbacks. In first place, 2D cultures fail
to recapitulate in vivo intercellular and cell-matrix interactions of tumor masses. This results in
profound differences in cell morphology, gene expression, proliferation rates, and even response to
chemotherapeutic agents that limit the extrapolation of results to clinical situations [110–112]. The
second major drawback is related to the uniform nutrient and oxygen availability in 2D cultures.
This is crucial for cancer cells, as it has been demonstrated that both nutrient and oxygen availabil-
ity is variable inside tumor masses, which critically conditions their behavior and fate [113–117].

To circumvent these issues, 3D cell cultures have emerged as a promising alternative to better
recapitulate the inherent 3D architecture of tissues and tumors, wich include intercellular and cell-
ECM interactions, as well as the heterogeneous nutrient and oxygen distribution in tumors [118].
Among the different type of 3D cell cultures, spheroids are one of the most commonly used models
[118], mainly because they can successfully reproduce key aspects of tumors, including intercel-
lular interactions, oxygen and nutrient gradients, drug resistance, and invasive capacity [119–121].
Figure 1-6 summarizes the main characteristics of spheroids.

Figure 1-6: Schematic description of the main in vivo tumor characteristics reproduced in
spheroids. Taken from [122].
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There are various methods to form multicellular spheroids, depending on the cell type, culture con-
dition, and experimental purpose. Some selected examples of the most common methods include:
hanging drop method [123], liquid overlay [124], pellet culture [123], spinner culture [124, 125],
biomaterial-aided [123, 125], microfluidic platforms [126–129], and magnetic levitation [130].
Figure 1-7 shows a graphical description of the mentioned methods to generate spheroids [118].

Figure 1-7: Spheroid fabrication methods. Taken from [118].
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Spheroids have been widely used in CRC cancer research. For instance, Gheytanchi et al. per-
formed morphological and molecular characterization of spheroids made of two common CRC
cell lines (HT-29 and Caco-2) to evaluate the changes in the expression of stemmness genes and
cancer stem cells (CSC) markers in the spheroids in comparison to adherent 2D versions made
from the same lines [119]. From their analyses, the authors concluded that, compared to 2D ad-
herent cells, spheroid cultures can enrich the stem-like features of tumor cells by up-regulating
stemness genes and surface markers. In turn, Sargenti et al. performed physical characteriza-
tion (weight, diameter, and mass density) of several spheroids of different CRC cell lines (HT-29,
HCT-15, SW620, and DLD-1) co-cultured in presence or absence of Natural Killer (NK) cells in
order to investigate: 1) whether the cell lines alone could produce spheroids with different physical
properties; and 2) whether the interactions with NK cells could modify their physical properties
[121]. The authors concluded that the different cell lines produced spheroids with different phys-
ical properties that, in turn, were modified by the cytotoxic effects of the immune cells. Last,
Tidwell et al. demonstrated that spheroids derived from HCT-116 and SW948 exhibited increased
glucose metabolism (higher glycolysis rates and enhanced activity of the pentose phosphate and
glutaminolysis pathways) compared to matching 2D cultures [120].

1.4.2. Collagen hydrogels as a platform for studying CRC cell
invasion and migration

Collagen hydrogels have become a valuable tool in in vitro cancer research due to their unique
properties and relevance to the tumor microenvironment. They are 3D matrices made of polymer-
ized networks of collagen molecules, especially type I collagen molecules, crosslinked by either
physical or chemical procedures that have the capacity to retain high amounts of water [131]. These
hydrogels can mimic the native ECM of the target tissue and offer several advantages for studying
cancer cell biology. For instance, type I collagen hydrogels are biocompatible materials, with low
antigenicity and low inflammatory and cytotoxic responses [132]. Thus, they are excellent mate-
rials to study cell migration, adhesion, proliferation, and even interaction with drugs while closely
mimicking the physiological environment of cells [60, 61, 133–136]. They also offer the possibil-
ity to alter their mechanical and biochemical properties (stiffness, pore size, and ligand density) by
adjusting their fabrication parameters to recreate specific aspects of the tumor microenvironment
(TME) [137]. In addition, they can also be combined with other molecules, such as hyaluronic acid
(HA) to enhance their physical properties [138]. Finally, due to their inherent properties, type I
collagen hydrogels can also be used to study the interaction between cells and the ECM, providing
insights in the understanding of CRC tumor progression [139].
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1.5. Thesis objectives

According to the evidence presented in the previous chapter, understanding the mechanobiological
response of CRC cancer cells to both physical and biochemical changes in their microenviron-
ment is crucial to develop reliable models to simulate tumor progression into metastasis. Although
cancer mechanobiology has progressed extensively in the last decades, there are still many uncer-
tainties related to the effects of the mechanical properties of the ECM and the migratory capacity
of spheroids. In addition, there are still few data relating the modulatory effects of nutrient avail-
ability on cell migration in spheroids. Furthermore, the long-term effects of nutrient availability
in the biological response of CRC spheroids has also been poorly understood. Therefore, we pro-
posed to develop 3D in vitro models that could serve as a basis to answer these questions.

To develop this thesis, the following objectives were formulated:

Main objective

To describe, from an experimental point of view, the effect of variations in the biochemical and me-
chanical microenvironment of colorectal cancer cells on their mechanobiological behavior relative
to migration and invasion in the context of metastasis.

Specific objectives

The general objective of the thesis was originally divided into two specific objectives:

1. To evaluate the biological response of cancer cells to biochemical variations.

2. To evaluate the cell migration patterns under variations in the mechanical microenvironment.

These two were further reformulated and expanded in order to better reflect the work developed in
this dissertation. Therefore, the new specific objectives are the following:

1. To evaluate the effect of mechanical and ultrastructural properties of the extracellular matrix
(ECM) on tumor spheroid invasion.

2. To study the adaptive abilities of CRC tumor spheroids to different metabolic environments.

3. To study the mechanical response of CRC tumor spheroids to drastic changes in the metabolic
environment.
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2.1. Commercial cell lines

Human colon carcinoma cell lines (HCT-116 and HT-29) were purchased from the American Type
Culture Collection (ATCC). Glioblastoma cell lines (U87-MG and U-251 MG) was purchased
from Sigma Aldrich (89081402). Neuroblastoma cell line (SH-SY5Y) was a kind gift from Dr.
Julián Pardo, from the Instituto de Investigación Sanitaria de Aragón (IISA).

All cell lines were cultured in high glucose (4.5 g/L) Dulbecco’s Modified Eagle Medium (DMEM,
Lonza BE12-64F) supplemented with 10% Fetal Bovine Serum (FBS, Sigma Aldrich F7524) 2mM
Ultraglutamine (Lonza, 0MB074) and 1% penicillin/streptomycin (Lonza, 17-602E). All cell lines
were maintained at 37°C inside a humidified TEB-00 incubator (EBERS Medical Technology)
with 5% CO2. Subculture of the cells was performed every third day or when the culture reached
around 80% confluence by using Trypsin/EDTA solution (Lonza, Be17-161E).

2.2. Fluorescent cell transfection

HCT-116 cell line was stably transduced with a green fluorescent protein (GFP)-expressing lentivi-
ral vector, which was kindly donated by Dr. Prats, from the University Paul Sabatier in Toulouse
(France). Briefly, a concentration of 5 × 104 HCT-116 cells/well were seeded in a 24-well plate
and allowed to attach to the surface of the wells for 24 hours at 37°C inside a humidified atmo-
sphere containing 5% CO2. Afterwards, growth medium was removed and cells were washed twice
with PBS. Then, Opti-MEM medium (Thermofisher, 31985062), previously supplemented with 5
µg/mL protamine sulfate (Sigma, P4505) and mixed with the lentivirus suspension (1:1 ratio), was
poured into the cell-containing wells for 24 hours. Then, this transduction medium was replaced
with cells’ growth medium and the culture was routinely maintained for two weeks in order to as-
sess the correct expression of the gene and also to completely remove the remaining viral particles.
The culture was considered successfully transduced when more than 90% of the cells were found
to be GFP-positive. This evaluation was performed by fluorescence microscopy.

2.3. Spheroid formation

3D cell aggregates (known as spheroids) were made by two commonly used techniques: hanging
drop and liquid overlay. For both procedures, cells were tripsinized and manually counted using
a Neubauer chamber. All the volumes reported are required for one single spheroid and can be
scaled to the desired number of samples.
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2.3.1. Hanging drop technique

As the name indicates, spheroids form by gravity inside a drop containing cells and growth medium.
The drop is usually placed on the inner surface of the lid of a Petri dish and the dish itself is filled
with either distilled water or PBS in order to prevent evaporation. Since the drops can spread along
the surface of the lid, other compounds, such as methyl cellulose, can be added in order to thicken
the mixture and, consequently, help to maintain the shape of the drop [140, 141]. In addition,
it has been reported that methyl cellulose can also improve the circularity of the formed masses
[140, 141]. The proportion of methyl cellulose added with respect to the total volume of the mix-
ture is a variable parameter that depends on the cell line; however, it is usually around 20% of the
final volume. This was the chosen value for the formation of the spheroids used in the development
of this thesis.

The first essential parameter in the hanging drop technique is the number of initial cells to form
the spheroids, which is also highly dependent on the cell line and the application the spheroids are
meant for. In the case of this thesis, all spheroids were made with an initial number of 1000 cells.

Regarding the volume of the drops, another essential parameter, each of them was made with a
final volume of 25 µL (of which 20% was methyl cellulose and the remaining 80% comprised
growth medium and cell suspension).

The last essential parameter in this technique is the time required for the cells to aggregate and
form the spheroids. Again, this is also highly dependent on the cell line, and it can span from 24
hours up to 96 hours. Herein, the time was set to 48 hours since it was observed that the all the
spheroids of the different cell lines were formed during this period. Once formed, spheroids were
passed to a 96 well plate previously treated with an anti-adherence solution, as explained in the
following section.

2.3.2. Liquid overlay technique

In this technique, the spheroids were formed inside a non-adherent round-bottom 96 well plate. It
is critical to ensure that the surface that comes in contact with the cells is non-adherent to prevent
cell attaching. Herein, a commercial anti-adherence solution (Stemcell, 07010) was chosen due
to its facility of use and its innocuous nature to cell culture. Sarstedt round-bottom 96 multiwell
plates (Sarstedt, 83.3925.500) were chosen as the vessels containing cell suspension.
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For the formation of the spheroids, 1000 initial cells were resuspended in 200 µL of growth
medium and poured inside a previously treated 96 well plate. Thereafter, the plate was centrifuged
at 1500 rpm for 10 minutes to help in the formation of the aggregates. As in the hanging drop tech-
nique, the aggregates were allowed to form for 48 hours at 37°C inside a humidified atmosphere
with 5% CO2.

2.4. Type I collagen hydrogels for spheroid migration
studies

In vitro migration and invasion studies require the presence of a matrix in which cells can survive,
proliferate, and migrate. Among the plethora of matrices, hydrogels made of type I collagen were
chosen since this protein is ubiquitous in the colon. Furthermore, they can be easily tuned to
a variety of final collagen concentrations by changing the quantities of their components. This
section describes only the preparation of the hydrogels. The experiments regarding cell migration
will be described in Chapter 3.

2.4.1. Hydrogel preparation

Following a previously established protocol, type I collagen hydrogels were made with the follow-
ing materials:

1. Acid solubilized type I collagen extracted from rats tail tendon.

2. Sodium hydroxide (NaOH) with a concentration of 1N.

3. DMEM 5 times concentrated (DMEM 5x).

4. Sterile distilled water.

5. Growth medium.

Each component of the above list contributes to the formation and gelation of the hydrogels as well
as maintaining a physiological pH (7.4) for cells to survive. Indeed, the collagen provides the raw
material for the matrix. The sodium hydroxide (a base) neutralizes the collagen (an acid). In turn,
the DMEM 5x supplies a high concentration of ions required to increase the ionic strength of the
solution, which in turns helps the formation of the final collagen fibers present in the hydrogel.
Lastly, distilled water allows to reach the desired collagen concentration present in the hydrogel,
whereas the growth medium ensures cell survival.



20 2 Materials and methods

As stated above, the final collagen content present in the hydrogels can be easily changed. For
this, fixing the desired volume of the solution (Vf ), the final collagen concentration in the hydrogel
(Cf ), and knowing the stock concentration of the collagen solution (C0), the collagen solution
volume (V0) required is calculated as follows:

V0 =
VfCf

C0

(2-1)

The volume of NaOH 1N (VNaOH) is calculated at a proportion of 1:40 with respect to the collagen
volume:

VNaOH =
1

40
V0 (2-2)

Regarding the DMEM 5x (VDMEM5x), it is calculated as follows:

VDMEM5x =
1

5

(
1

2
Vf

)
(2-3)

For the volume of distilled water (VdH2O), the following equation shows its calculation:

VdH2O =
1

2
Vf − VDMEM5x − VNaOH − V0 (2-4)

Last, the volume of growth medium (Vgmed) is calculated as:

Vgmed =
1

2
Vf (2-5)

The mixture was prepared on ice and inside a laminar flow hood (to ensure its sterility) by adding
the components in the following order:

1. Sterile distilled water.

2. DMEM 5x.

3. NaOH 1N.

4. Collagen solution.

Once these components were carefully homogenized, they were mixed with the growth medium
until further homogenization. Afterwards, the hydrogel solution was ready to use in the experi-
ments.

The specific desired final collagen concentrations employed herein were 0.8, 1.5, and 3.0 mg/mL.
The collagen stock concentrations were either 3.71 mg/mL (Corning, 354236), for the 0.8 mg/mL
hydrogels, or 10.57 mg/mL (Corning, 354249), for the 1.5 and 3.0 mg/mL ones. The NaOH solu-
tion was prepared by diluting the powder (Sigma, 655104) in distilled water. The DMEM 5x was
also prepared by diluting the powder (Sigma, D5523) in distilled water.
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2.4.2. Hydrogel polymerization

Among the hydrogel fabrication variables, polymerization temperature is one of the most impor-
tant since it directly affects the kinetics of the assembly of collagen molecules and, consequently,
the mechanical properties of the hydrogels. Here, two polymerization temperature schemes were
tested. In the first one, the solutions were polymerized at 37°C inside a CO2 incubator. In the sec-
ond scheme, named two-stage scheme, the solutions were polymerized at room temperature (RT)
for one hour before placing them at 37°C inside a CO2 incubator. Based on the concentrations and
the polymerization temperature schemes, a total of six different hydrogels were prepared.

2.4.3. Measurement of the mechanical properties of the hydrogels

Stiffness of the hydrogels defined in the last section were measured in bulk with a rheometer and
locally by Atomic Force Microscopy (AFM). Both measurements were performed in an environ-
ment that reproduced as close as possible that in which cell cultures were carried out.

2.4.3.1. Rheology measurements

Bulk mechanical characterization of the six types of hydrogels was performed in collaboration with
Dr. Jesús del Barrio Lasheras, from the Instituto de Nanociencia y Materiales de Aragón (INMA)
at the University of Zaragoza. The characterization was performed in an oscillatory rheometer
(HaakeTM MarsTM 40) using parallel plates and the storage modulus, G′(ω), and loss modulus,
G′′(ω), were measured. Both moduli depend on the frequency of oscillation, ω. For every sample,
a volume of 700 µL of the hydrogels was prepared in situ and loaded between the plates (which
were previously cooled to 0°C). The sample was then sealed with a thin layer of low viscosity
silicon oil in order to prevent evaporation and once done, the process was initialized. Due to the
impossibility to reproduce the exact environmental conditions at which the hydrogels polymerize
(for instance, the rate at which the temperature rises from 0°C to 37°C inside the incubator or the
presence of CO2) several assumptions regarding the heating rates were made. For the hydrogels
that were polymerized directly at 37°C, temperature was raised steadily from 0°C to 37°C in 10
minutes and maintained at the latter for the remaining duration of the measurement. In samples
polymerized following the two-stage scheme, temperature was also raised from 0°C to 20°C in
ten minutes; then, temperature (20°C) was kept constant for one hour before raising it again to
37°C and maintaining it for the rest of the measurement. Each sample was monitored at constant
shearing amplitude and frequency (0.1 Hz) for a period of 24 h to ensure sample equilibration.
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All time sweeps were performed within the linear viscoelastic regime. After the equilibration
period, an amplitude sweep was recorded at constant frequency at 37°C.

2.4.3.2. AFM measurements

In order to evaluate the differences in the stiffness of the surface of the tested hydrogels, Young’s
Modulus of gels surface was measured with an atomic force microscope (AFM) Nanowizard 3
system (JPK Instruments, Germany) mounted on an optical inverted microscope (Nikon-Eclipse).
For each gel condition, small drops of 30 µL were polymerized in a Petri Dish (TPP Techno Plas-
tic Products AG, 93040) and covered with DMEM media (DMEM, Lonza BE12-614F). The Petri
Dish was placed on the PetriDishHeater (JPK Instruments, Germany) stage to maintain a con-
stant temperature of 37°C. AFM measurements were performed in liquid with qpBioAC probes
(NanoANdMore GMBH) treated with anti-adherence rinsing solution (Stemcell, 07010) to min-
imize gel adhesion during cantilever retraction. Tip CB3 was chosen due to the adequacy of its
nominal spring constant (0.06 N/m) for samples in the Pa scale. The experimental spring constant
of each used tip was determined by the Thermal Noise Method [142]. The calibrated cantilever
was positioned over a gel drop and force-spectroscopy measurements were performed in the AFM
contact mode at high Z-lengths (5 µm) and slow speeds (2 µm/s). At least 100 force-spectroscopy
curves were acquired for each gelling condition. Force spectroscopy curves were then processed
with DP Software (JPK Instruments, Germany) and fitted to a Hertz model modified for paraboloid
indentors (JPK Instruments, 2008) to obtain Young’s Moduli.

2.4.4. Analysis of the collagen fiber network and fibril structure in
the hydrogels

Characterization of the ultrastructure of the hydrogels was carried out by Scanning Electron Mi-
croscopy (SEM) on both their surface and internal zone. For the surface characterization of the
collagen fiber network, hydrogels were prepared and fixed in 2.5% glutaraldehyde for 30 minutes
at RT. Then, following washing step with PBS, samples were dehydrated in ascending ethanol
series up to 100% (v/v) and dried up using a critical point dryer (Leica EM CPD300). Critical
point drying preserved the 3D structure of the hydrogel. Once the samples were dried, they were
coated with gold/palladium nanoparticles and examined with a JEOL JSM 6360-LV microscope
operated at 15 kV acceleration voltage. Images of at least two different zones whithin the sample
were taken at 750, 1000, 2000, 5000, and 10000 magnifications. For the internal zone of the hy-
drogels, a similar protocol was followed. However, samples were first fractured after the critical
point drying and then recoated with gold/palladium nanoparticles in order to visualize the interior
of the hydrogels. Processing of the samples (from the dehydration to the coating) and imaging of
the samples was done by the Servicio de Microscopía de Sistemas Biológicos from the Servicio de
Apoyo a la Investigación (SAI) at the University of Zaragoza.
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Based on the resulting images, morphological parameters of the collagen fibers (diameter) and the
pores present in the structures (pore size and porosity) were measured.

2.5. Spheroid migration studies

For the purpose of analyzing the invasion and migration patterns of the spheroids, three sets of
experiments were performed: 1) single spheroids seeded on top of a hydrogel (unconstrained 2D
experiment); 2) single spheroids seeded on top of a hydrogel, but surrounded by another layer of
hydrogel (constrained 2D experiment); and 3) fully suspended single spheroids inside a hydrogel
(fully embedded). Pictures were taken every day for 3 days using a Leica DMi8 Thunder. In each
of the aforementioned experiments, two main parameters were measured: the size of the spheroids
and the invaded area. The spheroid size corresponded to the area of the spheroid mass. In turn,
the invaded area corresponded to the migrating cells that stemmed from the spheroids. In addition
to these main parameters, the percentage difference of the achieved spheroid size between the two
polymerization schemes within a fixed collagen concentration

(
∆xt,C

i ,xt,C
j

)
at each timepoint was

also calculated as follows:
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where xt,C
i is the mean spheroid size at time t, for the polimerization scheme i, under a fixed

collagen concentration C. With these values, the resulting average of the spheroid size percentage
difference for the three concentrations at every timepoint was obtained. In all these calculations,
the sub-index i represents a polymerization directly at 37°C, whereas the sub-index j represents
the two-stage polymerization scheme.

In a similar fashion, the percentage differences for the invaded area and the spheroid size to invaded
area were also calculated. In the following sections, the experiments mentioned above will be
briefly described. All experiments were performed in at least two independent replicates (10 or
more samples per replicate). The following paragraphs describe briefly the experimental design of
each of the mentioned experiments.
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2.5.1. Single spheroids seeded on top of a hydrogel (unconstrained
2D experiment)

The aim of this experiment was to explore the migrating behavior of cells belonging to the spheroids
in contact with only one layer of hydrogel. For this, a volume of 60 µL of unpolymerized hydrogel
(with a fixed collagen final concentration) solution was deposited inside 96 well plate with flat
bottom and left to polymerize according to the chosen polymerization scheme. Afterwards, single
spheroids were suspended in growth medium and seeded on top of the polymerized hydrogels. For
each well with hydrogel, a single spheroid was seeded and placed into the CO2 incubator. Figure
2-1 shows a schematic representation of the experiment.

Figure 2-1: Schematic representation of the unconstrained 2D experiment. Image created with
biorender (https://biorender.com/).

2.5.2. Single spheroids seeded on top of a hydrogel, but surrounded
by another layer of hydrogel (constrained 2D experiment)

This experiment also focused on exploring the migrating behavior of cells belonging to the spheroids,
but “sandwiched” between two layers of hydrogels (Figure 2-2). To do this, a first layer of unpoly-
merized hydrogel solution (volume of 60 µL and fixed collagen final concentration) was deposited
and polymerized inside a 96 well plate with flat bottom to polymerize according to the chosen
polymerization scheme. Once this layer was polymerized, 50 µL of a mixture containing a sin-
gle spheroid and collagen hydrogel solution (with the same concentration as the first layer) was
deposited on top of the first layer and allowed to polymerize accordingly. Following the poly-
merization of this new layer of hydrogel, 100 µL of growth medium were added to maintain the
culture.

https://biorender.com/
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Figure 2-2: Schematic representation of the constrained 2D experiment. Image created with
biorender (https://biorender.com/).

2.5.3. Fully suspended single spheroids inside a hydrogel (fully
embedded experiment)

Finally, the goal of this experiment was, as before, explore the migrating behavior of cells belong-
ing to the spheroids. Nevertheless, this time the spheroid was fully suspended inside the collagen
matrix (see Figure 2-3 for a schematic representation of the experiment), a substantial change with
respect to the other two, since in both previous cases the spheroids were on top of a previously
polymerized collagen surface. To achieve the aim of this experiment, a volume of 100 µL of un-
polymerized hydrogel solution was deposited inside a 96 well plate with flat bottom. Immediately
following this procedure, single spheroids were seeded inside the solution. Afterwards, the plate
was continuously flipped upside down during the gelation process to ensure that the spheroids did
not attach to the plastic of the plates.

Figure 2-3: Schematic representation of the fully embedded experiment. Image created with
biorender (https://biorender.com/).

https://biorender.com/
https://biorender.com/
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2.6. Preconditioning experiments for analyzing the
mechanobiological response of the spheroids in
absence of extracellular matrix

Together with the study of the migration/invasion patterns stemming from the previously defined
hydrogels and the subsequent cell-involving experiments, the analysis of the mechanobiological
behavior of spheroids subjected to cyclic changes (preconditioning) in the nutrient concentration
(specifically, glucose and FBS) of the media constituted the main objectives of this dissertation. In
this section, a description of the experimental design of the media preconditioning is presented.

2.6.1. Experimental design

In order to analyze the biological and mechanical impact of dynamic FBS and/or glucose depri-
vation on CRC HCT-116 and HT-29 spheroids, cyclic changes from enriched media to a deprived
counterpart were performed. Such cycles lasted 144 hours and were preceded by an initial star-
vation period, corresponding to the number of days a group of spheroids lasted in deprived media
prior to the aforementioned cycling. For the experiment, 5 different initial starvation periods,
spanning evenly from 24 to 120 hours, were tested. After completing that period, each group was
passed to abundant media for 144 hours and then passed to the deprived counterpart. This process
was repeated one more time, resulting in the creation of four alternating cycles of nutrient depriva-
tion or abundance, each sharing the same duration. Media was changed every 72 hours according
to each preconditioned group timeline. Furthermore, two control groups were defined: one for the
enriched media and the other for the deprived media. Figure 2-4 shows a schematic representation
of the experimental design.

Figure 2-4: Schematic representation of the experimental design for the media preconditioning ex-
periments. C24-C120: spheroids preconditioned for 24 hours (C24), 48 hours (C48),
72 hours (C72), 96 hours (C96), and 120 hours (C120).
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2.6.1.1. Employed media

According with the previously explained design, 4 different media were defined, each containing
a fixed concentration of either glucose or FBS. Table 2-1 shows the composition of the defined
media, as well as their given names.

Table 2-1.: Media composition for the preconditioning experiments. All are based in Dulbecco’s
Modified Eagle Medium (DMEM). Values for glucose and FBS are highlighted in red.

Media name Glucose
concentration (g/L)

FBS
concentration (% v/v)

P/S
(% v/v)

L-glutamine
(% v/v)

DG10 4.5 10 1 1
DG0 4.5 0 1 1
D10 1.0 10 1 1
D0 1.0 0 1 1

With these media, three major sets of experiments were proposed. Each of them is explained in
the following list:

1. Simulatenous changes in the concentration of glucose and FBS: from DG10 to D0. This
experiment was denominated “best-to-worst” preconditioning experiment.

2. By keeping glucose constant (at 4.5 g/L): from DG10 to DG0. This experiment was de-
nominated glucose preconditioning experiment.

3. By keeping high concentration of FBS constant (10% v/v): from DG10 to D10. This
experiment was denominated FBS preconditioning experiment.

4. By keeping low concentration of FBS constant (10% v/v): from DG0 to D0.
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2.6.1.2. Assessment of the role of cytoskeletal activity on the biological response
of spheroids under dynamic nutrient deprivation

As will be explained in further detail in Chapter 4, the role of cytoskeleton activity on precondi-
tioned spheroids subjected under dynamic nutrient deprivation was assessed. For this, two small
molecules were used: Y-27632 and Blebbistatin.

2.6.1.2.1. Treatment with Y-27632 Y-27632 is a small molecule that inhibits ROCK1 and
ROCK2, which are two downstream regulators of the RHO/ROCK signalling pathway. Briefly,
this pathway is a major regulator of cell migration by controlling 1) the number of actin filaments
active inside the cell and 2) increasing cell’s contractility. The first part is achieved by preventing
the depolymerization of the filaments, whereas the second one is accomplished by “activating” the
myosin chains present in the cells (by phosphorilating the myosin light chains) or by “maintaining”
the active ones.

Addition of Y-27632 was done in the “best-to-worst” experiment at:

1. The transition from the first cycle of DG10 to D0 (168th hour of the experiment, see Figure
2-4) and left for 48 hours.

2. The transition from the preconditioning period to the first cycle in DG10 (24th hour of the
experiment, see Figure 2-4) and left for the entire cycle of DG10 as well as the first one of
D0.

Concentrations of Y-27632 used in these experiments were 10, 25, 50, and 100 µM.

2.6.1.2.2. Treatment with Blebbistatin Blebbistatin is another small molecule capable of
altering cytoskeletal activity, as Y-27632. However, its action mechanism differs from that of Y-
27632. Indeed, Blebbistatin inhibits the contraction of the actin-myosin complex by binding inside
the myosin head at the site where this head and the actin filament bind.

Addition of Blebbistatin was also done in the “best-to-worst” experiment at the transition between
the first cycle of DG10 to D0 (168th hour of the experiment, see Figure 2-4) and left for the entire
duration of the cycle in D0.
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2.7. Viabiliy staining

In order to determine the viability of cell culture, calcein-AM/propidium iodide (CAM/PI) stain-
ing was used. CAM is a nonfluorescent molecule with the capacity to penetrate cell membranes.
Once inside, it is converted to a fluorescent expressing molecule (excitation/emission maximum
wavelengths of 488 nm/520 nm respectively) only if the cell is alive. Therefore, this compound is
a marker for living cells. In turn, propidium iodide (PI) is a fluorescent stain (excitation/emisison
maximum wavelengths of 493 nm/636 nm respectively) that marks nucleic acids. However, this
molecule cannot pass thorugh intact cell membranes. Thus, PI can only stain nucleic acids of dead
cells.

For the preparation of the stainings, stocks solutions of CAM (Life Technologies, C1430) and PI
(Sigma, P4170) with respective concentrations of 1 mg/mL and 2 mg/mL, by dissolving the pow-
ders in sterile DMSO (for CAM) and distilled water (for PI). Then, the stock solutions were further
diluted in 1 mL of phosphate-buffered saline (PBS, Lonza, BE17-516F) to a final concentration of
2 µg/mL for CAM and 6 µg/mL for PI. This solution was added in the dark to the spheroids and
incubated for 30 minutes at RT. Afterwards, the spheroids were washed three times with PBS and
immediately imaged with a fluorescent microscope. CAM/PI staining was used in all cell lines that
were not transduced with the green fluorescent protein (GFP). For these cells, only PI staining was
used, since the GFP itself is an indicator of viable cells.

2.8. Sample preparation for Transmission Electron
Microscopy (TEM)

Spheroid samples were fixed in glutaraldehyde (2.5% v/v) for 30 minutes at RT. Afterwards, they
were washed with PBS and stored at 4°C overnight. Next, they were processed with osmium
tetroxide and uranyl acetate to stain, respectively, the plasma membrane and the nucleic acids of
the cells. Following this step, stained samples were embedded in a plastic resin to obtain the molds
for cutting. Embedded samples were then cut into semi-thin (approximately 200 nm) and ultra-thin
(approximately 10 nm) samples. The former were further stained with toluidine blue and gave an
overall visualization of the cell distribution inside the cells. Ultra-thin samples gave details of the
ultrastructure of cells inside the spheroids.
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2.9. Histological analysis

Spheroids were fixed in 4% paraformaldehyde (PFA) for 20 minutes at RT. To facilitate sectioning,
they were stained with blue tissue-marking dye (Labolan, 240101K) before paraffin embedding.
Sections (3 µm thick) were stained with Hematoxylin-Eosin (H&E) following standard procedures.
Briefly, parafin-embedded samples were deparaffinized with heat, fixed in xylene, and rehydrated
in descending series of ethanol (100, 96, 60, and 0%) before first staining them in hematoxylin.
Then, samples were washed with abundant water and stained in eosin. Once finished the previous
step, samples were again washed and dehydrated in ascending ethanol series (0, 60, 96, and 100%)
before immersing them once more in xylene. Finally, xylene-immersed samples were dried and
sealed to a glass coverslip with a universal mounting medium (DPX, PanReac AppliChem ITW
Reagents, code: 255254).

2.10. Fluorescent staining of actin cytoskeleton

Spheroids were harvested at selected times and were subsequently fixed in 4% PFA for 20 minutes
at RT. Following fixation, samples were permeabilized with 0.5% TritonX-100/PBS solution for
2 hours at RT in shaking conditions. Afterwards, spheroids were washed 3 times with PBS and
incubated in a 1:500 phalloidin-PBS solution (Alexa Fluor 594, ThermoFisher, catalogue number:
A12381) for another 3 hours. Incubation was performed in shaking protected from light. Finally,
samples were washed 5 times in PBS to remove excess of the stain.

2.11. Optical clearing

Spheroid clearing was performed following the protocol by Lempereur et al. [143]. Briefly, fol-
lowing actin staining and washing, samples were immediately incubated in a 1:1 (v/v) solution
consisting of a refractive index (RI) matching medium (50% sucrose (w/v), 20% nicotinamide
(w/v), 20% triethanolamine (v/v) and 0.1% Triton X-100 (v/v)) and distiled water. Incubation
was carried in agitation at 37°C for 3 hours. Following this period, samples were retrieved and
incubated in undiluted RI matching solution for another 45 minutes. Samples were immediately
imaged at the end of this time frame.
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2.12. Imaging and analysis

With the exception of the SEM images, all were acquired using either a Nikon Eclipse Ti-E
equipped with a C1 modular confocal microscope or a Leica DMi-8 (Thunder9 microscope. All
analyses were performed using custom plugins or macros developed in collaboration with the Uni-
versity of La Rioja [144]. The codes were written for Fiji/ImageJ software (http://fiji.sc/
Fiji). TEM images were visualized by a transmission electron microscope (JEOL JEM 1010
100kV) at 5000 magnifications. SEM images were visualized by using a scanning electron micro-
scope JEOL JSM 6360-LV) operated at 15 kV acceleration voltage. Images of two different zones
of the surface or the inner zone of the hydrogels were taken at 750 and 2000 magnifications.

2.13. Statistical analysis

Unless otherwise specified, all the experiments were repeated at least three times as independent
repeats. Results were expressed as the mean ± standard deviation of the mean. Statistical analyses
were performed in R (version 4.2.0) [145]. Data related to the temporal evolution of multicellular
spheroids was analyzed with Linear Mixed Models [146] by using the lme function of the nlme
package [147]. In these models, time was set as the independent variable and the area (either
of the spheroid or the corresponding one to the invasion) was set as the dependent variable. In
addition, the collagen concentration in the hydrogels and the polymerization schemes were defined
as the moderator variables. Furthermore, the models included up to the quadratic terms of the time
variable as well as their interactions with other variables. Lastly, random intercepts for the samples
(spheroids) and random slops for time were also included in the models. The inclusion of both
parameters (random slopes and random intercepts) accounts for the variability in spheroid growth
as well as in their initial area and allows a better fit of the data [148]. Data related to the growth
rates and percent differences was analyzed with standard t-tests or Wilcoxon tests depending on the
results given by the Shapiro-Wilk normality test [149–151]. In addition, paired tests (either t- or
Wilcoxon tests) were used to compare the mean growth rates obtained for two different cycles in a
given preconditioned or control group [150, 152]. Unpaired tests (either t- or Wilcoxon tests) were
used to compare the mean growth rates or percent differences obtained for two independent groups
in a given time point [149, 152]. Results with a p-value under 0.05 were considered statistically
relevant, whereas those with a p-value greater than 0.05 were considered non-significant [153].

http://fiji.sc/Fiji
http://fiji.sc/Fiji
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3.1. Introduction

Metastasis is the process whereby cancer cells successfully invade and colonize a foreign tissue. It
has been reported as the major cause of cancer related deaths, accounting for up to 90% of the cases
[154]. In the past decades, it has been demonstrated that cell invasion and metastasis are events
that do not depend exclusively on cells, but also on their interaction with the tumor microenviron-
ment and its stromal components [155, 156]. Consequently, a plethora of either in vivo or in vitro
approaches have been developed to study the migrating and invasive properties of cancer cells. In
the case of the former, recently developed techniques, such as intravital microscopy (IVM), offer
the possibility to visualize dynamic cell processes (such as cell invasion) in a living animal with a
resolution comparable to that achieved in traditional cell cultures [157, 158]. However, this tech-
nique, as well as others that involve animal models, are expensive, hard to control, require special
equipment, and carry ethical issues due to the use of animals [158, 159]. Furthermore, tissue me-
chanical properties can vary among species and can be difficult to measure in vivo. In turn, in
vitro studies are cheaper and easier to reproduce than those in vivo, with the caveat that they fail to
completely reproduce the complexity of a living organism. However, they provide powerful tools
to comprehend the mechanobiological response of different cells to changes in the stiffness of a
substrate in both physiological and pathological scenarios, which has helped to elucidate the mech-
anisms by which cells migrate, proliferate, or differentiate in vivo [38, 160–163]. Early in vitro
studies on migration and invasion have been conducted in scratch wound-healing assays [164].
Yet, these platforms are limited since they fail to reproduce the three-dimensional architecture of a
living tissue and have a high degree of variability in their results [165, 166]. To circumvent these
issues, three-dimensional experiments have emerged in the past decades [167–178]. The Boyden
assay, an early example of these three-dimensional experiments, is the benchmark technique to as-
sess cancer cells invasion and migration [167]. However, this approach has two main limitations.
First, since it relies on external membranes to separate non migrating cells from those that migrated
through such membranes, pore size of the membrane is a critical factor that directly impacts on
the number of migrating cells [179]. Additionally, since the membrane is made from artificial ma-
terials, the biological relevance of the migration results is limited [179, 180]. Second, it requires
a chemical gradient to stimulate cell migration, which reduces the duration of the experiment due
to the inherent difficulties in controlling the gradient resulting from the spatial configuration of
the assay [165, 180]. Current strategies to study the invasion and migration patterns of cancer
cells include the seeding of either single cells or aggregates (such as spheroids) in a hydrogel ma-
trix, which can be made of alginate [181], matrigel [170], metacrylated gelatin (GelMa) [182],
poly(ethylene-glycol) [156, 183], or solubilized type I collagen [169, 174, 175, 184, 185]. From
these, solubilized type I collagen is the most common material for preparing hydrogels. There are
different reasons for this. First, collagen is a natural component of the great majority of tissues in
a living organism, making it an excellent biocompatible material for generating scaffolds. Second,
it is preferred over matrigel or comparable basal membrane-based matrices because metastatic
events occur in the stromal layers of tissues, where type I collagen predominates. Alginate lacks
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the biomimetic characteristics of collagen-based hydrogels, despite the fact that it can be useful
for different biomedical applications [186]. Finally, contrary to GelMa, type I collagen hydrogels
do not require external crosslinkers or catalysts that can potentially alter the biological response
of cells. In the case of experiments involving type I collagen hydrogels and spheroids, samples
can be mixed with an unpolymerized matrix solution and then deposited on top of a previously
polymerized matrix layer or can also be suspended entirely inside a matrix without any underlying
bed. From these strategies, cell migration can be potentially detected in every direction, as has
been demonstrated by several studies [168–171, 173–178]. Nevertheless, information regarding
the mechanical and ultrastructural characterization of the hydrogels, as well as their role in the
observed results, is either absent or poorly reported, since these articles mainly focus on analyzing
cell response to either biochemical signals or their interaction with other cell populations (usu-
ally from the tumor stroma). This is a major issue since it has been demonstrated, both in vivo
and in vitro, that the mechanical environment affects the biological behavior of individual cells
[60, 61, 187, 188].

Mechanical characterization of a material can be performed using different techniques depending
on its nature and the aim of the research. In the case of type I collagen hydrogels, oscillatory
rheometry is one of the most commonly used approaches to describe their overall mechanical be-
havior due to the fact that hydrogels, as well as most soft biological tissues, exhibit viscoelastic
properties [156, 189–191]. This technique applies a fixed small amplitude sinusoidal deformation
(with a prefixed frequency ω) to the hydrogel over a given time. From this measurement, the com-
plex modulus G∗(ω) = G′ + iG′′ can be determined, where G’ and G” are called the storage and
loss moduli, respectively [192]. The former is related to the strain energy stored during a defor-
mation cycle and can be interpreted as the resistance of the hydrogel to deformation. Conversely,
the latter is associated with the energy dissipated during the same cycle and can be interpreted
as the resistance of the hydrogel to revert to its original configuration after deformation. Surface
mechanical properties of a hydrogel can be determined by atomic force microscopy (AFM) [193].
This technique allows the characterization of the stiffness (expressed, for instance, in terms of the
Young’s modulus) of the surface of hydrogels under liquid physiological environments with nano-
metric resolution [193]. This, combined with information of the fiber morphology obtained with
Scanning Electron Microscopy (SEM), provides valuable data about the mechanical landscape at
the surface of a hydrogel.

As explained above, mechanical interactions between cells and their microenvironment play an
important role in determining cell fate, a particularly relevant event in pathological scenarios, such
as cancer and metastasis. Indeed, from a mechanical point of view, metastatic cells must circum-
vent the different mechanical barriers imposed by foreign tissues in order to succesfully invade
and colonize them. These barriers can be characterized by both the stiffness and the architecture
of the network formed by thr structural proteins present in the native and host (or foreign) tissues.
It was also explained that type I collagen is the main structural protein in the human body due to
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its ubiquity. Therefore, in vitro models using this protein can be ideal to study cell migration.

In this chapter, variations in the mechanical properties of the hydrogels and in their structure are
shown to modulate cell migration patterns of colorectal cancer cells. For this, three sets of exper-
iments were designed (descriptions available in Sections 2.5.1, 2.5.2, and 2.5.3 of Chapter 2). In
each of these experiments, two variables were measured. The first one, corresponded to the area
of the spheroid, whereas the second variable was the area invaded by the cells. Figure 3-1 shows a
schematic representation of the experimental setup as well as the measured parameters.

Figure 3-1: Schematic representation of the variables measured in this chapter.
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3.2. Results

3.2.1. Gelation temperature increases up to two orders of magnitude
the overall stiffness of a hydrogel with a fixed concentration

Figure 3-2 shows representative images of the storage (G′(ω)) and loss ((G′′(ω))) moduli of the
tested hydrogels (0.8, 1.5, and 3.0 mg/mL, columns) polymerized at 37°C and following the two-
stage temperature procedure. For visualization purposes, only the first 100 minutes of the mea-
surements are presented. Based on the Figure 3-2, the rheological behavior can be split into three
distinguishable zones; namely a liquid phase, a gelation transition, and a stable polymerized state.
In the first zone, both storage and loss moduli had an erratic behavior, indicating that the solution
was still in a liquid state and the viscous part of the material was predominant. During the tran-
sition period, both moduli in all hydrogels had a rapid and steep increase in their values, which
highlights that the solution started to polymerize. Interestingly, the speed of the gelation increased
with the collagen concentration. Lastly, in the third zone, the solution finished polymerizing and
a stabilization of the inner structure of the hydrogels occurred, which reflects on the stabilization
of the values of the moduli. In the samples polymerized at 37°C, the moduli stabilized right after
the gelation period ended. In those polymerized following the two-stage scheme, the values had
a stable plateau that started after the gelation period and ended until the temperature was elevated
to 37°C. During this increase, both moduli suffered a transient and unstable increase in their val-
ues. Interestingly, once the temperature reached 37°C, their final values were very similar to those
obtained prior to the temperature increase.
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Figure 3-2: Representative examples of the rheological behavior of the six tested hydrogels (de-
fined in section 2.4 of chapter 2). In all cases, the temperature scheme is represented
by the green dotted line.

Values for the storage modulus (G’) and loss modulus (G”) of all hydrogels are given in Table 3-1.
When analyzing the values under a fixed polymerization scheme, we observed that the stiffness
of the hydrogels increased with the collagen concentration, despite the chosen gelation protocol.
When the collagen concentration was fixed, we noticed that the temperature had a marked effect on
the stiffness of the hydrogels. As seen in Table 3-1, the greatest values of both moduli were always
obtained in the samples polymerized following the two-stage scheme. In addition, we observed
that the storage (G’(ω)) modulus for a hydrogel with a collagen concentration of 0.8 mg/mL and
polymerized following the two-stage scheme was approximately two orders of magnitude higher
than the corresponding value for the same collagen concentration hydrogel polymerized at 37°C.
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This trend was maintained in the rest of the tested concentrations. Nonetheless, the differences de-
creased as the collagen content increased. Thus, for hydrogels with a concentration of 1.5 mg/mL,
the difference in magnitude was approximately seven-fold, whereas for those with a concentration
of 3.0 mg/mL, the difference was approximately three-fold.

Table 3-1.: Mechanical properties of the six types of hidrogels.
Rheological measurements of the hydrogels AFM measurements of the hydrogels

Concentration
(mg/mL)

Polymerization
Temperature scheme

Mean
Storage Modulus, G’

(SD), Pa

Mean
Loss Modulus, G”

(SD), Pa
Mean Young’s Modulus (SD), Pa

37 1.7 (0.5) 1.2 (0.8) 161.6 (45.5)
0.8

Two-stage 107.5 (60.1) 9.4 (5.0) 310.1 (106.9)
37 26.5 (2.1) 5.5 (0.0) 916.2 (298.8)

1.5
Two-stage 190.0 (127.3) 15.6 (6.9) 1123.0 (880.0)

37 103.3 (70.7) 16.7 (13.0) 1230.0 (572.1)
3.0

Two-stage 460.0 (99.0) 44.1 (0.6) 2026.0 (765.7)

3.2.2. Surface stiffness of hydrogels is modified by the gelation
temperature

Table 3-1 shows the mean Young’s moduli for the different tested hydrogels. As expected, As
expected, under a fixed polymerization temperature, collagen concentration significantly affected
the stiffness of the hydrogels (p-value < 0.0001 for all cases). Indeed, hydrogels with low collagen
concentration (0.8 mg/mL) had the lowest Young’s moduli values (100 Pa for those polymerized at
37°C and 310 Pa for those polymerized following the two-stage scheme) while those with the high-
est collagen content (3.0 mg/mL) had the greatest values (1230 Pa for the ones polymerized at 37°C
and 2026 Pa for the hydrogels polymerized following the two-stage scheme). For the hydrogels
with intermediate concentration (1.5 mg/mL), Young’s moduli values were in between the ones
for the other concentrations (916 Pa for the polymerization at 37°C and 1123 Pa for the two-stage
scheme). In addition, under a fixed collagen concentration, the surface of hydrogels polymerized
following the two stage-scheme were stiffer than that of samples polymerized directly at 37°C.
Nevertheless, the obtained values for the former condition had a higher variability compared to the
samples polymerized at 37°C. This suggests that the surface of the hydrogels polymerized under
the two-stage scheme might have a higher heterogeneity (in terms of stiffness) than that of the
hydrogels polymerized at 37°C.



3.2 Results 39

3.2.3. Fiber morphology changes in different zones of a hydrogel

3.2.3.1. Hydrogel surface

The upper part of Figure 3-3 shows representative images of the surface of the tested hydrogels
at 750 magnifications. Qualitative evaluation of the morphology of the surface of the hydrogels
revealed that collagen fiber arrangement seemed to evolve from a loosely and spider web-like lay-
out, present in the 0.8 mg/mL hydrogels, to a more organized and tight structure, with increasing
fiber bundling in hydrogels with higher content of collagen, such as that observed in the 1.5 and
3.0 mg/mL samples. This behavior repeated in both polymerization schemes (directly at 37°C or
following the two-stage temperature), albeit with remarkable differences in the 3.0 mg/mL hydro-
gel. Indeed, fibers appeared more bundled in the two-stage temperature scheme than in the case
polymerized directly at 37°C.

Results for quantitative analysis of fiber morphology for both the surface and inner zones of the
hydrogels are presented in Figure 3-4. Data for the mean fiber thickness, pore size, and porosity of
the hydrogels (± SD) for all the tested conditions measured at 750x magnifications are given as bar
charts. With respect to the fiber thickness at the surface of the hydrogels (solid bars in Figure 3-4),
we observed that, in both polymerization schemes, fibers seemed to decrease their thickness in the
hydrogels with low (0.8 mg/mL) to intermediate (1.5 mg/mL) concentrations, which agrees with
previous observations found in the literature [194]. In addition, we found that the polymerization
scheme also influences the thickness of the fibers. Indeed, hydrogels polymerized following the
two-stage scheme (brown solid lines) had, in general, thicker fibers than those polymerized directly
at 37°C (green solid lines). In contrast, we noted that the hydrogels exhibited similar behavior in
terms of porosity regardless of the chosen polymerization scheme. This suggests that the gelation
temperature does not influence these parameters at the surface of a hydrogel.
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Figure 3-3: SEM images of the collagen fiber network present in the surface and inner zones of the
six tested hydrogels (defined in section 2.4 of Chapter 2). PI, hydrogels polymerized
at 37°C. PA, hydrogels polymerized following the two-stage scheme.
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3.2.3.2. Hydrogels inner structure

Representative images of the collagen distribution in the inner zones of the hydrogels are presented
at the bottom of Figure 3-3. As seen, fiber networks seemingly did not follow the same trend as the
one observed at the surface of the hydrogels when the collagen content was increased. However,
in all images, fibers seemed to have a specific orientation. Regarding fiber thickness in the inner
zones of the hydrogels (Figure 3-4), we observed that, in general, inner fibers were thicker than
those at the surface of the hydrogels. This trend was also enhanced by the polymerization scheme.
Indeed, the inner fibers of the samples polymerized at 37°C (green striped bars in Figure 3-4)
were also thicker than those of the hydrogels polymerized following the two-stage scheme (brown
striped bars in Figure 3-4).

Figure 3-4 shows the quantitative analysis of the morphology of the collagen fibers. Results for the
mean (± SD) fiber thickness, pore size, and porosity of the hydrogels, for all the tested conditions
measured at 750 magnifications, are given as bar charts. Data are grouped by the final collagen
concentration. Summarizing the results in Figure 3-4, hydrogels polymerized directly at 37°C
had, in general, shorter and thinner fibers than those polymerized following the two-stage scheme.
Regarding pore morphology, the latter hydrogels had larger pores, but were, in general, less porous
than the ones polymerized at 37°C.
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(a) Fiber thickness

(b) Hydrogel porosity

Figure 3-4: Quantitative analysis of the morphological structure of the collagen fiber network
present in the surface of the six tested hydrogels (defined in section 2.4 of Chapter
2). (a). Fiber thickness. (b). Hydrogel porosity. Plain bars: Measured parameters at
the surface of the hydrogels. Striped bars: Measured parameters at the inner zones of
the hydrogels.
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3.2.4. HCT-116 and HT-29 migration patterns are modulated by a
combination of the ultrastructure of the hydrogels and their
stiffness

3.2.4.1. Single spheroids seeded on top of a hydrogel (unconstrained 2D
experiment)

Figure 3-5a (left panel) shows the migration patterns of HCT-116 spheroids placed on top of pre-
viously polymerized hydrogels and surrounded by culture medium.

(a) HCT-116 (b) HT-29

Figure 3-5: Migration patterns obtained for HCT-116 and HT-29 spheroids in the Unconstrained
2D, Constrained 2D, and fully embedded experiments. The time at which the im-
ages were taken was 72 hours after the start of the experiments. The top panel de-
picts graphic representations of the mentioned cell-related experiments (created with
biorender). Scale bar: 100 µm. PA: polymerization following the two-stage scheme.
PI: polymerization at 37°C.
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In this experiment, cells migrated at the surface of the hydrogel in a predominantly collective fash-
ion (with negligible cell clusters), regardless of the final collagen concentration or polymerization
scheme (Figure 3-6). Furthermore, migration was not radially homogeneous but exhibited prefer-
ential directions, suggesting that the local distribution of the collagen fibers might promote these
anisotropic migration patterns by increasing the local stiffness of the surface of the hydrogels.
This was particularly evident in the cases in which the hydrogels were polymerized following the
two-stage scheme.

Figure 3-6: Time evolution of the migration patterns for the HCT-116 spheroids in the uncon-
strained 2D experiment. Scale bar: 100 µm. PA: polymerization following the two-
stage scheme. PI: polymerization at 37°C.
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In turn, when HT-29 cells were seeded on top of a previously polymerized layer of hydrogel (left
panel of Figure 3-5b), cell migration seemingly occurred in a combination of both collective and
individual patterns. However, as in the case for HCT-116 spheroids, cells migrated in-plane and
did not exhibit a radially homogeneous distribution (Figure 3-7).

Figure 3-7: Time evolution of the migration patterns for the HT-29 spheroids in the unconstrained
2D experiment. Scale bar: 100 µm. PA: polymerization following the two-stage
scheme. PI: polymerization at 37°C.

Quantitative analyses of the HCT-116 spheroid size and invaded area (schematic representations
of the measurements are depicted in Figure 3-1) of the experiment described in this section are
shown in Figure 3-8 and Table 3-2. Recalling Section 2.5, in the first two columns of Table 3-2,
we calculated the percentage differences of either the spheroid size or invaded area between the
two different polymerization schemes of a given collagen concentration in every time point of the
experiment. In the calculations, the reference was always the parameter (spheroid size or invaded
area) in the two-stage scheme. As an illustrative example, the following equation calculates the
percentage difference of the spheroid area between the two polymerization schemes for a collagen
concentration of 0.8 mg/mL at 24 hours:

−11.6% =
AreaPA,24h − AreaPI,24h

AreaPA,24h+AreaPI,24h

2

∗ 100 (3-1)

where “AreaPA,24h” indicates the mean area of the spheroids polymerized following the two-
stage scheme calculated at 24 hours, and “AreaPI,24h” indicates the mean area of the spheroids
polymerized at 37°C calculated at 24 hours. Similar calculations were performed for the other two
columns in Table 3-2, as well as for the other results presented in this chapter. According to our
results, under a fixed collagen concentration, the polymerization scheme seemed to influence the
size of the spheroids in a concentration-dependent manner, particularly for the low-concentration
hydrogels (Appendix Table A-1).
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As such, for the spheroids seeded on top of hydrogels with a collagen concentration of 0.8 mg/mL,
the percent differences in area were 23.9% (Table 3-2) at the end of the experiment, followed by
samples seeded on top of hydrogels of 1.5 mg/mL (4.0%, Table 3-2) and 3.0 mg/mL (4.0%, Table
3-2). For the other time points, we also found similar trends (Table 3-2). In turn, within the same
polymerization scheme, spheroids had similar size in all three tested concentrations (Appendix
Table A-2). Finally, in all cases, the growth trends for both spheroid and invaded area were linear.

Figure 3-8: Time evolution of HCT-116 spheroid and invaded area growth of the unconstrained
2D experiment. Time scale: hours. Area scale: µm2. Continuous lines: Spheroid
areas. Dashed lines: Invaded areas. The gray color (in both solid and continuous
lines) represents either the spheroid or invaded area evolution for the rest of the 5 non-
highlighted experiments.

For the HT-29 spheroids, under a fixed collagen concentration of 3.0 mg/mL, the polymerization
scheme did not have a significant influence on the spheroid size (Figure 3-9). Indeed, by the end
of the experiment, the percent differences in area were approximately 4.6% (Table 3-2), agreeing
with the observed trend for the HCT-116 spheroids at the same concentration. However, in con-
trast to the HCT-116 cell line, HT-29 spheroids seeded on top of hydrogels polymerized at 37°C
were smaller than those seeded on top of hydrogels polymerized following the two-stage scheme
(Appendix Table A-5).
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Figure 3-9: Time evolution of HT-29 spheroid and invaded area growth of the unconstrained 2D
experiment. Time scale: hours. Area scale: µm2. Continuous lines: Spheroid areas.
Dashed lines: Invaded areas. The gray color (in both solid and continuous lines) rep-
resents either the spheroid or invaded area evolution for the rest of the non-highlighted
experiments.

As for the invaded area, our results showed that the invaded area of HCT-116 spheroids (orange
lines in Figure 3-8) increased with the collagen concentration (Appendix Table A-3). When the
collagen concentration was fixed, cell invasion in the hydrogels polymerized at 37°C was greater
than that in the hydrogels polymerized following the two-stage scheme (Table 3-2 and Appendix
Table A-2). This was especially true for the hydrogels with low collagen concentration, where the
percent differences were up to 15.2% by the end of the experiment. For the other concentrations,
the percent difference in the invaded area decreased to 4.6% for the hydrogels of 1.5 mg/mL and
1.2% for those with a concentration of 3.0 mg/mL (Table 3-2). In the case of HT-29 spheroids
(orange lines in Figure 3-9), under a fixed collagen concentration of 3.0 mg/mL, the invaded area
was greater in the hydrogels polymerized following the two-stage scheme than in their counterpart
at 37°C (18.3%, Table 3-2), which differed from the exhibited behavior of the HCT-116 spheroids
seeded in the same condition. However, this increase was not statistically significant (Appendix
Table A-3).
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Table 3-2.: Percentage differences of HCT-116 and HT-29 spheroid size and invaded area between
the two polymerization schemes, calculated as explained in Chapter 2. Data for the
unconstrained 2D experiment. The negative sign indicates that the parameter corre-
sponding to the polymerization at 37°C decreased with respect to the same parameter
but corresponding to the two-stage scheme. In the case of spheroid to invaded area, the
negative sign indicates that the invaded area was smaller than that of the spheroid.

Cell line Time (h) Concentration (mg/mL) Percentage difference of
spheroid area at time t (%)

Percentage difference of
invaded area at time t (%)

Spheroid to invaded area percentage
difference at time t (%).
Polymerization: 37°C

Spheroid to invaded area percentage
difference at time t (%).
Polymerization: Two-stage

HCT-116

24
0.8

-11.6 -18.4 -14.7 -7.9
48 -23.6 2.2 40.4 15.1
72 -23.9 15.2 61.9 24.5

24
1.5

-9.3 -8.1 -0.6 -1.7
48 -5.8 1.7 39.3 32.0
72 -4.0 4.6 50.3 42.2

24
3.0

-3.0 -3.6 -1.2 -0.6
48 -3.7 4.9 41.5 33.2
72 -4.0 1.2 60.1 55.3

HT-29
24

3.0
-27.6 43.8 -151.7 -175.0

48 -22.6 -16.8 -127.4 -130.8
72 -23.0 -18.8 -128.2 -130.6

Lastly, regarding the spheroid to invaded area ratio, we observed that, despite the concentration or
the polymerization scheme, the invaded area of HCT-116 spheroids was always greater than the
spheroid area in all cases (Table 3-2). This indicates that, for this particular configuration, migrat-
ing cells occupied a larger area than that of the main mass. This observation may be explained by
the fact that spheroid cells are allowed to migrate freely along the surface of a hydrogel since they
do not have mechanical constraints to restrict in-plane movement. In stark contrast, the invaded
area by the HT-29 spheroid cells was smaller than the area of the spheroids (Table 3-2).

3.2.4.2. Single spheroids seeded on top of a hydrogel, but surrounded by another
layer of hydrogel (constrained 2D experiment)

Figure 3-5a (central panel) shows representative examples of the migration patterns in HCT-116
spheroids “sandwiched” inside the tested hydrogels. We noticed that cells migrated from the main
mass and always remained at the interface between the two hydrogel layers in a radial pattern. In
addition, an individual cell migration pattern was present in hydrogels with low (0.8 mg/mL) and
intermediate (1.5 mg/mL) collagen concentrations.
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In both cases, individual cell clusters disseminated radially around the main tumor mass, increas-
ing the occupied area inside the collagen matrix. This behavior started around the first day after
seeding (central panel in Figure 3-1 and Figure 3-10) and continued throughout the duration of
the experiment, suggesting that in these concentrations, cells tended to migrate individually. Con-
versely, in hydrogels with high collagen concentrations (3.0 mg/mL), there was no cell spreading
around the spheroids, leaving a well-encapsulated tumor mass throughout the duration of the ex-
periment.

Figure 3-10: Time evolution of the migration patterns for the HCT-116 spheroids in the uncon-
strained 2D experiment. Scale bar: 100 µm. PA: polymerization following the two-
stage scheme. PI: polymerization at 37°C.
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For the HT-29 spheroids (central panel in Figure 3-5b and Figure 3-11), cells did not migrate in
either of the polymerization schemes used. However, they did try to detach from the main mass,
generating the small protrusions seen in Figure 3-11. This behavior contrasted with the HCT-116
spheroids under the same collagen concentration (3.0 mg/mL).

Figure 3-11: Time evolution of the migration patterns for the HT-29 spheroids in the unconstrained
2D experiment. Scale bar: 100 µm. PA: polymerization following the two-stage
scheme. PI: polymerization at 37°C.

Regarding the HCT-116 mean spheroid area (blue lines in Figure 3-12), we observed that, as in
the unconstrained experiment, it was also dependent on the collagen concentration and the poly-
merization scheme. Indeed, in hydrogels polymerized following the two-stage scheme, spheroids
decreased in area as the collagen content increased and had the opposite behavior in samples poly-
merized at 37°C (Table A-4).
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Figure 3-12: Time evolution of HCT-116 spheroid and invaded area growth for the constrained
2D experiment. Time scale: hours. Area scale: µm2. Continuous lines: Spheroid
areas. Dashed lines: Invaded areas. The gray color (in both solid and continuous
lines) represents either the spheroid or invaded area evolution for the rest of the 5
non-highlighted experiments.

Instead, when the concentration was fixed and the polymerization scheme was changed, the spheroid
area had variable behavior. For hydrogels with low and intermediate collagen concentrations (re-
spectively, 0.8 and 1.5 mg/mL), spheroids “sandwiched” between layers polymerized at 37°C were
smaller than the ones in between hydrogels polymerized following the two-stage scheme (see Ta-
ble 3-3 and Appendix Table A-5). In contrast, spheroids between hydrogels of high collagen
concentration (3.0 mg/mL) and polymerized at 37°C were bigger, although not statistically signifi-
cant (Table 3-3 and Appendix Table A-5). Nevertheless, despite this heterogeneity, the differences
in area decreased with the collagen concentration, as in the previously described unconstrained
experiment.
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Table 3-3.: Percentage differences of HCT-116 and HT-29 spheroid size and invaded area be-
tween the two polymerization schemes, calculated as explained in Chapter 2. Data
for the constrained 2D experiment. The negative sign indicates that the parameter cor-
responding to the polymerization at 37°C decreased with respect to the same parameter
but corresponding to the two-stage scheme. In the case of spheroid to invaded area, the
negative sign indicates that the invaded area was smaller than that of the spheroid. In-
determinate values were set to zero and were subsequently identified by a “*” symbol.

Cell line Time (h) Concentration (mg/mL) Percentage difference of
spheroid area at time t (%)

Percentage difference of
invaded area at time t (%)

Spheroid to invaded area percentage
difference at time t (%).
Polymerization: 37°C

Spheroid to invaded area percentage
difference at time t (%).
Polymerization: Two-stage

HCT-116

0

0.8

-30.2 0* -200.0 -200.0
24 -46.0 -100.4 -105.5 -68.4
48 -41.7 -127.8 -124.0 -57.4
72 -35.9 -149.2 -136.1 -60.3
0

1.5

3.6 0* -200.0 -200.0
24 0.7 -15.5 -106.5 -94.4
48 -12.8 14.0 -91.5 -111.4
72 -17.4 12.2 -103.5 -123.5
0

3.0

1.4 0* -200.0 -200.0
24 7.0 0* -200.0 -200.0
48 11.1 0* -200.0 -200.0
72 7.8 0* -200.0 -200.0

HT-29

0

3.0

-28.3 0* -200.0 -200.0
24 -20.6 47.2 -176.0 -187.4
48 -13.1 47.9 -160.4 -178.9
72 -7.7 53.7 -159.7 -176.6

When analyzing the effects of the polymerization scheme on the HT-29 spheroids with a fixed
collagen concentration of 3.0 mg/mL (blue lines in Figure 3-13), we noticed that the spheroids
seeded between two layers of hydrogels polymerized at 37°C were smaller than their counterparts
polymerized following the two-stage scheme, with a percent difference of approximately 7.7% by
the end of the experiment (Table 3-3), albeit with no statistical relevance (Appendix Table A-5).
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Figure 3-13: Time evolution of HT-29 spheroid and invaded area growth for the constrained 2D
experiment. Time scale: hours. Area scale: µm2. Continuous lines: Spheroid ar-
eas. Dashed lines: Invaded areas. The gray color (in both solid and continuous
lines) represents either the spheroid or invaded area evolution for the rest of the non-
highlighted experiments.

With respect to the invaded area of HCT-116 cells (orange lines in Figure 3-12), we found that,
under a fixed polymerization scheme, the invaded area decreased as the collagen content in the hy-
drogels increased (Appendix Table A-4). When the collagen concentration was fixed, the biggest
differences were found in the low concentration (0.8 mg/mL) hydrogels (Table 3-3 and Appendix
Table A-6). In fact, at every time point (starting at 24 hours), the percent differences revealed that
the spheroids “sandwiched” in hydrogels polymerized following the two-stage scheme invaded an
area at least 100% larger than their counterparts in the hydrogels polymerized directly at 37°C
(Table 3-3). This phenomenon was also present, albeit on a smaller scale, in the intermediate
concentration (1.5 mg/mL) hydrogels (Appendix Table 3-3). In contrast, for the spheroids “sand-
wiched” between hydrogels of high collagen concentration (3.0 mg/mL), there were no differences
in the invaded area since, as we described above, cells did not migrate from the spheroids in ei-
ther of the polymerization schemes. For the HT-29 spheroids (orange lines in Figure 3-13), the
invaded area was larger in the cases where the hydrogels were polymerized at 37°C (Table 3-3).
Furthermore, this result was also significant, as seen in Appendix Table A-6.
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3.2.4.3. Fully suspended single spheroids inside a hydrogel (fully embedded
experiment)

Figure 3-5a (right panel) shows representative examples of the temporal evolution of the spheroids
fully suspended inside the tested hydrogels. In all cases, there were no cells migrating from the
main mass at the end of the experiment. This trend was maintained throughout the duration of the
experiment (Figure 3-14).

(a) HCT-116 (b) HT-29

Figure 3-14: Time evolution of the migration patterns for the HCT-116 and HT-29 spheroids in
the fully embedded experiments. Scale bar: 100 µm. PA: polymerization following
the two-stage scheme. PI: polymerization at 37°C.

With respect to the HCT-116 spheroid area (blue lines in Figure 3-15), we observed that, under a
fixed polymerization scheme, spheroids tended to decrease in area as the collagen concentration in
the hydrogels increased (Appendix Table A-7). However, for the cases of spheroids embedded in
hydrogels polymerized following the two-stage scheme, the results were not statistically significant
(Appendix Table A-7). In turn, when the collagen concentration was fixed, the spheroids embedded
inside hydrogels polymerized at 37°C were bigger than their counterparts embedded in hydrogels
polymerized following the two-stage scheme (see Table 3-4 and A-8).
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By the end of the experiment, the largest percent differences (21.9%) were again present in the
hydrogels with low collagen concentration (0.8 mg/mL), followed by those with a concentration
of 3.0 mg/mL (10.9%), and, finally, those with a concentration of 1.5 mg/mL (9.8%).

Figure 3-15: Time evolution of HCT-116 spheroid and invaded area growth for the fully embedded
experiment. Time scale: hours. Area scale: µm2. Continuous lines: Spheroid areas.
Dashed lines: Invaded areas. The gray color (in both solid and continuous lines)
represents either the spheroid or invaded area evolution for the rest of the 5 non
highlighted experiments.

In contrast, for the HT-29 spheroids (Figure 3-16 and Table 3-4), the spheroids embedded inside
hydrogels polymerized at 37°C were smaller than their counterparts embedded in hydrogels poly-
merized following the two-stage scheme by approximately 11.4% at the end of the experiment.
Nevertheless, the differences in area were not statistically relevant (Appendix Table A-8).
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Figure 3-16: Time evolution of HCT-116 spheroid and invaded area growth for the fully embedded
experiment. Time scale: hours. Area scale: µm2. Continuous lines: Spheroid areas.
Dashed lines: Invaded areas. The gray color (in both solid and continuous lines)
represents either the spheroid or invaded area evolution for the rest of the 5 non
highlighted experiments.

Finally, the lack of invading cells in either HCT-116 or HT-29 spheroids (orange lines in Figures
3-15 and 3-16) in any of the tested scenarios suggests that the increased pore size and porosity of
the inner zones of the hydrogels, compared to the surface of the hydrogels, prevents cell migration
of the HCT cells.
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Table 3-4.: Percentage differences of HCT-116 and HT-29 spheroid size and invaded area be-
tween the two polymerization schemes, calculated as explained in Chapter 2. Data
for the fully embedded experiment. The negative sign indicates that the parameter cor-
responding to the polymerization at 37°C decreased with respect to the same parameter
but corresponding to the two-stage scheme. In the case of spheroid to invaded area, the
negative sign indicates that the invaded area was smaller than that of the spheroid.

Cell line Time (h) Concentration (mg/mL) Percentage difference of
spheroid area at time t (%)

Percentage difference of
invaded area at time t (%)

Spheroid to invaded area percentage
difference at time t (%).
Polymerization: 37°C

Spheroid to invaded area percentage
difference at time t (%).
Polymerization: Two-stage

HCT-116

0

0.8

-5.4 0* -200.0 -200.0
24 13.8 0* -200.0 -200.0
48 18.3 0* -200.0 -200.0
72 21.9 0* -200.0 -200.0

0

1.5

15.3 0* -200.0 -200.0
24 24.2 0* -200.0 -200.0
48 13.1 0* -200.0 -200.0
72 9.8 0* -200.0 -200.0

0

3.0

10.7 0* -200.0 -200.0
24 -4.6 0* -200.0 -200.0
48 4.4 0* -200.0 -200.0
72 10.9 0* -200.0 -200.0

HT-29

0

3.0

-5.4 0* -200.0 -200.0
24 -7.4 0* -200.0 -200.0
48 3.7 0* -200.0 -200.0
72 11.4 0* -200.0 -200.0

3.3. Discussion

In the last decade, in vitro studies have demonstrated the importance of mechanical interactions
between cells and their surrounding microenvironment in understanding cancer progression. How-
ever, most of these studies undermine the importance of the effect of the fabrication parameters of
the scaffolds (usually made of type I collagen hydrogels) on the mechanobiological response of
cells. In this study, we used pure type I collagen hydrogels fabricated with different concentrations
and polymerization procedures as a model to understand the influence of their mechanical prop-
erties (measured by rheometry and AFM) and ultrastructural organization (measured by SEM) on
the migration patterns of HCT-116 cells organized in multicellular spheroids.

In vitro studies have also demonstrated that the mechanical properties and the ultrastructure of
different scaffolds, such as those made of type I collagen, can be modified by altering the final
collagen content and the gelation temperature [195]. For example, Yang et al. reported that the
mechanical properties of hydrogels polymerized following a two-stage procedure (first left at 22°C
for a given amount of time and then transferred to 37°C) were between those obtained for samples
polymerized at constant temperatures of 22°C and 37°C [196]. Similar results were obtained by
Holder et al. despite using different polymerization temperatures and times [195].
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Finally, Seo et al. [162] demonstrate that collagen fiber thickness and pore size can be controlled
by adjusting the gelation temperature and that these parameters can lead to profound changes in
the contractility and differentiation of adipose stromal cells (ASCs) into myofibroblasts. We have
observed that both storage and loss moduli increased and stabilized once the gelation period fin-
ished, similar to previous studies [194, 196–198]. In addition, the value of the storage modulus of
the polymerized hydrogels, regardless of the polymerization procedure, increased at higher colla-
gen concentrations. This behavior has been reported before and has been attributed to the content
of the protein [131, 189, 198, 199], since the increasing collagen concentration in the hydrogels
results in a rise of available fibers that form a denser and, therefore, stiffer network. Furthermore,
the values of the storage and loss moduli (Table 3-1) after polymerization at 37°C were of the same
order of magnitude as those of other hydrogels with analogous collagen contents [189–191, 200].

For instance, Yang et al. [189] reported that the storage modulus of a 1.5 mg/mL hydrogel poly-
merized at 37°C was approximately 13.14 Pa, whereas the reported value herein (for the same
collagen concentration and polymerization temperature) was approximately 28 Pa. Piechocka et
al. [191] using type I collagen with telopeptides reported a G’ value for hydrogels with a collagen
concentration of 3.0 mg/mL (polymerized at 37°C) of nearly 100 Pa, whereas the G’ value re-
ported in this document for this hydrogel and polymerization temperature was approximately 103
Pa. Last, Yang et al. [196] show the rheological behavior of a 4.0 mg/mL hydrogel polymerized
following a two-stage temperature scheme similar to the one used in this manuscript, with a stable
G’ value lower than the obtained value for a collagen of 3.0 mg/mL here but in the same order of
magnitude.

In turn, the effect of the polymerization temperature on the moduli values, with a fixed collagen
concentration, indicates that the temperature at which the hydrogels initiate their polymerization
is critical for their final stiffness, as described [195]. Indeed, high polymerization temperatures ac-
celerate the formation of the collagen fiber network, yielding less organized structures with small
pore sizes that ultimately alter the mechanical properties of the samples [131, 196]. In our case,
samples subjected to an initial annealing at 20°C for 1 hour followed by a second annealing at
37°C (total annealing time was 24 hours) reached higher storage and loss moduli values than those
directly annealed at 37°C.

With respect to the surface Young’s modulus (Table 3-1), our results may also be explained in
a similar manner to the rheological behavior. Indeed, the number of fibers present at the sur-
face is also expected to increase with the collagen concentration, thus raising the surface stiffness
of hydrogels. In addition, as discussed in the above paragraph, the effect of the polymerization
scheme on the surface stiffness of the hydrogels is related to the fiber network formation kinetics
[196]. Thus, we anticipated that the stiffness of the surface of the hydrogels polymerized follow-
ing the two-stage scheme would be higher than its counterpart in samples polymerized directly at
37°C. Lastly, results of the surface stiffness are within the range of experimental measurements
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performed by Brauchle et al. [163] on collagen-rich zones of both healthy colon and carcinoma
tissues. The authors report a mean Young’s modulus ranging from 0.9 to 4.4 kPa for colon car-
cinomas and a range of 0.5 to 1.0 kPa for healthy tissue. Data for our hydrogels are within an
approximate range of 0.2 to 2.0 kPa (Table 3-1), which, according to results from the authors, are
closer to healthy tissue. Our results also agree with those obtained by Pamplona et al. regarding
the stiffness of healthy colon tissue [201]. However, contrary to those authors, we did not require
to prepare a GelMA hydrogel to obtain stiffness similar to those of healthy tissue.

Comparison of the SEM data at the surface and inner zones of the hydrogels (Figure 3-4) showed
that collagen fibers were thicker at the inner zones of all hydrogels than at their surface. This
phenomenon suggests that inner fibers act as weight-bearing columns that support the collagenous
surface while maintaining the three-dimensional architecture of the hydrogels. Changes in colla-
gen fiber thickness depending on the location within the tissue have been previously reported in
vivo by Ushiki et al [202]. In their research, the authors found that collagen fibers were thicker in
the outer zones of peripheral nerves (epineurium) than in their inner zones (endoneurium). These
findings highlight the relationship between the function of the fiber within the tissue and its loca-
tion. Indeed, in the case of the nerves, the thicker collagen fibers serve as a protective agent against
tensile forces, whereas in the hydrogels, they serve as a support column, as explained above. Fur-
thermore, the thickness of the fibers at the inner zones of the hydrogels (Figure 3-4) had similar
values to those reported in previous reports [194, 198, 199, 203]. Regarding the observed fiber
orientation at the inner zones of the hydrogels, we believe this is likely an artifact generated by
the cut performed to visualize the interior of the hydrogels. Lastly, the differences in the fiber
distribution at the surface of the hydrogels (as a function of collagen concentration) agree with
previous findings in literature, which state that collagen ultrastructure can be modulated with the
polymerization temperature [194, 196]. Therefore, the results for this section corroborate that the
polymerization temperature has a direct impact on the fiber distribution at the surface of the hy-
drogels [131], which, in turn, would explain the variability in the stiffness of the surface.

Concerning cell-related experiments, the heterogeneity of the results suggests that the contribution
of the stiffness and ultrastructure of the hydrogels to the migration patterns varies depending on
the location of the spheroid in the hydrogel. Thus, for the unconstrained 2D experiment, (Figures
3-6, 3-7, 3-8, and 3-9) the local stiffness of the surface of the hydrogels may be the predominant
factor in determining the invaded area. Indeed, an increasingly stiff surface, as in the case for
HCT-116 and HT-29 spheroids, stimulates the detachment of cells from the tumor mass and their
subsequent invasion of the surrounding tissue (Figures 3-1 and 3-5), possibly by stimulating the
focal adhesion-clusters and cytoskeletal contractility of cells [60, 204]. This observation agrees
with previous findings [205].
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On the contrary, for the experiments where the spheroid was mixed with an unpolymerized hy-
drogel solution and then seeded on top of a previously polymerized layer of hydrogel (Figures
3-1, 3-5, 3-10 and 3-11), the predominant factor seems to be the overall stiffness of the layer sur-
rounding the spheroid. In fact, despite the previously polymerized layer of hydrogel, which, as we
stated above, provides an attractive surface for cell migration, the presence of an additional sur-
rounding layer of hydrogel (that polymerizes with the spheroid inside) generates a new constraint
that hinders cell movement, a result that agrees with the trends observed by Liu et al. [168]. This
constraint is directly related to the stiffness of the hydrogel as well as the fiber bundling when the
collagen concentration is increased. As a case in point, for samples with a collagen concentration
of 3.0 mg/mL, the constraint generated by the layer of hydrogel surrounding the hydrogel is pow-
erful enough to prevent cell migration in the HCT-116 spheroids and reduce the invaded area in
the HT-29 spheroids (Figure 3-5). Conversely, in the hydrogels with a collagen concentration of
3.0 mg/mL, although the constraint of the layer surrounding the spheroids also reduce the invaded
area (compared to the unconstrained 2D experiment), it does not completely avoid it (Figure 3-5).
Finally, the similarities between the values of the local and bulk mechanical properties of the hy-
drogels may explain the observed differences in the invaded area between the two polymerization
schemes. For instance, in the hydrogels with a collagen concentration of 0.8 mg/mL, the greatest
invaded area was achieved in the scaffolds polymerized following the two-stage scheme, where
the values for the Young’s and storage moduli were the closest (Table 3-1). These results high-
light the importance of measuring the local and mechanical properties of the samples, especially
in experiments involving constrained migration along an interface. Recently, Mao et al. devel-
oped an experimental model to study the role of the mechanics of interfacial microenvironments
in the migration of cancer cells [206]. Although the authors perform their study on functionalized
polydimethylsiloxane (PDMS) surfaces, a key difference from our study, they do highlight the
importance of the stiffness of the interface in cell migration. This agrees with our observations, es-
pecially for the constrained 2D experiment. Nevertheless, the observed in-plane migration for the
unconstrained and constrained 2D experiments may be explained by the orientation of the fibers
at the surface of the hydrogels. Indeed, at the surface of the hydrogels, fiber network collapses
forming a planar surface that ultimately favors cell migration along the plane [207]. Finally, the
complete absence of cell migration seen in the fully embedded experiments (Figures 3-5 and 3-14),
which agrees with the results shown by Dolznig et al. [169] and Ilina et al. [161], may be mainly
explained by the fact that, in the absence of planar surfaces inside the hydrogels, the forces exerted
by the cells on the surrounding matrix may not be strong enough to promote cell detachment from
the aggregates, either as a single entity or a multicellular body [61, 187]. This may be related to the
thickness of the fibers, as has been demonstrated by Mukherjee et al. [208]. Indeed, thin fibers do
not provide an adequate surface area to promote cell spreading and the creation of adhesion points,
resulting in impeded cell movement [208]. Furthermore, pore size may also influence the lack of
cell migration in the fully embedded experiments, since it has been shown that this parameter also
influences cell migration within a given matrix [209].
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On the other hand, the migration patterns shown in Figure 3-1 seem to be primarily regulated
by the boundary restrictions imposed on the spheroids. Therefore, in the unconstrained 2D ex-
periment, where a single collagen surface is in contact with the spheroid, HCT-116 cells migrate
preferentially in a collective manner (left panel of Figure 3-5a and Figure 3-6), which is a crucial
characteristic of epithelial cells [60, 187]. In the case of the HT-29 spheroids, cells tended to mi-
grate preferentially as small clusters that primarily remained close to the tumor mass (left panel of
Figure 3-5b and Figure 3-7). However, the conjoint proliferation of these clusters and their prox-
imity to the main mass results in the seemingly hybrid migratory patterns (cell sheets and clusters)
observed in Figure 3-5b. By contrast, in the constrained 2D experiment, HCT-116 cells (central
panel in Figure 3-5a) are forced to change their migration patterns (from collective to individual),
likely because they have to overcome the physical barrier imposed by the surrounding hydrogel
[60]. This observation also holds true for the HT-29 cells (central panel in Figure 3-5b), since cells
also shifted their migrating mode (from individual to collective).

On the contrary, in the hydrogels with a final collagen concentration of 3.0 mg/mL (the last two
rows of the middle column in Figure 4), HT-29 cells were able to invade their immediate vicinity
(in a collective manner) despite the mechanical barrier imposed by such a matrix, suggesting that
HT-29 cells have weaker intercellular unions compared to the HCT-116 ones, thus facilitating the
detachment from the main masses. However, the invaded area was very small compared to the size
of the spheroid (Table 3-3). Recently, Ilina et al. [161] observed uniform migration patterns for
MCF-7 breast cancer spheroids at the interface between a plastic surface and the collagen matrix,
with cells migrating on the plastic surface. In our results, migration occurred at the interface of
the collagen matrices and was not uniform, and the invaded area was not as large as that of MCF-7
spheroids. These dissimilarities in the invaded area may be explained by the fact that a plastic
surface has a higher stiffness and a more organized structure than a collagen surface.

In terms of the directionality of migrating cells, the observed anisotropy in the direction of mi-
grating cells, especially for the HCT-116 spheroids in the unconstrained 2D experiment, may be
explained by a combination of the variability in the local fiber thickness and orientation. Indeed,
these two parameters may explain the presence of the sharp planar invasion fronts seen in Fig-
ure 3-5 despite the radially distributed cell sheets surrounding the spheroids, since it has been
demonstrated that fiber thickness may alter the directionality and persistence of single cells [204].
Altogether, these findings highlight the importance of fiber morphology and distribution in the hy-
drogels for the migrating potential of colorectal cancer cells and are in accordance with previous
studies [48, 210]. Thus, the uninvaded biophysical microenvironment surrounding the tumor, ex-
pressed in terms of the stiffness and ultrastructure of the surrounding collagen fibers, may become
a potential target for new therapeutic strategies.
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Despite the evidence presented in this document regarding the modulating role of hydrogel me-
chanics on cell migration, there are several limitations that must be considered. First, during
rheological measurements, we did not completely reproduce the environmental conditions of the
hydrogels, especially those involved in cell experiments. For instance, we measured the rheolog-
ical properties of the hydrogels in the absence of CO2. However, cell-related experiments had
the gas present. The presence of CO2 may impact the overall mechanical stiffness since it is em-
ployed to maintain a physiological pH of 7.4 for appropriate cell culture. This is an important
issue because pH is a known regulating factor of the mechanical properties of a hydrogel [131].
Nevertheless, we have explored this issue by adding HEPES buffer to the hydrogel solution. This
substance is commonly used in cell culture since it maintains a stable physiological pH in envi-
ronments devoid of CO2. After adding this compound to the hydrogel solution and performing the
rheology, we found that there were not significant differences between the moduli values (results
not shown). In second place, the model only contemplates a single protein as the component of
the hydrogels. This also needs to be taken into consideration, since in vivo matrices are not only
comprised of type I collagen, and the presence of other molecules may also impact the migration
pattern of cells. In third place, we have performed our studies in a relatively small spectrum of
collagen concentrations (0.8, 1.5, and 3.0 mg/mL).

Although the stiffness of our hydrogels was comparable to that of collagen-rich zones of healthy
colon tissue [163], future studies in hydrogels with higher concentrations should be conducted to
evaluate spheroid cell migration in cancer-associated microenvironments. Another important fac-
tor that was not taken into consideration in this work is related to the effect of matrix remodeling.
As has been stated by Brauchle et al., colon cancer cells actively remodel their surrounding matrix
in order to generate stiffer and more attractive pathways to facilitate the invasion of healthy tissue
[163]. Finally, in this model, we did not apply external signals, such as chemoattractant gradients,
to stimulate cell migration. The presence of external signaling is also important for cell migra-
tion, since it has been demonstrated that in both physiological and pathological scenarios, such as
cancer, cells can be forced to migrate from their original location towards new zones due to these
external signals.



4. Mechanobiological behavior of CRC
spheroids under nutrient
preconditioning
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4.1. Introduction

Colorrectal cancer (CRC) is a leading cause of cancer-related mortality worldwide [7]. It is further
aggravated because it primarily metastasizes in the liver [211], and also because recurrence of
the malignancy is common even after surgery and neoadjuvant chemotherapy [212]. In order to
support their elevated proliferation rates and metabolism, colorectal cancer cells require a constant
supply of nutrients [213].

Glucose is a key nutrient that can significantly impact tumor growth [213]. When glucose is broken
down through glycolysis, it generates ATP and a smaller byproduct called pyruvate [87]. Under
aerobic conditions, pyruvate is transported into the mitochondria where it is further metabolized via
the Tricarboxylic Acid (TCA) cycle and oxidative phosphorylation (OXPHOS) to produce more
ATP [87]. Figure 4-1 shows a graphic depiction of the TCA cycle and OXPHOS.

Figure 4-1: The TCA cycle and its relation with oxydative phosphorylation (OXPHOS). ETC:
electron transport chain. Taken from [87].
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By contrast, in hypoxic environments, pyruvate is converted into lactate to produce additional ATP.
Lactate is then transported back into the cell and the mitochondria, where it is reconverted into
pyruvate. Once reconverted, pyruvate is further metabolized via the TCA cycle to produce ATP
through OXPHOS. Cancer cells can carry out the conversion of pyruvate to lactate and generate
ATP even in the presence of oxygen, which is known as the Warburg effect [214]. However, since
the amount of ATP produced is low in comparison to OXPHOS, cancer cells need high amounts of
glucose to generate the necessary energy to survive [214]. Figure 4-2 shows a graphic comparison
between the TCA cycle and the Warburg effect.

Figure 4-2: Comparison between the TCA cycle and the Warburg effect. In normal cells (left
panel), pyruvate predominantly enters the TCA cycle. In cancer cells (right panel)
pyruvate does not enter the TCA cycle and is instead converted into lactate even in the
presence of oxygen.. Taken from [214].

Other important nutrients to the promotion of tumor growth can be found in the blood serum of
patients. However, since there are important limitations regarding the accessibility and availability
of human blood serum, in vitro cultures use Fetal Bovine Serum (FBS) instead. FBS is a complex
mixture of nutrients and growth factors that can influence cancer cell behavior in various ways.
For example, FBS can provide the necessary amino acids to support protein synthesis and other
essential biosynthetic processes to cancer cells [215]. In addition, FBS has vitamins, minerals,
growth factors, and hormones, such as insulin-like growth factor 1 (IGF-1), epidermal growth fac-
tor (EGF), and platelet-derived growth factor (PDGF), that are also required for cell growth and
survival [216].

During solid tumor progression, the availability of nutrients in the tumor microenvironment changes
mainly due to increased consumption of rapidly proliferating cells and poor blood supply, which
impacts the metabolism of cancer cells [217].
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In the case of poor blood supply, the hypoxic environment forces cells to upregulate glucose up-
take and lactate production to generate energy. It also stimulates them to induce angiogenesis to
promote new routes for both nutrients and oxygen delivery. Once the supply is restored, the tumor
grows again, generating cycles of nutrient abundance and starvation.

Several studies have attempted to study in vitro the effect of nutrient starvation or deprivation by
modeling their short term (less or equal than 48 hours) effects. For instance, Huang et al. analyzed
the effect of different concentrations of glucose and associated metabolites (pyruvate and ATP)
in the response of different CRC cell lines (HT-29, HCT-116, SW480, and Caco-2) against the
chemotherapeutic agent 5-fluorouracil (5FU) [218]. For this, the authors first exposed cells in 2D
cultures to various doses of 5FU in media containing different concentrations of glucose (1.0 or
4.5 g/L). The exposure was performed over a period of 48 hours. In a parallel experiment, the
authors generated spheroids from these cell lines in glucose-enriched media (4.5 g/L). Following
formation, the authors reduced the concentration of glucose in the medium to 5mM (1.0 g/L) and,
24 hours later, they switched again culture media to those used in the 2D experiments; that is,
various doses of the drug in media containing the different concentrations of glucose. As in the 2D
experiments, the exposure time to the drug was 48 hours. With their results, the authors concluded
that reduction of glucose also decreased the viability of all cultures when exposed to increasing
doses of 5FU, suggesting that glucose, especially at high concentrations (4.5 g/L), acts as a pro-
tective agent against the drug.

In a different experiment, Lee et al. studied the role of high glucose concentration (4.5 g/L) on the
survival of HCT-116 cells against stress in the endoplasmic reticulum (ER) [219]. This organelle is
responsible for protein maturation. However, when it is stressed, protein maturation does not func-
tion correctly, which increases the amount of unfolded proteins inside the organelle [220]. Thus,
in order to maintain homeostasis, cells can trigger a control mechanism, called Unfolding Protein
Response (UPR) that tries to lower the number of unfolded proteins in the cell [220]. If the cell
successfully controls this number, UPR is deactivated. However, if it cannot balance the number
of unfolded proteins, the cell can die [220]. Taking into account the UPR as a potential mechanism
leading to cell death, the authors hypothesized that high concentrations of glucose could have a
legacy effect on cancer cells that could protect them against ER stress even in glucose-restricted
environments, through the dysregulation of UPR. To prove this hypothesis, they analyzed gene
expression of HCT-116 cells cultivated in high glucose (4.5 g/L) media and compared it to the case
where cells were in low glucose (1.0 g/L) media. First, cells were grown in high glucose media
(with 10% FBS) and then transiently fasted in low glucose media (with 10% FBS) and low glucose
media (without FBS) for 24 hours/fasting media. Then, they were exposed again to high glucose
media (with 10% FBS) for another 24 hours. Subsequently, the authors performed the effect of an
anti-cancer drug, called thapsigargin, in HCT-116 cells that were first exposed to high glucose and
then switched to low glucose media. With their results, the authors corroborated that high glucose
concentrations had lasting effects in the behavior of HCT-116 cells, helping them to attenuate the
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events induced by the UPR and, consequently, resist the apoptotic effects of thapsigargin [219].

Other studies have assessed the inhibition of autophagy of different cell lines in glucose-deprived
environments. Indeed, Lauzier et al. studied autophagic capacities of different CRC cell lines and
their sensitivity to autophagy inhibition [98]. To do this, the authors first cultured HCT-116, Caco-
2/15, SW480, HT-29, and LoVo cells in normal growth media and then switched to fully deprived
media (without glucose or FBS). The duration in this condition was 4 hours. After analysis, the
authors observed that, in glucose-deprived media, HCT-116 and Caco-2/15 cell lines exhibited the
highest autophagic activity in comparison to the other cell lines. They also had the highest sensitiv-
ity to autophagy inhibition, as they reduced their proliferation. These results highlight that, upon
nutrient-starvation, CRC cell lines have different responses to this stress by regulating autophagy.
Lastly, Schroll et al. combined glucose restriction with autophagy inhibition and chemotherapy
strategies to assess the effectivity of the drug in HCT-116 spheroids [221]. For this, the authors
grew the spheroids in RPMI 1640 medium with glucose and 10% FBS for 10 days. Then, they
changed the media of the spheroids to RPMI 1640 with no glucose and added 25 µM of cloroquine
(CQ), an autophagy inhibitor [222]. 48 hours after the addition of CQ, the authors added 47.8 µM
irinotecan (IR), a classic anti-cancer drug [223], to the glucose-deprived media containing CQ and
maintained the experiment for another 48 hours. With their results, the authors also concluded that
glucose has a protective effect against chemotherapy agents by activating autophagy.

The aforementioned studies share a common experimental approach, wherein cells are cultured in
presence of glucose before being subjected to deprivation. The cyclic switch from abundance to
starvation is known as preconditioning, a term that originated from experimental studies in cardiac
ischaemia [224]. In this field, preconditioning refers to a defined number of repeated cycles of
ischaemia and reperfusion. This scheme has been shown to help myocardial cells adapt to the
ischaemia, thus reducing the size of the infarct area [224]. This adaptation occurs through tran-
sient epigenetic changes that enable myocardial cells to express genes and different molecules in
adverse environmental conditions, such as hypoxia, that would be typically only expressed under
physiological normoxic conditions.

In this Chapter, we perform nutrient and growth factors preconditioning experiments in combina-
tion with different initial starvation periods, and analyze their long-term response (approximately
30 days) in the mechanobiological behavior of HCT-116 and HT-29 spheroids, a scenario that has
not been considered previously in literature. To do this, we first generated spheroids in media with
abundance of both glucose and FBS. Then, we suspended the spheroids in glucose or FBS deprived
media for intervals of time that spanned from 24 to 120 hours (initial starvation period).
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Following this period, we performed alternating cyclic changes of glucose or FBS abundance and
starvation with a total duration of 144 hours per cycle. In total, we carried out 2 cycles of nutrient
abundance and 2 of nutrient starvation, apart from the starvation period.

This design allowed us to answer five main questions directly related to our main goal of determin-
ing whether the CRC spheroids could adapt to the time-dependent nutrient availability described
in vivo:

1. Does the initial starvation period affect spheroid growth?

2. Does the starvation period enhance the growth behavior of the preconditioned spheroids
during the period in nutrient abundance?

3. Does the first cycle in nutrient starved media generate the same response in the spheroids as
in the starvation period?

4. Do the spheroids in the second cycle of nutrient abundance behave the same as in the first
cycle of abundance?

5. Do the number of cycles affect the response of the spheroids in the last cycle of the experi-
ment?

Details of the preconditioning experiments, as well as the combinations of nutrient-enriched and
nutrient-deprived media, can be found in Chapter 2 of this dissertation.
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4.2. Results

As explained in section 2.6 of Chapter 2, we defined four major experiments wherein we varied
the concentration of either glucose or FBS to perform the preconditioning experiments. In the
following sections, the nutrient-enriched medium, named DG10, contained 4.5 g/L of glucose and
was supplemented with 10% FBS. In turn, the deprived medium depended on the preconditioning
experiment. For the “best-to-worst” experiment, this medium, denominated D0, contained 1.0 g/L
glucose and had no FBS. In the experiment where glucose was varied (glucose preconditioning
experiment), the starved medium (D10) contained 1.0 g/L glucose and 10% FBS. Finally, in the
case where FBS was varied (FBS preconditioning experiment), the deprived medium, called DG0,
contained 4.5 g/L glucose and no FBS. We took pictures daily for the entire duration of each
experiment. From the obtained data, we measured the projected area of the spheroids and assumed
that the samples were completely round.

Figure 4-3 shows an overview of the preconditioning experiment. Every experiment started with
an initial starvation period, in which newly formed spheroids were left in deprived media for a
period of 24 to 120 hours. We chose this time span to analyze the effects of short- (less or equal
than 48 hours, defined according to [106, 218, 219]) and long- (more than 48 hours) term starvation
on the adaptative response of the spheroids. Afterwards, the spheroids experienced a first cycle in
abundant media that lasted 144 hours. Then, they experienced a first cycle in deprived media for
another 144 hours. At the end of this cycle, the spheroids experienced a second cycle in abundant
media with the same duration of the previous cycles. Finally, at the end of the experiment, the
spheroids experienced one final cycle of deprived media for another 144 hours.
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Figure 4-3: Complete time series of the preconditioning experiments for the HCT-116 cell line.
In all experiments, the “*” symbols indicates the transition from deprived to abun-
dant media, whereas the “∆” symbol signals the transition from abundant to deprived
media. Green lines: positive controls. Red lines: negative controls. Green shaded
bars correspond to the periods in abundant media. Red shaded bars indicate periods
in deprived media.

4.2.1. The initial starvation period enhances the growth of HCT-116
spheroids

In order to determine whether newly formed spheroids, grown in enriched medium (DG10), adapted
to an initial nutrient starvation, we suspended them in a nutrient deprived medium (either D0, D10,
or DG0) for a minimum of 24 hours to a maximum of 120 hours, and checked their area evolution.
We defined this period as the initial starvation period. Figure 4-4 shows the time evolution of the
mean spheroid area during the initial starvation period for all the proposed experiments.
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Figure 4-4: Time evolution of the mean area of each preconditioned group during the initial star-
vation period for the different experiments. Shaded red area highlights the area of each
preconditioned groups during this period. Green lines: positive controls. Red lines:
negative controls. The insets in the graphs represent a magnification of the analyzed
period (highlighted by the shaded bar) in every preconditioned group.

During the first 24 hours of this period, the area of all preconditioned groups in the “best-to-worst”
(DG10-D0) and FBS (DG10-DG0) preconditioning experiments decreased (respectively, first and
third rows in Figure 4-4). However, as the time inside D0 or DG0 increased, spheroids gradually
adapted to the deprived environment, resulting in an increased size at the end of this phase. This
was especially true in the groups that were kept for more than 72 hours in D0 or DG0 (respectively,
first and third rows in Figure 4-4).
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Analysis of the growth rates of the preconditioned groups (Table 4-1) confirmed the adapting trend
of the spheroids as the initial time inside nutrient-deprived media increased. In the “best-to-worst”
experiment, with respect to the negative control, the rates of the preconditioned groups were sig-
nificantly lower during the first 72 hours and significantly higher afterwards. In the glucose pre-
conditioning experiment, the growth rates of the preconditioned groups did not present statistical
differences with respect to the negative control except in the C48 group, although in all groups they
were higher. Finally, analysis of the mean growth rates for the FBS preconditioning experiment
revealed that the preconditioned spheroids and the negative controls increased their growth rates
only in the case where the spheroids were left in DG0 for 120 hours, but the differences were not
statistically relevant.

Table 4-1.: Mean growth rates during the initial starvation period for all the tested experiments.
C0(C24)-C0(C120): Growth rate of the negative control group measured in the starvation
period of the given preconditioned group. Data for the HCT-116 cell line.

Mean growth rate during the
initial starvation period (µm2/h)

Condition
Best-to-worst Glucose prec. FBS prec.

C24 -520.41 1453.73 -730.27
C0(C24) -182.52 1096.53 -1072.8

C24 - C0(C24) p-value 0.015 0.12 0.25

C48 -186.23 1833.4 -235.67
C0(C48) -274.22 1383.33 -475.27

C48 - C0(C48) p-value 0.0044 0.0084 0.24

C72 -39.46 1848.25 -387.16
C0(C72) -119.19 1829.71 -261.51

C72 - C0(C72) p-value 5.2e-5 0.82 0.39

C96 121.17 2280 -19.27
C0(C96) -39.6 2255.35 -121.43

C96 - C0(C96) p-value 2.4e-5 0.82 0.43

C120 232.1 2486.62 331.95
C0(C120) 66.64 2347.77 33.25

C120 - C0(C120) p-value 0.0058 0.77 0.1
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We also repeated the “best-to-worst” experiment with the HT-29 cell line. Results for the overall
growth trend during this cycle is shown in Figure 4-5. Similar to the HCT-116 case, the area of the
preconditioned spheroids decreased in the first 24 hours of the experiment. However, as the time
inside D0 increased, the area of the spheroids gradually started to grow.

Figure 4-5: Growth trend evolution of HT-29 preconditioned spheroids during the starvation pe-
riod (D0). Shaded red area highlights the area of each preconditioned groups during
this period. Green line: positive control. Red line: negative control. The insets in the
graphs represent a magnification of the analyzed period (highlighted by the shaded
bar) in every preconditioned group.

Study of growth dynamics also confirmed the adapting trend of the spheroids with the increasing
time in nutrient-deprived medium (Table 4-2). In turn, the growth of the negative controls gradually
increased during the first 96 hours of the experiment (Table 4-2). Furthermore, comparison against
the rates of the negative controls indicated that the increasing starvation period tended to reduce the
differences in the growth rates. Nevertheless, all preconditioned groups grew significantly slower
than the negative controls during this period.
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Table 4-2.: HT-29 mean growth rates during the initial starvation period for all the tested exper-
iments. C0(C24)-C0(C120): Growth rate of the negative control group measured in the
starvation period of the given preconditioned group.

Mean growth rate during the
initial starvation period (µm2/h)

Condition
Best-to-worst

C24 -414.1741
C0(C24) -120.4209

C24 - C0(C24) p-value 9.394e-05

C48 -200.4528
C0(C48) 7.863521

C48 - C0(C48) p-value 0.0004588

C72 36.7653
C0(C72) 84.23724

C72 - C0(C72) p-value 0.04253

C96 104.6702
C0(C96) 157.5191

C96 - C0(C96) p-value 0.01326

4.2.2. The initial starvation period enhances the growth behavior of
the preconditioned spheroids during the first cycle in
abundant media

In all experiments, following the end of the starvation period, spheroids belonging to the precondi-
tioned groups experienced a proportional growth that lasted for the duration of the first cycle inside
DG10 (line segments between the star and triangle symbols in Figure 4-6).
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Figure 4-6: Mean area evolution of the preconditioned groups during the first cycle in abundant
media (DG10). Shaded green area highlights the area of each preconditioned groups
during this period. Green lines: positive controls. Red lines: negative controls. The
insets in the graphs represent a magnification of the analyzed period (highlighted by
the shaded bar) in every preconditioned group.

Analysis of the growth rates during this cycle (Table 4-3) revealed that, when the preconditioned
spheroids were exposed to abundant media after the initial deprivation period, the rates experi-
enced a positive outburst that increased with the starvation period. This outburst was significant
when we compared the rates of the preconditioned groups with those of the positive controls, es-
pecially in the “best-to-worst” scenario. In the experiment where glucose was restricted (glucose
preconditoning) the differences in the growth rates were not statistically significant, whereas in the
case where FBS was completely removed (DG10-DG0), the differences became relevant when the
starvation period exceeded 72 hours.
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Table 4-3.: Mean growth rates during the first cycle in nutrient-enriched media for all the tested
experiments. C10(C24)-C10(C120): Growth rate of the positive control group measured
in the starvation period of the given preconditioned group. Data for the HCT-116 cell
line.

Mean growth rate during the
1st cycle in nutrient abundance (µm2/h)

Condition
Best-to-worst Glucose prec. FBS prec.

C24 1888.24 2056.79 1754.44
C10(C24) 1771.18 2108.07 1795.96

C24 - C10(C24) p-value 0.076 0.44 0.49
C48 2093.98 2229.39 1760.67

C10(C48) 1770.45 2150.49 1606.4
C48 - C10(C48) p-value 5.2e-5 0.54 0.23

C72 2325.37 2189.49 2171.33
C10(C72) 1648.14 2092.88 1440.96

C72 - C10(C72) p-value 2.0e-7 0.34 0.00056
C96 2104.82 1847.9 2066.38

C10(C96) 1723.14 2030.09 1581.16
C96 - C10(C96) p-value 0.0065 0.27 4.6e-6

C120 2471.16 1811.18 2264.96
C10(C120) 1593.7 1949.78 1412.58

C120 - C10(C120) p-value 8.3e-8 0.19 0.00039

When the preconditioned HT-29 spheroids were passed to the first cycle in nutrient and growth
factors abundant media, they also experienced a linear growth that persisted throughout the en-
tire duration of the cycle (line segments between the “∗” and “∆” symbols in Figure 4-7). The
growth rates associated to this cycle are given in Table 4-4. From the results, we observed that
the spheroids tended to grow faster as the initial starvation period increased. The achieved values,
however, were similar to those obtained for the positive controls. Indeed, as seen in Table 4-4, the
differences between the growth rates of the preconditioned groups and the positive controls were
not statistically significant.
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Figure 4-7: Mean area evolution of HT-29 spheroids during the first cycle in nutrient abundance
of the “best-to-worst” preconditioning experiment. Shaded green area highlights the
area of each preconditioned groups during this period. Green line: positive control.
Red line: negative control. The insets in the graphs represent a magnification of the
analyzed period (highlighted by the shaded bar) in every preconditioned group.

Table 4-4.: Mean growth rates during the first cycle in nutrient-enriched media for the “best-to-
worst” preconditioning experiment. C10(C24)-C10(C120): Growth rate of the positive
control group measured in the starvation period of the given preconditioned group.
Data for the HT-29 cell line.

Mean growth rate during the
1st cycle in nutrient abundance (µm2/h)

Condition
DG10-D0

C24 1136.623
C10(C24) 1125.233

C24 - C10(C24) p-value 0.6952
C48 1179.074

C10(C48) 1234.268
C48 - C10(C48) p-value 0.1739

C72 1324.139
C10(C72) 1291.164

C72 - C10(C72) p-value 0.3373
C96 1389.602

C10(C96) 1318.541
C96 - C10(C96) p-value 0.2701
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4.2.3. The first cycle in deprived media alters the growth of the
preconditioned spheroids with respect to the initial starvation
period

When the spheroids returned to the deprived media, the linear growth observed during the previous
cycle was disrupted (Figure 4-8). For the “best-to-worst” and FBS preconditioning experiments,
the spheroids had an overall growth plateau, whereas in the glucose preconditioning scenario, the
spheroids exhibited a non-linear behavior resembling an inverted parabola.

Figure 4-8: Mean area evolution of the preconditioned groups during the first cycle of starvation
for all the experiments. Shaded red area highlights the area of each preconditioned
groups during this cycle. Green lines: positive controls. Red lines: negative controls.
The insets in the graphs represent a magnification of the analyzed period (highlighted
by the shaded bar) in every preconditioned group.
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Table 4-5 shows the values of the mean growth rates of each preconditioned group in all experi-
ments, calculated for the current cycle. With respect to the negative controls, the differences in the
values were, in general, not significant.

Table 4-5.: Mean growth rates during the first cycle of starvation for all the tested experiments.
C0(C24)-C0(C120): Growth rate of the negative control group measured in the starvation
period of the given preconditioned group. Data for the HCT-116 cell line.

Mean growth rate during the
1st cycle in nutrient starvation (µm2/h)

Condition
Best-to-worst Glucose prec. FBS prec.

C24 -102.68 70.09 131.87
C0(C24) -1.58 -798.9 134.36

C24 - C0(C24) p-value 0.0099 0.069 0.52

C48 15.95 609.76 249.72
C0(C48) -63.49 -710.2 48.62

C48 - C0(C48) p-value 1.0 0.038 0.00047

C72 -248.09 -466.35 -8.31
C0(C72) -15.47 -956.37 55.29

C72 - C0(C72) p-value 0.86 0.56 0.37

C96 47.12 594.03 366.64
C0(C96) 10.9 -987.06 106.98

C96 - C0(C96) p-value 0.47 0.075 0.15

C120 -149.24 470.05 -70.56
C0(C120) -7.34 -1004.83 43.89

C120 - C0(C120) p-value 0.097 0.27 0.6

We then compared the growth rates of this cycle with the ones from the initial starvation period,
as we wanted to check whether the adapting trends seen in the starvation phase were maintained
in the current cycle even after experiencing an intermediate period of linear growth in nutrient and
growth factors abundance. The results, shown in Table 4-6, indicated that the rates had different
behavior across the experiments.
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Indeed, in the “best-to-worst” scenario, the rates of all preconditioned groups did not have statisti-
cally significant differences with respect to the ones during the initial starvation phase. Conversely,
in the glucose preconditoning experiment, all rates were significantly lower than those in the ini-
tial starvation period. Finally, in the FBS preconditoning experiment, the behavior of the rates was
variable. Thus, for the C24 to C72 groups, the rates were significantly higher than in the starvation
period, while in the C96 and C120 groups, the rates did not have statistically relevant differences.

Table 4-6.: Percentage changes in the growth rates between the cycle of starvation and the initial
starvation period. The “C1M” subindex represents the rates of the preconditioned
groups during the first cycle in deprived media. The “pre” subindex represents the
corresponding rates during the initial starvation period.

Best-to-worst Glucose prec. FBS prec.

Condition Growth rate
Percent change

(SD)
p-value

Growth rate
Percent change

(SD)
p-value

Growth rate
Percent change

(SD)
p-value

C24(C1M)-C24pre 38.0 (38.7) 0.2145 -93.5 (1159.2) 0.00401 124.3 (138.3) 0.006698
C48(C1M)-C48pre 19.8 (161.8) 0.9393 -85.4 (382.8) 0.0002927 218.5 (213.7) 0.01061
C72(C1M)-C72pre -42.8 (114.7) 0.2672 -133.2 (277.5) 0.00005231 148.9 (181.2) 0.01468
C96(C1M)-C96pre -40.2 (121.5) 0.6031 -106.7 (686.0) 1.077e-06 176.4 (188.2) 0.1189

C120(C1M)-C120pre 8.7 (13.1) 0.8438 -111.5 (513.6) 0.00006104 -73.2 (203.5) 0.625

For the HT-29 cell line, the spheroids in all preconditioned groups experienced a small plateau
during the first 24 hours in D0. Afterwards, contrary to the HCT-116 case, they continued to grow
linearly until the end of the cycle (Figure 4-9).

Figure 4-9: Mean area evolution of HT-29 preconditioned spheroids during the first cycle of star-
vation. Shaded red area highlights the area of each preconditioned groups during this
cycle. Green line: positive control. Red line: negative control. The insets in the
graphs represent a magnification of the analyzed period (highlighted by the shaded
bar) in every preconditioned group.
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Supporting this observation, results of the mean growth rates revealed that the values were all
positive, including those of the negative controls (Table 4-7). Interestingly, among themselves, all
preconditioned groups grew at similar growth rates. Furthermore, these rates were significantly
higher than those of the negative controls.

Table 4-7.: Mean growth rates during the first cycle of starvation in the “best-to-worst” experi-
ment. C0(C24)-C0(C120): Growth rate of the negative control group measured in the
starvation period of the given preconditioned group. Data for the HT-29 cell line.

Mean growth rate during the
1st cycle in nutrient starvation (µm2/h)

Condition
Best-to-worst

C24 948.3678
C0(C24) 333.7637

C24 - C0(C24) p-value 0.0001139

C48 833.9131
C0(C48) 286.9023

C48 - C0(C48) p-value 0.0005624

C72 936.352
C0(C72) 249.0538

C72 - C0(C72) p-value 2.783E-07

C96 911.3622
C0(C96) 207.0795

C96 - C0(C96) p-value 9.232e-05

We then compared the rate values of the preconditioned groups during this cycle and the starva-
tion period (Table 4-8). Results evidenced that all preconditioned groups grew significantly faster
during this cycle compared to the initial preconditioning phase.
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Table 4-8.: Percentage changes in the growth rates of HT-29 spheroids between the first cycle of
starvation and the initial starvation period. The “C1M” subindex represents the rates of
the preconditioned groups during the first cycle in nutrient-deprived media. The “pre”
subindex represents the corresponding rates during the starvation period.

Best-to-worst
Condition

Growth rate Percent change (SD) p-value

C24(C1M)-C24pre 329.0 (49.1) 0.0001558
C48(C1M)-C48pre 516.0 (168.5) 4.327E-05
C72(C1M)-C72pre 2446.8 (2455.8) 2.775E-05
C96(C1M)-C96pre 770.7 (235.6) 0.0002056
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4.2.4. The second cycle of nutrient abundance potentiates the
growth of the spheroids seen in the first cycle of nutrient
abundance

During the second period inside nutrient-enriched media, preconditioned spheroids resumed their
growth (Figure 4-10). This growth, however, was not linear in all experiments. In the “best-to-
worst” and FBS preconditoning experiments, all preconditioned groups had a proportional growth
throughout the entire cycle. Conversely, in the glucose preconditoning experiment, the growth of
the groups decayed before experiencing an outburst. This was especially true in the C72 to C120
groups.

Figure 4-10: Mean area evolution of the preconditioned groups during the second cycle in abun-
dant media for all the experiments. Shaded green area highlights the area of each
preconditioned groups during this cycle. Green lines: positive controls. Red lines:
negative controls. The insets in the graphs represent a magnification of the analyzed
period (highlighted by the shaded bar) in every preconditioned group.
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Quantitative analysis of the growth rates for the different experiments (Table 4-9) revealed that in
the “best-to-worst” and glucose preconditoning experiments, the growth rates of all preconditioned
groups were significantly higher than the positive controls. By contrast, in the FBS preconditoning
scenario, the corresponding rates were similar, yielding no statistically relevant differences.

Table 4-9.: Mean growth rates of HCT-116 preconditioned spheroids during the second cycle in
abundant media for all the tested experiments.

Mean growth rate during the
2nd cycle in nutrient abundance (µm2/h)

Condition
Best-to-worst Glucose prec. FBS prec.

C24 2142.22 81.74 1327.58
C10(C24) 1470.39 1322.99 1463.08

C24 - C10(C24) p-value 0.00049 0.0061 0.76

C48 2830.21 -519.6 2101.25
C10(C48) 1562.45 1055.27 1746.67

C48 - C10(C48) p-value 1.5E-6 0.012 0.45

C72 2602.47 3509.93 2091.93
C10(C72) 1588.68 959.98 1799.76

C72 - C10(C72) p-value 0.00025 3.1E-7 0.31

C96 3394.34 2365.66 2678.09
C10(C96) 1492.9 584.13 1571.69

C96 - C10(C96) p-value 9.0E-7 2.9E-5 0.068

C120 2473.47 1998.73 1418.31
C10(C120) 1564.79 493.13 849.93

C120 - C10(C120) p-value 0.00082 0.00079 0.15

We then compared the rates of the preconditioned groups for this cycle with the ones from the first
cycle in nutrient abundance. Results, which are shown in Table 4-10, revealed varying behavior
across the experiments. In the “best-to-worst” case, all preconditioned spheroids grew significantly
faster than in the first cycle in nutrient abundance. By contrast, in the glucose preconditoning
scenario, spheroids belonging to the C24 and C48 groups grew significantly slower than in the first
cycle, whereas in the rest of the preconditioned groups, the rates were similar. Finally, in the FBS
preconditoning experiment, although there was not a visible trend in the rates, they were similar to
those in the first cycle in nutrient-enriched medium.
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Table 4-10.: Percentage changes in the growth rates of HCT-116 preconditioned spheroids be-
tween the first and second cycles in abundant media. The “C2B” subindex represents
the rates of the preconditioned groups during the second cycle in nutrient-enriched
media. The “C1B” subindex represents the corresponding rates during the first cycle
in nutrient-enriched media.

Best-to-worst Glucose prec. FBS prec.
Condition

Percent change (SD) p-value Percent change (SD) p-value Percent change (SD) p-value

C24(C2B)-C24(C1B) 42.3 (11.0) 0.0118 -93.9 (899.5) 0.0001831 -21.9 (3.9) 0.05122
C48(C2B)-C48(C1B) 33.6 (4.6) 0.0002133 -97.6 (2105.8) 6.10E-05 10.8 (4.0) 0.5647
C72(C2B)-C72(C1B) 23.1 (3.9) 0.04409 24.7 (6.9) 0.06032 -0.3 (0.1) 0.9499
C96(C2B)-C96(C1B) 69.6 (9.1) 9.77E-05 6.5 (2.8) 0.6788 24.0 (3.6) 0.06182

C120(C2B)-C120(C1B) 25.2 (6.1) 0.04364 44.3 (36.1) 0.2524 -31.5 (5.1) 0.0001874

When the HT-29 preconditioned spheroids returned to nutrient-enriched medium, their growth was
not interrupted (Figure 4-11).

Figure 4-11: Mean area evolution of HT-29 preconditioned spheroids during the second cycle in
abundant medium. Shaded green area highlights the area of each preconditioned
groups during this cycle. Green line: positive control. Red line: negative control.
The insets in the graphs represent a magnification of the analyzed period (highlighted
by the shaded bar) in every preconditioned group.

In fact, they grew significantly faster than the positive controls, as seen in Table 4-11. In addition,
with the exception of the C48 group, the C72 and C96 groups grew significantly faster than the
C24 group.
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Table 4-11.: Mean growth rates during the first cycle in nutrient-enriched media for the HT-29
spheroids in the “best-to-worst” experiment.

Mean growth rate during the
2nd cycle in nutrient abundance (µm2/h)

Condition
Best-to-worst

C24 1877.142
C10(C24) 1539.671

C24 - C10(C24) p-value 0.009019
C48 2106.682

C10(C48) 1188.981
C48 - C10(C48) p-value 0.001682

C72 2590.71
C10(C72) 1032.136

C72 - C10(C72) p-value 2.02E-09
C96 2217.358

C10(C96) 869.6396
C96 - C10(C96) p-value 8.973E-10

When we compared the rates with those of the first cycle in DG10 (Table 4-12), results evidenced
the notorious differences between the two cycles. Indeed, as seen in Table 4-12, the growth rate of
all preconditioned groups was significantly enhanced during this cycle with respect to the first one
in nutrient-enriched medium (DG10).

Table 4-12.: Percentage changes in the growth rates between the second and first cycles in abun-
dant media. The “C2B” subindex represents the rates of the preconditioned groups
during the second cycle in abundant media. The “C1B” subindex represents the cor-
responding rates during the first cycle in abundant media. Data for the HT-29 cell
line.

Best-to-worst
Condition

Growth rate Percent change (SD) p-value

C24(C2B)-C24(C1B) 65.2 (5.4) 0.001384
C48(C2B)-C48(C1B) 78.7 (12.1) 0.003657
C72(C2B)-C72(C1B) 95.7 (4.8) 2.268E-05
C96(C2B)-C96(C1B) 59.6 (4.3) 0.0003369
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4.2.5. The previous cycles influence the response of the spheroids
in the last cycle of starvation

As in the first cycle in nutrient-deprived media, the growth pattern of the HCT-116 spheroids
in every preconditioned group was not linear (Figure 4-12). Despite this intricate behavior, the
spheroids tended to increase their size during the cycle.

Figure 4-12: Mean area evolution of HCT-116 preconditioned groups during the second cycle
of starvation for all the experiments. Shaded red area highlights the area of each
preconditioned groups during this cycle. Green lines: positive controls. Red lines:
negative controls. The insets in the graphs represent a magnification of the analyzed
period (highlighted by the shaded bar) in every preconditioned group.
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In order to quantify the previous observations, we first compared the rates of the preconditioned
groups with the values of the negative controls. In the “best-to-worst” experiment, the spheroids
belonging to the C24 group grew significantly slower than the negative control, whereas the sam-
ples of the C120 group grew significantly faster (Table 4-13). For the other conditions, the differ-
ences were not statistically significant. In the glucose preconditoning case, only the C96 and C120
groups showed a significant faster rate than the negative controls. Last, in the FBS preconditoning
scenario, none of the preconditioned groups exhibited significant differences with respect to the
negative controls.

Table 4-13.: Mean growth rates during the second cycle in nutrient-deprived media for all the
tested experiments.

Mean growth rate during the
2nd cycle in nutrient starvation (µm2/h)

Condition
Best-to-worst Glucose prec. FBS prec.

C24 -401.99 1820.01 341.94
C0(C24) -103.73 1938.25 -80.64

C24 - C0(C24) p-value 0.02245 0.6482 0.2549

C48 -69.25 1897.55 N/A
C0(C48) -344.33 1630.14 N/A

C48 - C0(C48) p-value 0.1397 0.5507 N/A

C72 713.67 -387.5 N/A
C0(C72) -361.88 1643.24 N/A

C72 - C0(C72) p-value 0.6611 8.566e-06 N/A

C96 63.94 1739.22 647.84
C0(C96) 578.72 -180.44 965.36

C96 - C0(C96) p-value 0.8124 0.0004277 0.2222

C120 56.05 1525.48 30.72
C0(C120) -110.68 676.58 -161.64

C120 - C0(C120) p-value 0.01543 0.03952 0.4206
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We then compared the growth rates between both cycles in nutrient-depleted media (Table 4-14). In
the “best-to-worst” experiment, the differences for the C24 to C96 groups were not significant. For
the C120 group, the spheroids grew at a significant slower rate at the second cycle in comparison
to the first one. In the glucose preconditoning case, with the exception of the C72 group, spheroids
grew at a significantly faster rate during the second cycle. Finally, for the FBS preconditoning
scenario, the available data revealed that there were not statistically significant differences in the
rate between the two cycles.

Table 4-14.: Mean growth rate differences between the cycles of starvation for all experiments.
The “C2M” subindex represents the rates of the preconditioned groups during the
second cycle of starvation. The “C1M” subindex represents the rates of the precon-
ditioned groups during the first cycle of starvation. N/A: No data available.

Best-to-worst Glucose prec. FBS prec.
Condition

Percent change (SD) p-value Percent change (SD) p-value Percent change (SD) p-value

C24(C2M)-C24(C1M) -135.8 (166.1) 0.0806 1504.2 (18737.7) 0.0048 105.8 (226.1) 0.6449
C48(C2M)-C48(C1M) -489.2 (3915.5) 0.3191 449.8 (2052.7) 0.013 N/A N/A
C72(C2M)-C72(C1M) 477.9 (1575.3) 0.2482 -52.4 (113.8) 0.4548 N/A N/A
C96(C2M)-C96(C1M) 233.0 (1048.8) 0.6663 914.3 (5874.7) 0.0004272 668.3 (957.0) 0.3528

C120(C2M)-C120(C1M) -3.5 (6.4) 0.03845 3.3 (15.5) 0.01025 0.4 (1.2) 0.8382

We subsequently compared the rates of this cycle against the ones from the initial starvation period
(table 4-15). For the “best-to-worst” experiment, only the rate of the C120 group exhibited a sig-
nificant difference with respect to the starvation period. In this case, the spheroids decreased their
growth with respect to the starvation period. In turn, for the glucose preconditioning scenario, the
rates of the C48 to C120 groups significantly decreased their rates with respect to their starvation
period. Last, for the FBS preconditioning experiment, the available data showed variable behavior
among the groups, with the rate of C24 group significantly higher than the corresponding value
during the starvation period.

Table 4-15.: Percentage changes in the growth rates of HCT-116 spheroids between the second
cycle of starvation and the initial starvation period. The “C2M” subindex represents
the rates of the preconditioned groups during the second cycle of starvation. The
“pre” subindex represents the corresponding rates during the initial starvation period.

Best-to-worst Glucose prec. FBS prec.
Condition

Percent change (SD) p-value Percent change (SD) p-value Percent change (SD) p-value
C24(C2M)-C24pre -46.2 (51.3) 0.321 4.8 (6.1) 0.4543 150.0 (294.0) 0.02648
C48(C2M)-C48pre -372.7 (1252.0) 0.3498 -19.9 (17.8) 2.76E-01 N/A N/A
C72(C2M)-C72pre 230.5 (468.0) 0.4122 -150.6 (100.9) 2.44E-04 N/A N/A
C96(C2M)-C96pre 99.0 (335.0) 7.02E-01 -45.1 (8.1) 6.10E-05 2023.9 (3221.2) 0.1758

C120(C2M)-C120pre -368.1 (483.2) 0.03906 -73.0 (48.7) 6.10E-05 -62.4 (91.6) 0.1132
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Finally, when the preconditioned HT-29 spheroids returned once more to nutrient-deprived medium
(D0), they exhibited a pronounced sustained growth pattern, in contrast to the observed behavior
for HCT-116 spheroids. In the case of the C24 group, the pattern did not present growth plateaus
or decays in the first 24 hours of the cycle. In the case of the C48 group, a small plateau was
present during this time, whereas for the C72 and C96 cases, there was a transient growth decline
24 hours after the start of the cycle. This decline was rapidly restored in the following 48 hours
(Figure 4-13).

Figure 4-13: Area evolution of HT-29 preconditioned groups during the second cycle of starvation.
Shaded red area highlights the area of each preconditioned groups during this cycle.
Green line: positive control. Red line: negative control. The insets in the graphs
represent a magnification of the analyzed period (highlighted by the shaded bar) in
every preconditioned group.
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In agreement with the above, analysis of the growth rates for this cycle (Table 4-16) revealed that
the C24 group had the highest growth rate of all the preconditioned group, while the C96 had
the lowest. When we compared the rates of the preconditioned groups with those of the negative
controls, we observed that the former grew significantly faster than the latter.

Table 4-16.: Mean growth rates during the second cycle of starvation for the “best-to-worst” ex-
periment. Data for the HT-29 cell line.

Mean growth rate during the
2nd cycle in nutrient starvation (µm2/h)

Condition
Best-to-worst

C24 2345.224
C0(C24) 243.2334

C24 - C0(C24) p-value 2.556E-05

C48 1581.235
C0(C48) 295.3749

C48 - C0(C48) p-value 6.053E-07

C72 1202.093
C0(C72) 320.2935

C72 - C0(C72) p-value 6.649E-05

C96 1142.773
C0(C96) 351.7391

C96 - C0(C96) p-value 0.000774

Similar to the case of HCT-116, we performed comparisons of growth rate differences among the
present cycle, the first cycle in nutrient-deprived medium, and the starvation period. This was done
to assess whether the spheroids adapted to the harsh environment characterized by the simultaneous
absence of FBS and limited glucose availability.

For the first comparison (present cycle and first cycle in nutrient-deprived medium), results show
that, although the spheroids in this cycle grew faster in comparison to the first cycle in nutrient-
deprived medium (Table 4-17), the differences gradually reduced as the initial starvation period
increased. Thus, the highest and lowest differences were found, respectively, in the C24 and C96
groups.
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Table 4-17.: Percentage changes in the growth rates of HT-29 spheroids between the starvation
cycles. The “C2M’ subindex represents the rates of the preconditioned groups during
the second cycle of starvation. The “C1M” subindex represents the corresponding
rates during the first cycle of starvation.

Best-to-worst
Condition

Growth rate Percent change (SD) p-value

C24(C2M)-C24(C1M) 147.3 (17.6) 0.0007093
C48(C2M)-C48(C1M) 89.6 (15.5) 0.0004614
C72(C2M)-C72(C1M) 28.4 (3.7) 0.02627
C96(C2M)-C96(C1M) 25.4 (4.4) 0.03771

In the final analysis, when we compared the rates of the ongoing cycle with those of the starvation
period (table 4-18), the results followed a similar trend to the calculations made for the first cycle
in nutrient-deprived medium and the starvation period (Table 4-8). Furthermore, they also corrob-
orated that the rates were significantly higher than those observed during the starvation period.

Table 4-18.: Percentage changes in the growth rates of HT-29 spheroids between the second cycle
of starvation and the initial starvation period. The “C2M” subindex represents the
rates of the preconditioned groups during the second cycle in nutrient-deprived me-
dia. The “C2M” subindex represents the rates of the preconditioned groups during
the second cycle in nutrient-enriched media. The “pre” subindex represents the cor-
responding rates during the first cycle in nutrient-enriched media.

Best-to-worst
Condition

Growth rate Percent change (SD) p-value

C24(C2M)-C24pre 666.2 (96.5) 0.000171
C48(C2M)-C48pre 888.8 (260.4) 2.049E-06
C72(C2M)-C72pre 3169.6 (3201.8) 2.775E-05
C96(C2M)-C96pre 991.8 (303.8) 8.716E-05



4.2 Results 93

4.2.6. The restriction of FBS combined with low glucose availability
does not generate an adaptive response in HCT-116 spheroids

After performing the preconditioning experiments with DG10 and D10, we varied again the con-
centration of glucose but in the absence of FBS. Overall, the size of the spheroids was small and
their area remained stable, as seen in Figure 4-14. In addition, all preconditioned groups behaved
very similar among themselves and also with respect to both controls. Indeed, all spheroids grad-
ually reached a stable value that remained, in general, constant throughout the entire experiment
despite the nutrient cycling.

Figure 4-14: Time evolution of the area in every preconditioned group for the DG0-D0 experi-
ment. The horizontal axis of each graph corresponds to the time (in hours) whereas
the vertical one coincides with the values of the mean area (in µm2) of every spheroid
group. As explained in the Figure, the shaded area comprises the starvation period
of each group. The “∗” symbol marks the beginning of the phase from D00 to DG0
and the “∆” one indicates the corresponding beginning of the phase from DG0 to
D0. C0: Control group in D0. C10: Control group in DG0.
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4.3. The necrotic core of the HCT-116 spheroids is
expelled during the deprivation cycles in the
“best-to-worst” experiment

In the previous sections, we focused on describing the overall behavior of the spheroid area
throughout the different cycles of the tested experiments. In this section, we present the quali-
tative description of the spheroids emphasizing the obtained results for the HCT-116 cell line in
the “best-to-worst” experiment.

During the first cycle in nutrient and growth factors abundance (DG10), all HCT-116 precon-
ditioned spheroids grew and maintained their initial round shape, as seen in Figure 4-15. Fur-
thermore, approximately 72 hours after the start of each preconditioned group cycle in DG10, a
necrotic core started to develop inside the samples. By the end of the cycle, the necrotic core grew
along with the spheroids.

Figure 4-15: HCT-116 spheroid morphology during the first cycle in nutrient abundance. Columns
A-G: Time points during the cycle. A: 0 hours. B. 24 hours. C. 48 hours. D. 72 hours.
E. 96 hours. F. 120 hours. G. 144 hours. Odd rows: brightfield (BF) pictures of the
spheroids. Even rows: fluorescent pictures of the spheroids. Scale bar: 100 µm.
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When the preconditioned spheroids started their cycle inside nutrient-deprived medium (D0), they
expelled their necrotic core approximately 48 hours after the start of the cycle. This striking
phenomenon occurred in all preconditioned groups but never in either the negative or positive
controls. Results are shown in Figure 4-16. Concomitantly with the ejection, the size and shape
of the spheroids were greatly altered. Indeed, the spheroids “shrinked” after the event and also
deformed, acquiring an ellipsoidal shape that lasted for the remaining days inside the cycle.

Figure 4-16: HCT-116 Spheroid behavior during the first cycle of starvation. In the case of the
preconditioned groups, the necrotic core is identified by the irregular masses coming
out the round spheroids. Odd rows: brightfield ((BF) pictures of the spheroids. Even
rows: fluorescent pictures of the spheroids. Scale bar: 100 µm.

We then performed conventional Calcein AM/Propidium Iodide (CAM/PI) viability staining on
samples of the C24 group before and after the ejection to confirm that the expelled material was
indeed dead material. In our case, we only used PI, since cells were transfected with GFP, a
protein that can only be expressed by living cells. Figure 4-17 shows the viability staining of pre-
conditioned (C24, top rows in each subfigure) and positive control (bottom rows in each subfigure)
spheroids at the beginning of the first cycle in deprived media and 48 hours later. Results (obtained
by confocal microscopy) are separated by the fluorescence channel and then presented as an over-
lay. Specifically, in each subgraph the first column indicates the living cells (GFP, green channel),
whereas the second one signals the dead cells (PI, red channel). With the information displayed in
Figure 4-17, we corroborated the ejected mass was mainly comprised of dead cells.
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Figure 4-17: Viability assays of preconditioned (C24) spheroids and positive controls in the first
cycle of starvation at: 0h (top group of images); and 48 hours (bottom group of
images). GFP: Green fluorescent protein (living cells). PI: Propidium iodide (dead
cells). Scale bar: 100 µm.
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Following this confirmation, we asked whether the ejection also occurred during the second cycle
in nutrient starvation. However, as the deprived cycles are separated by one in nutrient abundance,
we first analyzed their behavior when the samples returned (for the second time) to nutrient-
enriched medium. Interestingly, as seen in Figure 4-18, spheroids were able to grow again and
reacquired their round shape. Furthermore, remnants of the previous core were expelled while a
new core was simultaneously formed, as evidenced by the presence of a darkened area at the center
of the spheroids.

Figure 4-18: HCT-116 spheroid morphology during the second cycle in abundant media. Columns
A-G: Time points during the cycle. A: 0 hours. B. 24 hours. C. 48 hours. D. 72 hours.
E. 96 hours. F. 120 hours. G. 144 hours. Odd rows: brightfield ((BF)) pictures of the
spheroids. Even rows: fluorescent pictures of the spheroids. Scale bar: 100 µm.
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Ultimately, upon returning for the second time to nutrient-starved medium, the spheroids lost again
their round morphology while also expelling their core. This second ejection was more pronounced
than the previous one and was also exclusively circumscribed to the preconditioned groups. Figure
4-19 illustrates the observations.

Figure 4-19: HCT-116 Spheroid behavior during the second cycle of starvation. In the case of the
preconditioned groups, the necrotic core is identified by the irregular masses coming
out the round spheroids. Odd rows: brightfield ((BF)) pictures of the spheroids. Even
rows: fluorescent pictures of the spheroids. Scale bar: 100 µm.

4.4. Discussion

Nutrient availability changes due to the increasing demand of malignant cells during the natu-
ral progression of colorectal cancer tumors. Under sustained nutrient deprivation, cancer cells
are forced to adapt to the harsh conditions by activating or upregulating alternative molecular
mechanisms to the canonical pathways to generate the necessary energy to proliferate and survive.
Among the numerous nutrients, glucose is a key metabolite for the survival of colorectal cancer
cells, as they rely on it to produce energy through the Warburg effect. Therefore, it has been sug-
gested that restricting the availability of glucose can be a standalone treatment option to combat
cancer [225–227]. Based on this, in vitro studies have studied the effect of glucose restriction, com-
bined with several drugs, on the viability of HCT-116 spheroids under steady conditions. Here,
we performed long-term nutrient preconditioning by changing glucose and FBS concentration in
four major experiments in two CRC cell lines: HCT-116 and HT-29. In the first experiment, named
“best-to-worst”, glucose concentration was reduced from 4.5 g/L to 1.0 g/L and FBS concentration
was shifted from 10% v/v to 0% v/v. In the second assay, named glucose preconditioning, under
a constant concentration of FBS (10% v/v), glucose was reduced from 4.5 g/L to 1.0 g/L. In the
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third one, named FBS preconditioning, under constant concentration of glucose (4.5 g/L), FBS was
reduced from 10% v/v to 0% v/v. Finally, in the fourth experiment, in absence of FBS (0% v/v),
glucose concentration was reduced from 4.5 g/L to 1.0 g/L. This set of experiments allowed us to
study the conjoint and individual effects of glucose and FBS in the response of CRC spheroids.

During the initial starvation period, our results for the “best-to-worst” experiment for either HCT-
116 or HT-29 spheroids indicated that when the aggregates were left in starved-medium for less or
equal than 48 hours, they decreased their size with respect to their original size at the start of the
starvation period. This suggests that preconditioning spheroids for short periods of time (less than
48 hours) does not induce an adaptive response in the aggregates probably because this small time-
frame is not enough to force the samples to completely change their metabolic pathways to adapt to
the new nutrient-deprived environment. This hypothesis seems to be supported by previous works
in literature. For instance, Lee et al. [106] demonstrated the sensitizing effects of short-term fast-
ing in combination with chemotherapy treatments in traditional 2D cultures and mice xenografts.
To do this, they reduced the concentrations of both glucose and FBS from physiological levels (1.0
g/L glucose and 10% FBS) to starved levels (0.5 g/L glucose and 1% FBS). Immediately following
the starvation period (48 hours), the authors added either doxorubicin (DXR), cyclophosphamide
(CP), or cisplatin and assessed their effects in the proliferation and gene expression of different cell
lines. In the case of the xenografts, the authors reported growth retardation of the tumors during
the fasting period. In our case, we reported growth decay of the aggregates during the same time
period. However, whether the inability of our preconditioned spheroids to readily adapt to short-
termed extreme conditions is caused by the same genetic and molecular mechanisms explained
by the authors remains unknown. Thus, further research should be conducted to elucidate the
underlying mechanisms controlling the observed growth reduction in our experiments. When the
starvation period surpassed 72 hours, the spheroids resumed their growth, significantly increasing
the rates with respect to the controls and also to the groups starved for less than 72 hours. This
suggests that long periods of starvation induce an adaptive response in the spheroid cells, agree-
ing with previous findings in 2D cultures of different malignant cancer cell lines starved under
similar conditions to those reported herein [105, 107]. In the FBS preconditioning experiment,
we observed an even more pronounced decay compared to the “best-to-worst” experiment. This
suggests that, in this phase, the lack of FBS plays a major role in the retardation of growth, an
idea that is further supported by the accelerated growth observed in the glucose preconditioning
experiment, in which FBS was always at a concentration of 10% v/v. This is expected, since FBS
includes multiple growth factors in its composition [94, 95, 228].

Upon reintroduction to nutrient-enriched media, the generally enhanced growth rates of the HCT-
116 or HT-29 spheroids seen in all preconditioned groups, compared to those of the positive con-
trols in the “best-to-worst” experiment, might be attributed to a synergistic effect of glucose and
FBS on cell proliferation. Indeed, apart from the previously mentioned positive effects of FBS
on cell growth, previous reports in endometrial cancer cell lines have shown that high glucose
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concentration has a stimulating effect in cell proliferation [229, 230]. This synergy appears to be
further potentiated by the adaptive response observed in the initial starvation phase. Notably, the
growth rates of the groups subjected to starvation periods exceeding 72 hours (C96 and C120)
were notoriously higher than those of their counterparts starved for less than 72 hours (C24 and
C48). The hypothesis that glucose and FBS exert a synergistic influence on cell proliferation gains
additional support from the outcomes of the FBS and glucose preconditioning experiments. These
experiments revealed that the individual effects of FBS and glucose also enhanced spheroid growth
rates, albeit to a lesser extent compared to the “best-to-worst” scenario. This effect was particularly
pronounced in the long-term preconditioned groups (C96 and C120).

During the time in which the preconditioned spheroids were exposed to nutrient-deprived media,
their behavior depended on the cell line. For the HCT-116 cell line, during the first cycle in nutrient
deprivation, the enhanced growth pattern acquired during the previous cycle in nutrient-enriched
media was, in general, lost in all experiments. This was confirmed by the comparison of the growth
rates between the preconditioned groups and the controls. Indeed, the growth rates were similar
to the controls, indicating that the preconditioned spheroids did not enhance their growth during
starved conditions. In turn, during the second cycle in starvation, with the exception of a few cases
(C120 group in the “best-to-worst” experiment, and C96 and C120 groups in the glucose precondi-
tioning experiment), the preconditioned groups did not enhance their growth rates compared to the
controls. This suggests that, in the vast majority of cases, the adaptation mechanism acquired dur-
ing the initial preconditioning phase gradually disappeared during the nutrient-abundance cycle,
which partly agrees with the findings made by Tsai et al. [108]. In their research, the authors gener-
ated pancreatic ductal adenocarcinoma (PDA) cell clones that survived nutrient (both glucose and
FBS) starvation. These cells were able to adapt to these extreme conditions while simultaneously
improving their oncogenic potential. However, when these cells were reintroduced in nutrient-
enriched medium, they gradually reversed to their original non-adapted parental state, losing their
resistant abilities. In addition to the above, although the authors did not explicitly compared the
growth rates during the different starvation cycles, their results show that, during the first two
cycles in this condition, the rates were almost equal. We also observed this phenomenon in our
experiments. Therefore, as the authors conclude in their research, it is likely that epigenetic modi-
fications caused by the extreme environmental conditions generated in our experiments also play a
major role in the biological response of the preconditioned HCT-116 spheroids. Nevertheless, this
should be confirmed in future studies.

Conversely, for the HT-29 cell line, the growth rates of the preconditioned spheroids were consis-
tently higher during the cycles in nutrient starvation with respect to the controls. Furthermore, in
the last cycle, the spheroids grew significantly faster than in both the initial starvation phase and
the first cycle in nutrient-deprived media. This suggests that the adaptation mechanisms acquired
during the preconditioning cycle were not transitory, contrasting with the observed behavior for
the HCT-116 cell line. Such mechanisms may include the activation or upregulation of alternative
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metabolic pathways, such as the glutaminolysis pathway, to sustain cell function [99, 109, 229].

Finally, we observed that preconditioned HCT-116 spheroids expelled their necrotic core when
passed from a rich medium (high glucose and FBS) to a deprived one (low glucose and no FBS).
Due to its notoriety, an in-depth analysis of the phenomenon was necessary to unravel the possible
mechanisms involved and whether it could occur in other cell lines. However, the results of this
analysis will be presented in Chapter 5.

In conclusion, long-term nutrient preconditioning elicited an adaptive response in CRC spheroids
that depended on the cell line and the type of preconditioning experiment. In the case of the HCT-
116 cell line, only the spheroids preconditioned for more than 96 hours were able to retain the
adaptive characteristics throughout the “best-to-worst” or glucose preconditioning experiments.
For the HT-29 cell line, results showed that all preconditioned groups retained the adaptive mecha-
nisms during the starvation period, resulting in increased growth even under simultaneous glucose
and FBS depletion (“best-to-worst” experiment).



5. The ejection of the necrotic core as a
consequence of nutrient imbalance
in HCT-116 spheroids
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5.1. Introduction

Spheroids and organoids are multicellular aggregates that, during their lifetime, experience multi-
ple morphological events that alter their shape and characteristics. These events include, in the case
of organoids, the formation of structures resembling the tissue or organ of origin [231], anoma-
lous structures, such as cysts, that recapitulate pathological scenarios [232], or even swelling as an
equivalent of certain pathological scenarios, such as diarrhea [233, 234]. In the case of spheroids,
disaggregation [235], swelling [236] or the onset of the necrotic core are also events that modulate
the morphology and functionality of these aggregates [237]. Although these changes are highly
dependent on the interactions between cells and the extracellular matrix and the presence (or ab-
sence) of nutrients and different growth and differentiation factors, the cytoskeleton (CSK) of the
cells also plays a major role in determining the overall behavior of the organoids or the spheroids.

The CSK is a complex network of proteins that are suspended inside the cytoplasm of cells with the
capacity to self-assemble (and disassemble) in order to support multiple vital process to the cells
[238]. These process include cell division [239], intra-cellular transport of organelles [240], force
sensing, transmission, and generation [241, 242], adhesion [243–245], cell movement [246, 247],
and adaptation and maintenance of cell shape [248]. These functions are carried out by the three
main proteins composing the CSK: actin filaments, intermediate filaments, and microtubules [247]
(Figure 5-1).

Figure 5-1: Graphic depiction of the major components of the CSK. MTOC: Microtubule orga-
nizing center. CMA: Cell-matrix adhesion. Taken from [249].
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These three proteins have different chemical compositions and mechanical behavior, and are in-
volved in the different cell processes mentioned above [238]. Thus, intermediate filaments (IF) are
the softest of the three proteins [238], and help anchor organelles within the cytoplasm to facili-
tate their movement inside it [250]. IF also contribute in the adhesion of cells to the ECM [250].
Microtubules are the stiffest of the three proteins [238], and play a central role in cell division, as
they form the mitotic spindle [251]. Finally, actin filaments are approximately an order of magni-
tude stiffer than the intermediate filaments, but they are softer than the microtubules [238]. These
filaments are involved in a plethora of processes, which include cell movement, contraction, force
transmission, and the maintenance of cell shape and mechanical support [252–254].

Actin is an abundant protein in all types of eukaryotic cells, accounting for 5 to 10% of total pro-
tein content in the cell [252]. Each molecule, or monomer, has a globular form (called G-actin)
that, when assembled, forms the filamentous form of the protein (F-actin) [252]. During assembly,
all the monomers are oriented in the same direction, conferring the filaments a unique polarity that
plays a crucial role in the sliding of myosin along the actin filament during cell contraction [252].
The assembly and disassembly of actin filaments are dynamic reversible processes that occur in
presence of ATP [252]. Indeed, G-actin monomers first bind to ATP and, with the aid of a regula-
tory protein called profilin, are assembled at one of the ends of the filament (the “+” end). Once
assembled, ATP is converted to ADP. After this conversion, G-actin monomers, which are now
bound to ADP, can be detached from the filament by another regulatory protein, called cofilin.
ADP-bound G-actin monomers constitute the “-” end of the actin filament.

Actin filaments and myosin are both required to produce the contraction cells (Figure 5-2) [255–
258]. Myosin is a large protein that consists of two identical chains coiled around each other in a
helical fashion [258, 259]. These are called the heavy chains. The ends of each heavy chain are
conformed by two globular regions, called the globular head regions. The protein is completed by
two small chains, called the light chains, surrounding the region between the globular head regions
and the rest of the heavy chain [258]. Before contraction, the heads of the heavy chains are bound
to a molecule of ADP and one of phosphate [253, 258, 260].
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When the signal to contract is given, the globular heads release the phosphate and bind to the actin
filament at specific sites. Then, they release the ADP molecule and, with the energy stored from
the previous contraction, both the heads and the filament glide a small distance in the direction of
the + end of the filament. During the gliding, the ADP molecule is released. The gliding continues
until a new molecule of ATP binds to the head of myosin. Once this happens, the gliding stops, the
heads are detached from the actin filament, and the ATP is converted into a molecule of ADP and
one of phosphate. The energy created by this conversion is stored and used in the next contraction.
Due to the importance of ATP in this process, its supply must be continuous [253, 258, 260].

Figure 5-2: Graphic depiction of the acto-myosin contraction. Taken from [261].
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Actin filaments can also assemble to form two general structures, called actin bundles (structures
with parallel actin filaments) and actin networks (flexible meshworks with perpendicular filaments)
[252]. The actin networks are connected to the cell membrane through a series of proteins that
allow the communication of cells with the extracellular matrix and also with other neighboring
cells. This is crucial in epithelial cells, such as those of the colon, since mechanical forces are
transmitted from the actin network of one cell to another via the adherens junctions (Figure 5-3)
[262, 263]. Adherens junctions are a type of cell-cell junctions that are formed when a group of
transmembrane proteins of one cell, called cadherins, form a bond with the cadherins of another
adjacent cell [252, 256, 262, 264].

Figure 5-3: Adherens junctions and the major types of intercellular unions. Taken from [265].
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When this bond forms, which only occurs in the presence of Ca2+, inside the cytoplasm of both
cells a series of proteins called catenins are recruited to stabilize the junction [262]. Catenins bind
to both the cytoplasmic end of the cadherins and the actin filaments that are also recruited to the
union site [68]. Once stabilized, the junctions form a continuous structure resembling a belt (called
adhesion belt) around each cell of the epithelium [266, 267]. This belt (Figure 5-4) is in charge of
transmitting mechanical forces from one cell to another and is required to maintain the structural
integrity of the epithelium [268].

Figure 5-4: Graphic depiction of the adhesion belt and its relationship with the adherens junctions.
Taken from [269].

In addition to the multiple responses at the cell level, mechanical forces are also directly involved
in the final shapes that several tissues acquire during their morphogenesis. For instance, Pérez-
González et al. [270] demonstrated that the resulting shape of the intestinal epithelium is the result
of the coordination of the forces present in the different morphological zones in the epithelium
(stem cell niche, transient amplifying zone, and villus). For this, based on organoid-derived crypts
extended over functionalized PAA surfaces, the authors identified zones comparable to these mor-
phological compartments and measured the forces exerted by the cells (in each compartment) over
the substrate. They identified that the stem cell niche tended to push downwards the substrate,
whereas the transit-amplifying zone tended to push it upwards but also dragged it inwards.
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Finally, the villus-like domain dragged the substrate outwards. Furthermore, they were also able
to discern, based on the actin and myosin distribution among the cultures, that the crypt folding
is generated by the apical constriction of this compartment, which agreed with the force patterns
described above.

In cancer, cell mechanics has also been studied mainly in order to understand its relation with
cell invasion and metastasis [59, 271–273]. For instance, Nyberg et al. evaluated the stiffness,
fluidity, and four additional parameters of single cells from different cancer cell lines (pancreatic,
breast, and ovarian) [274]. By using a microfluidic device in which cells passed from a chamber
to another through a constrained channel, the authors were able to predict the invading potential
of the different cell types. In turn, Kim et al. studied the morphological and migrating response of
breast cancer cells in collagen matrices with different degrees of fiber alignment [275]. For this,
they created a vortex flow inside an unpolymerized hydrogel solution by rotating an iron particle
inside a magnetic field during the gelation process of the solution. Once polymerized, in a radius
of approximately 1mm around the iron bead, collagen fibers were circumferentially aligned. The
alignment was lost as the radius from the bead increased. Then, with these hydrogels, the authors
quantitatively analyzed the morphology of breast cancer cells and found that, in aligned fibers,
cells exhibited an elongated morphology and moved preferentially in the direction of the fibers.
Other studies have also studied the change of the mechanical properties of single cells due to the
effect of various therapeutic drugs [273].

In the previous chapter, we discovered that, in some experiments, HCT-116 spheroids expelled
their necrotic cores during the cycles in deprived media. Due to its striking notoriety, and its pos-
sible clinical implications, we decided to further study the underlying mechanisms that enable the
spheroids of this particular cell line to eject their inner content to the exterior. For this, we for-
mulated two main hypotheses. We first proposed the ejection was caused by a massive swelling
of the samples stemming from an osmotic gradient. We also formulated a second hypothesis in
which the ejection of the necrotic core was due to the simultaneous weakening in the contractile
activity of the CSK and the expansion of the necrotic zone. In this hypothesis, cells inside the
spheroids form contractile ring-shaped layers that not only confine but also compress the continu-
ously growing necrotic core. In normal conditions, the contractile activity of the cells is supported
by the abundance of nutrients, especially in the form of ATP, that allow cells to form and main-
tain stable cell-cell interactions and exert their contractile forces among them. This is especially
true for cells such as those of the HCT-116 cell line, which require high amounts of ATP to sus-
tain their basic functions in comparison to the HT-29 cell line [276]. However, once this nutrient
supply is removed by the passing of the spheroids to nutrient-deprived media, the imbalance in nu-
trients forces the cells to enter in a survival-like state, ultimately disrupting their normal contractile
activity and weakening the pressure on the necrotic core.
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The weakening would cause the decompression of the necrotic core. Concomitantly, the core
would expand, generating an isotropic deformation of the spheroid (global swelling) until it en-
counters a weakened zone in the rings of cells. Afterwards, the deformation would continue locally,
promoting a localized swelling around this weakened zone and, consequently, its rupture and the
expulsion of the material from the inside of the spheroids.

We first evaluated the validity of the first hypothesis. Then, we asked whether the ejection of the
necrotic core could also occur with other cell lines. Following this, we checked whether this phe-
nomenon could also occur inside collagen matrices. Then, we revisited the experiments described
in the last chapter in order to identify the (most likely) biochemical factor responsible for the
ejection of the necrotic core. Afterwards, we checked the distribution and shape of the cells inside
spheroids to answer whether the contractile rings were indeed present and whether cell distribution
remained constant throughout the experiments. Finally, we asked whether we could prevent the
phenomenon by blocking the contractile activity of the cells with two different molecules: Y-27632
and Blebbistatin. Y-27632 is an inhibitor of the Rho-associated, coiled-coil containing protein ki-
nase (ROCK). This pathway is involved in the formation of the actin filaments. It selectively binds
to two isoforms of ROCK (ROCK1 and ROCK2 [277]) and has been widely used for enhancing
the survival of human embryonic stem cells (ES) by preventing dissociation-induced apoptosis
(anoikis) [278]. In turn, Blebbistatin is a specific inhibitor of myosin II. This molecule binds in the
myosin II chain to the anchoring site of the actin, thus keeping myosin in an actin-detached state
[279–281]. Blebbistatin has been widely used in cardiac optical mapping, a fluorescent imaging
method to study the electrical behavior and calcium handling in the heart [282]. However, it has
also been increasingly studied in cancer [283, 284].

In order to prove the effects of Y-27632 or Blebbistatin on the HCT-116 spheroids, we repeated
the “best-to-worst” (DG10-D0) preconditioning experiment with the C24 preconditioned group. In
addition, we performed the experiments until the end of the first cycle in D0. The addition schemes
and concentrations used for both molecules are found in chapter 2 of this dissertation.
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5.2. Results

5.2.1. The ejection of the necrotic core is not a universal event

After observing the ejection of the necrotic core in the HCT-116 spheroids, we asked whether this
phenomenon could also happen in other cell lines. Therefore, in order to do this, we repeated the
“best-to-worst” (DG10-D0) preconditioning experiment with two glioblastoma cell lines (U-87
MG and U-251 MG), one neuroblastoma (SH-SY5Y), and one more colorectal cell line (HT-29).
With respect to the initial number of cells seeded to generate the HCT-116 spheroids, we performed
preliminary tests (results not shown) to determine an adequate number of cells that would facilitate
the manipulation of the samples, resulting in a number of 1000 cells. We then used this number to
generate spheroids for the other tested cell lines (HT-29, U-87 MG, U-251 MG, and SH-SY5Y).
However, after observing the behavior of the spheroids of these cell lines, we decided to modify
the number of cells for the U-87 MG and the SH-SY5Y aggregates. In the case of the former, we
increased the number to 5000 to ensure a proper formation of the necrotic core. For the SH-SY5Y
line, we increased the number to 20000 initial cells to ensure the formation of the spheroids.

At the beginning of the first cycle in D0, the spheroids of U-87 MG and HT-29 cell lines were the
only ones that had a necrotic core, since the spheroids of the other two cell lines were too small
to develop one. In the following days, the evolution of the necrotic core did not exhibit visible
changes in any of the cell lines or preconditioned groups. In fact, none of the preconditioned
spheroids of the aforementioned cell lines expelled their necrotic core (Figure 5-5).
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Figure 5-5: Time evolution of the spheroids of the mentioned cell lines during the first cycle in
D0. All samples belong to the C24 preconditioned group. Scale bars: 100 µm.

We then continued the preconditioning experiment to see whether the spheroids were able to eject
their core in the second cycle in D0, since in the HCT-116 case, the spheroids also expelled it in
this cycle. We interrupted the experiment for the U-251 MG cell line because the spheroids did not
grow and, consequently, did not form a necrotic core.
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Results of the spheroid evolution are shown in Figure 5-6. During this cycle, the spheroids of the
SH-SY5Y cell line developed a small necrotic core at their center, while the samples of the U-87
MG and HT-29 cell lines maintained their core. However, the spheroids did not eject their core in
any of the preconditioned groups.

Figure 5-6: Time evolution of the spheroids of the mentioned cell lines during the second cycle in
D0. All samples belong to the C24 preconditioned group. Scale bars: 100 µm.

Based on these findings, we concluded that, at least for this kind of preconditioning, the ejection
of the necrotic core was not a universal event.
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5.2.2. The ejection of the core is not caused by swelling of the
spheroids

As we stated at the end of the introduction, we first hypothesized that the ejection was caused
by a difference in osmotic pressure inside the spheroids. This gradient would favor the influx of
media inside the spheroids, causing their swelling and, ultimately, their rupture and ejection of the
content. Indeed, as seen in Figure 5-7, during the moments prior to the ejection, the spheroids
seemed to swell.

Figure 5-7: Time series of the formation of the localized swelling (identified by the “S” letter)
inside the HCT-116 spheroids that led to the rupture and ejection of the necrotic core.
The “*” symbol indicates the ejected necrotic core. Scale bar: 100 µm.

However, the swelling that started as a uniform event inside the spheroid, ended as a focalized
event. In addition, if an osmotic gradient were present, the ejection would also be present in
spheroids from other cell lines (such as those made of HT-29 cells) or even in the positive controls.
Yet, that did not happen either. Thus, we decided to abandon this first hypothesis and focus on the
second one.

5.2.3. The ejection of the necrotic core has variable behavior inside
collagen matrices

Since the necrotic core ejection occurred during the first 48 hours of the first cycle in D0 in the
spheroids suspended in nutrient-deprived media, we asked whether the same phenomenon hap-
pened during the same time points when the spheroids were “sandwiched” inside two layers of
collagen hydrogel (equivalent to the constrained 2D experiment in Chapter 3) and subjected under
the preconditioning experiments. The obtained results revealed that, despite developing a large
necrotic core, none of the samples within any preconditioning groups expelled it during this cycle
(Figure 5-8).
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Figure 5-8: Spheroid behavior during the first cycle in D0. Dotted yellow lines indicate the
necrotic core of the spheroids. Scale bar: 500 µm.

Based on the above, we asked whether the core was expelled during the remaining the cycles.
Therefore, we continued the preconditioning experiments and found that a proportion of the sam-
ples within the C24, C72, C96, and C120 preconditioned groups, ranging from one-third to half,
ejected their core. The ejection was confirmed by the onset of necrotic material on top of pre-
viously clean zones as well as by the lack of fluorescent signal. An example of the ejection is
shown in Figure 5-9. As seen in the Figure, the necrotic material (identified by the pink “∗” sym-
bol) started emerging from the main mass, in a similar manner as in the suspension cases, until it
spread all over the captured field.
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Figure 5-9: Spheroid behavior during the second cycle in DG10. Scale bar: 500 µm.

5.2.4. Glucose is a major factor for the ejection of the necrotic core

As stated at the introduction of this chapter, we asked which of the two main components of
our preconditioning experiments (glucose or FBS) was a major contributor to the ejection of the
necrotic core. To investigate this, we revisited the experiments where the concentration of either
glucose or FBS varied while maintaining constant the concentration of the other factor.

5.2.4.1. Changes in the concentration of FBS under constant levels of glucose

Constant concentration of glucose (4.5 g/L): FBS preconditioning experiment
(DG10-DG0)

In the previous chapter, we demonstrated that, during the first cycle in DG0, the samples in every
preconditioned group in the FBS experiment had a similar growth behavior to that of the precon-
ditioned groups during the first cycle in D0 in the “best-to-worst” preconditioning experiment.
However, in stark contrast to the latter, the preconditioned groups in the first cycle of DG0 did not
eject their necrotic core in any time point during the cycle (left panel in Figure 5-10).
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Figure 5-10: Representative example of the HCT preconditioned groups in the DG10-DG0 exper-
iment. Scale bar: 100 µm.

During the second time in DG10, the spheroids did not eject their necrotic core, which was ex-
pected. Finally, we also checked whether the spheroids in the preconditioned groups ejected their
necrotic core during the second cycle in DG0, since the preconditioned groups in the DG10-D0
experiment also ejected their core during the second cycle in D0. As seen in the right panel in
Figure 5-10, the C72, C96, and C120 preconditioned groups did eject their necrotic core in the
second cycle in DG0; however, in comparison to the DG10-D0, the ejected fraction was visibly
smaller. This prompted us to discard the FBS as a decisive factor for the ejection of the necrotic
core.

5.2.4.2. Changes in the concentration of glucose under constant levels of FBS

Constant concentration of FBS (10% v/v): glucose preconditioning experiment
(DG10-D10)

When we conducted the preconditioning experiments by varying the glucose concentration in pres-
ence of FBS, we noted that the mean area of the preconditioned spheroids had non-linear behavior,
especially during the cycles in D10. In addition to this, we also observed that the negative con-
trols also experienced drastic changes in their mean area. In both cases, the changes in area were
inevitably related to the ejection of the necrotic content.
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During the first cycle in D10, all preconditioning groups expelled their necrotic core during the first
48 hours of the start of the cycle in D10, as those in the DG10-D0 experiment during the first cycle
in D0. However, the ejections in the DG10-D10 experiments were, in general, more pronounced
than in the DG10-D0 experiments, as seen in Figure 5-11.

Figure 5-11: HCT-116 C24 preconditioned spheroids behavior under the first cycle in D10 (top
row) and D0 (bottom row). Scale bars: 100 µm. The yellow dotted lines denote the
area of the necrotic core ejected from the spheroid.

When analyzing the shape of the necrotic core in the BF images prior the ejection, we observed
that, during the first cycle in D10, all samples in every preconditioned group had a well-defined
round necrotic core that was concentric to the spheroid. This particular morphology was evident
24 hours after the beginning of the cycle and occupied 67.0±2.9% of the total area of the spheroid
and had an average roundness of 96.2±3.6%. By contrast, during the same time point in the
DG10-D0 experiments, the samples had a blurred necrotic zone with an average occupied area of
48.5±9.3%. The left panel in Figure 5-12 shows a representative example of a spheroid in the C24
preconditioned group 24 hours after the beginning of the cycle in D10, while the right panel shows
an example of the same group 24 after the start of the first cycle in D0.
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Figure 5-12: Comparison of the shape of the necrotic core for the glucose (DG10-D10, left panel)
and “best-to-worst” (DG10-D0, right panel) preconditioning experiments. Scale
bars: 100 µm.

During the second cycle in D10, all samples of the preconditioned groups ejected again their
necrotic core in a similar fashion as in the first cycle. Interestingly, the occupied area of the
necrotic core diminished (38.2±13.5%) and its shape became less round (85.8±12.8%).

Regarding the negative controls (spheroids in D10), we noticed that they also formed a well-defined
necrotic core, with similar values of occupied area and shape to the preconditioned groups in the
first cycle in D10. Nevertheless, the negative controls expelled their necrotic core as early as 120
hours after the start of the experiment. After these early ejections, the negative controls experienced
repeated cycles of reformation and expulsion of the core that ultimately led to the creation of new
small spheroids around the main mass (Figure 5-13) that resembled the tumor buddings typically
seen in histological sections of CRC patients [285–287].

Figure 5-13: Representative example of the HCT negative controls in the glucose preconditioning
experiment (DG10-D10). Picture was taken at the end of the experiment (696 hours).
Scale bar: 100 µm.
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5.2.5. The ejection of the necrotic core is a mechanical effect
regulated by the contractile activity of the cells

5.2.5.1. Cells inside HCT-116 spheroids have elongated shapes and form
concentric rings round the core

Since the CSK plays a major role in the second hypothesis that we formulated at the end of the
introduction, we wanted to analyze the distribution and shape of the cells inside the spheroid and
the arrangement of the CSK in these cells. To do this, we first performed TEM microscopy on
sections of the spheroids. Figure 5-14 shows representative examples of semi-thin (stained with
toluidine blue, left panel) and TEM micrographs of ultra-thin cuts (right panel) of two distinct
zones in the semi-thin cuts.

Figure 5-14: Representative images of semi-thin and ultra-thin cuts of positive control of HCT-
116 spheroids in the glucose preconditioning experiment. Scale bar for the semi-thin
cuts: 100 µm. Scale bar for the ultra-thin cuts: 2 µm.

Based on Figure 5-14, we identified two distinct cell morphologies. In the first one, cells were
elongated and stacked on top of each other in a circumferential pattern, with a mean roundness
of 0.4±0.2. These cells (identified by the label 1 in the left panel in Figure 5-14) were always
located in the inner layers of the spheroid, between the periphery of the spheroid and the center.
The second morphology (identified by the label 2 in the left panel in Figure 5-14) corresponded to
cells at the periphery and surrounding the center of the spheroid. In those layers, cells were more
round, with a mean roundness of 0.7±0.2. In addition to this, we also observed that the nucleus of
these cells tended to follow the same overall shape of the cells, regardless of their location.
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Following this initial exploration of the cell distribution inside the spheroids, we asked whether
cells remained in the same configuration or, by contrast, they rearranged their morphology through-
out the “best-to-worst” experiment. Specifically, we asked whether the passing from DG10 to D0
could induce morphological changes in the cells comprising the spheroids. For this, we analyzed
the histological sections of the positive controls and preconditioned groups of HCT-116 and HT-29
spheroids at five time points, corresponding with key moments in the preconditioning experiment:
24 hours before the passing from the cycle in DG10 to D0 (144 hours in the general timeline of
the experiment), the day of passing (168 hours), approximately 12 hours after passing (180 or 183
hours), 48 hours after passing (216 hours), which corresponds to the ejection in the case of the
HCT-116 cell line, and the following 24 hours (240 hours). Figure 5-15 shows the evolution of cell
distribution inside HCT-116 spheroids.

Initial qualitative morphological analysis of the sections of Figure 5-15 revealed that the organi-
zation and morphology of cells, as well as the necrotic core evolution, exhibited time-dependent
behavior. At 144 hours, both positive control and preconditioned spheroids had high cell density
towards their inner zones. At the center of the sections, cells tended to arrange themselves in a
swirling spiral pattern, while at the outer zones, they tended to arrange circumferentially around
the spiral. At 168 hours, cell density at the center was not as high as in the previous hour (144),
suggesting that cells were dying. Interestingly, the orientation of cells experienced a major shift,
as cells in both controls and preconditioned groups seemingly orientated in a vertical direction.
Towards the periphery of the samples, however, cells remained orientated in a circumferential
manner. At 183 hours, the center of the preconditioned sample was almost devoid of cells, indicat-
ing the presence of a large necrotic core. Additionally, distinct rings of circumferentially oriented
cells were easily observed. In the positive controls, the necrotic zone was also visible at the center
of the section, but it was not as delimited as in the preconditioned group. Furthermore, the rings
of circumferential cells was not as defined, although they could still be appreciated. At 216 hours,
almost the entire area of the section of the preconditioned spheroid was empty, whereas in the
positive control, only the center was emptier than the periphery. Last, at 240 hours, the available
sections showed that cell density towards the periphery in the preconditioned group was seemingly
higher than the corresponding zone in the positive control.
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Figure 5-15: Representative Hematoxylin-Eosin (H&E) images of parafin-embedded sections of
HCT-116 spheroids in the “best-to-worst” experiment. Scale bar: 100 µm.

We then performed morphometric analysis on the roundness of selected cells in each section of
Figure 5-15. For this, prior to merging the tiles to reconstruct the entire histological section, we
randomly selected 5 to 6 cells per tile. Repeated selections were discarded, leaving one unique
selection per tile. For the 144th and 168th hours, we selected samples in all the tiles; however,
from the 183th hour onwards, we did not perform any selection in the tiles corresponding to the
center of the spheroids, as the cells inside it were remnants of the necrotic core. A representative
example of the selection on the merged tiles is shown in Figure 5-16 (the selection in all sections
is shown in Appendix Figure B-7). Results show that, at 144 hours, cells in both positive and
C24 preconditioned groups had two predominant shapes. At the periphery of the sections, cells
had round morphologies, with mean roundness factor of 0.82±0.08 for the positive controls and
0.82±0.09 for the C24 preconditioned group (p-value: 0.464574). In turn, at the inner layers, cells
had elongated shapes, with roundness factor of 0.36±0.09 for the positive controls and 0.31±0.11
for the C24 group (p-value: 0.0068). At 168 hours, cells in both sections also had the same distinct
morphologies as in the previous case. At the periphery, roundness for the positive control and C24
group was slightly lower, with respective values of 0.77±0.12 and 0.81±0.10 (p-value: 0.1433).
At the inner layers, the elongated cells had roundness values of 0.37±0.12 for the positive control,
and 0.29±0.07 for the C24 group (p-value: 0.0008). At 183 hours, cells in both groups lost
their round morphology and became elongated in all zones of the spheroids, with mean roundness
values of 0.33±0.11 for the positive controls, and 0.31±0.08 for the preconditioned group (p-
value: 0.3805). At the day of the ejection (216 hours), we observed that cells in the ring of
concentric cells in the C24 preconditioned group became drastically thinner towards the rupture
zone (right part of the section) whereas in the positive control, cell distribution did not experience
this change. Interestingly, cells in the preconditioned group were less elongated (0.39±0.09) than
the ones in the positive control (0.30±0.09), a statistical relevant result (p-value: 0.0001).



122 5 The ejection of the necrotic core in HCT-116 spheroids

Finally, in the last time point (240 hours), cells in the preconditioned group became rounder,
with a roundness value of 0.79±0.10, while in the positive controls, cells remained elongated
(0.41±0.10). This, again, was a statistically relevant finding (p-value less than 0.0001).

Figure 5-16: Example of cell selection for measuring roundness in the H&E sections of HCT-116
and HT-29 spheroids. Scale bar: 100 µm.

With respect to the HT-29 spheroids, results showed that, overall, cells inside the spheroids in both
the positive control and C24 preconditioned groups (5-17) remained essentially round throughout
the experiment. At 144 hours, the roundness values for the positive control and C24 group were,
respectively, 0.82±0.08 and 0.81±0.08 (p-value: 0.5925).
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At 168 hours, the values were 0.79±0.09 for the positive control, and 0.79±0.10 for the precon-
ditioned group (p-value: 0.9744). At 180 hours, the roundness values increased to 0.83±0.08
(positive control) and 0.80±0.11 (preconditioned group), with a p-value of 0.2042. At 216 hours,
the respective values for the positive control and C24 preconditioned group were 0.81±0.09 and
0.80±0.09 (p-value: 0.5686). Finally, in the last day of the experiment, we could not obtain a
section for the C24 preconditioned group, although we did obtained one for the positive control.
In this sample, cells slightly decreased their roundness, with a mean value of 0.75±0.07.

Figure 5-17: Representative Hematoxylin-Eosin (H&E) images of parafin-embedded sections of
HT-29 spheroids in the “best-to-worst” experiment. Scale bar: 100 µm.

Despite the information obtained from the TEM and H&E images, we could not observe the actin
filaments inside the cells. Therefore, we stained the actin filaments of the CSK with phalloidin.
Afterwards, we clarified the samples and imaged the samples in a confocal microscope.
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We performed the clearing protocol in order to improve the penetration distance of the light and
reduce the light scattering resulting from the density of cells inside the spheroids. Figure 5-18
shows the maximum projection of confocal images of a sample preconditioned spheroid (C24
group) maintained for 168 hours. As seen in the Figure, although the clearing technique did allow
us to better visualize the spheroid, the high density of cells did not permit to obtain clear images of
the actin filaments inside the spheroid. Nevertheless, we did observe that the actin filaments were
highly concentrated at the periphery of the cells. This was expected, since the cells were largely
occupied by the nucleus (Figure 5-14).

Figure 5-18: Actin filament location inside a cleared sample of a C24 preconditioned spheroid
maintained for 168 hours before and after clearing. Scale bar: 100 µm.

Although we could not observe the CSK arrangement inside the cells, we corroborated that cells
form concentric rings around the necrotic core. Since this distribution could favor the compres-
sion of the core, we continued our experiments and blocked cytoskeletal activity with Y-27632 or
Blebbistatin. Results are shown in the following sections.
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5.2.5.2. Treatment with Y-27632 inhibits cytoskeletal contraction but it also affects
spheroid growth

In order to determine whether Y-27632 could prevent the ejection of the necrotic core, we designed
a battery of experiments where we varied the concentration of the drug and the timing of its ad-
dition. We used the “best-to-worst” experiment as our baseline. With this design, we aimed to
answer whether the ejection was dependent on the dose and the addition time. For the first part, we
used increasing concentrations of the molecule, ranging from 25 to 100 µM (specific doses were
25, 50, and 100 µM). For the second part, we defined two specific moments of addition, which
simulated an acute treatment scheme with the drug and a chronic one. Both schemes corresponded
to the following events in the timeline of the preconditioning experiment:

1. Chronic treatment (24th hour of the experiment): corresponded to the beginning of the
cycle in DG10. The signal was maintained throughout the rest of the experiment.

2. Acute treatment (168th hour of the experiment): corresponded to the transition between
the cycles in DG10 and D0. The signal was kept for the duration of the cycle in D0.
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The chronic effect of high doses of Y-27632 prevents the ejection of the necrotic
core but it also affects cell proliferation

When we added Y-27632 at the beginning of the cycle in DG10, we observed that the ejection of
the necrotic core was dose-dependent. As seen in the left panel of Figure 5-19, the increasing doses
of the molecule led to changes in the spheroid size and the capability of expelling the necrotic core.
Indeed, the only concentration capable of preventing the ejection was 100 µM.

Figure 5-19: Time spheroid behavior of treated spheroids with Y-27632 in the chronic scheme.
Left panel: morphological changes of the spheroids. Right panel: time evolution
of the mean spheroid area after adding 100 µM Y-27632. ∗: transition from D0 to
DG10. ∆: transition from DG10 to D0. ¤: addition of Y-27632. Scale bar: 100 µm.

For this concentration, we calculated the mean area evolution of groups not exposed to the molecule
(non-treated) and those exposed to 100 µM of Y-27632 (treated groups). Results, which are shown
in the right panel in Figure 5-19, revealed that, overall, treated spheroids were smaller than the
non-treated ones. Thus, we asked whether these changes in size were restricted to the phase in D0
or, by contrast, were the result of the prolonged exposure to Y-27632. To do this, we calculated the
percent differences in size at every cycle (including the preconditioning period) between the treated
and non-treated groups. As a guiding visualization tool, inside each subgraph in the right panel
of Figure 5-19, we compared the sizes of the blue and pale pink lines in every time point of the
experiment. Based on these results we observed that, during the first 24 hours of the experiment,
treated groups (first row in Figure 5-19), were bigger than the non-treated groups. Nevertheless,
the differences in size were not statistically significant. At the outset of the experiment (0 hours),
in the negative controls, the treated spheroids exhibited a larger size compared to the non-treated
samples, showing a percent difference of 12.8±1.2% (p-value: 0.108).
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Similarly, in the positive controls, the treated spheroids demonstrated a percent difference of
11.4±0.9% in size (p-value: 0.1225), while the preconditioned samples exhibited a percent differ-
ence 10.8±0.7% (p-value: 0.2237). At 24 hours, the sizes of the treated and non-treated samples
were also similar. In the negative and positive controls, the respective percent differences reduced
to 9.4±1.0% (p-value: 0.2162) and 6.7±0.4% (p-value: 0.9085). In the preconditioned group, the
corresponding percent difference was 1.0±0.1% (p-value: 0.2673).

However, when the drug was added, which coincided with the start of the cycle in DG10, a note-
worthy shift in the trends occurred. Spheroids treated with the drug, which were initially larger
during the initial starvation period, began to decrease in size compared to the non-treated ones.
In the case of the negative controls, the size of the treated spheroids decreased by a percent dif-
ference of 55.7±10.4% at the end of the cycle (p-value: 0.0007067). In the positive controls and
preconditioned group, the treated samples reduced their size with respective percent differences
of 36.2±4.0% (p-value: 0.002995) and 31.2±4.7% (p-value: 0.001191) compared to their non-
treated counterparts.

Finally, in the last phase of the experiment, coinciding with the cycle in D0, the differences seen
in the previous cycle became more evident; that is, treated spheroids reduced their size even more
with respect to the non-treated ones. In fact, in the negative controls, the differences in size passed
from 55.7±10.4% (at the start of the last phase) to 86.1±16.8% at the end of the experiment
(p-value: 1.522e-05). Similarly, in the positive controls the differences in size increased from
36.2±4.0% to 37.6±6.4% (p-value at the end of the phase: 0.01352). Lastly, in the precondi-
tioned group, the differences in size ranged from 31.2±4.7%, at the beginning of the phase, to
61.4±11.5% at the end of the experiment (p-value: 0.0001293). Based on these results, we hy-
pothesized that the reduction in size, which is directly related to the proliferative activity of cells,
was due to the prolonged exposure to the high dose of the drug.
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The acute effect of Y-27632 alters the size of the spheroids and does not prevent
the ejection of the necrotic core regardless of the dose

Figure 5-20 shows, in the left panel, the spheroid behavior when the different concentrations of
the molecule were added in the acute effect scenario. When we added the drug, the spheroids had
already formed a large necrotic core and, correspondingly, had a pretensile stress due to it that was
countered by the intercellular forces exerted by the rings of cells. Strikingly, after the addition, the
molecule did not prevent the ejection of the necrotic core in any of the tested concentrations, as
seen in Figure 5-20.

Figure 5-20: Time spheroid behavior of treated spheroids with Y-27632 in the acute scheme. Left
panel: morphological changes of the spheroids. Right panel: time evolution of the
mean spheroid area after adding 100 µM Y-27632. ∗: transition from D0 to DG10.
∆: transition from DG10 to D0. ¤: addition of Y-27632. Scale bar: 100 µm.

We analyzed the mean area evolution of the spheroids treated with 100 µM Y-27632 in order to
compare the effect of the acute treatment with the chronic one. The results are shown in the right
panel of Figure 5-20. As in the previous section, inside each subgraph in the right panel of Figure
5-20, we compared the sizes of the blue and pale pink lines in every time point of the experiment.

During the first 168 hours of the experiment, which included the preconditioning period (0 to 24
hours) and the cycle in DG10 (24 to 168 hours), the treated groups behaved similarly the non-
treated samples and had similar sizes, with the latter being larger in size than the former. For
instance, at the end of the cycle in DG10 (168 hours), in the negative controls, the difference in
size between the non-treated and treated samples was 15.1±2.4% (p-value: 0.8846). In the posi-
tive controls, the corresponding value between the non-treated and treated samples was 15.1±0.4%
(p-value: 0.7341) whereas for the preconditioned group, it was 14.0±2.1% (p-value: 0.8396).
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Following the addition of the drug, the treated spheroids continued to reduce their size, although
this reduction was not significant. Thus, at the end of the experiment, the differences in size
between the non-treated and treated samples in the negative controls, the positive controls, and
preconditioned group were, respectively, 52.0±10.6% (p-value: 0.7692), 4.7±0.3% (p-value:
0.8396), and 38.7±7.7% (p-value: 0.07033).

5.2.6. The biological response of HCT-116 spheroids to Blebbistatin
is dose-dependent

In the previous section, we observed that treating spheroids with 100 µM Y-27632 in a chronic
scheme prevented the ejection of the necrotic core in the C24 preconditioned group, with the caveat
that it also altered its formation. This was a major issue, since our aim was to inhibit the necrotic
core ejection in spheroids and not prevent its formation. Therefore, we decided to use Blebbistatin,
another small molecule capable of blocking cytoskeletal contractile activity. However, contrary to
Y-27632, which acts upstream in the ROCK/RHO signaling pathway, Blebbistatin inhibits the
gliding motility of myosin II without interfering in the binding of myosin to the actin filament.

Similar to Y-27632, we also evaluated the effects of increasing concentrations of Blebbistatin (0.1,
1, 10, 25, 50, and 100 µM) in the behavior of the spheroids. Figure 5-21 shows the temporal area
evolution of spheroids treated with Blebbistatin at the mentioned concentrations and time point
within the experiment.
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Figure 5-21: Time evolution of representative examples of treated (C24B) and non-treated sam-
ples (C24) for the C24 preconditioned group during the first cycle in D0. Scale bar:
100 µm.

As seen in the Figure, the lowest concentrations (0.1, 1, and 5 µM) of Blebbistatin did not prevent
the ejection of the necrotic core, whereas those at the highest (25, 50, and 100 µM) did prevent it
but they also promoted massive cell detachment from the spheroids, especially at a concentration
of 100 µM. These detached cells were viable and maintained this state for the rest of the test. In
contrast, when we treated the spheroids with 10 µM Blebbistatin, the samples did not eject the
core and did not present cell detachment. Therefore, we used this concentration for the following
analyses.

The acute treatment with 10 µM Blebbistatin prevents the ejection of the necrotic
core and preserves cell proliferation

Figure 5-22 shows the evolution of the treated (identified by the letter “B”) vs non-treated precon-
ditioned spheroids in the acute treatment with 10 µM Blebbistatin, which corresponds to the first
cycle in D0. Qualitative analysis of the spheroids during this cycle revealed that preconditioned
spheroids treated with Blebbistatin did not eject their necrotic core in any time point during the
cycle, despite having seemingly similar sizes to their non-treated counterparts before the ejection.
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Figure 5-22: Time evolution of representative examples of treated and non-treated samples for the
C24 preconditioned group during the first cycle in D0. Scale bar: 100 µm.

In order to corroborate that the treated and non-treated spheroids were similar before the addition
of Blebbistatin, we quantified the area of the spheroids in the entire experiment (Figure 5-23)
and then compared the growth rates of the treated and non-treated samples within the same group
(positive control, negative control, or preconditioned spheroids). We also compared the differences
in size between the treated and non-treated samples.
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Figure 5-23: Time evolution of the spheroid area behavior of treated spheroids with Blebbistatin
in the acute treatment. ∗: transition from D0 to DG10. ∆: transition from DG10
to D0. ¤: addition of Blebbistatin. §: addition of DMSO. Dashed lines indicate the
preconditioning period, the cycle in DG10, and the cycle in D0 of the preconditioned
group. Green hue: period in DG10. Red hue: period in D0.

During the initial 24 hours of the experiment, referred to as the initial starvation period, both treated
and non-treated groups exhibited comparable behavior. For instance, in the positive control groups,
the treated spheroids grew at a rate of 1140.9 µm2/h, while the non-treated ones showed a growth
rate of 1093.2 µm2/h. Likewise, in the negative controls, the treated and non-treated samples
exhibited respective growths rates of -17.1 and -0.7 µm2/h. In the preconditioned group, treated
spheroids revealed a growth rate of 114.9 µm2/h, while the non-treated counterparts displayed a
rate of 45.7 µm2/h.
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Throughout the subsequent 144 hours of the experiment, corresponding to the cycle in DG10,
both treated and non-treated groups continued to exhibit similar behaviors, as demonstrated by
the p-values shown in parentheses. In the negative controls, the treated samples grew at a rate of
264.6 µm2/h, followed by the non-treated samples, which showed a rate of 294.5 µm2/h (p-value:
0.2675). In the positive controls, the respective values for the treated and non-treated groups were
2251.5 and 2158.4 µm2/h (p-value: 0.1261). Similarly, in the preconditioned group, the rate for
the treated samples was 2124.7 µm2/h whereas for the non-treated spheroids, it was 2039.9 µm2/h
(p-value: 0.0675).

With respect to the average percent differences between the treated and non-treated groups at the
start and end of the mentioned time frame, the results also confirmed the similarity in their be-
havior. However, it was noteworthy that, across all experimental groups, the non-treated samples
were consistently larger in size than the treated spheroids. At the beginning of the cycle in DG10,
the difference in size between the treated and non-treated samples in the negative controls was
0.9±0.03% (p-value: 0.83181). In the positive controls, the difference amounted to 2.5±0.12%
(p-value: 0.5949), and in the preconditioned group, it was 2.3±0.09% (p-value: 0.4124). At the
end of the cycle, these differences further accentuated, with respective values for the negative con-
trols, the positive ones, and the preconditioned groups of 0.2±0.01% (p-value: 0.713), 3.8±0.18%
(p-value: 0.2017), and 4.6±0.23% (p-value: 0.0675).

During the last phase of the experiment, when the signal of Blebbistatin was activated and the
preconditioned spheroids were again in D0, notable differences emerged between the treated and
non-treated samples compared to the previous cycle. In particular, with the exception of the nega-
tive controls, the treated samples were always larger than the non-treated counterparts.

In the positive controls, the differences between the treated and non-treated spheroids passed from
-3.8±0.18%, at the start of the phase (the negative sign indicates that the treated spheroids were
smaller than the non-treated ones), to +12.8±0.67% (p-value: 0.01834) at the end of the experi-
ment (the positive sign highlights that the treated samples were bigger than their non-treated coun-
terparts). Correspondingly, in the preconditioned group, the difference in size increased from
-4.6±0.23% at the start of the cycle to +15.8±0.83% (p-value: 0.006477) at the end of the experi-
ment.
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Conversely, in the negative controls, the differences further accentuated from -0.2±0.01%, at the
beginning of the cycle, to -11.4±0.47% (p-value: 0.01368) at its conclusion. As in the positive
controls, the negative sign in the percent difference values of the preconditioned and negative
control groups indicates that the size of the treated spheroids was smaller than that of the non-
treated counterparts.

In addition to the differences in size, the growth rates of the treated and non-treated samples also
showed differences after the addition of Blebbistatin. With the exception of the negative controls,
the rates of the treated spheroids were bigger than the rates of the non-treated counterparts. In
the positive controls, the treated spheroids grew at a rate of 2002.0 µm2/h, followed by the non-
treated samples, which exhibited a rate of 1574.5 µm2/h (p-value: 0.01855). In the preconditioned
group, the treated samples displayed a growth rate of 1083.6 µm2/h, surpassing the non-treated
counterparts, which demonstrated a rate of 597.4 µm2/h (p-value: 8.979e-05). Conversely, in the
negative controls, the growth rate of the treated samples was 525.7 µm2/h, while the corresponding
rate for the non-treated spheroids was 628.8 µm2/h (p-value: 0.0295).

5.3. Discussion

5.3.1. The ejection of the necrotic core is not a universal event

During the DG10-D0 preconditioning experiments, we observed that spheroids made of the HCT-
116 cell line were able to expel their necrotic core during the phases in which they were deprived
of nutrients, an event that, to the best of our konwledge, has not been reported in literature. This
prompted us to ask several questions. In the first place, we inquired whether this phenomenon was
universal or, by contrast, it was related only to the HCT-116 cell line. For this, we repeated this
experiment using spheroids made of U-87 MG, U-251 MG, SH-SY5Y, and HT-29. Based on our
results (Figures 5-5 and 5-6), we concluded that it was not universal and was only circumscribed
to the HCT-116 cell line. This may be explained, at least in part, by two key mechanisms: pro-
liferation and the capability and maintenance of cytoskeletal contraction. The first mechanism is
straightforward, since the necrotic core can only exist when there is sufficient cell proliferation (or
a sufficient number of cells) to create gradients of nutrients and oxygen potent enough to kill the
cells inside the spheroids [288, 289]. Thus, the complete absence of a necrotic core in the first
cycle in D0 for the U-251 MG and SH-SY5Y explains the lack of ejection in these two cell lines,
and is also in agreement with previous findings. For instance, the lack of necrotic core formation in
U-251 MG spheroids has been observed previously by Rodrigues Alves et al. [290]. In their study,
the authors demonstrated that U-251 MG cells showed relatively stable proliferation rates (inferred
by the number of viable cells) that were low enough to promote the growth of the spheroids and
the onset of a necrotic core over the course of 12 days.
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This time frame is comparable to the one during the first cycle in D0 our experiments. Furthermore,
the authors reported an overall spheroid size reduction for this cell line that was attributed to the
intercellular interactions inside the spheroid. The size reduction for spheroids of this cell line
was also observed by Waldherr et al. [291] although the authors do not comment on the possible
mechanisms responsible for this reduction. For the SH-SY5Y spheroids, Jung et al. [292] also
characterized the proliferation rates of spheroids of this cell line over the course of 4 days (also
inferred by the number of viable cells) and found that the samples also had low proliferation
rates. Furthermore, the authors showed that, despite the initial cell density used for producing
the spheroids (1x105 cells/well) the spheroids did not have a necrotic core even after 96 hours of
culture in growth medium.

The proliferation mechanism may also explain the behavior of the SH-SY5Y in the second cycle in
D0. Indeed, although the spheroids managed to develop a necrotic core, it became evident within
the last 48 hours of the experiment. With respect to the U-251 MG spheroids, our decision to
interrupt the experiment at the end of the first cycle in D0 is supported by the fact that this cell line
has been reported to have very low proliferation rates when cultured as multicellular spheroids,
partly because of the high contractile forces exerted by the cells. By contrast, the U-87 MG and
HT-29 spheroids did have large enough cores, indicating the high proliferative capacities of these
cell lines [293–295]. These large cores could be, in theory, expelled from the inside of the masses.
Yet, this did not happen in any of our experiments. As stated above, we hypothesized that the
ejection of the core occurs because of two simultaneous effects: the expansion of the necrotic core
and the weakening of the intercellular forces exerted by the rings of cells surrounding the necrotic
core. This hypothesis is only true if, apart from fulfilling the proliferation requirements, the cells
exert high intercellular contractile forces, when cultured as multicellular spheroids, that can be
altered by external signals, such as nutrient deprivation. In the case of U-87 MG cells, previous
reports show that spheroids made of this cell line downregulate the expression of E-cadherin while
up-regulating N-cadherin expression, a typical feature of the epithelial-to-mesenchymal transition
(EMT) [296], suggesting that the intercellular contractile forces in these spheroids are weak [297–
301]. In addition, as seen from our results, the spheroids from this cell line were seemingly not
affected by the changes in glucose and FBS to maintain cell functions. Conversely, the HT-29
cell line has high contractile forces, as evidenced by the upregulation of E-cadherin [119, 302–
305]. However, contrary to the HCT-116 cells, the contractile activity and proliferation rates of
the HT-29 line spheroids were seemingly not affected by the deprivation of glucose or FBS, as
the internal architecture of both controls and preconditioned HT-29 spheroids, and their growth
behavior (analyzed in the previous Chapter), was essentially the same throughout the time frame
discussed herein.
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This can be explained by the fact that these cells, as well as other CRC cell lines, can obtain
the energy necessary to sustain their functioning through alternative metabolic routes, such as the
glutaminolysis pathway [99, 109, 306–309]. Figure 5-24 shows a schematic representation of this
pathway and its relation with the TCA cycle.

Figure 5-24: Comparison between the TCA cycle and the glutaminolysis pathway. Taken from
[310].

5.3.2. Glucose is a major factor for the ejection of the necrotic core
in HCT-116 cell spheroids

In close relation with the above, we then asked which of the two varied nutrients (glucose or
FBS) was the major responsible for the ejection of the core in the HCT-116 spheroids. This was
our second main question. Based on our findings, we conclude that glucose seems to be the
major factor involved in the phenomenon. This may be explained by the fact that this cell line
heavily relies on glucose availability to obtain the necessary energy to sustain the functions via
the massive production of lactate (even in the presence of oxygen) in the process known as the
Warburg effect [89, 218, 311]. In normal glucose conditions, this effect can prevent anoikis, a type
of cell death generated by the loss of cell contact of cells with the extracellular matrix [312, 313],
by reprogramming cell metabolism to promote lactate production over oxidative phosphorylation
[314]. It can also confer cancer cells resistance to stress in the endoplasmic reticulum of cells, the
organelle responsible for protein maturation [219].
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Under stress conditions, such as those produced by the absence of glucose, this organelle fails to
perform protein maturation, causing a phenomenon called unfolded protein response (UPR) that
can ultimately lead to apoptosis [315]. Under glucose-deprived scenarios, several studies report
that cancer cells can enable autophagy [97, 316, 317] or other alternative metabolic routes [318]
to sustain their survival. Autophagy is a multistep conserved catabolic process by which cells
self-digest their organelles [319]. Although this mechanism can have different roles depending on
the biological context, in cancer it seems to have a protective effect against the stress generated
by multiple mechanisms including nutrient deprivation or oxidative, genotoxic, and proteotoxic
stresses [98] by preventing apoptosis [113, 181, 320]. In addition to the above, glucose availabil-
ity and, in particular, ATP (a product of glucose metabolism) is also involved in the regulation of
CSK dynamics and the maintenance and enhancement of intercellular interactions in response to
external forces (reviewed in [321]). In yeasts and HeLa cells, glucose depletion leads to the immo-
bilization of myosin on the actin filaments, thus stabilizing them and preventing their disassembly
[322]. In line with this, cell-cell adhesion can also be modified by glucose availability. Indeed,
Suzuki et al. demonstrated that in HepG2 cells (derived from a hepatocellular carcinoma), cell
detachment was induced during glucose deprivation through the human homologue of SNARK,
a member of the AMPK enzyme family, mainly by the reconversion of F-actin to G-actin [323].
Regarding cell contraction, glucose restriction can also lead to relaxation of the contractile forces,
as demonstrated in endothelial cells [324]. Lastly, complete glucose removal or exhaustion lead to
rapid cell death [325], especially in heavily glucose-dependent cells, such as the HCT-116 cell line
[221, 326–329].

Based on the information presented above, we hypothesized that, in our experiments, where glu-
cose was restricted either in presence or absence of FBS, cells forming the inner layers of HCT-116
spheroids might rapidly transition from a functional state to a dead state due to a rapid depletion of
glucose. This transition would be mainly accompanied by a sudden weakening of cell contractions
in the surviving cells, also caused by the lack of glucose and, ultimately, ATP. Concomitantly, the
necrotic core, which would be compressed in normal conditions, would start to expand (as seen
in Figure 5-7), stretching the cells and their junctions. Some examples of the effects of weak-
ening (or disrupting) the intercellular forces across spheroids has been shown by other authors
[330, 331]. Noteworthy, the work by Guillaume et al. demonstrated that HCT-116 spheroids have
a pre-existing mechanical stress, accumulated during their growth, by making an incision in the
tumor mass and observing the subsequent deformation process [332]. After the procedure, the
authors reported that the spheroids first expanded isotropically. This process was followed by a
retraction at the edges of the cut area of the spheroids that depended on the initial cell seeding used
to form the aggregates. In our experiments, the isotropic deformation of the spheroids caused by
the expansion of the necrotic core continues deforming the spheroid (as also seen by Guillaume et
al. [332]) until it encounters a weakened zone analogous to the incision zone of the same authors.
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Then, the global deformation process would immediately become a local one, generating mechan-
ical forces in the weakened zone that, in our case, would exceed the maximum resistance of the
intercellular junctions and, in the case of Guillaume et al. [332], would separate the cut edges
of the spheroids. Loss of the junctions would then have a tearing effect in the spheroids that, in
combination with the weakening of the contraction and the expansion of the core, would allow its
expulsion to the exterior through this tear.

Concerning the relative differences in the amount of expelled material between the DG10-D10 and
DG10-D0 preconditioning experiments, we believe that this is related to the effect of FBS. Indeed,
the presence of FBS seems to be predominantly involved in cell proliferation, due to the amount
of growth factors found in this complex mixture [215]. Thus, in the case of the DG10-D10 ex-
periments, when the spheroids are in D10, the presence of FBS stimulates cell proliferation at the
outer layer of the spheroids, allowing them to grow. However, due to the mechanisms explained
above, we believe that the rapid depletion of glucose inside the spheroids may lead to massive cell
death. This, in conjunction to our hypothesis regarding the weakening of the cell-cell junctions
(also explained above) may explain the pronounced ejections observed for this experiment (Figure
5-11).

5.3.3. The ejection of the necrotic core is a mechanical effect
regulated by the contractile activity of the cells

In order to prove that the ejection of the core was a mechanical event in which the contraction of
the CSK played a central role, as we hypothesized in the paragraphs above, we first checked cell
distribution inside the spheroid. The results obtained (Figure 5-14) imply that the cells are indeed
capable of forming the contractile rings around the center of the spheroid, especially at its inner
layers. Daster et al. performed characterization of HCT-116 and HT-29 spheroids in different time
points [333]. For this, the authors used histological, immunological, and gene expression tech-
niques to understand how the physical characteristics of the spheroids, expressed mainly in terms
of the presence or absence of hypoxic and necrotic zones, affected their resistance to 5-Fluorouracil
(5FU). Although the authors did not provide quantitative measurements of the cell shape in the
histological sections of the spheroids, qualitative comparison of our histological micrographs with
their corresponding micrographs confirmed our findings for both cell lines, especially in the pos-
itive controls. Furthermore, our histological sections of the HT-29 spheroids are also qualitative
similar to those obtained by Hardelauf et al. for this same cell line [334]. The resulting cell and nu-
cleus shapes seen in our experiments may be due to the inner tractions that cells exert among each
other [335–340]. Indeed, it has been demonstrated that, during embryo development, actomyosin
contraction and membrane tension can guide cell fate and tissue patterning [337, 338, 341, 342].
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The conjoint effect of these two phenomena leads to deformations in the cell that ultimately dictate
the final shape of a tissue [337]. At the cellular level, control of the deformation and the associ-
ated mechanical stress is carried out by tensegrity, a mechanism related to network structures that
enables them to self-stabilize through the use of pretensile stress [339]. Based on the above, the
morphological aspect of cells in the histological sections of the spheroids may be the result of the
reorganization of the CSK of cells in response to the mechanical force exerted by the continuously
growing necrotic core. This seems particularly important in the case of the HCT-116 spheroids, as
cells were largely deformed following the passing of the aggregates to D0.

When we inhibited the contractile activity of the cytoskeleton with either Y-27632 or Blebbistatin,
we observed that their effect on the spheroids were dose and time dependent. For the case of Y-
27632, the addition of the molecule (at a concentration of 100 µM) to the preconditioned spheroids
at the beginning of the cycle in D0 (acute treatment), did not prevent the ejection of the necrotic
core, as shown in Figure 5-20. This suggests that, in this treatment scheme, this molecule does
not affect the pre-existing intercellular forces in the spheroids. The effect of Y-27632 on cell con-
traction has also been studied in previous studies. For instance, Kim et al. evaluated the effect
of the contractile forces of human dermal fibroblasts (HDFBs), cultured as cell sheets on top of
temperature-sensitive hydrogels, on their self-assembly into spheroids [343]. For this, they ap-
plied two concentrations of the molecule (10 and 100 µM) for 2 hours to the sheets and analyzed
their behavior. The authors found that, under the effect of the highest concentration of Y-27632,
HDFBs did not self-assemble into spheroids, but maintained the existing forces of the sheets. Sim-
ilar results were obtained by Lee et al. [183]. In their research, the authors formed spheroids
from mesenchymal stem cells isolated from human nasal turbinate tissue following a similar pro-
tocol to the one used by Kim et al. [343]. Indeed, the authors generated cell sheets on top of
temperature-sensitive hydrogels and treated them with 10 and 100 µM Y-27632 for 2 hours. As
with the previous authors, exposure with 100 µM Y-27632 prevented spheroid formation. Together,
these findings seem to support our hypothesis that high concentrations of the molecule do not affect
preexisting intercellular forces despite the inherent differences in the experimental approaches. In
turn, when 100 µM Y-27632 was added at the beginning of the cycle in DG10 (chronic treatment),
the spheroids did not eject their core but their growth was also heavily restricted, as seen in Fig-
ure 5-19. This is probably due to the fact that, at that concentration, Y-27632 restricts not only
the cytoskeletal contractile activity but also cell proliferation, as these two processes are deeply
interconnected through the Rho/ROCK signaling pathway [344].
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The restrictive effects of Y-27632 on the proliferation of cancer cells has been previously studied
by Jiang et al. [345]. In their research, the authors analyzed the proliferation of 2D cultures of
two different bladder cancer cell lines (T24 and 5637), exposed to a wide range of concentrations
of the molecule (0-150 µM), for independent periods of time of 24, 48, or 72 hours. After expo-
sure, the authors observed that, in all three periods of exposure, the proliferation of both cell lines
decayed in a dose-dependent manner, with the lowest values corresponding to the 150 µM. Fur-
thermore, they also noted that, as the exposure time increased, the proliferation further decreased.
For instance, in the 150 µM, the viability of T24 cells decreased from 40.38±1.38% at 24 hours to
35.22±1.04% at 72 hours. Although our study significantly differed from the authors in the type
of cell culture (3D in our case vs 2D in theirs) as well as in the exposure time (144 hours vs 72
hours), we also observed that the proliferation of the cells in spheroids also decreased when the
samples were exposed to high concentrations of the molecule.

With respect to Blebbistatin, the addition of the molecule (final concentration of 10 µM) at the start
of the cycle in D0 (acute treatment) did prevent the ejection of the necrotic core. Based on this
observation, and the fact that the treated spheroids had notable larger areas than their non-treated
counterparts (Figure 5-23), especially for the C24 preconditioned group and the positive control,
we believe that, although the molecule does block the contractile activity of the cytoskeleton (al-
lowing the expansion of the spheroids), it does it in a controlled manner, allowing the ring of
cells to balance the forces exerted by the gradually decompressing necrotic core. Changes in the
size of spheroids and in their compaction during formation after treatment with Blebbistatin have
been reported previously for different cancer cell lines with concentrations equal or close to ours
[283, 346, 347].

Despite the notorious event described herein, there are three major limitations that should be con-
sidered. In the first place, we only considered two nutrients as our biochemical factors: glucose
and FBS. However, these two are not the only source of nutrients for cells, as aminoacids, vitamins,
minerals, and lipids also intervene in the generation of energy and the correct functioning of cells.
For instance, Wang et al. demonstrated that deficiencies in selenium, an essential micronutrient
for animals, leads to increased apoptosis, ER stress, and alterations in the tight junctions of cells
in mice intestine, as well as severe disruption in the cell organization and macro-morphology of
vili [348]. Furthermore, selenium deficiency has been correlated with increased risk in developing
CRC [349]. In turn, as we have discussed earlier, glutamine is a key aminoacid that should be con-
sidered, since it provides alternative metabolic routes for obtaining energy in absence of glucose
[99, 109, 306–309]. In addition to the limited nutrients considered, we did not explore the effects
of oxygen on our experiments. Although oxygen is not considered a nutrient [350], it does have
a profound impact in the regulation of metabolism and energy obtention. Indeed, this molecule
is in charge of accepting the free electrons at the end of the electron transport chain, a part of the
oxidative phosphorilation process [351].
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In cancer, oxygen deficiency leads to the metabolic reprogramming of cells, mainly by activating
the hypoxia inducible factors (HIFs), HIF-1α and HIF-2α [352]. These factors have profound
connections with glucose in cancer cells, as they increase glucose uptake through the upregulation
of glucose transporters GLUT1 and GLUT3 [353]. Lastly, the third limiation corresponds to the
use of monocultures of immortalized cell lines. Indeed, although these lines have provided key
insights in understanding cancer, they do not take into account the heterogeneity of in vivo tumors.
Thus, it may be relevant to include other cell populations and even patient-derived tumoroids.

In conclusion, in this chapter we demonstrate for the first time, to the best of our knowledge, that
the necrotic core inside multicellular spheroids can be expelled from their interior by changing the
concentration of glucose in the medium. This is a mechanical event mediated by the contractile
activity of the cytoskeleton. Furthermore, it is dependent on cell proliferation inside the spheroids,
the contractile capacity of the cells themselves, and external signaling, such as the nutrient depri-
vation, capable of disrupting the normal functioning of this contractile activity.
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6.1. Conclusions

During the course of this thesis, we aimed to develop 3D in vitro models to explore how the dereg-
ularization of CRC cell metabolism and the capacity to adapt to extreme environmental conditions
could alter their invasive potential. To do this, we analyzed the effects of two major factors: the
mechanical properties of the ECM, modeled herein as pure type I collagen hydrogels, and the
heterogeneity in nutrient availability, modeled as alternating cycles of nutrient abundance and star-
vation, on the migratory patterns of CRC cells. In Chapter 3, we explored the first major factor
under nutrient abundance. In Chapter 4, we studied the second major factor in absence of the me-
chanical component given by the ECM. Finally, in Chapter 5, we performed a detailed analysis,
from a mechanical point of view, of a result discovered in Chapter 4 and combined the two factors
in an initial experiment. This chapter summarizes the most important conclusions derived from the
results obtained in this dissertation.

6.1.1. General conclusions for Chapter 3

• The modulation of the mechanical and ultrastructural properties of the hydrogels can be
easily modulated by varying the collagen concentration and polymerization temperature of
the scaffolds.

• The surface of the hydrogels is stiffer than their inner zones regardless of their concentration
or poylmerization temperature.

• Changes in the polymerization protocol of hydrogels with a fixed collagen concentration can
lead to differences in their mechanical properties of several orders of magnitude.

• Different migratory patterns can be obtained for a single cell line by changing their location
in the hydrogels.

• The influence of local and bulk mechanical properties of the hydrogels on cell migration
depends on the spatial configuration of the experiment. Thus, in the unconstrained 2D ex-
periment, local stiffness play a predominant role (the greater the stiffness, the greater the
invaded area). In the constrained 2D experiment, bulk mechanical properties dominate over
the local ones (the softer the bulk stiffness, the greater the invaded area). In the fully embed-
ded experiment, there was no cell migration. However, bulk stiffness affects the spheroid
size (the greater the bulk stiffness, the lower the size).

• The directionality of the migration depends on the ultrastructure of the fibers at the surface
of the hydrogels.
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6.1.2. General conclusions for Chapter 4

• The initial starvation period can elicit an adaptive response of HCT-116 and HT-29 CRC
spheroids. The adaptation correlates positively with the duration of the initial starvation
period.

• HCT-116 cells can modify their growth pattern after two cycles of nutrient and growth factors
preconditioning.

• HT-29 cells adapt more easily to changes in nutrient availability than HCT-116 cells, pro-
moting almost constant growth.

6.1.3. General conclusions for Chapter 5

• The ejection of the necrotic core is not an universal event.

• Glucose is a major factor for the ejection of the necrotic core in HCT-116 spheroids.

• The ejection of the necrotic core is a mechanical event that involves the disregulation of the
contractile activity of the CSK.
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6.2. Conclusiones generales

Durante el transcurso de esta tesis, se desarrollaron modelos in vitro tridimensionales para explorar
la forma en la que la desregularización del metabolismo celular en el CRC y la capacidad de las
células para adaptarse a condiciones ambientales extremas podrían alterar su potencial invasivo.
Para esto, se analizaron los efectos de dos factores principales en los patrones migratorios de célu-
las de CRC: las propiedades mecánicas de la matriz extracelular (ECM por sus siglas en inglés),
modelada aquí como hidrogeles puros de colágeno tipo I; y la heterogeneidad en la disponibilidad
de nutrientes, modeladas como ciclos continuos de abundancia e inanición de nutrientes. En el
capítulo 3, se exploró el primer factor bajo abundancia de nutrientes. En el capítulo 4, se estudió
el segundo factor en ausencia de la componente mecánica dada por la ECM. Finalmente, en el
capítulo 5, se desarrolló un análisis detallado, desde el punto de vista mecánico, de un resultado
descubierto en el capítulo 4 y, de manera adicional, se combinaron los dos factores en un experi-
mento preliminar. A continuación, se presentan las conclusiones más importantes derivadas de los
resultados obtenidos en esta tesis.

6.2.1. Conclusiones generales para el capítulo 3

• Las propiedades mecánicas y la ultraestructura de los hidrogeles se pueden modular fá-
cilmente variando la concentración de colágeno y la temperatura de polimerización de las
muestras.

• La superficie de los hidrogeles es más rígida que en su interior, independientemente de la
concentración o la temperatura de polimerización.

• Los cambios en el esquema de polimerización de los hidrogeles, para una misma concen-
tración de colágeno, puede llevar a diferencias en las propiedades mecánicas de varios ór-
denes de magnitud.

• Para una misma línea celular, se pueden obtener patrones migratorios distintos dependiendo
de la posición en los hidrogeles.

• La influencia de las propiedades locales y globales de los hidrogeles en la migración celular
depende de la configuración espacial del experimento. En este sentido, en el experimento
donde el esferoide se encuentra sobre una cama de hidrogel (identificado como el uncon-
strained 2D experiment en la tesis), la rigidez local juega un papel predominante (a mayor
rigidez local, mayor el área invadida). En el experimento en el que el esferoide se encuentra
entre dos capas de colágeno (identificado como el constrained 2D experiment en la tesis) las
propiedades globales dominan sobre las locales (a menor rigidez global, mayor área inva-
dida). En el experimento en el que el esferoide se encontraba completamente inmerso en el
hidrogel (identificado como el fully embedded experiment en la tesis), no hubo migración.
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Sin embargo, la rigidez global afecta el tamaño del esferoide (a mayor rigidez global, menor
área esferoide).

• La direccionalidad de los patrones migratorios depende de la ultraestructura de las fibras en
la superficie de los hidrogeles.

6.2.2. Conclusiones generales para el capítulo 4

• El período de deprivación inicial puede elicitar una respuesta adaptativa en esferoides de las
líneas celulares HCT-116 y HT-29. La adaptación está correlacionada positivamente con la
duración de dicho período.

• Las células HCT-116 pueden modificar su patrón de crecimiento después de dos ciclos de
precondicionamiento de nutrientes y factores de crecimiento.

• Las células HT-29 pueden adaptarse más fácilmente a los cambios en nutrientes que las
HCT-116, lo que promueve un crecimiento casi constante a lo largo de los experimentos.

6.2.3. Conclusiones generales para el capítulo 5

• La eyección del núcleo necrótico no es un evento universal.

• La glucosa es el factor principal para la eyección del núcleo en esferoides de HCT-116.

• La eyección del núcleo necrótico es un evento mecánico que involucra la desregulación de
la actividad contráctil del citoesqueleto.
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6.3. Future work

This dissertation has laid the basis for future studies regarding the mechanobiological behavior of
CRC in vitro models.

• In-depth analysis of the mechanical properties of preconditioned spheroids at key time points
during the preconditioning experiments in order to determine whether there are time-dependent
changes in the stiffness of the samples associated to variation in nutrient-availability.

• Measure intercellular forces inside the different preconditioned spheroids to analyze whether
the initial preconditioning period also affects cell-cell interactions.

• Contrast the results of the preconditiong obtained herein with patient-derived tumoroids.

• Incorporate preconditioned spheroids at different time points inside collagen matrices to
study their invasive capacity. This would include the analysis of the potential expression of
genes involved in invasion and enhanced proliferation.

• Regarding the ejection of the necrotic core, a major study that may be conducted would
consist on its confrontation against immune cells to analyze their response.
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Table A-1.: Statistical results for the spheroid area evolution of HCT-116 and HT-29 spheroids
in the Unconstrained 2D experiment. The coefficients were calculated with a Linear
Mixed Model analysis taking into account that the collagen concentration was fixed.
The reference group for performing the analysis was the spheroids polymerized fol-
lowing the two-stage scheme.

Spheroid area analyzed under a fixed collagen concentration in the unconstrained 2D experiment

Cell line Coefficient
[0.8 mg/mL] [1.5 mg/mL] [3.0 mg/mL]

Value Std. Error p-value Value Std. Error p-value Value Std. Error p-value

HCT-116

Intercept (ref) 11513.533 3046.470 0.0003 17887.526 2941.006 4.13E-08 17887.526 3046.417 1.00E-07
Linear term (ref) 2116.848 72.453 9.21E-44 1835.951 63.209 1.40E-43 1835.951 70.801 4.29E-40

Intercept (PI) 6395.813 4308.360 0.146 -5563.646 4159.211 0.189 5788.361 4308.284 0.187
Linear term (PI) -591.023 102.464 1.54E-07 -4.207 89.391 0.963 -127.501 100.128 0.207

HT-29

Intercept (ref) 77186.7 4534.2 8.42E-24
Linear term (ref) 188693.1 10979.7 5.38E-24

Quadratic term (ref) 35398.0 3357.8 6.52E-15
Intercept (PI) -16518.3 6412.3 0.019

Linear term (PI) -352934.0 15527.6 0.027
Quadratic term (PI) -3352.0 4748.6 0.48

Table A-2.: Statistical results for the spheroid and invaded area evolution of HCT-116 spheroids
in the Unconstrained 2D experiment. The coefficients were calculated with a Linear
Mixed Model analysis taking into account that the polymerization scheme was fixed.

Spheroid and invaded areas analyzed under a fixed polymerization scheme in the unconstrained 2D experiment

Parameter Coefficient
Two-stage 37°C

Value Std. Error p-value Value Std. Error p-value

Spheroid area

Intercept (ref) 11677.629 3456.365 0.0010 11719.537 3957.252 0.004
Linear term (ref) 2119.442 75.717 6.20E-54 1588.225 102.311 2.77E-30
Intercept (coll.) 2354.079 1736.158 0.180 3407.811 1987.757 0.092

Linear term (coll.) -107.467 38.033 0.006 56.857 51.391 0.271

Invaded area

Intercept (ref) -20206.977 4746.945 4.18E-05 -53010.756 9958.616 4.93E-07
Linear term (ref) 3180.150 155.731 1.53E-40 3875.955 268.307 7.38E-28
Intercept (coll.) -2325.571 2384.426 0.333 3932.665 5002.288 0.435

Linear term (coll.) 145.402 78.225 0.066 142.861 134.773 0.291
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Table A-3.: Statistical results for the invaded area evolution of HCT-116 and HT-29 spheroids
in the unconstrained 2D experiment. The coefficients were calculated with a Linear
Mixed Model analysis taking into account that the collagen concentration was fixed.
The reference group for performing the analysis was the spheroids polymerized fol-
lowing the two-stage scheme.

Invaded area analyzed under a fixed collagen concentration in the unconstrained 2D experiment

Cell line Coefficient
[0.8 mg/mL] [1.5 mg/mL] [3.0 mg/mL]

Value Std. Error p-value Value Std. Error p-value Value Std. Error p-value

HCT-116

Intercept (ref) -19630.408 7515.230 0.0108 -25406.079 5743.602 3.11E-05 -25406.079 6331.209 0.0001
Linear term (ref) 3183.659 203.330 8.65E-26 3563.710 169.803 8.06E-34 3563.710 153.911 1.08E-36

Intercept (PI) -35688.342 10628.140 0.0018 -13268.913 8122.680 0.111 -18313.784 8953.682 0.048
Linear term (PI) 936.585 287.552 0.0017 335.868 240.137 0.166 801.495 217.662 0.0004

HT-29

Intercept (ref) -1170.3 871.6 0.18
Linear term (ref) 341.3 36.6 3.82E-13

Intercept (PI) 1488.5 1232.6 0.24
Linear term (PI) -70.6 51.75 0.18



154 A Statistical analysis results for Chapter 3

Table A-4.: Statistical results for the spheroid area evolution of HCT-116 spheroids in the Con-
strained 2D experiment. The coefficients were calculated with a Linear Mixed Model
analysis taking into account that the polymerization scheme was fixed.

Spheroid and invaded areas analyzed under a fixed polymerization scheme in the constrained 2D experiment

Parameter Coefficient
Two-stage 37°C

Value Std. Error p-value Value Std. Error p-value

Spheroid area

Intercept (ref) 180426.844 6626.735 1.28E-89 116425.381 6105.488 7.42E-51
Linear term (ref) 1778566.690 93182.183 1.08E-56 835779.442 57984.356 8.63E-35

Quadratic term (ref) 20265.243 29225.807 0.4885 38148.586 19681.524 0.054
Intercept (coll.) -14108.189 3530.048 0.0001 11918.795 2818.642 5.90E-05

Linear term (coll.) -176129.913 49505.321 0.0004 89981.402 26759.572 0.0009
Quadratic term (coll.) 78466.460 15518.141 6.80E-07 32195.847 9068.263 0.0005

Invaded area

Intercept (ref) 199024.410 12538.032 2.95E-40 9718.579 11230.468 0.388
Linear term (ref) 2902496.163 178943.720 1.76E-41 -215785.275 119276.816 0.073

Quadratic term (ref) 302432.393 99528.953 0.003 27420.431 62248.617 0.660
Intercept (coll.) -106103.575 10148.377 3.69E-17 21493.217 8743.521 0.018

Linear term (coll.) -1649480.041 144865.791 1.10E-24 388566.746 92885.277 4.95E-05
Quadratic term (coll.) -288828.665 80585.422 0.0004 -76605.187 48503.107 0.116

Table A-5.: Statistical results for the spheroid area evolution of HCT-116 and HT-29 spheroids in
the constrained 2D experiment. The coefficients were calculated with a Linear Mixed
Model analysis taking into account that the collagen concentration was fixed. The
reference group for performing the analysis was the spheroids polymerized following
the two-stage scheme.

Spheroid area analyzed under a fixed collagen concentration in the constrained 2D experiment

Cell line Coefficient
[0.8 mg/mL] [1.5 mg/mL] [3.0 mg/mL]

Value Std. Error p-value Value Std. Error p-value Value Std. Error p-value

HCT-116

Intercept (ref) 167469.991 3558.380 1.55E-100 162319.589 4779.171 1.27E-92 137629.623 5280.744 1.09E-66
Linear term (ref) 1032547.394 26659.399 3.65E-87 1371496.521 54328.332 7.18E-69 869885.711 45859.268 7.82E-47

Quadratic term (ref) -5878.193 14306.389 0.682 197353.835 9666.537 5.65E-54 154191.667 14285.415 9.33E-22
Intercept (PI) -53399.673 6337.876 1.05E-11 -18605.392 7604.128 0.017 11072.635 7310.860 0.135

Linear term (PI) -318242.863 47130.284 2.12E-10 -388607.103 86465.853 1.10E-05 111427.040 63489.282 0.081
Quadratic term (PI) 80205.723 25211.634 0.002 -135530.209 15466.457 3.86E-16 -27866.892 19777.262 0.16

HT-29

Intercept (ref) 76026.2 4550.2 1.38E-25
Linear term (ref) 184398.6 9550.8 4.44E-29

Quadratic term (ref) 33711.8 5259.1 1.70E-8
Intercept (PI) -10421.0 6182.3 0.11

Linear term (PI) 16737.9 12953.7 0.2
Quadratic term (PI) 4458.5 7121.6 0.533
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Table A-6.: Statistical results for the invaded area evolution of HCT-116 and HT-29 spheroids in
the Constrained 2D experiment. The coefficients were calculated with a Linear Mixed
Model analysis taking into account that the collagen concentration was fixed. The
reference group for performing the analysis was the spheroids polymerized following
the two-stage scheme. ND: No Data.

Invaded area analyzed under a fixed collagen concentration in the constrained 2D experiment

Cell line Coefficient
[0.8 mg/mL] [1.5 mg/mL] [3.0 mg/mL]

Value Std. Error p-value Value Std. Error p-value Value Std. Error p-value

HCT-116

Intercept (ref) 113794.886 5685.497 6.77E-47 162319.589 4779.171 1.27E-92 ND ND ND
Linear term (ref) 1327171.909 67218.367 3.50E-46 1371496.521 54328.332 7.18E-69 ND ND ND

Quadratic term (ref) 58546.030 41218.095 0.157 197353.835 9666.537 5.65E-54 ND ND ND
Intercept (PI) -87214.301 10021.364 3.58E-12 -18605.392 7604.128 0.017 ND ND ND

Linear term (PI) -1215805.335 118613.017 1.45E-19 -388607.103 86465.853 1.10E-05 ND ND ND
Quadratic term (PI) -95504.864 72761.736 0.191 -135530.209 15466.457 3.86E-16 ND ND ND

HT-29

Intercept (ref) -21.7 433.7 0.96
Linear term (ref) 91.4 23.4 2.1E-4

Intercept (PI) -48.4 580.6 0.93
Linear term (PI) 63.1 31.8 0.051
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Table A-7.: Statistical results for the spheroid area evolution of HCT-116 spheroids in the Fully
Embedded experiment. The coefficients were calculated with a Linear Mixed Model
analysis taking into account that the polymerization scheme was fixed.

Spheroid area analyzed under a fixed polymerization scheme in the fully embedded experiment

Coefficient
Two-stage 37°C

Value Std. Error p-value Value Std. Error p-value

Intercept (ref) 91840.510 9335.285 1.77E-11 114778.127 6815.841 1.64E-16
Linear term (ref) 310528.029 23565.141 6.46E-15 377270.067 27826.443 4.42E-14

Quadratic term (ref) 69319.918 9778.603 3.45E-08 40702.204 6502.786 7.84E-07
Intercept (coll.) 478.249 4474.158 0.917 -5369.394 3640.385 0.174

Linear term (coll.) -17419.880 11257.112 0.131 -37285.902 14862.283 0.018
Quadratic term (coll.) -16227.683 4613.410 0.001 3803.601 3473.180 0.282
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Table A-8.: Statistical results for the invaded area evolution of HCT-116 and HT-29 spheroids in
the Fully Embedded experiment. The coefficients were calculated with a Linear Mixed
Model analysis taking into account that the collagen concentration was fixed. The
reference group for performing the analysis was the spheroids polymerized following
the two-stage scheme.

Spheroid area analyzed under a fixed collagen concentration in the fully embedded experiment

Cell line Coefficient
[0.8 mg/mL] [1.5 mg/mL] [3.0 mg/mL]

Value Std. Error p-value Value Std. Error p-value Value Std. Error p-value

HCT-116

Intercept (ref) 81618.269 3027.146 1.32E-16 81618.269 3027.146 1.32E-16 96996.833 3265.396 5.09E-18
Linear term (ref) 210847.714 11231.684 1.00E-13 210847.714 11231.684 1.00E-13 213874.954 13510.052 8.87E-13

Quadratic term (ref) 44739.697 6548.484 1.61E-06 44739.697 6548.484 1.61E-06 14467.621 7192.951 0.058
Intercept (PI) 12827.488 4256.435 0.024 12827.488 4256.435 0.024 6023.167 5332.369 0.302

Linear term (PI) 16963.435 15474.507 0.287 16963.435 15474.507 0.287 28411.171 22061.823 0.213
Quadratic term (PI) -7607.030 8827.402 0.400 -7607.030 8827.402 0.400 30734.416 11746.039 0.017

HT-29

Intercept (ref) 71811.1 5315.9 5.41E-20
Linear term (ref) 137750.6 14943.8 3.65E-13

Quadratic term (ref) 15257.5 3957.7 2.81E-4
Intercept (PI) -3356.8 7371.5 0.653

Linear term (PI) -115.3 20706.0 0.996
Quadratic term (PI) 98.5 5470.7 0.986



B. Full time series evolution of the
experiments described in Chapter 5
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Figure B-1: Complete time series evolution of the spheroids treated with 100 µM Y-27632 (iden-
tified by the letter “Y” at the end of the label) in the chronic experiment. Scale bar:
100 µm.
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Figure B-5: Complete time series evolution of the DG10-D0 preconditioning experiment. Scale
bar: 100 µm.
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Figure B-6: Complete time series evolution of the DG10-D10 preconditioning experiment. Scale
bar: 100 µm.
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Figure B-7: Selection of cells for measuring roundness in H&E sections of HCT-116 and HT-29
spheroids. Scale bar: 100 µm.
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