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Abstract

Several mechanochemical factors are involved in cell migration, fundamental to establish
and maintain the proper organization of multicellular organisms. The alteration of migratory patterns
of cells could be related to the development of several pathologies. Focusing this work on tissue
regeneration, more specifically wound healing, bone regeneration and blood vessel formation, the
main aim of this work is to advance in the understanding of how chemical or physical factors present
in the cell niche can regulate the cell movement (fibroblasts, osteoblasts and endothelial cells
respectively). In an effort to understand what mechanisms are involved, it has been seen that both
the extracellular matrix surrounding tissue cells and the biomolecules present in the cellular
microenvironment can affect the behavior of cells. In turn, interstitial fluid flow, defined as the
convective transport of liquids through the extracellular matrix of tissue, is also capable of altering
the morphology and cellular movement. Similarly, biomolecules, such as growth factors or drugs,
modify the migration pattern. The main mechanisms studied throughout this thesis have been
chemotaxis, durotaxis and rheotaxis. The biological processes for which these analyses have been

performed were angiogenesis, wound healing and bone regeneration respectively.

For the in vitro study of these variables, and making use of novel microfabrication
techniques such as microfluidics, new platforms for 3D cell culture have been developed. The
microfluidic chips used allow replication of the ex vivo tissue microenvironment through the use of
hydrogels and the generation of concentration gradients and controlled fluid flows. It should be
noted that the versatility of this technology has allowed us to simultaneously study several
microenvironmental factors, such as chemical gradients and matrix stiffness applied to fibroblast
culture to understand its behavior in the wound area. In addition, these types of systems allow the
visualization and/or monitoring of the cellular response in real time, being able to quantify the
cellular migration. For the application of fluid flow, a novel system was designed to avoid the rupture

of the hydrogels, allowing to obtain a stable interstitial flow inside the chip chamber.

Throughout this thesis, it has been seen that there are several factors involved in 3D cell
migration. Not only variables such as the chemical gradient (studied in endothelial cells and
fibroblasts) or the rigidity of the extracellular matrix (analyzed in fibroblasts and osteoblasts) affect
cells. The architecture of the matrix, more specifically the disposition of the fibers that conform this
matrix, has been identified as playing an important role in cell migration, also altering the

morphology of cells, in this case osteoblasts.
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Resumen

Numerosos factores mecanoquimicos estan involucrados en la migracion celular,
fundamental para establecer y mantener la correcta organizacion de los organismos multicelulares.
La alteracion de los patrones migratorios de las células podria estar relacionada con el desarrollo
de varias patologias. Enfocando este trabajo hacia la regeneracion de tejidos, mas concretamente
en la cicatrizacion de heridas, regeneracion 0sea y formacién de vasos sanguineos, se ha
pretendido avanzar en el conocimiento de como factores quimicos o fisicos, presentes en el nicho
celular, podrian regular el movimiento celular (fibroblastos, osteoblastos y células endoteliales
respectivamente). En el afan por entender qué mecanismos estan involucrados, se ha visto que
tanto la matriz extracelular que rodea a las células de los tejidos, como las biomoléculas presentes
en el microambiente celular pueden afectar al comportamiento de las células. A su vez, el flujo de
fluido intersticial, definido como el transporte convectivo de liquidos a través de la matriz
extracelular del tejido, es también capaz de alterar la morfologia y el movimiento celular. De forma
similar, las biomoléculas, como los factores de crecimiento o los farmacos, modifican el patrén de
migracion. Los principales mecanismos estudiados a lo largo de esta tesis han sido la quimiotaxis,
la durotaxis y la reotaxis. Los procesos bioldgicos para los que se ha realizado estos analisis han

sido angiogénesis, cicatrizacion de heridas y regeneracion ésea respectivamente.

Para el estudio in vitro de estas variables, y haciendo uso de novedosas técnicas de
microfabricacién como la microfluidica, se han desarrollado nuevas plataformas para el cultivo
celular 3D. Los chips microfluidicos utilizados permiten replicar el microambiente tisular ex vivo
mediante el uso de hidrogeles y la generacion de gradientes de concentracion y flujos de fluido
controlados. Cabe destacar que la versatilidad de esta tecnologia nos ha permitido el estudio
simultdneo de varios factores microambientales, por ejemplo, los gradientes quimicos y de rigidez
de la matriz aplicados al cultivo de fibroblastos para entender su comportamiento en la zona de la
herida. Ademas, este tipo de sistemas permiten la visualizacién y/o monitorizaciéon de la respuesta
celular en tiempo real, pudiéndose cuantificar la migracién celular. Para la aplicacion del flujo de
fluido se disefid un novedoso sistema que evitaba la rotura de los hidrogeles, permitiendo obtener
un flujo intersticial estable en el interior de la caAmara del chip.

A lo largo de esta tesis, se ha visto que son diversos los factores involucrados en la
migracion celular 3D. No so6lo variables como el gradiente quimico (estudiado en células
endoteliales y en fibroblastos) o la rigidez de la matriz extracelular (analizado en fibroblastos y
osteoblastos) afectan a las células. La arquitectura de la matriz, y mas concretamente la
disposicion de las fibras que conforman dicha matriz, se ha visto que desempefian un papel
relevante en la migracién celular alterando también la morfologia de las células, en este caso de
los osteoblastos.
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1.1 Background

Cell migration is crucial in every biological processes, being strongly dependent on the
surrounding microenvironment. Migration of cells is fundamental in both physiological and
pathological processes, like embryonic development, wound healing, cancer metastasis,
angiogenesis, and other regenerative events such as bone repair. Throughout this chapter, a state-
of-the-art review of the methodologies used for 3D cell culture is presented. In addition, the main
aim of this thesis has been focused on understanding the mechanisms involved in the 3D cell
migration in three different biological processes: angiogenesis, wound healing and bone fracture
healing, which will also be briefly explained thereafter.

1.1.1 Microfabrication in biological sciences

For more than a century, the conventional cell cultures were performed on traditional Petri
dishes, growing cells in a plastic surface in two dimensions. Considering the differences between
cell behavior in 2D vs 3D (i.e. see the differences on cell morphology depending on the culture in
Figure 1.1), in terms of cell differentiation and tissue organization, microchip industry with
microfluidics approaches presented a new way to culture cells in 3D replicating better the
interactions of factors and tissue complexity inherent to in vivo conditions [1-3]. Microfabrication
technologies such as photolithography, replica molding, and microcontact printing [1,4] have

emerged as powerful tools for tissue engineering and cell biology.

2D Cell culture 3D Cell culture

Petri Dishes Microfluidic devices

Figure 1. 1 Comparison of 2D vs 3D cell culture
In the left side human fibroblasts seeded in a Petri dish are shown. 3D human osteoblast embedded in collagen hydrogel
into microfluidic device are in the right side of the figure.

Microfabrication is a process used to manufacture physical objects with dimensions in the
range of micrometers to millimeters [5]. Another fundamental pillar of the microsystem technology
is the microfluidics, the science of manipulating small amounts of fluids in microfabricated channels

(from 10 to 10?8 liters). Devices manufactured for cell culture involve certain requirements not
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necessary in other microsystems designed for physicochemical applications. The selected material
for the fabrication of the chips, the geometry and dimensions of the cell culture area as well as the
methodology for pumping and controlling fluid flow are some of the most important aspects to
consider in these microplatforms [6].

Soft photolithography is the most popular technique usually employed to fabricate
microdevices and is commonly accompanied by replica molding techniques. From the CAD,
computer aided design of the desired geometry, an elastomeric stamp is fabricated from patterned
silicon wafers to print or mold materials. The usual procedure for obtaining them will be summarized
hereafter. First, it is necessary to clarify that the most common material used for this purpose is SU-
8, a photosensitive epoxy resin.

o b ¢ _developed SU-8
. patterns
transparency
mask
% —_—
— @ —_—>
silicon wafer oY e\// m
e f PDMS chip reservoirs for
/'\ media
\
*
POMS chip -
det 7 == Q channels —_
> ‘ I8 inlets for
v > e hydrogel

injection
-

y )
silicon wafer silicon wafer

Figure 1. 2 Schematic of the photolithography (a-c) and soft lithography (d-f) procedure.

(a) SU-8 is spin-coated and pre-baked on a bare wafer. (b) Use a transparency photomask (black), UV light is exposed
on the SU-8. (c) Exposed SU-8 is then post-exposure baked and developed to define channel patterns. (d) PDMS
(polydimethylsiloxane) mixed solution is poured on the wafer and cured. (e) Cured PDMS is then peeled from the wafer.
(f) Device is timmed, punched and autoclaved ready for assembly. Figure and caption taken from [7]

After the wash and dehydration of the silicon wafer, the SU8 was added (1ml per inch),
spined and placed in a hot plate increasing the temperature until it reaches 95°C, being then the
photoresist prebaked for 30min. Afterwards, UV light exposition was necessary to fix the photomask
geometry onto the wafer. Before the application of the developer in order to remove the regions
non-exposed to the light, the wafer was baked again at 95°C for 30 min as in the previous step.
The developer was neutralized in IPA (isopropyl alcohol), removing the non-desired parts and then,
rinsed it with deionized water. Finally, the wafer was dried by nitrogen gas pressurization being

ready for the following replica molding steps. Figure 1.2 summarizes this fabrication process.

Polydimethylsiloxane (PDMS) is the most popular silicon-based elastomeric material used

in soft lithography and replica molding techniques. It presents low autofluorescence, optical
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transparency at wavelengths as short as ~300 nm light and allows for visible light microscopy, being
useful for the analysis and the optical monitoring of cell morphology and maotility [8]. It is also non-
cytotoxic and gas permeable, allowing for cell respiration, one of the properties that makes it
desirable for in vitro experimentation [9]. In addition, its fabrication versatility as well as its capacity
to easily bind to different materials has facilitated the microdevice adaptation for each experiment.

The full description of each specific device will be presented in each corresponding chapter.

1.1.1.1 Microfluidic devices

3D cell culture models such as the future organ-on-chip devices have many potential
applications in many areas, for instance, pharmaceutical industry for drug testing, chemical and
cosmetics industries as alternative method of clinical outcomes, for identification of environmental
toxins, or just for understanding the human body by integration of several organs mimetic interacting

between them.

In recent years, the aim of finding a new form of in vitro cell culture closer to the in vivo
conditions in which our tissue cells are found, has promoted the development of microfluidic
techniques. The origin of this discipline dates back to a few decades ago being more orientated
towards chemical cues or medical devices [10]. Microscale cell culture platforms have been created
for generating dynamic fluid flows, nutrients and other chemical cues as supplies for cells, as well
as spatio-temporal gradients, in a controlled manner inside these chambers. Efforts to achieve a
new way of culture cells within extracellular matrix (ECM) allowing the replication of cell conditions
inside the tissues, have promoted the creation of structures for 3D cell cultures. Microfluidic assays
have also facilitated the study of mechanobiological aspects such as cell response depending on

the alterations of the surrounding microenvironment, named this field as mechanotransduction [11].

In addition to the precise control of the cellular, physical and biochemical microenvironment
using these platforms, there are other advantages such as single-cell manipulation and analysis,
reduction of reaction volume of nano- or picoliters (thereby reducing costs and low reactant waist),
execution of parallel experiments or the integration of multiple biological processes in a single
system among others [12,13]. Figure 1.3 summarizes the main advantages and challenges of

microfluidic experiments comparing to macroscopic cell cultures [14].

Van Duinen et al. have reported that the main application of the microfluidic 3D cell culture
has trended towards cancer studies (including therapy discovery and selection) and vascular
modelling [15]. There are many proposals in the literature to reproduce and characterize cell
microenvironments [16—23], specially related with tumor niche. For example, the Kamm’s group in
MIT has developed several approaches to investigate intravasation and extravasation of tumor
cells, coculturing different cell types in their microfluidic models as well as testing drug effects or

the diffusion of molecules under these conditions [24—26]. Likewise, neurovascular [27], cardiac
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[28] or renal [29] models of collective or single-cell migration, are some of the approaches analyzed

with microfluidic systems recently presented in the literature.

Macroscopic cell culture

Typical advantages

*Established culture material
*Standardized measurement of
pH, COz, and O2

*Established culture protocols
*Standardization and availability
of assays

*Ability to scale up a single
experiment

Typical challenges

*Rigid culture surface

*Fixed device architecture

*High reagent consumption
+Perfusions and chemical gradients
are difficult to achieve

*Stagnant culture media

*Mainly end-point analysis

End-point analysis

Cell culture chamber

Live-cell imaging, real-time
on-chip analysis

Cell culture plate

Microfluidic cell culture

Typical advantages

*Flexibility of device design
*Experimental flexibility & control
*A low number of cells is sufficient
*Single cell handling

*Real-time, on-chip analysis
*Automation

*Direct coupling to downstream
analysis systems

+*Ability to perform perfusion culture
*Controlled co-culture

*Reduced reagent consumption

Typical challenges

*Non-standard culture protocols
*Novel culture surface (e.g. PDMS)
*Small volumes, challenging
subsequent analytical chemistry
*Complex operational control and
chip design

Figure 1. 3 Overview of advantages and challenges of both macroscopic and microfluidic cell culture

Figure and caption taken from [14]

The great flexibility to manufacture new designs and adapt them to the desired

experiments, as well as the multiple fields of application, have promoted an increase in the use of

these techniques making it an excellent proposal for cell research.

1.1.2 Cell guidance mechanisms

Through the complex environment of tissues, cell migration is affected by multiple external

cues such as signaling molecules or biophysical features. New approaches and tools have enabled

to understand the complex regulatory pathways highly involved in polarized cell migration.

Microfluidics has been an excellent tool for in vitro cellular analysis by offering a precise

control of the cellular, physical and biochemical microenvironment. Channel distribution of

microfluidic platforms has allowed the generation of precise mechanochemical gradients inside the

chip during long periods of time in a more exact manner than in macroscale in vitro systems [12].

Depending on the stimulus and the gradient applied, the pattern of cell migration varies and

can be differentiated into chemotaxis (regulated by chemical factors), mechanotaxis or tensotaxis,

durotaxis (both driven by mechanical factors) among others, without disregarding the pressure

gradient effects (Figure 1.4).
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Figure 1. 4 Cell guidance mechanisms.
Some common types of cell movement induced by chemical (chemotaxis) or mechanical gradients (durotaxis: cell
migration directed by stiffness gradients) and the effect of shear stress induced by fluid flow

1.1.21 Chemical gradients: chemotaxis

Chemotaxis, defined such as the ability of cells to sense a chemical gradient and respond
by directional migration towards or away from the source, is essential for cell development and
wound healing, also playing an important role in cancer, inflammatory process or autoimmune
diseases [30,31]. Cells are able to sense the extracellular signals by membrane receptors adapting
their response to the chemoattractant gradient. Cell polarization and the consequent protrusion
formation towards chemotactic stimulus is thought to be regulated by changes in actin

polymerization and membrane tension [32,33].

To analyze mechanobiological cues, microfluidic devices have proved to be robust tools to
generate chemical gradients and to quantify cell migration by tracking software. Based on a simple
platform structure with three channels, hydrogel would be located in the central chamber of this
device presenting a porous structure conformed by collagen fibers (see Figure 1.5). This
architecture allows the passive diffusivity of molecules at the same time that it opposes high
resistance to liquid flow, enabling the gradient generation. Adjacent channels (inlet and outlet)
supply nutrients to the cells embedded in hydrogel located in the central zone by laminar interstitial

fluid flow.

Due to the high biological and physiological relevance of chemotaxis, understanding its
mechanisms has been a long-term focus of cell migration research. Over the last years, many
different tests have been proposed for cell migration especially to analyze cell response in presence
of chemotactic factors (widely described in chapter 3). With the microfluidic techniques
development, more efficient and quantitative evaluations of cell migration in spatiotemporally
complex chemoattractant fields that better mimic in vivo situations have been achieved [34].
Furthermore, they give the ability to maintain and control chemical gradient as well as the real-time
guantification of cell migration at single-cell level, which has led to an increase of its use for

chemotaxis studies.
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9 Cells
Chemical factor
%< Hydrogel

Concentration gradient

Figure 1. 5 Basic distribution of microfluidic devices for three-dimensional cell culture (cross-sectional view)
Cells embedded in the hydrogel to mimic the extracellular matrix (red lines). Chemical gradient represented with green
spots with higher concentration in the addition channel and less in the opposite channel.

1.1.2.2 Mechanical gradients: mechanotaxis

Focusing on the role of matrix stiffness and cell forces on cell migration, both stimuli are
widely involved. In fact, they are very relevant in many biological processes, for example, bone

regeneration or wound healing.

We have to keep in mind that cells are able to sense physical forces transducing it into
biochemical signals via force-induced conformational changes which also alters ion channels or
signaling cascades [32]. Therefore, if we distinguish the origin of the mechanical stimuli (substrate

or cells) two different taxis phenomena may occurs: durotaxis and tensotaxis.

i Durotaxis

Extracellular matrix, a non-cellular structural component of tissues, contains many fibrous
proteins and polysaccharides, surrounding cells and playing an important role on their migration
[35]. Following the physical properties of the substrate that cells can sense, they select the

directionality of their movement, being this migration modality known as durotaxis [36].

Previous studies have remarked the tendency of tumor cells to migrate towards a stiffer
area, strongly associated with fibrotic zones of tumors or wounds in fibrosis [37]. The stiffness of
the matrix regulates the directionality of movement. Cells detect the substrate stiffness by exerting
forces on it and subsequently, altering the actin flows and modifying their cytoskeleton in order to
detect the matrix deformations [32,38]. The way in which cells feel the differences in rigidity is not
entirely clear. It seems that through mechanosensors, cells transduce mechanical gradients in
intracellular signals [32]. However, the role of focal adhesions seems also crucial in cellular



Microfluidic-based analysis of 3D cell migration under different biophysical and chemical gradients

response that varies in function of the cell type. For instance, Bollman et al. reported the different
response of glial cells to the matrix stiffness in different ways, by increasing its area or the

complexity of its morphology [39].

i Tensotaxis

In addition to the cellular movement directed by substrate stiffness gradients, cellular
migration may respond to signals resulting from stress gradients. Tensotaxis studies cell migration
and proliferation in pre-strained regions on a substrate [35,40,41]. Previously published studies
shown a modification in the alignment of fibroblasts cultured in prestrained collagen gels, following
the cells the direction of the maximum principal strain of their environments [40]. Theoretical and
experimental models of tensotaxis aim to know the effect that cellular forces applied in the
extracellular microenvironment cause on cellular movement, as well as the effects of cell
proliferation and cell death, cell interactions or the elastic properties of the substrate [35]. This
model of mechanotaxis has a significant relevance in the understanding of the mechanisms
involved in the collective cell migration, presents in many biological processes such as tissue

regeneration, cancer and immune response to infection.

1.1.2.3 Fluid flow sensing

Cells such as endothelial cells are constantly subjected to shear stress caused by blood
flow in vessels altering its migration [42]. In fact, several studies have shown the mechanical
influence of fluid flow, inducing shear stress to the endothelial cells (ECs) and significantly affecting

branching, capillarisation [43], sprout promotion [44,45] or vessel formation [46,47].

Signaling cascades, transmembrane receptors, such as integrins, as well as focal
adhesions are essential mechanisms for directional migration [42]. Polacheck et al. analyzed the
mechanotransduction mechanisms involved in tumor microenvironment, characterized by high
interstitial fluid pressure and consequently by interstitial fluid flow [48]. Elevated fluid pressures also
alter chemical transports. Thus, this fluid can regulate the cell behavior through diffusion of

molecules such as cytokines and other growth factors (GFs) in chemotactic assays, or by itself.

The combination of scale and physics of microfluidic devices results in a laminar flow of
liquids and gases within the system leading to diffusion of molecules [49]. There are many
methodologies for applying fluid flow to cell-containing hydrogels in microfluidic devices (see Figure
1.6). This active pumping regulated by syringe pumps typically consists of a piston to push liquids
out of a syringe with a defined volume, offering precise flow control and being simple to operate.
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Figure 1. 6 Toolbox for PDMS-based microfluidic bioassays.

(A) Methods for driving fluid flow. (i) Pressure-driven flow using a vacuum at the outlet or a syringe pump at the inlet. (i)
Electrokinetic flow using a voltage applied across the microchannel. (B) Switches and valves for control of fluid
movement. (i) Pneumatically actuated monolithic valve. When pressure is applied above, flow in the bottom rounded
channel stops [18]. (ii) Channel crossing in which the fluid flow can be switched. When air pressure is applied above and
below the crossing, the fluid turns 907 instead of flowing straight. Figure adapted from [20]. (C) Gradient generator using
laminar flow. A solution or surface-bound molecular gradient is generated perpendicular to the direction of fluid flow in
the microchannel. Figure adapted from [31]. (D) Chaotic mixer. Neighboring streams of fluids are passively mixed.
Homogeneity is observed after 16 cycles of the staggered herringbone structure. Figure adapted from [32]. Figure and
caption taken from [50]

Fluid flow relates to many physiological and pathological events such as cancer
progression, vasodilation, angiogenesis in homeostasis. As Figure 1.7 shows, combining fluid flow
with other mechanochemical stimulus provides another strategy to replicate the cell
microenvironment. For example, mixing flow and strain by using deformable membranes helps
modeling epithelium found in organs such as lungs, blood and lymphatic vessels (Figure 1.8-C)
[51].
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Figure 1. 7 Different typical microfluidic flow system configurations.

Blue arrows indicate flow direction in “Device Structure” column. (A) Multichannel configuration used for high-throughput
drug screening on different populations of primary central nervous system (CNS) cells under physiological fluidic shear
conditions (adapted from ref. 61). (B) Shear stress modulation based on difference in channel hydrodynamic resistance
used to investigate secretion level of von-Willebrand factor (vWF) by human umbilical vein endothelial cells (HUVEC)
(reproduced from ref. 74). (C) Combined flow and strain applied to cell-seeded porous membrane to mimic the human
intestine (reproduced from ref. 91). On the basis of this concept, many organ-on-a-chip devices have been developed to
study the physiological function of different organs such as blood vessels, lung, liver and kidney. (D) 3D microfluidic
systems designed to control microenvironmental factors (e.g., cell-cell interaction, 3D ECM-like microenvironment) and
perform live cell imaging while exploring the relationship between tumor cell intravasation and endothelial permeability in
the context of cytokine induced endothelial cell activation and paracrine signaling loops (reprinted with permission from
ref. 92). Figure and caption taken from [51].

Summarizing, to manipulate fluid flow-induced stresses by modulation of the geometrical
configuration of cell culture microenvironment several approaches have emerged over the last
years. From single flow channels to sophisticated platforms for multi-parameter parallel screening,

such as multi-shear stress, have been developed [2,51-53].

Biological tissues, as a porous and elastic solid (poroelastic) saturated with liquid, are

deformed by interstitial flow which in turn alters the interstitial fluid pressure and the resulting flow
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field [54]. In addition to the matrix alterations via fluid flow, interfaces of 3D hydrogels can be
created to simulate the microenvironmental conditions suffered by cells. For instance, fibroblast
migration and phenotype could be influenced by the different stiffness of granulation tissue during
wound healing [55]. As mentioned above, cell migration is mainly governed by the
microenvironmental properties such as substrates and extracellular signaling molecules, acting as

motogenic stimuli or directional guidance cues [56].

1.1.3 Biological processes

The technology previously described has allowed us to study how mechanochemical
factors affect to important process in the human body such as wound healing or bone regeneration.
When an injury occurs, angiogenesis, as essential phase for the reestablishment of the tissue,
provides nutrients and oxygen to the affected area by formation of new blood vessels. This section
describes the biological processes mentioned above, focusing on the main mechanisms that act on

each of them.

1.1.3.1 Blood vessel formation: from vasculogenesis to angiogenesis

The first reports about the circulatory system formation date from Leonardo da Vinci
speculations who suggested its developed like a tree from a seed (heart) by sprouting roots (the
liver capillary meshwork) and a trunk with major branches (the aorta and arteries) [57]. Early in the
embryo, vascular plexus forms from mesoderm by differentiation of angioblast into endothelial cells,
resulting in the generation of primitive blood vessels [58,59]. This process, where ECs differentiate
and proliferate in situ within a previous avascular tissue in order to form a primitive tubular network,
has been defined such as vasculogenesis [57,60]. With the involvement of several molecular
mechanisms and the contribution of hematopoietic stem cells (HSCs), the primary vascular network
is established in the embryo including some of the major vessels such as the aorta and major veins
and the connections between them [58]. When this initial network is modified, the process is named
as angiogenic remodeling or angiogenesis (the formation of blood vessels from preexisting ones).
These new capillaries can be formed by sprouting or by splitting form their vessel of origin to give
rise to the mature vasculature. The process has been summarized in Figure 1.8. Initially in the yolk
sac and later during the organogenesis, through sprouting angiogenesis, the vascular bed is
developed [57]. During this process at embryo stages, proteolytic degradation of extracellular matrix
followed by chemotactic migration and proliferation of ECs promote the lumen formation as well as

the functional maturation of the endothelium [57].

Proangiogenic GFs play a relevant role on the sprout formation, being remarkable the effect
of vascular endothelial growth factor (VEGF) which stimulates physiological and pathological

angiogenesis. It should be mentioned the importance of hypoxia, an important stimulus for blood

11
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vessels expansion [58,61]. For instance, before tissues grow, cells are oxygenated by simple
diffusion of oxygen, however, with its thickening, transcription factors are activated causing the

vessel formation. The effect of some of GFs involved in vascular growing will be deeply explained

in chapter 2.
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Figure 1. 8 Formation of a vascular network.

Endothelial progenitors differentiate to arterial and venous ECs, which assemble in a primitive capillary plexus. Vessels
then sprout and become stabilized by smooth muscle cells (SMCs), differentiating from their progenitors. HSCs contribute
to angiogenesis directly and indirectly, by differentiating to leukocytes or platelets. Only a partial list of molecules has
been indicated in this figure. Shh, Sonic hedgehog; Grdl, Gridlock; M@, macrophage; AML, acute myeloid leukemia; Scl,
stem cell leukemia. Edited from Eming et al,2007. Figure and caption taken from [58]

I Cell migration in angiogenesis

Endothelial cell adhesion and migration is primarily mediated through integrin binding to
ECM transducing mechanochemical signals between the intracellular and extracellular environment
[62]. There are some essential cells for the initiation and promotion of sprouting: tip, stalk and
phalanx cells [63]. Figure 1.9 shows the main cues of sprouting formation based on physiological
vascular effects of the angiopoietin-Tie system. From a monolayer of ECs, tip cell begins to migrate
randomly, as far as the direction of 3D movement is concerned, but with an automatic polarity,
usually defined by the extracellular factor, and maintaining the connection with adjacent cells,
named stalk cells [63,64]. Tip cell is activated by vascular-endothelial growth factor inducing the
migration of these ECs towards VEGF signals and increasing the stalk cell proliferation [65]. There

are molecular mechanisms of signalization such as Notch in order to avoid the differentiation of
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stalk cells into tip cells. Delta-like ligand (DLL4) is expressed on tip cells migrating to Notch
receptors on stalk cells to prevent the transformation into tip cells [65]. The role of stalk cells is to
proliferate and extend the sprout towards the VEGF gradient.
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Figure 1. 9 Physiological vascular effects of the Angiopoietin-Tie system.

a | Sprouting angiogenesis is initiated in response to vascular endothelial growth factor gradients by invading endothelial
cells (ECs), known as tip cells, that have numerous filopodia. These are followed by a zone of proliferating and
differentiating ECs, known as stalk cells, that either lack or are only loosely covered by pericytes and smooth muscle
cells. Below these stalk cells, phalanx cells are in intimate contact with pericytes and SMCs, which keep them in a
protected, quiescent state. Tie receptors are expressed by stalk cells and phalanx cells. Angiopoietin 2 (ANG2; also
known as ANGPT2) is abundantly expressed by angiogenic ECs89, but the precise positional expression pattern of
ANG?2 is not well defined. Stalk cells and phalanx cells might store ANG2 in Weibel-Palade bodies. Paracrine-acting
ANGL1 (also known as ANGPT1) might cluster TIE2 (also known as TEK) receptors of contacting ECs in trans124,125. b
| The overexpression of ANG1 induces vascular remodelling that leads to the formation of vessels with a wider diameter.
TIE2-mediated EC activation controls the expression of endothelial apelin, which in turn acts in an autocrine manner on
EC-expressed G-protein-coupled APJ receptors, the downstream signalling of which contributes to the control of vessel
diameter152. ¢ | The quiescent EC phenotype is maintained by constitutive ANG1-TIE2 signalling. ANG1 clusters TIE2
junctionally at inter-endothelial cell junctions in trans to transduce survival signals. Differences in arterio-venous shear
stress also control Ang-Tie signalling. During the transition from the quiescent to the activated phenotype, ECs liberate
their endogenously stored pools of ANG2, and this antagonizes ANG1-TIE2 signalling to facilitate EC responsiveness to
exogenous cytokines. As such, the absence or presence of stored ANG2 contributes to the control of the adaptive
plasticity of the vascular endothelium. Image and caption adapted from [66]
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i Angiogenesis in wound healing and bone repair

The need of supply nutrients and oxygen to the tissues is fundamental for the proper
development of the organism, from embryo to adult and in physiological and pathological
conditions. Considering that the physiologic blood vessel formation has been previously described,
henceforth, this thesis will be focused on the study of mechanisms for the reestablishment of tissue
vascularization when damage is produced, especially in wound healing and bone fracture repair.
Nevertheless, when an injured has appeared, there are several tissue-specific molecules released
in the affected area also interacting in other processes such as the formation of new vessels. The
relation between the most important angiogenic factor, VEGF, with the processes described above

as well as the role of specific tissue factors on angiogenesis, will be explained below.

o Implication of angiogenesis in wound healing

Wound regeneration without angiogenesis would be inconceivable, being the formation of
new blood vessels an indispensable component to restore the normal status of skin. As a dynamic
process, wound healing involves complex interactions of ECM molecules, surrounding cells,
leukocytes and soluble mediators which common goal is to achieve tissue integrity and
homeostasis [67]. From hemostasis to tissue remodeling through inflammation and tissue
formation, all of these phases present specific contributions on blood vessel growth and remodeling,
summarized in Figure 1.10 [67]. The new vasculature acts as a source of nutrients and oxygen,
also removing the waste products for the developing of granulation tissue [68]. Its name derives
from the granular visual appearance being this new stroma, also known as neostroma, appeared

during the early phase of cutaneous wound repair[69].

As this Figure 1.10 shows, there are many molecules released in the wound site exerting
different actions on sprout development. For instance, VEGF -released in the injury site by ECs,
fibroblasts, smooth muscle cells, platelets, neutrophils and macrophages [70]- is the most important
and well-studied proangiogenic factor defined as essential for proper wound healing [71,72]. It
presents direct and indirect effects in wound angiogenesis, increasing the vascular permeability
while promotes the migration and proliferation of ECs. Figure 1.11 shows the main regulator effects

of this molecule on angiogenesis.
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Figure 1. 10 Model of different phases of wound repair and their impact on angiogenesis.

Hemostasis is caused by leak of blood constituents and vasoactive factors into the wound site. Increased vascular
permeability contributes to leaking of blood constituents into the wound environment. The hemostatic plug consists of
platelets and ECM molecules (Fn, fibronectin; Vn, vitronectin), which facilitate invasion and migration of endothelial cells.
Influx of PMNs (Polymorphonuclear leukocytes, neutrophils) and M¢ characterize the inflammatory phase of repair;
different subsets of leukocytes release angiogenic growth factors and pro-inflammatory cytokines, which control the
recruitment of inflammatory and endothelial cells into the wound site. During granulation tissue formation activated M¢,
endothelial cells and fibroblasts form a functional unit essential for efficient blood vessel growth. Fibroblasts deposit a
complex provisional wound matrix consisting of glycosaminoglycans (Gly), proteoglycans (Pro), collagen Il (Col Ill),
thrombospondin (Tsp), Fn, and Vn, which promote endothelial tube formation and vessel growth. Transformation of
granulation tissue into scar tissue is characterized by regression of capillaries and differentiation of newly formed blood
vessels into mature vascular structures. This process is associated with a decrease in inflammation, presence of
myofibroblasts and substitution of the provisional wound matrix into a collagenous matrix (CF, coagulation factors). Figure
and caption taken from [67]
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Figure 1. 11 Direct and indirect effects of VEGF on wound angiogenesis.
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VEGF family members orchestrate complex interactions between extravasated plasma proteins and endothelial cell
proteins during wound angiogenesis. (EPC, endothelial progenitor cell; uPAR: urokinase plasminogen activator receptor;
uPA: urokinase plasminogen activator; PAI-1, plaminogen activator inhibitor-1; EC, endothelial cell). Figure and caption
taken from [67]

Many different growth factors and inflammatory cytokines are released by platelets, such
as platelet-derived growth factors (PDGF), transforming growth factors-beta (TGB-B), fibroblast
growth factor (FGF) among others [73]. PDGF and TGF-[3 secretions seem to have indirect effects
on wound repair through the promotion of vessel growth [74]. Involving in production of ECM
components as well as in cell proliferation and migration, PDGF and TGF-f3 plays a remarkable role
on wound angiogenesis [75]. In Chapter 2, the effect of these proteins on sprout formation and
promotion will be deeply studied.

o Key role of angiogenesis in fracture healing

Following bone injury, the tear of cortical bone, periosteum and surrounding soft tissues
also affects to numerous blood vessels, becoming in a hypoxic site. Disruption of blood vessels
leads to activation of the coagulation cascade and the hematoma formation which finally will be
turned into new bone [76]. Furthermore, the lack of nutrients and oxygen in tissues around the gap
fracture encourages the appearance of necrosis in the area, inducing an inflammatory response
[77]. Inflammatory cells, leukocytes and macrophages migrate to the region as well as fibroblasts,
mesenchymal stem cells and endothelial cells [78,79] invade the area releasing GFs and cytokines
[76,78]. Along the last decades, some works have proven the importance of bone vascularity for

the tissue reestablishment, suggesting the existence of a vascular stimulating factor which operates
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at bone injury [76]. Henceforth, this section will be focused on GFs role, the corresponding phases

of bone fracture healing will be explained in detail in point 1.1.3.3.

Among the important regulators released during the healing process, VEGF production
seems to be the coupling mechanism between angiogenesis and osteogenesis [78,80,81]. In the
same way that VEGF induces endothelial cell proliferation or migration, it regulates the recruitment,
survival and activity of osteoclasts and osteoblasts [78,81-83]. In addition to its essential role for
normal angiogenesis, callus architecture and mineralization, VEGF is also involved in cartilage
maturation and resorption, initiating the endochondral ossification by recruiting and/or differentiation
of osteoblasts [78,81,84].

During the course of healing, several GFs are secreted such as fibroblast growth factors,
platelet-derived growth factors, transforming growth factors-betas, vascular endothelial growth
factor or bone morphogenetic proteins (BMP) [85]. For instance, Deckers et al. indicated that the
stimulation of angiogenesis is induced by VEGF-A, molecule produced by osteoblast in response
to BMPs [86]. This premise has been reaffirmed by others authors such as Eckardt H. et al. who
suggested an intimate interplay between angiogenesis triggered by VEGF and BMPs in the

formation of bone, also inducing direct activation of osteoblasts [87].

Considering the effect that VEGF exerts on osteoblasts and other surrounding cells, the
aim of this work is focused on the effect that BMPs could have on ECs migration, mainly in the

initiation of early sprouting.

1.1.3.2 Wound healing

In this section, the process of regeneration of a wound, its phases and the most relevant
mechanisms involved will be discussed in depth.

Epidermis and dermis are the main layers which comprise the skin, the largest organ in the
body. As the outer layer, epidermis acts as a barrier against water loss and infections whereas
dermis contains blood vessels that supply oxygen and nutrients to the tissue, also removing the
metabolic waste products [88]. Basement membrane separates the underlying dermis to the
epidermis (see the skin structure in Figure 1.12).

When an injury occurs, the healing pathway is usually divided in four interconnected and
overlapping stages: hemostasis, inflammation, proliferation and remodeling, involving a complex
series of reactions and interactions between cells, extracellular matrix and molecular mediators
[88-90]. Table 1.1, summarizes the main phases and their corresponding cellular and

biophysiological events during wound healing [91].
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Figure 1. 12 Anatomy of the skin, showing the epidermis, dermis, and subcutaneous tissue.
Figure taken from National Cancer Institute ((http://www.cancer.gov))

PHASE CELLULAR AND BIO-PHYSIOLOGICAL EVENTS
Vascular constriction

HEMOSTASIS ) ) - )
Platelet aggregation, degranulation, and fibrin formation (thrombus)
Neutrophil infiltration

INFLAMMATION Monocyte infiltration and differentiation to macrophage

Lymphocyte infiltration
Re-epithelialization
Angiogenesis
PROLIFERATION )
Collagen synthesis
ECM formation
Collagen remodeling

REMODELING ) )
Vascular maturation and regression

Table 1. 1 Normal wound-healing process. ECM, extracellular matrix.
Adapted from Guo and Di Pietro, 2010. Taken from [91]

Dermal tissue disruption involves the rupture of many capillaries or blood vessels. In the
first stage of healing, called hemostasis, the body reacts to prevent blood loss through vascular
constriction and clot formation. The intrinsic coagulation pathway begins with the recruitment of
platelets and activation of fibrinogen to form a fibrin mesh by endothelial activated vasoconstriction
followed by the coagulation cascade, in which numerous factors are involved. This provisional
matrix made by collagen, thrombin and fibronectin allows cell migration and traps platelets with the
consequent secretion of growth factors and pro-inflammatory cytokines [92]. In the same way, this

causes a chemo-attractive effect to recruit more platelets, neutrophils and fibroblasts [89].

Once the blood loss has been interrupted, the inflammatory response begins (Figure 1.13-

B), characterized by an influx of immune cells such as neutrophils, lymphocytes and monocytes,
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which will then differentiate into macrophages. During this stage, macrophages are attracted by
chemoattractants released by platelets at the wound site such as TGF-, PDGF, interleukina 1 (IL-
1). Before the proliferation phase, macrophages at the damaged area phagocyte bacteria, debris
or apoptotic cells, leaving the area ready for epithelization [89].
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Figure 1. 13 . Stages of wound healing.

Wound healing is classically divided into four stages: (A) hemostasis, (B) inflammation, (C) proliferation, and (D)
remodeling. Each stage is characterized by key molecular and cellular events and is coordinated by a host of secreted
factors that are recognized and released by the cells of the wounding response. A representative subset of major factors
are depicted. PDGF, platelet-derived growth factor; TGF, transforming growth factor; FGFs, fibroblast growth factors; IL-
1, interleukin-1; TNF, tumor necrosis factor; KGF, keratinocyte growth factor; IGF, insulin-like growth factor; IFN,
interferon; VEGF, vascular endothelial growth factor; HGF, hepatocyte growth factor; MMP, matrix metalloproteinase;
TIMP, tissue inhibitor of metalloproteinase. Figure and caption taken from [93]

Fibroblasts also migrate from the surrounding undamaged ECM to the affected area for
synthesis, deposition and remodeling of ECM during the proliferation phase [94]. Matrix proteins,
such as collagen or fibronectin, act as substrate for cell movement and support for tissue integrity
restoration [95]. Therefore, fibroblasts, the main cell type during the proliferation phase, are crucial
for tissue restoration through collagen production- the main component of ECM and scaffold for

vascular network expansion. Together with macrophages, they release growth factors that promote
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the stimulation of other cell types such as keratinocytes and endothelial cells [89]. Both cell types

form part of the granulation tissue that replaces the provisional ECM few days after injury [96].

Thus, macrophage-derived growth factors (MDGFs), endothelial growth factors (EGFs),
VEGFs and TGF- are some of the growth factors released at the wound site during this phase
promoting the recruitment of more macrophages and fibroblasts. The release of growth factors by
keratinocytes, among other cell types, stimulates the release of proteases into the endothelial cells
(ECs) of surrounding tissue [89]. Through proteolytic degradation of the basal membrane and ECs
stimulation promoted by GFs such as VEGF or TGF-f3, these cells begin to reorganize and form
capillary sprouts. The angiogenic process, strongly regulated by growth factors, cytokines and
inhibitors, enhances tissue recovery by providing oxygen to the wound bed with the formation of
new blood vessels. The phases so far mentioned comprise the first weeks after the damage has
occurred. However, the remodeling phase comprises several months (see the timeline in Figure
1.14). Initially, fibroblasts replace the fibrin mesh formed during the hemostatic phase with collagen
matrix, which will be subsequently remodeled and reorganized. In this phase, fibroblasts, induced
by mechano-chemical signals, differentiate into myofibroblasts aligning along the new ECM and

causing wound contraction.

Over the last few years, several studies have been focused on understanding the
interactions between GFs and ECM in the wound regeneration process playing both a fundamental
role in the tissue restoration. In vivo and in vitro models have been proposed to investigate some
of the mechanisms involved, in order to delineate the complex interactions between cells- matrix-
molecules in the wound site. These new perspectives are necessary for the achievement of more

effective therapies in physio-pathological processes
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Figure 1. 14 Wound healing phases and their time progression.
Figure taken from Expert Reviews in Molecular Medicine © 2003 Cambridge University Press.

1.1.33

Bone regeneration

Bone is a highly specialized tissue in the human body exerting important functions on

locomotion, support and protection of soft tissues; calcium, phosphate and growth factors storage
and harboring of bone marrow [97,98]. The physiological structure of bone is represented in Figure

1.15-A.

Bone is a self-supporting tissue, regenerating itself in response to an injury —bone fracture

healing- and in maintaining bone strength and mineral homeostasis -bone remodeling. Figure 1.15

summarized both processes which will be briefly explained below.
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Figure 1. 15 Summary of bone regenerative processes.

(A) Anatomical illustration of bone vasculature adapted from [http://www.anatomiahumana.ucv.cl/kinel/top2.html]. (B)
Adult bone undergoes constant remodeling to maintain their structural integrity. This process consists of an osteoclast -
mediated bone reabsorption and osteoblast-mediated new bone formation and mineralization phase. (C) Endochondral
model of bone formation during embryo development. At first the hyaline cartilage substitutes as the new bone structure.
The central hypertrophic chondrocytes start degenerating and the matrix surrounding them begins to calcify the future
diaphyseal area forming the primary ossification center. Complete degeneration of the central area and calcification of
the matrix results in formation of the secondary ossification center. Vascular penetration into the secondary structure
initiates osteogenesis by supplementing the area with osteoprogenitor cells, chondroclasts, and hematopoietic cells,
resulting in the formation of the mature bone. (D) Schematic representation of events mediated during bone fracture
repair. Figure and caption taken from [99]

I Bone remodeling

Physiologically, remodeling process allows the repair of old and damaged bone adjusting
the bone architecture to changes in external loading. This connective tissue is formed by four types
of cells: osteoblasts, bone lining cells, osteocytes and osteoclasts, with crucial functions for tissue
regeneration, interacting with other cell types such as macrophages. The physiological process of
bone formation consists of several stages (represented in Figure 1.16) which will be briefly
described below.
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Figure 1. 16 Bone remodeling cycle.

Bone remodeling is initiated by microcracks or changes in mechanical loading and consists of four consecutive steps:
activation, resorption, reversal, and formation. Activation of osteoclasts is controlled through the RANK/RANKL/OPG
pathway. Following bone deposition, osteoblasts can differentiate to osteocytes (osteocytogenesis), turn to bone-lining
cells, or enter apoptosis. Figure and caption taken from [97]

The bone remodeling cycle comprises three phases starting with the bone resorption by
osteoclasts, the period from resorption to new bone formation and finally, the bone formation by
osteoblasts [98].

Focusing on osteoblasts, they are exposed to the mechanochemical signals of the
microenvironment being able to alter their responses accordingly and depositing new matrix which
becomes mineralized [100,101]. Comprising 4-6% of cells located along the bone surface,
osteoblasts present a cuboidal shape and morphological characteristics such as an abundant rough
endoplasmic reticulum and prominent Golgi apparatus accompanied by several secretory vesicles
[98]. The deposition of organic matrix (mainly type | collagen) by osteoblast, is the first step to
synthesize bone matrix followed by its mineralization in the vesicular and fibrillar phases [98].
Osteoblast migration towards the damage area to complete the remodeling process is essential for

the reestablishment of the tissue [102].

Bone homeostasis as well as the bone mass balance is maintained by the relation between
osteoclastic bone resorption and osteoblastic bone formation, with the consequent calcium release
and deposition regulated by mechanochemical signals, maintaining bone mass at steady-state
levels [101,103]. The bone regenerative process begins with the differentiation and maturation of
osteoblast precursors into osteoblasts capable of secreting collagen which will be mineralized to

generate new bone [104]. Defined as a dynamic and complex structure that adapts to the changes
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in its functional environment, bone presents a mechanism by which its cells sense the deposition
or resorption of bone tissue and it has not been determined completely [105]. Mechanical loading
is crucial in bone formation stimulating the osteoblastic differentiation and proliferation [106,107]
and it has been widely accepted through different theories (experimental and theoretically) about in

the lacunar-canalicular system of bones by many authors [105,108-111].

ii Bone fracture healing

Following bone fracture, similar stages of embryonic skeletal development occur in the
damage area, finalizing with the reestablishment of the tissue physiology [112,113]. Depending on
its size and the amount of mechanical stability, the process can be differentiated such as primary
or secondary healing [114]. In the first case, the gap size presents an extreme stability and a
negligible affected area, while secondary healing implies moderate sizes and stability, occurring in
the vast majority of bone injuries [112,115]. In addition, primary bone healing is characterized by
the lack of callous formation and the consequent activity of osteoclasts and osteoblasts to
reestablish tissue functionality. In contrast, the formation of soft callous is characteristic of
secondary bone healing, where two modes of ossification are differentiated: intramembranous and
endochondral. Intramembranous ossification is identified by the differentiation of mesenchymal
stem cells into osteoblasts to directly create bone tissue in an anabolic process, while in the

endochondral these cells will differentiate into chondrocytes that create cartilage tissue [114].

Secondary bone healing can be divided in four temporal phases: (1) inflammation, (2) callus
differentiation or repairing, (3) ossification and (3) remodeling [115-117]. Immediately before the
inflammation stage, fracture gap is filled with the blood lost from the breakage vessels. After the
emergence of the inflammation and hematoma during the first stage (Figure 1.17), mesenchymal
stem cells (MSC) will be differentiated into fibrous tissue, cartilage and, finally, bone in the damaged
area, spurred by the release of biological factors such as transforming growth factor beta
superfamily, bone morphogenetic proteins, interleukins (IL-6, IL17F, IL13), among other proteins
[99,118,119]. The formation of cartilaginous callus by skeletal and endothelial cells refills the gap
between bone fragments, progressing to hard callus in the most common form of bone healing
named endochondral ossification [114]. In the secondary fracture healing, the migration of
osteoblasts is necessary, occurring both individually and collectively, to deposit new bone [120].
Via focal adhesions, osteoblasts recognize the substrates adhering to it and modifying their
behavior depending on the matrix component architecture or the mechano-chemical stimuli applied
[120]. Once the fracture gap has been ossified, the restoration of the bone architecture is recovered
with the resorption of the external callus and the remodeling of disorganized woven bone by

osteoclasts and osteoblasts.
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Figure 1. 17 Schematic representation of inflammation and repair during bone fracture healing.

Immediately after the initial trauma, the fracture hematoma is formed as a result of blood clotting. The fracture hematoma
is characterized by hypoxia and low pH, and contains proinflammatory and anti-inflammatory cytokines together with
inflammatory cells from the peripheral blood (1). During the initial inflammatory phase of bone healing, immune cells are
rapidly recruited to the site of injury (2), neutrophils being the first cells to invade the callus, followed by macrophages
and lymphocytes. During the repair phase, osteomacs are pivotal for osteoblast-driven mineralization in zones of
intramembranous ossification (3), whereas inflammatory macrophages mainly contribute to endochondral bone formation
(4). Several systemic (severe trauma, leukocytosis, diabetes mellitus and possibly autoimmune diseases) and local
factors (fixation stability) affect inflammatory processes at the fracture site, and can result in impaired fracture
healing. Abbreviations: PMN, polymorphnuclear neutrophils Figure and caption taken from [119].

Mechanical loading as well as other complex interactions among local and systemic
regulatory factors such as growth factors or cytokines, are essential for proper bone function
including the reestablishment of structural integrity in fracture healing [121,122]. To understand in
detail the mechanisms involved in such process, experimental methodologies as well as
computational simulations and modelling have been performed in order to design novel healing
strategies for future treatments [115,117,123-125].
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1.1.4 Methodology used in this work

This section has been specially designed to summarize the main techniques used in each
chapter, highlighting the major handicaps found in each one.

The microfluidic technology used to perform the experiments in this thesis has allowed us
creating and studying 3D cell culture microenvironments under different spatiotemporal chemical
gradients, generating ECM interfaces and applying different mechanical stimulus.

The basal structure of these microfluidics chips, originally designed by Roger Kamm
Laboratory [7] and implemented in our experiments as a collaboration between both research
groups, consists of a central chamber where hydrogel is located and two adjacent channels for cell
culture medium addition (see Figure 1.18).

(b)

Figure 1. 18 Microfluidic platform

The microdevice fits within a 35 mm glass-bottom petri dish, as shown in picture (a). The detailed schematic (b) shows
the geometry of the microfluidic device. The hydrogel is kept confined within the central channel (pink), whose dimensions
are 2.5 x 1.3 mm. The auxiliary channels (pink) assist the hydrogel injection into the central cage. In direct contact to the
gel, two main media channels (1 mm-width, green and blue) ensure hydration and diffusion through the hydrogel. The
height of the channels is of 240 um all over the geometry. Figure and caption taken from [126].

However, the versatility of this technology allows the user to manipulate this distribution in
function of the experiments to develop. For instance, it can be adapted increasing the number of
channels, the distance between them as well as the height in order to ensure a 3D cell distribution.
One of the most important characteristic of chip geometry, which has been designed by Roger
Kamm’s Lab and maintained in every design, has been the hexagonal shape of the pillars. This
particular distribution was proposed to confine the hydrogels through surface tension avoiding the
hydrogel lost when it is hydrated.
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The procedure for microfluidic device fabrication is explained below:

- SUB8-wafer silanization by addition of 10 ul of perfluorinated trichlorosilane (UCT Specialties
(T2492-KG)) during 2h in order to avoid the irreversible PDMS bonding to the wafer. Keep
the wafer inside a desiccator during this protocol

- Addition of PDMS mixed by 10:1 base to curing agent ratio. For the first time, 90g of PDMS
mixed was added while in following times the amount was reduced up to 30g in total (just
for the drawn area).

- Degasification of the polymer before and after addition onto the silicon wafer

- Polymerization of PDMS into the oven at 80°C overnight

- After the cool down and relax of the replica molded-layer of PDMS it can be extracted. The
first layer after the treatment should be discarded due to its cytotoxicity

- For device individualization, different diameter punches were used. Depending on the
device shape, round or rectangular punch has been utilized.

- Channel-inlet ports were also perforated with biopsy punches: 1.5 mm of diameter for gel-
charge channel, 3 or 4 mm diameter for reservoirs.

- PDMS devices were autoclaved twice (first in humid cycle followed by dry cycle) in order
to sterilize it. Then, they were incubated at 80°C overnight for drying it.

- The irreversible bonding of chips was achieved through plasma treatment of cover-glass,
for rectangular devices, or 35mm-glass bottom petri dishes, for round ones, followed by
PDL (poly-D-lysine hydrobromide) solution addition to the channels in sterile conditions.

- Maintaining treated chips for at least 4 h into the incubator to enhance the hydrogel-PDMS
surface attachment, they were thoroughly washed with cell culture grade water and dried
again at 80 °C for 48 hours approximately.

- Finally, the devices were cooled and ready to use.
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1.2 Objectives

This thesis is aimed to investigate the role of mechanochemical factors on cell migration in
tissue regeneration. Within the framework of the European Insilico-Cell Project (ERC), this work
has tried to study the cell behavior by using microfluidic platforms that replicate more faithfully the
in vivo conditions of cells in tissues. Angiogenesis, wound healing and bone fracture healing have
been the three main lines of application, where the effect of chemical or mechanical factors has
been studied in an individual or combined way in a single chip. Thus, this work aims to biomimetize

the regenerative processes that commonly occur in the tissues of our body.

Based on the premises of previous studies about the most important factors involved in
each of these processes, this work is organized in function of the stimulus gradient applied to the
cell culture. Firstly, considering the importance of chemical gradients on angiogenesis, one chapter
of this thesis is focused on unravelling how endothelial cell migration, specially sprouting promotion,
could be affected by some GFs released in the damaged area in both processes. As a combination
of the study of mechanochemical factors, specically matrix properties and chemotaxis, the other
two lines of research were proposed. On one side, the effect of collagen gradients on fibroblast
migration combined with chemotactic study, and on the other side, the osteoblast behavior when a

flow rate is applied to the 3D culture in conjunction with changes in matrix stiffness and architecture.

Other relevant tasks have been developed in this work such as the development of new
geometries designed specifically for the experiments, the numerical simulations to characterize fluid
flow in the microfluidic devices, fluid-flow set-up as well as the introduction of new strategies of

fabrication such as 3D printing technologies.
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1.3 Thesis overview

This first chapter has offered a general framework along with a review of the state of the
art of microfluidics and the main lines of research of this thesis: angiogenesis, wound healing and
bone fracture regeneration. Based on the premises of previous studies about the most important
factors involved in each of these processes, this work was organized in function of the stimulus

gradient applied to the cell culture. Next, a brief description of each chapter is presented.

Considering the importance of chemical gradients on angiogenesis, Chapter 2 has been
focused on knowing how endothelial cells migration, specially sprouting promotion, could be

affected by some GFs released in the damaged area, creating a controlled chemical gradient.

On the other hand, the effect of the combination of 3D chemotaxis and durotaxis by collagen
step gradients is analyzed. This Chapter 3 also includes the development of a new microfluidic
device. This new design simplifies the usual mechanisms employed to quantify chemotaxis also
bringing the option of hydrogel interface generation as well as the corresponding studies related to

cell migration.

The effect of mechanical factors has been analyzed in Chapter 4. The combination of matrix
architecture modification and fluid flow as well as its individual analysis will be the methodology

proposed along this chapter to understand cell behavior simulating bone fracture healing.

In Chapter 5, the global conclusions of the previous chapter are summarized also combined
with brief suggestions about possible future research lines. A special mention with the
achievements obtained during the development of the thesis, such as scientific publications,
contributions to congresses, or research stays have been included. A Spanish version of Chapter

5 has been included in Chapter 6.

A summary of all the contributions from this PhD Dissertation are presented in Chapter 7

(in both languages).

Finally, ELISA inmunoassays and its results are showed in the Appendix. To know the
diffusion of our molecules through the hydrogel we have performed this inmunoassays. Several

conditions have been tested for our microfluidic devices.
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Abstract *

Angiogenesis or neovascularization is the main dynamic process that culminates in sprout
formation from existing vessels. As it has been described in the previous chapter, the blood vessels
formation comprises a collective migration process of endothelial cells (ECs). After tissue injury, the
vascularity is interrupted, triggering the regeneration process and the release of different growth
factors (GFs). The main aim of this work is to quantify the effect of specific GFs during the initial
stage of sprout formation, namely: vascular endothelial growth factor (VEGF), platelet derived
growth factor-BB (namely as PDGF), human transforming growth factor- beta 1 (TGF@) and bone
morphogenetic protein 2 (BMP-2), all of them involved in regenerative processes. For this purpose,
a novel algorithm implemented in MATLAB designed by the M2BE group has been used to quantify
the advance of the endothelial cell (EC) monolayer over time and the sprout structure in 3D. Our
results show that VEGF is the main regulatory GF on angiogenesis processes, producing longer
sprouts with higher frequency. However, the chemoattractant effect of VEGF depends on its
concentration and its spatiotemporal location, having a critical impact on the sprout time evolution.
PDGF has a global negative effect on both the number and length of sprouts. TGF enhances
sprout length at earlier times, although its effect gradually disappears over time. Finally, BMP-2
produces, overall, less number and shorter sprouts, but was the only GF with a positive evolution

at longer times, producing fewer but longer sprouts.

Keywords: Sprouting, Angiogenesis, Growth factors, Microfluidics, Collective Cell

Migration

*This Chapter 2 corresponds to the article already published as: C. Del Amo, C. Borau, R. Gutiérrez, J. Asin,
and J. M. Garcia-Aznar, “Quantification of angiogenic sprouting under different growth factors in a
microfluidic platform,”J. Biomech., vol. 49, no. 8, pp. 1340-1346, May 2016. [127]
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2.1 Introduction

In Chapter 1, cell mechanisms involved in cell migration as well as the main regenerative
process have been reported. The formation of blood vessels is a fundamental process, both in
embryonic and adult stage, and it is involved in physiological and/or pathological processes. With
high importance in metastatic processes, angiogenesis is also crucial in restoring normal tissue
conditions when damage occurs. Regeneration processes take place in all living tissues after some
injury or damage is produced. The reestablishment of the global vascular network and its
connection with the damaged tissue is one of the first steps to restore the tissue functionality,
involving several molecular mechanisms [72,128]. This current chapter has been focused on the

study of sprout formation under GFs addition, characteristic of wound and bone regeneration.

Angiogenesis is the process of new blood vessel growth from preexisting ones [129-132]
and it is mainly guided by VEGF (Vascular Endothelial Growth Factor) gradients, one of the most
potent proangiogenic growth factors (GFs) [72,133,134], and other signals such as oxygen
[135,136]. Chemotactic and polarizing effects of VEGF have been thoroughly analyzed in previous
works [134] and its relevance inducing sprout formation have been confirmed by many research
works [72,136-139].

Nevertheless, there are other GFs implicated in tissue vascularization such as Human
Transforming Growth Factor- Beta (TGFB), Human Platelet Derived Growth Factor-BB (PDGF-BB,
henceforth referred in this Thesis as PDGF) and Bone Morphogenetic Proteins (BMPs) among
others. For instance, PDGF is implicated in osteogenesis, acting as mitogen for osteoblast and
increasing VEGF expression [131]. The secretion of PDGF in fracture healing contributes to marrow
stromal cells recruitment, which may in turn increase the liberation of other angiogenic factors
[140,141]. Additionally, PDGF stabilizes blood vessels by recruiting of pericytes, whereas VEGF
promotes endothelial cell (EC) growth [142]. Regarding TGFp, its proangiogenic effect depends on
assay conditions. In vivo, TGFB contributes to the stimulation of macrophages which release
angiogenic factors, whereas in vitro, TGFB inhibits the ECs growth and proliferation, thus
decreasing the sprout formation [69]. The main factor involved in bone regeneration is BMP-2
(Human Bone Morphogenetic Protein 2), which affects EC proliferation and migration [143] and
promotes the chemotaxis and differentiation towards the osteogenic pathway [144]. Table 2.1

shows a summary of the main impact of the GFs on tissue regeneration.

As section 1.1.1 has described, microfluidic systems have emerged as potential tools to
recreate aspects of cell migration or tissue organization. These devices have gained great
popularity due to the easy reproduction, control and monitoring of a wide variety of
microenvironmental factors. In this work, this technology has been used to reproduce fundamental
aspects of angiogenesis, such as those presented by Jeon et al. and Zervantonakis et al. to
simulate wound healing or tumor growth [25,145]. Other works using similar microdevices have
been focused on regeneration processes such as the generation of 3D capillary beds in vitro [146],
anti-angiogenesis drug screening [147] or on cellular dynamics to analyze cell migration in sprouting

processes [46].
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Growth Factor
(GF)

Characteristics

Effects

References

Vascular Endotelial

Growth Factor
(VEGF)

Human Platelet
Derived Growth
Factor-BB
(PDGF-BB)

Human
Transforming
Growth Factor-
Beta 1 (TGFB1)

Human Bone
Morphogenetic
Protein (BMP2)

Some isoforms: VEGF-A,
VEGF-B, VEGF-C, VEGF-D
and PIGF(placental growth
factor)

VEGF-A: homodimer with a
molecular weight of 40kDa and
165 amino acid residues/
subunit.

Protein of 24.3 kDa, a disulfide-
linked homodimer of two chains
of 218 amino acids

Protein of 25kDa synthesized
by human platelets, has a
central role in cell growth
regulation, differentiation and
function.

Protein with 26kDa belonging
to TGFB superfamily

Cell Proliferation,
migration,
differentiation
Increasing of
vascular
permeability,
formation of new
blood vessels

Cell proliferation,
angiogenesis and
fibrosis
Recruitment and
proliferation of
pericytes during
angiogenesis

Cell proliferation,
migration and
capillary tube
formation

Bone formation
Growth,
differentiation,
chemotaxis and
apoptosis.

[69,139,148]

[149,150]

[143,150]

[144,151,152]

Table 2. 1 Summary of the impact of different GFs on cell and tissue behavior.

By complementing the advantages of microfluidics, the high versatility of PDMS to design
different cell culture platforms and protocols has allowed the analysis of molecular signalling
involved in angiogenesis in previous studies [153]. However, to the best of our knowledge, none
of them have analyzed under similar conditions the temporal effect of several GFs on angiogenesis.
The main aims of this work have been:

1. To quantify the capacity of four different GFs involved in angiogenic processes (hamely
VEGF, PDGF, TGF, and BMP-2) by using a collagen type | scaffold as a replicate of the ECM
microenvironment

2. To evaluate the angiogenic effect on the ECs monolayer by measuring the frequency

and the length of the formed sprouts during 24 hours.
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2. Angiogenic sprouting and GFs

2.2 Materials and methods

2.2.1 Microfluidic device

In order to study the evolution of EC monolayer, the geometry and fabrication of
microdevices used in this experiment was based on the methods implemented by Farahat et al.
[138]. These devices present a central chamber filled with hydrogel, and two lateral channels for
cell seeding (EC channel) and the supply of different growth factors (GF channel) (see Figure 2.1

for geometric details).

s EC
collagen >~

. — \ channel
r > b ﬂ
/ = N | ONEEERRE

Figure 2. 1 Microfluidic device for sprout analysis.

A) Self-made microfluidic device prototype used in our assays. Geometry was obtained from the work of [138]. B) Top
view and inset of the device geometry with a central chamber (green) and two lateral channels (blue: growth factor (GF
channel), pink: endothelial cell seeding (EC channel)). Channel and pillar heights (and therefore gel thickness) are 120
microns. C) Example image from the experiments: cells forming sprouts between two micropillars of the device. Yellow
and green windows are the actual regions of interest (ROIs) submitted to analysis

2.2.2 Collagen hydrogel scaffold in a microfluidic assay

Collagen is the most abundant fibrous protein in the extracellular matrix, existing at least
16 different types, but being the most predominant types I, 1l and Il [154]. Although other
fundamental proteins such as fibrin or laminin constitute ECM, collagen (presents on muscle, bone,
skin or blood vessels) has been the hydrogel selected for the experiments performed along this
Thesis. The collagen hydrogel was prepared from type | collagen gel solution (Corning Collagen I,
Rat Tail. 3mg/ml) at 2.5 mg/ml following the methodology proposed by Farahat et al. and
Zervantonakis et al. [25,138], with phosphate buffered saline (PBS; Lonza), NAOH and EGM2
(Endothelial Cell Growth Media, Lonza). It was softly pipetted into the devices and polymerized for
40min in a humid chamber, at 37° C and 5% COx.. After that, the matrix was hydrated and incubated
overnight at the same conditions. The mechanical properties of 2.5 mg/ml collagen gels have been
characterized in literature [155-157], presenting a storage modulus G’ ~ 18 Pa. In regards to the
transport properties of these gels, and according to the measurements of Farahat et al.[138] , GF
concentration decreases almost linearly from the source channel and across the collagen, with a
diffusion coefficient of 5-101* m?/s. Using the same protocol, Zervantonakis et al. found the diffusive
permeability to range from 0.75 + 0.093-107 m/s to 4.08 + 1.11-107 m/s [25]. Furthermore, the

characterization of molecules transport in the geometry used in this experiment can be found in the
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work previously published by Farahat et al. (see Figure 2.2) [138]. Another example of quantification
of chemical gradients in collagen by using microfluidic devices has been reported by Moreno-
Arotzena et al [158].
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Figure 2. 2. Characterization of device transport characteristics in the absence of monolayers.
Characterization was done via Texas Red conjugated 40 kDa Dextran in lieu of VEGF (which has a molecular weight
of 38 kDa) A) Gradients are estimated via fluorescent intensity measurements along the entire gel region B) The
generation gradients that are stable in time when device is under flow of 2 pL/min. Gradients are shown stable over a
6 hour time period. C) Numeric simulations reveal concentration profiles along the length of the channel, and confirm
gradient profiles similar to those observed experimentally. Figure and caption taken from [138]

2.2.3 Cell culture and seeding

For the formation of the monolayer, Human Umbilical Vein Endothelial Cells (HUVEC,
C2519A, Lonza) in passages 3-8 and 70-90% confluence were seeded in the microfluidic devices
with a concentration of 1.5-10°8 cell/ml. Endothelial cell growth basal media (EGM-2, Lonza) was

used as cell culture medium.

Firstly, EGM2 was used to equilibrate the microdevices, which had been treated in the
previous 24 hours, and incubated them for 2 hours. Secondly, 20 pl of ECs suspension were filled
by a previously dried lateral channel (Figure 2.3A). The seeded devices were placed in a humid
box for 40 min and oriented vertically to promote the deposition of cells on the collagen hydrogel
(Figure 2.3B). After cell incubation, the EC channel was washed to remove the surplus cells, hence
leaving a monolayer (Figure 2.3C). Finally, the growth factors were added at the GF channel.

Conditions used in each assay are shown in Table 2.2.
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— o = cell seeding

ceII deposition bﬂ

Figure 2. 3 Endothelial cell seeding procedure for monolayer formation.

A) 3D representation of the microdevice. Endothelial cells are seeded through the input channels pointed by the gray
arrows. B) After cell seeding, the microdevice is tilted 90° (oriented vertically) to promote cell deposition to the collagen.
C) Once the monolayer is formed, surplus cells are washed so that only cells stuck to the collagen remain. These are the
initial conditions for every assay before image acquisition.

Condition GF channel EC channel References
0-0 EGM-2* EGM-2 -
0-vegf EGM-2 40ng/ml [VEGF] [147]
vegf-0 40ng/ml EGM-2 -
vegf-vegf 50ng/ml [VEGF] 40ng/ml [VEGF] [159]
tgfb-vegf 10ng/ml [TGFp] 40ng/ml [VEGF] [160]
pdgf-vegf 10ng/ml [PDGF] 40ng/ml [VEGF] [160]
bmp-vegf 2ng/ml [BMP-2] 40ng/ml [VEGF] [161]

Table 2. 2 Different GFs conditions found in the literature that have been applied in microfluidics-based

experiments of angiogenesis

Concentration of GFs at each channel. *EGM-2: Endothelial cell growth media
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2.2.4 Design of experiment

The experiment was designed to obtain enough samples for each condition so that the
statistical analysis was able to distinguish specific effects of the different GFs. Application of VEGF
only in the EC channel was chosen as the reference/control condition (0-vegf). Each additional
condition (vegf-vegf, tgfb-vegf, pdgf-vegf, bmp-vegf) was replicated 4 times, always accompanied
by a control experiment (0-vegf). Finally, to isolate the effects of VEGF and complete the study, 2
replicates of the null condition (0-0) and 2 of the control-inverted condition (vegf-0) were performed
(See Table 2.3).

" . Length (um)
Condition #replicates #ROIls #sprouts %length>30
Mean sd Skweness

0-0 2 22 22947 2.7 9.01 8.66 3.65
0-vedf 16 66 90814 13.9 16.48 18.72 2.67
vegf-0 2 16 23260 28.7 25.79 25.76 2.02

vegf-vegf 4 25 26255 134 16.77 18.56 3.28
tgfb-vegf 4 28 28907 6.7 11.74 13.23 3.02
pdgf-vegf 4 24 22229 12.7 15.47 18.62 2.78
bmp-vegf 4 14 18788 8.9 12.76 14.81 2.96

Table 2. 3. Main descriptive indicators: number of replicates per condition, number of processed ROlIs, total
number of measured sprouts, percentage of sprouts longer than 30 um, mean length, standard deviation and
skewness of the distribution.

Note the different number of ROIs per condition due to the variability in the number of finally selected regions caused by the
disposal of invalid samples.

2.2.5 Sprout tracking and quantification

Cell tracking was initiated in the monolayer two hours after ECs seeding and GFs
incorporation and maintained for 24 hours with 37°C, 95% humidity and 5% of CO2 conditions.

Phase contrast images were captured every 20 min.

The geometry of the microdevice used in this experiment has 36 micropillars alongside the
EC channel, and therefore there are 37 regions of interest (ROIs) to quantify cell sprouting (Figure
2.1C). Among all of them, up to 16 ROIs per replicate were selected, although only those regions
of higher image quality were kept for processing. Each of these ROIs represents 10 z-stacks (one
slice every 20 um) overtime (about 70 frames). In sum, up to 195 ROIs have been processed, or in
other words more than 1.35-10° images, and measured more than 2.3-10° sprouts (See Table 2.3).
A hand-coded script with a graphical interface using MATLAB has been used for the image analysis.
This script (like the other MATLAB algorithms used for data processing in this Thesis) has been
developed by PhD Carlos Borau in the context of the European Project INSILICO-CELL. It
automatically cleans the noise from the input images and segments background from cell mass by

using different filters (Figure 2.4A).
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Image processing
for each ROI, z-stack and t:

1. noise cleaning

2. image sharpening
3. edge detection

4. binarization

5. user correction

3D stack building

Skeletonization

Quantification

Figure 2. 4 Scheme of image processing for sprout quantification

A) Workflow scheme of the developed image-processing code. B) Image shown to the user for manual correction. When
necessary, the user is allowed to draw masks to add/remove specific regions so that the script can re-process the image.
Purple/yellow circles represent end/branch points of the computed 2D sprouts. Red dots represent pixels corresponding
to sprouts. Light blue line highlights the cell mass boundary (leading edge), used as reference to measure the sprout
lengths. C) 3D reconstruction of the z-stacks at a specific time step. Semi-transparent gray represents the cell mass,
whereas cell sprouts are plotted as red/cyan segments. These segments are colored in red when they join a branch-point
with an end-point, and in cyan when they join two branch-points. This coloring method provides visual information
regarding the sprout network complexity, although both type of segments are considered equivalent for the numerical
quantification.

Besides, it permits the user to define masks to correct or discard any frame or part of it if
necessary (e.g. highly blurred captures). Figure 2.4-B shows an example of an image seen by the
user while checking the frames. Once this process is finished, the z-stacks of each temporal frame
are joined in a 3D volume which skeleton is computed [162] (see Figure 2.4-C). Finally, all the

necessary data are automatically collected for the statistical analysis.

2.2.6 Statistical analysis

In collaboration with the researcher PhD Jesus Asin from the Statistical Department, this
section has been performed. Statistical hypothesis tests were implemented in order to analyze the
significance of differences between sprouting length distributions under different conditions. An
elevated sample size of sprouts was obtained for all conditions, ranging from 18788 to 90814 (See
Table 2.3). The skewed right distribution shown in Figure 2.5 shows a non-normal distribution that
is associated with high variability. Then, non-parametric tests based on ranks were the best option
to compare this model of distribution. Firstly, Kruskall-Wallis (KW) tests were used to check the null
hypothesis establishing that the length distribution is unchanged regarding the conditions.
Secondly, when the null was rejected at 0.01 significance level, a multiple comparison test
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(simultaneous confidence level of 95%) was applied to distinguish conditions that were significantly
different (see in Figures 2.6, 2.7, 2.8).
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Figure 2. 5 Length distribution of all sprouts for each condition.
All the cases show an asymmetric distribution with high values (up to 300 um). Condition (vegf-0) presents the greatest
dispersion whereas condition (0-0) has the most concentrated data.

0_0 3 — -
0-vegf < 7
vegf-0 | - 7

vegf-vegf | < 1
pdgf-vegf | - 1
tgfb-vegf = 1
bmp-vegdf | —o- 1
1.2 1.3 1.4 1.5 1.6 1.7 1.8 1.9 x10°
Figure 2. 6 Sprout length distribution
A median test (Kruskal-Wallis) confirmed that all the groups (conditions) had mean ranks significantly different among
each other (p < 0.01). Control condition (0-vegf) is highlighted in blue.
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Figure 2. 7 Number of long sprouts.
A median test (Kruskal-Wallis) confirmed that all the conditions, except condition 4 (vegf-vegf) had mean ranks
significantly different to the control case (0-vegf) (p < 0.01). Control condition (0-vegf) is highlighted in blue.

0-0
0-vegf ——
vegf-0

vegf-vegf
pdgf-vegf
tgfb-vegf ——

bmp-vegf

0 20 40 60 80 100 120
Figure 2. 8 Number of loosed cells.

A median test (Kruskal-Wallis) confirmed that only condition 6 (tgfb-vegf) had a mean rank significantly different to
the control case (0-vegf) (p < 0.01). Control condition (0-vegf) is highlighted in blue.

2.3 Results

2.3.1 Measurements of VEGF-induced sprouting

Four different conditions were used in order to test the effect of VEGF on the EC monolayer:
i) null concentration in both channels (0-0) ii) VEGF only in the ECs channel (0-vedf), iii) VEGF only
in the GFs channel (vegf-0) and iv) VEGF in both channels (vegf-vegf).

On the other hand, two groups of results were created to perform the analysis: i) all sprouts
and ii) only long sprouts. A sprout was considered long when its 3D length was higher than 30 pum.
We choose this threshold since HUVEC cell size usually range between 20-40 pm [163].

Additionally, we measured our cells confirming that their medium size was in the same range.

Regarding the length data of all sprouts, it is remarkable the highly skewed distribution for
all conditions (Figure 2.5, Table 2.3), with condition (vegf-0) having the greatest dispersion. In spite
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of their similarities, a median test (Kruskal-Wallis) confirmed that all the groups had mean ranks

significantly different among each other (p < 0.01) (Figure 2.6).

The frequency of sprout formation was tracked over time every 20 minutes. Compared to
condition (0-vegf), condition (0-0) produced a similar amount of sprouts (Figure 2.9A), however,
very few of them were long (Figure 2.9B). Condition (vegf-O) presented the greatest number of
sprouts during the first half of the experiment (Figure 2.9A), although its effect was reduced over
time. However, the number of long sprouts was higher during the whole period (Figure 2.9 B), which
is reflected in the significantly higher number of total sprouts per ROI (Figure 2.9C). The opposite
effect was observed in condition (vegf-vegf) where the growth of sprouts was minimal at the
beginning, but increased with time until the number of long sprouts was the highest among all
conditions (Figure 2.9B). On average, the total number of long sprouts was similar (no significant

differences) compared to condition (0-vegf) (Figure 2.9C).

Overall, sprout length distribution was highly concentrated at low values, so that the
frequency of long sprout formation was rather low. In any case, the mean sprout length over time
was higher for condition (vegf-0), lower for condition (0-0), and similar for condition (vegf-vegf)

compared to the condition (0-vegf) (Figure 2.9D).

2.3.2 Chemotactic effect of non-specific angiogenic factors

In this work, it has been analyzed whether specific GFs of wound healing (PDGF and TGF)

or bone regeneration (BMP2) could stimulate the vessel formation.

The negative effect of nonspecific angiogenic factors was neatly observed, especially in the
frequency of sprout formation. The number of sprouts for conditions (pdgf-vegf), (tgfb-vegf) and
(bmp-vegf) was significantly lower compared to condition (0-vegf) during most of the time (Figure
2.9A, C), being this difference more critical for long sprouts. In fact, in these conditions, long sprouts

practically disappeared at the end of the experiment (Figure 2.9B).

Regarding sprout lengths, the trends were similar to those observed in the frequency data,
with these conditions getting overall shorter sprouts compared to condition (0-vegf). However,
condition (bmp-vegf) showed an interesting behavior during the last hours of the experiment. While
the number of sprouts was greatly reduced compared to the initial times, the length of these sprouts

was larger, even superior to those produced in the condition (0-vegf) (Figure 2.9D).
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Figure 2. 9 Obtained results from sprouts quantification

Number of sprouts (A) and long sprouts > 30 um (B) per ROI over time. C) Total number of long sprouts per ROI. *
indicates (p < 0.01) in a Kruskal Wallis median test (Figure 2.7). D) Mean of the sprout length distribution over time.
Panels A, B and D share legend and are plotted using a r-Loess smoothing filter. At earlier times, condition (vegf-0)
produced the largest number of sprouts (A), a third of which were long (B). This effect gradually disappeared, yet the
number of observed long sprouts was higher compared to the case (0-vegf) at the end of the experiments. Condition
(vegf-vegf) reduced the number of sprouts (both short and long) at the beginning, although this effect was reversed as
time advanced, producing the highest number of sprouts during the last steps. The other conditions, had negative effects
on the number of sprouts produced, which almost disappeared in the last hours. Overall, condition (vegf-0) produced a
significant higher number of long sprouts (C) which is reflected in a higher value of the mean sprout length over time (D).
Condition (vegf-vegf) was similar to the condition (0-vegf) with no significant differences in the total number of sprouts.
Mean values of sprout length were slightly higher at the end of the experiment. Conditions (pdgf-vegf), (tgfb-vegf) and
(bmp-vedf) presented overall fewer and shorter sprouts compared to condition (0-vedf), critically decreasing the sprout
length at later times except for condition (bmp-vegf) which, interestingly, produced longer sprouts during the last hours

D).
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2.3.3 Quantification of failed sprouts

For the successful formation of sprouts, cells make many attempts, some of them succeed
but others do not. Another aim of this work was focused on the quantification of the number of failed
sprouts attempts in each ROI. For this purpose, it has been counted the number of cells loosed
from the cell mass (the monolayer) trying to create a new sprout. Some of the tip cells left the
monolayer and some returned to it after a while. However, at the moment they were unattached,
we assessed them as a failed sprout. As shown in Figure 2.10, although the median value of loosed
cells was different for all conditions compared to condition (0-vegf), only condition (tgfb-vegf)
presented significant differences. Overall, conditions including VEGF as GF ((0-vedf), (vegf-0) and
(vegf-vegf)) did not promote the migration of individual cells and therefore the connection between
cells was maintained over time. In fact, looking together at the high number of loosed cells of
conditions (pdgf-vedf), (tgfb-vegf) and (bmp-vegf) (Figure 2.10), and their low number of long
sprouts produced (Figure 2.9), suggests a direct relationship between the propensity of cells to get

unattached from the monolayer and the frequency of successful sprouts.
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Figure 2. 10 Number of cells loosed from the main mass per ROl (median value).

Compared to the condition (0-vegf), the number of cells that failed to form a sprout was lower for conditions (vegf-0)
and (vegf-vedf), and higher for the rest of them, although the difference was statistically significant only for condition
(tgfb-vedf) (p < 0.01) (Figure 2.7).

44



2. Angiogenic sprouting and GFs

2.4 Discussion

Considering the specific objectives referred in the Introduction section of this chapter, the
paracrine effects of GFs commonly released by different cell types (epithelial cells, ECs or

osteogenic cells) on the formation of novel angiogenic sprouts has been analyzed.

From our experiments, the first conclusion could be that the application of VEGF in the GF
channel significantly enhanced the angiogenic response compared to non-specific factors. The
generation of a chemoattractant gradient in the direction of sprout growth, (condition (vegf-0)),
promoted sprouting and cell reorganization, producing longer sprouts with higher frequency. This
effect was stronger at earlier times (Figure 2.9A, B, D). As time progressed and the concentration
of VEGF decreased, the number of sprouts as well as their length also decreased, although the
number of long sprouts and the mean sprout length kept at higher values compared to the condition
(O-vedf) (Figure 2.9 B,D).

To test the effect of VEGF when present in both channels, a concentration gradient between
the GF and the EC channel (condition (vegf-vegf)) was created. The initial decrease in sprout
formation (Figure 2.9A, B) suggests a saturation of VEGF receptors in ECs, not responding to the
chemoattractant signal probably due to the distortion of DIl4/Notch signaling activity [139,164]. In
any case, sprout formation frequency was recovered, and the number of long sprouts was the
highest among all the conditions during the last hours (Figure 2.9B). Mean sprout length was similar,
and sometimes higher than the condition (0-vedf) (Figure 2.9C). The average number of loose cells
was similar compared to the condition (0-vegf) (Figure 2.10), suggesting that the overexposure to

VEGF may inhibit sprouting but still does not promote single cell migration.

The endothelium secretes several GFs such as PDGF and it may act in an autocrine or a
paracrine way, amplifying the angiogenic response [165]. In previous studies, PDGF was
determined to affect EC indirectly by inducing the release of VEGF [166]. Moreover, Banfi et al.
concluded that the co-expression of VEGF and PDGF was able to induce efficacious angiogenesis
[142]. However, our results showed the negative effect of condition (pdgf-vegf) on sprout
development. This could be explained by the non-optimal balance of concentration between PDGF
and VEGF and the inappropriate spatiotemporal gradient. In fact, in some kinds of tumors, the
recruitment and proliferation of pericytes (special vascular cells) increase the PDGF expression but

do not increase the vascular development [167].

TFGB may promote tumor growth by enhancing angiogenesis [167]. Previous works have
demonstrated that shallow gradients of TGFB (0.5-2 ng/ml) show no discernable effect on sprout
formation [168]. Our results revealed that the effect of higher concentrations of TGF@ (10 ng/ml)
was neither relevant on angiogenic processes. In fact, there was a significant high number of loose
cells (failed sprouts) suggesting that single cell migration is promoted, which could explain the low

effectiveness of this GF to form long sprouts.

Previous reports have shown the modest effect of BMP2 on HUVEC migration and

therefore on sprout formation [152]. In our results we confirmed this inhibiting effect, although we
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observed a delayed effect leading to the formation of long sprouts at final phases. The number of
loose cells was similar to (pdgf-vegf) assay, presenting the same behavior regarding sprout

formation and elongation.

The software developed by M2BE Group and used to quantify sprouting from microscopy
images, has provided us freedom and total adaptability for the required analysis. It is worth noting
that despite the potential of our code, it presents some limitations, since its effectiveness relies on
image quality. Blurriness, brightness, water drops due to condensation or other image artifacts
require specific attention and adjustments. Additionally, the image-processing workflow is time-
consuming. While the automatic processes present almost no computational cost (a few hours at
most to build the 3D volume and measure the sprouts of a whole microdevice), the time required

by the user to check specific frames and add the proper masks may reach weeks of work.

To summarize, our results show that VEGF is the main proangiogenic factor, able to
stimulate the sprout formation especially when applied in the GF channel, opposite to the EC
monolayer. This fact indicates that the induction of a VEGF gradient enhances the angiogenesis
process. The chemoattractant effect of this growth factor could be employed for instance to
accelerate regenerative processes, which could be crucial for tissue regenerative purposes. On the
other hand, TFGB was found to be the main factor inhibiting sprout formation and thus, it could be
used to suppress the angiogenic process in tumor expansion. The effect of the rest of non-specific
factors (PDGF and BMP2) were not relevant to enhance sprouting, although the effect of BMP at

longer times should be further studied to better understand its behavior.

After presenting in this chapter a study of the effect of paracrine factors in a model of
collective migration, the following chapters will be focused on the analysis of individual cell migration

under different mechano-chemical factors.
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Abstract *

Cell migration is an essential process involved in crucial stages of tissue formation,
regeneration or immune function as well as in pathological processes including tumor development
or metastasis. During the last years, the effect of gradients of soluble molecules on cell migration
has been widely studied, and complex systems have been used to analyze cell behavior under
simultaneous mechano-chemical stimuli. Most of these chemotactic assays have, however,
focused on specific substrates in 2D. The aim of the present work is to develop a novel microfluidic-
based chip that allows studying the long-term chemoattractant effect of growth factors (GFs) on 3D
cell migration, also providing the possibility to analyze the influence of the interface generated
between different adjacent hydrogels. Namely, 1.5, 2, 2.5 and 4 mg/ml concentrations of collagen
type | were alternatively combined with concentrations of 5, 10 or 50 ng/ml of PDGF (human platelet
derived growth factor-BB) and VEGF (vascular endothelial growth factor, as a negative control). To
achieve this goal, a new microfluidic device has been designed which includes three adjacent
chambers to introduce hydrogels that allow generating a collagen concentration step gradient. This
versatile and simple platform was tested by using dermal human fibroblasts embedded in 3D
collagen matrices. Images taken over a week were processed to quantify the number of cells in
each zone. In terms of cell distribution, results shown that the presence of PDGF, especially in
small concentrations, was strongly chemoattractant for dermal human fibroblasts across the gels
regardless their collagen concentration and step gradient direction, whereas the effects of VEGF

or collagen step gradient concentrations alone were negligible. **

Keywords: chemotaxis, microfluidics chip, collagen-based gels, chemical gradient,

statistical analysis, cell tracking

*This Chapter 3 corresponds to the article already published as: C. Del Amo, C. Borau, N. Movilla, J. Asin,

and J. M. Garcia-Aznar, “Quantifying 3D chemotaxis in microfluidic-based chips with step gradients of

collagen hydrogel concentrations,” Integr. Biol., pp. 1-27, 2017. [169]
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3.1 Introduction

Many biological processes that occur during normal and pathological function require the
migration of cells in response to chemical gradients [170]. The regulation of cell migration by
gradients of soluble molecules, also known as chemotaxis, has been widely studied during the last
years [171-176]. In the previous chapter, the effect of various growth factors (GFs) on sprouting
formation in the early stages was discussed. In this Chapter 3, a new methodology for the
guantification of chemotaxis will be presented, tested for the migration of individual cells, but with a

wide potential to be applied to other cellular models.

Considering the important role that chemotaxis plays in cell physiology, the directed
migration of cells is crucially involved in other biological processes such as wound repair or
inflammatory immune responses [34]. However, its study presents some difficulties since cells
interact with each other and the extracellular matrix in their natural microenvironment, affecting their

morphology and phenotype [177] and varying depending on each cell type [178].

Different kinds of in vitro assays have been used to simplify the biological variables
controlling the chemical gradient as well as cell movement and orientation [9,173]. For instance,
common Transwell assays promote the random and fast movement of cells in response to a
chemical stimulus (chemokinesis) and the differential growth and adhesion of cells under the
influence of gradients of diffusible chemicals from a source [172]. Also, the Boyden Chamber is one
of the earliest and simplest assays normally used to study chemotaxis, consisting of two chambers
(upper and lower) separated by a porous membrane through which cells can migrate [9,179-184].
Other type of assays such as T-Transwell or colorimetric tests present membrane filters separating
the top chamber, where cells were seeded at the first stages, from the bottom zone, where cells
are collected for quantification [181]. The material of the membrane filter, which recreates the
extracellular matrix (ECM), varies for each assay, from polycarbonate to matrigel or collagen
[174,180,185-192], as well as the kind of analysis performed. The Zigmond Chamber (based on
the Boyden Chamber) is an alternative method where a narrow space separates both characteristic
chambers of chemotaxis assays and permits a direct-viewing of cells moving across the bridge
between those chambers [9,182]. Owing to the need to achieve better optical characteristics and
accuracy, the Dunn Chamber was developed, which consists of a glass microscope slide with two
concentric annular wells [9,182]. Cell solution is added into the central chamber moving over the
bridge between both wells and being visualized under the microscope [9]. Following this idea,
further improvements were achieved with the Insall Chamber, including an easy handling and the

possible use of oil immersion lenses [173].

Morphology, migration and other cell behaviors are also influenced by physical gradients.
Indeed, the effect of substrate stiffness on directed cell migration has been widely explored due to
its significant role during tissue development, immune response, metastasis or wound healing
[37,193-197]. Many authors have studied cell migration under different mechanical conditions,
characterizing the gels that often play the role of extracellular matrix. The stiffness of these gels is

usually related to their collagen concentration and associated to changes in pore size. For instance,
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Fraley et al. measured the elastic modulus (G’ (Pa)) of several hydrogels and found that collagen
concentrations of 1.5, 2 and 2.5mg/ml lead to much lower values (under 100Pa) compared to

4mg/ml collagen type | (500Pa approximately) [198].

Due to the importance that microfluidic technology has acquired during last years, multiple
systems have been developed to study the mobility of cells under different controlled conditions
such as fluid flow and chemoattractant molecules [9,187-189,199-206]. As alternative to two-
dimensional chambers for the quantitative effect of chemical modulators, some 3D models have
been designed to represent better the in vivo situation [207]. Different materials as well as
organisms (cells or bacteria) have been part of thorough research in terms of chemoattraction by
chemical particles using three dimensional microfluidic chips [208]. Reusable metal devices
designed by Vasaturo et al. or Caserta et al. allowed the user generating chemoattractant gradients
in 3D by diffusion through a porous membrane [207,209]. In addition, this technology has facilitated
3D assays to analyze realistic migratory behavior of cells by recreating the local microenvironment
of tissues [210].

In this work, a novel and versatile microfluidic device was developed. It allows the
guantification of 3D cell migration through the interface of continuous collagen-based gels with
different concentrations. This chip also allows the simultaneous application of chemical gradients
on 3D embedded cells. In sum, our tool could be used to investigate several unresolved queries
involved in cell migration. In particular, it has been studied the cell behavior by combining different
growth factors ((human platelet derived growth factor-BB, abbreviated as PDGF) and vascular
endothelial growth factor (VEGF) in different concentrations) and collagen concentration step
gradients in each zone or chamber, separated by an interface. The chemotactic effect of PDGF on
fibroblast has been widely studied, being used as a positive control in this work to know the behavior
of cells under different concentrations of this GF [126,211]. On the other hand, VEGF is released
by fibroblasts as an inactive molecule [212], so, it has been used as a negative control.

Once again, highlight the high versatility of this microfluidic platforms to analyze cell
migration within 3D matrices, as well as its simplicity. This makes it a useful multi-condition tool,
capable of simulating and taking into account multiple variables at the same time, better

biomimicking the actual tissue conditions.

3.2 Methods and materials

3.2.1 Design and fabrication of microchips

Following the methodology described in Section 1.1.4, and previously implemented by Shin
et al. [213], the microfluidic chips were fabricated in PDMS (Polydimethylsiloxane, Sylgard 184,
Dow Corning GmbH). A positive SU8 350+30 um relief pattern of the designed geometry was
obtained through soft lithography techniques. After silicon wafer polymerization, the devices were

individualized from the PDMS molds and sterilized in wet and dry cycle of autoclaved. Surface
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plasma treatment was used to bond the PDMS with the glass-bottom of 35 mm petri dishes (Ibidi)

followed by the addition of the poly-D-lysine (PDL) to enhance the surface-matrix attachment.

Based on the main characteristics of the microfluidic devices designed by Farahat et al.
[138], a new geometry was developed by using trapezoidal columns to support the hydrogel via
surface tension (see Figure 3.1). The chip consists on a central chamber divided in three channels.
The central cavity lodges the cells seeded while two symmetric and adjacent channels allow
hydrogel filling. Two extra lateral channels allow the introduction of cell culture medium and growth
factors in order to create the chemical gradient. Figure 3.1D illustrates the main chip dimensions.

Figure 3.2 shows a picture of the microdevice next to a coin to compare the scale.
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Figure 3. 1 Geometry of microfluidic devices.

A) 3D view. B) Interface generated between two gels of different collagen concentration (3D network of 1.5-2 mg/ml
collagens obtained by confocal reflection between two micropillars). C) Distribution of hydrogels and addition channels.
Cells, already embedded in the collagen hydrogel, are seeded in the middle channel. Top and bottom channels are filled
with collagen only (loading direction represented by the orange horizontal arrows. Input channels are used to introduce
GF and induce a chemical gradient (red vertical arrows). D) Geometrical dimensions in um. The chip thickness is 350+30
pm.

51



Microfluidic-based analysis of 3D cell migration under different biophysical and chemical gradients

Figure 3. 2 Image of the microdevice next to a coin.

3.2.2 Cell line and lentivirus production

In order to facilitate the processing of the images obtained in these assays, it was decided
to use fibroblasts transfected with green fluorescent protein (GFP). The presence of fluorescent
green protein facilitates the automatic and visual identification of cells when images are processed

by the user with the Matlab algorithms.

The following procedure has been developed by the Cell Culture Service at IACS (Aragon
Health Sciences Institute) since the regulations prevent us from working with viruses in our facilities.
NHDF cells were cultured in Fibroblast Cell Basal medium with growth supplements (Lonza) in a
37°C humidified incubator with 5% CO.. HEK 293T (human embryonic kidney) cells were cultured
in DMEM containing 10% FCS (Lonza) and 100U/ml penicillin (Life Technologies) in a 37°C
humidified incubator with 5% CO: in order to generate the virus. 293T cells were seeded at 4-10°
cells per 100mm dish and incubated at 37° under 5% CO2, one day before transfection. These
embryonic cells were co-transfected with 3 pg of pLOX-CWgfp (Addgene Plasmid #12241), 3ug of
psPAX2 (Addgene Plasmid #12260) and 3 pg of pMD2G (Addgene Plasmid #12259) by using
Fugene 6 reagent (Promega). At about 18 hours post-transfection, the media was replaced with
fresh media, and 48-72 hours post-transfection, the supernatant containing the viruses was
collected, filtered through a 0.45-um pore size filter (Whatman), and added 1 pl of polybrene

(20mg/ml) to 1ml of virus to enhance lentiviral transduction. The infective virus was stored at -80°C.

On the other hand, NHDF cells were seeded in 6-well culture dishes at 100,000 cells per
well and incubated 24h at 37°C and 5% CO-. Culture medium was removed, replaced with lentiviral
particles, and incubated for 48h at 37°C and 5% CO2. After removal of lentiviral particles, fresh
medium was added and cultures were examined for GFP expression by using fluorescence
microscopy. The expression of GFP could be visually detected 24 h after virus treatment. NHDF
cells were subsequently analyzed using fluorescent activated cell sorting (FACS) method to

physically isolate only NHDF-GFP clones.
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3.2.3 Collagen-based gels and cell seed

As it has been mentioned in Chapter 2, type | collagen gel solution was used to prepare the
collagen hydrogels of different concentrations, namely 1.5, 2 and 2.5 mg/ml from Corning Collagen
I, Rat Tail 3.26 mg/ml, and 4mg/ml from Corning Collagen |, Rat Tail 11 mg/ml. Following the
methodology proposed by Farahat et al. [138] and Zervantonakis et al. [214] to mix the phosphate
buffered saline (PBS; Lonza), NAOH and FGM2 (Fibroblast Growth Media, Lonza), 13 ul of
hydrogel containing cells, was softly pipetted into the central chamber and polymerized for 20 min
in a humid chamber, at 37° and 5% CO2. The same conditions of polymerization were applied during
the addition of hydrogels without cells to the lateral chambers. After that, the matrix was hydrated

and incubated overnight at incubator conditions.

Normal human dermal fibroblasts (NHDF)-GFP transfected with lentiviral particles and
isolated by cell sorting by the Cell Culture Service in IACS were used in these assays. The cell
passage after transfection was 9 and cells were used up to passage 16 using Fibroblast Growth
Medium (FGM2, Lonza) and grown until 80% confluence being harvested sequentially by using
trypsin/EDTA and the centrifugation of the suspension during 5 minutes to conclude with a final cell

concentration of 0.4-108cells-ml* in the collagen hydrogel.

3.2.4 Hydrogel interfaces and chemical gradient

The consecutive polymerization of each adjacent hydrogel was the methodology followed
to generate interfaces. Since the central hydrogel was the first matrix added to the device, a
meniscus-like shape appears by surface tension and is maintained while the others gels introduced
by the lateral channels settle and establish the crosslinking between networks (see Figure 3.1B).
Confocal reflection of hydrogels was performed according to the specified instructions described in
the image acquisition section to visualize these interfaces. Despite the variability found in these
interfaces in terms of thickness, mainly due to the manual process, no significant effects on cell
motility were observed among different repetitions and different chips. Sections were analyzed with
a Super Plan Fluor 40X objective using z-stack scanning and obtaining slice images of this region

each 2pm to check the ability of cells to cross the interface (Figure 3.3).

The characterization of growth factors transport used as chemoattractant in our assays,
diffusion experiments using 20-kDa fluorescent-labelled dextran (FITC (fluorescein isothiocyanate)-
dextran, Sigma Aldrich, Germany) were performed. This particle has been used due to the
similarities with PDGF in the molecular weight (25.4 kDa) as well as in other diffusivity constants
[158]. The solution was injected simultaneously in both reservoirs of the same channel, diffusing
homogeneously along the hydrogels. PBS was used to refill the opposite reservoirs in order to

equilibrate the system.

53



Microfluidic-based analysis of 3D cell migration under different biophysical and chemical gradients
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Figure 3. 3 Fibroblast migrating through the interface from 1.5mg/ml to 2mg/ml collagen hydrogels.
A) 3D reconstruction. B) Top view and orthogonal projections.

2X CPI Plan APO objective was used to visualize the diffusion phenomenon in a Nikon D-
Eclipse C1 Confocal Microscope, acquiring fluorescent images every 500 msec for a total of 3
hours. Furthermore, the diffusion profile was obtained for the rectangular area between two
trapezoidal posts starting in the entrance of channel 1 up to the end of channel 2, following the

nomenclature given in Figure 3.1C.

3.2.5 Experimental setup

After the overnight incubation of seeded microdevices, the corresponding GFs following the
conditions specified in Table 3.1 were added into the indicated input channel. Control devices were
only rehydrated with cell growth media. To minimize evaporation effect on GF concentration,
channels were refilled every two days with the appropriate culture medium. In this process, the
medium was removed from one of the reservoirs of each channel equilibrating by pressure
differences before the diffusion process starts and achieving the same height of liquid in both

reservoirs of the same side of the device.

The goal of the first assay was to know the isolated effect of the GFs gradient on cell
migration through the interface of hydrogels with the same collagen concentration. Assays 2 and 3
were, on the other hand, conceived to analyze the effect of the interfaces between matrices with
different collagen concentrations. GF gradients were also added to elucidate whether their effects

are influenced by the step gradients of collagen concentration.
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Assay 1: uniform gel

Input 1 Top Middle  Bottom Input 2
Condition [GF](ng/ml) [Collagen] (mg/ml) [GF](ng/ml)
Control 0 2 2 2 0
PDGF* 5 2 2 2 0
PDGF 50 2 2 2 0
VEGF** 10 2 2 2 0

Assay 2: single step gradient hydrogels

Input 1 Top Middle  Bottom Input 2

Condition [GF](ng/ml) [Collagen] (mg/ml) [GF](ng/ml)

Control 0 1.5 2

PDGF 5

Assay 3: Double step gradient hydrogels

Input 1 Top Middle  Bottom Input 2
Condition [GF](ng/ml) [Collagen] (mg/ml) [GF](ng/ml)
Control 0 2 15 0
PDGF 5 2 1.5 0
0 2 1.5 5

Table 3. 1 Experimental setup conditions.

GF concentrations of 0 ng/ml indicate that the channel was only hydrated with FGM2. Cells are seeded in the middle channel.
*PDGF-BB (Human Platelet Derived Growth Factor-BB, abbreviated as PDGF (Gibco®) **VEGF (Vascular Endothelial
Growth Factor, Gibco®).
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3.2.6 Image acquisition, processing and data analysis

For both the visualization of the collagen network interface and the acquisition of complete
images, a Nikon D-Eclipse C1 Confocal Microscope equipped with a Plan Apo VC 60XH objective
and multichannel fluorescent imaging was used. Phase contrast and fluorescent (GFP) images
were captured with a Plan Fluor 10X/ 0.30 OFN25 PH1 DLL Nikon Objective every 24 hours for 8
consecutive days. The experiment was reproduced three independent times. The focal plane was
selected to be in the middle along the z-axis of the device, focusing cells completely embedded
within the 3D network. The reference for the mosaics of the images was the central point of the
device which was roughly given by the cross formed by the vertical line crossing the third pillar and
the horizontal line dividing the central chamber. In any case, all images were automatically re-
aligned through fixed reference points. Each image was then automatically analyzed with a custom-
made MATLAB script to count the number of cells in each channel (see Figure 3.4). Figure 3.5
shows a tiled view for different days and different conditions. These data were further analyzed to
extract statistical results by means of regression models with the appreciable support and
assistance of PhD JesuUs Asin (see Statistical Modeling section).

PAEL). N £\ TN A\ s s G BN AN AN
Figure 3. 4 Software-assisted cell counting after cell seeding and 8 days after for control conditions (2mg/ml
collagen in each channel).

Yellow lines represent the zone limits (corresponding to collagen interfaces). Colored dots represent cell centroids (green:
middle channel, red: top channel, blue: bottom channel). Purple straight lines represent cell orientation (data not explored
in this work). Images were captured with a Nikon D-Eclipse Microscope with a Plan Fluor 10X Objective.
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1.5 mg/ml
2 mg/ml

2.5 mg/ml

2 mg/ml

1.5 mg/ml

4 mg/ml

Figure 3. 5 Tiled view of cell distribution at day 2,4,6 and 8 for different collagen concentration distributions.

3.2.7 Statistical modeling

Statistical analysis of results was based on a multinomial logistic regression model. For a

categorized response, Y takes values in a range of m categories (denoted as 1, 2, ..., m) and has

an associated vector of k covariates (X,...,X,). The probability that Y is in the category i,

conditional to covariates, is expressed as:
Kk

exp(X A);%;)
j=1

= m-1 K
1+ exp(Q_ 4 %))
= =

P =i[X,0 X, ) = Py (X0 X ) i=12.m-1 (3.1)

1

P(Y:m|xl’°“’xk):pm(xl""’xk): m1 K
1+Zexp(z,8(,)jxj)

(3.2)
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P (T X, Xy )
P (t X000 X, )

k
=exp(Q_ B %;) (33)
=1

This last expression permits an easy interpretation of ﬁ(i) j coefficients, quantifying the

change of the probability ratio relative to the reference category m associated to a change in

covariate X; .

This regression framework is used to model the probability that a cell is in top, middle and
bottom channel. Note that, since cells are seeded in the middle channel, this zone is taken as

reference. For instance, the probability of cells to be in top part is expressed as:

exp(gl (t)+Zﬁ(1)ij)

PO, =10% X, ) = Py (6 X X, ) = - ’ . (3.4)
1+exp(g, (t)+ Z,B(l)jxj)+exp(g3(t)+2ﬂ(3),-xj
: =

j=1

Here, covariates are defined as: time, collagen concentration, and GF dose in each zone.

The impact of each of those variables is based on the beta coefficients which determine the

respective attractive (ﬂ(l)j >0) or repellent (ﬂ(l)j < 0) effect on cell migration. Hence, the

estimated probability associated to a zone in a specific time and a specific condition is interpreted
as the proportion of cells that could be expected in this zone at this time.

A Generalized Additive Model (GAM) [215] is used during the exploratory phase in order to
find the adequate shape of functions ¢; and to search for some non-linear relationships between
covariates.

R package VGAM, maximum likelihood estimation and Wald tests (corrected for

overdispersion) were used for inference and contrasts for covariate effects on this regression
framework [216,217].

3.2.8 Evaluation of the chemotactic index

To facilitate the interpretation of the results obtained in this work, an alternative chemotactic
index (CI) has been proposed with a phenomenological perspective. There exist a wide variety of
definitions for this index in the literature [209,218-220], however, in this work, Cl is simply defined
as the difference between the estimated proportion of cells in a zone with GF and the opposite zone

(where there is not any GF). Hence, we propose this definition:
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Cl =R —P (3.5

where i represents the channel with GF and j the opposite one.

In this way, positive values indicate attraction whereas negative ones indicate repulsion.
This CI therefore ranges from -1 (purely repulsive) to 1 (purely attractive), being 0 the neutral case

where cells migrate equally to both zones.

3.3 Results and discussion

Since the initial number of cells seeded in the central chamber varies for each assay, we
propose a study based on the proportion of cells in each zone. As the total sum holds (100%), we
can build a statistical model that predicts the probability of cells being in a particular zone depending
on the micro-environmental conditions, namely GFs and collagen concentration (see Statistical
Modeling section). These conditions are summarized in Table 3.1. Cells were tracked for each
assay every 24h over a week, including the initial state, so that time (t) in the model represents

days and ranges from 1 to 8.

Figure 3. 6 Fluorescence image of NHDF-GFP cells stained with Live/Dead Cytotoxicity Assay Kit.
Viable cells at day 8 of culture are shown in green whereas dead cells are in red. Image was captured using a Nikon D-
Eclipse C1 equipped with a CFI PL 10X AN 0,3 WD 16mm objective
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Moreover, the viability of cells at the end of the experiment (day 8) was analyzed with a
Live/ Dead Viability/ Cytotoxicity Assay Kit (Molecular Probes) demonstrating that most of cells were
alive after this time of culture (Figure 3.6). In addition, the status of fibroblast has been visualized
along the experiment presenting an elongated shape and their usual morphology in 3D (see Figure
3.7).

Figure 3. 7 Fibroblast morphology along the experiment in 3D collagen matrices.
Cells were imaged using phase-contrast microscopy with a 40X objective. Scale bar represents 40um.

3.3.1 Influence of collagen concentration

Collagen concentrations of 1.5, 2, 2.5 and 4 mg/ml were used to form interfaces between
the microdevice hydrogel channels in a different distribution for each assay (see Table 3.1).
Comparing cell distribution evolution for the controls of each assay, allows isolating the effect of
collagen concentration and step gradient direction. The final ratio of cells in each zone was
practically identical (0.24) for all assays, regardless of collagen concentration and spatial position.
The temporal evolution was very similar too, if slightly slower during the first days in the assay 1

(with completely uniform collagen distribution) (Figure 3.8).
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Figure 3. 8 Proportion of cells in each zone along time for the control case ([GF] = 0) of each assay.
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This, together with the fact that the observed minimum and maximum values of cell

proportion were in the same range for all the studied cases (Figure 3.9) suggests that the effect of

collagen concentration and distribution is negligible, at least within the explored ranges. In other

words, cells placed near the interfaces presented a higher probability to move towards the adjacent

hydrogel, independent on its collagen concentration, than cells located in the central area of the

middle channel. This implied that although cells might prefer a specific collagen concentration, the

event of crossing the interface, without the influence of other cues, was purely random.
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Figure 3. 9 Observed limits of the proportion of cells in each zone along time for the control case ([GF] = 0) of

each assay.

A GAM model was proposed in order to confirm this hypothesis and to evaluate the

interrelation between time and cell proportion in top and bottom zones. A nonlinear relationship,

similar for each assay and zone, was found (Figure 3.10) indicating that quadratic g, (t) functions
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should be used in the statistical model. With this idea in mind, we developed a multinomial logistic
regression model to find the proportion of cells in each zone as a function of time (quadratic order),
collagen concentration and step gradient with respect to the middle channel.
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Figure 3. 10 GAM model for cell proportion in top and bottom zones.
Effect of the smoother in Time as the linear predictor of a logistic multinomial model for control experiments of each assay

A Wald test confirmed the non-significance of the covariates associated to collagen so that
they can be safely eliminated from the equations. Hence, p, (t,X;,...,X,) = p,(t, X;,..., X,) , which

finally stands as:

exp(—5.13+1.21t —0.0835t)
P, =1(x,....X, )= p,(t) = =P(Y, =3|x,...,X 3.6
(=1 =0 1+ 2exp(-5.13+1.21t — 0.0835t2) (=3 ) @9

This equation 3.6 shows the expected proportion of cells in both top and bottom channels,
which steadily increases until the 6" day and stabilizes until the 8". Table 3.2 summarizes the
adjusted model parameters.
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Terms Estimate p1 p-value Estimate ps
Intercept -5.13 0 -5.13
t 1.21 0 1.21
t2 -0.0835 0.002 -0.0835

Table 3. 2 Multinomial logistic regression model parameters for the control conditions of each assay. p-values
corresponding to the Wald Test.

3.3.2 Chemotactic effect of GFs on uniform gels (assay 1)

Specific concentrations of PDGF and VEGF were selected (see Table 3.1) based on the
results obtained in previous works [126,127], to study the influence of GFs on cell migration.
Hydrogels of 2 mg/ml concentration of collagen were placed in the three channels to isolate the
chemotactic effect. A concentration of 5ng/ml of PDGF was found to be the strongest chemotactic
stimulus for the cells, which were attracted to top zone (where the factor was applied) accumulating
almost half of the population by the end of the assay (45%). About 15% of the cells, however,
migrated toward bottom area, and the remaining 40% stayed in the middle zone. A higher
concentration of PDGF (50 ng/ml) produced similar but less pronounced effects, achieving a final
distribution of (31-44-25 %) per zone. On the other hand, the influence of VEGF was negligible
compared to control, attaining a proportion of 23-55-23% respectively (Figure 3.11 first row of

panels).
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Figure 3. 11 Mean value of cell proportion evolution for each assay (rows).
Each mosaic column represents a zone/channel. Left: top channel, middle: middle channel, right: bottom channel.

Therefore, the adjusted multinomial logistic regression model for this assay, includes a
guadratic effect of time with equivalent coefficients for top and bottom zones, as well as linear and
guadratic effects of PDGF in top zone (denoted [PDGF]z1), while [VEGF]z: effect is not significant.
It is worth noting that the PDGF requires a quadratic term to represent the higher attractive power
of lower collagen concentration (Figure 3.12).
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Figure 3. 12 Logistic multinomial model for assay 1. Expected proportion of cells evolution in every zone.

Adjusted parameters of the fit can be found in Table 3.3. To obtain a better idea of the net
temporal effect of each GF, it is useful to plot the ratio of cell proportion in each zone between
controls and GF cases. Figure 3.13 (first row) shows how the initial proportion of cells in top zone
for a PDGF concentration of 5ng/ml (PDGF: 5-0) is about 2.2 times larger than the proportion of
cells in such zone for the control case. This ratio decreases in time but never goes below 1.74.
Similarly, a PDGF concentration of 50 ng/ml in top zone (PDGF: 50-0) presents the same effect but
with lower values, reaching a maximum of 1.5 and a minimum of 1.36. Middle and bottom zones

behave similarly, PDGF: 5-0 having the lower ratios.

Terms Estimate p1 p-value Estimate p3
Intercept -5.76 0 -5.76
t 14 0 1.4
t2 -0.0981 0 -0.0981
[PDGF]Z1 (linear term) 0.178 0 0
[PDGF]Z12 (quadratic term) -0.00338 0 0

Table 3. 3 Multinomial logistic regression model parameters for assay 1 (collagen concentration 2-2-2). p-values
corresponding to the Wald Test.
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Figure 3. 13 Logistic multinomial model for assays 1 (first row), 2 (second row) and 3 (third row).
Evolution of the ratio between expected proportion of cells in each zone for each GF condition compared to control. Note
that VEGF is equivalent to control since its influence is non-significant.

3.3.3 Impact of single and double step gradients of collagen

concentration on chemotaxis (assays 2 and 3)

After the analysis of the effects of GFs alone, different step gradients of collagen
concentration were stablished to elucidate whether these new mechanical conditions in
combination with the GFs were able to alter the observed individual migratory patterns. Firstly, we
used a single step gradient of 1.5, 2 and 2.5 mg/ml of collagen concentration in the top, middle and
bottom chambers respectively, and secondly a double step gradient of 2, 1.5 and 4 mg/ml (see
Table 3.1). In the first case (assay 2), both PDGF and VEGF were injected from both input channels
separately, allowing us to study the effects of the GF gradients when applied in the same and
opposite directions of the collagen concentration gradient. In assay 3, the same strategy was

followed, but, based on the results from assay 2, using only PDGF.
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Figure 3. 14 Diffusion profile of FITC-dextran molecule (20KDa) across the chamber during the first 90 minutes.
Images were captured with a 2X objective every 500 milliseconds for 3 hours. Yellow rectangle highlights the measured
area

Cell ratio evolution in assay 2 was, for all the cases, practically equal compared to assay 1
where the collagen concentration was homogeneous. That is, VEGF had no influence compared to
control, regardless the input channel used, and PDGF concentrations lead to similar cell proportion
values: about 40% by the end of the assay in the zone were the GF was applied and 20% in the
opposite zone (Figure 3.11 second row of panels). That is to say, the collagen concentration
distribution had no significant effect on cell invasion, and top and bottom part could be considered
almost equivalent depending on the input channel used for the GF. This symmetric behavior was
also observed in assay 3, where the collagen gradients were stepper and in opposite directions.
However, significant variations of cell proportion (about 44% lower than controls) in the zone
opposite to the corresponding input channel were observed. Although the direction of the collagen
concentration gradient does not seem to affect cell migration, the magnitude of such concentration
does. A possible cause of this behavior could be the greater motility of cells in 1.5 mg/ml collagens
compared to that in 2 mg/ml ones[210], explained by the differences in the structural characteristics
of each collagen concentration such as mesh size or fibril diameter [221]. Compared to assays 1
and 2, more cells in assay 3 would arrive sooner to the interface of the gel in which the GF is being
liberated, activating some kind of molecular signal that could be attracting more cells from middle
zone, and decreasing the number of cells migrating towards the opposite zone. To discard some
possible effects of the interfaces and the chip geometry on the GFs diffusion, we quantified the
diffusive profile of Dextran-FITC (20KDa). Results showed that the diffusion of particles is almost

the same for both hydrogels (Figure 3.14, gradient from left side of hydrogel to the right channel),
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explained by the difference between particle and pore size (KDa and nm). Even though the pore
size of 4mg/ml of collagen hydrogel was almost half of 2mg/ml [156], this reduction was not enough

to decrease the particle movement in a significant way, therefore not affecting the diffusion of GFs.

Due to these intrinsic differences, a separated multinomial logistic regression model was

adjusted for each assay (Figure 3.15).
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Figure 3. 15 Logistic multinomial model for assays 2 (first row) and 3 (second row).
Expected proportion of cells evolution in every zone.

Model for assay 2 is complex and includes two linear terms to account for the concentration
of PDGF in top and bottom channels respectively, and four quadratic terms to account for the similar

but not perfectly symmetric cell proportion temporal evolution in both zones (see Table 3.4).
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Terms Estimate p; p-value Estimate ps p-value
Intercept -5.14 0 -5.41 0
t 1.25 0 1.27 0
t2 -0.0898 0.001 -0.0898 0.002
[PDGF]x 0.166 0 0 -
[PDGF]z3 0 - 0.165 0

Table 3. 4 Multinomial logistic regression model parameters for assay 2 (collagen concentration 1.5-2-2.5). p-
values corresponding to the Wald Test.

The ratio of cell proportion in each zone between controls and cases with PDGF, shows a
trend practically identical to assay 1 (PDGF: 5-0) regardless the input channel used (Figure 3.13
first and second row), which confirms the little influence of the collagen gradient direction. Although
model for assay 3 also includes quadratic terms independent of PDGF to account for the temporal
evolution, it incorporates a term representing the difference of cell proportion between top and
bottom zones, and therefore takes into account the negative effect that the PDGF has on cell
population of the opposite channel (see Table 3.5). This predicts cell proportions that are about 1.5
times larger than the control in the zone where PDGF is applied and 2 times smaller in the opposite
channel (Figure 3.5 third row).

Terms Estimate p1 p-value Estimate p3
Intercept -5.34 0 -5.34
t 1.31 0 1.31
t2 -0.0911 0.003 -0.0911
[PDGF]z - )
[PDGFl2s 0.101 0 0.101

Table 3. 5 Multinomial logistic regression model parameters for assay 3 (collagen concentration 2-1.5-4). p-values
corresponding to the Wald Test.

Both models were used to quantify the time at which the estimated probability reaches 0.2,
0.3 and 0.4 (tpzo0, tp3o and tp4o) in top and bottom zones respectively, generating a lookup table for
future studies (see Table 3.6). In control cases and those assays with VEGF, the probability 0.2 is
reached at the 5" day (tp2o ~5) whereas the probability 0.3 is never attained (and consequently
neither 0.4). On the other hand, PDGF decreases the temporal threshold, achieving the probability
0.2 in the range 3-3.5 days, even reaching 0.4 around the 6™ day (tpso ~6).
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Regarding to the chemotactic index previously defined as the difference between the
estimated proportions of cells in different zones, Table 3.6 shows its value at 7" day, when a
stabilized behavior of proportions has been observed in the experiments. The total time evolution
of the CI can be found in Figure 3.16. Values close to zero appear in control conditions (with no

GFs) and cases with VEGF. On the other hand, the highest values correspond to PDGF at lower

doses.

Top Bottom Cl

Collagen 2-2-2 tp2o tpso tpao tp2o tpso tpao
Control/ VEGF:10-0 5.09 - - 509 - - 000
PDGE:5-0 3.4 441 592 - - - 0.23
PDGF:50-0 4.04 557 - 5.59 - - 0.11

Collagen 1.5-2-2.5 tp2o tpso tpao tp2o tpso tpao
Control/ VEGF:10-0/0-10 476 - - 562 - - 003
PDGF:5-0 3.01 4.03 542 - - - 0.26
PDGE0-5 6.32 - - 34 461 - 019

Collagen 2-1.5-4 tp2o tpso tpao tp2o tpso tpao
control 4.7 - - 4.7 - - 0.00
PDGE5-0 349 457 625 @ - - - 026
PDGE0-5 - - - 349 457 625 0.26

Table 3. 6 Time (days) at which the estimated probability of cells being in a certain zone reaches 0.2, 0.3 and 0.4
(tp20, tp30 and tp40 respectively).A hyphen (-) means that the probability does not attain the corresponding value
at least in the studied range (8 days). Chemotactic Index (Cl) is defined as the proportion of cells in the zone with
GF minus the proportion of cells in the opposite zone.
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Figure 3. 16 Chemotactic index evolution for all the studied cases

3.4 Conclusions

In this work, the main proposed aims were achieved. On the one hand, a microfluidic device
has been developed to quantify 3D cell migration through the interface of collagen-based gels with
different concentrations in the presence of different GF gradients (hamely PDGF and VEGF). The
simple design of this microdevice allows an easy microscopy-based quantification via image
processing and statistical analysis, which makes this chip a useful tool to perform 3D cell
chemotaxis studies in different matrices. On the other hand, the results obtained from using this

platform will be presented below.

A first analysis of the controls (with [PDGF] = [VEGF] = 0 ng/ml) revealed that the effects
of collagen concentration and collagen gradients alone do not influence on the distribution of cells
in the three channels during the individual invasion experiment, which was only dependent

(quadratic order) on time.

A second exploration using the same collagen concentration in all channels (2 mg/ml) but
different GF conditions, showed the strong chemo-attracting effect of PDGF at low concentrations
(5 ng/ml), but weaker at higher concentrations (50 ng/ml). On the other hand, VEGF had no
significant effect compared to controls, which was confirmed in a third analysis using both GFs and

collagen concentration gradients.

Another third assay was performed to elucidate the role of the collagen step gradients. The
results suggest that the step collagen gradient direction itself has not a direct effect on cell
migration, although the magnitude of the concentration might still influence cell behavior. In fact,
when the collagen step gradient is from 1.5 to 2.5 the role of the chemoattractant is similar to the
case with uniform collagen density. However, if the gradient is not defined but collagen

concentration is varied (2-1.5-4) there are significant negative effects (decreased cell population)
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that were found in the channel opposite to the GF addition. Whether this is produced by some
interaction between the GF and the collagen density, it is just a random process depending on the
cell proximity to the interfaces, or it relies on some mechano-transduction signaling between the
cells arriving to the interfaces and those still placed in the seeding zone is out of the scope of this

work and will be explored in future studies.

To assess the reliability of our experiments, a wide statistical analysis were developed. In
fact, experimental data were adjusted to different multinomial logistic regression models to elucidate
the contribution and interactions between involved variables, particularly: time, collagen
concentration magnitude, collagen concentration distribution (gradient) and GFs concentration.
This kind of statistical modeling presents several advantages: a) it simultaneously represents the
temporal evolution of the ratio of cells in the three zones, b) the model is multivariate and includes
the ability to estimate the effect of one or more potential stimuli, whose statistical significance is
stablished by test (e.g. study the effect of GF present in both channels simultaneously) c) the shape
of GF effects or time evolution can be expressed, using adequate functions to include non-linear
effects (for instance, the expected time to reach a given proportion in a certain area with GF can be
easily obtained from the statistical model), d) the model can be used, without the necessity of
performing new experiments, to estimate the migration response in different combinations of the
considered stimuli, provided the desired GF doses fall within the current range. Apart from that,
there are other advantages compared to other more commonly used methods such as the
chemotactic index that is the necessity of significantly less time points for cell imaging and cell
tracking measurements. However, it has also disadvantages. For example, the model could find
significant statistical associations but not necessarily implying a cause-effect relationship, which

should be established based on biological arguments and the adequate design of experiments.

From our study, we could conclude that our microfluidic device allows for the first time to
perform 3D chemotaxis measurements for human cells through the interface of different collagen-
based hydrogels. This new device can provide the basis for developing a platform for the
chemotactic analysis of multiple interfaces between different biomaterials. In addition, our device
can be easily extended to include more chambers, therefore increasing the number of possible
conditions. This will allow testing cell migration towards specific chemo-attractants in order to
characterize cell capacity to move from one matrix to another, significantly improving our
understanding of how cell movement is regulated by chemotaxis and the different properties of the
extracellular matrix. It is worth noting that the control over the interface formation is limited, and that
some variations may arise due to the manual procedure used to insert the hydrogels into the
corresponding chambers. Nevertheless, we did not observe a high variability during the
experiments, cells showing a clear spatial independent pattern in their invasion from the central

chamber.

In sum, the microfluidic-based chemotaxis study provided by this chip will allow tackling
multiple problems in 3D cell migration, with a high control of the chemical environment and the

extracellular matrix properties. In addition to the changes in ECM stiffness introduced in this Chapter
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through the gradient of different collagen concentrations, it has been seen relevant to study how
the disposition of the fibre network influences cell migration. Thus, in the next Chapter 4, which
focuses on bone regeneration, the direct and indirect effect (ie. the disposition of ECM fibres) on
cell migration will be analyzed when 3D cell culture is subjected to the application of another of the

above-mentioned factors, fluid flow.
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Abstract *

Osteoblast migration is a crucial process in bone regeneration, which is strongly regulated
by interstitial fluid flow. However, the exact role that such flow exerts on osteoblast migration is still
unclear. To deepen the understanding of this phenomenon, we cultured human osteoblasts on 3D
microfluidic devices under different fluid flow regimes. Our results show that a slow fluid flow rate
by itself is not able to alter the 3D migratory patterns of osteoblasts in collagen-based gels but that
at higher fluid flow rates (increased flow velocity) may indirectly influence cell movement by altering
the collagen microstructure. In fact, we observed that high fluid flow rates (1 pl/min) are able to alter
the collagen matrix architecture and to indirectly modulate the migration pattern. However, when
these collagen scaffolds are cross-linked with a chemical cross-linker, specifically,
transglutaminase 2 (TG2), we did not find significant alterations in the scaffold architecture or in
osteoblast movement. Therefore, our data suggest that high interstitial fluid flow rates can regulate
osteoblast migration by means of modifying the orientation of collagen fibers. Together, these
results highlight the crucial role of the matrix architecture in 3D osteoblast migration. In addition,
interstitial fluid flow in conjunction with the matrix architecture seems to regulate the osteoblast
morphology in 3D.

Keywords: osteoblast migration, transglutaminase, interstitial fluid flow, fibers, collagen

based matrices, cross-linkers

*This work has already been submitted to a JCR journal such as C. Del Amo, V. Olivares, M.
Condor, A. Blanco, J. Santolaria, J. Asin, C. Borau and JM Garcia-Aznar. Matrix architecture plays a pivotal

role on 3D osteoblast migration: effect of interstitial fluid flow. (Under review)
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4.1 Introduction

Previous chapters have analyzed aspects that affect cellular migration in angiogenesis or
wound regeneration. This Chapter 4 is focused on the study of the cell behaviour during bone
fracture healing, more specifically, the effect that one of the most relevant factors, fluid flow (and
consequently matrix conformation) has on osteoblasts.

Fracture healing is a complex biological process that restores structural bone integrity
[112,113]; the mechano-chemical microenvironment regulates all the steps in this process, from
sequential tissue morphogenesis to a cascade of cellular and molecular events. The ability of bone
to self-repair involves the coordination of cellular and mechanosensitive processes, especially cell
differentiation, migration and surveillance [222—224]. This complex process is regulated by multiple
microenvironmental factors that effectively determine the outcome of bone fracture healing. To
unravel this complexity, experimental methodologies and computational modeling have been widely
performed and combined [115,117,123-125] to improve the knowledge of this regenerative
process.

Among all the microenvironmental factors that are involved in fracture healing, mechanics
plays the most important role [114], and it is normally associated with the stability of the fracture
gap. Indeed, primary fracture healing occurs when the fracture gap presents extreme stability and
a negligible affected area, while secondary healing implies moderately affected areas and stability,
occurring in the vast majority of bone injuries [112,115]. Recently, several tissue differentiation
theories have been proposed, and they have been virtually tested by computers using different
mechanistic-based stimuli, such as strain, pore pressure or fluid flow [110,225-228]. The theory of
Lacroix and Prendergast [123] assumes that a tissue can differentiate into another specialized
tissue depending on the values of two mechanical variables, namely, the deviatoric strain and the
fluid flow velocity. Similarly, the theory of Gémez-Benito et al. [225] proposes a similar assumption
but considers only the deviatoric strain. In a more recent work, Gonzalez-Torres et al. [110]
demonstrated the relevant role of interstitial fluid flow in tissue differentiation under cyclic loading
conditions. In addition, previous cell culture studies have analyzed the response of different bone
cells to interstitial fluid flow (abbreviated FF) and found that interstitial FF had a stronger influence
on osteocytes than on osteoblasts and preosteoblasts [229]. Moreover, the stimulation of
osteoblasts by the application of fluid shear stress has suggested an increase in the release of
signaling molecules such as cyclic adenosine monophosphate (CAMP) or prostaglandin E2 (PGE2)
[230].

However, there is a certain lack of knowledge about how microenvironmental factors
regulate cell migration during the bone healing process. In fact, the migration of osteoblasts is
crucial in fracture healing and occurs both individually and collectively for the deposition of new
bone [120]. Via focal adhesions, osteoblasts recognize the substrate by adhering to it and by
modifying their behavior depending on the matrix component or the mechano-chemical stimuli
applied [120]. Therefore, the role of the extracellular matrix in osteoblast migration is also
fundamental. Type | collagen is the most abundant bone matrix protein [231,232]. The stiffness of

the extracellular matrix (ECM) in the damaged area increases during the stages from callus
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formation through collagen type | secretion to final bone, thus altering cell behavior during the bone
healing process [121,233,234]. As a method to investigate osteoblast mechanotransduction, the
substrate of the cell culture can be modified by using cross-linking methods (such as chemical
cross-linkers), consequently varying the stiffness experienced by cells [229].

Other factors, such as transforming growth factor beta (TGF-B) superfamily, bone
morphogenetic proteins (BMPs), and interleukins (IL-6, IL17F, and IL1[), can also play a regulatory
role in bone fracture healing [99,118,119]. In addition, 3D experimental assays revealed a low
chemotactic effect of growth factors on osteoblasts in terms of migration compared to the response
of other cell types under similar conditions [126,235]. For instance, while fibroblasts exhibit
directional migration under human platelet derived growth factor-BB (PDGF) gradients [169],
osteoblast migration seems to be regulated by the ability of cells to remodel the matrix [235].

Despite the numerous 3D-culture systems and techniques already published, there are still
few studies of the biomechanical response of bone cells. There are even less studies specifically
about human primary osteoblasts embedded in 3D in vitro microenvironments since most of the
bone studies have been developed with non-human cells of other animal origins, such as murine
osteoblasts [236—-238]. Previous studies have shown that both matrix characteristics (in terms of
chemical composition) and fluid flow are important regulators of osteoblast behavior [239].
Therefore, to the best of our knowledge, the effect of these factors on osteoblast migration has yet
not been experimentally explored. Hence, the main aim of this work is to understand the role of
interstitial fluid flow and how extracellular matrix variations affect osteoblast migration in 3D. For
this purpose, we developed a microfluidic device that allows the application of interstitial fluid flow
on collagen-based gels and allows high-quality image acquisition. Thus, this system is combined
with an image-based methodology to quantify not only migration parameters but also the fiber
alignment and matrix porosity of collagen hydrogels. While keeping the collagen density constant,
the microstructure was altered by adding the cross-linking enzyme transglutaminase 2 (TG2) [240].
TG2 is a multifunctional enzyme with Ca*?-dependent protein cross-linking activity that also exhibits
GTPase, cell adhesion, protein disulfide isomerase, kinase and scaffold activities [241]. This
molecule is involved in apoptosis, matrix stabilization and cell adhesion in a variety of tissues, with
possible involvement in bone matrix maturation and calcification [242].

Therefore, in this work, it has been quantified osteoblast migration patterns and compared
them for different collagen-based architectures that were modified by varying the fluid flow

conditions and using or not using cross-linkers.

4.2 Material and Methods

4.2.1 Fluid flow set-up

The fluid flow system consists of a microfluidic device lodged inside a hand-made platform

fabricated by rapid prototyping and precision mechanics. The components were connected with
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PTFE (polytetrafluoroethylene) tubing (inner @ = 0.3 mm, outer @ = 0.6 mm) through connectors [Y
tube fitting PVDF (polyvinylidene fluoride), male and female luer locks and screwed connectors M6]
to two syringe pumps (Harvard Apparatus Pump 11 Elite) (See Figure 4.1).

The geometry of the microfluidic devices used in these experiments was adapted from the
chips described in Chapter 2 and developed by Farahat et al. (2012) with fabrication methodology
[127,138]. The new design is based on a central chamber where a hydrogel is inserted to mimic
the extracellular matrix. This chamber is surrounded by two channels that allow the application and
control of different fluid flow conditions. The microfluidic geometry was patterned in an SU-8 wafer
by soft lithography techniques, and this wafer served as a mold to cure the PDMS
(poly(dimethlysiloxane)) (Sylgard 184, Dow Corning GmbH) in a 10:1 ratio) and to obtain the desired
design. Plasma treatment was used for the irreversibly bonding of the PDMS device with a glass
coverslip followed by coating with PDL (poly-D-lysine hydrobromide, 1 mg/ml, Sigma) to enhance
hydrogel adhesion. Based on previous works, the initial flow rate applied to the cell culture in order
to simulate the interstitial fluid flow was 0.1 pl/ml [243], followed later by the application of a higher
flow rate (1 pl/min) in order to increase the generated shear stress. Additionally, 1 pl/min was the
flow rate applied in experiments for analyzing the effect of fluid flow on the matrix architecture.
Figure 4.1A describes the geometry of this chip, the disposition of the collagen-based hydrogel onto
the chip (located in the central chamber) and the flow direction.

To apply fluid flow in a systematic way with the microfluidic device, we developed a flow
adapter fabricated by means of additive manufacturing. Additive manufacturing or three-
dimensional printing has acquired significant interest in manufacturing by directly producing 3D
designs from computer-aided drawing (CAD) files [244]. As an automatic, assembly free 3D
manufacturing method with fast-improving resolution and low costs, rapid prototyping (RP) has
recently attracted attention for manufacturing microfluidic systems or their components [245]. The
basis of this method of manufacturing is the production of parts shaped gradually and the addition
of solid material [246], giving the user high versatility in terms of adaptable designs and chip
geometries.

The 3D flow adapter used to perform these experiments consisted of a base with two
holders, where the microfluidic device was viewed with the microscope objective, and their
corresponding lids, with holes to allow the connector input (see Figure 4.1B).

The base, fabricated in aluminum, consists of two compartments. Each compartment was
approximately three millimeters larger than the PDMS devices to be fitted and had a window that
allows microscopic observation of the microfluidic channels.

Covers were designed to obtain a leak-proof system, and the cover elements are described
below (see the corresponding element for each number in Figure 4.1). In the upper part of the cover,
the following parts were distinguished: 1) four holes where the corresponding connectors of inputs
and outputs of tubes are inserted, 2) a window to allow the passage of light during visualization of
samples under the microscope, and 3) six holes for the locking system (six M3 screws and
hexagonal nuts). The lower part of the lid, in contact with the chip, features the following elements:

4) a system that facilitates the user to fit the chip and 5) four recesses for the placement of O-rings
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(silicon, inner diameter = 4 mm, thickness = 1 mm; not shown in the Figure), which ensure the leak
tightness of the system and which coincide with the holes punched in the microfluidic chip. The

diameter of these holes is 3 times larger than the diameter of the chip holes.

Fluid flow
A A T .

|
*j:a"ﬂb:;“ % Cells
Channel 1: input Channel 2: output

bjective

Figure 4. 1 Microfluidic device conformation and fluid flow support.

A) The general conformation of the microfluidic device and its transversal section to visualize the distribution of channels.
B) A representative diagram of the fluid flow setup (1: input and output connectors; 2: microscopic visualization area; 3:
screw holes for the locking system; 4: recess for microfluidic chip insertion), P201730809, property of the University of
Zaragoza.

Once the prototype of the encapsulation was defined, the covers were manufactured by the
3D Object Eden 350 V printer with the material RGD525, which was found to be the most
appropriate material for the conditions to which the system was to be subjected. This platform has
been provisionally covered by patent P201730809, property of the University of Zaragoza, as part

of the development of this thesis.

42.1.1 RDG 525: the optimal material for 3D printing

Considering the purpose of this system, one of the most important points was the possibility
of platform sterilization, making it suitable for cell culture by autoclaving cycles. For the performance

of cell migration tests, the flow system must be placed in an incubation chamber at 37°C and 5%
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CO2 under humidity conditions for at least 24 hours and must support these temperatures without
deformation. Under these conditions, the materials initially chosen were RGD 720 (general
purpose) and RGD 525 (high temperature). Analyses of the pieces were carried out by coordinate
measurement of the pieces before and after autoclaved cycles and finite-element simulation
(Abaqus) (data not shown) to quantify the deformations of the material under the high-temperature
conditions previously mentioned. It was possible to conclude that with the RGD 525 material, the
small deformations induced by autoclaved cycles allowed the planned test setups to be performed

and had no influence on the results; therefore, this was the best material for our assays.

4.2.2 3D Cell culture and Hydrogel preparation

Human osteoblast cells (HOBs; PromoCell) were used at low passages in these
experiments, and osteoblast growth medium (PromoCell) was used as the cell culture medium. In
total, 40 pl of cell suspension at a density of 1-10° cells/ml was added to the collagen hydrogel by
pipetting it into the central channel.

Collagen hydrogel type | (rat tail, BD Biosciences) was used at a final concentration of 4
mg/ml with DPBS 10X (Lonza), adjusting the pH to 7.4 with 0.5 M NaOH. In hydrogels crosslinked
with transglutaminase 2 (rhTGM2, R&D Systems), this enzyme was added at the concentration of
25 pg/ml [235]. The polymerization of hydrogels and cell maintenance were performed in an
incubator at 37°C and 5% CO:2 under humidity conditions, avoiding prepolymerization of the
hydrogels.

Mechanical and microstructural characterization of 4 mg/ml collagen hydrogels was
performed in a previous work by using a Haake Rheostress 1 rheometer for quantification of the
hydrogel mechanical properties and a scanning electron microscope (SEM) for microarchitecture
visualization (see Table 4.1) [235].

Storage shear

Collagen , Maximum Maximum G’ Strain at
modulus G . )
hydrogels (Pa) shear strain (Pa) maximum G
4mg/ml 121.03+9.94 0.403 191.2 0.403
4mg/ml +TG2 127.90 + 14.43 0.449 285.5 0.384

Table 4. 1 Mechanical properties of the collagen hydrogels used for the in vitro experiments. Three samples were
analyzed for the cases without TG2 and 25 pg/ml of TG2. Data taken with permission from [235].

4.2.3 Image-based quantification of hydrogel architecture

DQ-Collagen™ type | from bovine skin fluorescein conjugate (Thermo Fisher) was used to
analyze the disposition of collagen fibers inside the hydrogel. The fluorescence of this reactant was

used to determine the morphology of our hydrogels using a Nikon D-Eclipse C1 confocal
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microscope equipped with a 40X oil objective. In total, 10 ul of DQ-Collagen was added to the
collagen hydrogel (using a previously described procedure), obtaining a final concentration of 25
pg/ml[247], and softly pipetted into the microfluidic device. Then, samples were incubated overnight
in an incubator and connected to the fluid system. The flow rate applied to the corresponding
devices was 1 pl/min. Images were captured before and after the flow application to analyze the
possible modifications caused by this mechanical stimulus.

To the best of our knowledge, this is the first time this fluorescent reactant was used for this
purpose since it is normally used for measuring matrix degradation by cells [247]. Colocalization of
matrix images from confocal reflection, collagen immunostaining and DQ images was performed
by analyzing the ratio of detected and overlapping fibers, thus confirming the validity of this

technique.

4.2.3.1 Coincident fibers by using different methodologies of collagen

matrix visualization

To evaluate the coincident position of collagen fibers in all of methodologies, an algorithm
to automatically obtain the true colocalization proposed for Villalta et al. was executed in MATLAB
(the algorithms for the analysis of collagen matrix architecture used in this Chapter has been
implemented in MATLAB by V.Olivares, M. Céndor and PhD C.Borau) [248]. Manders overlap
coefficient (R) and Pearson’s correlation coefficient (r) were calculated basing on the fluorescence
intensity of each pixel in a pair of images.

According to the positive, negative or null proportional contribution of pixel pairs, the
correlation of images varied, being positively correlated when r>0, independently distributed when
r=0, or negatively correlated. As the algorithm used to analyze the images allows only two
simultaneous comparisons, in the case of hydrogels with DQ-Collagen, all options were cross-
checked between them (confocal reflection- DQ-Collagen fluorescence — Alexa 546
immunostaining). For the case of the gel without collagen DQ, only a comparison of images was
required (see Table 4.2). Figure 4.2 shows the results obtained in the analysis of coincident fibers
for a pair of selected images to validate our novel method.

Based on the results from the exhaustive image and statistical analyses performed, our
hypothesis of coincident collagen fibers in the case of DQ-Collagen application could be accepted.
r values fluctuated between 0.36 and 0.79 and were positive in all cases, which indicates a true

correlation between the images.

82



4. Interstitial fluid flow and matrix architecture

Pearson P value* Manders P Value*
Overlap
Collagen  Alexa 546 +C - 34757787 1E-16 0.5310421 1E-16
hydrogel Reflection
Alexa 536+, 79859703 1E-16 0.8585667 1E-16
DQ collagen
DQ Collagen AISEZS&%;C 0.40916434 1E-16 0.58667082 1E-16
hydrogel
DQ Collagen
+C 0.44234043 1E-16 0.60646546 1E-16
Reflection

Table 4. 2 Corresponding values for Manders overlap coefficient and Pearson’s correlation. *P value of 0.95%
indicates significant colocalization (p<0.05)

In addition, to verify that the values obtained from the correlation analysis were not
coincidental, the same test was performed, but the pixels of the image were distributed in a random
manner. Statistical analysis was then carried out to check that the measured values of R and r were

significantly higher than those measured when there was only random overlap.

A Confocal images B Inmunostaining vs DQ-Collagen

- >
2 210
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> |
o ) I
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0
-5 0 5 0.294 0.296 0.298 0.3 0.302
Pearson coef. Value x107 Manders coef. Value

Figure 4. 2 Colocalization analysis of collagen fibers.

Confocal reflection of a collagen hydrogel, DQ-Collagen and the immunostained hydrogel images captured with a 60X
oil objective are shown in A. B) Images from DQ-Collagen and inmunostained collagen was compared obtaining the
colocalization mask followed by the Pearson and Manders map. Distribution of Pearson’s correlation coefficient (C) and
Manders overlap coefficient (D) for the fluorescence intensity of each every pixel in a pair of images
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Immunostaining for collagen was also performed to confirm our hypothesis about fiber
distribution. The samples were incubated with monoclonal anti-collagen type | (mouse IgG isotype)
(Sigma-Aldrich, C2456) overnight at 4°C after the samples were fixed with 4% paraformaldehyde
(PFA, Affymetrix) in PBS for 15 min at room temperature based on the protocol proposed by Sung
et al. [249]. Following blocking with serum and washing the channels, Alexa Fluor® 546 donkey
anti-mouse IgG (H+L) (Molecular Probes, A10036) was added, and the samples were incubated
overnight at 4°C.

Confocal z-stack images were sequentially acquired at one point at the center of each
microdevice, maintaining a constant step size of 0.5 um and a maximum pixel dwell time. The 3D
reconstruction of the cross-sectional collagen network images captured with a 40X oil objective (46
slides) was carried out by 3D skeletonization using the Ct-FIRE algorithm [250,251] and a binary
stack was obtained (see Figure 4.3). Furthermore, we quantified the fiber orientation and pore size
with another existing method [252]. Orientation was obtained by considering the binary matrix as a
distribution of masses. The tensor of inertia for each individual fiber was calculated, and the axis of
minimum inertia, which points in the direction of the fiber, was obtained through diagonalization.
Pore size was evaluated by obtaining the distribution of nearest obstacle distances (NODs, defined

as the Euclidean distance from a point in the liquid phase to the nearest point in the solid phase.

Figure 4. 3 Image processing of collagen matrix
A) Stack of confocal cross-sections. B) Binarized stack visualized with Paraview. C) Ct-Fire reconstruction of the collagen
network viewed in MATLAB. D) 2D Projection of the obtained skeleton of a collagen matrix.
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4.2.4 Image acquisition and cell tracking processing

The complete system with the corresponding samples and hardware for the flow application
were inserted into the incubator chamber of the microscope (Nikon D-Eclipse C1, 10X objective),
and the samples were maintained at 37°C, 5% CO:z and 95% humidity. Then, time-lapse imaging
was performed by choosing the focal plane in the middle along the z-axis and by acquiring phase
contrast images every 20 min for 24 h. To track the cell trajectory, a hand-coded semi-automatic
script implemented in MATLAB, already used in previous works, was employed [126,169,235].

ANOVA and Kruskal-Wallis tests were performed to assess statistical significance among
the cell migration data sets, and statistical significance was assumed when p <0.001 (***), p < 0.01
(**) or p < 0.05 (*).

4.2.5 Immunofluorescence and quantification of cell morphology

Cells arranged within the collagen fibrillar network were fixed and immunostained for
vinculin and phalloidin to assess focal adhesion formation and cytoskeletal distribution. Samples
were fixed by incubation with 4% paraformaldehyde for 20 min and then washed five times with
PBS at room temperature (RT). Permeabilization of the cells was performed using 0.1% Triton X-
100 (Calbiochem) in PBS for 10 min at RT. The cells were washed another three times and blocked
with 5% BSA/PBS (Sigma) with 3% goat serum for 4 h at RT. Afterwards, mouse anti-human hVin-
1 antibody (ab11194, Abcam) at 1:100 dilution in 0.5% BSA/PBS was added to the device and then
incubated overnight at 4°C. After the device was washed with 0.5% BSA/PBS at least 5 times, it
was incubated with Alexa Fluor® 488 goat anti-mouse antibody (A11029, Molecular Probes) at
1:100 dilution and with phalloidin-tetramethylrhodamine B isothicyanate (TRITC) (Sigma-Aldrich
P1951) at 1:200 dilution for 3 h at RT in the dark, followed by three washes with 0.5% BSA/PBS
and subsequent washes with PBS alone. Finally, DAPI (Invitrogen, D1306) was added at a ratio of
1:50 to stain the cell nuclei, and the samples were incubated for 1 h in the dark at RT. Then, the
samples were washed again with 0.5% BSA/PBS and subsequently imaged using an Olympus
Fluoview FV10i confocal microscope equipped with an UPLSAPO 60XW objective.

Additionally, quantitative analysis of the cell morphology these immunostained samples
was performed by using a Nikon D-Eclipse C1 confocal microscope (40X-oil objective) to acquire
images and a hand-coded script implemented in MATLAB to process them. Two main parameters
were measured: cell solidity and cell major axis length. The former is calculated as the cell area
divided by the area of the minimum convex polygon containing the cell. This solidity value helps to
measure the irregularity or star-like shape of cells. Small values correspond to cells with thin bodies
and long spread arms, and higher values relate to either spread or thin cells without protrusions
(see Figure. 4.8D).
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4.2.6 Quantification of interstitial fluid flow in microfluidic devices

Throughout this work, the flow rate value refers to that introduced into the pump
programing. However, to determine the distribution and velocity of the fluid flow inside the hydrogel,
two complementary methodologies were proposed. On the one hand, real fluid velocity was
obtained by tracking fluorescent particles through the hydrogel, whereas computational simulations
estimated this speed and the distribution of fluid along the channels and the central chamber. In
this section, both approaches are explained, while their corresponding results are summarized in

the following section.

4.2.6.1 Bead tracking

Carboxilated beads (FluoSpheres™ Carboxylate-Modified Microspheres, 0.2 um, red
fluorescent (580/605)-, Life Technologies F8887), which were previously sonicated, were used to
guantify the flow velocities into the hydrogel. A hand-coded script was implemented in MATLAB
(R2013a) to track the beads and obtain their velocity. To quantify the movement of beads into the
collagen hydrogel, the concentration of gel selected to perform this experiment was 1.5 mg/ml in
order to simplify the experimental setup. Images were captured every second during a 5 min period
with a fluorescence microscope (Nikon D-Eclipse C1, Plan Fluor ELWD 40x Ph2 ADL). The
distribution of fluid flow inside the 4 mg/ml hydrogel was simulated and compared to the results

obtained in this experimental assay.

4.2.6.2 Computational model

Computational fluid dynamics was used to predict the flow rate inside the chamber using
COMSOL Multiphysics 4.3 finite-element code (COMSOL Multiphysics). The model represents the
geometry with a central channel, which lodges the hydrogel and the channels from each reservoir
(see Figure 4.1A). The cell culture medium -assumed to be water- was defined as incompressible
and homogenous, with a dynamic viscosity of 1-10° Pa-s (common for both hydrogels). The
corresponding permeability for each gel concentration was 3.19-102 m? for the 1.5 mg/ml hydrogel
and 3.82-10"** m? for the 4 mg/ml hydrogel and was experimentally calculated following a procedure
published in a previous work [253].

Two inlets were defined at the entries of the left channel and the contact area between the
hydrogel and the channel. The same boundary conditions were imposed for the outlets in the
opposite location of the right channel. PDMS surfaces were considered impermeable walls.

The device was divided in three regions: zones 1 and 3 correspond to the lateral channels,
and zone 2 corresponds to the middle channel (see Figure 4.1A; zone 1 is in blue; zone 2, in orange;
and zone 3, in green). In zone 2, the inertial term was neglected following the Stokes-Brinkman
equation for incompressible flow. Laminar flow was used, however, for lateral channels. Extremely
fine elements were used to mesh the relevant geometry. The size of the elements ranged between

8.19-10* mm and 0.143 mm, and the complete mesh consisted of 86802 elements.

86



4. Interstitial fluid flow and matrix architecture

4.3 Results

Several conditions have been tested to explore the role that extracellular matrix architecture

and interstitial fluid flow exerts on 3D human osteoblast migration.

4.3.1 Similar flow rate estimation by different methodologies

To simplify the quantification of fluid flow into the hydrogel, a 1.5 mg/ml collagen
concentration was selected for this experiment. The collagen network for this concentration
presented a disposition of the fiber network that facilitated the visualization of beads inside the
hydrogel. The results obtained by particle tracking and computational simulations were similar.
These results allowed us to determine how fluid flow was distributed along the chambers and to
extrapolate distribution for the 4 mg/ml hydrogel. Previously, the permeability of both hydrogels was
determined, and the following values were obtained: 3.19-10"*®* m? for the 1.5 mg/ml hydrogel and
3.82-10*3 for the 4 mg/ml hydrogel. These data were incorporated into a COMSOL model, and the
velocities for a 4 mg/ml gel medium (23.47+0.7714 pm/s) and for a 1.5 mg/ml gel medium
(24.238+1.0255 pm/s) were obtained. Data for each condition were taken from the area between
the two posts and across the width of the gel, including the central and lateral areas of the gel (the

results are summarized in Table 4.3).

Velocity 1.5 mg/ml Collagen (um/s) Velocity 4 mg/ml Collagen (um/s)
Particle tracking COMSOL Multiphysics 4.3
26.0655+15.6797 26.86 + 4.22 25.2453 + 8.1634

Table 4. 3 Values of fluid speed inside the 1.5 mg/ml and 4 mg/ml collagen hydrogel.

Another flow rate applied to the osteoblast culture was 0.1 pl/min, and 2.347 pm/s was the
corresponding value estimated for this case.

It is worth noting the high dispersion obtained (comparable to the mean). This effect might
be caused by the high concentration of particles that were retained in the meniscus of the gel versus
the long distance traveled by other groups of beads (Figure 4.4 A and B). On the other hand, the
computational model showed a symmetric distribution of fluid inside the chamber when analyzing

the streamline trajectories (Figure 4.4 C and D).
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Figure 4. 4 Experimental and theoretical fluid flow estimations.

A and B: Quantification of bead movement inside the collagen hydrogel and its trajectories in the substracted (A) and
merged (B) images. C and D: Estimation of fluid flow inside the chamber. COMSOL simulation of the upper chip area (C)
and the central zone of the chip (D). Streamlines are represented in light blue, and the flow direction is indicated by the
red arrows.

4.3.2 The application of 1 pyl/min flow alters the architecture of non-

crosslinked collagen-based gels

The collagen network architecture was modified by applying a rapid fluid flow but was
unaffected at low flow rates or when the network was cross-linked with TG2. Microscopic images
were captured before and after the application of fluid flow and then analyzed following the
methodology described in the Material and methods in subsection 2.3. Experimental conditions
were divided into four cases: 1) collagen hydrogel, 2) collagen + 1 pl/min of fluid flow (FF), 3)
collagen reticulated with TG2 (collagen + TG2), and 4) collagen + TG2 + 1 yl/min FF. Three different
experiments were performed for each condition (n=3). Note that in 1) and 3), a null flow rate was
used.

To quantify the fiber orientation in 3D, a particular reference coordinate system was
followed in this analysis (Figure 4.5A). Hydrogel charge into the microfluidic chamber was
performed by small holes following the Y direction (axis 3), whereas the fluid movement crossed
the hydrogel perpendicular to the X direction (axis 1). The Z direction represents the height of the

channel (axis 13).
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Figure 4. 5 Quantification of fibers orientation

A) Reference sphere with numeration of the divisions used to plot the spatial fiber orientation. B) 3D rose diagrams of
fiber orientation for the different conditions C) Percentage of fibers in the corresponding sector for each condition D)
Percentage of fibers for each condition normalized by sector.

After the reconstruction of a 3D stack, the network structure was extracted to obtain fiber
alignment, porosity and pore size. To visualize fiber distribution, all the main directions of the fibers
were classified into angular sectors (3D cones) whose representative vectors are shown in
Figure.4.5A. Figure 4.5B shows a 3D rose diagram, scaled according to the number of fibers and
normalized, revealing stronger alignment of the network mainly in the X direction and less strong
alignment in the Z direction (axes 1 and 13, respectively) for all studied cases (Figure 4.5B).
Alignment in Z is probably due to gravity during polymerization, while alignment in the X direction
was enhanced in the presence of flow compared to case 1. The fiber distribution ratio for each
sector of the sphere confirmed that 13.7% of the fibers were aligned with X in case 2 compared to
11.8% in case 1 (see Figure 4.5C). Such difference apparently comes from a reduction in the ratio
of fibers aligned in Z (17.5% compared to 12.1%) and other directions with the Z component (axes
5to 12).

In the presence of TG2, our results show that collagen network alignment was mainly
unaffected (case 4 compared to case 3 in Figure 4.5B). The ratio of fibers remained practically

constant for all thirteen grouping directions before and after flow (Figure 4.5D).

4.3.3 Porosity and pore size are unaffected by fluid flow

From the reconstruction of cross-sectional images obtained by confocal microscopy, the

porosity and pore size between fibers were quantified (see Table 4.4).
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Pore size (um) Porosity

Means Std error Q90 P(radius>2.9) Means Std error

Collagen 2 0.386 343 0.20 90,787 3.237
Collagen+ ;5 0,137 299 012 91,147 358
1pl/min FF
Collagen+ , 59 0,079 290 0.10 86,567 2832
TG2
Collagen +
1l/min 1,69 0,036 290 0.10 87,03 2.226
FF+ TG2

Table 4. 4 Values of porosity and pore size quantified from the matrix architecture and fiber distribution.

The distribution of pore size is obtained by fitting the Rayleigh distribution for every assay,
and then, the mean value and quantiles are inferred from the model. The Rayleigh distribution is
asymmetrical, showing greater differences in higher quantiles. For instance, the 90th quantile of the
radius (i.e., the value that is only exceeded by 10% of the values) for TG2 assays was 2.9 compared
to the control, where 20% of the pores had a radius greater than this value (Table 4.5 shows the
data results for other quartiles). Despite the fact that the average of the mean values of pore size
in TG2 assays was similar for both conditions, the addition of this cross-linker induced greater
homogeneity of the pore size.

Statistical analysis of three independent and different assays for each condition showed no
significant differences between them. However, the differences between the standard error of each
condition revealed interesting differences between all conditions. A high standard error value
indicates the presence of large and small pore sizes, while lower values show greater uniformity of
the results. Considering this, the pore size was made uniform by adding a cross-linker to the gel,
and this difference was much more noticeable in the case of collagen with flow application.
Interstitial fluid flow caused the standard error of the sample to be divided in half in both conditions
(collagen and collagen with TG2). Therefore, the application of FF tended to make the pore size

uniform. This tendency can also be observed when the gel-based matrix is cross-linked with TG2.
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Q30 Q75 Q90 Q95

Collagen 1.88 2.66 3.43 4.86
Collagen +
1ul/min FF 1.64 2.32 2.99 4.23
Collagen + TG2 1.59 2.25 2.9 4.1
Collagen +
1pl/min FF+
TG2 1.59 2.25 2.9 4.11

Table 4. 5 From the fitted distribution of data, the average of the higher quantiles for each condition was
calculated and is shown in this table.

4.3.4 Fluid flow enhances the long distance migration

Effective and mean velocities were obtained for human osteoblasts cells (Figure 4.6A). Due
to the large amount of data processed in this analysis, most of the cases revealed significant
differences compared to control conditions (case 1). Actually, these differences were not very
relevant except for non-crosslinked collagen gels under 1 pl/min flow application, which showed
mean speeds with a median value approximately 40% higher and effective speeds more than twice
as large as control speeds. Table 4.6 summarizes the obtained data.

These differences are also noticeable in the relative trajectories (Figure 4.7), where case 2
(collagen + 1 pyl/min FF) stands out with larger and more directed paths. However, the evolution of
the directionality ratio (the minimum distance between two points divided by the real covered
distance; Figure 4.6B) showed few differences overall, indicating that HOB cells in these conditions

tend to remain around small areas and are predominated by short and random movements.

Vmean (um/min) Veffective (um/min)
Means Medians Means Medians
Collagen 1069191?3 0.0556 i%%1155?é 0.0113
Collagen + TG2 oo 0.0560 e 0.0178
Collagen + 1pl/min FF i00'_11247962 0.0792 i%%ii% 0.0216
ey 101051 0.0533 £0,0003 0.0156
IC:3|<:)Ilagen + 0.1pl/min 10691927292 0.0537 i(())(3)2221C2)3 0.0082

Table 4. 6 Values obtained in the cell tracking measurements of the mean and effective velocity.
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Diffusion coefficients were also calculated for each condition and indicate the purely
diffusive movement (Brownian motion) of cells in the presence of only flow and without TG2 (see
Table 4.7). However, in the rest of the cases, all migratory patterns corresponded to subdiffusive

movement, which normally occurs under 3D migration conditions [126,127].

lefu_S|y|ty Alpha Cell movement
coefficient
Collagen 0.07322+0.00446 0.83+0.28 Subdiffusive
Collagen + TG2 0.07884+0.00394 0.87£0.25 Subdiffusive
Collagen + 1pl/min 0.2652+0.0107 0.97 +0.32 Purely dlffusn_/e
FF (Brownian motion)
Collagen + 1pl/min 0.08070+0.00531 0.89 +0.25 Subdiffusive
FF+ TG2 ' - U
collagen +01umin - 6 04419+0.00346 0.73 £ 0.24 Subdiffusive

Table 4. 7 Diffusivity coefficient of each condition and exponential adjustment parameter (alpha) obtained from
the minimum square displacement (MSD) curve fitting [235,254].

A 04— B 1
w collagen
collagen+TG2
.03} == % 08 collagen+1ulmin FF
S - collagen+1ulmin FF+TG2
€ | = 0.6 collagen+0.1ulmin FF
202} . e
g [ S 04
(8] | : O
~ 01 | =
002
Vmean Veff 0 500 1000 1500

Time [min]

Figure 4. 6 Quantification of HOB cell displacements as well as its directionality.
A) Mean and effective speed of HOB cells [***p < 0.001, statistical analysis for Veffective revealed significant
differences for all conditions]. B) Directionality ratio overtime for each condition.
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collagen collagen collagen collagen collagen
+ 1ul/min FF +1ul/min FF+TG2 + 0.1ul/min

00 100 100

A0 e _1b0

- AB0-

Figure 4. 7 Trajectories of cells whose starting point was centered on the coordinate origin.
The conditions analyzed were collagen or collagen + TG2 in the presence or absence of fluid flow and the cells embedded
in the matrix were altered with 1 pl/min of fluid flow, presenting a higher directionality.

4.3.5 Cell morphology is regulated by the fluid flow and the matrix

architecture

Flow was able to not only change fiber disposition but also affect cell shape. For instance,
apparently, more focal adhesions (dyed with human vinculin 1 (HVIN1)) were observed in cells
subjected to a 1 pl/min flow rate compared to controls (see Figure 4.8A). This difference is more
remarkable for cells embedded in collagen gels without TG2 cross-linker addition, presenting
greater alteration in the distribution of fibers under flow application. TG2 increases the strength and
deformation resistance of collagen hydrogels, thus decreasing fiber alterations when the gel is
subjected to shear stress and in turn causing the cell morphology to change less abruptly. The
formation of thin membranes between fibers confers these properties to the hydrogel without
varying its stiffness significantly, as was concluded in a previous work [235]. In hydrogels with TG2,
the cells showed a lobopodial shape probably as an adaptation to the matrix architecture (see
Figure 4.8).

With the quantitative study of cell morphology from immunostained samples, the cells of
hydrogels cross-linked with TG2 showed higher cell solidity values that were significantly different
from those of the collagen condition (also considered the control condition). For instance, the
median of the hydrogel with TG2 was over the 75" quantile of cell solidity in the collagen assay).
Even with flow, the median values obtained (TG2: 0.5613+0.1484; TG2+flow: 0.543+0.156) were
greater than those corresponding to cases 1 and 2 (collagen: 0.515+0.1086; collagen +flow:
0.4469+0.1563). Thus, the data indicated that a relation between the fixation of fibers through cross-
linkers and cell morphology may exist, with a lower number of protrusions and greater elongation
presented in these cases compared to the control condition (see Figure 4.8C). Cell solidity was
decreased by fluid flow application, and a more remarkable effect was observed for hydrogels
without TG2 (the median of case 3 is similar to the 25" quantile of the control case).

Thus, the application of flow decreases cell solidity and increases cell major axis length for
both cross-linked and non-cross-linked gels. That is, fluid flow affects cell morphology, promoting
thinner bodies and star-like shapes (Figure 4.8B). On the other hand, TG2 increases solidity and
decreases cell major axis length overall probably due to the higher stability of the network. Figure
4.8D represents the cell processing with the hand-coded MATLAB script.
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Figure 4. 8 Cell morphology analysis.

A) Examples of cell morphologies in the different mechanical conditions: Collagen, Collagen + 1 pl/min flow, Collagen+
TG2 and Collagen+ TG2+ 1 pl/min flow. Samples were fixed, stained for vinculin (green), phalloidin (actin, red) and DAPI
(nuclei, blue) and imaged using an Olympus Fluoview FV10i confocal microscope with 60XW objective. B) Cell major
axis length. C) Cell solidity. D) An example of cell processed with the MATLAB script (image captured using a Nikon D-
Eclipse C1 confocal microscope with a 40X oil objective). N>20 cells analyzed for each condition.

4.4 Discussion

The wide variety of mechanisms involved in cell migration are difficult to study under in vivo
conditions due to the large number of factors involved in this process, from adjacent cells and
tissues to intra- and extracellular signaling. This fact has promoted the development of new
techniques that allow the re-creation of in vivo conditions, such as microfluidics, a fundamental
technique for 3D culture providing 4D monitoring, easy re-creation of the extracellular matrix or high
control of mechano-chemical gradients, among other advantages. By using microfluidic chips, we
aimed to analyze the cellular behavior of human osteoblasts subjected to different mechanical
factors, namely, fluid flow and ECM cross-linking. The dynamic load on the bone is fundamental for
osteogenesis and maintenance of bone homeostasis, regulating the different cellular responses.
The mechanosensitivity response of osteoblasts has been previously studied mainly in cells from
murine species; for example, the molecular aspects involved in ion transport ,such as calcium
(receptors (P2Y2)) [255] or nitric oxide release in osteoblasts, have been analyzed [256].
Additionally, the potent stimulator effect of fluid flow on ECM synthesis has been reported by other
authors, who concluded that interstitial fluid flow enhances the creation of bone matrix after a few
days [257].

94



4. Interstitial fluid flow and matrix architecture

Interstitial fluid flow through the 3D matrix, present in soft tissues, plays a fundamental role
in microcirculation between blood and lymphatic vessels. This flow is altered in inflammatory
processes that are triggered when an injury occurs. Previous authors have demonstrated that low
interstitial flow levels are able to align collagen and to promote both human dermal fibroblast
alignment in 3D cultures and cell differentiation [258,259].

In this work, the study of fluid flow effects on HOB migration in terms of mean
(instantaneous) and effective velocities revealed significant differences, especially when a 1 pl/ml
fluid flow rate was applied to gels without TG2. Matrix structural analysis revealed that the fiber
distribution in crosslinked gels remained unaltered despite the application of flow, while significant
alignment with flow occurred in non-crosslinked gels. This effect determined the different migratory
pattern. In non-crosslinked gels, high rates of flow enhanced osteoblast velocity and produced
changes in cell morphology, with the cells acquiring a more star-like appearance. On the other
hand, migration on cross-linked gels remained unaffected despite fluid flow, while the morphology
changed similar to those in non-crosslinked gels. In fact, the most important differences in cell
morphology were observed with matrix cross-linking probably caused by the impediment that TG2
implies to the deformation of the gel architecture.

To understand these results, quantitative analysis of the microstructure of gels for all
conditions was performed. This quantification revealed that the addition of one cross-linker to the
collagen hydrogel prevented the alteration of fiber disposition when subjected to flow. Matrix
architecture analysis was performed, and the pore size and porosity were estimated, revealing a
more uniform distribution of the architecture when TG2 was added. While crosslinker-free collagen
gel was dominated by very large or small pores, the application of fluid flow resulted in greater
uniformity of the pore size, which may be directly related to differences in cell migration. In the case
of gels with TG2, although the average pore size did not vary in the case of null flow, the pores
were less uniform than when an interstitial flow was applied, thus favoring cell movement, although
the differences found were not significant. The addition of this stabilizer intended to simulate the
different matrices to which osteoblasts are subjected during endochondral ossification. Cell
migration under TG2 conditions presented patterns similar to those of the control, regardless of the
presence of flow. However, the interstitial fluid flow through the matrix was able to alter cell
morphology without altering the architecture of the hydrogel, which produced cells with low
branching (high solidity).

Other studies of the interstitial flow effect on matrix disposition have been performed. For
instance, Guo & Kaufman [260] analyzed the effect of collagen fiber alignment on cell spreading
and concluded that after several hours of alignment, this effect is reduced as the cell concentration
is higher and with the consequent remodeling of the matrix and fiber aggregation. Hydrogels used
in most of the published works presented a lower collagen concentration (2 mg/ml, 2.5
mg/ml)[258,260] compared to the collagen concentration used in this work (4 mg/ml). These
differences in concentration and in the rigidity of the hydrogels can be crucial for observing a clear

alignment in low-concentration gels, which are more easily modified by external stimuli. However,
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in the gels used in this work, it was necessary to obtain and quantify confocal microscopic images
since at first sight, the differences were not perceptible.

To better understand the three-dimensional migratory pattern of osteoblasts, apart from
guantifying the trajectories followed in the assays monitored over time, cells were immunostained
to analyze their morphology. With our results, we could conclude that the laxity of unmodified
collagen fibers allows cells to have a larger cell body and that greater polarization was found in

cells embedded in the hydrogel with TG2. Overall, fluid flow promoted the elongation of cells.

45 Conclusions

In conclusion, by using different strategies, our work demonstrates the crucial influence of
matrix architecture on osteoblast migration. Between all the cases analyzed, we quantified
significant differences in the osteoblast migration speed when collagen-based gels were exposed
to interstitial fluid flow. In fact, we found that interstitial fluid flow application provokes matrix fiber
alignment and homogenization of the pore size. To prevent this effect, we crosslinked collagen-
based gels with TG2. Under these conditions, we found no increases in osteoblast migration speed.
Therefore, these results show that the matrix architecture guides osteoblast migration in 3D.

Furthermore, we observed an alteration in osteoblast morphology when interstitial flow was
applied in different collagen-based gels (crosslinked or non-crosslinked). This finding suggests that
interstitial flow may help to modulate osteoblast phenotypes and drive the progression of bone
regeneration. Taken together, these results have a potential use in regenerative medicine and may
be useful in the design of therapeutic approaches to promote bone regeneration and prevent
unsuccessful bone healing.
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5.1 Conclusions

This chapter presents the overall conclusions of this PhD Dissertation, as well as some
future lines of research that could give continuity to the work here proposed.

Throughout this work, the effect of various mechano-chemical stimuli on cell migration has
been studied. In particular, it has been focused on three of the main regenerative processes that
occur in the human body: wound healing, bone regeneration and formation of new blood vessels,
fundamental to restore the physiology of damaged tissue. By using microtechnologies, especially
microfluidic devices, the cell culture of human cells has been performed in 3D. Previously published
papers have shown the influence of chemical gradients on cell polarization and migration -
chemotaxis - both in 2D cultures and in cells embedded in 3D extracellular matrices [196,219,261].
On the contrary, when the created gradient is of a mechanical nature -durotaxis- there are
numerous factors involved in cellular mechanotaxis. One of the main differences between
chemotaxis and mechanotaxis described by Roca-Cusachs et al. involves stimulus detection
pathways [32]. In contrast to chemotaxis, mechanotaxis would not require biochemical transduction
to guide cell movement. Following this brief discussion, the global conclusions of this work are

presented grouped by the biological process that have been recreated in the microfluidic platforms:

o Angiogenesis

- VEGF is one of the main regulators in angiogenic processes, producing longer sprouts
more frequently. Its chemoattractant effect depends on its concentration and spatio-temporal
location, having a critical impact on the sprout time evolution.

- In the case of PDGF, a null effect has been seen in the number and length of sprouts
developed from the single layer of endothelial cells. This effect could be due to a non-optimal PDGF-
VEGF concentration balance as well as inadequate analysis time.

- The addition of TGF-f3 has improved the length of sprouting in early stages, although its
effect gradually disappears over time.

- With the BMP-2, the number of new sprouts was lower, with a smaller size, being BMP-2
the only growth factor with a positive evolution at longer times, where the size of these sprouts has

been increased.

o Wound regeneration

- The microfluidic platform designed in this work has been validated to carry out combined
studies of durotaxis and 3D chemotaxis in human cells. This novel microdevice combines the
application of chemical gradients with the effect of collagen interfaces generated by different
concentrations of this hydrogel.

- After analyzing the cell distribution inside the chip chambers over the course of a week, it
has been shown that the presence of PDGF, especially at low concentrations, has caused a strong
chemottractant effect on the dermal fibroblasts, independently of the collagen concentration

gradient.
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- The effects of VEGF on cell migration, as well as the directionality of the collagen

concentration gradient, were not relevant on their own.

o Bone regeneration

- The support designed for the application of interstitial fluid flow has allowed the optimal
development of the experiments, achieving the watertightness of the system.

- With the application of interstitial fluid flow, significant differences in the migration rate of
osteoblasts in collagen hydrogels were quantified.

- The application of fluid flow causes the alignment of matrix fibers, as well as
homogenization of pore size in the case of non-crosslinked collagen gels, increasing the migration
rate of osteoblasts.

- The reticulation of collagen gels with TG2 has counteracted the effects of fluid flow on the
migration of osteoblasts in 3D, remaining practically similar to the control case.

- Interstitial flow has promoted alterations of cell morphology, and therefore the phenotype
of cells embedded in both types of matrices.

- The matrix architecture, specially the fiber distribution, plays a fundamental role in the

migration of 3D osteoblasts.

5.2 Future work

In this thesis, novel techniques have been used for the study of three-dimensional cellular
behaviour. Based on the conclusions obtained in this work, a series of questions have been
presented that would allow us to increase knowledge.

For the recreation of injuries, both in soft and hard tissues, numerous factors are involved
a well as cellular types. The simultaneous co-culture of several cell types, such as endothelial cells,
with fibroblasts or osteoblasts, would let us know how the biomolecules released by these cells
affect the behavior of the other cells analyzed in this work.

For this purpose, using some of the devices designed in this Thesis, a monolayer of
endothelial cells, mechanically stimulated to increase the release of interleukins, cytokines and
other factors that regulate tissue regeneration, could be deposited in one of the channels.
Fibroblasts as well as other cell types involved in wound healing stages, such as macrophages,
could be seeded in the adjacent channels. The versatility provided by the technologies used in this
thesis would also allow us to increase the complexity of the design for sophisticated cocultures (see
Figure 5.1). In the channels covered by a monolayer of endothelial cells, a smooth laminar flow with
newly cell culture media and reusing the one from the channel would be generated simulating the
flow that moves through the blood vessels. The permeability of this monolayer of cells would allow
the flow of interstitial fluid as well as biomolecules through the different cell cultures being able to

analyze the behavior for each cell type and their interaction.
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Figure 5. 1 Scheme of a new 3D coculture in a microfluidic devices combining different cell types involved in the
inflammation and proliferation phases of wound healing.

A possible new geometry proposed for a complex co-culture of different cells involved in wound healing. If the chip is
divided into two main zones, the lateral channels for adding cell culture media and the central channels for 3D cell culture
would be differentiated. In this central area (cross-section in the illustration), the hydrogel acting as scaffold will allow the
three-dimensionality and biomimetizing of the physiological cell environment.

Mechanical loading regulates cell metabolism, especially bone metabolism [107]. The
mobilization of intracellular calcium (Ca?*) has been reported as an effect of fluid flow on bone cells
causing also alterations in the production of nitric oxide or prostaglandins [106,107]. With the use
of calcium ion activity indicators such as Fluo or FURA, intracellular Ca?* flows would be quantified
by image analysis, all under static conditions or when mechanical factors are applied to the cells,

thus continuing the work described in Chapter 4.

Another possible future line of research would be the development of organoids by using
microfluidic systems. Organoids derive from pluripotent stem cells or isolated organ progenitors
that differentiate to form organ-like tissue, with multiple types of cells that self-organize to form a
structure no different from that of an organ. This three-dimensional, almost physiological model
facilitates the study of physiopathological processes, as well as testing drugs or growth factors and
the corresponding tissue response. This innovative technology requires basic cell culture
techniques as well as the co-cultivation of several cell types that should be implemented in our
microdevices [262,263].
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6.1 Conclusiones

En este capitulo se exponen las conclusiones globales de esta tesis, asi como algunas
futuras lineas de investigacion que podrian dar continuidad a los trabajos aqui propuestos.

A lo largo de esta tesis doctoral se ha estudiado el efecto de diversos mecanismos
mecanoquimicos sobre la mecanobiologia celular. Concretamente se ha enfocado hacia tres de
los principales procesos regenerativos que ocurren en el cuerpo humano: regeneracion de heridas,
regeneracion 6sea y formacién de vasos sanguineos, fundamental para reestablecer la fisiologia
del tejido dafiado. Haciendo uso de las microtecnologias se han empleado dispositivos
microfluidicos que han permitido el cultivo celular en 3D de células humanas. En trabajos
previamente publicados se ha visto la influencia de los gradientes de factores quimicos en la
polarizacion y migracion celular —quimiotaxis- tanto en cultivos 2D como en células embebidas en
matrices extracelulares. Por el contrario, cuando el gradiente creado es de naturaleza mecénica —
durotaxis- son numerosos los factores implicados en la mecanotaxis celular. Una de las principales
diferencias entre la quimiotaxis y la mecanotaxis descrita por Roca-Cusachs et al. recae en las
vias de deteccidn del estimulo [32]. A diferencia de la quimiotaxis, la mecanotaxis no requeriria de
transduccion bioquimica para dirigir el movimiento celular. A continuacion de esta breve discusion,
se encuentran expuestas las conclusiones globales de esta tesis doctoral agrupadas por el proceso

biologico con el que se relacionan:

o Angiogenesis

En el estudio del efecto paracrino de factores de crecimiento cominmente liberados por
células propias de la zona dafiada (ECs, fibroblastos y osteoblastos) se ha visto que el VEGF es
el principal regulador en los procesos angiogénicos, produciendo sprouts mas largos con mayor
frecuencia. Ademas, su efecto quimioatrayente depende de la concentracion y su ubicacion
espacio-temporal, teniendo un impacto critico en la evolucion del sprouting a lo largo del tiempo.

En el caso del PDGF no se ha visto un claro efecto global tanto en el nimero como en la
longitud de los sprouts desarrollados desde la monocapa de células endoteliales. Este efecto
podria ser debido a un balance de concentracion PDGF-VEGF no-6ptimo, asi como a un
inadecuado tiempo de analisis.

La adicion del TGF-B ha mejorado la longitud del sprout en estadios tempranos, aunque
su efecto desaparece gradualmente con el tiempo.

Con el BMP-2, el nimero de sprouts formados ha sido, en general, menor presentando a
su vez un tamafio mas corto, siendo el Unico GF con una evolucién positiva a tiempos mas largos,

donde el tamafio de dichos sprouts se ha visto aumentado.
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o Regeneracion de heridas

La plataforma microfluidica disefiada en este trabajo se ha validado para realizar estudios
combinados de durotaxis y quimiotaxis 3D en células humanas. Este nuevo microdispositivo
combina la aplicacién de gradientes quimicos con el efecto de la interfaz de colageno generado
por distintas concentraciones de dicho hidrogel.

Analizada la distribucién celular en el interior de las cadmaras del chip a lo largo de una
semana, se ha visto que la presencia de PDGF, especialmente a baja concentracion, ha provocado
un fuerte efecto quimioatrayente sobre los fibroblastos dermales independiente del gradiente de
concentracion del colageno.

Los efectos del VEGF sobre la migracion celular, asi como de la direccionalidad del

gradiente de concentraciones de colageno, por si solos no fueron relevantes.

o Regeneracion 0sea

El soporte disefiado para la aplicacion de flujo de fluido intersticial ha permitido la
realizacion Optima de los experimentos, consiguiéndose con ese disefio la estanqueidad del
sistema.

Con la aplicacién de flujo de fluido intersticial, se cuantificaron diferencias significativas en
la velocidad de migracion de los osteoblastos en los hidrogeles de colageno.

La aplicacion de flujo de fluido provoca la alineacidon de las fibras de la matriz, asi como la
homogeneizacién del tamafio de los poros en el caso de geles de colageno.

La reticulacién de los geles de coldgeno con TG2 ha contrarrestado los efectos del flujo
sobre la migracién de osteoblastos en 3D, permaneciendo practicamente similar al caso control.

El flujo intersticial provoca una alteracion de la morfologia celular, y por consiguiente el
fenotipo de células embebidas en ambos tipos de matrices.

La arquitectura de la matriz desempefia un papel fundamental en la migracién de los

osteoblastos en 3D.

6.2 Trabajo futuro

En esta tesis se han utilizado novedosas técnicas para el estudio del comportamiento
celular tridimensional. A partir de las conclusiones obtenidas en este trabajo, se han planteado una
serie de cuestiones que permitirian ampliar el conocimiento del comportamiento celular.

Para la regeneracion de una herida, tanto en tejido epitelial como éseo, son numerosos los
factores involucrados, asi como los tipos celulares. El cocultivo simultdneo de varios tipos
celulares, como pueden ser células endoteliales, con fibroblastos u osteoblastos, nos permitiria
conocer como las biomoléculas liberadas por dichas células afectan al comportamiento de las
células analizadas en este trabajo. Para ello, utilizando algunos de los dispositivos disefiados en

esta Tesis, se podria depositar en uno de los canales una monocapa de células endoteliales,
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estimuladas mecanicamente para aumentar la liberacién de interleuquinas, citoquinas y otros
factores que regulan la regeneracion tisular. Los fibroblastos, asi como otros tipos de células
involucradas en las etapas de cicatrizacion de heridas, como los macrofagos, podrian ser
cocultivados en los canales adyacentes. Las versatilidades aportadas por las tecnologias utilizadas
en esta tesis permitirian también aumentar la complejidad del disefio enfocado hacia cultivos
complejos (ver Figura 5.1). En los canales cubiertos por una monocapa de células endoteliales, se
generaria un flujo laminar suave reutilizando el medio que ha fluido por el microcanal ademas de
afiadir medio de cultivo nuevo, simulando el flujo que fluye a través de los vasos sanguineos. La
permeabilidad de esta monocapa de células permitiria el flujo de fluido intersticial y biomoléculas
a traves de los diferentes cultivos celulares pudiendo ser analizado el comportamiento de cada tipo

celular mediante analisis de imagen.

Uno de los efectos del flujo de fluido sobre las células éseas podria estar ligado con la
movilizacion del calcio intracelular (Ca?*), causante también de alteraciones en la produccion de
oxido nitrico o prostaglandinas. Con el uso de indicadores de la actividad del ion calcio como Fluo
o0 FURA, se cuantificarian los flujos de calcio intracelular mediante analisis de imagen, todo ello en
condiciones estéticas o ante la aplicacién de factores mecénicos a las células, continuando asi el

trabajo descrito en el Capitulo 4.

Otra de las posibles lineas futuras de investigacion seria el desarrollo de organoides
mediante sistemas de microfluidica. Los organoides derivan de células madre pluripotentes o
progenitoras de drganos aislados que se diferencian para formar un tejido similar a un érgano y
con multiples tipos de células que se auto-organizan para formar una estructura no diferente a la
de un organo. Este modelo tridimensional casi fisioldgico facilita el estudio de procesos
fisiopatolégicos, asi como el testado de farmacos o factores de crecimiento y la respuesta del tejido.
Esta novedosa tecnologia requiere de técnicas basicas de cultivo celular, asi como el cocultivo de

varios tipos celulares.
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Al. ELISASs for estimation of GF concentration

Dynamic regulation of cell proliferation and differentiation, allows cells to form more
complex structures such as tissues and organs [264]. Cells that conform these tissues are subjected
to various stimuli, such as the extracellular matrix in which they are embedded [265]. On the other
hand, there are numerous molecules that act in the cell niche, either released by these same cells
or others from other adjacent tissues, or added to the system (e.g. drugs or growth factors). Cell-
matrix interactions involve the chemical composition and structural organization of the ECM, in
addition to its mechanical properties.

Microfluidic devices have been an excellent tool to represent the cell microenvironment by
adding biomimetic hydrogels and generating controlled mechanochemical gradients. Matrix
architecture plays a crucial role on the molecules distribution through the hydrogel. As purely
diffusive factor in fluid, biomolecules interact directly with cells embedded in the matrix as well as
by bounding to the matrix fibers [158].

The design of microfluidic assays with chemical gradients proposed in this thesis has
required the analysis of the molecule transport along these platforms. In chapter 3 was shown how
molecules diffuse in our microdevices by using a fluorescent reactant. However, this section is
focused on the quantification of protein in the channel opposite to the additive channel. Considering
that the initial concentration of GF was added in one of the channels, diffusing through the hydrogel
to the opposite channel, the aim of this study was to quantify the final concentration after 24h of
incubation (at 37°C and 5% of CO2). Specific enzyme-linked immunosorbent assays (ELISA) were
performed for two different GFs: PDGF and BMP-2. As a technique for detecting and quantifying
substances such as peptides, proteins, antibodies and hormones, ELISA consists of 96 well plate
coated with a specific antibody able to immobilize the antigen. For detecting the sample, an antibody
linked to an enzyme is added and incubated with a substrate which produces a measureable
product. Then, the enzyme activity can be measured with a plate reader. The protocols followed in

this thesis will be presented below.

e Microfluidic-based assay procedure

In order to simplify the analysis and considering that the geometry of the central channel is
preserved in all our designs, these experiments have been performed on the devices shown in the
Figure Al (previously published by Moreno-Arotzena et al. [158]). Consisting of two lateral
channels, one of addition (named channel 1) and its opposite channel (channel 2), and a central
channel where the hydrogel was introduced, the factor to study was added in channel 1. After 24h
of incubation, the concentration of factor present in both channels has been analyzed so we can
know how much protein has spread through the hydrogel and make sure that the stimulus is
reaching our cells. It should be mentioned that the hydrogel selected for these experiments was

2mg/ml-Collagen type I rat tail following the procedure described in previous chapters.
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Figure A 1. Geometry of the microfluidic device.

A general view of the microdevice is shown in picture (a). The central area is demonstrated as a top view in picture (b),
in which the geometry and nomenclature of the compartments are detailed: the channel (1) and the hydrogel (2)
compartments. The hydrogel is injected into the central cavity (pink), whose dimensions are 2.5 x 1.3mm; the main
channels (green and blue) are filled with culture media or PBS. When a GF or dextran is added in order to establish a
chemical gradient, it is included in the addition channel (green) and diffuses through the hydrogel towards the opposite
channel (blue). Figure and caption taken from [210]

e Protocol for ELISA assays

Factor addition: Human PDGF-BB (Elisa Kit, Sigma Aldrich, RAB0398)/ Human BMP2
(Elisa Kit, Sigma Aldrich, RAB0028) was added 24h after hydrogels preparation in only one of the
reservoir channels of the microfluidic devices (channel 1) to study the diffusion of the factor to the

other channel.

Preparation of Reagents:

Considering that the ELISA kit must be stored at -20°C, all reagents and samples should
be brought to room temperature before use. Gently mix all liquid reagents prior to use.

The obtaining of the sample was performed 24h (aprox) after factors addition. First, medium
from the reservoirs was discarded by vacuum aspiration taken only the medium from the channels
in direct contact with. Samples were centrifuged at 1000g for 10min before use to eliminate any
residues. The corresponding dilution samples should be performed in Standard Diluent Buffer to
obtain samples in the range of pg/ml.

Preparation of the standard curve for each factor according to the corresponding protocol
indicated by the supplier. Samples were running at least in duplicate. Likewise, the other reagents
have been also prepared. For instance, Wash Buffer Concentrate (25X) was diluted in distilled
water to obtain a working Wash Buffer solution 1X, mixing gently to dissolve the crystals. Store both
solutions at 4°C. The diluted buffer should be used within 14 days. In the same way, streptavidin-

HRP or detection antibody vial was also diluted according to the technical bulletin of the product.
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Methodology:

- Considering that all standards and samples should be run at least in duplicate, 100 pL of
each standard and samples (after extraction) was added to the appropriate microtiter wells.
96-well plate was covered and incubated overnight at 4°C with gently shaking.

- After the incubation, the solution was discarded and wells washed (4 times) with 1x wash
solution by filling each well with 300 pl of this buffer. Plate should be dried of liquid to good
performance. After the last wash, remove any remaining buffer by inverting the plate and
blotting it against clean paper towels.

- 100 pL of 1x biotinylated detection antibody (Biotin Conjugate) solution was added into
each well. The plate was covered again and incubated for 1 h at room temperature with
gentle shaking.

- The second step was repeated to wash properly the plate and to complete removal of liquid.
Added 100 pl Streptavidin-HRP Working Solution to each well and incubated for 30 min at
room temperature.

- Discard the solution. Repeat the wash as in second step described above.

- Added 100 pl of ELISA colorimetric TMB reagent to each well and incubated for 30 min at
room temperature in the dark. Then, 100 pl of Stop Solution was added to each well.

- Read the absorbance of each well at 450 nm immediately after adding the Stop Solution.

- Absorbance data obtained in the plate reader were plotted along with the known values of
the standard curve. Performing the best fitted adjustment of these data, with the equation
obtained, the concentrations were estimated by interpolation for the rest of the samples.
The dilution factor applied to the samples should be consider to calculate the factor

concentration in the results.

e Results and conclusion

The results obtained for the GF analyzed in these tests have confirmed our initial hypothesis
about the molecule distribution. After 24 h incubation, approximately half of the initial solution added
to the device has diffused across the hydrogel to the opposite channel. Figure A2 shows the results
of ELISA immunoassay for BMP-2 and PDGF factors. The difference between the initial
concentration added and the total concentration estimated may be due to pipetted error as well as

the evaporation and its consequent concentration of the sample.
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Figure A 2. BMP-2 and PDGF-BB concentration estimated by using ELISA techniques.

Samples were obtained after 24h incubation at 37°C and 5% CO..

Despite results obtained in this experiment were coherent with previous published work
where an experimental and numerical model described the transport of GFs. The molecule size
and behavior, directly related to the formation of aggregates characteristic from some proteins,
could affect to its spatial distribution. The binding of GFs to the collagen hydrogel is more significant
compared to other types of hydrogels [158], directly involved in haptotactic cues.

To conclude, the microfluidic platforms with their versatile technology to biomimetize the
cellular microenvironment, have been a great instrument for the application of chemical gradients
in a controlled manner. In this work it has been demonstrated how the factor is able to move by
diffusing all over the chip towards the opposite channel. This would confirm the possible stimulation
of cells mediated by added GF, in addition to other mechanical and chemical signals from the
environment.
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A2. Evolution of fluid flow set-up

One of the most important research lines to be developed throughout this thesis has been
the application of interstitial fluid flow to three-dimensional cell culture. The difficulties found during
this work in setting up an optimal flow application system in which leaks, bubbles and rupture of the
hydrogels were minimized resulted in numerous designs up to the one finally used. Some of these
attempts as well as the methodology finally used have been shown in Figure A3.

In the first experiments of flow application, connectors were placed directly in the reservoirs
of the chip. The pressure to introduce them produced the rupture of the hydrogels. In order to absorb
the flow shocks, falcon tubes were added to the system, which would release the pressure of the
flow before getting to the chip chamber, which did not give good results either. In view of this fact,
several alternatives were proposed, the use of glass needles and tubes, such as those used in
previously published permeability tests [253]. One of the biggest disadvantages of these glass
tubes was their openness to the exterior and the difficulty of viewing the microfluidic chips under
the microscope. As an improvement of these systems, we saw the need to design a new model of
application, in which on the one hand we preserve the watertightness of the system and on the
other hand we avoid the breakage of the gels, as well as the entry of bubbles. The final design
consisted of a base and a cover, which were joined together by means of screw joints, with o-rings
that guarantee the watertightness of the system. The connectors for the inlet and outlet will be
screwed without touching the microfluidic chip. This means that tensions are not concentrated in
the reservoir area, but are distributed throughout the pdms, thus avoiding rupture of the hydrogel
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From first experiments

Falcon tubes as shock
absorbers for flow impacts

Glass tube columns
and needles

Final prototypes

v To Currently

Figure A 3. Evolution of fluid set up.
With the development of the final prototype, the initial problems were solved and the interstitial flow could be successfully

applied to three-dimensional cell cultures.
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