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Abstract
Vasculogenesis, the creation of new blood vessels, occurs due to an inherent
ability of endothelial cells (ECs) to self-assemble and form tubules.
Additionally, many studies have shown that stromal cells, connective tissue
cells of any organ, including fibroblasts (FBs), play a vital role in the formation
and stabilisation of new vessels, mostly chemically by producing and secreting
growth factors. However, still we lack ground understanding of the mechanical
contribution of FBs to vasculogenesis. In this study, employing microfluidic
platforms, we aimed to address the mechanical role of FBs in vascularisation.
Applying a 7-channel microfluidic platform, we encapsulated ECs with 3
different conditions: mono-cultured (MC, embedding only ECs within a
hydrogel), paracrine co-cultured (PCC, embedding ECs and FBs separately in
two hydrogels) and juxtacrine co-cultured (JCC, embedding ECs mixed with
FBs in a hydrogel) to investigate the impact of FB presence on formation of
functional microvessels. Imaging techniques and dextran perfusion revealed
that the cluster-like structures formed in the device seeded with MC and PCC
conditions were not functional in terms of perfusability and permeability and
deteriorated within a week while the microvessels developed in the device
seeded with JCC condition were functional, well-interconnected and survived
much longer (~3 weeks), indicating that the direct physical interaction between
FBs and ECs is crucial for the formation of functional blood microvessels.
Also, chemical perturbation of mechanotransduction genes, YAP, Src, Wnt/βcatenin, RhoA, and FAK, in both ECs and FBs, resulted in either the inhibition
of microvessel formation or the development of microvessels which were
significantly different in morphology, perfusability, vessel length, diameter, and
coverage area compared to control microvessels, demonstrating that
mechanotransduction pathways play key roles in vascularisation.
Additionally, using siRNA approach, we inhibited the same genes only in FBs
to examine the mechanical contribution of FBs to vascularisation. This
revealed that ECs co-cultured with siRNA-inhibited FBs (excluding RhoA)
retained their ability to form microvessels. However, further characterisations
demonstrated that the microvessels did not resemble control microvessels in
terms of permeability, perfusability, tissue stiffness, barrier function,
morphology, and vessel topology.
Together, these results highlight the mechanical contribution of FBs to the
formation, morphogenesis and function of microvessels and suggests that FBs
are intrinsic mechanical promoters and stabilisers of microvessels. Such
knowledge on the mechanisms underlying the vascularisation, will be useful in
further developing vascularisation strategies for organ-specific, diseasespecific, and cancer-specific tissue engineering and regenerative medicine
applications.
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Impact Statement
Without a doubt, owing to their inherent ability to self-assemble and form
lumens/tubules, endothelial cells (ECs) are the key players in vascularisation.
In addition to ECs, supporting cells such as fibroblasts (FBs) contribute to
vascularisation. To date, majority of studies have investigated the chemical
roles of FBs in vascularisation. A few have studied the role of external
mechanical cues such as shear stress or ECM stiffness on vascularisation.
However, there is a gap in the knowledge of the internal mechanical
contribution of FBs to vascularisation and the molecular mechanisms
underlying this role of FBs in microvessel formation.
This study revealed that direct physical interaction between FBs and ECs is
essential for forming functional microvessels. Besides, by applying small
molecule inhibitors against mechanotransduction genes, we showed that
mechanotransduction pathways play key roles in the formation, stabilisation,
characteristics, topology, and function of blood microvessels. Finally, by
perturbing mechanotransduction genes in FBs, we showed that FBs
mechanically contribute to vascularisation through mechanotransduction
pathways.
In short, recent work has opened new avenues in microvascular research. We
showed that the emergence of the unique microvessel mechanical features
and phenotypes is tightly interlinked with FBs mechanotransduction programs,
thus suggesting FBs are an intrinsic mechanical promoter and stabiliser of
microvascular networks.

It sheds light on the molecular mechanisms

underlying microvessel formation, morphogenesis, stabilisation, and function.
This can be used to develop in vivo-like engineered microvascular models
which not only help us understand the fundamentals of vasculogenesis but
also help us study diseases, develop treatments, screen drugs, and
vascularise engineered constructs to replace damaged tissues/organs.
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Introduction
Blood vessels supply nutrients and oxygen to tissues and remove CO2 and
wastes from them. Leucocytes and hormones also travel through blood
vessels to their target sites1,2. In the human body during embryonic
development and adulthood, the creation of blood vessels occurs via two
distinct mechanisms: vasculogenesis and angiogenesis. The former is forming
new blood vessels from endothelial cells (ECs), and the latter is defined as the
growth of new blood vessels from pre-existing vessels3–5. Both processes are
involved in wound healing, growth, tissue repair, and female reproductive
cycle1,3,4,6–8. Additionally, angiogenesis is evolved in vascularisation as a
response to ischemic and malignant tissues3 as well as in diseases such as
solid tumour angiogenesis9, arteriovenous malformations10, blindness, also
age-related diseases including macular degeneration, proliferative diabetic
retinopathy (PDR), atherosclerosis, and rheumatoid arthritis11. In both
vasculogenesis and angiogenesis, ECs are the most important players due to
their inherent ability to self-assemble and form lumens3–5. In addition to ECs,
another group of cells named stromal cells, including fibroblasts (FBs), are
believed to play a key role in vessel formation.
Many studies have shown that FBs support blood vessel formation chemically
by producing and secreting growth factors12–17. Unlike the chemical
contribution of FBs to the formation and stabilisation of blood vessels that has
been extensively studied, the mechanical role of these cells has been poorly
understood.
Today, there is an increasing need to develop in vitro vascular models to study
vascularisation fundamentals, develop drugs, study intravasation and
extravasation of cancer cells, vascularise engineered tissues/organs, and
study

angiotherapy

and

anti-angiotherapy18.

However,

to

create

a

physiologically more relevant in vitro vascular models which resemble in vivo,
it is crucial to consider the role of mechanical cues along with chemical
determinants. Also, the enhanced understanding of fibroblast-mediated
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microvessel formation could potentially provide alternative therapeutic
strategies that focus on modulating the mechanobiology of FBs. Over the past
few years, the mechanical role of FBs has gained increasing attention.
However, most of the studies about the mechanical role of FBs refer to ECM
deposition and ECM stiffness and the molecular mechanism underlying it has
not been fully understood. We hypothesised that this process is mediated via
mechanotransduction pathways including RhoA, YAP, SRC, Wnt7b and FAK.
Hence, employing an in vitro system which tries to model vasculogenesis this
thesis aims to shed light on the mechanical contribution of FBs via
mechanotransduction pathways to vascularisation.
Project Objectives
The ultimate goal of this thesis is to shed light on the neglected mechanical
role(s) of FBs in the formation and stabilisation of blood microvessels. The
specific aims of this project are listed below;
Impact of FBs presence on the formation and stabilisation of blood
microvessels via 3D in vitro assay of vasculogenesis


Assessment of FBs-ECs physical interaction on the formation,
morphogenesis, function, and stabilisation of blood microvessels



Assessment of the role of mechanotransduction pathways in the
formation and stabilisation of blood microvessels



Assessment of the mechanical contribution of FBs to the formation
and stabilisation of microvessels



Assessment of FBs-ECs colocalisation in a 3D microenvironment

The thesis is composed of five main chapters;
Chapter 1 reviews the natural methods employed by the body to form
vasculature in vivo, such as angiogenesis and vasculogenesis, and the
relevant biological background information on solute factors and cells involved
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in vascularisation. It also briefly describes different mechanotransduction
genes/pathways involved in vascularisation. The chapter is closed by briefly
mentioning different in vitro microvessel models.
Chapter 2 presents the methods utilised to address the first two aims of the
current thesis in detail. The chapter begins by explaining the microfluidic
platforms design, mould and device fabrication. It continues by describing
different cell seeding conditions to assess the importance of FB presence in
vascularisation, followed by investigating the impact of solute factors on
vascularisation. In the following, the chapter describes microvessel
characterisation (microvessel diameter, coverage area, topology, and
function) and ends by assessing the impact of a lower density of FBs on
vascularisation.
Chapter 3 describes experimental work directed at the contribution of
mechanotransduction/chemotransduction

pathways

to

the

microvessel

formation, stabilisation, characteristics, topology, function and subsequent
characterisation studies by inhibiting our interest genes in both FBs and ECs
using small molecule inhibitors (chemical inhibition).
Chapter 4 covers experimental work and results used to address the
mechanical role of FBs in vascularisation. It describes how perturbation of the
genes of interest was experimentally achieved by transfection of siRNAs to the
FBs followed by co-culturing them with ECs. In addition to the characterisation
of the microvessels, including barrier function and elastic modulus of the
hydrogels, the chapter describes ECs’ physical interaction (colocalisation) with
FBs and RhoA-deficit FBs.
Chapter 5 offers a general conclusion for the present work, preliminary
developments, and future studies.
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1 Background
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1.1

Blood Vessels Function and Structure

Blood vessels play a conventional and crucial role in the transportation of
nutrients, oxygen, signals, and blood cells to the body's tissues and in taking
the waste and CO2 away from them1,2. Leonardo da Vinci was the first one
speculating about the heart and circulatory system. He likened it to a tree
formed from a seed, the heart, by sprouting roots, blood vessels, which its
trunk and main branches were the arteries and veins, and its tiny components
were capillaries6.
The vessel walls consist of three layers, tunica intima, tunica media, and tunica
externa (Fig 1.1). The thinnest layer, tunica intima, is a single layer of
endothelial cells covering the vessels' inner surface and lies on a basement
membrane. The tunica media is the thickest layer in arteries that consists of
circularly arranged elastic fibres, connective tissue, and polysaccharide
substances. This layer is rich in vascular smooth muscle cells (SMCs). The
third layer, tunica externa, is the thickest in veins and is made of connective
tissue containing stromal cells, including fibroblasts. Capillaries form the
smallest vessels of the microvasculature, consisting of only the tunica intima.
These are surrounded by mural cells, pericytes, and SMCs19.
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Fig 1.1: Vessels structure. Schematic overview of the structure of arteries, veins and
capillaries. Reprinted from https://ckgfendi.blogspot.com/2011/12/biology-form-5-lesson1.html.

1.2
In

Formation of Blood Vessels
general, there are

two

distinct processes, vasculogenesis and

angiogenesis, through which new blood vessels are developed 20.
1.2.1 Vasculogenesis
During embryonic development and adulthood, as a response to ischemic and
malignant tissues, blood vessel formation occurs via vasculogenesis. The
process is defined as creating new blood vessels from collective self-assembly
of endothelial cells3,4 (Fig 1.2). In such a way, from the mesoderm, the middle
layer of an embryo, it takes only a few cells to differentiate into a type of cells
known as haemangioblasts. These cells are bi-potential, which can
differentiate into either hematopoietic stem cells or angioblasts6. The former
produces white blood cells, red blood cells, and platelets, and the latter
contributes to vasculogenesis by differentiating into endothelial cells6,21.
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Fig 1.2: Vasculogenesis. Schematic representing formation of new blood vessels through
vasculogenesis which occurs due to inherent ability of endothelial cells to self-assemble into
functional blood vessels22.

1.2.2 Angiogenesis
Whereas vasculogenesis is considered the formation of new blood vessels
from endothelial cells, the construction of new blood vessels from pre-existing
blood vessels is known as angiogenesis, which occurs in both embryos and
adults’ bodies in direct response to tissue demands5. Angiogenesis plays a
crucial role in physiological conditions such as wound healing, growth,
hypoxia, tissue repair, and female reproductive cycle1,6–8. Essentially, there
are two different types of angiogenesis: 1) sprouting angiogenesis which was
the basis of Leonardo da Vinci view and proposed since long time ago, 2)
splitting angiogenesis that was discovered more recently in 1986. Splitting
angiogenesis

is

also

known

as

intussusceptive

or

non-sprouting

angiogenesis6. Since both sprouting and splitting angiogenesis are triggered
by hypoxic conditions, they are also known as hypoxia-induced angiogenesis.
It is worth mentioning that both splitting and sprouting angiogenesis affect
mainly capillaries, in particular sprouting angiogenesis. However, splitting
angiogenesis can also occur in arteries and veins.
1.2.2.1 Sprouting Angiogenesis
In sprouting angiogenesis, the leading players are endothelial cells. Releasing
proangiogenic molecules by the angiogenic centre triggers angiogenesis.
Angiogenic centres could be cells in a tissue that are hypoxic or immune cells
such as macrophages at a wound's site1,23. Two capillaries are involved in
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sprouting angiogenesis, where both capillaries give of little sprouts. These tiny
sprouts migrate towards the angiogenic centre, and finally, they will meet at
the angiogenic centre and fuse together. This fusion leads to create a
connection between two capillaries sending the sprouts2.
The first step to produce such sprouts is known as tip cell selection. The very
specialised tip cell exists at the tip of a shoot, and there is only one. All
endothelial cells have a unique receptor, VEGF-R2, on their surface. VEGFA, one of the chief angiogenic molecules, binds to this receptor. The cells that
receive the most significant dose of VEGF-A differentiate into tip cells. The tip
cells can produce a unique structure, which is called filopodia. One of VEGFA functions on endothelial cells is that the tip cells will have these filopodia by
which the sprouts migrate towards the angiogenic centre24. In addition to
generating filopodia, the tip cells can also break down the capillaries'
basement membrane by releasing proteolytic enzymes. The tip cells will then
be free and pass the basement membrane, moving towards the angiogenic
centre25.
Apart from producing filopodia and releasing proteolytic enzymes, the tip cells
stop their neighbouring cells from becoming tip cells by expressing Delta Like
Ligand 4 (DLL4) on their surface. The adjacent cells have special receptors
called notch receptors for DLL4. Binding DLL4 to its receptor on the surface of
neighbouring cells causes these cells to stop expressing VEGF-R2, leading to
receiving no VEGF-A so that the adjacent cells will not differentiate into tip
cells24.
The next step is the stalk elongation. The tip cell leaves a hole behind,
migrating towards the angiogenic centre, but the neighbouring cells right next
to the hole will not move and chase the tip cells. Instead, they begin to
proliferate, and the newly produced cells will track the tip cell as it migrates
towards the angiogenic centre. Therefore, there will no longer be a hole at the
site of the capillary. The adjacent cells keep proliferating, and the newly
produced cells, also known as stalk cells, go with the tip cells, forming a
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structure called a sprout1. At this point, the shoot, which consists of a tip cell
and a stalk (the proliferated cells), still does not contain a lumen. By
proliferation of the stalk cells, the sprout gets longer and longer. As the stem
grows and navigates towards the angiogenic centre, there is no basement
membrane surrounding it.
The third step is called tubulogenesis, during which the stalks turn into tubes.
In tubulogenesis, first, the stalk cells press up against each other to form a few
little holes. These small air packages called vacuoles then fuse and form a
tube or lumen26.
The next step after tubulogenesis is when the two sprouts meet and fuse 1. The
capillary is still not complete in this step since there is no basement membrane
and pericytes and fibroblasts around it. The last step is forming the basement
membrane surrounding the newly formed capillary, following by recruiting
pericytes and fibroblasts. Being surrounded by pericytes is a process known
as pericytes stabilisation27.
Once the capillary formed, the blood flows down, providing the tissue with
oxygen. Therefore, if the angiogenic centre produces VEGF-A due to hypoxia,
it will stop releasing this angiogenic molecule. As a result, sprouting will stop
additionally1. Fig 1.3 schematically depicts the process of sprouting
angiogenesis.
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Fig 1.3: Sprouting angiogenesis. Schematic overview of the process of sprouting
angiogenesis28.

1.2.2.2 Splitting Angiogenesis
Intussusception

or vascular

splitting

is

an

alternative

process

for

angiogenesis29. This type of angiogenesis, like sprouting angiogenesis, occurs
in response to VEGF-A. The difference is that one blood vessel divides into
two separate blood vessels in splitting angiogenesis. In such a way that two
endothelial cells forming a vessel start folding back into the lumen, producing
protrusions and continue folding so that they reach the centre of the lumen
and close off the wall. While endothelial cells are folding back to form two
vessels, fibroblasts will follow the endothelial cells migrating towards the
lumen's centre. When the wall is completed, fibroblasts push the newly formed
blood vessels away from each other. Once the vessels are separated,
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fibroblasts and pericytes surrounding them begin to produce and release a
considerable amount of collagen to separate them and help them establish
more. In other words, it is fibroblasts’ function to detach these newly formed
blood vessels29,30.

Fig 1.4 schematically depicts the process of splitting

angiogenesis.

Fig 1.4: Splitting angiogenesis. Schematic overview of the process of splitting angiogenesis.
Endothelial cells (EC in green) on the opposite sides of a capillary begin to migrate towards
the centre of its lumen until they meet each other. Fibroblasts (Fb in blue) and pericytes (Pr in
yellow) help with the stabilisation of these newly formed vessels by producing and releasing
collagen (Co) fibrils30.

1.3

Vascular Growth Factors

Many gene products, including different growth factors, play crucial roles in
forming blood vessels. Among these products, vascular growth factors have
recently received much attention. These growth factors are categorised based
on their functionality on endothelial cells. VEGF family (5 members),
angiopoietin (4 members), and ephrin family (1 member) are considered
vascular endothelium-specific growth factors. In contrast, fibroblast growth
factors (FGFs), transforming growth factor β (TGF β), and platelet-derived
growth factor (PDGF) are considered vascular non-specific growth factors
because they can act on many other cell types21. Here we briefly mention
these two types of growth factors and their function in vascularisation.
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1.3.1 Vascular-Specific Growth Factors
As mentioned earlier, five VEGF family members, four angiopoietin family
members, and one member of the ephrin family are known as vascular-specific
growth factors because they act only on endothelial cells21.
1.3.1.1 VEGF
In adults and during the development of embryos, vasculogenesis,
angiogenesis, and vascular maintenance are regulated by Vascular
Endothelial Growth Factor (VEGF) family31. Hence, VEGF is considered the
master regulator of vascularisation in embryonic, adulthood, physiological
development, and diseases29. VEGF is produced and released by a cell that
is not supplied with enough oxygen or a cell at a wound's site 1,23. Once
released, VEGF binds to its receptor, VEGF-R2, on endothelial cells' surface,
leading them to proliferate, elongate and self-assemble to form new blood
vessels32. In addition to inducing endothelial cells to proliferate and migrate,
VEGF regulates vascular diameter33.
VEGF gene has eight exons and seven introns and locates on the short arm
of chromosome 6. Hypoxia-mediated control of gene transcription controls the
transcription of the VEGF gene, and alternative mRNA splicing and proteolytic
processing control the production of different types of VEGF isoforms.
VEGF189, VEGF165, VEGF121, and VEGF205 are the main isoforms of
VEGF34. There are different VEGFs classified by their structure, including
VEGF-A, VEGF-B, VEGF-C, VEGF-D, VEGF-E, VEGF-F, and Placental
Growth Factor (PLGF). The main type, VEGF-A, cloned in 198931,35, plays
several functions in endothelial cells, such as regulating angiogenesis,
mitogenesis, vascular permeability, vascular tone, and the production of
vasoactive molecules31,34. Three receptor tyrosine kinases, VEGF-R1 (Flt-1),
VEGF-R2 (KDR/Flk-1), and VEGF-R3 (Flt-4), mediate the activity of
VEGF32,35,36. Cell motility is mediated by VEFG-R1, which is expressed on
endothelial cells and monocytes32,37. VEGF-R2 mediates the proliferative and
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mitogenic actions of VEGF, as well as vascular permeability. Also, it is
believed that VEGF-R3, so-called Flt-1, mediates lymphangiogenesis, the
growth of lymphatic vessels21,32,38,39. Fig 1.5 represents the signalling
pathways activated by VEGF, which result in angiogenesis.

Fig 1.5: Signalling pathways activated by VEGF. Activity of VEGF is mediated through
three receptor tyrosine kinases34.

1.3.1.2 Angiopoietins
Angiopoietins are 70 kDa glycoproteins that act primarily on the vascular
networks to regulate blood vessel development and stability40. Angiopoietins
are considered vascular-specific growth factors because Tie-1 and Tie-2
tyrosine kinases, receptors for angiopoietins, are explicitly expressed in
vascular endothelial cells21,41. Studies indicate that the Ang/Tie signalling is
crucial for vessel remodelling, also for recruitment of mural cells and vessel
maturation during the development of embryo and adult vessel homeostasis42.
Four members of the angiopoietin family, Ang-1, Ang-2, Ang-3, and Ang-4,
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have been identified as the most important partners of VEGFs. They work in
concert with the VEGF family to form vascular networks21. Ang-1, expressed
by pericytes, SMCs and fibroblasts, is the regulator of Endothelial cells’
phenotype. Park et al. and Nishishita et al. reported that expression of Ang-1
is elevated in pericytes and SMCs by hypoxia, VEGF-A and PDGF-B43,44. Ang1 is a critical growth factor for vessel maturation, adhesion, migration, and
survival45,25-27. Ang-2 is produced by endothelial cells where various growth
factors and physiological conditions such as VEGF-A and hypoxia regulate its
production at the transcriptional level46,30. This member of the angiopoietin
family expressed by endothelial cells at the angiogenesis sites promotes cell
death and disrupts blood vessel formation. Ang-2 also disturbs the connection
between endothelial cells and perivascular cells. However, when in
conjunction with VEGF, Ang-2 can promote neo-vascularisation41,23.
1.3.1.3 Ephrin
Ephrins, also known as ephrin ligands, are cell membrane-associated
signalling proteins that act as the ligands for Eph receptors. These growth
factors are considered the largest receptor protein tyrosine kinases with 14
members. Based on their structure and linkage to the membrane, ephrins are
categorised into two subclasses, A-subclass and B-subclass. Ephrin-As
consisting of ephrin-A1 – ephrin-A5 are linked to cell membrane by a
glycosylphosphatidylinositol (GPI). This subclass of ephrins has no
cytoplasmic domain. In contrast with ephrin-As, ephrin-Bs are anchored to cell
membrane by a single transmembrane domain which comprises a short
cytoplasmic domain. Ephrin-B contains three members, ephrin-B1 – ephrinB347–49.
Ephrins have essential functions during development and adulthood. They are
associated with axon guidance50, cell proliferation and retinotopic mapping48,
reverse signalling49 and angiogenesis47.
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Ephrin-B2 and its receptor, EphB4, carry out important functions during blood
vessel formation. Ephrin-B2 labels arterial endothelial cells where its receptor,
EphB4, marks venous endothelial cells. In other words, the arterial and venous
fate of endothelial cells is determined by Ephrin-B2 and EphB447.
1.3.2 Vascular-Nonspecific Growth Factors
Fibroblast growth factor (FGF), transforming growth factors (TGFs), and
platelet-derived growth factor (PDGF) are considered vascular non-specific
growth factors because they can act on the function of not only endothelial
cells but also many other cell types21.
1.3.2.1 FGF
FGF family comprises nine members, which are multifunctional regulatory
peptides. Their effects have been significantly studied on tumorigenesis,
cardiovascular disease, repair of tissue injury, neurobiology, and embryonic
development51. FGFs are potent mitogens and chemo-attractants for
endothelial cells and various mesenchymal cells, including fibroblasts,
osteoblasts, chondrocytes, smooth muscle cells, skeletal myoblasts, and cells
of neuro-ectodermal origin. FGFs not only have growth-promoting effects on
most fibroblastic cell types also stimulates angiogenesis, neovascularisation,
wound healing, and cell migration51.
FGF-2, or simply FGF, an FGF family member, is a 13.3 kDa polypeptide that
was first purified from the bovine pituitary gland in 197552. Acidic fibroblast
growth factor (aFGF) and basic fibroblast growth factor (bFGF) were the first
members of this family, which were purified on the basis of their mitogenicity
toward fibroblasts53. This growth factor is a potent angiogenic molecule in vivo
and in vitro capable of promoting all phases necessary for new blood vessel
formation51,54. FGF-2 induces EC proliferation, migration, and angiogenesis in
vitro. It also regulates several molecules' expression thought to mediate critical
steps during angiogenesis. FGF-2 also plays a crucial role in developing and
differentiation

of

vessel

walls

by

15

stimulating

smooth

muscle

cell

proliferation51,54. Besides, it regulates collagen type I production and laminin
production, one of the most important biological substances both participate in
angiogenesis by the periodontal ligament-derived cell. Applying FGF-2 at the
early phase of the wound healing process leads to many new capillaries51.
1.3.2.2 TGFs
Transforming growth factors (TGFs) and platelet-derived growth factor
(PDGF) are produced by platelets, fibroblasts, and transformed cells 55,56. The
name of TGF comes from their ability to alter the phenotype of the cells in their
presence56. TGFβ with 25 kDa molecular weight can be found in tumours and
normal cells such as kidney, placenta, and platelets56. A low concentration of
TGFβ triggers microvascular endothelial cells' proliferation and angiogenesis,
whereas its high concentration inhibits these processes in vitro57.
TGFβ is considered the major modulator of angiogenesis in wound healing as
it regulates cell proliferation, migration, capillary tubule formation, and ECM
deposition. Three TGFβ isoforms, TGFβ1, β2, and β3, are expressed in the
mammalian system and bind to the same receptors and elicit similar biological
responses when tested on most cell cultures58. Yang et al. showed that TGFβ
promotes angiogenesis through stimulating EC migration, differentiation, and
tubule formation59. Some other studies indicated that TGFβ stimulates
angiogenesis by deposing ECM and upregulating their integrin receptors60–62.
Roberts et al. showed that TGFβ injection into the nape of the neck in neonate
mice led to an increase in macrophages, fibroblasts, collagen production, and
new capillaries formation63.
1.3.2.3 PDGF
Platelet-derived growth factor (PDGF)-BB is another key chemoattractant for
migrating mural cells that express PDGF receptor-β. This chemoattractant is
among the signalling pathways involved in smooth muscle development and
differentiation64. By secreting PDGF-β, endothelial cells recruit mural cells52.
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1.4

Cells Involved in Vascular Formation

Three groups of cells, endothelial cells, mural cells, and stromal cells, are
involved in the formation and stabilisation of blood vessels. Table 1.1
summarises these cells, their function and markers.
Table 1.1: Cells involved in vascularisation and their markers. As, there is no pericytespecific and fibroblast-specific marker, a combination of markers is used to identify them.
Cell Type

Common Marker(s)

Ref

-

PECAM-1

65

Pericytes

PDGF+/FSP1-

66

vascular Smooth Muscle Cell
(vSMCs)

α-SMA, SM22a

67

Mesenchymal Stem Cells
(MSCs)

Stro‐1, SSEA‐4, CD271,
CD146

68

PDGF+/FSP1+

66

Endothelial Cells

Mural Cells

Stromal Cells

Fibroblasts

1.4.1 Endothelial Cells
Based on their structure and functions, blood vessels can be divided into three
major groups, arteries, veins and capillaries. Regardless of what layers these
vessels could comprise, the inner surface of all of them is covered with a very
thin mono-layer of endothelial cells, called the endothelium.
Endothelial cells are given rise by mesoderm, the second layer of an embryo
sandwiched between ectoderm and endoderm69. Originated from their
common precursor called angioblasts in the mesoderm, endothelial cells
differentiate into specialised endothelial cells of arteries, veins, and capillaries.
To develop organ-specific phenotypes, endothelial cells forming capillaries
then differentiate further70,71. The vessels are different in their functions such
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as permeability, response to cytokine exposure, ability to attract immune cells,
and tumour cells adhesion affinity owing to the different phenotypes72.
Apart from the Platelet Endothelial Cell Adhesion Molecule-1 (PECAM-1), also
known as CD31/endo-CAM, which is a universal and particular marker of the
endothelium, endothelial cells are identified by expression of von Willebrand
Factor (vWF) and specific receptors for VEGF such as VEGF-R1 (Flt-1) and
VEGF-R2 (Flk-1)65,71,73,74.
Owing to their relative ease of procurement and extensive characterisation,
Human Umbilical Vein Endothelial Cells (HUVECs), the first endothelial cells
successfully

cultured73,

have

been

commonly

used

in

microfluidic

microvascular models. When removed from their native environment and
cultured in vitro, vessel-specific endothelial cells partially dedifferentiate
because they owe their specification to both inherited epigenetic modifications
and local environmental cues. However, by adequately providing the
biochemical, mechanical, and physical environment, endothelial cells'
phenotype can be maintained in microfluidic microvascular models.
1.4.2 Mural Cells
Mural cells generally refer to cells surrounding and wrapping around blood
vessels. They are in close contact with endothelial cells. Among the most wellknown mural cells are pericytes that wrap around capillaries and vascular
smooth muscle cells (vSMCs) surrounding larger vessels1.
1.4.2.1 Pericytes
A population of contractile cells laid on capillaries was first described by a
French scientist named Charles-Marie Benjamin Rouget in the late 1800s.
Initially, this population of cells was named Rouget cells, but they were
renamed pericytes because they were in peri-capillaries area60. For more than
100 years post-describing by Rouget, due to their low numbers and lack of
specific cell markers, pericytes have not been isolated. Duffy et al. could
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recently isolate them from transgenic mice, and Crisan et al. isolated them
from human fetal tissue75,76. Since there is no pericyte-specific marker, a
combination of marker expression and their anatomical location in a very close
relationship between blood vessel endothelial cells is the strategy used to
identify pericytes. For instance, both fibroblasts and pericytes express PDGF
receptor-β (PDGFRβ), but in contrast with pericytes, fibroblasts express
fibroblast-specific protein 1 (FSP1) as well. Therefore, a population of cells
expressing PDGFRβ that does not express FSP1 is considered pericytes66.
Pericytes are polymorphic, elongated, multi-branched peri-endothelial cells
covered by the basement membrane. Based on their location and histological
characteristics, there are at least three types: pre-endothelial cell capillary
pericytes,

capillary

pericytes,

and

post-capillary

venule

pericytes77.

Microvascular pericytes wrap around the capillaries and crosstalk with
endothelial cells by physical contact and paracrine signalling66, essential for
normal blood vessel development77.
Pericytes play essential roles in physically stabilising vessels, blood flow
regulation78,

vascular

development79,

vascular

morphogenesis

and

stability45,80, and microvascular remodelling. Both endothelial cells and
pericytes produce a basement membrane indicating the importance of
pericytes-endothelial cells interaction in the formation, maintenance, and
remodelling of the basal lamina. They are also associated with allowing
endothelial cells to differentiate, proliferate, and develop vessel branches
(angiogenesis). TGF-1 expression by endothelial cells and pericytes sustains
endothelial cell-pericyte interaction. This interaction is essential to inhibit the
proliferation of endothelial cells45. Owing to their contractile properties,
pericytes play a solid role in the regulation of capillary blood flow and
diameter81. Stimulating retinal pericytes electrically, Peppiatt et al. showed that
pericytes control capillary diameter in whole retina and cerebellar slices. Their
findings indicate that pericytes are likely regulators of capillary diameter
because the changes in diameter of capillaries occur where the capillaries are
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wrapped by pericytes not in pericyte-free regions82. Through specialised
junctions, pericytes also produce focal contacts with endothelial cells. In
organs, including the central nervous system where pericytes are found
frequently, these cells may play a role in microvasculature's mechanical
stability. They stabilise the vessels by Extra Cellular Matrix (ECM) deposition
and/or by secreting and activating signals that induce differentiation and
quiescence of endothelial cells83.

Armulik et al. showed that pericytes

deficiency increases the blood-brain barrier (BBB) permeability to a range of
low-molecular-mass and high-molecular-mass components84. Although
endothelial cell sprouts may initially form without pericytes involvement,
pericytes are among the first cells to invade newly vascularised tissues
through paracrine PDGF-β signalling, indicating their essential role in
vasculogenesis77. The quiescence of blood vessels in adults can be disturbed
by pericytes during wound healing and tumour growth, making pericytes a
promising target in pharmacological therapy85,86.
1.4.2.2 Vascular Smooth Muscle Cells (vSMCs)
In contrast to pericytes that surround capillaries, vascular Smooth Muscle
Cells (vSMCs) are another type of mural cells that wrap around larger vessels.
vSMCs are found in tunica media87. In small vessels like arterials, where
pressures are not so significant, 1-2 layers of vSMCs are adequate. In larger
vessels such as arteries, up to 40 layers are necessary since forces are
considerable88. The main function of vSMCs is contraction, by which they
regulate vessel diameter. Besides, the cells remodel the vessels’ walls and
thereby provide vessel integrity by regulation of vascular tone and synthesis
and decomposition of the matrix89. To accomplish these functions, normal
adult vSMCs are identified by the expression of a profile of specific contractile
proteins such as α-Smooth Muscle Actin (α-SMA), Smooth Muscle Myosin
Heavy Chain (SMHHC), SM22α and smoothelin64, ion channels, calcium
handling proteins, and cell surface receptors that serve to regulate contraction
of the cell90. Although fully differentiated or mature vSMCs barely proliferate,
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during vasculogenesis, endothelial cell dysfunction, and at the site of a wound,
they may dedifferentiate and, by changing their phenotype begin to produce
and release ECM64,91. It was demonstrated by Orlidge et al. that pericytes and
vSMCs inhibit endothelial cell growth by a mechanism that requires contact or
proximity92.
Through a variation of the coated channel technique, vSMCs have been
applied to microfluidic microvascular models. For instance, using an
orthogonally micro-patterned circular microfluidic channel, Choi et al. formed
an in vivo-like smooth muscle cell layer19. In another example, perfusable
multilayer vessels were created in a microfluidic device made of PDMS by
sequentially seeding cell-laden GelMa hydrogels around concentric needles93.
1.4.3 Stromal Cells
Connective tissue cells of any organ are known as stromal cells that support
the function of the organ's parenchymal cells. Fibroblasts are the most
common stromal cells, and mesenchymal stem cells are another group of
stromal cells.
1.4.3.1 Mesenchymal Stem Cells (MSCs)
Mesenchymal stem cells, first introduced by Friedenstein, are multipotent
stromal cells that can differentiate into and give rise to osteoblasts (bone cells),
chondrocytes (cartilage cells), myocytes (muscle cells), and adipocytes (fat
cells). Pericytes and MSCs have some properties in common as it is thought
that after activation, pericytes leave the vessels and differentiate into MSCs,
though this has not been proved94. Studies also show that fibroblasts are also
able to differentiate into MSCs69. Sobrino et al. and Ghajar et al. have shown
that Normal Human Lung Fibroblasts (NHLFs) play the role of both stromal
cells and mural cells in microfluidic microvascular models95,96. Their findings
proved the phenomenon observed by Jeon et al. They could generate a 3D
functional microvascular network recruiting human MSCs in microfluidic

21

systems in which bone marrow-derived MSCs formed vascular networks and
initiated to express α-SMA97.
1.4.3.2 Fibroblasts
Fibroblasts, the most common stromal cells, were first reported over 100 years
ago. These spindle-like shape cells are characterised by other cells by their
morphology, ability to adhere to plastic, and lack of markers that indicate other
cell lineages. Although there are several well-established indicators of
fibroblast phenotype, none is exclusive to a particular group of fibroblasts and
can be found in all different types of fibroblasts. However, FSP1 seems to
provide the best specificity for detecting fibroblasts in vivo. Besides, several
markers can be considered site-specific indicators (Table 1.2). For example,
desmin is a specific marker for fibroblasts in the skin, whereas it is strongly
expressed in muscle cells in other sites98,99. These non-vascular, nonepithelial, and non-inflammatory cells synthesise and secrete various
important extracellular matrix components such as collagen type I, III, V, and
also fibronectin when embedded within the fibrillar matrix98,100. Fibroblasts are
significantly involved in ECM deposition, epithelial differentiation, inflammation
regulation, and wound healing101,102. By producing collagen type IV and
laminin, fibroblasts contribute to basement membrane formation103. Another
vital function of fibroblasts is the maintenance of ECM homeostasis by
producing and releasing ECM-degrading proteases such as matrix
metalloproteinases (MMPs)103,104. Like endothelial cells, fibroblasts are also
involved in angiogenesis98.
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Table 1.2: Fibroblasts site-specific indicators. No marker is exclusive to fibroblasts and
can be found in all fibroblasts, but some indicators can be considered site-specific markers for
the fibroblasts of that organ98.

1.5

Roles of Fibroblast in Vascularisation

As mentioned above, fibroblasts are the most common stromal cells of
connective tissue in the human body. These cells are different, based on which
organ they originate99. Many studies have shown their critical roles in the
formation of blood vessels. For example, although endothelial cells seeded
onto Matrigel and supplied with adequate growth factors rapidly migrate,
proliferate, elongate, and form capillary-like tubes, these constructs
deteriorate within 1-2 days. In contrast, in the absence of exogenous growth
factors, fibroblasts can promote endothelial cell differentiation and stabilise
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capillary-like tubes for several weeks, indicating the importance of these cells
in vasculogenesis and angiogenesis12,13.
The findings of another study performed by Velazquez et al. proved the
previously mentioned results. They plated human microvascular endothelial
cells (HMVECs) monolayer and induced them to form 3D, capillary-like
microvessels by covering them with a collagen layer followed by another layer
of collagen with embedded fibroblasts. Detachment and migration of
endothelial cells toward the collagen layer happened within the first few hours,
and the formation of tube-like structures occurred over the next 4-5 days. Their
results showed that the differentiation into branching capillary-like structures
depended on direct interaction between fibroblast-endothelial cell contact
owing to the fact that such a differentiation did not occur when fibroblasts were
replaced by other cells14.
It is well known that the transplantation of fibroblasts accelerates angiogenesis
around wounds by stimulating the secretion of various growth factors. It has
been shown that dermal fibroblasts play important roles in the deposition and
destruction of the matrices in a wound and control angiogenesis in the tissue
through cytokines such as VEGF, bFGF, and others15. Martin et al. showed
that matrix-bound fibroblasts increase angiogenesis and migration of
endothelial cells by producing and secreting factors such as VEGF and
hepatocyte growth factor or scatter factor (HGF/SF)16. In another study,
applying a monoclonal antibody against VE-cadherin showed that the
formation of tubule stimulated by fibroblast-derived growth factor is prevented,
indicating that fibroblasts may regulate angiogenesis by changing VE-cadherin
expression of endothelial cells17.
By culturing microvessels with and without fibroblasts, Villaschi et al.
demonstrated that fibroblasts' presence promotes angiogenesis and stabilise
neovascular

endothelium.

Microvessels

cultured

without

fibroblasts

deteriorated within 3 to 4 days, while the microvessels cultured with fibroblasts
were significantly prolonged. This was associated with ECM deposition by
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fibroblasts that stabilised newly formed vessels. Their results showed that both
fibroblasts and fibroblast-conditioned medium promoted angiogenesis in the
rat aorta assay105.
The formation of collagen, the most common ECM protein, depends on
ascorbate106,107. By culturing their model of endothelialised-reconstructed
connective tissue without ascorbate, Berthod et al. decreased the amount of
ECM surrounding fibroblasts to prove the importance of these cells to promote
the formation of capillary-like tubes by endothelial cells through deposition of
ECM. ECM deposited may help the cells trap growth factors secreted by
fibroblasts and increase 3D cell organisation106. Recruiting two types of human
dermal fibroblasts, Costa-Almeida et al. showed that different fibroblasts are
of various abilities to promote vascularisation, probably due to the expression
of varying levels of α-SMA and podoplanin, a small mucin-like protein, and
production of ECM107. Fibroblast-endothelial cell interaction, the formation and
long-term stabilisation of capillary-like tubes in fibroblast-endothelial cell coculture depend on nonsoluble factors, HGF/SF, in the ECM108.
Fibroblasts support both vessel sprouting and lumen formation by producing
and releasing two different classes of proteins. A combination of angiopoietin1, angiogenin, hepatocyte growth factor, transforming growth factor-α, and
tumour necrosis factor is necessary for endothelial cell sprouting. In contrast,
a combination of collagen I, procollagen C endopeptidase enhancer 1,
secreted protein acidic and rich in cysteine, transforming growth factor-β–
induced protein ig-h3, and insulin growth factor–binding protein 7, all of ECM
and produced by fibroblasts are essential for endothelial cell lumen
formation109. In a study performed by Nakatsu et al. endothelial cell-coated
beads were embedded in a fibrin gel with and without dermal fibroblasts
seeded on top of the gel. Over seven days post-seeding, many thin vessels
were formed from the beads in the presence of skin fibroblasts. At the same
time, endothelial cells began to detach and migrate from the beads in the
absence of fibroblasts without forming any vessels, indicating the importance
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of fibroblasts in vessel formation110. In a fascinating study, a 3D tissue-like
stromal environment (fibroblast-endothelial cells spheroids) was applied to
verify that fibroblasts support and modulate endothelial cells migration,
viability, and network formation111.
Apart from mediating angiogenesis chemically via producing growth factors,
fibroblasts also regulate angiogenesis mechanically via cell-mediated scaffold
disruption, extracellular matrix deposition, and ECM remodelling. Hurley et al.
demonstrated that interaction between fibroblasts and endothelial cells results
in greater construct stiffness via decreased expression of fibroblast matrix
metalloproteinase-2 and increased collagen I deposition when endothelial
cells are co-embedded with fibroblasts. In other words, fibroblasts regulate
capillary morphogenesis chemically, via secretion of growth factors and
mechanically via cell-mediated scaffold disruption, ECM deposition, and ECM
remodelling112. Other studies also showed that fibroblasts regulate
angiogenesis by altering the mechanical properties of ECM via deposition of
matrix and metalloproteinase-mediated extracellular matrix remodelling113,114.
Apart from matrix deposition, Cancer-Associated Fibroblasts (CAFs) support
vessel

formation

mechanically.

In

such

a

way,

the

inhibition

of

mechanotransduction pathways, including Rock, YAP, and Snail1 in CAFs cocultured with endothelial cells, attenuated vascular growth. Utilising magnetic
microbeads to induce mechanically-inhibited CAFs mechanically and
overexpressing Rho in normal breast fibroblasts increased vascular growth,
indicating the importance of mechanical support of fibroblasts in the formation
of microvessels115.
1.6

Mechanotransduction Pathway

Living cells constantly receive mechanical cues from ECM as well as from their
adjacent cells. Such stimuli are transformed into biological responses through
the intracellular molecular processes, called mechanotransduction. This helps
the cells adapt to the continuous dynamic changes of the surrounding
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microenvironment. A variety of mechanosensitive molecules such as integrins,
Focal Adhesions, ion channels, G protein coupled-receptors, growth factor
receptors receive and transfer mechanical signals to cells by activating
different mechanotransduction pathways116,117. Of all, we will mention FAK,
RhoA, YAP, Src, and Wnt/β-catenin in greater detail.
1.6.1 FAK
Plasma membrane is the primary site of force transmission to cells because it
enables direct contact between the cells and ECM. Focal Adhesions (FAs) are
developed beneath the plasma membrane when cells contact stiff
microenvironments. These large multiprotein structures are the leading
centres for cell-matrix interaction. FAs are responsible for receiving
mechanical stimuli from ECM, transferring them to the cellular cytoskeleton as
well as transmitting the forces generated by the cells to ECM. Their
construction makes their mission possible as FAs compose two parts,
transmembrane and intracellular parts. The former is in direct contact with
ECM components, namely integrins, fibronectin, vitronectin, collagens, and
laminins, while the latter serves as the intermediate part between the
transmembrane part and ECM. FAs compose 200 different proteins, including
focal adhesion kinase, Talin, Paxillin, Vinculin, Zyxilin, p130Cas, and Actinin118.
Of all, we mention focal adhesion kinase (FAK) in greater detail. Fig 1.6
illustrates FAs members.
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Fig 1.6: Schematic illustrating focal adhesion’s members116.

FAK is one of the first proteins recruited to forming FAs. It is activated by
autophosphorylation.

When

mechanotransduction

by

activated,

activating

FAK

downstream

triggers

intracellular

mechanotransducers,

particularly SH-2-domain containing proteins such as the Src family within the
given cell, resulting in full FAK activation116,119. By transferring physical stimuli
produced by integrins to the cytoskeleton, FAK plays a key role in cell growth,
proliferation, survival, adhesion, migration (by stimulating metalloproteinase
secretion), and differentiation118–120. Unlike FAK-expressing fibroblasts that
can respond to exerted forces by adjusting their movement direction and
forming FAs, FAK-inhibited ones fail to respond to such stimuli120. Llic et al.
also showed that FAK-deficient fibroblasts lost their ability to migrate,
indicating this mechanotransducer's pivotal role in cell migration121. The study
by Mitra et al. showed that the inhibition of FAK led to a decrease in VEGF,
subsequently, lack of angiogenesis122. This finding is consistent with another
study done by the same research group indicating that FAK promotes neo-
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vascularisation. This occurs due to the FAK ability to upregulate angiogenic
factors such as VEGF123.
1.6.2 RhoA
Cytoskeleton provides cells with mechanical support and plays a vital role in
cell shape, protrusion formation, cell proliferation, migration, etc. It comprises
three components; actin fibres, intermediate filaments, and microtubules 117.
RhoA family contributes to cell responses to mechanical forces. Of 20
members of the Rho GTPase family, three members, including RhoA, Cdc42,
and Rac1, are ubiquitous and widely-studied. RhoA is the key regulator of the
actin cytoskeleton117. It regulates α-actin stabilisation, α-actin-myosin
interaction necessary for cell contractility, and α-actin polymerisation in
response to mechanical signals116 (Fig 1.7). Overexpressing RhoA in normal
breast fibroblasts co-cultured with endothelial cells increases endothelial cells'
ability to form microvessels115. Several studies have also shown that RhoA is
involved in endothelial cell permeability124 and junction assembly of epithelial
cells125. Uchida et al. showed that the formation of tube-like structures was
arrested both in vitro and in vivo when RhoA was inhibited by either an
exoenzyme, Clostridium botulinum C3 transferase, or Y-27632, suggesting
that RhoA contributes to angiogenesis126. This finding is consistent with
another study that showed the inhibition of RhoA by alendronate in HUVECs
resulted in arresting the cell's ability to migrate and form capillary-like
structures127.
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Fig 1.7: RhoA controls mechanical signals propagation. RhoA regulates 1) acting
polymerisation by binding to mDia, generating contractile force either by 2) phosphorylation of
light myosin chain (MLC) or 3) inhibition of MLC phosphatase via ROCK, as well as 4)
stabilising F-actin fibres by activating LIM kinase (LIMK)116.

1.6.3 YAP
In 1994, Yes Associated Protein (YAP) was discovered as a nuclear receptor
of the inhibitory Hippo pathway. As a transcriptional coactivator, YAP mainly
functions as the regulator of tissues and organs’ size by modulating cell
proliferation and apoptosis128,129. Depending on the Hippo pathway being on
or off, YAP can be found in the cytoplasm or nucleus. When the pathway is
on, YAP is phosphorylated by LATS kinases (members of Hippo kinase
cascade), retains to the cytoplasm (inactive form), and gets degraded. In
contrast, when the pathway is off, YAP is dephosphorylated, relocated into the
nucleus (active form), and activates the target genes by binding to TEAD (a
transcription factor), triggering cell proliferation128–131. Being a nuclear receptor
that identifies and transmits intracellular and extracellular mechanical stimuli,
YAP is translocated from the cytoplasm into the nucleus in response to ECM
stiffness and cellular stretching changes. This happens through ROCK/RhoA
GTPase132,133. From a mechanical point of view, Wang et al. showed that YAP
and TAZ, another Hippo pathway effector, play a pivotal role in angiogenesis
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via mediating VEGF-VEGF-R2 signalling. They demonstrated that VEGF
induces YAP/TAZ by acting on the actin cytoskeleton. Activation of YAP/TAZ
results in inducing a transcriptional program to remodel the cytoskeleton and
trigger a feedforward loop that guarantees a proper angiogenic response. By
deleting YAP/TAZ, they also showed that lack of the proteins alters VEGF-R2
distribution on the cell membrane caused by trafficking deficiency from the
Golgi apparatus to the plasma membrane130. Fig 1.8 represents YAP
activation and deactivation in the presence and absence of mechanical cues.

Fig 1.8: YAP activation and deactivation due to mechanical stimuli. When activated in
response to mechanical cues, dephosphorylated YAP is translocated to the nucleus where its
binding to TEAD turns on the target genes resulting in cell proliferation. When deactivated
(phosphorylated), YAP is re-disturbed to cytoplasm and undergoes degradation131.
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1.6.4 Wnt/β-catenin
Wnt signalling is a pathway comprising 19 genes that regulates proliferation,
survival, polarity, migration, cell repair, embryogenesis, tissue homeostasis,
and tissue differentiation134,135. The genes code for glycoproteins rich in
cysteine, which function as extracellular signalling factors by binding to their
receptors, Fzd. Fzd receptor is of 10 isoforms that capable Wnt proteins to
signal through three different pathways; canonical Wnt/β-catenin pathway,
planar cell polarity pathway, and Wnt/Ca+2 pathway, also known as
noncanonical pathway of which we will mention the first one that is known to
contribute to angiogenesis, vascular remodelling, and differentiation135,136. Fig
1.9 illustrates the key members of each Wnt pathway.
b

a
c

a

a

a

Fig 1.9: The schematic illustrating the key members of three Wnt signalling pathways.
a) planar cell polarity pathway b) Wnt/Ca+2 pathway c) Canonical Wnt/β-catenin pathway134.

The Wnt/β-catenin pathway is the most studied Wnt signalling pathway,
triggered by binding a Wnt family's glycoprotein to their receptor, Fzd, and their
co-receptor, LRP5. Activation of Dsh protein as a result of the ligand and the
receptors binding leads to dephosphorylation of β-catenin, a transcriptional
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activator, and its shift from the cytoplasm to the nucleus, where it activates the
TCF/LEF-1 family of DNA binding proteins. One of the target genes is VEGF,
indicating the contribution of Wnt/β-catenin to vascularisation135. Using cellbased approaches and mouse models, Cha et al. demonstrated that Wnt/βcatenin contributes to lymphatic vascular morphogenesis, forming lymphatic
and lymphovenous valves, and lymphatic vessel patterning. They also found
that oscillatory shear stress activates the Wnt/β-catenin pathway in lymphatic
endothelial cells, which sequentially regulates the expression of the
lymphedema-associated transcription factor FOXC2. FOXC2 rescues the
lymphatic vessel patterning deficiencies in β-catenin-defected mice.
Altogether their findings demonstrate that Wnt/β-catenin signalling regulates
lymphatic vascular development via sensing oscillatory shear stress137.
1.6.5 Src
Src is one of the nine members of the Src family kinases. Interacting with
multiple proteins and protein complexes, Src mediates signal transductions. It
regulates various cell biological processes such as proliferation, survival,
adhesion, and motility by interrupting FAK. Phosphorylating integrins’
subunits, Src suppresses the attachment of integrins to ECM. Src also can
inhibit actin filament assembly and stabilisation of FAs by interrupting RhoA.
Besides, Src plays a key role in angiogenesis by regulating the gene
expression of angiogenic growth factors, such as FGF, VEGF, and interleukin
8138. Fig 1.10 illustrates Src signalling pathways and function.
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Fig 1.10: SFK signalling pathways and functions. Src regulates several cell functions such
as proliferation, survival and angiogenesis through interacting with different proteins 138.

Using

a

combination

of

molecular

and

pharmacologic

techniques,

Mukhopadhyay et al. were the first research group that showed Src-inhibited
fibroblasts fail to upregulate VEGF in hypoxia conditions, indicating the role of
Src in VEGF regulation and subsequently vascularisation139. The findings of
Eliceiri et al. highlighted that Src perturbation in tumour-associated blood
vessels resulted in suppressing tumour angiogenesis140. Another study by
Pyun et al. revealed that Src inhibitor, Capsiate, inhibits tubule formation by
endothelial cells, in vitro and sprouting of rat aorta as well as the formation of
new blood vessels in the mouse Matrigel plug assay, in vivo, demonstrating
the contribution of Src to the vascularisation141. Being localised to FAs Src also
acts as a mechanotransducer. Therefore its functions can be regulated by
mechanical signals142. Locally applied force and cyclic cell stretch result in the
activation

of

Src,

indicating

the

contribution

of

the

protein

to

mechanosensing143,144. Shimizu et al. showed that difference in the elasticity
of polyacrylamide gels results in different morphology of fibroblasts and mouse
embryonic stem cells involving the Src-ShcA-MAP kinase pathway
demonstrating the mechanical role of Src145. They also showed that the
differentiation of mouse embryonic stem cells changes depending on the
substrate stiffness. In such a way, they observed a decrease in the expression
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of the pluripotency markers on the softer gel (7.5 kPa) compared to the stiffer
one (76 kPa)145.
1.7

Microfluidic Based Methods of Microvessels Formation

There are different in vivo and in vitro methods to study vascular phenomena.
Injection of Matrigel or implantable tumours into mice146, the corneal pocket
assay147, and the chick CAM assay148 are different types of in vivo assays
which have their advantages such as having greater physiological relevance
and limitations, for instance; 1) difficulty in independent control of experimental
variable, 2) difficulty in manipulating gene expression in cells, and 3) difficulty
in purifying cells for biochemical and gene expression analysis. To address
the limitations of in vivo methods, in vitro microvessel models have been
developed which offer the advantage of 1) study of the structure and function
of the endothelium in response to a wide range of biochemical and physical
stimuli, 2) study of angiogenesis and vessel formation mechanism, 3) study of
endothelium dysfunction and shedding light on the molecular mechanism of
disease, 4) study of drug transportation, uptake, and efficiency, 5)
development of design rules for vascularising tissues and organs, 6)
independent control of experimental variables149. Four broad fabrication
methods, microfluidics, templating, 3D printing, and self-organisation, are
used in in vitro microvessel models. Of all, microfluidics technologies offer the
advantage of being relatively quick, recovering pure populations of cells, and
easily transfecting the cells of interest, as well as the possibility of high
resolution and live imaging110. In addition, employing microfluidics platforms
need fewer cells and reagents150. It enables applying physiological forces and
flows151, introducing known concentrations of individual molecules, controlling
ECM hydrogels' mechanical and biochemical properties, and culturing
vascular cells in well-defined 3D environments.
Microfluidic-based microvascular formation methods can be divided into two
main groups, 1) engineered methods and 2) natural methods. A coated
channel is an engineered method in which endothelial cells are seeded onto
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the ECM-coated walls of microfabricated vascular channels. Inorganic walls of
such channels are covered with ECM proteins such as collagen, fibronectin,
or gelatins to ensure a confluent endothelial monolayer's formation. The
natural method is subdivided into two groups, sprouting and self-assembly. In
the sprouting method, employing a three-channel microfluidic device with a
hydrogel channel in the middle, endothelial cells seeded onto the wall form
sprouts toward the hydrogel channel in response to the gradient of angiogenic
growth factors. Alternatively, spheroids of endothelial cells or endothelial cellcoated microbeads can be encapsulated within a hydrogel matrix and be
induced to form sprouts. The self-assembly method resembles the in vivo
process of vasculogenesis in which endothelial cells are embedded
homogeneously within a hydrogel channel. The cells embedded are fed with
growth medium containing soluble and insoluble signalling components
necessary to activate endothelial cells' inherent ability to elongate, connect,
and form intracellular vacuoles that coalesce to form vascular lumens152. Fig
1.11 illustrates the different microvascular formation methods applying
microfluidic platforms.
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ECM

Stromal Cells

Growth Medium

Endothelial Cells

Growth Factors

Beads

Fig 1.11: Schematics illustrating different methods of microfluidic microvasculature
formation. a) coated-channel method. b) angiogenic sprouting with a growth factor gradient.
c) sprouting from endothelial cell-coated beads. d) Sprouting from endothelial cell spheroids.
e) self-assembly.

37

2 Role of FB-EC Physical Interaction in
Vascularisation
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2.1

Introduction

Many studies have shown that fibroblasts assist endothelial cells in the
formation and stabilisation of blood microvessels12–15. However, there is some
disagreement in the literature over whether paracrine signalling between
endothelial cells and fibroblasts is sufficient to form functional blood
microvessels or direct physical interaction between two cell types is required.
To elucidate the discrepancy above, we employed a microfluidic platform
developed in Kamm’s Lab. The platform consisted of 7 channels comprising
three hydrogel channels (one EC channel and two FB channels) and four
medium channels (two inside and two outside medium channels), which
enabled the separate culture of the two cell types (Fig 2.1). We changed the
design slightly by narrowing the two inside medium channels to address the
impact of paracrine signalling. The impact of the presence of fibroblasts,
paracrine signalling, and direct interaction was respectively studied over one
week by three conditions:


Mono-Cultured (MC) condition: endothelial cells embedded in the EC
channel and a cell-free hydrogel in FB channels.



Paracrine

Co-Cultured-1

condition

(PCC-1):

endothelial

cells

embedded in the EC channel and fibroblasts in FB channels,


Juxtacrine Co-Cultured (JCC) condition: endothelial cells embedded
along with fibroblasts in EC channel and a cell-free hydrogel in FB
channels

We also investigated the sufficiency of solute factors to support ECs to form
blood microvessels by treating MC ECs with conditioned media.
Then, we characterised and stained JCC microvessels and assessed the
impact

of

reducing

FB

concentration

morphogenesis, and function.
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on

microvessels

formation,

2.2

Method

In this section, the materials and methods used to address the current
chapter's aim are described.
2.2.1 Device Design
To fulfil the chapter's objective and the thesis, two different microfluidic
platforms, a 7-channel device and a 3-channel device, were employed. The
following sections describe the designs, mould fabrications, device fabrication,
sterilisation and assembly.
2.2.1.1 Microfluidic Platforms (7-channel devices)
A 7-channel microfluidic device with dimensions mentioned in Table 2.1 was
employed to study the impact(s) of fibroblasts’ presence in the formation of
functional blood microvessels. The platform enables (1) high-resolution realtime imaging of the cells and (2) vascular perfusion for functional study. The
device consisted of seven adjacent, parallel, rectangular channels comprising
three hydrogel channels plus four medium channels (Fig 2.1 a). The middle
hydrogel channel where endothelial cells (ECs) were embedded was called
EC channel. Two side hydrogel channels where fibroblasts (FBs) were
encapsulated in a fibrin matrix were named FB channels. These hydrogel
channels were separated by two medium channels called inside medium
channels, which were designed narrow enough to keep chemical interaction
steady between FBs and ECs. Two outside medium channels were designed
large enough to supply sufficient medium for the cells to grow (Fig 2.1 b).
Microposts (250 µm diameter and 1 mm height) were designed to partition the
adjacent channels and prevent the solution from leaking into the neighbouring
channels. Ports of 2 mm and 4 mm diameter were considered to enable
hydrogel and medium injection through the respective channels (Fig 2.1 c).
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Table 2.1: Dimensions of a 7-channel device.
Dimensions (mm)

Medium Channels
Hydrogel Channels
Inside Medium Channels

Outside Medium Channels

Width

Length

Height

Width

Length

Height

Width

Length

Height

3.2

10

1

0.8

10

1

3.2

10

1

a

0.8 mm 3.2 mm

3.2 mm

b

Inside Medium Channels

Outside Medium
Channel
Outside Medium
Channel

Side Hydrogel Channel
(FB Channel)
Middle Hydrogel Channel
(EC Channel)

(Fig 2.1 continued on next page. Legend follows)
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Side Hydrogel Channel
(FB Channel)

c

Medium Filling Port

Gel Filling Port

1 mm

Micropost

250 µm

190 µm

Fig 2.1: 7-channel fluidic device. a) Top view of a 7-channel device showing
dimensions of channels. b) Schematic of the device representing hydrogel and
medium channels. c) Microposts partitioning adjacent channels.

2.2.1.2 Acrylic Moulds Fabrication
Poly-methyl methacrylate (PMMA, Sheet Plastics/UK) moulds, also known as
acrylic moulds, were used to make polydimethylsiloxane (PDMS, Ellsworth
Adhesives/US) microfluidic devices. To construct the moulds, 2D drawing of
the microfluidic devices were generated using AutoCAD 2018 (Autodesk/US).
The drawings were then used to laser-cut a piece of an acrylic sheet (1 mm
thick, Fig 2.2 a). To separate individual microfluidic channels, rows of
microposts (height of 1mm, diameter of 250 µm, and edge to edge distance of
190 µm) were etched into the top of the moulds (Fig 2.2 b). Finally, 30 psi at
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85°C was applied for 30 minutes to bond the bottom of the moulds to acrylic
bases (Fig 2.2 c).
Process
Laser

Result
Acrylic (1 mm thickness)

a
Laser-cut
device outline
(Cutting mode)

b
Cut 250 µm microposts
(Cutting mode)

30 psi

c
Bond to acrylic
base 85⁰C

Fig 2.2: Acrylic mould fabrication. A process of 3 steps; a) outline of mould was cut out of
a piece of 1-mm acrylic sheet, b) microposts of 1 mm height were cut at boundaries between
the adjacent channels, c) the bottom of the mould was bonded to an acrylic base.

2.2.1.3 Device Fabrication
Microfluidic devices were fabricated as described below:
PDMS moulding: To fabricate devices, PDMS and curing agent were mixed
in a ratio of 10:1. After stirring, the mixture was degassed using a desiccator
for 30 minutes. The mixture was poured onto the moulds and rest for 30
minutes to let the trapped bubbles rise to the top. Then, the moulds with the
mixture were put in a pre-warmed oven (80°C) for 1 hr and 30 min. Using a
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razor, the cured PDMS (device) was detached and peeled off carefully to avoid
ripping. Ports of diameter 2 mm and 4 mm were poked using biopsy punches
for the hydrogel and medium channels.
Device sterilisation: Before sterilisation, debris was removed from the
surface of the devices by applying a piece of scotch tape. The baked devices
were then submerged in a beaker filled with Deionised (DI) water, and the top
of the beaker was covered using aluminium foil. After wet autoclaving (20
minutes, 121°C), DI water was discarded. The devices, along with glass
coverslips (Electron Microscopy Science/US), were transferred onto sterile
boxes using a pair of sterile tweezers and were dry autoclaved (20 minutes,
121°C). Both the devices and coverslips were placed in an oven (80°C) to dry
overnight.
Device assembly: The channel side of the device was plasma-bonded
(Blackhole.Lab/France) onto a glass coverslip. Gentle pressure was applied
to bond two sides and to avoid air gaps between the device surface and the
glass coverslip (Fig 2.3). The bonded devices were placed inside an oven
(80°C) overnight to restore the hydrophobicity of the PDMS and to ensure the
formation of an irreversible bond.
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PDMS

Glass Coverslip

PDMS

Glass Coverslip

Fig 2.3: Device assembly. Applying plasma, a glass coverslip was bonded
to PDMS device.

2.2.2 Cell Culture
Two types of cells, Normal Human Lung Fibroblasts (NHLFs) and Green
Fluorescent Protein expressing Human Umbilical Vein Endothelial Cells (GFPHUVECs), were recruited in this project.
NHLFs: NHLFs (FBs) and FGM-2, the growth medium used to grow the cells,
were purchased from Lonza/Switzerland. The cells were frozen down and
stored in a liquid nitrogen tank (-192ºC). Herein, these cells have been referred
to as FBs.
GFP-HUVECs: GFP-HUVECs (ECs) were purchased from 2B Scientific/UK
and were cultured in EGM-2MV medium (Lonza/Switzerland). To help ECs
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attach, grow, and survive, the cells were cultured in rat tail Collagen-I-coated
flasks. The cells were frozen down and stored in a liquid nitrogen tank. Herein,
these cells have been referred to as ECs.
Rat tail collagen-I-coated flasks preparation: A working solution was
prepared by mixing 14 µL of acetic acid (Lonza/Switzerland), 50 µg/mL of rat
tail collagen I (VWR/US), and 10 mL of PBS 1X (Fisher Scientific Ltd/UK). The
working solution was added to cell culture flasks as 1 mL working solution per
25 m2 flask area. Then, the treated flasks were incubated at room temperature
for 2 hours inside a biosafety cabinet before being washed four times with
PBS. The flasks were either used immediately or stored at 4ºC for up to one
month.
2.2.3 Impact of FBs presence on Microvessels Formation – 7– Channel
Platforms
ECs and FBs were used in all experiments between passages 6-8 and
passages 5-10, respectively.
Thrombin solution, fibrinogen solution, re-suspension medium and Humidified
boxes needed to encapsulate the cells were prepared as described below:
Thrombin stock 100U/mL: Thrombin powder was resuspended with PBS -/(Calcium/Magnesium-Free PBS, Thermo Fisher Scientific/US) to a final
concentration of 100 U/mL. Thrombin stock was then aliquoted, and the
aliquots were stored at -20°C until use.
Fibrinogen solution (6 mg/mL): Fibrinogen flakes (6 mg) from bovine plasma
(Sigma-Aldrich/US) were dissolved in 1 mL of PBS-/-. The mixture was
incubated in a water bath (37°C) and was gently agitated every 30 minutes.
After 2 hours of incubation, the solution was filtered through 0.22 µm filters
and was kept at 4°C for up to 1 week.
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Re-suspension medium (4 U/mL): Prior to device seeding, 40 µL of thrombin
stock was added to 1 mL of cold EGM-2MV to make 4U/mL re-suspension
medium.
Humidified boxes: The racks of tip boxes were removed. Empty tip boxes
were then filled halfway with water, the racks were put back, autoclaved, and
set aside to cool. When cooled enough, the boxes were transferred to an
incubator (37°C).
Notes: In all experiments;


ECs and FBs were seeded at 4 x 106/mL and 2 x 106/mL final
concentrations, respectively.



Growth medium was replenished every 24 hours.



The final fibrin gel concentration was 3 mg/mL in all hydrogel channels.



All the cells encapsulated in the devices were fed with EGM-2MV.



All images (z-stacks containing 21 slides, 10 µm z-step, 10X objective)
were taken by a confocal microscope (Olympus FV1000/Japan) unless
otherwise stated in the text.



For all experiments, n=5 unless otherwise stated in the text.

The 7-channel devices were seeded with three different conditions described
below to investigate the impact of FBs presence on blood microvessel
formation.
Fibrin is a biopolymer of the monomer fibrinogen. The fibrinogen molecule is
composed of two sets of three polypeptide chains named Aα, Bβ, and γ, which
are joined together by six disulfide bridges. Fibrin is formed after thrombinmediated cleavage of fibrinopeptide A from the Aα chains and fibrinopeptide
B from the Bβ chains, with subsequent conformational changes and exposure
of polymerisation sites. This generates the fibrin monomer that has a great
tendency to self-associate and form insoluble fibrin143,153,154. As the most
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widely used scaffolds, fibrin gels are of some important advantages such as
1) high seeding efficiency, 2) uniform cell distribution 3) adhesion capabilities,
4) being easy to adjust the concentration of interest and 5) having a key role
in cellular and matrix interactions153,154 which make fibrin gels a good choice
for the current project.
Owing to their relative ease of procurement and extensive characterisation,
HUVECs, the first endothelial cells successfully cultured 73, have been
commonly used in microfluidic microvascular models. When removed from
their native environment and cultured in vitro, vessel-specific endothelial cells
partially dedifferentiate because they owe their specification to both inherited
epigenetic modifications and local environmental cues. However, by
adequately providing the biochemical, mechanical, and physical environment,
endothelial cells' phenotype can be maintained in microfluidic microvascular
models. For these reasons HUVECs were employed to as the source of ECs
in this project. NHLFs were used as the population of stromal cells based on
their known ability to stimulate capillary sprouting in a similar in vitro models
of vascularisations.
ECs Mono-Cultured (MC): ECs were trypsinised, spun down, counted, and
re-suspended in re-suspension medium. Equal parts (30 µL) of the cell resuspension and fibrinogen solution (30 µL) were mixed over ice to avoid
premature polymerisation. Then, the mixture was introduced to the EC channel
of a 7-channel device gently. FB channels were filled with cell-free hydrogel
solution (Fig 2.4 a). The seeded device was immediately placed in a
Humidified box and incubated at room temperature for 30 minutes, followed
by filling the medium channels with pre-warmed growth medium. Finally, the
device was set in an incubator (37°C, 5% CO2).
ECs Paracrine Co-Cultured with FBs-1 (PCC-1): Following trypsinising,
spinning down, counting, and re-suspending ECs and FBs in resuspension
medium, ECs were introduced in the EC channel once mixed with an equal
amount of fibrinogen solution. Thirty µL of FBs suspension was mixed with an
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equal fibrinogen solution. The mixture was immediately introduced in the FB
channel. We did so to fill the other FB channel (Fig 2.4 b). The device was
placed in a Humidified box to get the solutions gelled. After half an hour,
following filling the medium channels with pre-warmed growth medium, the
device was placed in an incubator.
ECs Juxtacrine Mixed Co-Cultured with FBs (JCC): ECs and FBs were
dissociated, counted, pelleted, and re-suspended in re-suspension medium.
Two cell suspensions were combined and mixed in equal parts. Thirty µL of
the combined cell suspension was mixed with 30 µL of fibrinogen solution,
pipetting up and down over ice to mix them homogenously. The mixture was
then pipetted into the EC channel gently. FB channels were filled with cell-free
hydrogel solution (Fig 2.4 c). The seeded device was immediately placed in a
Humidified box and incubated at room temperature for 30 minutes. Finally,
medium channels were filled with pre-warmed growth medium.

a: MC

b: PCC-1
c: JCC
Fibrin Matrix

ECs

Growth Medium

FBs

Fig 2.4: Cell seeding. a) Schematic representing ECs mono-cultured in
fibrin matrix (MC), b) ECs paracrine co-cultured with FBs-1 (PCC-1), c)
ECs mixed co-cultured with FBs (JCC).
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On days 1, 4, and 7 post-seeding, the devices were imaged by a confocal
microscope to assess vessel formation.
Investigation of Microvessels Function (Perfusability): We measured
microvessels perfusability to a fluorescent tracer dye (dextran 70 kDa) as
described below:
Dextran stock preparation: Texas red fluorescent dextran 70 kDa (Thermo
Fisher Scientific/US) was prepared by dissolving 10 mg of dextran flakes in 10
mL PBS-/-. The solution was then divided into aliquots and kept in a freezer (20ºC) until use.
Working solution preparation: Prior to perfusability measurement, 10 µL of
dextran stock was diluted with 400 µL of pre-warmed growth medium.
On day 7 of culture, the growth medium in upstream inside medium channel
was removed. To create a head pressure, ports of downstream medium
channels were emptied, followed by re-filling upstream inside medium channel
with the fluorescent tracer dye (Fig 2.5). EC channel was imaged immediately
to assess the perfusion of the dextran.
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a

Downstream
Medium Channels

Upstream Inside
Medium Channel

2) Ports of downstream
medium channels were
emptied.

1) Upstream inside
medium channel was
fully emptied.

3) Upstream inside
medium channel was
fully filled with a dye
tracer.

b
4 mm
Direction of Dextran Flow

Fig 2.5: Perfusability visualisation. a) Experiment set-up. b) Head pressure initiates
dextran perfusion through EC channel.

Data analysis: An image processing program, ImageJ (National Institutes of
Health/US), was used to analyse data. Perfusability, percentage of
microvessel lumens containing tracer dye (dextran) after perfusion, was
assessed by re-slicing confocal stacks in the x-z plane. After binarising both
the ECs channel (green) and dextran channel (red), the EC channel was used
to identify vessel outlines. Overlaying outlines of the EC channel with the
dextran channel, perfused vessels were identified (Fig 2.6). All microvessel
cross-sections contained dextran within them were added to the total perfused
area. The total perfused volume was divided by the total vascular volume to
calculate perfusability (Appendix 1).
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EC Channel

Dextran Channel

1) Re-slicing confocal stacks
in x-z plane.
2) Binarising and identifying
vessels’ outlines.

perfused
3) overlay
non perfused

Fig 2.6: Visualisation of perfusability analysis.

2.2.4 Diffusion
Dextran 10 kDa stock preparation: Texas Red Fluorescent Dextran 10 kDa
(Thermo Fisher Scientific/US) was prepared by dissolving 25 mg of dextran
flakes in 2.5 mL PBS -/-. Then, the solution was divided into aliquots that were
kept at -20ºC until use.
Working solution preparation: Prior to experiment conduction, 20 µL of
dextran stock was diluted with 400 µL of pre-warmed medium.
Experiment performing: Hydrogel channels were filled with cell-free hydrogel
solution. Once gelled, three medium channels were filled with pre-warmed
growth medium, whereas one of the outside medium channels was filled with
fluorescent dextran (Fig 2.7). EC channel was imaged by an epi-fluorescent
microscope (Leica/Germany) every five minutes to track the tracer dynamics.
Data analysis: Region Of Interests (ROIs), 0.75 x 0.75 mm, were defined in
the middle of the EC channel, and the intensity of dextran was read out within
it over time. The measured numbers were normalised with respect to
maximum intensity (Appendix 2).
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a

Upstream Outside
Medium Channel

Downstream Channels

1)

2) Downstream channels
were left fully filled with
growth medium.

Upstream outside
medium channel
was emptied.

3) Upstream outside
medium channel was
fully filled with the tracer
dye (Dextran).

b
4 mm

Direction of Dextran Flow

Fig 2.7: Diffusion visualisation. a) Procedure of replacing growth medium
with the tracer dye to assess diffusion. b) Side view of the channels after
injecting dextran. No head pressure was applied to help dextran diffusion
initiate.

2.2.5 Impact of FBs on Microvessel Formation – 3-Channel Platforms
When functional microvessels formed in the JCC device (please see Fig 2.4
c and Fig 2.15 b), we shifted from 7-channel devices to 3-channel devices as
described below. That was because we no longer needed 3 hydrogel channels
to form microvessels. We continued the project with 3-channel devices unless
otherwise explicitly stated in the text.
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The 3-channel microfluidic device employed systematically to study
microvessel formation properties, function, and morphogenesis met the same
criteria mentioned in part 2.2.1.1. The device consisted of three adjacent,
parallel rectangular channels (each 3 mm width, 23 mm length, and 1 mm
height) (Fig 2.8 a). The middle channel in which vascular cells were embedded
within a 3D hydrogel was known as vascularisation or hydrogel channel. Two
side channels through where the cells were fed with growth medium were
known as perfusion or medium channels (Fig 2.8 b). Two PDMS lips (0.3 mm)
extending from the top surface separated the individual channels. These lips
enabled filling each channel without any leakage to the adjacent channel. The
direct interaction between adjacent channels was provided by the remaining
0.7 mm height of the channel interfaces. Two-millimeter and four-millimeter
ports were considered to enable hydrogel and medium injection through the
respective channels (Fig 2.8 c).
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3 mm

a

23 mm

b
Hydrogel/Vascularisation
PDMS

Medium/Perfusion
Channel

Glass Coverslip

c

Gel filling port
Medium filling port

Medium Channel
3 mm

Medium filling port

Hydrogel Channel

Medium Channel

1 mm

3 mm

3 mm

Lip

0.3 mm

Fig 2.8: 3-channel device. a) Top view of the device showing the dimensions. b) 3D
Schematic of the device representing vascularisation and medium channels. c) Ports were
poked to enable gel and medium injection. Two 0.3 mm lips separating the adjacent channels.
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To fabricate 3-channel acrylic moulds and to make, sterilise, and assemble the
devices, the same procedures mentioned in section 2.2.1.3 were followed. The
devices were juxtacrine co-cultured as described in section 2.2.3.3 (Also, see
Fig 2.4 c). Fig 2.9 represents a 3-channel device seeded with JCC condition.

Fibrin Matrix

ECs

Growth Medium

FBs

Fig 2.9: JCC in a 3-channel microfluidic device. ECs and FBs were
mixed juxtacrine co-cultured in the vascularisation channel.

2.2.6 Conditioned Medium Experiment
We employed both 3-channel and 7-channel platforms to perform conditioned
medium experiments. It is worth mentioning that all the seeded devices were
fed with growth medium for the first 24 hours.
Seeding 3-channel microfluidic devices: 3-channel microfluidic devices
were seeded with MC condition as described in sections 2.2.3 and JCC
conditions (Fig 2.10 a i, ii). One device was seeded only with FBs named FBseeded device (Fig 2.10 a iii).
Seeding 7-channel microfluidic device: One 7-channel microfluidic device
was seeded as ECs Paracrine Co-Culture with Mixed Co-Culture of FBs and
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ECs-2 (PPC-2). To that end, the EC channel was seeded with MC condition
followed by seeding FB channels with both ECs and FBs (Fig 2.10 b). Once
the cell/gel solutions got polymerised in a Humidified box, the medium
channels were filled with pre-warmed growth medium, and the device was kept
in an incubator.

a

i
ii
iii

b

Fibrin Matrix

ECs

Growth Medium

FBs

2.10: Cell seeding for conditioned medium experiment. a) 3channel device seeded with (i) MC, ii) JCC and iii) FBs. b) Schematic
of a 7-channel device seeded with PCC-2 condition.
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To prepare conditioned medium, growth medium was harvested from medium
channels every 24 hours after culture and diluted 1:1 with fresh growth medium
to replenish nutrients depleted over the interval. Conditioned medium from
JCC devices was called Juxtacrine Co-Culture Conditioned Medium (JCCCM),
and conditioned medium from FB-seeded devices was called Fibroblast
Conditioned Medium (FBCM).
To fulfil the conditioned medium experiment, three MC devices were fed with
EGM-2MV, JCCCM, and FBCM, respectively, for one week. One JCC device
was fed with JCCCM to ensure that the difference in microvessels formation
was not due to a shortage of nutrients. PCC-2 was fed with growth medium.
Z-stacks taken on days 1, 4, and 7 were used to investigate microvessels
formation. Perfusability was assessed as described in section 2.2.3 (Fig 2.5
and Fig 2.6). The experiment is summarised in Table 2.2.
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Condition

Table 2.2: Conditioned medium experiment summary.

Device
Seeding
Conditions

Type of
Platform

Number of
Seeded
Devices

Fed with

Controls

Growth Medium
3-Channel
Microfluidic
Platform

Conditioned Medium
Treated Devices

7-Channel
Microfluidic
Platform

Juxtacrine
Co-Culture
(JCC)

Paracrine CoCulture-2
(PCC-2)

2

Juxtacrine Co-Cultured Conditioned
Medium (JCCCM)

Growth Medium

1

Growth Medium

3-Channel
Microfluidic
Platform

Mono-Culture
(MC)

3

Juxtacrine Co-Cultured Conditioned
Medium (JCCCM)

Fibroblast Conditioned Medium
(FBCM)

2.2.7 3D Functional and Morphological Characterisation
We then characterised JCC microvessels for some features such as
perfusability, permeability, length, diameter, coverage area, and topology.
2.2.7.1 Perfusability
Growth medium was removed from the upstream medium channel and the
downstream medium channel ports on days 1, 4, and 7 after seeding, followed
by perfusion of the fluorescent tracer dye in the upstream medium channel
(Fig 2.11). The vascularisation channel was imaged immediately. Data
analysis was performed as described in part 2.2.3.
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a

Upstream
Medium
Channel

Downstream
Medium
Channel

2) Ports of downstream
inside medium channel
were emptied.

1) Upstream medium
channel was fully
emptied.

3) Upstream medium
channel was fully filled
with the tracer dye.

4 mm

b
Direction of Dextran Flow

Fig 2.11: Perfusability visualisation. a) Schematic representing perfusability
experiment set-up. b) Head pressure initiates dextran perfusion through vascularisation
channel.

2.2.7.2 Permeability
Permeability, crossing plasma and its solutes through the vascular barrier 155,
was measured to a fluorescent tracer dye, 10kDa dextran.
3-channel devices were seeded with JCC condition. On day 4, 1.5 x 106/mL
ECs were seeded on both medium channels to form a monolayer within the
next 3 days (Fig 2.12). This was to stop dextran perfusing into the
vascularisation channel via the gel.
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Blood Microvessels

EC Cells

Blood microvessels
ECs

Fig 2.12: ECs seeding. ECs were seeded in both medium channels
on day 4 of culture to form a monolayer within the next 3 days.

On day 7, growth medium in both upstream and downstream medium
channels was removed, followed by being filled with the tracer dye. To create
a head pressure, ports of downstream medium channel left empty (Fig 2.13).
The vascularisation channel was imaged immediately after introducing the
tracer (Time 0 - T0), followed by imaging the same spot of the device every 20
minutes for 1 hour with a confocal microscope (10X objective - 11 slices - 15
µm z-step) named as T1, T2, and T3.

61

a
Upstream
Medium
Channel

Downstream
Medium
Channel

4 mm

b
Direction of Dextran Flow

Fig 2.13: Permeability visualisation. a) Dextran was transduced into
both upstream and downstream medium channels. b) Head pressure
initiated dextran perfusion through vascularisation channel.

Data analysis: To calculate permeability, the average tracer intensity in both
microvessels and interstitial spaces, was calculated by comparing T0 with T1,
T0 with T2, and T0 with T3. The permeability coefficient was measured by
comparing interstitial intensity at different times.
2.2.7.3 Microvessel Length
Epifluorescent 2D images were analysed using ImageJ to calculate
microvessel lengths. The software produced a 3D skeleton by performing a
thinning algorithm. The skeleton segment lengths were directly used to
determine vessel lengths (See appendix 3 for macro script).
2.2.7.4 Microvessels Diameter
To measure microvessels diameter, 3D confocal images were collapsed in a
z direction. The diameters were then measured by drawing a line from one
edge of a microvessel to another edge. The length of these lines was
measured using ImageJ.
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2.2.7.5 Microvessels Coverage Area
To quantify the microvessel coverage area, the EC channel was processed
using ImageJ. In such a way that background and noise of 3D confocal images
were removed, followed by applying a Gaussian blur. The images were then
thresholded and binarised. The area of the microvessels was measured using
“Analyse Particle” plugin. Finally, to calculate the microvessels coverage area
per cross-section, the number obtained was divided by the cross-sectional
area (See appendix 4 for macro script).
2.2.7.6 Microvessels Topology
The topology of the microvessels, including the number of branches, the
number of junctions, average branch length, and maximum branch length,
were assessed by the projection of 3D confocal images (4 slides) in the z
direction. The z-projected stacks were segmented into vessels and interstitial
regions (voids) using the “Trainable Weka Segmentation” plugin (ImageJ).
Then, the images were skeletonised to measure vascular branching, the
number of junctions, average and maximum branch length using “Analyse
Skeleton” plugin. Fig 2.14 illustrates the procedure of assessing microvessels
topology.
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1) Confocal z-stack images, dextran channel (4
slices) were projected (average intensity) in the
z direction.

2) Vessels and voids were defined by drawing
outlines.
Vessel

Void

3) Vessels and voids were classified by
Trainable Weka segmentation plugin.
Vessel

Void

4) Microvessels were skeletonised
Skeletonised (2D/3D) plugin.

using

5) Overlaid.

Fig 2.14: Procedure of evaluating microvessel topology.
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2.2.7.7 Staining
Hoechst (New England Biolabs/US), Hu CD31 Alexa 647 (BD BioScience/US),
anti-human CD144 (VE-Cadherin) antibody (BioLegend, US), and CellMask
plasma membrane stain (Thermo Fisher Scientific/US) were applied to stain
blood microvessels for nuclei, PECAM-1, and cell membrane, respectively.
Hoechst stock preparation: The Hoechst dye stock solution (10 mg/mL,
16.23 mM) was prepared by dissolving 100 mg of the dye powder in 10 mL of
deionised water. The stock was then divided into aliquots and stored at -20ºC.
Nuclei staining: A fresh staining solution was prepared by diluting 1 µL of the
dye stock with 2 mL of pre-warmed growth medium. To stain the nuclei, both
medium channels were emptied. The nuclei were stained by introducing 200
µL of the staining solution to one of the medium channels. The staining solution
was removed after 5 minutes of incubation at room temperature. The
remaining staining solution was washed away by rinsing the device with PBS
(3 times, 5 minutes each). The device was then used to stain the plasma
membrane of the microvessels as follows;
Membrane staining: To prepare a staining solution (1X), 1 µL of the provided
1000X concentrated stain solution was diluted with 1 mL of pre-warmed growth
medium. The staining solution (200 µL) was introduced to one of the medium
channels, followed by incubation of the device at room temperature. After 5
minutes of incubation, the working solution was removed, and the device was
washed three times with PBS (5 minutes each.) The microvessels were, then,
stained with Hu CD31 Alexa 647 as follows;
PECAM-1 and VE-Cadherin staining: A fresh staining solution was prepared
by mixing 5 µL of the pre-diluted reagent and 100 µL of pre-warmed growth
medium. The solution was injected into one of the medium channels. The
device, covered by a piece of aluminium foil to be protected from light, was
then incubated at room temperature. After 5 minutes of incubating, the solution
was removed, and the device was rinsed three times (5 minutes each) by
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introducing PBS into medium channels. Finally, the medium channels were
filled with pre-warmed growth medium to feed the cells while being imaged.
The stained microvessels were imaged by a confocal microscope. Imaging
set-ups are summarised in Table 2.3.

Table 2.3: Confocal imaging set-up.
Confocal Imaging Set-up

Objective

10X

20X

60X

Z-step (µm)

Number of Slices

10

21

3

17

1

30

2.2.8 Impact of FBs Density on Vascularisation
In line with answering what would happen to the networks if ECs were cocultured with a lower number of FBs, we juxtacrine co-cultured ECs with 1
M/mL FBs (final concentration). The set-up was called JCC 4X (X is the ratio
of the total number of ECs to the total number of FBs in the system.) The
microvessels formed in JCC 4X were then compared to JCC 2X microvessels
(control) in terms of vascular topology and vascular function, including
perfusability.
2.2.9 Statistical Methods
Two-tailed student t-test was used to do statistical analysis. Each experiment
was repeated at least 3 times. The number of repeats along with p values have
been reported in both the main text and figure captions throughout the thesis.
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2.3

Results

2.3.1 Impact of FBs on Vascularisation – 7–channel platforms
To investigate the impact of FB presence (paracrine signalling) and EC-FB
physical interaction on microvessels formation, 7-channel microfluidic devices
were seeded with different conditions, MC, PCC-1, and JCC (Fig 2.15 a). Over
the course of one week, dramatic morphological changes were observed
among different conditions. The initially rounded and mono-dispersed ECs
began to spread out and extended protrusions, resulting in sheet-like clusters
by day 4 in MC device. The clusters then began to regress. By day 7, some
scattered and regressed sheet-like clusters remained in the EC channel (Fig
2.15 b). ECs paracrine co-cultured with FBs (PCC-1) formed sheet-like
structures which lasted over one week of culture (Fig 2.15 b). While ECs failed
to form microvessels in MC and PCC-1 devices, they succeeded in developing
connected, thin, and well-defined functional microvessels by day 7 when
juxtacrine co-cultured with FBs (Fig 2.15 b). The microvessels formed
persisted through approximately three weeks. The bar chart in Fig 2.15 c
compares JCC viability with MC and PCC-1. It is worth mentioning that by
functional microvessels we mean permeable and perfusable microvessels
throughout the current study.

a
MC
PCC-1
JCC

(Fig 2.15 continued on next page. Legend follows)
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b

Day 4

Day 7

JCC

PCC-1

MC

Day 1

c

Microvessel Viability

Days

20

10

0
JCC

PCC-1

MC

Fig 2.15: Microvessels formation comparison. a) Schematics of MC, PCC-1 and JCC. b)
Comparison of microvessel formation in MC, PCC-1 and JCC condition over the course of 1
week. Scale bar 150 µm. c) Bar chart comparing JCC viability with MC and PCC-1. n=5.
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The function of structures formed in different conditions was investigated by
perfusion of a fluorescent tracer dye (dextran 70 kDa, Fig 2.16 a) using
equation 2.1.
Perfusability (%)=

Area of vessels filled with dextran
Total area of vessels

× 100

(Eq: 2.1)

The bar chart in Fig 2.16 b compares MC, PCC-1, and JCC in terms of
perfusability. Confocal images showed that unlike JCC microvessels through
which dextran moved quickly, within a few seconds, and reached the other
inside the medium channel, in MC and PCC-1 devices, dextran perfused to
the EC channel via gel, proving the fact that sheet-like structures formed in
those devices were neither interconnected nor functional (Fig 2.16 c).

3 mm

a

Direction of Dextran Flow

b
Microvessels Perfusability

Perfusability (%)

100

50

0
JCC

PCC-1

MC

(Fig 2.16 continued on the next page. Legend follows)

69

c

Microvessels

Dextran Perfusion

Overlay

JCC

PCC-1

MC

(Fig 2.16 continued on the next page. Legend follows)

Fig 2.16: Perfusability visualisation. a) Schematic of perfusability set-up. b) Bar chart
comparing microvessels perfusability, n=5. c) Confocal images showed that dextran perfused
to EC channel through gel in MC and PCC-1 devices but it was confined within microvessels
and moved through them within a few seconds in JCC device. Scale bar 100 µm.

2.3.2 Diffusion
Considering that the growth medium was replaced every 24 hours, we
hypothesised that the lack of microvessel formation in PCC-1 devices might
be due to not arrival of growth factors secreted by FBs to the EC channel
because of their low diffusion rate. We measured the time that took 10 kDa
fluorescent dextran to diffuse from outside medium channel to EC channel to
examine this. Briefly, one of the outside medium channels was filled with
dextran (Fig 2.17 a). No head pressure was applied to initiate dextran diffusion
(Fig 2.17 b). Tracking dextran showed that it reached the middle of the EC
channel (ROIs, Fig 2.17 c) about 30 minutes after the initiation of diffusion
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(Fig 2.17 d). The non-smoothness seen in the curves at x=750 µm is due to
stitching two adjacent ROIs.

a

Outside
Medium
Channel

EC
Channel

b
4 mm
Direction of Dextran Flow

Outside
Medium
Channel

c

Dextran Flow

EC
Channel

ROIs

d

Fig 2.17: Diffusion. a) Schematic of diffusion experiment set-up. b) Side view of the channels
showing that no head pressure was applied to initiate dextran diffusion through the channels.
c) Top view of the channels showing ROIs imaged to track dextran. d) Graph representing
dextran diffusion to the gel over time. Normalised with respect to the intensity of the dextran
at 85 minutes after diffusion.
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Since it took dextran about half an hour to reach the middle of the EC channel,
24 hours, the medium replacement intervals, should be sufficient for the
growth factors to reach the EC channel. Thus, our hypothesis could be
rejected that the lack of microvessel formation could be due to not arrival of
growth factors secreted by FBs.
2.3.3 Impact of FBs on Microvessel Formation – 3-channel platforms
The results mentioned in section

2.3.1 showed that well-defined,

interconnected, long-lasting, and functional microvessels formed when ECs
were mixed co-cultured with FBs within one hydrogel channel (EC channel).
Because one hydrogel channel was enough to form functional microvessels,
to examine vascularisation in JCC condition further, we shifted to a 3-channel
microfluidic device, consisted of two medium channels and one hydrogel
channel, with the same dimensions (3 x 23 x 1 mm) as a 7-channel microfluidic
device (Fig 2.18 a). The only difference is to increase the length of the device
almost two times, from 10 mm to 23 mm. From here on, only 3-channel
microfluidic devices were used to accomplish the experiments unless
otherwise it is stated clearly in the text.
On the first attempt, we recapitulated vessel formation using a 3-channel
microfluidic device. To fulfil that, ECs were seeded along with FBs within a
fibrin matrix in the hydrogel channel (Fig 2.18 b). Initially, individually-scattered
rounded ECs began to get elongated within the first few hours after coembedding. By day 4, the cells formed nicely interconnected well-defined
microvessels. This continued until day 7. Fig 2.18 c shows microvessel
formation over the course of one week, and Fig 2.18 d is a confocal z-project
that shows a large view of the microvessels formed homogeneously
throughout the vascularisation channel by day 7. The microvessels formed
lasted for approximately three weeks after culture.
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a

b

c
Day 1

Day 4

Day 7

Hydrogel Channel

d

Fig 2.18: Microvessel formation in 3-channel microfluidic device. a) 3D schematic of a 3channel microfluidic device. b) ECs embedded along with FBs in a single hydrogel channel.
c) Microvessel formation over one week. Scale bar, 150 µm. d) A large view of microvessels
showing that the microvessels formed homogeneously throughout the hydrogel channel by
day 7. Scale bar, 500 µm.
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2.3.4 Conditioned Medium Experiment
We hypothesised the formation of functional microvessels in JCC condition
might be due to the production and secretion of some solutes produced and
secreted due to direct interaction between ECs and FBs. To address this, we
performed conditioned medium experiment. Conditioned medium is a
harvested medium from cultured cells, in our case, from encapsulated cells
within a fibrin matrix. Metabolites, growth factors, and extracellular matrix
proteins secreted by the embedded cells can be found in the medium. Usually,
as we did so, the medium harvested is diluted with fresh medium to replenish
nutrients.
We employed 3-channel and 7-channel microfluidic devices to perform the
experiment. 3-channel microfluidic devices were seeded with three different
conditions, MC, JCC, and only FBs (Fig 2.10 a), while one 7-channel
microfluidic device was seeded with PCC-2 (Fig 2.10 b). Conditioned medium
was prepared by mixing the harvested growth medium from the cells
embedded in fibrin gel with fresh medium. That dilutes growth factors in the
harvested medium. The reason that ECs were paracrine co-cultured with ECs
and FBs (PCC-2) was to make sure that the absence of microvessel formation
in the devices fed with the conditioned medium was not due to dilution of
growth factors because juxtacrine co-cultured ECs and FBs (in FB channels)
would provide mono-cultured ECs (in EC channel) with the growth factors
without any dilution. Confocal imaging of PCC-2 device and the devices fed
with JCCCM and FBCM revealed that the conditioned media could not
replicate the beneficial effects of actual juxtacrine co-culture. It is worth
mentioning that microvessels formed in the JCC device fed with conditioned
medium represented the microvessels formed in the JCC device fed with
growth medium. This demonstrated that the lack of formation of microvessels
in the devices fed with conditioned media was not due to deprivation of
nutrients (Fig 2.19).
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Day 4

Growth Medium

JCCCM

Growth Medium

Day 7

FBCM
Growth Medium

MCs Fed With

JCCCM

PCC-2 Fed With

JCC (Controls) Fed With

Day 1

Fig 2.19: Conditioned medium experiment. Confocal images of microvessel formation and
development over one week under different feeding conditions. Scale bar, 150 µm.
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No significant increase was observed in the viability and coverage area when
MC devices were fed with JCCCM and FBCM (P value >.05). However, we
observed a significant increase in viability and coverage area of PCC-2
microvessels (***P value <.001, n=5), demonstrating that chemical interaction
plays a vital role in microvessel formation (Fig 2.20 a, b). However, the
microvessels formed did not represent features of microvessels formed in JCC
devices proving that chemical interaction is not sufficient for the formation of
well-connected, long-lasting, functional microvessels by itself.
a

Microvessels Viability

Day
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Fig 2.20: Impact of conditioned medium on
microvessels viability and coverage area. a) Bar chart
representing microvessels viability in different conditions
(***P value <.001). b) Bar chart comparing microvessel
coverage area in different conditions (***P value <.001).
Values normalised with respect to MC fed with growth
medium on day 1. n=5.
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The function of the microvessels was then examined by dextran perfusion on
day 7. Fig 2.21 a, b illustrates the set-up used to assess perfusability.
Perfusion of dextran showed that unlike controls (JCC devices fed with growth
medium and JCCCM), none of the structures formed in the devices fed with
the conditioned medium was perfusable (Fig 2.21 c). Microvessels formed in
PCC-2 condition were slightly perfusable (~ 3%) though compared to the
perfusability of the controls (~ 98%), it was unremarkable (Fig 2.21 d).
The formation of functional microvessels in JCC device fed with JCCCM
proves that the lack of formation of functional blood vessels in the devices fed
with the conditioned medium was not due to a shortage of nutrients. However,
the increase in coverage area in conditioned-medium-fed devices, as well as
microvessel viability in PCC-2, showed that growth factors secreted by FBs
are essential but not sufficient to stimulate the formation of functional blood
microvessels.
a

4 mm

Direction of Dextran Flow

b

4 mm
Direction of Dextran Flow

(Fig 2.21 continued on the next page. Legend follows)
(Fig 2.21 continued on the next page. Legend follows)
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JCCCM
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Microvessels

(Fig 2.21 continued on the next page. Legend follows)
(Fig 2.21 continued on the next page. Legend follows)
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d

Microvessels Perfusability

Perfusability (%)
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0

Fig 2.21: Functionality of conditioned-medium-fed devices. a and b) Schematic
representing experiment set-up. c) Unlike controls, dextran perfused into the bulk of hydrogel
in the conditioned-medium-treated devices. Scale bar, 150 µm. d) Conditioned medium did
not increase microvessels perfusability significantly compared to MC fed with growth medium
(***P value <.001). n=5.

2.3.5 3D Functional and Morphological Characterisation
Then, some methods were applied to accurately quantify some characteristics
of JCC microvessels such as microvessel perfusability, permeability, length,
diameter, coverage area, and topology on day 7 or over one week after culture.
The microvessels were also stained for intercellular junctional molecular, VEcadherin, and vascular EC adhesion molecule, PECAM-1.
2.3.5.1 Microvessels Perfusability
Perfusability was examined on days 1, 4, 7 post seeding. The schematics in
Fig 2.22 a represent perfusability set-up. Perfusion of dextran showed that on
day 1 dextran perfused into the hydrogel channel through the gel over 30
minutes because the cells had not formed microvessels yet. In contrast, on
days 4 and 7, the tracer dye perfused into the hydrogel channel within a few
seconds through microvessels and remained confined, proving that the
microvessels were well-interconnected and well-defined. In other words, the
microvessels were functional (Fig 2.22 b). Perfusability increased dramatically
from day 1 to day 4 and peaked on day 7 (Fig 2.22 c).
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Fig 2.22: Perfusability of JCC microvessels. a) Schematic of perfusability set-up b)
Visualisation of dextran perfusion on day 1, 4 and 7 of culture. Scale bar, 100 µm. c) Graph
showing perfusability over the course of one week calculated as percentage. n=9.

2.3.5.2 Microvessels Permeability
To measure permeability, the average tracer intensity in both microvessels
and interstitial space (voids) were calculated immediately after introducing the
tracer (called T0) and again after every 20 minutes for 1 hour, called T1, T2,
and T3, respectively (n=9).
It is worth mentioning that 3 days before permeability measurement, on day 4
after culture, ECs were seeded in the medium channels (Fig 2.12) to form a
monolayer (Fig 2.23 a, b). This was to stop dextran perfusing to the hydrogel
channel through the gel.
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a

Blood Microvessels

EC Monolayer

b

Lip
EC monolayer

Blood Microvessels’ Openings

Blood microvessels
ECs
Blood microvessel opening

Fig 2.23: Formation of monolayer. a) ECs formed a monolayer by day 7 in both
medium channels for permeability experiments. This was to stop dextran perfusion to
the vascularisation channel through the gel. b) Side view of the medium-hydrogel
channel’s edge representing the monolayer formed and openings.
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Fig 2.24 a, b represent permeability experiment set-up. Fig 2.24 c represents
microvessels, voids, void area and perimeter. Equation 2.2 was used to
calculate microvessel permeability coefficient (P).
t
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where Ivoid
and Ivoid
are the intensity of the tracer dye within the void at the

time of interest (ti) and immediately after injection of the tracer (t0),
̅
̅
respectively. Ivessel
and Ivoid
stand for the average intensity of the tracer dye
within the microvessels and voids, respectively.
Fig 2.24 d shows the initial intensity of the tracer dye within a void at T0 and
the intensity of dextran in the same void at T3, one hour after the injection of
the tracer. We measured the permeability of the microvessels to 10 kDa
dextran to be 2.44E-07 cm/s (T0-T1), 2.60E-07 cm/s (T0-T2), and 2.68E-07
cm/s (T0-T3). We observed a slight increase in the permeability over time (Fig
2.24 e). However, the increase was not significant (P value >.05). The average
permeability was measured to be 2.57E-0.7 ± 1.23E-08 (Fig 2.24 f).
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Fig 2.24: Permeability. a) Schematic of permeability measurement set-up. b) Downstream
medium channel was less filled to create a head pressure, needed to initiate dextran
perfusion. c) Microvessels and voids visualisation. d) Intensity of dextran in voids increased
over one hour. e) Bar chart representing permeability values over time. f) Bar chart
representing permeability coefficient on day 7. n=9.
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2.3.5.3 Microvessel Length
The microvessels formed in our microfluidic device was composed of
microvessels with a diverse range of lengths. We measured an average vessel
length of 96 microns. Individual vessel lengths spanned a range of 10-540
microns. The histogram in Fig 2.25 represents the frequency of different
microvessel lengths (n=3).

0.4

Frequency

0.3
0.2
0.1
0.0

Microvessel Length (µm)

Fig 2.25: Microvessels length frequency. Histogram representing
the distribution of the microvessel lengths. n=5.

2.3.5.4 Microvessel Diameter
As mentioned in the method section, the microvessel diameters were
measured by drawing a line from one edge of a microvessel to the other edge
(Fig 2.26 a, b). The results revealed that the JCC microvessels showed a
heterogeneous range of diameters made up of capillaries (2-10 µm) and
venules and arterioles (10-100 µm). It is worth mentioning that individual
microvessel diameter spanned a range of 2-550 µm with an average of 30.15
µm (Fig 2.26 c).
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0.0

Microvessel Diameter (µm)

Fig 2.26: Microvessels diameter. a) Diameter of the microvessels were measured at 534
points. Scale bar, 150 µm. b) Small arrows in red show some of the lines (in yellow) drawn to
measure vascular diameter. Scale bar, 100 µm. c) Histogram representing the distribution of
microvessel diameters. n=3.

2.3.5.5 Microvessel Coverage Area
Microvessel coverage area was measured on day 1, 4 and 7. At the tissue
level, the microvessel coverage area significantly increased from day 1 to day
4 and slightly increased over the next 3 days. Fig 2.27 represents the
microvessel coverage area over the course of one week.
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Fig 2.27: Microvessel coverage area. Microvessel coverage
area increased from day 1 to day 7. n=5.

2.3.5.6 Microvessel Topology
We assessed microvessel topology, including microvessel branching, number
of junctions, average branch length, and maximum branch length. We
calculated the number of branches to be 653 ± 73 mm -2 (Fig 2.28 a) and the
number of junctions to be 402 ± 35 mm-2 (Fig 2.28 b).
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Fig 2.28: Microvessels topology. a) Bar chart representing number of microvessels
branches per area b) Bar chart representing number of junctions per area. n=9.

As mentioned in section 2.3.5.3 microvessel average and maximum branch
length were measured to be 96 and 540 µm, respectively.
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2.3.5.7 Microvessel Staining
ECs are tightly connected to their neighbouring cells via VE-Cadherin located
at junctions between two adjacent ECs. Being the major endothelial adhesion
molecule, VE-cadherin plays a solid role in the regulation of cellular junctions,
blood vessel formation, vascular permeability and leukocyte extravasation 156.
In addition to VE-Cadherin, PECAM-1, a heavily glycosylated transmembrane
homophilic protein functions as a vascular EC adhesion molecule156,157.
Apart from dextran's presence in microvessel to show the integrity and the
presence of a tight endothelial barrier, which is one of the most important
features of functional microvessels, the microvessels formed in the microfluidic
device were immunostained with two antibodies that specifically targeted VECadherin and PECAM-1. The immunostaining confirmed the presence of a
tight endothelial barrier (Fig 2.29), demonstrating the microvessels' integrity.
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(Fig 2.29 continued on the next page. Legend follows)
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Fig 2.29: Engineered 3D microvessels characterised by immunostaining. a)
Immunostaining of the microvessels for VE-Cadherin (Red). Scale bars, 100 and 150 µm,
respectively. b) Immunostaining the microvessels for PECAM-1 (Magenta). Scale bars, 150,
150 and 50 µm, respectively.

2.3.6 Impact of FBs Density on Microvessels Formation
In fulfilment of assessing the impact of lower number of FBs on the networks,
we decided to co-seed ECs with a fewer number of FBs (JCC 4X). The 3D
confocal images showed that ECs were yet able to self-assemble and form
microvessels by day 7 in the presence of lower concentration of FBs. However,
the microvessels were remarkably different from JCC 2X in morphology (Fig
2.30 a). Characterising the microvessels showed that coverage area reduced
by ~53% (***P value <.001, n=4, Fig 2.30 b). Also, ECs co-cultured along with
a lower number of FBs tended to produce lumens with larger diameter (***P
value <.001, n=4, Fig 2.30 c).
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Fig 2.30: Impact of lower number of FBs on vascularisation. a) Comparison of JCC 4X
and JCC 2X microvessel formation and morphology over the course of 1 week. Scale bar, 100
µm. b) Bar chart comparing coverage area in JCC 2X and JCC 4X (***P value <.001) c) Bar
chart comparing microvessel diameter in JCC 2X and JCC 4X ( ***P value <.001). n=4.
Normalised with respect to control values.

We also investigated the impact of the lower density of FBs on microvessel
topology, including branching, the number of junctions, average and maximum
branch length. The image data analysis showed JCC 4X microvessels were
different from JCC 2X microvessels in morphology and topology. In such a
way that a drastic decrease was observed in branching (**P value =.0012, n=4,
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Fig 2.31 a) and the number of junctions (***P value <.001, n=4, Fig 2.31 b)
whereas there was a significant increase in the average branch length of the
microvessels (*P value =.043, n=4, Fig 2.31 c) and maximum branch length of
the microvessels (**P value =.0019, n=4, Fig 2.31 d).
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Fig 2.31: Comparison of microvessels topology and diameter in JCC 4X and JCC 2X.
a) Co-culturing ECs with a lower number of FBs resulted in reducing branching (**P value
=.0012) and b) the number of junctions (***P value <.001), whereas that led to a significant
increase in c) average branch length (*P value =.043) and d) maximum branch length (**P
value =.0019), n=3. Normalised with respect to control values.

Perfusion of the tracer dye revealed that in addition to the difference in
microvessel morphology and topology, microvessels function decreased
remarkably by reducing the number of FBs, as not all the microvessels formed
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were perfusable (***P value <.001, n=5, Fig 2.32 a). Quantification of the data
showed that the perfusability of the microvessels in JJC 4X dropped by ~ 35%
(Fig 2. 32 b).
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Fig 2.32: Impact of FBs density on microvessel function. a) Not all the
microvessels formed in JCC 4X were perfusable. Scale bar, 100 µm. b)
Perfusability decreased significantly by reducing the number of FBs (***P value
<.001, n=5.) Normalised to control value.
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2.4

Discussion and Conclusion

Formation of new blood vessels occurs through either vasculogenesis in early
embryonic development or angiogenesis during late embryonic development
and adulthood. ECs, the most important participants in vasculogenesis and
angiogenesis, self-assemble and form tubules. However, despite their ability
to develop microvessels, the vessels regress within 2-3 days in the absence
of heterotypic cell partners. Many studies have shown that the presence of
FBs, as partners of ECs, is essential for vessel formation, mainly due to
producing and secreting growth factors12–17,105–107,158,159. Consistent with these
studies our findings show that the physical interaction between ECs and FBs
is essential for forming functional microvessels, as unlike juxtacrine cocultured ECs and FBs, mono-cultured ECs and paracrine co-cultured ECs with
FBs fail to form functional microvessels.
Hypothesising that the formation of functional microvessels might be due to
secretion of some solutes and growth factors produced due to direct
interaction between ECs and FBs when ECs and FBs were juxtacrine cocultured, we treated mono-cultured ECs with the different conditioned media,
including conditioned medium from JCC condition. A slight increase in the
microvessels coverage area indicates that while soluble factors are essential
for microvessel formation, they are not sufficient to trigger ECs self-assembly
into functional microvessels. This finding is consistent with several studies,
demonstrating that conditioned medium alone fails to stimulate microvessel
formation by different types of ECs115,159,160. Knowing that dilution of harvested
medium with fresh growth medium to replenish nutrients would dilute soluble
factors, paracrine mono-cultured ECs (in EC channel) were co-cultured with
FBs and ECs (in FB channels, PCC-2) to provide ECs with soluble factors
without any dilution. Despite this, ECs failed to form functional microvessels,
demonstrating inability of soluble factors to encourage ECs to form functional
microvessels. When a device seeded with JCC condition was treated with
conditioned medium from another JCC device (JCCCM), ECs retained their
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ability to form fully functional microvessels proving that the lack of microvessel
formation in the devices fed with the different conditioned medium was not due
to a shortage of nutrients. However, despite having several conditions, there
might exist some known or unknown labile factors as important drivers of
vasculogenesis that our PCC systems and conditioned media fail to provide
mono-cultured ECs with.
Many research groups have used dextran perfusion to investigate microvessel
functionality,

perfusability and

permeability161–167. We

examined

our

microvessels' function both by dextran perfusion and tight junction staining.
Dextran perfusion revealed that the microvessels were fully functional, and
tight junction staining demonstrated their integrity. We measured microvessel
permeability to 10 kDa dextran to be 2.57E-0.7 ± 1.23E-08 cm/s, similar to the
in vitro value reported by Lee et al. (2.21 ± 1.96E-0.7 cm/s)168 and in vivo value
reported by Yaun et al. (2.4E-0.7 ± 0.1E-0.7 cm/s)169.
Intriguingly, our results also demonstrate that a certain number of FBs is
critical to lead ECs to form functional microvessels. We observed significant
changes in microvessel morphology and a considerable decrease in the
microvessel coverage area, number of branching, number of junctions, and
perfusability when ECs were co-cultured with a fewer number of FBs.
Additionally, the reduced FBs density correlates with increased vessel
diameter. These findings are in good agreement with an earlier study by Chen
et al. They assessed the impact of low and high FB density on vascularisation
by co-culturing HUVECs and cord blood endothelial progenitor cell-derived
ECs with FBs. Their results revealed that both ECs developed less interconnected, less dense microvessels within four days in the presence of a lower
density of FBs170.
Altogether, our data shows that not only the presence of fibroblasts is crucial
to the formation of microvessels but also the direct physical interaction
between fibroblasts and endothelial cells is essential for the formation and
stabilisation of functional blood microvessels.
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3 Inhibition of Mechanotransduction
Genes in FBs and ECs
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3.1

Introduction

Our preliminary results proved that direct interaction between FBs and ECs
(JCC) is essential for the formation and stabilisation of functional blood
microvessels. RNAseq experiment done in Kamm’s lab revealed that when
juxtacrine co-cultured, ECs and FBs express different gene profiles. In such a
way

that

some

genes

belonging

to

mechanotransduction

and

chemotransduction pathways are upregulated in both cell types (data not
shown). Hence, we sought to investigate the impact of these genes on
microvessel formation, morphogenesis, topology, and function. To that end,
we perturbed our interest genes (YAP, Src, Wnt/β-catenin, RhoA, and FAK
belonging to mechanotransduction pathway and IGF-1, EED, and TGFβ
belonging to chemotransduction pathway) in both ECs and FBs by treating
them with gene-specific small molecule inhibitors (chemical inhibition).
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3.2

Methods

In this section, the methods used to achieve the goals of chapter 3 have been
mentioned in detail.
3.2.1 Impact of Dimethyl Sulfoxide (DMSO) on Microvessels
JCC devices were treated with different DMSO concentrations (10, 15, and 20
µL/mL) for one week. On days 1, 4 and 7, z-stack confocal images were taken
to track the formation of microvessels. The microvessels formed were
characterised for topology and function.
3.2.2 Impact of DMSO on Cell Viability and Proliferation
- Cell seeding and DMSO treatment: To assess the impact of DMSO on cell
viability and proliferation, ECs (2 x 10+5/well) were seeded in a rat tail collagen
1-coated 6-well cell culture plates and were fed with growth medium. The day
after, DMSO (10, 15 and 20 µL/mL) was reconstituted in growth medium. The
seeded cells were treated with DMSO-Medium. One well was fed with growth
medium as control.
Notes: In all experiments performed to measure cell viability and proliferation:


The inhibitors of interest were diluted in EGM2-MV to treat both ECs
and FBs because when the cells were encapsulated in a fibrin matrix
and injected in a microfluidic device to form microvessels, they were fed
with EGM-2MV.



When the cells were treated with Inhibitor-Medium, the medium was not
replaced with fresh medium for 4 days to avoid losing dead cells.

- Cell viability and proliferation measurement: Four days after treating the
cells with different concentrations of DMSO, the cells were dissociated, spun
down and re-suspended in 1 mL of growth medium. Using a NucleoCounter
machine (NC-3000-Chemometec/Denmark), cell viability and cell number
were measured. In such a way, approximately 60 µL of cell suspension was
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loaded into a specialised cell sampling and staining device, Via1-Cassette™
(Chemometec/Denmark). The device contains two immobilised fluorophores,
acridine orange (AO) and 4′,6-diamidino-2-phenylindole (DAPI). AO stains all
cells in the sample, both live and dead cells, thus providing a total count; DAPI
stains the dead cells.
The same process was performed to assess the DMSO impact on FB viability
and proliferation (No coated 6-well cell culture palates were used to culture
FBs).
3.2.3 Impact of Small Molecule Inhibitors on Microvessels
In this step of the project, the impact(s) of several small molecule inhibitors
were investigated on microvessel formation. The small molecule inhibitors
either targeted genes belonging to the mechanotransduction pathways or
genes belonging to the chemotransduction pathways. Table 3.1 shows the
small molecule inhibitors, pathways and genes targeted by them.
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Table 3.1: List of small molecule inhibitors, pathways and their target genes.

Chemotransduction
Pathway

Mechanotransduction
Pathway

Pathway

Small molecule
Inhibitors

Gene of Target

Verteporfin

Yes-Associated Protein (YAP)

PF-573228

Focal Adhesion Kinase (FAK)

XAV939

Wnt/β-catenin

CCG-1423

RhoA

PP2

Src

Picropodophyllotoxin

Insulin-Like Growth Factor 1 (IGF-1)

SB-431542

Transforming Growth Factor Beta (TGFβ)

A-395

Embryonic Ectoderm Development (EED)

3.2.3.1 Impact of Small Molecule Inhibitors on Cell Viability and
Proliferation
To find the desired concentration(s), which did not affect the cells' viability and
proliferation, at first, we treated both ECs and FBs with different concentrations
of each small molecule inhibitor to measure their viability and proliferation after
4 days. Table 3.2 summarises different concentrations of each small molecule
inhibitor as well as the solvent in which the inhibitors were reconstituted.
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Table 3.2: Solvents and different concentrations of small molecule inhibitors.

Small molecule
Inhibitors

Solvents

Verteporfin

DMSO

0.25

0.5

1

3

5

-

PF-573228

DMSO

0.1

0.5

1

5

10

-

XAV939

DMSO

10

20

30

40

-

-

CCG-1423

DMSO

1

3

5

10

20

-

PP2

DMSO

1

5

10

20

40

-

Picropodophyllotoxin

DMSO

0.25

0.5

1

3

5

10

SB-431542

DMSO

0.1

1

10

20

40

-

A-395

Water

0.1

0.5

1

5

10

-

Concentrations (µM)

The impact of small molecule inhibitors on cell viability and proliferation was
assessed as described in section 3.2.2. The difference was that we had two
wells as controls, one treated with growth medium and the other one treated
with Solvent-Medium (DMSO-Medium/Water-Medium).
3.2.3.2 Impact of Small Molecule Inhibitors on Microvessels
We treated JCC devices with the desired concentrations of small molecule
inhibitors, summarised in Table 3.3, for one week. Two JCC devices were fed
with growth medium and Solvent-Medium, respectively, as controls. On days
1, 4, and 7, z-stack confocal images were taken to track microvessel formation.
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Table 3.3: Desired concentrations of small molecule inhibitors chosen
to treat JCC devices.
Small Molecule Inhibitors

Concentrations (µM)

Verteporfin

0.25

-

-

PF-573228

0.1

0.5

-

XAV939

10

20

-

CCG-1423

1

3

-

PP2

1

5

-

Picropodophyllotoxin

0.25

-

-

SB-431542

0.1

1

10

A-395

0.1

0.5

-
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3.3

Results

3.3.1 Impact of DMSO on Microvessels
DMSO was used as the major solvent to reconstitute small molecule inhibitors.
However, many studies have proved the toxic effects of this solvent on cells171–
173.

To investigate the impact of DMSO on microvessels and determine the

highest DMSO concentration that did not affect microvessel formation and
characteristics, we treated JCC devices with different DMSO concentrations
(10, 15, and 20 µL/mL) over the course of one week.
3D confocal imaging showed that excluding 20 µL/mL of DMSO, in both growth
medium-treated devices (control) and DMSO-treated devices, ECs retained
their ability to form microvessels. As Fig 3.1 represents, we observed no
significant difference between the microvessels formed in the device treated
with 10 µL/mL of DMSO and control in terms of morphology, coverage area,
and microvessel diameter. However, the microvessels formed in the device
treated with 15 µL/mL of DMSO were significantly different morphologically,
so that when treated with 15 µL/mL of DMSO, ECs tended to form less dense
and less branched microvessels with larger diameters (Fig 3.1 a). In other
words, the microvessels coverage area decreased significantly (*P value
=.012, n=5, Fig 3.1 b). In contrast, microvessel diameter increased remarkably
(***P value <.001, n=3) in the device treated with 15 µL/mL of DMSO in
comparison to control (Fig 3.1 c).
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(Fig 3.1 continued on next page. Legend follows)
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Fig 3.1: Impact of DMSO on microvessel formation. a) Confocal images of microvessel
formation in different conditions over the course of one week. Scale bar, 150 µm. b) Bar chart
representing changes in microvessel coverage area as a result of DMSO treatment. *P value
= .012, and ***P value <.001, respectively. n=5. c) Bar chart comparing microvessel diameter
in different conditions. ***P value <.001. n=3. Normalised with respect to control values.

We then analysed our image data to investigate the impact of DMSO on the
topology of the microvessels. We measured microvessels branching, the
number of microvessels junctions, average branch length, and maximum
branch length. Similar to microvessels morphology, coverage area, and
diameter, no significant difference was observed between the microvessels
treated with 10 µL/mL of DMSO and control (P value >.05, n=5). Conversely,
we found remarkable changes in the microvessels treated with 15 µL/mL of
DMSO compared to control. There was a significant decrease in microvessel
branching (**P value =.007, n=5) and the number of microvessels junctions (**P
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value =.005, n=5). At the same time, we observed a significant increase in
average branch length (*P value =.029, n=5) as well as maximum branch
length (*P value =.014, n=5) when the co-encapsulated cells were treated with
15 µL/mL of DMSO (Fig 3.2). We did not analyse our 3D confocal images for
the device treated with 20 µL/mL of DMSO, as no microvessel formed in that
condition.
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Fig 3.2: Impact of DMSO on microvessel topology. Bar chart representing changes in a)
microvessel branching (**P value =.007), b) number of microvessel junctions (**P value =.005),
c) average branch length (*P value =.029) and d) maximum branch length (*P value =.014) as
results of treatment with 10 and 15 µL of DMSO. n=5. Normalised with respect to control value.

104

In efforts to characterise the DMSO-treated microvessels further, we
investigated the impact of DMSO on the function of the microvessels,
perfusability. To that end, the medium was replaced with a fluorescent tracer
dye (Dextran 70 kDa) on day 7 of culture. 3D confocal imaging revealed that
immediately after introduction, the tracer dye uniformly filled the microvessels
and remained confined within them in all conditions, excluding 20 µL/mL of
DMSO. Because no microvessels formed in such devices, the tracer dye
perfused to the vascularisation channel through the gel (Fig 3.3 a). However,
quantification of perfusability revealed that unlike the microvessels formed in
the devices treated with 10 µL/mL of DMSO and control, which were fully
perfusable (97 ± 2.5 %) to dextran 70 kDa, the microvessels formed in the
device treated with 15 µL/mL of DMSO were not fully functional. We measured
the perfusability of the latter microvessels to be 59.15 ± 2.1 percent (***P value

<.001, n=5), demonstrating that the perfusability decreased by ~40% (Fig 3.3
b).
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(Fig 3.3 continued on next page. Legend follows)
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Fig 3.3: Impact of DMSO on microvessel function. a) Visualisation of dextran perfusion
through microvessels formed under different conditions. Scale bar, 150 µm. b) Bar chart
representing changes in perfusability (***P value <.001, n=5.) Normalised with respect to
control value.

We hypothesised this could be due to the impact of high concentrations of
DMSO on the viability of ECs and/or FBs and/or the proliferation of ECs and/or
FBs. To test this, we seeded ECs and FBs in 6-well plates and treated them
with different DMSO concentrations. The measurement of cell viability and cell
proliferation demonstrated that DMSO had no significant impact on cell viability
(Fig 3.4 a). In contrast, it affected cell proliferation in a dose-dependent
manner (***P value <.001, n=3, Fig 3.4 b).
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Fig 3.4: Impact of DMSO on the viability and proliferation of the cells. a) Bar chart
representing impact of different concentrations of DMSO on FB and EC viability. b) Bar chart
representing impact of different concentrations of DMSO on FB and EC proliferation ( ***P value
<.001, n=3).
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To summarise, in low concentration (10 µL/mL), DMSO had either no impact
or negligible impact on the formation, morphology, characteristics, topology,
and function of the microvessels. However, by increasing the concentration of
DMSO,

morphology,

characteristics,

topology,

and

function

of

the

microvessels were affected (15 µL/mL), or the formation of microvessels was
abolished entirely (20 µL/mL). Measuring cell viability and cell proliferation, we
demonstrated that unlike cell viability, cell proliferation significantly reduced
when treated with 15 and 20 µL/mL of DMSO. Reducing cell proliferation can
explain the difference between the microvessels treated with different
concentrations of DMSO. Altogether, our findings provide strong evidence that
DMSO affects the formation of microvessels in a dose-dependent manner. It
is worth mentioning that we kept the final DMSO concentration either under or
at 10 µL/mL in all small molecule inhibitor treatment experiments to ensure the
changes observed in microvessel formation, characteristics, topology, and/or
function were not due to toxic effects of DMSO.
3.3.2 Impact of Mechanotransduction Inhibitors on Microvessels
3.3.2.1 Verteporfin, a YAP Inhibitor
To investigate the role of YAP in the formation and stabilisation as well as
mechanical properties of the microvessels, we treated co-seeded ECs and
FBs with verteporfin which is known to be a YAP inhibitor. Verteporfin binds to
YAP and changes its conformation. The change in YAP conformation
accelerates its cleavage by trypsin in a dose-dependent manner147. Before
treating JCC devices with verteporfin, we performed cell viability and
proliferation assay to determine the desired concentration(s) as verteporfin
could kill cells175. The cell viability and proliferation assay revealed that both
EC and FB viability and proliferation were extremely affected by verteporfin in
a dose-dependent manner. However, the viability and proliferation of both
verteporfin-treated cells and control were similar when the cells were treated
with 0.25 µM of the inhibitor (Fig 3.5 a, b).
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Fig 3.5: Determination of desired concentration of verteporfin. a and b) Both cell viability
and proliferation were affected in a dose-dependent manner when the cells were treated with
verteporfin. However, 0.25 µM was the threshold concentration, as both cell types preserve
their properties – viability and proliferation – compared to control. n=3.

We next set out to assess the impact of YAP inhibition on the formation and
stabilisation of microvessels. To this end, ECs and FBs were co-cultured and
treated with 0.25 µM of verteporfin. Confocal imaging of the treated cells over
one week revealed, although rounded and mono-dispersed ECs initiated to
get elongated on day 1 of culture as an attempt to self-assemble and form
microvessels, verteporfin arrested their ability to develop microvessels by day
4. Unlike control devices in which well-interconnected microvessels formed,
no microvessels formed in the device treated with 0.25 µM of verteporfin by
day 7 of culture (Fig 3.6 a). We measured the coverage area of the YAPinhibited device to be 6.4 ± 0.5 percent. In other words, the coverage area
decreased by ~89% (***P value <.001, n=5, Fig 3.6 b). It is worth noting that
we did not measure perfusability, as no microvessels formed in the verteporfintreated device.
To conclude, the lack of formation of microvessels indicates that YAP
contributes to vascularisation in a very early stage, meanly formation.
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Fig 3.6: Impact of the inhibition of YAP on vascularisation. a) Treatment of the co-seeded
cells resulted in arresting the formation of microvessels. Scale bar, 150 µm. b) A remarkable
decrease was observed in coverage area in the verteporfin-treated device as a direct
consequence of the lack of vascularisation (***P value <.001, n=5.) Normalised with respect to
control value.
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3.3.2.2 XAV939, a Wnt/β-catenin Pathway Inhibitor
We then investigated the contribution of Wnt/β-catenin pathway to the
formation and stabilisation of microvessels. To this end, we treated JCC
devices with different concentrations of XAV939, which is known to inhibit
Wnt/β-catenin pathway by preventing β-catenin translocation from cytoplasm
to the nucleus176. However, many research groups have shown that XAV939
is of cytotoxic effects on cells177,178. Therefore, as we did for verteporfin, we
first determined the desired concentrations of the inhibitor, which exhibited no
significant impact on the viability and proliferation of the cells. Cell viability and
proliferation assay revealed that the viability of neither FBs nor ECs was
affected by different concentrations of XAV939 (Fig 3.7 a). However, the
inhibitor significantly impacted the proliferation of the cells at high
concentrations (Fig 3.7 b). Consequently, we chose 10 and 20 µM of the
inhibitor as the desired concentrations.
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Fig 3.7: Determination of desired concentration of XAV939. a) Bar chart representing the
impact of Wnt/β-catenin inhibitor on the viability of both ECs and FBs. b) Bar chart showing
the impact of Wnt/β-catenin inhibitor on the proliferation of both ECs and FBs. n=3.

In efforts to investigate the contribution of Wnt/β-catenin pathway to
vascularisation, we then treated JCC devices with two concentrations of
XAV939 – 10 and 20 µM. 3D confocal imaging demonstrated that despite
being treated with XAV939, ECs retained their ability to form microvessels by
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day 4. However, we observed profound morphological differences between
Wnt/β-catenin-inhibited microvessels and control microvessels. In such a way
that Wnt/β-catenin-inhibited ECs tended to form thinner, less dense, and less
branched microvessels than control (Fig 3.8).
Day 4

Day 7

20 µM

Treated with XAV939

10 µM

DMSO+Medium

Control

Medium

Day 1

Fig 3.8: Impact of the inhibition of Wnt/β-catenin pathway on microvessel formation.
Confocal images of microvessel formation in Wnt/β-catenin-inhibited devices and controls
over the course of one week. Scale bar, 150 µm.
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Further analysis revealed that microvessels coverage area decreased by 26.4
± 4.5 percent in the devices treated with 10 µM of XAV939 and 30.6 ± 3.2
percent in the devices treated with 20 µM of XAV939 (***P value <.001 for both
concentrations, n=3, Fig 3.9 a). We also observed a remarkable decrease in
microvessels diameter in the treated devices in a dose-dependent manner (***P
value <.001 for both concentrations, n=3, Fig 3.9 b).
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Fig 3.9: Impact of the inhibition of Wnt/β-catenin pathway on microvessel
characteristics – coverage area and diameter. As a result of inhibition of Wnt/β-catenin
pathway a) microvessels were less dense (***P value <.001) and b) smaller in diameter (***P
value <.001). n=3. Normalised with respect to control value.
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Topology analysis revealed that the Wnt/β-catenin-inhibited microvessels
were significantly different from control microvessels in terms of topology too.
For instance, we observed a significant decrease in branching (**P value
=.0017 and

***P

value <.001 for 10 and 20 µM respectively, n=5, Fig 3.10 a)

and the number of junctions (**P value =.005 and **P value =.004 for 10 and
20 µM respectively, n=5, Fig 3.10 b).

Also, a significant decrease was

observed in both average branch length (*P value =.044) and maximum branch
length (*P value =.029, n=5) when the device was treated with 20 µM of the
inhibitor (Fig 3.10 c, d).
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Fig 3.10: Impact of the inhibition of Wnt/β-catenin pathway on microvessel topology.
Bar charts representing the impact of the inhibition of Wnt/β-catenin on a) producing branches
(**P value =.0017 and ***P value <.001 for 10 and 20 µM respectively), b) the number of
junctions (**P value =.005 and **P value =.004 for 10 and 20 µM respectively), c) average
branch length (*P value =.044), and d) maximum branch length (*P value =.029). n=5.
Normalised to the control values.
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Introducing the tracer dye on day 7 of culture, we investigated the impact of
the inhibition of Wnt/β-catenin pathway on the function of microvessels –
perfusability. 3D confocal images revealed that not all the microvessels formed
in inhibitor-treated devices were perfused (Fig 3.11 a). The statistical analysis
showed that the difference was significant (*P value =.022, and *P value =.016
for 10 µM and 20 µM respectively, n=5, Fig 3.11 b).
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(Fig 3.11 continued on next page. Legend follows)
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Fig 3.11: Impact of the inhibition of Wnt/β-catenin pathway on microvessel function –
perfusability. a) Visualisation of dextran perfusion through microvessels formed under
different conditions. Scale bar, 150 µm. b) Bar chart comparing microvessel perfusability in
different conditions (*P value =.022, and *P value =.016 for 10 µM and 20 µM, respectively.
n=5). Normalised with respect to control value.

Wnt/β-catenin pathway is one of the most important genes belonging to
mechanotransduction pathways. The inhibition of this pathway by an inhibitor
– XAV939 – resulted in the formation of morphologically, topologically, and
functionally different microvessels by ECs. This provides solid evidence that
the gene plays an important role in vascularisation.
3.3.2.3 PF-573228, a FAK Inhibitor
Aiming to investigate FAK contribution to the formation and stabilisation of
microvessels, we treated JCC devices with a FAK inhibitor, PF-573228. Being
an ATP competitor, PF-573228 inhibits FAK function by binding to its kinase
domain and decreasing FAK397 phosphorylation179,180. However, to avoid the
cytotoxic effect of the inhibitor on cell viability and/or proliferation158, we first
carried out an assay to determine the desired concentration(s) of the inhibitor.
Measurement of the cell viability and proliferation treated with different inhibitor
concentrations showed that neither cell property was affected by the inhibitor
at two concentrations of 0.1 µM and 0.5 µM (Fig 3.12 a, b).
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Fig 3.12: Determination of desired concentration of FAK-inhibitor – PF-573228. a) Bar
chart representing the impact of different concentrations of FAK inhibitor on the viability of
both ECs and FBs. b) Bar chart representing the impact of different concentrations of FAK
inhibitor on cell proliferation. n=3.

We then set out to look over the impact of the inhibition of FAK on
microvessels. To that end, we treated JCC devices with 0.1 µM and 0.5 µM of
the inhibitor. We observed drastic differences in microvessel morphology of
FAK-inhibited microvessels and control. When treated with 0.1 µM of the
inhibitor, ECs initially retained their ability to self-assemble and form
microvessels by day 4. However, the microvessels regressed by day 7. This
could be either due to not being efficiently interconnected or/and lack of the
formation of openings which made the flow of the growth medium to the
vascularisation channel insufficient. Treatment of the co-seeded cells with 0.5
µM of the inhibitor arrested the formation of interconnected microvessels and
some dispersed sheet-like clusters formed in the vascularisation channel by
day 7 (Fig 3.13).
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Fig 3.13: Impact of the inhibition of FAK on the formation of microvessels. Confocal
images of microvessel formation in FAK-inhibited devices and controls over the course of one
week. Scale bar, 150 µm.
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Further characterisations revealed drastic differences between the FAKinhibited microvessels and control. For instance, coverage area decreased by
29.9 ± 7.56 percent when the co-seeded cells were treated with 0.1 µM of the
inhibitor (*P value =.032, n=3) and 46.9 ± 2.22 percent when the cells were
treated with 0.5 µM of the inhibitor (**P value =.002, n=3, Fig 3.14 a). Besides,
we measured the average diameter of the FAK-inhibited microvessels to be
31.08 µm for 0.1 µM condition, whereas it was measured to be 25.02 µm for
control. We believe this would be due to either the regression of the
microvessels with a smaller diameter and/or the lack of formation of such
microvessels. Fig 3.14 b compares both treated microvessels and control in
terms of microvessel diameters. The observed decrease in diameter was not
statically significant.
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Fig 3.14: Impact of the inhibition of FAK on microvessel characteristics – Coverage
area and diameter. a) Bar chart representing the impact of inhibition of FAK on microvessels
coverage area (*P value =.032, **P value =.002) b) Bar chart comparing microvessel diameter
in different conditions. n=3. Normalised with respect to control value.
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We

also

observed

notable

differences

between

the

FAK-inhibited

microvessels and control in terms of topology. When FAK was inhibited, ECs
formed less branched microvessels in a dose-dependent manner (*P value
=.014, **P value =.007 for 0.1 µM and 0.5 µM respectively, n=5, Fig 3.15 a).
Consequently, the number of junctions decreased significantly (**P value =.01,
**P

value =.005 for 0.1 µM and 0.5 µM respectively, n=5, Fig 3.15 b). When

treated with 0.1 µM, there was a negligible increase in both average branch
length and maximum branch length. However, both average branch length (*P
value =.034, n=5) and maximum branch length (*P value =.042, n=5) increased
when we treated the co-seeded cells with 0.5 µM of FAK-inhibitor (Fig 3.15 c,
d).
a

b
Percentage Decrease (%)

Percentage Decrease (%)

Branching
90

40

# of Junctions
90

45

0
-10

Medium
Medium

DMSO

0.1

DMSO

0.1

0.5

PF-573228 Concentration (µM)

PF-573228 Concentration (µM)

(Fig 3.15 continued on next page. Legend follows)
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Fig 3.15: Impact of FAK-inhibitor, PF-573228, on microvessel topology. a) Bar charts
representing the impact of FAK inhibition on a) branching (*P value =.014, **P value =.007), b)
the number of junctions (**P value =.01, **P value =.005), c) average branch length (*P value
=.034) and d) maximum branch length (*P value =.042.) n=5. Normalised with respect to
control values.

Finally, dextran perfusion revealed that the FAK-inhibited microvessels were
different from control microvessels not only in morphology and topology also
in function. In such a manner that when the cells were treated with 0.1 µM of
the inhibitor, perfusability was reduced by 16%, demonstrating that not all
microvessels were perfusable (**P value =.002, n=5). Also, dextran perfused
to the vascularisation channel through the gel when the co-seeded cells were
treated with 0.5 µM of the inhibitor, indicating the lack of the formation of
interconnected microvessels (Fig 3.16 a). Fig 3.16 b compares perfusability
of the treated and untreated microvessels.
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(Fig 3.16 continued on next page. Legend follows)
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Fig 3.16: Impact of the inhibition of FAK on microvessel function - perfusability. a)
Visualisation of dextran perfusion through microvessels formed under different conditions.
Scale bar, 150 µm. b) Bar chart comparing perfusability of the treated microvessels with
control (**P value =.002, n=5). Normalised with respect to the control value.

Drastic changes in microvessel formation, characteristics, topology, and
function as results of FAK inhibition indicate the critical role of FAK in
vascularisation.
3.3.2.4 CCG-1423, a RhoA Inhibitor
The contribution of RhoA to the formation and stabilisation of microvessels
was assessed by treating the co-seeded cells with an inhibitor named CCG1423. Acting downstream of RhoA, the inhibitor blocks a Rho-stimulated
transcription, SRE.L-driven181. It has been shown that CCG-1423 could affect
cell viability181. Aiming to determine the desired concentration(s) that did not
affect cell viability and/or cell proliferation, we first treated ECs and FBs
separately with different inhibitor concentrations. Cell viability assay and cell
proliferation assay revealed that the inhibitor had no significant toxic effect on
the cell viability and proliferation at the concentrations of 1 µM and 3 µM (Fig
3.17 a, b). This finding is consistent with earlier studies done by Kikuchi et al.
and Barravecchia et al.182,183.
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Fig 3.17: Determination of desired concentration(s) of RhoA inhibitor – CCG-1423. a)
Bar chart representing the impact of different concentrations of the inhibitor on cell viability. b)
Bar chart representing the impact of different concentrations of the inhibitor on cell
proliferation. n=3

We then set out to investigate the contribution of RhoA to vascularisation. In
doing so, we treated co-cultured ECs and FBs with 1 µM and 3 µM over the
course of one week. 3D confocal imaging showed that despite being treated
with 1 µM of the inhibitor, ECs retained their ability to form microvessels.
However, the microvessels were different from the control in terms of
morphology. When treated with 3 µM of the inhibitor, ECs initially got
elongated, self-assembled, and formed some small sheet-like structures by
day 4. However, the structures began to regress so that several dispersed
multicellular clusters remained in the vascularisation channel by day 7 of
culture (Fig 3.18).
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Fig 3.18: Impact of the inhibition of RhoA on microvessels formation and morphology.
Confocal images of microvessel formation in RhoA-inhibited devices and controls over the
course of one week. Scale bar, 150 µm.
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Characterisation of the 3D confocal images revealed that the microvessels
coverage area decreased by 50 percent when treated with 1 µM of the inhibitor
(***P value <.001, n=3). There was also a 57 percent decrease in microvessels
coverage area when the devices were treated with 3 µM of the inhibitor (***P
value <.001, n=3, Fig 3.19 a). Conversely, there was an increase in
microvessels diameter. However, the increase was not significant,
demonstrating that the inhibition of RhoA had no considerable effect on
microvessels diameter (Fig 3.19 b).

a
Percentage Decrease (%)

Microvessel Coverage Area

50

25

0

-25
Media

DMSO

1

3

CCG-1423 Concentrations (µM)

b

Percentage Decrease (%)

Microvessel Average Diameter

0

-25
Medium

DMSO

1

GCC-1423 Concentrations (µM)

Fig 3.19: Impact of the inhibition of RhoA on microvessel characteristics. a)
Bar chart representing the impact of the inhibition of RhoA on microvessels
coverage area (***P value <.001). b) Although a small increase was observed in the
diameter of microvessels, it was not remarkable. n=3.
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We then investigated the impact of the inhibition of RhoA on the topology of
the microvessels. As expected branching (**P value =.0014, n=5, Fig 3.20 a)
and the number of junctions decreased notably (**P value =.003, n=5, Fig 3.20
b). A significant decrease was also observed in average branch length (*P
value =.013, n=5) as well as maximum branch length (*P value =.033, n=5, Fig
3.20 c, d).
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Fig 3.20: Impact of the inhibition of RhoA on microvessel topology. Bar charts
representing the impact of the inhibition of RhoA on a) branching (**P value =.0014), b) the
number of microvessel junctions (**P value =.003), c) average branch length (*P value =.013)
and d) maximum branch length (*P value =.033.) n=5. Normalised with respect to control value.

In the end, assessing perfusability confirmed that not only the morphology,
characteristics, and topology of the microvessels also their function was
affected by the inhibition of RhoA, as perfusion of dextran revealed that not all

127

the microvessels formed were perfusable (Fig 3.21 a). We measured a
decrease of 13 ± 6.2 percent in perfusability when the co-seeded cells were
treated with 1 µM of the inhibitor (**P value =.0045, n=5, Fig 3.21 b).
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(Fig 3.21 continued on next page. Legend follows)
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Fig 3.21: Impact of the inhibition of RhoA on microvessel function perfusability. a) Visualisation of dextran perfusion through microvessels formed
under different conditions. Scale bar, 150 µm. b) Bar chart comparing perfusability
of the RhoA-inhibited microvessels with control ( **P value =.0045, n=5).
Normalised with respect to the control value.

RhoA

is

one

of

the

most

important

genes

belonging

to

the

mechanotransduction pathway. The inhibition of this gene by an inhibitor –
CCG-1423 – resulted in the formation of microvessels significantly different
from untreated microvessels in morphology, topology, and function,
demonstrating that the gene plays a solid role in the formation and function of
the microvessels.
3.3.2.5 PP2, a Src Inhibitor
Src was the last gene belonging to the mechanotransduction pathway in which
we were interested. Assessment of its contribution to the formation and
stabilisation of microvessels was carried out by the inhibition of the gene,
which was experimentally achieved by treating the co-embedded ECs and FBs
with an inhibitor – PP2. PP2 selectively inhibits p56lck and p59fynT, the Src
family kinases184. Knowing the inhibitor's potential ability to affect the viability
and proliferation of the cells184,185, we first set out to determine the inhibitor
desired concentration(s), which did not exhibit any significant effects on the
viability and proliferation of the cells while being effective. Measuring the
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viability and the proliferation of the cells after 4 days of treatment, we found
that concentrations of 1 µM and 5 µM of the inhibitor had no remarkable effect
on cell viability and proliferation (Fig 3.22 a, b). which is consistent with the
findings of Kong et al.185.
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Fig 3.22: Determination of desired concentration of Src inhibitor – PP2. a) Bar chart
representing the impact of different concentrations of the inhibitor on cell viability. b) Bar chart
representing the impact of different concentrations of the inhibitor on cell proliferation.

We then set out to investigate the contribution of Src to the formation and
stabilisation of microvessels. To this end, we treated co-cultured ECs and FBs
with 1 µM and 5 µM of Src inhibitor for one week. When treated with different
inhibitor concentrations, ECs retained their ability to form microvessels and by
day 4. W could not recognise any particular difference between Src inhibited
microvessels and untreated ones. However, surprisingly, we observed an
obvious regression from day 4 to day 7 of culture so that some regressed,
less-dense, less-interconnected, and morphologically different microvessels
remained in the vascularisation channel of the inhibitor-treated devices by
day7 (Fig 3.23). This could indicate that the gene plays a key role in the
microvessel maturation rather than their formation.
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Fig 3.23: Impact of the inhibition of Src on the formation of microvessels. 3D confocal
imaging revealed that the inhibition of Src had no obvious effect on microvessel formation by
day 4. However, the microvessels treated with the inhibitor began to regress from day 4
leaving a less dense less interconnected microvessels by day 7. Scale bar, 150 µm.
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When we characterised the microvessels, we noticed that coverage area
decreased by 23 ± 7 percent and 57 ± 1.6 percent when the co-seeded cells
were treated with 1 µM (*P value =.018, n=5) and 5 µM (***P value <.001, n=5)
of the inhibitor, respectively (Fig 3.24 a). We also observed a significant
decrease in the diameters of the microvessels in the RhoA-inhibited devices
(**P value =.006, **P value =.007 for 1 and 5 µM respectively, n=5, Fig 3.24 b).
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Fig 3.24: Impact of the inhibition of Src on microvessel characteristics –
coverage area and diameter. a) Bar chart comparing coverage area in treated
and non-treated microvessels (*P value =.018, ***P value <.001). b) Bar chart
comparing the diameter in treated and non-treated microvessels (**P value =.006,
**P value =.007 for 1 and 5 µM, respectively). n=5. Normalised with respect to
control values.
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Further analysis revealed that a part from microvessels formation,
morphology, and characteristics, the topology of microvessels was also
affected by the inhibition of Src. Both branch producing (**P value =.004, and
**P

value =.0067 for 1 µM and 5 µM respectively, n=5, Fig 3.25 a) and the

number of microvessels junctions (**P value =.005 for both concentrations,
n=5) decreased drastically when Src was inhibited (Fig 3.25 b). However, the
changes observed in average branch length and maximum branch length were
not significant (Fig 3.25 c, d).
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Fig 3.25: Impact of the inhibition of Src on microvessels topology. a) Bar charts
representing the impact of the inhibition of Src on a) producing branches (**P value =.004, and
**P value =.0067 for 1 µM and 5 µM, respectively), b) number of junctions (**P value =.005), c)
average branch length and d) maximum branch length. n=5. Normalised with respect to control
values.
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Finally, perfusion of dextran showed that the function of the microvessels,
perfusability, was also affected by the inhibition of Src, as we observed some
non-perfusable microvessels (Fig 3.26 a). Quantification of perfusability
confirmed our observation, as we calculated a decrease of 41.1 ± 10.6 percent
for the microvessels treated with 1 µM of the inhibitor (**P value =.003, n=5)
and a decrease of 41.5 ± 7.9 percent for the microvessels treated with 5 µM
of the inhibitor (***P value <.001, n=5, Fig 3.26 b).
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(Fig 3.26 continued on next page. Legend follows)
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Fig 3.26: Impact of the inhibition of Src on the function of microvessels perfusability. a) Visualisation of dextran perfusion through microvessels in
different conditions. Scale bar, 150 µm. b) Bar chart comparing perfusability in Srcinhibited microvessels (**P value =.003, ***P value <.001, n=5.) and control
microvessels. Normalised with respect to control value.

The decrease in the coverage area, diameter, number of branches, and
number of junctions of the microvessels when Src was inhibited provide solid
evidence that Src contributes to the stabilisation, characteristics, topology, and
function of microvessels.
3.3.3 Impact of Chemotransduction Inhibitors on Microvessels
3.3.3.1 Picropodophyllotoxin, an IGF-1 Inhibitor
IGF-1 was the first gene of this group that we investigated its contribution to
vascularisation. To this end, we used an inhibitor, picropodophyllotoxin (PPP).
The inhibitor is a specific inhibitor of IGF-1 pathway-mediated signalling. We
first determined a concentration at which the inhibitor exhibited no toxic effect
on the viability and the proliferation of the cells, as PPP is well-known to kill
different cells via apoptosis-mediated mechanisms dose-dependently186. Cell
viability assay revealed that the inhibitor had no significant effect on the cell
viability (Fig 3.27 a). However, cell proliferation was affected remarkably by
an increase in the inhibitor concentration (Fig 3.27 b). Nevertheless, we
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determined 0.25 µM of the inhibitor as our desired concentration because
neither cell viability nor cell proliferation was influenced at this concentration.
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Fig 3.27: Determination of desired concentration of IGF-1 inhibitor picropodophyllotoxin. a) Bar chart representing the impact of different concentrations of
IGF-1 inhibitor on the viability of the cells. b) Bar chart representing the impact of the inhibition
of IGF-1 on the proliferation of the cells. n=3.

Next, we treated co-cultured ECs and FBs with the desired concentration. The
impact of the inhibition of IGF-1 was obvious from the beginning of culture.
Unlike controls, ECs failed to form microvessels by day 4 of culture. On day 7,
we observed drastic differences between controls and IGF-1-inhibited
microvessels so that ECs produced a bunch of dispersed, disconnected,
sheet-like clusters (Fig 3.28 a). Consequently, the microvessels coverage
area decreased drastically (**P value =.007, n=3, Fig 3.28 b). Measurement of
vascular diameter revealed that sheet-like structures were of quite larger
diameter than controls (***P value <.001, n=3, Fig 3.28 c).
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Fig 3.28: Impact of the inhibition of IGF-1 on vascularisation. a) 3D confocal images
visualising the impact of the inhibition of IGF-1 on microvessel formation over the course of 1
week. Scale bar, 150 µm. b) Bar chart comparing coverage area in IGF-1-inhibited
microvessels and control microvessels (**P value =.007) c) Bar chart comparing diameter in
IGF-1-inhibited microvessels and control microvessels (***P value <.001.) n=3. Normalised
with respect to control values.
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We analysed our 3D images further to investigate topological changes of the
microvessels. Not surprisingly, both microvessels branching and the number
of junctions reduced drastically (**P value =.002, n=5, for both features, Fig
3.29 a, b). Also, a notable decrease was observed in both average branch
length (**P value =.003, n=5) and maximum branch length (**P value =.002,
n=5, Fig 3.29 c, d).
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Fig 3.29: Impact of the inhibition of IGF-1 on microvessels topology. Bar charts
representing the impact of the inhibition of IGF-1 on a) microvessels branching (**P value
=.002), b) the number of microvessels junctions ( **P value =.002), c) average branch length
(**P value =.003) and d) maximum branch length (**P value =.002.) n=5. Normalised with
respect to control values.

Similar to what we did for the former genes, we also investigated the impact
of the inhibition of IGF-1 on the perfusability of microvessels by injecting the
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tracer dye. As expected, perfusability decreased drastically, demonstrating
that the sheet-like structures formed were neither interconnected nor intraconnected (***P value <.001, n=3, Fig 30 a, b).
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Fig 3.30: Impact of the inhibition of IGF-1 on the function of microvessels- perfusability.
a) Visualisation of dextran perfusion through microvessels in different conditions. Scale bar,
150 µm. b) Bar chart comparing perfusability in Src-inhibited microvessels and control
microvessels (***P value <.001, n=3.) Normalised with respect to control value.
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To wrap up, treated with PPP, ECs failed to self-assemble and produce
functional microvessels. The lack of the formation of microvessels shows that
IGF-1 contributes to vascularisation at an early stage.
3.3.3.2 SB-431542, a TGFβ Inhibitor
To assess the role of TGFβ in vascularisation, we inhibited the gene by an
inhibitor, SB-431542. Blocking TGFβ type I receptor, the inhibitor prevents
TGFβ function187. It also blocks the phosphorylation and nuclear translocation
of the SMADs, intracellular mediators of TGFβ signalling, with decreased
TGFβ-mediated transcription188. At first, we determined the desired
concentration(s) of the inhibitor by treating ECs and FBs with different
concentrations of SB-431542 as many research groups, including Hjelmeland
et al. reported that SB-431542 inhibits cell proliferation188. Consistent with their
findings, our assay showed that the inhibitor inhibits cell proliferation in a dosedependent manner188. However, our cell viability and cell proliferation assays
confirmed that neither features of the cells were affected significantly by three
concentrations of the inhibitor, 0.1 µM, 1 µM, and 10 µM (Fig 3.31 a, b).
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Fig 3.31: Determination of desired concentrations of TGFβ-inhibitor – SB-431542. a) Bar
chart representing the impact of different concentrations of the inhibitor on the viability of the
cells. b) Bar chart representing the impact of different concentrations of the inhibitor on the
proliferation of the cells. n=3.

When treated with different concentrations of TGFβ-inhibitor, although ECs
retained their ability to form microvessels, the microvessels formed were
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drastically different from controls in terms of morphology and topology. The
differences were visible from day 4. Compared to control microvessels, TGFβinhibited microvessels looked denser and much larger in diameter (Fig 3.32).
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Fig 3.32: Impact of the inhibition of TFGβ on the formation of microvessels. 3D
confocal images visualising the impact of the inhibition of TGFβ on microvessels formation
and morphogenesis over the course of one week. Scale bar, 150 µm.
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Measurement of microvessel coverage area confirmed that the feature
increased in a dose-dependent manner when the co-cultured cells were
treated with the inhibitor (***P value <.001, n=5 for all concentrations of the
inhibitor, Fig 3.33 a). We also observed a drastic increase in the microvessel
diameter in a dose-dependent manner (***P value <.001, n=5 for all inhibitor
concentrations). In other words, ECs tended to produce microvessels with
much larger diameters when TGFβ was inhibited (Fig 3.33 b).
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Fig 3.33: Impact of the inhibition of TGFβ on microvessel characteristics. a) Bar chart
representing the impact of the inhibition of TGFβ on microvessels coverage area ( ***P value
<.001), b) Bar chart representing the impact of the inhibition of TGFβ on microvessels
diameter (***P value <.001.) n=5. Normalised with respect to control values.
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Excluding the microvessels treated with 10 µM of the inhibitor, the observed
increases in microvessels branching (**P value =.005, n=5, Fig 3.34 a) and the
number of microvessels junctions (**P value =.007, n=5, Fig 3.34 b) were not
significant. Interestingly, both average branch length (**P value =.005, for 0.1
µM and ***P value <.001 for 1 µM and 10 µM of the inhibitor, n=5) and maximum
branch length (*P value =.014, for 0.1 µM and **P value =.003 for 1 µM and 10
µM of the inhibitor, n=5) decreased significantly in the treated microvessels
compared to control microvessels in a dose-dependent manner (Fig 3.34 c,
d).
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Fig 3.34: Impact of the inhibition of TGFβ on microvessel topology. Bar chart
representing the impact of the inhibition of TGFβ on a) branching (**P value =.005), b) number
of microvessels junctions (**P value =.007), c) average branch length (**P value =.005, and ***P
value <.001), and d) maximum branch length (*P value =.014, and **P value =.003). n=5.
Normalised with respect to control values.
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Perfusion of dextran revealed that the TGFβ-inhibited microvessels were
perfusable indicating that the gene did not affect the function (perfusability) of
the microvessels (Fig 3.35 a, b).
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(Fig 3.35 continued on next page. Legend follows)
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Fig 3.35: Impact of the inhibition of TGFβ on the function of microvessels. a)
Visualisation of dextran perfusion through microvessels in different conditions. Scale bar, 150
µm. b) Bar chart representing the change in perfusability in different conditions. Normalised
with respect to control value. n=5.

The formation of functional microvessels despite the inhibition of TGFβ
demonstrates that TGFβ has no key role in the formation and function of
microvessels. However, extreme increases in the coverage area, diameter,
branching, and the number of junctions, and the remarkable decreases in
microvessel average branch length and maximum branch length indicate that
the gene contributes to the microvessel morphology and topology.
It is worth mentioning that TGFβ signalling can shift from being mostly
angiostatic to pro-angiogenic. Although the process is not fully understood,
this depends on the activation of the pro-angiogenic pathway which involves
TGFβ type II receptor recruitment of the predominantly endothelial TGFβ type
I receptor activin receptor-like kinase-1 (ALK1). The later, ALK1, initiates
activation of the transcription factors SMAD1, 5 and 8, resulting in a
proangiogenic phenotype. Several factors including TGFβ concentration, its
bioavailability and the presence or absence of some factors including bone
morphogenic proteins and accessory receptors such as endoglin and TGFβ
type III receptor regulate this different signalling.
In a fascinating study Wang et al, introduced leucine-rich alpha-2-glycoprotein
1 (Lrg1) as a new regulator of TGFβ signalling which contributes to abnormal
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vessel growth by activating a TGFβ switch. They showed that in the presence
of TGFβ, Lrg1 triggers angiogenesis by inducing EC proliferation. Their
findings also revealed that blockage of Lrg1 by an antibody results in the
attenuation of angiogenesis. This new regulator regulates neovascularisation
through TGFβ signalling meaning that TGFβ is one of the main mediators of
neovascularisation11,189. Therefore, one could say that microvessels formed in
our system despite being treated with SB-431542 because SB-431542 blocks
TGFβ type I receptor while the other receptor, Lrg1, is still available to regulate
TGFβ signalling.
3.3.3.3 A-395, an EED Inhibitor
The last gene we investigated its contribution to the vascularisation was EED
which its inhibition was experimentally achieved by treating co-embedded ECs
and FBs with different concentrations of an EED-inhibitor, A-395. Polycomb
repressive complex 2 (PRC2) regulates cellular differentiation, development,
and homeostasis190,191. EED protein is an essential subunit of PRC2. A-395
inhibits EED function by binding to it in its H3K27me3-binding pocket,
subsequently PRC2191. Knowing the negative effect of A-395 on cell
proliferation and viability191, we treated our cells with different concentrations
of the inhibitor to determine the desired concentration(s) that do not affect cell
viability and proliferation. A-395 was first reconstituted in water. Although the
amount of water used was negligible, to avoid any possible damages on the
cells and subsequently on the microvessels, we assessed the impact of the
extra water added to the growth medium on the cell viability and proliferation.
We did so to determine the desired concentrations of the inhibitor too.
Performing cell viability and proliferation assays, we showed that adding water
exhibited no significant effect on both the cell types viability and proliferation.
Also, we determined 0.1 and 0.5 µM as the desired concentrations of the
inhibitor (Fig 3.36 a, b).
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Fig 3.36: Determination of desired concentration of EED-inhibitor, A-395. a) Bar chart
representing the impact of different concentrations of EED inhibitor on the viability of the cells.
b) Bar chart representing the impact of different concentrations of EED inhibitor on the
proliferation of the cells. n=3.

We next set out to investigate the contribution of EED to vascularisation by
inhibiting it in co-embedded ECs and FBs. The inhibition was experimentally
achieved by treating the cells with 0.1 µM and 0.5 µM of the inhibitor. When
treated with EED inhibitor, ECs maintained their ability to form microvessels,
demonstrating that the gene would not contribute to the formation of
microvessels (Fig 3.37).
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Fig 3.37: Impact of the inhibition of EED on microvessels formation. 3D confocal images
visualising the impact of the inhibition of EED on the formation of microvessels. Scale bar, 150
µm.
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In efforts to characterise the microvessels, we quantified the microvessels
coverage area. We observed some changes in the coverage area. However,
the differences observed were not significant (Fig 3.38 a). Nevertheless, we
noticed a significant increase in the diameters of the EED-inhibited
microvessels (*P value =.039 and *P value =.044 for 0.1 µM and 0.5 µM of the
inhibitor, respectively, n=3.) We measured the average diameter to be 32.4 ±
1.15 µm for the microvessels treated with 0.1 µM of the inhibitor (*P value
=.039, n=3) and 32.26 ± 1.78 µm for the microvessels treated with 0.5 µM of
the inhibitor (*P value =.044, n=3). Fig 3.38 b compares EED-inhibited
microvessels and control microvessels in terms of diameter. The increase in
microvessel diameter could explain why there was no significant change in the
microvessel coverage area compared to the control microvessels despite a
significant decrease in the number of branches.
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Fig 3.38: Impact of the inhibition of EED on microvessel characteristics. Impact of the
inhibition of EED on a) microvessels coverage area and b) microvessels diameters ( *P value
=.039 and *P value =.044 for 0.1 µM and 0.5 µM of the inhibitor, respectively, n=3.) Normalised
with respect to control values.
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Assessment of topological changes revealed that both branching (*P value
=.036, and **P value =.0016 for 0.1 µM and 0.5 µM respectively, n=5) and the
number of junctions (*P value =.046, and **P value =.0019 for 0.1 µM and 0.5
µM respectively, n=5) decreased significantly in a dose-dependent manner
(Fig 3.39 a, b). Also, we observed a significant decrease in the microvessel
average branch length when the cells were treated with 0.5 µM of the EED
inhibitor (**P =.0025, n=5, Fig 3.39 c). However, statistical analysis revealed
that the changes observed in microvessel maximum branch length were not
significant for any inhibitor concentrations (Fig 3.39 d).
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Fig 3.39: Impact of the inhibition of EED on microvessels topology. Bar charts
representing the impact of the inhibition of EED on a) producing branches ( *P value =.036,
and **P value =.0016) and b) the number of microvessels junctions ( *P value =.046, and **P
value =.0019), c) average branch length (**P =.0025), and d) maximum branch length. n=5.
Normalised with respect to control values.
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Finally, the tracer dye's perfusion revealed that the EED inhibition also affected
the microvessel function as the perfusability of the microvessels decreased
significantly when the co-embedded cells were treated with 0.5 µM of the
inhibitor (**P value =.002, n=5, Fig 3.40).

a

Dextran Perfusion

0.5 µM

Treated with A-395

0.1 µM

Water+Medium
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Medium

Microvessels

(Fig 3.40 continued on next page. Legend follows)
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Fig 3.40: Impact of the inhibition of EED on the function of microvessels perfusability. a) Perfusion of dextran showed that not all the microvessels treated
with the concentrations of the EED were perfusable. Scale bar, 150 µm. b) Bar
chart representing the impact of the inhibition of EED on the microvessels function
(**P value =.002, n=5.) Normalised with respect to control value.

In the end, our data provide solid evidence that EED contributes to the
microvessel topology and function but not the formation of microvessels.
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3.4

Discussion and Conclusion

Some genes belonging to mechanotransduction pathways were chemically
inhibited in both ECs and FBs to investigate their functions in vascularisation.
Our chemical perturbation results are consistent with previous studies that
found the critical role of several mechanotransduction pathways in
vascularisation by mostly focusing on the perturbation of pathways in ECs
only.
RhoA plays a crucial role in vascularisation by participating in cell motility and
migration through actin fibre polymerisation126. The inhibition of RhoA, the
master regulator of mechanotransduction pathways, by a high concentration
of the inhibitor led to arresting microvessel formation in our system. It also
resulted in less dense, less branched, enlarged microvessels at a low inhibitor
concentration. Consistent with these findings, Amerongen et al. reported that
RhoA or Rho kinase inhibition reduced EC migration and angiogenesis192.
Designing a mouse skin model and embedding ECs in a collagen hydrogel,
Hoang et al. also showed that the perturbation of RhoA inhibited microvessel
formation in both in vivo and in vitro models193. Another study by Hashimoto
et al. showed that the inhibition of RhoA by an inhibitor named Alendronate
led to inhibition of tumour angiogenesis. This was due to a decrease in Rho
activation, lack of actin stress fibres, and focal adhesion formation in
HUVECs127. Using an exoenzyme, Clostridium botulinum C3 transferase,
which suppresses explicitly Rho, Uchida et al. investigated the role of small
GTPase Rho signal transduction pathway in angiogenesis in vitro and in
vivo126. Their findings are in good agreement with our results and previously
referred studies.
From a mechanical point of view, YAP and its coactivator, TAZ, play a pivotal
role in vascular formation, sprouting angiogenesis, vascular barrier formation,
and maturation by activating remodelling of the actin cytoskeleton which is
critical for filopodia formation and junction assembly by ECs. Inhibition of YAP
in our system resulted in the lack of microvessel formation, indicating that YAP
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is a key player at the very early stage of vascularisation. Using animal models,
Kim et al. showed that the deletion of YAP/TAZ in ECs in mice models resulted
in tip cells with fewer and dysmorphic filopodia, less branched, less dense,
and enlarged vessels, reduced and disarranged distributions of tight and
adherent junction proteins, and decrease in choroidal neovascularisation.
Injecting dextran (70 kDa) at a concentration of 25 mg/mL, they also revealed
that perturbation of YAP/TAZ led to disrupted barrier integrity, increased
permeability, and subsequent haemorrhage in the growing retina and brain
vessels194. Zhu et al. also showed that YAP cooperating with signal transducer
and activator of transcription factor 3 (STAT 3) regulates the proliferation,
migration, and lumen formation of human retinal microvascular endothelial
cells via VEGF signaling195.
Although microvessel formation was not affected by Src inhibition in our JCC
system, the microvessels were morphologically, topologically, and functionally
different from control microvessels. These findings are consistent with an
earlier study by Pyun et al. that demonstrated the Src family regulates
angiogenesis and vascular permeability of ECs141. An interesting study
showed that Src-inhibited fibroblasts fail to upregulate VEGF in hypoxia
conditions indicating the role of Src in VEGF regulation and subsequently
vascularisation139. Placing filter disks saturated with either bFGF or VEGF on
a chick chorioallantoic membrane of 10-day-old chick embryos, Eliceiri et al.
observed a 2-fold increase in Src activity. To examine the role of Src in
angiogenesis, they then infected chick chorioallantoic membranes exposed to
VEGF with the Src 251–containing retrovirus. This resulted in arresting
angiogenesis in chick embryos, demonstrating that Src activity is required for
VEGF-induced angiogenesis and EC servival140.
FAK, a cytoplasmic tyrosine kinase, plays a pivotal role in integrin and growth
factor mediated signalling and is a key player in angiogenesis. It is involved in
vital processes for angiogenesis, such as cell migration and proliferation196.
Aiming to study the role of FAK in vascularisation, we inhibited the gene in
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both ECs and FBs with a specific inhibitor, which arrested the formation of
functional microvessels in a dose-dependent manner. We also observed
significant changes in microvessel characteristics, topology, and function,
which are in good agreement with the findings of earlier studies. Treating ECs
seeded on collagen I coated plates with increasing concentrations of FAK
inhibitors, PF-573228 and FAK Inhibitor 14, Cabrita et al. demonstrated that
the inhibition of FAK blocks lumen formation by ECs in a dose dependent
manner197. Tavora et al. generated endothelial-specific tamoxifen-inducible
FAK knockout mice to investigate the role of FAK in tumour angiogenesis.
They observed that the endothelial FAK-deletion in adult mice inhibited tumour
growth and reduced tumour angiogenesis, demonstrating the role of FAK in
adult angiogenesis196.
Microvessel formation was not affected by the deletion of Wnt/β-catenin in ECs
and FBs in our JCC system. However, the microvessels were less dense, with
a significant decrease in their diameters compared to controls. These
observations, along with changes in microvessel topology and the decrease in
their perfusability, provide concrete evidence that Wnt/β-catenin is an
essential

mechanotransduction

gene

in

microvessel

morphogenesis,

topology, and function. Hu et al. utilised two Wnt antagonists to investigate the
influence of Wnt on vascularisation. Their findings are in good agreement with
our findings as they showed that the inhibition resulted in the reduction of
vascular density and the number of lumens198. Consistent with these findings,
using genetic mouse models, Stenman et al. found that the central nervous
system (CNS) uses the canonical Wnt signalling pathway to promote the
formation and CNS-specific differentiation of the organ’s vasculature. In other
words, canonical Wnt signalling in ECs is critical for CNS vascularisation199.
We also inhibited three genes belonging to chemotransduction pathways, IGF1, TFGβ and EED in our JCC system. Perturbation of IGF-1 and EED in both
ECs and FBs in our system inhibited microvessel formation significantly. In
contrast, knockdown of TGFβ did not affect microvessel formation. However,
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the microvessels were morphologically, functionally and topologically different
from control microvessels. Our results for chemically perturbing IGF-1, TGFβ,
and EED are consistent with previous studies that found the critical roles of
the above mentioned genes in vascularisation200–202.
The findings of this chapter highlight that the formation, characteristics,
topology, and function of blood microvessels are affected by the inhibition of
mechanotransduction genes. Treating ECs co-cultured with FBs with different
small molecule inhibitors of mechanotransduction pathways, we showed that
EC ability to form blood microvessels is entirely or significantly arrested. In
addition to microvessel formation, we observed significant differences
between mechanotransduction pathway-inhibited microvessels and control
microvessels as to characteristics, topology, and function, demonstrating the
key roles of these pathways in different stages of vascularisation.
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4 Perturbation of Mechanotransduction
Genes in FBs

157

4.1

Introduction

The chemical inhibition of genes belonging to the mechanotransduction
pathways in both ECs and FBs resulted in either the lack of formation of blood
microvessels or formation of microvessels, which were drastically different
from control microvessels in terms of morphogenesis, characteristics,
topology, and function, demonstrating that these genes play solid roles in
various stages of vascularisation. However, when treated with small molecule
inhibitors, the genes of interest are inhibited in both FBs and ECs. This makes
it a challenge to interoperate the results. Therefore, to investigate the
mechanical contribution of FBs to the formation and stabilisation of
microvessels we inhibited our interest genes by transfecting siRNA to FBs,
followed by juxtacrine co-culturing them with ECs.
It is worth mentioning that a different Wnt family member, Wnt7b, was inhibited
in replace of Wnt/β-catenin.
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4.2

Methods

In this section, we will explain the methods by which we achieved the purposes
of the chapter.
4.2.1 Inhibition of Mechanotransduction genes in FBs
Using siRNAs, purchased from Dharmacon/US, some genes belonging to
mechanotransduction pathways, YAP, Src, RhoA, Wnt7b, and FAK, as well as
one gene belonging to chemotransduction pathway, EED, were inhibited in
FBs to assess the mechanical/chemical role(s) of these cells in the formation
and stabilisation of microvessels.
4.2.1.1 Cell Plating
FBs were trypsinised, spun down, and counted. One hundred thousand cells
were plated per well of a 6-well cell culture plate and were incubated at 37°C
with 5% CO2 overnight. The day after, when the cells were at 50% of
confluence, transfection was performed.
4.2.1.2 Transfection
Concentration of all siRNA stocks and the final concentration of transferring
siRNAs were 20 µM and 50 nM, respectively. The preparation of the
transfection solution is summarised in Table 4.1. Briefly, the medium in wells
was replaced with 1 mL serum-free medium to starve the cells for better
efficiency of transfection. In tube A, 6 μL of siRNA stock and 94 μL of serumfree medium were mixed. In tube B, 5 μL of delivery reagent and 95 μL of
serum-free medium were mixed. The contents of the tubes were given a quick
mix (a few seconds) followed by incubation of both tubes at room temperature
for 5 minutes. Then, the content of tube A was added to tube B and vortexed
for a few seconds. The mixture was incubated for 20 minutes at room
temperature. Finally, the transfection medium (200 μL) was added to each well
drop by drop. After 6 hours, 1 mL of complete medium (containing serum) was
added to each well. The cells were placed in an incubator for 72 hours. The
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medium was not replaced over this period. Two controls, negative and death,
were done for all experiments. The same process was followed for all types of
siRNAs, YAP, Src, RhoA, Wnt7b, FAK and EED.

Table 4.1: Preparation of transfection solution. After incubation for 5 minutes at room
temperature, the contents of both tubes were mixed to make a transfection solution at 50 nM.
final concentration.
Tube A

Tube B

Plating Format

6-Well Plates

Volume of siRNA (µL)

Volume of Medium
(µL)

Volume of Delivery
Reagent (µL)

Volume of Medium
(µL)

6

94

5

95

4.2.1.3 Transfection Efficiency by Western Blot
For evaluation of transfection efficiency, western blot (WB) was performed.
WB is a blotting technique by which the proteins of interest can be detected
using antibodies. The method consists of four steps; protein extraction,
separation, transferring, and immunostaining. Several buffers are needed to
fulfil the steps. All buffers were made the day before expected use. It is worth
mentioning all items required to perform WB were purchased from BioRad/US. Also, protein efficiency assay was performed on day 3 (coincided with
seeding devices – Day 0) and day 7 (coincided with Day 4 after seeding the
devices) post transfection.
4.2.1.3.1 Buffer Preparation
Five buffers, as described below, were used to perform WB. All buffers except
transfer buffer as well as blocking buffer were kept at room temperature. Two
last buffers were kept in a fridge (4ºC). The volumes of the compounds used
to make the buffers are summarised in Table 4.2.
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Lysing buffer: To make lysing buffer 2-Mercaptoethanol and 4X Laemmli
were mixed in a 1:10 ratio.
Running buffer: Running buffer, also known as loading buffer, was prepared
by mixing Milli-Q water, Tris Glycine 10X (TG 10X), and Sodium dodecyl
sulfate (SDS).
Transfer buffer: Milli-Q water, methanol, and Tris/Glycine/SDS 10X (TGS
10X) were mixed to prepare transfer buffer, also known as blotting buffer.
Blocking buffer: Milli-Q water, Tris Buffered Saline 10X (TBS 10X), Tween20, and milk powder were mixed to make blocking buffer. The mixture was
stirred on a stirrer for 30 minutes to be homogenised.
Wash buffer: Wash buffer was prepared by mixing Milli-Q water, TBS 10X,
and Tween-20.
Table 4.2: Volumes of the compounds used to make the buffers.

Compounds (mL for Liquids and gr for Powders)
Buffers
4X
Laemmli

0.1

0.9

Tris
Buffered
Saline
10X

Tween20

Milk
Powder

900

100

1

50

900

100

1

Milli-Q
Water

Tris
Glycine
10X

Sodium
Dodecyl
Sulfate

Running
Buffer

900

100

1

Transfer
Buffer

700

Blocking
Buffer

Wash
Buffer

Lysing
Buffer

2Mercaptoethanol
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Methanol

Tris
Glycine
SDS
10X

200

100

4.2.1.3.2 Protein Extraction
Seventy-two hours after transfection, the cells were dissociated, counted, and
spun down. The supernatant was discarded, and the cells were re-suspended
in lysing buffer to break their membrane down. The lysed cells were then
heated up at 95°C for 9 minutes to denature proteins/make the proteins linear.
The sample was spun down at 13,000 xg for 5 minutes.
4.2.1.3.3 Protein Separation
Proteins were separated by sodium dodecyl sulfate-polyacrylamide gel
electrophoresis (SDS-PAGE), an electrophoresis technique separating
proteins by mass.
A precast cassette gel (10%) was used to separate proteins except for FAK
(8%). After assembling the loading chamber, the chamber was filled with
running buffer. The samples (proteins extracted) were loaded 20 µL per well,
gently avoiding tearing the gel or spreading the sample into the buffer. A prestained protein ladder was used as a reference. Once done, the gel was run
for one and half an hour (80 volts for the first 10 minutes and then 100 volts
for the next 80 minutes) to separate the proteins by their mass.
4.2.1.3.4 Protein Transferring – Wet Transfer
Since the gel is fragile and porous, it cannot be used for the next step, which
is immunostaining as it may be torn or we may get false positive signals
because of antibodies trapped into the gel's pores. Therefore, it is needed to
transfer proteins from the gel to a nitrocellulose membrane. To do so,
immediately after performing protein separation, transferring step was done.
First, the gel was activated in pre-cold transfer buffer (15 minutes). Pieces of
nitrocellulose membrane, blotting papers, and fibre pads were pre-soaked in
transfer buffer for 15 minutes. To make WB sandwiches, a tray was filled with
pre-cold transfer buffer. A gel holder was placed in the tray with the black side
down and immersed in the buffer. One piece of fibre pad was placed flat on

162

the black side of the gel holder. Next, a piece of blotting paper was laid on the
fibre pad, avoiding any bubbles. The activated gel was then placed on the
blotting paper very gently and carefully to avoid tearing it. Making WB
sandwich was continued by applying a piece of nitrocellulose membrane
squarely on the gel to blot the proteins. Any bubbles between the gel and the
blotting paper were removed by a roller. One more piece of blotting paper and
a fibre pad were then laid on the nitrocellulose membrane, respectively. The
clear side of the gel holder was folded over the sandwich and was clamped to
the black plastic side by a clip. The gel holder was inserted into the inner
module. The inner module was then placed in the chamber. The chamber was
filled with pre-cold transfer buffer. To keep the system cool, a frozen cooling
unit was put inside the chamber. The power supplier was run at 20 volts for
two and half an hour.
4.2.1.3.5 Protein Immunostaining
The proteins transferred to the nitrocellulose membrane were then stained with
primary and secondary antibodies. To stain the proteins, first, the membrane
was blocked with a blocking buffer. When the run was complete, WB
sandwiches were opened, and the nitrocellulose membrane was immersed in
25 mL of blocking buffer for 15 minutes at room temperature on a rocking
platform. The blocking buffer was discarded. Then, the membrane was
incubated with primary antibodies diluted in fresh blocking buffer overnight at
4°C. Table 4.3 shows the detail of antibodies, including the type of antibodies,
the targets, molecular weight of the targets, host species, species reactivity,
the concentrations, and the companies from where antibodies were
purchased.
The next day, the primary antibody was discarded, and after washing the
membrane with wash buffer (3X, 15 minutes each), the membrane was
incubated with the secondary antibody at room temperature. Secondary
antibodies act against the primary antibody. After one hour, the secondary
antibody was poured off, and the membrane was washed with a wash buffer
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3 times, for 15 minutes each. None of the antibodies used was fluorescently
conjugated. For this reason, to reveal the protein bands, the stained
membrane was exposed to the revealing reagent for 30 seconds. The reagent
was then removed, and the membrane was squarely placed on a tray. The
tray was placed inside the chamber of an imager machine (Amersham Imager
680/Cytiva) to image the bands.

Table 4.3: List of antibodies used.

Antibody
Type

Target

Molecular
Weight
(kDa)

Concentration
(µL/µL)

Host
Species

Species
Reactivity

Company
and
Country

YAPAssociated
Protein
(YAP)

65

1:500

Mouse

Human

Insight
Biotechnology/US

Src

59.8

1:1000

Mouse

Human

Bioss Inc/US

RhoA

22

1:5000

Mouse

Human

Proteintech/US

Wnt/βcatenin

39

1:1000

Rabbit

Human

Abcam/UK

Focal
Adhesion
Kinase
(FAK)

125

1:500

Rabbit

Human

Sigma-Aldrich/US

Embryonic
Ectoderm
Development
(EED)

53

1:2000

Rabbit

Human

Abcam/UK

Β-Actin

42

1:3000

Mouse

Human

Sigma-Aldrich/US

Primary
Antibody

-

1:3000

Goat

Mouse

Thermo
Fisher
Scientific/US

Primary
Antibody

-

1:3000

Goat

Rabbit

Thermo
Fisher
Scientific/US

Primary
Antibodies

Secondary
Antibodies
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4.2.1.3.6 Western Blot Quantification
WB data was quantified using ImageJ. The tracing tool was used to measure
the percent of the band of interest. For calculation of the Protein/β-actin ratio,
the value of the protein of interest was divided by the value of β-actin.
4.2.1.4 ECs JCC with Transfected FBs
ECs were juxtacrine co-cultured with transfected FBs. One device was seeded
with ECs and non-transfected FBs as control. The microvessel formation was
tracked by imaging the devices on days 1, 4, and 7.
4.2.1.5 3D Functional and Morphology Characterisation
On day 7, microvessels were characterised for some features such as
perfusability, permeability, coverage area, diameter, topology, and elastic
modulus of the gels (gel stiffness). As all features are described in chapter 2,
we only mention and explain how the barrier function and elastic modulus were
measured here.
Barrier Function: On day 7, after culture, the medium was removed from
medium channels, followed by refilling them with the tracer dye (10 kDa
dextran). The tracer's intensity in the voids (hydrogel) was measured one hour
after dextran injection and used to calculate the barrier function. Barrier
function is the inverse of dextran intensity in the interstitial area after one hour.
AFM Measurements: Elastic Modulus of the hydrogels was measured using
Atomic Force Microscopy (AFM). To fulfil the goal above, on days 1, 4, and 7,
PDMS was cut off around the vascularisation channel by a blade. The tissue
was removed from the channel very carefully, leaving the tissue attached to
the PDMS. This provided a supportive base as well as helped maintain the
original geometry of the tissue. The tissue was then immersed in growth
medium (CO2 independent growth medium, consisting of Leibovitz’s L-15
Medium without phenol red (Gibco Life Technologies/Ireland), and
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supplemented with 10% FBS to keep the cells alive during stiffness
measurement.
AFM force-distance measurements were acquired using a JPK Nanowizard
Cellhesion 200 (JPK Instruments AG/Germany) placed on an inverted optical
microscope (Zeiss Axiovert 200/Germany) with a manual xy-positioning stage.
Tipples cantilevers (MLCT-O10, Bruker; nominal spring constant of 0.07 N/m)
were modified by gluing 50 μm diameter glass microspheres (Cospheric/USA)
to the tip of the cantilever via UV curing glue (ultraviolet curing,
Loctite/Germany). Prior to gluing the beads, the spring constants of the
cantilevers were determined using the thermal noise method of the AFM
software (JPK SPM, JPK instruments). The stage was carefully moved to
position the cantilever tip above the middle of the sample before approaching
the tissue surface. No less than 50 force-distance curves were taken per
sample by moving the stage manually (in ~0.5 mm steps) across the length of
the tissue, with an approach speed of 10 µm/s and a set force of 30 nN.
Data analysis: Using JPK data processing software (JPK DP, JPK
Instruments AG/Germany), the contact point and the force-indentation curve
were extracted from the force-distance curve203. The apparent elastic
modulus, E/(1-2), was extracted by fitting the Hertz contact model, for a
contact between a spherical tip and the planar hydrogel, to the measured
force-indentation curve 204. The reason for using Hertz model is that this model
is the simplest model for describing the elastic response of a soft material
indented by a spherical probe205. In AFM indentation measurements, the
relation between the loading force F and the overall sample indentation δ, in
the case of a spherical probe is as follows:
F=

4 E
3⁄
√rδ 2
2
3 1-ʋ

(Eq: 4.1)

where E is elastic modulus, ʋ is Poisson’s ratio and r is the radius of the
spherical probe206.
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Considering the size of the glass bead, the applied maximum force was
chosen to apply sufficiently large indentations and probe the stiffness of the
gels and vascular tissue constructs on a length-scale that is larger than the
size of individual cells while also adhering to small strain conditions207, thus
providing the macroscopic level average elastic modulus of the constructs.
Setting the maximum force to 30 nN resulted in average indentation depths δ
~7 μm and maximum of δ ~25 μm (for the softest samples such as cell-free
fibrin gels). The average contact size was ~30 μm, and the analysis of forceindentation curves was limited to a maximum indentation depth of 10 μm. It
should be noted that the increase observed in the apparent elastic modulus of
the tissue-like constructs, is due to three factors; 1) the generation of a
contractile pre-stress in the tissue by vasculature, 2) protein deposition by the
cells, and 3) the cellular materials. Thus, to investigate the collective impacts
of such factors on the tissue stiffness, for all the AFM experiments carried out
on days 1, 4, and 7, the same amount of force (30 nN) was applied to the
samples. The resulting displacements were normalised with respect to MC
condition on day 1 to compare the values.
4.2.2 Investigation of FBs Interaction with ECs
In this step, the aim was to investigate FBs and ECs physical interaction. FBs
purchased from Lonza were not fluorescently labelled. Thus, the cells were
transduced first to express Red Fluorescent Protein (RFP) to fulfil the above
goal.
4.2.2.1 Transducing FBs to Express Red Fluorescent Protein
FBs were transduced with a recombinant Lentivirus harbouring LifeAct®TagRFP (Red Fluorescent Protein) transgene. All materials, including
Lentivirus, delivery reagent, Polybrene, and antibiotic, Puromycin, were
purchased from ibidi/Germany. The protocol consists of 4 steps; cell seeding,
transduction, antibiotic titration, and selection of stable cells.

167

Cell seeding: The day before transduction, one well of a 6-well culture plate
was seeded with 1 x 10+5 FBs. The cells were fed with complete growth
medium and incubated overnight.
Transduction: The cells exhibited 30% confluence after overnight incubation.
To transduce the cells, Lentivirus particles were thawed over ice. Polybrene
(11.4 µL) and growth medium (936.6 µL) were mixed. Lentivirus particles (50
µL) were then added to the Polybrene-medium mixture and mixed gently by
pipetting up and down. The final concentration of Polybrene was 8 μg/mL. The
medium was replaced with Polybrene-Lentivirus-medium mixture. The cells
were incubated at standard cell culture condition. After 3 days, the cells were
visualised under a fluorescent microscope for any LifeAct®-TagRFP signals.
Antibiotic titration: Puromycin needed to be added to the growth medium to
select stable cells. To find the desired concentration of the antibiotic that killed
all non-transduced FBs, Puromycin was titrated with non-transduced cells by
adding different concentrations of the antibiotic to them. To achieve that, the
day before, 1 x 10+5 non-transduced FBs were seeded per well of a 6-well cell
culture plate, fed with growth medium, and incubated overnight. The next day,
different antibiotic concentrations, 0.1, 0.5, 1, 3, 5, and 10 µg/mL, were added
to each well. Three days after adding antibiotic, cell viabilities were measured
using a nuclei counter. The puromycin-containing medium was not replaced
during incubation to save any dead cells.
Selection of the stable cells: For the selection of stable cells, three days after
the transduction process, the growth medium was replaced with Puromycincontaining growth medium (1 µg/mL). The medium was replaced every 3 days
until resistant cells were identified. After identifying resistant cells, the cells
were expanded, frozen down, and kept in a liquid nitrogen tank (-196ºC).
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4.2.2.2 ECs and RFP-FBs Interaction
Red Fluorescent Protein expressing FBs (RFP-FBs) were juxtacrine cocultured with ECs in a 3-channel microfluidic device. The cell interaction was
tracked by imaging the cells on days 1, 4, and 7 after seeding.
4.2.2.3 ECs and RFP-FBs-RhoA Interaction
The inhibition of Rho expression was experimentally achieved by the
transfection of siRNA molecules in RFP-FBs. RFP-FBs-RhoA were then
juxtacrine co-cultured with ECs in a 3-channel microfluidic device. The cell
interaction was tracked by imaging the cells with a confocal microscope on
days 0, 1, 4, and 7 post-seeding. For imaging set-up, please refer to Table
2.3.
Colocalisation analysis: Using ImageJ (JACoP plugin), Manders’ coefficient,
which shows the association of FBs with the lumens, was calculated
automatically. Multiplying Manders’ coefficient by 100, colocalisation
percentage was calculated.
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4.3

Results

4.3.1 Mechanical Role of FBs in Vascularisation
To investigate the mechanical role(s) of FBs in forming and stabilising
microvessels, some genes belonging to mechanotransduction pathways such
as RhoA, Src, YAP, FAK, and Wnt7b were perturbed in FBs by transfection of
siRNAs. Inhibition of these the expressions of the genes resulted in FBs-RhoA,
FBs-Src, FBs-YAP, FBs-FAK, and FBs-Wnt7b. Also, EED, a gene belonging to the
chemotransduction pathway, was inhibited in FBs, resulting in FBs-EED.
WB was performed to examine the efficiency of the transfections on day 3 and
day 7 after transfection. A four-day interval was considered, as it takes ECs
four days to from microvessels after being co-cultured with FBs. WB results
confirmed the efficient knockdown of the genes (Fig 4.1 a). Quantification of
the data showed that the expression of all proteins of interest reduced
significantly on both day 3 and remained inhibited until day 7 after transfection
(Fig 4.1 b, c).
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Day 7
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(Fig 4.1 continued on next page. Legend follows)
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Fig 4.1: Transfection efficiency. a) Performing WB confirmed the efficient inhibitions of the
proteins’ expressions. b and c) Graphs compare protein expression in control and siRNAtreated cells on day 3 and day 7 after transfection. Normalised to β-actin value at each day.
n=3.

4.3.1.1 Microvessel Formation and Characterisation
Co-culturing ECs along with siRNA-treated FBs, we investigated the
mechanical role of FBs in microvessels. 3D confocal images taken on days 1,
4, and 7 after seeding showed that ECs retained their ability to form
microvessels when co-cultured with FBs-YAP, FBs-FAK, FBs-Wnt7b, and FBs-Src.
However, RhoA inhibition in FBs resulted in arresting the formation of
microvessels (Fig 4.2 a). Nevertheless, efforts to characterise the siRNAtreated microvessels and control microvessels showed that the microvessels
were drastically different. For instance, the FAK inhibition resulted in a
significant increase in the coverage area of the microvessels (***P value <.001,
n=8). In contrast, the inhibition of YAP (**P value =.008, n=8), Src, and
particularly RhoA led to a significant decrease in microvessels coverage area
compared to control (***P value <.001, n=8, Fig 4.2 b). The diameter of
microvessels decreased by the inhibition of Src (**P value =.004, n=3) and
increased by the perturbation of Wnt7b, YAP, and FAK in FBs compared to
control (***P value <.001, n=3, Fig 4.2 c).
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(Fig 4.2 continued on next page. Legend follows)

172

Day 7

b

c

Microvessels Coverage Area

Microvessels Average Diameter
150

Percentage Increase (%)

Percentage Decrease (%)

40
100

0

50

0

-50

-40
Control

FAK

Wnt7b

YAP

Src

Control

RhoA

Src

YAP

FAK

Wnt7b

Fig 4.2: Impact of inhibition of genes belonging to mechanotransduction pathway on
microvessels formation and morphogenesis. a) 3D confocal images visualising the impact
of the inhibition of YAP, Wnt7b, Src, RhoA and FAK in FBs on formation and morphogenesis
of microvessels. Scale bar, 150 µm. b) Bar chart representing the impact of the inhibition of
the genes in FBs on microvessels coverage area ( **P value =.008, ***P value <.001, n=8.) c)
Bar chart representing the impact of the inhibition of the genes in FBs on microvessel diameter
(**P value =.004, ***P value <.001, n=3.) Normalised with respect to control value.

4.3.1.2 Microvessel Function – Perfusability and Permeability
To characterise the microvessels further, we assessed microvessel primary
functions – namely perfusability and permeability. To this end, a fluorescent
tracer dye (Dextran 70 kDa) was introduced into the upstream medium
channel. 3D confocal imaging revealed that the dye quickly and uniformly filled
the microvessels formed in both siRNA-treated devices and control device,
demonstrating that the microvessels were fully perfusable. However, the
microvessel perfusability dropped by 14.3 ± 1.36 percent (***P value <.001,
n=9) when ECs were co-cultured with FBs-Src. Also, dextran failed to fill the
dispersedly formed sheet-like structures in the RhoA-treated device, as they
did not form any openings toward the medium channels (Fig 4.3 a). Excluding
RhoA and Src-treated devices, the microvessels were statically unchanged
with regard to perfusability (Fig 4.3 b).
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Fig 4.3 (continued on next page, legend follows)
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Fig 4.3: siRNA-treated microvessel function comparison. a) 3D confocal images
visualising the impact of perturbation of FAK, Wnt7b, YAP, Src and RhoA in FBs on
microvessels function. Scale bar, 150 µm. b) Bar chart representing change in
perfusability in different conditions (***P value <.001, n=9). Normalised with respect to
control value.

Although quantification of microvessels perfusability showed no significant
difference between control and siRNA-treated microvessels, excluding Src
and RhoA-treated ones, when we measured permeability of the microvessels
to 10 kDa dextran, we observed a drastic difference between control and
siRNA-treated

microvessels.

The

permeability

of

control

(untreated

microvessels) was measured to be 2.4E-07 ± 9.33E-08 cm/s (n=21) whereas
it was measured to be 4.8E-07 ± 1E-07 cm/s for YAP-treated microvessels
(***P value <.001, n=18), 6.3E-07 ± 1.8E-07 cm/s for FAK-treated microvessels
(***P value <.001, n=18), 7.2E-07 ± 2.7E-07 cm/s for Wnt7b-treated
microvessels (***P value <.001, n=6) and 8.26E-07 ± 2.7E-07 cm/s for Srctreated microvessels (***P value <.001, n=6) (Fig 4.4 a). Continuing imaging
the microvessels after introducing the tracer dye for 1 hour (~20-minute
intervals) we showed that at all conditions, the values of permeability remained
constant over time (Fig 4.4 b).
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Fig 4.4: Impact of inhibition of mechanotransduction genes in FBs on
microvessel permeability. a) Bar chart representing the impact of the inhibition
of YAP, FAK (***P value <.001, n=18), Wnt7b and Src (***P value <.001, n=6) in FBs
on microvessels permeability. b) At all conditions, the values of permeability
remained constant over time. Normalised with respect to control value.

4.3.1.3 Microvessel Topology
We further investigated the impact of the inhibition of mechanotransduction
genes on the topology of the microvessels, including branching, the number
of junctions, average branch length, and maximum branch length. The
analysis showed that ECs produced much fewer branches when co-cultured
with siRNA-treated FBs (**P value =.005 for Src, **P value =.0017 for FAK, ***P
value <.001 for Wnt7b and YAP, n=5, Fig 4.5 a). A significant reduction was
also observed in the number of junctions when ECs were seeded along with

176

siRNA-treated FBs (**P value =.0041 for Src, **P value =.0034 for FAK, **P
value =.0013 for YAP and

***P

value <.001 for Wnt7b, n=5, Fig 4.5 b).

However, perturbation of Wnt7b (**P value =.004), YAP (*P value =.028), and
FAK (**P value =.006, n=5 for all conditions) in FBs resulted in a significant
increase in average branch length (Fig 4.5 c). Maximum branch length also
significantly increased when YAP was perturbed in FBs (*P value =.016, n=5,
Fig 4.5 d).
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Fig 4.5: Microvessels topology comparison. Bar charts representing the impact of
perturbation of Src, Wnt7b, YAP and FAK on a) branching (**P value =.005 for Src, **P value
=.0017 for FAK, ***P value <.001 for Wnt7b and YAP), b) the number of junctions (**P value
=.0041 for Src, **P value =.0034 for FAK, **P value =.0013 for YAP and ***P value <.001 for
Wnt7b), c) average branch length (**P value =.004 for Wnt7b, *P value =.028 for YAP, and **P
value =.006 for FAK) and d) maximum branch length (*P value =.016). n=5. Normalised with
respect to control values.
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Assessing microvessel length fold change on day 4 and day 7 of culture
revealed that the difference between microvessels length of the siRNA-treated
microvessels and control microvessels happened mostly from day 4 to day 7,
and the difference was not significant by day 4 (Fig 4.6).

Microvessels Length
Fold Change

14

JCC
FAK
SRC
YAP

7

Wnt7b

0
Day 4

Day 7

Fig 4.6: Microvessel length comparison on days 4 and 7 of culture. Assessing
microvessel length showed that the difference between microvessel length
happens from day 4 to day 7 of culture. Microvessel length calculated as fold
change, longest connected microvessel length, normalised to MC value at each
day. n=5.

To conclude, the inhibition of the mechanotransduction genes resulted in a
decrease in branching and number of junctions and an increase in average
branch length compared to control. This implies that genes play an important
role in the morphogenesis and topology of microvessels.
4.3.1.4 Microvessel Openings
With the object of characterising the microvessels further, we assessed the
microvessels openings, the conduits by which the networks were connected
to the adjacent channels. The openings facilitate growth medium flow to the
vascularisation channel. Also, their presence is essential for microvessels
functions – perfusability and permeability. The confocal images revealed that
the openings formed in different conditions were notably different from control
openings in morphology (Fig 4.7 a). Further investigation revealed that in the
presence of FBs-FAK, FBs-Src, FBs-YAP, and FBs-Wnt7b, ECs formed fewer
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openings than control (**P value =.0012 for Src and ***P value <.001 for the rest
of conditions, n=6, Fig 4.7 b). Also, the average width of openings significantly
decreased or increased when the genes were perturbed in FBs (*P value =.018
for YAP, and ***P value <.001 for Src, Wnt7b, and FAK, n=6, Fig 4.7 c). In such
a way that we measured an average width of the opening to be 27.1 ± 15.5
µm for control, 16.1 ± 10.6 µm for Src-treated microvessels, and 40.6 ± 22.4
µm for Wnt7b-treated microvessels and finally 54 ± 26.3 µm for FAK-treated
microvessels.
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Fig 4.7: Impact of inhibition of mechanotransduction genes in FBs on microvessels
openings. a) Comparison of opening morphologies in different conditions. Scale bar, 150 µm.
White arrows denote openings. b) Bar chart representing the impact of perturbation of Src (**P
value =.0012), YAP, FAK, and Wnt7b (***P value <.001) on the number of microvessels
openings. c) Bar chart representing the impact of perturbation of Src, YAP, Wnt7b and FAK
(*P value =.018, ***P value <.001) on the width of microvessel openings. n=6. Normalised with
respect to control value.
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4.3.1.5 Barrier Function
The ECs form a confluent monolayer at the medium channel interface and
vascularisation channel acting as a barrier to prevent dextran perfusion to the
vascularisation channel through the hydrogel. This is called the barrier
function.

We

investigated

the

impact

of

the

inhibition

of

the

mechanotransduction genes in FBs on forming the barrier by ECs. We
observed the higher intensity of the tracer within hydrogel (interstitial area) in
genes-inhibited conditions compared to control, demonstrating that the
inhibitions of the genes in FBs lead ECs to form a leakier monolayer (barrier)
(***P value <.001, n=9 for all conditions. Fig 4.8).
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Fig 4.8: Impact of the inhibition of mechanotransduction genes in FBs on barrier
function. Bar chart representing a significant decrease in barrier function as a result of gene
inhibitions in FBs (***P value <.001, n=9).

4.3.1.6 Elastic Modulus
Kamm’s lab has shown that the stiffness of the tissue-like constructs in JCC
condition increases from 100 Pa to ~1000 Pa over the course of one week
compared to cell-free gel, MC, and PCC-1 conditions. They have also shown
that the observed increase is as results of 1) active stiffness which is defined
as the generation of a contractile pre-stress in the tissue by vasculature (50%),
2) passive stiffness which is the results of cellular materials (20%) as well as
3) irreversible changes in the matrix (30%) which is the result of gel
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remodelling and protein deposition by the cells (data not published). In this
study, to investigate the impact of mechanotransduction pathways on tissue
stiffening, stiffness measurements were performed for all conditions over the
course of one week. We did not observe any significant difference between
the stiffness of control and siRNA-treated conditions on day 1. However, there
was a significant decrease in tissue stiffening between control and siRNAtreated conditions (**P value for Wnt7b =.0061, FAK =.0046, and YAP =.002,
***P

value for Src and RhoA <.001, n=3) on day 4. The decrease in tissue

stiffness was also observed on day 7 (*P value for Wnt7b =.0261, *P value for
FAK =.013 and YAP =.0039, ***P value for Src and RhoA <.001, n=3). Overall,
an increase in tissue stiffness was observed in all conditions from day 1 to day
4 and then from day 4 to day 7. However, the increase was much more
considerable and higher for control compared to siRNA-treated conditions. In
other words, the inhibition of mechanotransduction genes in FBs resulted in a
significant decrease in tissue stiffness (Fig 4.9).

Fig 4.9: Tissue stiffening. Absolute stiffness measurements showed a significant decrease
in tissueInvestigation
stiffening when ECs
were co-cultured
with siRNA-treated FBs on day 4 (**P value for
4.3.2
of ***
ECs
and FBs Interaction
Wnt7b =.0061, FAK =.0046, P value for YAP, Src and RhoA <.001) and day 7 (*P value for
Wnt7b =.0261, *P value for FAK =.013 and YAP =.0039, ***P value for Src and RhoA <.001).
n=3.

In line with the aims of this thesis, the physical interaction of ECs and FBs was
assessed. Visualisation of FBs was essential to fulfil the goal above. However,
FBs purchased from the company were not fluorescently labelled. To label
them fluorescently, FBs were transduced to express Red Fluorescent Protein.
Titrating Puromycin with non-transduced cells, we found the desired
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concentration, which killed all non-transduced cells (Fig 4.10 a). The
transduced cells were then treated with Puromycin (1 µg/mL) to select stable
cells. Transducing the cells resulted in Red Fluorescent Protein expressing
FBs (RFP-FBs, Fig 4.10 b, c).
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Fig 4.10: FBs expressing Red Fluorescent Protein. a) Measurement of cell viability showed
that Puromycin was able to kill all non-resistant cells at concentration as low as 1 μg/mL. n=3.
b and c) 3D confocal images visualising FBs expressing RFP. 10X and 20X objectives. Scale
bar, 100 µm.

Imaging ECs co-embedded with RFP-FBs on days 0, 1, 4, and 7 of culture, we
traced the progression of morphological changes and physical interaction of
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the two cell types. 3D confocal Images showed that initially rounded and
mono-dispersed ECs and RFP-FBs began to get elongated as early as a few
hours after culture. ECs then self-assembled to form microvessels (Fig 4.11)
RFP-FBs

Overlay

Day 7

Day 4

Day 1

Day 0

ECs

Fig 4.11: Progression of morphological changes in ECs and RFP-FBs during the course
of one week. Scale bar, 100 µm.
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High resolution 3D confocal imaging showed that RFP-FBs underwent
considerable morphological changes and tended to be in close physical
contact with the microvessels (Fig 4.12).
a

b
Microvessel

RFP-FBs

Overlay

Fig 4.12: RFP-FBs and ECs interaction. a) a big view of microvessels formed by co-culturing
of ECs and RFP-FBs. Scale bar 500 µm. b) High resolution, 3D confocal images showing RFPFBs elongating along the microvessels. 63X objective. Scale bar 25 µm.
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However, RhoA inhibition in FBs resulted in arresting the ability and preference
of FBs-RhoA to be close to the microvessels (Fig 4.13).
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Microvessel
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Fig 4.13: RFP-FB-RhoA and ECs interaction. a) a big view of microvessels formed by coculturing of ECs and RFP-FBs-RhoA. Scale bar, 500 µm. b) Unlike RFP-FBs, RFP-FBs-RhoA failed
to be in close proximity of the lumens. Scale bar, 50 µm.
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Quantification of the images on days 1, 4, and 7 also revealed that unlike
control in which FBs and ECs colocalisation increased significantly from day 1
to day 4 and showed an upward trend by day 7, there was a slight increase in
colocalisation of FBs-RhoA with the microvessels, providing a proof that FBs lost
their ability to concentrate around the microvessels when RhoA is inhibited in
them (***P value <.001, n=3, Fig 4.14 a). Yellow locations in Fig 4.14 b, c
represent colocalisation of FBs and FBs-RhoA with the microvessels.
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Fig 4.14: RFP-FB and ECs colocalisation. a) The graph represents changes in
colocalisation of RFP-FBs and RFP-FBs-RhoA with microvessels over the course of one week.
(***P value <.001, n=3). Yellow areas show b) RFP-FBs and c) RFP-FB-RhoA colocalisation with
microvessels. Scale bar, 300 µm.
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4.3.3 Role of EED in the Formation and Stabilisation of Microvessels
When ECs and FBs were juxtacrine co-cultured, one gene which got
remarkably upregulated was EED. The gene does not belong to the
mechanotransduction pathway. However, as EED got highly upregulated, we
decided to investigate its contribution to microvessel formation and
stabilisation. To this end, EED was inhibited in FBs, which was experimentally
achieved by transfecting gene-specific siRNA. WB was then performed to
examine the efficiency of the transfections on day 3 and day 7 after
transfection (Fig 4.15 a). The data quantification showed that EED expression
reduced significantly on day 3 and remained inhibited until day 7 after
transfection (Fig 4.15 b, c).
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Fig 4.15: Transfection efficiency. a) Performing WB confirmed the efficient inhibitions of
EED expression. b and c) Graphs compare protein expression in control and EED-inhibited
cells on day 3 and day 7 after transfection. Normalised to β-actin value at each day. n=3.
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EED-inhibited FBs were then co-embedded with ECs. 3D confocal images
taken on days 2, 4, and 7 of culture revealed that ECs retained their ability to
form microvessels. However, the microvessels were significantly different from
the

control

in

microvessel

morphogenesis

(Fig

4.16

a).

Further

characterisation of the microvessels revealed that EED-inhibited microvessels
were different from control microvessels in terms of microvessels coverage
area and microvessels average diameter, as we measured a significant
decrease in the microvessels coverage area (***P value <.001, n=6, Fig 4.16
b) and a considerable increase in microvessels diameter (***P value <.001,
n=3, Fig 4.16 c).
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Fig 4.16: Impact of inhibition of EED on microvessel formation and morphogenesis. a)
3D confocal images visualising the impact of inhibition of EED on microvessel formation and
morphogenesis. Scale bar, 150 µm. Bar charts representing the impact of inhibition of EED
on b) microvessels coverage area (***P value <001, n=6) and c) microvessels average
diameter (***P value <001, n=3). Normalised with respect to control value.
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Topological characterisation showed that EED-inhibited microvessels and
control were different in topology too. To such an extent, branching and the
number of junctions produced by ECs considerably decreased when EED was
inhibited in FBs (***P value <.001, n=5, Fig 4.17 a, b). On the other hand, we
observed a significant increase in average branch length (*P value =.029, n=5,
Fig 4.17 c). EED-inhibited microvessels were statically unchanged with regard
to Maximum branch length (Fig 4. 17 d).
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Fig 4.17: : Impact of inhibition of EED in FBs on microvessels topology. Bar charts
representing the impact of inhibition of EED on a and b) branching and number of
microvessels junctions (***P value <.001) c) average branch length (*P value =.029) and d)
maximum branch length. n=5. Normalised with respect to control value.

To assess the impact of EED inhibition in FBs on microvessels function, we
measured microvessels perfusability and permeability. The tracer dye injection
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revealed that not all the microvessels formed by co-culturing ECs and FBs-EED
were perfusable (Fig 4.18 a). Quantification of 3D confocal images showed a
significant decrease, ~40%, in perfusability of EED-inhibited condition
compared to control (***P value <.001, n=6, Fig 4.18 b). The permeability of
control to 10 kDa dextran was measured to be 2.4E-07 ± 9.33E-08 cm/s,
whereas it was measured to be 5.18E-07 ± 7.6E-08 cm/s for EED-inhibited
microvessels which demonstrates a three-fold increase (Fig 4.18 c).
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Fig 4.18: Impact of inhibition of EED in FBs on microvessels function. a) 3D confocal
images visualising dextran perfusion through EED-inhibited microvessels and control. Scale
bar, 150 µm. b) Bar chart representing change in perfusability of EED-inhibited microvessels
and control c) Bar chart representing permeability values of EED-inhibited microvessels and
control (***P value <.001). n=5. Normalised with respect to control value.
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Comparison of microvessels openings revealed changes in the openings of
EED-treated microvessels not only in terms of morphology (Fig 4.19 a) but
also in terms of the number of openings as well as the width of openings. In
such a way that we observed a remarkable decrease in the number of
openings (***P value <.001, n=6, Fig 4.19 b) whereas a significant increase in
the width of the openings compared to the control (*P value =.039, n=5, Fig
4.19 c).
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Fig 4.19: Impact of inhibition of EED in FBs on vascular openings. a) Visualisation of
morphology of EED-inhibited microvessels and control. Scale bar, 150 µm. b) Bar chart
comparing the number of openings in EED-inhibited and control microvessels (***P value
<.001, n=6). c) Bar chart comparing the average width of openings in different conditions ( *P
value =.039, n=5). Normalised with respect to control value.
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Taken together, our data provide strong evidence that EED contributes not
only to the formation, morphogenesis, and characteristics of the microvessels
also to their topology and function.
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4.4

Discussion and Conclusion

In chapter 2, we showed that direct physical interaction between FBs and ECs
is crucial to stimulate the formation of functional microvessels. Over the past
few years, the mechanical role of FBs has gained increasing attention.
Applying nanofibres, Hurley et al. investigated the dual role of FBs in regulating
angiogenesis chemically and mechanically. They showed that FBs mediate
angiogenesis via cell-mediated scaffold disruption, ECM deposition and ECM
remodelling112. Other studies also showed that FBs regulate angiogenesis by
altering the mechanical properties of ECM via deposition of matrix and
metalloproteinase-mediated ECM remodelling113,114. Most of the studies about
the mechanical role of FBs refer to ECM deposition and ECM stiffness. In good
agreement with these findings, our study demonstrates a role for FBs
mechanics in the development of vasculature using an in vitro assay of
vasculogenesis. Our results demonstrate that FBs generate larger
deformations within the ECM compared to MC and PCC conditions, which
stimulate self-assembly of ECs into microvessels. However, the molecular
mechanism underlying it has not been fully understood. We hypothesised that
this process is mediated via mechanotransduction pathways including RhoA,
YAP,

SRC, Wnt7b

and

FAK.

In

chapter

3,

chemically inhibiting

mechanotransduction genes in both FBs and ECs, we successfully showed
that mechanotransduction pathways play key roles in forming and stabilising
microvessels plus their topology, characterisation and function. We then
sought to investigate the mechanical role of FBs in a 3D in vitro assay of
vasculogenesis by perturbing the same genes in FBs followed by co-culturing
siRNA-inhibited FBs with ECs within a fibrin gel.
A recent study investigated FBs function by siRNA inhibition of some
mechanotransduction genes such as ROCK, YAP, and Snail1 in cancerassociated fibroblasts (CAFs). Their results showed a significant decrease in
vessel formation by ECs co-cultured with the ROCK, YAP or Snail1-inhibited
CAFs115. Our results are in good agreement with these findings. When we
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inhibited RhoA in FBs, ECs failed to form microvessels. This could be due to
drastic changes in the FB cytoskeleton. Cytoskeleton is mechanical support
for cells, which plays a vital role in maintaining cell shape, cell proliferation,
and migration. It has three components; actin fibres, intermediate filaments,
and microtubules. As the most important mediator for the cytoskeleton, RhoA
regulates α-actin stabilisation, α-actin-myosin interaction necessary for cell
contractility, and α-actin polymerisation. Inhibition of RhoA results in stopping
some critical cell activities, including proliferation, migration, contractility,
protein and growth factors secretion plus gel remodelling which facilitates ECs
self-assembly. Therefore, when ECs are co-cultured with FBs-RhoA, FBs-RhoA
fail to support lumen formation by ECs, and it is like there are no FBs, and ECs
are mono-cultured. As mono-cultured ECs fail to form lumens, ECs co-cultured
with FBs-RhoA cannot create microvessels. Decellularisation of the ECM, and
comparing gel deformation/remodelling with control needs to be done to
answer the question.
Microvessel formation was not affected by the inhibition of YAP, Wnt7b, FAK,
and Src in FBs, but it resulted in less dense microvessels by ECs for all
conditions except FAK compared to the control. The formation of denser
microvessels when FAK was perturbed in FBs could be due to the dramatic
increase in microvessel diameter. The larger diameter in siRNA-inhibited
conditions in particular FAK-deficient condition could be due to the lack of
contractile forces which regulate microvessel diameter. FBs can acquire
myofibroblasts phenotype, cells that secrete contractile proteins such as αSMA, under mechanical stress such as changes in ECM208. Also, our findings
show that FBs tend to concentrate around the lumens. This direct physical
interaction exerts contractile forces to the lumens resulting in smaller
diameters. Failing to migrate toward lumens leads to the lack of such forces,
consequently

increasing

microvessel

diameters.

However,

further

investigation such as staining the FBs for αSMC in both siRNA-inhibited
conditions and control could shed a light on biological mechanism underlying
these observations.
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In addition to increased diameters, the inhibition of mechanotransduction
genes resulted in a significant change in microvessel topology, such as a
remarkable decrease in the number of branches and the number of junctions
and a significant increase or decrease in the average branch length and
maximum branch length. This could result from a decrease in tissue stiffness
in siRNA-inhibited conditions, as several research groups have reported that
ECM stiffness regulates microvessels morphogenesis and topology209,210.
Increased permeability in the microvessels formed in siRNA-inhibited
conditions indicates that the integrity of the microvessels was affected by the
inhibition of the mechanotransduction genes in FBs. Increase in the
permeability of the siRNA-inhibited microvessels could be a consequence of
changes in the tissue stiffness because ECM stiffness, along with other
mechanical factors such as blood flow and the mechanical strain of the vessel,
appears to play a key role in the control of endothelial permeability 211. Also,
distribution of VE-cadherin known as regulator of microvessels’ permeability
can be affected by tissue stiffness. This can consequently change vascular
permeability.

We

observed

lower

stiffness

in

our

system

when

mechanotransduction genes were perturbed in FBs. Consistent with our
findings by culturing porcine aortic endothelial cells on polyacrylamide gels of
varying stiffness Urbano et al. showed that substrate stiffness changes lead to
changes in endothelial cells permeability via changes in VE-cadherin212. In
future, that would be a good idea to assess the impact of perturbation of
mechanotransduction genes on the expression and distribution of VE-cadherin
in our system to shed light on how changes in tissue stiffening can change
microvessel permeability.
Altogether the lack of formation of microvessels and the formation of
microvessels that did not represent the features of control microvessels when
ECs are co-cultured with mechanotransduction genes-inhibited FBs suggests
that FBs promote and stabilise the microvessels mechanically.
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Our work supports the hypothesis that FBs can enhance vascular formation
and stabilisation through a vasculogenic process that is mediated, in part, by
biomechanical forces and that the SRC, FAK, Wnt7b and Rho pathways as
well as YAP signalling are involved. Although all of our studies were conducted
in an in vitro assay, we believe this work correlates with in vivo work (done in
partnership with Erik Sahai’s group, data not shown, not published) describing
the mechanical activity of FBs as it relates to YAP signalling. However, we
believe that large mechanical deformations alone are insufficient to drive
microvessel growth and stabilisation supported by stromal cells and that it is
an important interaction between biomechanics and soluble signalling factors
that ultimately directs vasculogenic processes.
At the end, it is worth mentioning that despite their unique advantages we are
aware of some disadvantages of using microfluidic platforms and the current
study. For instance, we recruited only one type of ECs (HUVECs) and FBs
(NHLFs). It is obvious to generalise our findings we need to employ other types
of ECs and FBs. Another limitation is that the system employed is a two-cell
system which means many other parameters and factors such as cells
including pericytes and chemical and mechanical cues like shear stress that
play important roles in vasculogenesis are absent. Despite believing that this
study is a valuable step towards mimicking in vivo models to study
vasculogenesis we know there still exist a long journey to develop a platform
which resembles in vivo models with their own unique complications.
Finally, several significant advantages such as providing the cells with an in
vivo-like environment make this platform a promising and useful tool to
develop organ-specific, disease-specific, and cancer-specific models by
recruiting different cell types. This enhanced understanding of FB-mediated
microvessel formation could also potentially provide alternative therapeutic
strategies that focus on modulating the mechanobiology of FBs. Additionally,
this information will help elucidate potentials for further developing
vascularisation strategies for tissue engineering and regenerative medicine to
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modulate the biomechanical behaviours of FBs that contribute to
vascularisation.
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5 General Conclusion, Preliminary
Developments and Future Work
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5.1

General Conclusion

In addition to chemical crosstalk, microvessel formation and function require
tightly regulated mechanical signalling because cell migration and shape
change inherently rely on mechanical force generation and the mechanical
properties of the cellular environment. Furthermore, since cells are highly
mechanosensitive, the mechanical properties of the vascular environment,
such as stiffness, influence microvessel formation, morphogenesis, and
function. The current study reveals direct physical interaction between ECs
and FBs is essential for the formation of functional, long-lasting blood
microvessels

in

large

scale.

We

showed

that

the

inhibition

of

mechanotransduction genes in both ECs and FBs led to either lack of
microvessel formation or significant changes in microvessel morphogenesis,
characteristics, topology and function. Fascinatingly, by the knockdown of
mechanotrasduction genes in FBs, we showed that the emergence of the
unique microvessel mechanical features such as stiffness, along with
morphogenesis, topology as well as functions including perfusability and
permeability are tightly interlinked with FBs mechanotransduction programs.
For example, we demonstrated that during the course of microvessel formation
tissue stiffness increased by over nine-fold. In contrast, perturbation of
mechanotransduction genes in FBs resulted in a drastic decrease in tissue
stiffness. Also, permeability increased due to mechanotransduction gene
perturbation. Altogether, our research suggests that FBs are intrinsic
mechanical promoters and stabilisers of microvessels.
5.2

Preliminary Findings and Future Work

Several significant advantages such as providing the cells with an in vivo-like
environment, the ability to image vasculature in real-time and, the ability to
quantitatively assess the formation, characteristics, and function of
microvessels make this platform a promising and useful tool to develop organspecific, disease-specific, and cancer-specific models by recruiting different
cell types. This chapter offers preliminary findings and proposes future
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directions for utilising the platform to develop organ-specific, disease-specific,
and cancer-specific models.
5.2.1 Methods
Human Dermal Fibroblasts (HDFs) were grown in FGM-2, Human Lung
Cancer-Associated

Fibroblasts

(HLCAFs)

were

cultured

in

DMEM

supplemented with 1% insulin-transferrin-selenium (ITS, Invitrogen/USA) and
10% FBS (Thermo Fisher Scientific/USA), and Scleroderma-driven fibroblasts
(provided by the Royal Free Hospital) were grown in DMEM supplemented
with Glutamax (Gibco) and 10% FBS. The cells were frozen and stored in a
nitrogen tank upon use. HDFs and Scleroderma-driven fibroblasts were used
at passages 3 and 8, respectively. HLCAFs were used below passage 12. 3channel devices were then seeded with ECs along with different FBs (JCC
condition).
5.2.2 Results
5.2.2.1 Organ-Specific Model
It is known that every organ is of its specific vasculature. Hence, the
development of in vitro organ-specific microvessels can be a useful tool to
study features of any organ’s specific vasculature. Vessel-specific ECs owe
their specification to both inherited epigenetic modifications and local
environmental cues such as the presence of stromal and mural cells. Knowing
this, we replaced NHLFs with HDFs in our system to form blood microvessels
mimicking skin microvessels. As expected, ECs co-seeded with HDFs
successfully developed microvessels (Fig 5.1).
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Day 1

Day 4

Day 7

Fig 5.1: Microvessel formation by ECs in presence of HDFs. Confocal
images of microvessel formation by ECs when co-seeded with HDFs over the
course of one week. Scale bar, 100 µm.

Characterisation of the microvessels revealed that when co-seeded with
HDFs, ECs created less dense vasculature with smaller diameters than
NHLFs. We measured the microvessel coverage area to be 54.46 ± 0.74
percent (Fig 5.2 a) and the average diameter to be 20.2 ± 0.96 µm (Fig 5.2 b).

Microvessels Coverage Area

b

Microvessels Average Diameter
Microvessels Average Diameter (µm)

Microvessels Coverage Arae (%)
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Fig 5.2: Characterisation of microvessels formed by co-culturing ECs and HDFs. Bar
charts representing a) microvessel coverage area and b) microvessel average diameter. n=3.

Further characterisation revealed that co-culturing ECs with HDFs resulted in
the formation of 70 ± 2.62 branches per unit area (Fig 5.3 a) and 38.3 ± 2.6
microvessel junctions unit area (Fig 5.3 b). We measured the microvessel
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average branch length to be 86.8 ± 7.34 µm (Fig 5.3 c) and maximum branch
length to be 404 ± 46.67 µm (Fig 5.3 d).
a

b
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Fig 5.3: Topology of microvessels formed by co-culturing ECs and HDFs. Bar charts
representing a) branching b) junctions, c) average branch length and d) maximum branch
length. n=3.

We assessed the function of the microvessels by injecting dextran. Dextran
uniformly filled the microvessels within a few seconds after injection and
remained confined in the lumens demonstrating the microvessels were fully
functional (Fig 5.4).
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Fig 5.4: Function of microvessels formed by ECs and HDFs co-culturing. a) 3D confocal
images visualising dextran perfusion through the microvessels. Scale bar, 100 µm. b) Bar
chart representing quantified perfusability. n=3.

When co-seeded with HDFs, ECs formed functional microvessels different
from the microvessels formed when co-embedded with NHLFs. This suggests
that the presence of different FBs can lead to different microvessels.
Altogether, one can hypothesise that the presence of organ-specific FBs can
result in the formation of organ-specific microvessels. However, further
analysis, such as permeability, is essential to prove the hypothesis.
5.2.2.2 Diseased-Specific Model
Blood vessels and FBs are affected by different diseases, including
Scleroderma, a group of autoimmune diseases. Unlike NHLFs and HDFs,
Scleroderma-driven fibroblasts failed to support ECs to form blood
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microvessels, demonstrating the cells' dysfunction (Fig 5.5). Developing an in
vitro model can be used to study fibroblast dysfunction and repair mechanisms
and provide insight into the disease's molecular mechanisms.

Fig 5.5: Scleroderma-driven fibroblasts failed to support
microvessel formation. Scale bar, 100 µm.

5.2.2.3 Cancer-Specific Model
Formation of new blood vessels also occurs during cancer, where newlyformed vessels serve to feed the growing tumour and help the cancer cells
escape from the primary tumour, find their way to the circulatory system, and
reach a hosting tissue to form secondary tumours213. Stromal cells, FBs
included help tumours to vascularise by producing and secreting
proangiogenic factors214. CAFs are known to be a spy in the human body in
tumourigenesis. They help cancer cells survive by providing them with
nutrients and facilitating their invasion to the circulatory system by remodelling
ECM215. Believing that this platform can be a useful tool to study the role of
CAFs in tumour growth and cancer angiogenesis and metastasis, we replaced
NHLFs with HLCAFs. Despite the need for optimisation, the formation of semifunctional microvessels (Fig 5.6) promises developing a useful platform to
study the contribution of CAFs to tumour growth, cancer angiogenesis, and
metastasis.
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microvessels

Dextran perfusion

Overlay

Fig 5.6: Microvessels formed by co-culturing ECs and HLCAFs. Scale bar,
100 µm.
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Appendix
Appendix 1, Perfusability
Perfusability_Array = newArray();
//Input is a .tif confocal image stack with 2 channels: (1) HUVEC, (2) Dextran
//User is prompted to open folder containing multiple .tif image stacks for
processing
dir = getDirectory("Choose a Directory ");
list = getFileList(dir);
for (j=0; j<list.length; j++) {
if (endsWith(list[j],"tif")) {
path = dir+list[j];
open(path);
run("Split Channels");
selectWindow("C1-" + list[j]);
rename("HUVEC");
selectWindow("C2-" + list[j]);
rename("Dextran");
//Process dextran channel, slice by slice
for (i=0; i<nSlices; i++) {
run("8-bit");
run("Subtract Background...", "rolling=1000 sliding slice");
run("Enhance Contrast", "saturated=5");
for(k=0; k<10; k++) run("Despeckle", "slice");
run("Gaussian Blur...", "sigma=3.0 slice");
//Threshold and Binarise
setAutoThreshold("Triangle");
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setAutoThreshold("Triangle dark");
getThreshold(lower, upper );
setThreshold(lower, upper );
run("Convert to Mask", "only");
run("Next Slice [>]");}
//Reslice in XZ--‐plane
run("Reslice [/]...", "output=1.000 start=Bottom avoid");
rename("Dextran_Reslice");
//Process HUVEC channel, slice by slice
selectWindow("HUVEC");
for (i=0; i<nSlices; i++) {
run("8-bit");
run("Subtract Background...", "rolling=1000 sliding slice");
run("Enhance Contrast", "saturated=5");
for(k=0; k<10; k++) run("Despeckle", "slice");
run("Gaussian Blur...", "sigma=3.0 slice");
//Threshold and binarise
setAutoThreshold("Triangle");
setAutoThreshold("Triangle dark");
getThreshold(lower, upper);
setThreshold(lower, upper);
run("Convert to Mask", "only");
run("Next Slice [>]");}
//Reslice in XZ--‐plane
run("Reslice [/]...", "output=1.000 start=Bottom avoid");
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run("Invert", "stack");
rename("HUVEC_Reslice");
run("Set Measurements...", "area mean");
setSlice(1);
//Identify vessel outlines from HUVEC channel
run("Analyze Particles...", " show=Outlines include add stack");
//Measure binarised dextran pixel intensity within vessel outlines
selectWindow("Dextran_Reslice");
roiManager("measure");
Total_Area = 0;
Zero_Area = 0;
for (l=0; l<nResults; l++) {
b = getResult("Area", l);
Total_Area = Total_Area + b;
a = getResult("Mean", l);
//If no dextran from thresholded image is found within vessel region, that
region // is considered non--‐perfusable
if (a == 0) {
Zero_Area = Zero_Area + b;}}
Perfusability = (Total_Area - Zero_Area) / Total_Area;
Perfusability_Array = Array.concat(Perfusability_Array, Perfusability);
run("Close All");
selectWindow("Results");
run("Close");
roiManager("delete");}}
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Array.show("Perfusability",Perfusability_Array)
//Perfusability is reported as a fraction of perfused volume divided by total
//vascular volume

Appendix 2, Diffusion
// StackProfileData
// This ImageJ macro gets the profile of all slices in a stack
// and writes the data to the Results table, one column per slice.
// Version 1.0, 24-Sep-2010 Michael Schmid
macro "Stack profile Data" {
if (!(selectionType()==0 || selectionType==5 || selectionType==6))
exit("Line or Rectangle Selection Required");
setBatchMode(true);
run("Plot Profile");
Plot.getValues(x, y);
run("Clear Results");
for (i=0; i<x.length; i++)
setResult("x", i, x[i]);
close();
n = nSlices;
for (slice=1; slice<=n; slice++) {
showProgress(slice, n);
setSlice(slice);
profile = getProfile();
sliceLabel = toString(slice);
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sliceData = split(getMetadata("Label"),"\n");
if (sliceData.length>0) {
line0 = sliceData[0];
if (lengthOf(sliceLabel) > 0)
sliceLabel = sliceLabel+ " ("+ line0 + ")";}
for (i=0; i<profile.length; i++)
setResult(sliceLabel, i, profile[i]);}
setBatchMode(false);
updateResults;}

Appendix 3, Microvessel Length
dir = getDirectory("Choose a Directory ");
list = getFileList(dir);
networkLength = newArray();
for (j=0; j<list.length; j++) {
path = dir+list[j];
open(path);
//Perform image processing
run("Subtract Background...", "rolling=50");
run("Enhance Contrast...", "saturated=1");
run("Unsharp Mask...", "radius=100 mask=0.60");
setOption("BlackBackground", false);
//Binarise
run("Make Binary");
run("Dilate");

210

run("Dilate");
run("Dilate");
run("Dilate");
run("Dilate");
//Skeletonise
run("Skeletonise (2D/3D)");
//Analyze Skeleton
run("Analyze Skeleton (2D/3D)", "prune=none prune");
//run("Close All");
a = newArray();
//Calculate longest connected network
for (i=0; i<nResults; i++) {
b = getResult("# Branches",i)*getResult("Average Branch Length",i);
a = Array.concat(a,b);}
Array.getStatistics(a, min, max, mean, std);
networkLength = Array.concat(networkLength,max);
close("Results");
print(networkLength[j]);}
//Network length is the longest connected network for each image; if no units
were
//stored in the original image properties, values will be reported in pixels.
run("script:Macro.ijm.ijm", "choose=F:/Test/");

Appendix 4, Microvessel Coverage Area
//Input is a .tif confocal image stack of vasculature filled with fluorescently
labeled
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//tracer. Only the tracer (dextran) channel should be used for this thresholding
//algorithm.
//User is prompted to open folder containing multiple .tif image stacks for
processing.
dir = getDirectory("Choose a Directory ");
list = getFileList(dir);
VolFraction = newArray();
NumLumens = newArray();
for (j=0; j<list.length; j++) {
if (endsWith(list[j],"tif")) {
path = dir+list[j];
open(path);
//For each image stack:
//Process, threshold, and binarise – slice by slice
for (i=0; i<nSlices; i++) {
run("8-bit");
run("Subtract Background...", "rolling=1000 sliding slice");
run("Enhance Contrast", "saturated=10");
for(k=0; k<5; k++) run("Despeckle", "slice");
run("Gaussian Blur...", "sigma=3.0 slice");
setAutoThreshold("Triangle");
setAutoThreshold("Triangle dark");
getThreshold(lower, upper );
setThreshold(lower, upper );
run("Convert to Mask", "only");
run("Next Slice [>]"); }
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//Identify vascular lumens for each slice in XZ--‐plane
//Calculate # lumens and vascularised area for each slice
run("Reslice [/]...", "output=1.000 start=Bottom avoid");
rename("lumens.tif");
run("Invert", "stack");
run("Set Measurements...", "area");
run("Analyze Particles...", "size=50-Infinity display summarise stack");
select Window("Results");
run("Close");
select Window("Summary of lumens.tif");
IJ.rename Results("Results");
a= new Array();
c = new Array();
//Retrieve % vascularised area for each XZ--‐slice
//Retrieve # lumens for each XZ--‐slice
for (i=0; i<n Results; i++) {
b = get Result("%Area",i);
a = Array.concat(a,b);
d = get Result("Count",i);
c = Array.concat(c,d);}
//Calculate average % vascularised area over all slices
Array.get Statistics(a, min, max, mean, std);
VolFraction = Array.concat(VolFraction,mean);
//Calculate average # lumens over all slices and normalise by crosssectional
area
Get Dimensions(width, height, channels, slices, frames);

213

Get Pixel Size(unit, pixelWidth, pixelHeight);
totalarea = (width*pixelWidth*height*pixelHeight)/1000000;
Array.get Statistics(c, minc, maxc, meanc, stdc);
NumLumens = Array.concat(NumLumens,meanc/totalarea);
Select Window("Results");
Save As("Text", path + "Morph_Quant.txt");
run("Close All");}}
Array.show("VolFraction",VolFraction)
Array.show("NumVessels",NumLumens)
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