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ABSTRACT

English

Oxygen tension and shear stress are believed to play a crucial role in the development of
various vascular diseases such as pulmonary arterial hypertension. Since no physiological in
vitro model yet exists to study the effect of these stimuli on the behaviour of patient-specific
vascular cells, the aim of this research was to develop a three dimensional (3D) small
pulmonary artery on chip (sPAoC) model with integrated flow and oxygen control. The
proposed design consists of an oxygen impermeable microfluidic chip in which oxygen tension
and flow rate can be controlled to mimic both the small pulmonary artery and the surrounding
alveoli. The vessel is formed via displacement of collagen by a less viscous fluid (viscous
finger patterning) to obtain a perfusable 3D collagen lumen in which human induced pluripotent
stem cell (hiPSC) derived endothelial cells (ECs), smooth muscle cells and fibroblasts can be
cultured. Although earlier characterization of these hiPSC-ECs revealed an immature
arterial/venous phenotype, their response to hypoxia was found to be similar to primary
pulmonary arterial ECs, providing previously unknown information about the current
phenotype of the hiPSC-ECs. Additionally, a concept version of the chip system was fabricated
without the alveolar compartment and imaging confirmed successful formation of cylindrical
lumens in these chips with an average diameter of 313 + 34 ym and a success rate of 90%.
Finally, oxygen sensor spots and unidirectional flow were successfully integrated in this chip
system. Together these initial results demonstrate the possibilities of the proposed sPAoC
model for analysis of the vascular behaviour in response to stimuli such as
(patho)physiological oxygen tensions and shear stresses.

Nederlands

Zuurstofspanning en schuifspanning spelen vermoedelijk een cruciale rol in de ontwikkeling
van verscheidene vaatziektes zoals pulmonaire arteriéle hypertensie. Aangezien er nog geen
fysiologisch in vitro model bestaat om het effect van deze stimuli op het gedrag van patiént-
specifieke vaatcellen te bestuderen was het doel van dit onderzoek om een driedimensionale
(3D) kleine longslagader op chip (sPA0C) te ontwikkelen met geintegreerde controle van de
vloeistofstroming en zuurstofspanning. Het voorgestelde ontwerp bestaat uit een zuurstof
impermeabele microfluidische chip waarin de zuurstofconcentratie en stroomsnelheid kunnen
worden gecontroleerd om zowel de kleine longslagader als de omliggende longblaasjes na te
bootsen. Het bloedvat is gevormd via verplaatsing van collageen door een minder viskeuze
vloeistof (viscous finger patterning) om een 3D lumen te verkrijgen waarin menselijke
geinduceerde pluripotente stamcel (hiPSC) afgeleide endotheelcellen (ECs), gladde
spiercellen en fibroblasten kunnen worden gekweekt. Alhoewel eerdere karakterisering van
deze hiPSC-ECs een onvolwassen arterieel/veneus fenotype onthulde is de reactie op
hypoxie vergelijkbaar met primaire longslagader ECs, wat voorheen onbekende informatie
verschaft over het huidige fenotype van de hiPSC-ECs. Verder is een conceptversie van het
chip systeem gefabriceerd zonder het longblaasjescompartiment en beeldvorming bevestigde
succesvolle formatie van cilindrische lumens in deze chips met een gemiddelde diameter van
313 + 34 ym en een slagingspercentage van 90%. Ten slotte zijn zuurstofsensoren en
unidirectionele stroming succesvol geintegreerd in het chip system. Samen tonen deze initiéle
resultaten de mogelijkheden van het voorgestelde sPAoC model voor analyse van het
vasculaire gedrag als reactie op stimuli zoals (patho)fysiologische zuurstofspanningen en
schuifspanningen.
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1 INTRODUCTION

1.1 THE IMPORTANCE OF BLOOD VESSELS

Blood is essential for life. It transports oxygen and nutrients to all cells throughout the body,
and at the same time carries waste products away from the cells. Furthermore, it helps regulate
body temperature, pH, water balance and hormone homeostasis. And last but not least, blood
plays an important role in the immune system by destroying pathogens and minimizes blood
loss via coagulation. To enable the blood to carry out all these functions, a vast network of
blood vessels provides a pathway through which the blood can travel. Many different types of
blood vessels are present, each with their own function and physiological environment.
Arteries carry the blood from the heart to each organ and tissue while veins carry the blood
back to the heart. Capillaries are the smallest blood vessels, connecting the arteries and veins
with each other and allowing for exchange of gas and other substances with all tissues. [3]

1.2 VASCULAR DYSFUNCTION

A healthy vascular system is fundamental for proper functioning of the body. However, many
people suffer from problems with their vasculature, causing pain, disability or even death. In
fact, cardiovascular diseases are the number one cause of death worldwide [23]. There are
many different types of vascular problems, most of them caused by atherosclerosis (a buildup
of plague inside the vessel), vasculitis (inflammation of the blood vessel wall) or aneurisms
(bulges in the blood vessels). These problems often cause stenosis (narrowing of the blood
vessels), hypertension (high blood pressure) and an increased risk of thrombosis (blood
clothing) and embolisms, such as in peripheral artery disease, coronary artery disease, carotid
artery disease or cerebrovascular disease (stroke). Each of these conditions can lead to a
reduced blood supply to the tissues (ischemia) and eventually organ failure. [24] [25]

Another, less common vascular disease is pulmonary arterial hypertension, or PAH for
short. This rare, progressive disorder is characterized by a high blood pressure in the arteries
of the lungs, mainly affecting the smaller pulmonary arteries (sPAs) with a size ranging in
diameter from 500 um down to 70 um [26]. These sPAs carry deoxygenated blood from the
right ventricle of the heart to and through the lungs, where the blood becomes oxygenated and
is transported throughout the body. When these vessels become constricted for some reason,
the blood pressure increases. This makes is harder for the heart to pump blood to the lungs.
As a result, the right side of the heart increases in size to accommodate for the increased
pressure in the sPAs. However, this happens at the expense of the left side of the heatrt,
decreasing its ability to efficiently pump blood to the rest of the body [27] [28] [29]. Currently
there is no cure for this disease, although several types of FDA approved medication exist to
promote vasodilation, reduce coagulation and decrease blood pressure to delay right heart
failure.

1.3 RELEVANT FACTORS IN VASCULAR (DYS)FUNCTION

Various factors play an important role in the maintenance of a healthy vascular function, such
as genetics, lifestyle and the immune system. Many of these factors can also be assigned as
a possible cause for PAH, although the exact mechanism for disease development is still
unclear. Currently, it is believed that the constriction of sPAs of PAH patients is caused by
some kind of injury to the endothelial cells (ECs) that line the small blood vessels of the lung,
as well as changes in the smooth muscle cells (SMCs) (see Figure 1). This provokes
increased proliferation of these cells, inducing remodelling and thickening of the vessel wall
leading to constriction and increased blood pressure. [27] [29]

It is also thought that the vessels of patients with PAH are particularly sensitive to certain
internal and/or external factors that cause injury to the ECs and result in constriction of the
pulmonary vessels. For example, it is known that 15-20% of patients with PAH have a genetic
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Figure 1 Schematic representation of vascular remodelling as observed in patients with PAH and possible factors
that might initiate or aggravate this remodelling. Adapted from [2].

mutation, most commonly in the bone morphogenetic protein receptor type 2 (BMPR2) gene
or genes that are closely linked to BMPR2 [29]. BMPR2 is a transmembrane protein that plays
a role in regulating the growth and differentiation of numerous types of cells, and a mutation
in this gene could promote cell proliferation and/or prevent cell death, resulting in an
overgrowth of cells in the sPAs and constriction of these arteries [30]. However, approximately
80% of individuals with a mutated BMPR2 gene will not develop PAH. It is therefore expected
that other genes and/or environmental triggers also play a role in the development of PAH,
referred to as the multiple-hit hypothesis. [29] [31] [32]

These other possible factors that could trigger PAH development include behavioural
factors, associated diseases, inflammatory responses and metabolic factors. For example, it
is found that PAH mostly affects females between the ages of 30 and 60 [29]. Sex hormones
such as oestrogen and testosterone are therefore regarded as possible triggers for dysfunction
of the cells in the vascular wall [33]. Furthermore, inflammatory cytokines such as tumour
necrosis factor a (TNF-a) are found to be present in higher concentrations in the blood of PAH
patients compared to a control group and TNF-a is also known to suppresses BMPR2
receptors. [34] [35] [36] [37]

It is also thought that abnormal oxygen tensions might cause injury to the ECs lining the
sPAs. Oxygen is a major player in the regulation of the lumen size through which the blood is
able to flow, a process which is mainly coordinated by the ECs lining the vessel walls. When
the oxygen concentration in a specific artery is too low or too high, the ECs excrete various
substances that activate the SMCs in the arteries to either open up (vasodilation) or constrict
(vasoconstriction), thereby maintaining a healthy oxygen tension and blood pressure
throughout the body. However, in patients with PAH this process might be dysregulated, as
the vasoconstrictor molecule endothelin-1 (ET-1) has been reported to be increased in the
lungs of PAH patients [38] and both protein and mRNA levels of hypoxia-inducible factor
1a (HIF-1a) and hypoxia-inducible factor 2a (HIF-2a) were significantly elevated in patients
with PAH [39] [40]. Additionally, it is observed that living at a high altitude where the oxygen
tension is much lower is a risk factor for the development of PAH [29] [41].

Finally, abnormal shear stresses caused by the flow of blood could be a trigger for PAH.
Shear stress has been shown to influence the transcription of growth factors, adhesion
molecules and molecules involved in vascular tone such as ET-1 and nitric oxide (NO) and
affect the rate of EC proliferation, permeability of the vessel wall and migration of ECs [8] [42].
Furthermore, the wall shear stress of sPAs was found to be significantly lower in patients with
severe PAH compared to healthy controls [43].



1.4 MODELS TO STUDY VASCULAR (DYS)FUNCTION

Various models exist to study the effects of these factors on vascular (dys)function (see Figure
2), but none fully recapitulate the human vascular behaviour in vivo. Two dimensional (2D) in
vitro models are often used in the first stages of research, since they are relatively cheap and
allow for a large number of experiments to be performed simultaneously in a controlled
environment. By using human derived cells, the effect of a certain mechanical or chemical
factor on these cells can be studied. However, these in vitro models often fail to mimic the
complexity of human biology in patients. With these models it is for example not possible to
determine the effect of a particular factor on the entire body, since only one or a few cell type(s)
can be studied at the same time with no genetic variation. Furthermore, they do not replicate
the three dimensional (3D) organisation found in the human body and certain mechanical
factors such as flow cannot be incorporated. Although more advanced models such as
Transwell and dynamic systems can be used to improve on some of these limitations, these
2D models remain a simplification of reality. [44] [45]

Another possible method to research the human vasculature are animal models. Rats and
mice are often used for this purpose, since they exhibit considerable similarities in structure
and function in biology with humans. The main advantage of using these animal models is that
they do allow for studying the effect of a chemical or mechanical factor on the entire body and
not just on the target cells as is done in in vitro studies. On top of that, it can be investigated
which role the immune system plays in the treatment. Nevertheless, the physiology and
genetic background of these animals are significantly different from those of humans, making
them less than ideal models for research into vascular (dys)function in humans. Additionally,
animal testing allows for less control of the microenvironment, is more expensive and time
consuming and there is a big social and ethical push to reduce animal testing as much as
possible. In some cases, it is possible to study the effect of certain factors on the vasculature
in humans, either in healthy or diseased subjects. But even these studies are not fully
representative, since usually limited subjects are available which do not represent the
worldwide variation in genetic and behavioural background. Furthermore, these studies are
often very expensive, time-consuming and require approval by a medical ethics committee.
[44] [45]

As an alternative to wet-lab experiments, various computer models are being developed
that could be used to predict the outcome of a certain treatment based on current knowledge
of human physiology and pathology. These in silico models have many advantages, since they
are cheap and large data sets can be generated in a short period of time. However, the
knowledge of the human physiology and pathology is far from complete, making this method
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Figure 2 Various models to study vascular (dys)function, including in vitro models like static culture and OoC
systems, as well as computer, animal and human models. Adapted from [14].
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less reliable and advanced compared to previously mentioned models. Besides, wet-lab
experiments will still be required for validation and optimization of the model. [44] [45]

To overcome most of the limitations of each of the aforementioned methods, advanced in
vitro models such as organ on chip (OoC) systems have been developed. In these models, a
specific organ or set of organs is mimicked in a microfluidic device. This allows for 3D
structures to be created, which better mimic the human organs than 2D in vitro models.
Additionally, mechanical forces such as flow and electrical stimulation can be applied, which
is mostly not possible with regular in vitro models. By using human derived (stem)cells, an
advanced in vitro model can be created of a specific individual, allowing for personalized
medicine and diagnostics. This could overcome some of the problems faced with animal
models, which have a distinctly different physiology and genetic background than humans.
Nevertheless, OoC systems also know some limitations. Currently, significant research and
development is still required before such a system could be applied in a clinical setting.
Additionally, some factors like lifestyle and aging are difficult to incorporate in these models.
[44] [45]

When looking specifically at vascular OoC models, several different systems have been
developed so far. Most of these models are used to study vascular barrier and exchange
functions, such as the exchange of gasses between the alveoli and the lung capillaries [46],
the blood brain barrier [47] or the absorption of nutrients in the gut [48]. For these purposes, a
2D barrier might deliver sufficient information about the mechanisms behind these exchange
functions. However, for vascular studies into processes like perfusion, vasoconstriction,
stenosis and angiogenesis, 3D geometries are preferred or even required. One way this can
be achieved is by creating microfluidic chips with either rectangular or circular geometries and
lining them with ECs and additional cell types to emulate the organisation of blood vessels in
vivo. Coatings and/or matrices can also be applied in these chips to incorporate extracellular
matrix (ECM) proteins and/or create 3D lumens inside rectangular channels [13]. For models
of capillaries and vasculogenesis, rows of micropillars and/or patterned 3D matrices are often
employed to create an environment in which the ECs can form a microvascular network. [13]
[44] [49] [50]

1.5 RESEARCH QUESTION

As demonstrated in the previous sections, a lot is still unknown about vascular functioning and
the development of diseases such as PAH. All the while, no suitable model yet exists to obtain
this knowledge, which is required for the evolution of novel therapeutics. Nonetheless, several
advances in the OoC field do have the potential to aid in this process, including a 3D hydrogel
based vessel on chip (VoC) system first published by Bischel et al. [51] [52] and further
developed by Andries van der Meer and others within the Applied Stem Cell Technologies
(AST) group at the University of Twente [13] [17] (see Figure 3). This system consist of a
polydimethylsiloxane (PDMS) microfluidic chip with a rectangular channel, in which a 3D
collagen lumen is fabricated using a technique called viscous finger patterning (VFP). Vascular
cells are then cultured inside this lumen to create a 3D VoC which can be used to successfully
mimic various types of vascular dysfunction.

Given the genetic nature of some pulmonary vascular diseases like PAH, it would be
advantageous to use patient specific human induced pluripotent stem cell (hiPSC) derived
cells in such a model. However, it is unknown whether vascular cells derived from hiPSCs
currently have the characteristic behaviour of cells found in the sPAs. It is however
hypothesized that by culturing hiPSC-derived vascular cells in a microenvironment that mimics
the environment as found in the sPAs, a phenotype can be induced that is more representative
of the sPA physiology. Thus, to further improve on this VoC system and better mimic the sPA
microenvironment in vivo, some of the previously indicated factors that play an important role
in the maintenance of vascular (dys)function should be regarded and incorporated in this
model.

In this research, the focus will be on incorporating control of both oxygen tension and shear
stress in this existing VoC system, since these factors are regarded as “key modulators of
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Figure 3 a) Schematic diagram of the PDMS chip used to generate the 3D VoC system. b) Photograph of the 3D
VoC system. ¢) 3D cut-out reconstruction of a 2-photon second harmonic generation image showing the collagen
lumen. d-e) Fluorescence confocal micrographs of the engineered vessel made up of ECs viewed in cross-section
(d) and from the top (e). From [13] and [17].

endothelial structure and function and initiate and perpetuate pulmonary vascular remodelling
associated with PAH”, as stated by Humbert et al. [26], and “a better understanding of the
molecular mechanisms underlying endothelial adaptation to high shear stress and chronic
hypoxia will greatly enhance our understanding of the pathogenesis of PAH, and may aid in
identifying new therapeutic strategies” [26]. Additionally, when regarding the multiple-hit
hypothesis, neither hereditary factors such as mutations in the BMPR2 receptor, atypical shear
stresses nor hypoxia alone seem to be sufficient to structurally induce pulmonary vascular
remodelling, while a combination of these factors could be the trigger for vascular remodelling
as observed in patients with PAH [31]. This hypothesis is supported by the research as
summarized by Pugliese et al. [2], who states that the current scientific knowledge suggest
that “hypoxia acts as an inflammatory stimulus in combination with changes in flow and
pulsatility to initiate and perpetuate pulmonary vascular remodeling”.

However, before the influence of these factors on the behaviour of vascular cells can be
studied, an improved 3D vascular model needs to be developed that specifically mimics the
sPA in regard to oxygen tension, shear stress and cellular phenotype. The research question
that will be addressed in this research can therefore be formulated as follows:

How can the influence of oxygen tension and shear stress on
the behaviour of vascular cells be studied in a 3D small
pulmonary artery on chip model?

To be able to answer this research question in the best possible way, it can be split up into
several sub-questions, which will be discussed in further detail in the remainder of this section.

How can the cellular behaviour of vascular cells be characterized?

Before it is possible to study the influence of factors like oxygen tension and flow rate on the
behaviour of the hiPSC derived vascular cells, it is required to establish what “cellular
behaviour” is, how this differs between different types of vascular cells and which markers and
readout methods can be used to characterize this behaviour. Since PAH mainly affects the
sPAs, but not the larger pulmonary arteries, systemic arteries or veins [26], it is important to
formulate the main similarities and differences in cellular behaviour between the cell types that
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reside in each of these tissues. This information can then be used to create a VoC system that
specifically mimics the sPA microenvironment. For this purpose, markers should be identified
that can be used to distinguish between these different cell types. Additionally, markers might
be identified that can be used to characterize the phenotype as observed in PAH.

Once these markers are established, compatible read-out methods need to be selected
that can be used for both 2D and 3D characterization of the cellular behaviour. In this way, the
differences in cellular behaviour can be characterized in both 2D cell culture and in the 3D
VoC system. Additionally, it is important to determine the natural cellular behaviour of these
different cell types in response to various oxygen tensions and flow rates to be able to validate
whether the developed VoC system behaves similar to the in vivo situation and whether these
factors aid in the differentiation and maturation of the hiPSCs towards sPA specific cells. This
also makes it possible to demonstrate whether certain oxygen tensions and/or flow rates
stimulate healthy cellular behaviour or pathological behaviour as observed in patients suffering
from PAH.

How can the oxygen tension be controlled in a 3D small pulmonary artery on
chip system?

Once the cellular behaviour can be characterized and it is understood which cellular behaviour
can be expected in different situations, the cells can be exposed to different oxygen tensions
to determine its influence on the cellular behaviour. In order to achieve this, an oxygen control
systems needs to be incorporated in the 3D small pulmonary artery on chip (sPAoC) model.
Different methods of oxygen control need to be researched and material choices need to be
made before the most promising method can be fabricated and experimentally validated.
Towards this end, oxygen sensors might need to be incorporated in the design to allow for
spatial and temporal control of the oxygen tension that is perceived by the cells.

How can the flow rate be controlled in a 3D small pulmonary artery on chip
system?

Similarly, a flow control systems needs to be designed and fabricated that allows for exposure
of the cells to a predetermined shear stress in the 3D sPAoC. This will require a pumping
system, tubing, connections and a method to confirm that the aspired shear stresses are
actually experienced by the cells. Using this flow control system, it should then be possible to
study the effect of different flow rates and shear stresses on the cellular behaviour. Once this
is achieved, experimental validation of the combined effect of oxygen tension and shear stress
on the cellular behaviour can be determined. For this purpose, it is crucial that the flow control
system is compatible with the oxygen control system.

1.6 THESIS STRUCTURE

In the remainder of this thesis, it is attempted to answer these questions and to demonstrate
successful design, fabrication and experimental validation of a 3D sPAoC which allows for
control of both oxygen tension and flow rate. First of all, background information from a
literature study will be disclosed on the physiology of healthy and diseased sPAs and the
characteristics of the various cell types that need to be considered, allowing for the selection
of markers that can be used to distinguish these different cell types in vitro. Then, different
possible methods for controlling oxygen and flow rate within a VoC system will be discussed.
Next, a design is presented which allows for control of both oxygen tension and flow rate in a
sPAOC. Finally, experimental progress on characterization of the cellular behaviour, chip
fabrication and control of oxygen and flow is shown and discussed.
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2 BACKGROUND

2.1 PHYSIOLOGY OF THE PULMONARY ARTERIES

For the development of a sSPA0C, it is important to understand the physiology of the sPAs in
vivo, in both healthy and diseased conditions. In this section, detailed information will be
provided regarding the blood vessels structure, vascular cells and the different types of blood
vessels. Using this information, markers are identified that can be used to distinguish between
these different cell types in order to characterize the cellular behaviour of the cells in 2D and
3D sPAoC models. Additionally, (patho)physiological oxygen tensions and shear stresses are
defined which need to be mimicked in the sPAoC. Additional background information can be
found in Supplementary Material S1.

2.1.1 Blood vessel structure

As mentioned earlier, blood vessels are important circulatory passageways that function as a
transport system for nutrients, gasses and many other substances through the body. This
blood vessel system can be divided into a pulmonary circulation, which carries oxygen-poor
blood from the heart to the lungs and oxygen-rich blood back to the heart, and a systemic
circulation, which carries oxygen-rich blood from the heart to all other organs and oxygen-poor
blood back to the heart. [3]

Blood vessels can further be divided into three main types: arteries, vein and capillaries.
The arterial and venous vessel walls all consist of three layers: the tunica intima, the tunica
media and the tunica adventitia (see Figure 4). The tunica intima is the innermost layer of the
vessel wall and consist of a thin layer of ECs. The middle layer (tunica media) mainly contains
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circularly arranged SMCs and sheets of elastin. This middle layer plays an important role in
vasoconstriction and vasodilation in response to neural, chemical and other signals and it is
generally much thicker in arteries than in veins. The outermost layer of the arterial and venous
vessel walls (tunica adventitia) accommodates fibroblasts that secrete collagen and elastin
fibres to provide stability and flexibility to the blood vessels. The tunica adventitia is usually
ticker in veins compared to arteries. Capillary walls do not have this three layered structure,
but only consist of a single layer of ECs that can be enveloped by pericytes. [3]

2.1.2 Vascular Cell Types

The main cell types that reside in the vascular walls are ECs, SMCs and fibroblasts. Each of
these cell types interact with each other on various levels to maintain a proper vascular
function. The layering of these cell types is visualised in Figure 5. [3]

Blood flow
M rioetalects
Basal lamina

- - - «. !

Smooth muscle cells

®* e ® o o

x Fibroblasts

Figure 5 Schematic representation of various cell types residing in the vascular wall. Vascular ECs lining the
lumen are separated from the SMCs by a basal lamina. Fibroblasts in the tunica adventitia are responsible for
the production of ECM proteins.

2.1.2.1 Endothelial Cells

Vascular ECs line the inner wall of the blood
vessels. They are polarized because of
direct exposure to the blood flow on the
apical side and anchoring onto a basal
lamina on the basolateral side. Their shape
varies depending on their location in the
body, but in general they are thin and
slightly elongated. They can grow to be
approximately 30-50 um in length, 10-30
um in width and have an average thlqkngss Figure 6 Fluorescent images of ECs where nuclei are
of 0.1-10 ym [53]. An EC monolayer in Vitro |apelled in blue and VE-cadherin molecules are labelled
shows a characteristic cobble-stone pattern in green. On the right, the cells are elongated and aligned
and the ECs are aligned in the direction of due to unidirectional flow in the direction as indicated by
the blood flow to minimize the shear stress e amow. From [12].

they experience due to the flowing blood (see Figure 6). Because of tight cell-cell junctions,
permeability of blood through the vessel wall is very low in arteries and veins. In capillaries
however, the permeability of the vessel wall is higher to allow exchange of substances with
the surrounding tissue. [53]

Since ECs are in direct contact with the blood, they play a crucial role in many physiological
processes including vasoconstriction and vasodilation and the permeability of fluids, cells and
other substances in the blood. They have mechanoreceptors that allow them to sense the
shear stress due to flow of blood over their surface and are able to detect changes in the
oxygen tension of the blood. By signalling this information to the surrounding cells (such as
SMCs), they enable the blood vessel to adapt its diameter and wall thickness to suit the blood
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flow. For this purpose, they are able to synthesize and release various factors to modulate the
blood flow rate, including NO and ET-1. Additionally, ECs also sense and act upon factors that
are secreted by other cells. Dysregulation in any of these signalling pathways can lead to
vascular dysfunction. In the case of PAH, endothelial-to-mesenchymal transition is often
observed, which is a process in which ECs lose polarity and cell-to-cell contacts and undergo
a dramatic remodeling of the cytoskeleton. [53] [54] [55] [56]

Various biomarkers can be used to identify whether a cell exhibits an endothelial
phenotype. Some of these endothelial-specific biomarkers are vascular endothelial cadherin
(VE-cadherin), which is an endothelial adhesion molecule located at the junctions between
ECs, platelet endothelial cell adhesion molecule 1 (CD31) and the endothelial nitric oxide
synthase enzyme (eNOS) [57] [58].

2.1.2.2 Smooth Muscle Cells

Vascular SMCs are the most common cells in the tunica media of the vessel wall. In larger
vessels, there can be up to 40-60 layers of SMCs around a single layer of ECs. In the sPAs,
this smooth muscle layer can have a thickness of tens to hundreds of micrometers [3]. SMCs
play important roles in the physiological functioning of blood vessels, since they allow blood
vessels to contract and relax. In healthy blood vessels, the SMCs contain many contractile
fibres with SMC-specific contractile proteins, such as alpha smooth muscle actin (actin-a2)
and smooth muscle myosin (myosin SM-1/2). The contraction of these fibres can be mediated
via various pathways and substances such as NO and ET-1 as are produced by the ECs for
vasodilation and vasoconstriction respectively. [59]

At the onset and development of most vascular diseases, including PAH, the SMCs
undergo phenotypic modulation, characterized by a loss of contractile filaments and
associated molecules. The SMCs will start to grow and migrate, causing thickening of the
blood vessel wall. It has also been observed that reactive oxygen species (ROS) can cause
damage to the SMCs, causing this phenotypic modulation. To classify cells as SMCs and
distinguish them from ECs, several biomarker molecules can be used including actin-a2 and
myosin SM-1/2 [60].

2.1.2.3 Fibroblasts

Fibroblasts can mainly be found in the tunica adventitia of larger blood vessels. For a long
time, it was thought that these cells were merely present for structural support of the blood
vessel, but it is now realized that these supporting cells also play an important role in mediation
of vascular remodelling and repair, as well as in the deposition of the ECM proteins such as
collagen, laminin and fibronectin. For example, it has been demonstrated that both
vasoconstriction and vasodilatation can be dependent on fibroblasts in the tunica adventitia
and that these fibroblasts are able to contract after stimulation with ET-1, similarly to SMCs.
At the same time, fibroblasts are also able to produce ET-1 themselves. This expression can
be mediated by the environmental oxygen tension and oxidative stress. In addition, NO derived
from adventitial inducible nitric oxide synthase can also regulate SMC function. [61]

When looking at the pathology of PAH, the fibroblasts in the adventitial layer are activated
and start to proliferate and transform into myofibroblasts, as indicated by the expression actin-
a2 and myosin SM-1/2. Additionally, interstitial collagen as produced and degraded by the
fibroblasts starts to accumulate, which is also associated with vascular disease development.
Lastly, fibroblasts are able to generate ROS via the NADPH oxidase pathway, which could
have a paracrine effect on vascular hypertrophy as seen in the onset of PAH. Since not many
fibroblast-specific biomarkers exist, the easiest way to classify fibroblasts is by elimination of
other cell types using biomarkers for ECs and SMCs. [61] [62] [63]

2.1.3 Types of Vasculature

Now that it is clear which layers and cell types are present in the blood vessel structure, it is
possible to look into the different types of vascular structures that exist throughout the human
body. In this thesis, a distinction will be made between the ECs found in macrovascular and
microvascular blood vessel structures, between arteries and veins and between pulmonary
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and systemic vessels. It is important to note however that these are not the only cells and
types of vasculature present and that many different distinctions can be made, even within
each of these categories. The reason why characterization was mainly focussed on the ECs
and not on the SMCs or fibroblasts, is because these will be the first cells to be incorporated
in the 3D sPAoC system. ECs are also the first cells that will come into contact with a change
in oxygen tension or flow rate of the blood. Additionally, the main reason why these specific
categories were chosen is because it is intended to develop a model for vascular diseases
such as PAH, which mainly affect the sPAs. [26]. Thus, it needs to be established that the
fabricated vessel is indeed small (70-500 um), pulmonary and arterial.

2.1.3.1 Macrovasculature versus Microvasculature

Based on their anatomy, it is relatively easy to distinguish macrovasculature (arteries and
veins) from microvasculature (arterioles, venules and capillaries). Most importantly, arteries
and veins are larger than arterioles and venules and contain a much ticker tunica media. In
general, arterioles are defined to have a diameter of 10-100 ym, whereas arteries are larger
and capillaries are smaller than this range [64]. However, large variations still exist within each
of these categories due to differences in size and microenvironmental factors such as shear
stress and oxygen tension. And when only looking on a cellular level, this distinction between
macrovasculature and microvasculature is even harder to make.

Nevertheless, several genes have been identified that are expressed differently between
ECs of macro- and microvasculature. For example, larger vessels generally express more
fibronectin and collagen 5a, likely related to their thicker vascular wall, while microvasculature
has a higher expression of basement membrane proteins such laminin and collagen 4a [65].
Furt_hermore_, many genes a_lssouated with H.pomatia G. simplicifolia
angiogenesis are expressed in microvascular ECs
(hMVECSs) but not in ECs from larger vessels,
since microvascular networks are the main sites
for angiogenesis in adults [65]. However, these
differences are very general while especially for
ECs gene expression considerably depends on
the organ of origin.

Research focusing specifically on the
pulmonary macro- and microvascular is scarce.

<
Nevertheless, it has been established that there is
a difference in the lectin binding pattern between C MVEC D MVEC
hMVECs and pulmonary arterial ECs (hPAECS).
Specifically, it seems that Helix pomatia agglutinin
lectin (HPA) binds to hPAECSs but not to hMVECs,
while Griffonia Simplicifolia Lectin | (GSL) binds to
hMVECs but not to hPAECs (see Figure 7) [2]
[16] [58]. Here, the transition between
microvascular and macrovascular ECs occurs in
vessels with a diameter between 40-60 um, since

vessels larger than 60 yum do not bind GSL, while e 2 Bindi ¢ lectins to MMVEC §

igure inding of lectins to s an
Vessels. smaller than 40 pum do [66]. Lastly, hPAECs in vitro. Immunofluorescent HPA (red)
expression of eNOS and NO can also be used to  h4s hpPAECs (A) but not hMVECs (C), while
distinguish between hPAECs and hMVECs [16] immunofluorescent GSL (green) binds hMVECs

[67] (D) but not to hPAECs (B). Cell nuclei are stained
with DAPI. From [16].

2.1.3.2 Arteries versus Veins

Even though both arteries and veins consist of the same three layers, there are many
differences that distinguish them from one another. Generally speaking, veins are larger in
diameter than arteries but have much thinner walls. Arteries have a thinner tunica adventitia
but have a much ticker tunica media and are thus more muscular than veins. This makes that
arteries are stronger and more rigid than veins. Veins however have in general a larger lumen
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diameter than their arterial counterpart,
resulting in a larger volume of blood residing
in the veins compared to the arteries. [68]

Another major difference between arteries
and veins is blood pressure, which is much
higher in the arteries compared to the veins
(see Figure 8). Since the wall shear stress
(WSS) experienced by the ECs in the vessel
wall depends on both the blood pressure and
the cross-sectional area of the vessels, the
blood velocity (and thus also the flow rate and
WSS) is lowest in the capillaries and highest
in the arteries. This is the case for all systemic
vessels except the pulmonary vessels, where
the pressure is higher in the veins than in the
arteries. Since the blood pressure in the veins
is considerably lower than in the arteries,
valves are needed to prevent backflow of the
blood. In the arteries and the pulmonary
veins, no valves are present since the blood
pressure is strong enough to ensure
unidirectional flow. The concentration of
oxygen in the blood can also be used to
distinguish between arteries and veins, which
is generally higher in the arteries compared
to the veins, except for the pulmonary
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Figure 8 Schematic overview of a) the cross-sectional
area (in cm?), b) the velocity (in cm/sec) and c) the
pressure (in mmHg) in systemic blood vessels of
various types and sizes. From [3].

circulation. [3] [68]

When looking on a cellular level, the
ECs lining the vessel walls are slightly
different for arteries and veins. While in
veins the cells are more round and coble-
stone like, they become more elongated
and aligned in arteries. This is because the
blood pressure and shear stresses are
generally higher in arteries, causing the
cells to align in the direction of the blood
flow. Furthermore, a difference in ECs can
be observed regarding the distribution of
junction molecules, which varies
throughout the vascular tree to comply to
the requirements at each location. These
junctions, which regulate permeability of
the vessel wall, are found to be much
tighter in arteries than in veins but are
even more relaxed in arterioles, venules
and capillaries. [68] Lastly, the expression
of biomarkers such as COUP transcription
factor 2 (COUP-TFII) and Ephrin B2 can
be used to identify venous and arterial ECs
respectively (see Figure 9). [10] [65] [68]

Arterial endothelial-like cells

Venous endothelial-like cells
Ephrin B2

Figure 9 Arterial endothelial-like cells showing a low
expression of COUP-TFII (a) and a high expression of
Ephrin B2 (b), while venous endothelial-like cells show a
high expression of COUP-TFII (c) and a low expression of
Ephrin B2 (d). From [10].

2.1.3.3 Pulmonary versus Systemic Vasculature

The most recognisable distinction between pulmonary and systemic vessels are the blood
pressure and shear stresses that can be found in these vessels. While in systemic arteries
such as the aorta the blood pressure is high, in the pulmonary arteries the blood pressure is
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significantly lower. [3] [69] Additionally, pulmonary arteries have larger diameters and much
tinner walls than systemic arteries. Thus, anatomically they are more similar to systemic veins
than to systemic arteries. Their larger diameter also gives them a much lower resistance, about
one tenth of the resistance as experienced in the aorta. These differences all result in a much
lower WSS experienced by the ECs in the pulmonary arteries compared to those in the
systemic arteries. [69] [70]

Another major difference between the pulmonary arteries and the systemic arteries are the
oxygen levels, as the systemic arteries carry oxygen-rich blood while the pulmonary arteries
carry oxygen-poor blood [3]. Besides a difference in absolute oxygen tension, pulmonary and
systemic arteries also respond differently to relative changes in oxygen tension. While
systemic arteries respond to hypoxia with vasodilation, allowing more oxygen rich blood to
flow towards the hypoxic tissues, pulmonary arteries actually constrict in a response to
hypoxia, thereby diverting blood to better-oxygenated lung segments and improving systemic
oxygen delivery [2] [71]. i b)

This behaviour can also be observed on a cellular
level. For example, it has been shown that hPAECs in
response to hypoxia produce more laminin, fibronectin,
and elastin, decrease the production and/or activity of
NO and increase the production of ET-1 to achieve
vasoconstriction (see Figure 10). This is opposite for
systemic arterial ECs, which increase NO production
and reduce ET-1 secretion to induce vasodilation [1] [2]
[72]. This adapted biomarker expression in response to N H N H
hypoxia can therefore be used to characterize whether  r;qre 10 Expression of a) NO and b) ET-
ECs behave more like systemic or pulmonary arterial 1 in normoxia (N) or hypoxia (H) (5% O2
ECs in vitro. for 24h) in hPAECs. Adapted from [1].
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2.1.4 (Patho)physiological Oxygen Tensions
For the creation of a SPAoC model, it is desired to control the oxygen tension in the chip and
study its effect on the cellular behaviour. Towards this end it is important to understand which
oxygen tensions should to be used -
to emulate hypoxic, normoxic and Ch, = oo
hyperoxic conditions. However,
these terms are a bit indistinct since
the oxygen concentration that
needs to be maintained is not the
same throughout the body (see
Figure 11). Thus, it is necessary to
know the (patho)physiological Pulmoney artries
oxygen tensions in different parts of CO; =6.5%
the body to discern what a “low”
oxygen concentration  actually
means.

While the air that we breath
contains around 21% oxygen (160 g .imic veins:
mmHg), the oxygen concentrationis & 3%,
already reduced to around 14%
(100 mmHg) once it reaches the
alveoliin the lungs [73]. This oxygen
is then exchanged with the blood in
the lungs and flows through the
pulmonary veins, where the oxygen
concentration is around 13%. The

oxygen rich blood then quickly flows  Figure 11 Physiological oxygen and carbon dioxide concentrations
through the heart and into the aorta, throughout the human body. Adapted from [4].

Alveoli:
Q, =14%
€O, =4.5%

Pulmonary veins:
o, =13%
€O, =5%

Systemic arteries:
0, =13%
€0, =5%

Tissues:
0, =110%
€O, =6.5%

19



after which most of the oxygen is delivered to various tissues. The oxygen tension in these
tissues can vary from 1% in the skin to almost 10% in the kidneys. The blood then flows back
to the heart via the systemic veins, which have an oxygen concentration of only 5% (40
mmHg). Finally, it moves back to the lungs via the pulmonary artery, where the blood still has
an average oxygen tension of 5%. Hence, it can be presumed that an oxygen tension below
5% can be regarded as hypoxia for the ECs as found in the sPAs, while for systemic ECs an
oxygen tension below 13% might already evoke a cellular response to hypoxia. [74] [75] [76]
[77]

Moreover, it has been observed that the cellular response to hypoxia not only depends on
the absolute oxygen tension that is regarded as “hypoxia”, but also on the degree of hypoxia,
the length of exposure and the type and location of the cells. For example, it seems that both
HIF-1a and HIF-2a are upregulated in response to acute hypoxia (<24 hours), but only HIF-2a
remains upregulated during chronic hypoxia (>24 hours) [78]. Furthermore, HIF-2a can
already be upregulated when the oxygen tension is slightly decreased, while HIF-1a
expression only increases when the oxygen tension is significantly reduced [78]. Additionally,
ECs and SMCs in different parts of the vascular tree respond differently to hypoxia [2]. Lastly,
it is important to note that in the lungs not only the oxygen concentration in the blood plays a
role in the EC behaviour, but the oxygen concentration in the alveoli also seems to have an
effect on the vascular behaviour [71].

2.1.5 (Patho)physiological Shear Stresses

Besides oxygen tension, it is also of interest to study the effect of different shear stresses on
the cellular behaviour in a sSPA0C system. In healthy vasculature, these shear stress values
can range from 0.5 to 120 dyn/cm? (1 dyn/cm? is equal to 0.1 Pa) depending on the vessel
type and size of the tissue [79]. While in veins these shear stresses are only 1-5 dynes/cm?,
they are generally much higher (10-40 dynes/cm?) in arteries. In a healthy pulmonary arteries,
shear stresses between 10-25 dyn/cm? are commonly found. However, patients with vascular
disorders such as PAH can have shear stresses in the pulmonary arteries that are either much
higher (> 80 dyn/cm2) or much lower (5-8 dyn/cm2) than this physiological range. It is therefore
thought that both increased and decreased flow rates may induce vascular dysfunction [8].
This hypothesis is supported with the research by Li et al, who demonstrated that a shear
stress of 20-60 dynes/cm? promotes vasodilation, as shown by a high expression of nitrite and
a low expression of ET-1, while both higher and lower shear stresses promote vasoconstriction
in hPAECs (see Figure 12). [8] [42]
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Figure 12 (a) Nitric oxide release in flow medium as measured by the total content of nitrite. (b) ET-1 content in
the flow medium as measured with ELISA. Medium was collected from the flow circulation after cells were exposed
to different shear stresses. From [8].
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2.2 ORGAN ON A CHIP SYSTEMS

The aim of this project is to create a 3D sPAoC in which the influence of oxygen tension and
flow rate on the behaviour of vascular cells can be studied. For the development of such a
system, it is important to review the state-of-the-art in the field of OoC and VoC technology.
The term OoC was first introduced to a wider audience in 2010, when Huh et al. demonstrated
a lung-on-a-chip system in which the alveolar-capillary interface of the human lung was
mimicked, incorporating mechanical forces such as fluid flow and mechanical strain [46].
Quickly after, many other organs were integrated in a microfluidic chip, including the gut, liver,
kidney, brain and heart. Already in 2009, van der Meer et al. published about the possibility to
create vessels and capillaries in microfluidic channels [80], and in 2013 a 3D VoC co-culture
of human ECs and embryonic stem cell-derived pericytes was demonstrated [81]. The VoC
system that will be used as the basis for this research is the previously described 3D hydrogel
based VoC system first published by Bischel et al. [51] [52] and further developed by Andries
van der Meer and others within the Applied Stem Cell Technologies (AST) group at the
University of Twente (see Figure 3). [13] [17]

To improve on this existing system and allow for control of oxygen tension and shear stress,
the material choices and fabrication methods for this VoC system will be reviewed and
alternatives will be considered. Additionally, information will be provided about incorporation
of cells and possible readout methods in such a system.

2.2.1 Materials

Various different materials are being used for the fabrication of microfluidic chips and OoC
systems, each with their own advantages and limitations. In general, the main requirements
that need to be considered for their application in OoC systems are a non-toxicity to cells,
permeability to gasses such as oxygen and CO., optical transparency required for microscopic
visualization and the costs of materials and fabrication processes [82].

Inorganic materials such as silicon and glass were the first materials to be used for
microfluidic cell culture devices. However, these materials are not gas permeable, making
them unsuitable for long-term cell culture. Additionally, fabrication of silicon or glass chips
requires photolithography and etching, which are expensive and time-consuming fabrication
methods [83]. To overcome these limitations, people started fabricating OoC devices out of
elastomers such as PDMS. These elastic polymers are usually gas permeable, biocompatible
and optically transparent, making them perfectly suitable for cell culture. Additionally,
elastomers are cheap and easy to fabricate into complex 3D structures. Another advantage of
using elastic materials for OoC systems is that they allow for pneumatically controlled
deformation, which can be used to mimic pulsatile stresses as found in the lung, gut and larger
vasculature. However, elastomers do know some limitations. For example, PDMS is
incompatible with some organic solvents, has a high hydrophobicity and shows strong
adsorption of biomolecules. [83] [84] [85]

Besides elastomers, other plastic materials can also be used for the fabrication of OoCs,
including poly(methyl methacrylate) (PMMA), polycarbonate (PC), polystyrene (PS) and cyclic
olefin copolymer (COC). These materials are generally more rigid than elastomers, optically
transparent and biocompatible, but less gas-permeable than PDMS and often incompatible
with most organic solvents. However, they show a lower adsorption and are more resistant to
the permeation of small molecules. Additionally, thermoplastics are suitable for
thermomechanical processing methods such as injection moulding, making them more
suitable for commercialization and mass production. [83]

To allow for cells to be cultured in OoCs made with any of the aforementioned materials, it
is often required to apply a coating that promotes cell adhesion. For this purpose hydrogels
are often used, since they are able to mimic the ECM, are highly biocompatible and material
properties such as elasticity, porosity, permeability, stiffness and degradability are easily
tuneable. Hydrogels can broadly be classified into natural, synthetic, and hybrid hydrogels.
Natural hydrogels include collagen, gelatine, alginate, agarose and fibrin, while polyethylene
glycol, polylactic acid, poly(lactic-co-glycolic acid) and poly(e-caprolactone) are examples of
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synthetic hydrogels. Natural hydrogels are generally more biocompatible and better promote
cell attachment and growth than synthetic hydrogels, but their mechanical properties are less
tuneable and they often show limited long-term stability and more variability between batches.

Besides materials for the OoC itself, it is also important to look into materials for fluidic
connections between the chip and the outside world. For initial insertion of fluids in the OoC
device, it is often sufficient to use standard sized polypropylene (PP) pipette tips which can
directly be inserted into the inlets of the chip. However, when a controlled flow through the
channels of the OoC is required, it is often desired to introduce a pumping system which is
connected to the chip via tubing. Microfluidic tubing exists in many different sizes and
materials, but polyether ether ketone (PEEK), polytetrafluoroethylene (PTFE/Teflon™),
fluorinated ethylene-propylene (FEP), perfluoro alkoxy (PFA) and ethylene tetrafluoroethylene
(ETFE) are often used, either with or without a polyvinylidene chloride (PVDC) or
polyvinylidene fluoride (PVDF) coating. [86] [87] [88] [89] Fluidic connectors might be required
to interface between the OoC and the tubing. These can be commercially obtained or
fabricated in-house and are often made from stainless steel, PEEK, ETFE, PP or PTFE [90]
[91].

Since it is desired to be able to control the oxygen tension in the OoC device to determine
its effect on the cellular behaviour, oxygen permeability of the chip material is a key parameter
that needs to be regarded. In Table 1, an overview is given of the oxygen permeability
coefficient of some materials often used in OoC systems. This oxygen permeability coefficient

Table 1 Overview of oxygen permeability of various materials commonly used in OoC systems. Data from [92] [93]
94] [95] [96] [97] [98] [99].

Material Oxygen permeability coefficient

mol m* st Pal Relative permeability

Inorganic materials
Silicon 0
Glass 0
Metal 0
Elastomers
Polydimethylsiloxane ' PDMS 2.04*104
Thermoplastics
Poly(methyl methacrylate) PMMA 3.16*10Y
Polycarbonate PC 5.00*1016
Polystyrene PS 6.89*1016
Cyclic olefin copolymer CcocC 1.43*101¢
Hydrogels
Water ] 2.55*1014
Fluidic connections
Polyether ether ketone PEEK 3.93*10Y
Polytetrafluoroethylene PTFE 1.53*101°
Fluorinated ethylene-propylene | FEP 1.02*10%°
Perfluoro alkoxy alkane PFA 1.53*10°%°
Ethylene tetrafluoroethylene ETFE 1.79*101
Polypropylene PP 4.85*1016
Polyvinylidene chloride PVDC 1.02*101°
Polyvinylidene fluoride PVDF 2.81*10Y
-- - +/- +

<107 1017 1016 10-16. 1015 1015 1014 > 10 mol m* s Pat

(expressed in mol m* s Pa™) is a combination of the oxygen diffusion coefficient (D,,) and
Henry’s absorption coefficient (Hy,). As can be observed, PDMS has a very high oxygen
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permeability, while most thermoplastics have a much lower permeability and inorganic
materials and metals are (almost) impermeable to oxygen. Of these thermoplastics, PMMA
has the lowest oxygen permeability. The oxygen permeability of hydrogels seems to depend
largely on the water content and extend of crosslinking within the hydrogel, but it is generally
slightly lower than the permeability of oxygen in water. For the fluidic connections, PEEK and
ETFE show the lowest oxygen permeability and a PVDC coating could reduce the oxygen
permeability of the tubing even more. [92] [93] [94] [95] [96] [97] [98] [99]

2.2.2 Fabrication Techniques

A number of fabrication techniques can be used to create OoC devices, depending on the
used material and availability of equipment and facilities. For the fabrication of silicon and glass
chips, standard lithography and etching methods are often applied in a cleanroom
environment. When making microfluidic chips out of elastomers such as PDMS, soft
lithography methods are usually employed (see Figure 13a). For this technique a mould is
created using either standard photolithography with a silicon or glass substrate or using micro
milling or 3D printing of thermoplastics such as PMMA, depending on the desired feature size.
Once such a mould has been fabricated, a PDMS pre-polymer solution can be casted onto the
mould, after which it should be degassed and cured in an oven. When the solution has
polymerized, it can easily be peeled of from the mould, which can be reused multiple times.
The PDMS chips can then easily be cut into the desired size and inlets can be punched for
fluidic connections. Sealing of the chip is usually achieved by bonding the PDMS chips to a
glass slide (coated with PDMS if necessary) via oxygen plasma exposure.

For the fabrication of thermoplastic OoC devices, various different methods can be applied
depending on the quantity of chips that are required and the desired chip design. For
prototyping and low-volume device fabrication, direct fabrication methods such as computer
numerical controlled (CNC) milling can be used, in which computerized controls and rotating

Chip fabrication
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Surface functionalization
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Figure 13 Schematic overview of fabrication techniques for the creation of OoC devices. Soft lithography can be
used for the fabrication of OoCs from elastomeric materials such as PDMS (a) while for thermoplastics such as
PMMA, CNC milling is often employed (b). Surface functionalization can be achieved via APTES + GA coating (c)
or using a PDA coating (d) to covalently bind hydrogels such as collagen to the OoC surface. Finally, lumens can
be formed via VFP (e).



mill and drill bits are used to remove material from the workpiece to produce the desired chip
design (see Figure 13b). For smaller features, laser ablation or direct lithography can be
employed to remove material, and it is also possible to create thermoplastic OoCs by 3D
printing. Mass production of thermoplastic chips requires different fabrication techniques such
as hot embossing or injection moulding. To seal a chip made from thermoplastic material,
several bonding methods can be employed such as sealing with an adhesive film, bonding to
another material using double sided tape, thermal bonding, plasma bonding or solvent bonding
techniques. [100] [101]

Before integration of hydrogels and cells in elastomeric or thermoplastic chips, additional
surface functionalization is usually required. One example of such a coating is a layer-by-layer
coating of (3-aminopropyl)triethoxy silane (APTES), glutaraldehyde (GA), and collagen to
covalently bind collagen on a PDMS surface (see Figure 13c) [102] [103] [104]. Before this
method can be applied, the chip surface needs to be treated with oxygen plasma to convert
the silane groups (Si-CHs) into silanol groups (Si-OH). Next, the chips are incubated with
APTES solution, which reacts with the exposed OH groups on the chip surface. After washing,
the chips are exposed to GA, which in turn reacts with the amine groups of the APTES. Lastly,
collagen can bind to the aldehyde groups of the GA molecules. Alternatively, polydopamine
(PDA) coatings can be used to bind collagen to a chips’ surface (see Figure 13d) [105] [106].
First, dopamine is oxidized in an alkaline environment, after which it cyclizes and polymerizes
into PDA. At the same time, the dopamine/PDA molecules bind to the surface to form a PDA
film. Finally, the collagen is able to bind to the OH groups of the PDA coating.

After surface functionalization, hydrogel materials can be integrated in the microfluidic chips
to promotes cell adhesion and better mimic the native ECM. It is for instance possible to coat
the walls of the channels in a microfluidic chip with a hydrogel precursor solution such as
collagen, which can bind to the channel walls and crosslink to form a collagen coating. This
collagen crosslinking can be activated by changing the pH of the collagen solution towards a
more alkaline environment and by increasing the temperature. Pre-patterning of the hydrogel
to create a 3D hydrogel lumen is also an option, for example using a cylindrical needle which
is removed after crosslinking or via VFP. VFP is a technique which make use of the physical
phenomenon where a less viscous fluid will flow through and displace a more viscous fluid,
resulting in the formation of finger-like lumens in the viscous fluid, in this case the hydrogel
(see Figure 13e). This process relies on the balance between viscous forces and the
interfacial tension between the collagen solution and the displacing fluid, which in turn depend
on many parameters such as the composition and viscosity of the collagen solution,
temperature and timing. [44] [51] [83] [107]

2.2.3 Integration of Cells

Once the microfluidic device is fabricated using the desired materials, cells need to be
integrated into the system. Many different cell types and sources can be considered, but the
best choice of cells largely depends on the final goal of the research and the availability of the
desired cells. In general, three main cell sources can be distinguished. Firstly, cell lines can
be obtained commercially from companies such as ATCC [108] or AMSbio [109]. These cell
lines have extensively been validated and usually show high proliferation, maturity and
reproducibility. Additionally, they have clear culture protocols and are generally easy to handle.
However, since these cells have been immortalized for the creation of the cell line, their
phenotype might be quite different from the primary cell types found in vivo. [110]

Secondly, primary cells from human donors can be used, which better mimic the phenotype
as found in the mature human body. Furthermore, primary cells are able to model disease
pathologies that reflect the actual clinical phenotype. However, due to genetic differences
between donors and batches, variability of the cells might be an issue. Besides, primary cells
are limitedly available and require specialize culture conditions to retain their phenotype.
These primary cells can be obtained directly from a hospital or they can be commercially
bought from companies such as Lonza [111] and PromoCell [112].

Lastly, hiPSC derived cells can be used for the 3D culture in an OoC device. Benefits of
this cell source are that stem cells are theoretically indefinitely renewable and can be derived
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from each individual, healthy or diseased. For OoC purposes, hiPSCs show a large potential
since they would allow for personalized organ or even body models that are completely
fabricated using the cells from a specific individual. Since hiPSCs can be genetically
engineered to create or remove disease-specific mutations, the genetic impact of a disorder
can be studied in such a system, which is not possible with the other cell sources. Given the
genetic nature of some pulmonary vascular diseases like PAH, hiPSCs as a cell source are
therefore of primary interest in this study. Nevertheless, hiPSCs also know several drawbacks.
First of all, the creation and differentiation of these hiPSCs is lengthy and expensive compared
to the ease of purchase of commercially available cells. Furthermore, hiPSCs exhibit an
immature phenotype and might show limited differentiation towards specific tissues due to
epigenetic memory. Lastly, differentiation and maturation protocols are not always available
and are non-standardized, which could have an effect on the experimental reproducibility.

The creation of hiPSCs by reprogramming adult cells from skin or blood vessels was first
demonstrated by Takahasi et al. in 2006 [113]. They showed that by using four specific
chemical factors it is possible to induce a pluripotent stem cell phenotype in adult cells. After
this reprogramming, the hiPSCs can be differentiated into a variety of cell types. For this
project, differentiation into ECs, SMCs and fibroblasts is of interest, since these are the main
cells residing in the vasculature. Although several different methods are available, the
differentiation protocol by Orlova et al. [114] [115] has been used in this research to
differentiate hiPSCs into ECs. By using similar methods but different chemical factors, the
same group has shown to also be able to generate vascular SMCs. [11] [114] [115] [116]

Further maturation of these cells can be achieved with both chemical and mechanical
factors. For example, it has been demonstrated that different concentrations of vascular
endothelial growth factor (VEGF) can be used to differentiate the hiPSC derived ECs (hiPSC-
ECs) into arterial or venous phenotype [10]. Furthermore, factors such as substrate stiffness
and a 3D environment are thought to contribute to maturation of hiPSCs [110]. Lastly,
environmental factors such as flow and an physiological oxygen tension are hypothesized to
induce a phenotype that is more representative of the sPA physiology.

2.2.4 Readout Methods

After chip fabrication and integration of cells in the device, it is desired to characterize the
cellular behaviour before and after applying certain stimuli such as different oxygen tensions
and/or flow rates, both in 2D and 3D cell cultures. Earlier in this report, several biomarkers
have been identified that can be used to characterize whether cells behave like a certain
subpopulation of vascular ECs. The gene or protein expression of these biomarkers can be
analysed with various assay, some of which will be discussed shortly below. Before an
appropriate assay can be selected however, a few parameters need to be considered. First of
all, it is important to establish whether it is desired to look at the expression on the level of
DNA, mRNA or proteins. Secondly, it should be determined whether the samples are collected
during the experiment, while the cells are alive, or at the end, when the cells can be fixated or
lysed. [117]

For measuring at a gene level, quantitative polymerase chain reaction (QPCR) and a
reporter cell line are often used. When looking into protein expression on the other hand,
several other methods can be considered. For end-point protein detection, Western blotting
(WB) or immunostaining can be used. With WB, the cells are lysed and loaded into a gel for
electrophoretic separation of the proteins based on size. Next, the proteins are transferred
onto a membrane, which is incubated with antibodies that are specific for the protein of interest.
Finally, these antibodies are visualized as chemiluminescent or fluorescent bands that can be
semi-quantified using image analysis. While WB shows a high sensitivity and specificity, it is
an expensive and labour-intensive method. Instead, immunostaining can be used to fixate,
permeate and stain the cells with target-specific antibodies that are usually fluorescently
labelled. This allows for the visualization of a spatial expression pattern of a protein, which is
not possible with WB. However, quantification of the protein expression is more difficult with
this method. [117]
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Instead of analysing the cells at the end of an experiment, it is also possible to analyse
proteins in and on live cells during the experiment. Depending on the localization of the protein
and the available antibodies, it is sometimes possible to perform immunostaining with live cells.
Furthermore, secretion of proteins or other substances can be measured in the medium using
for example a colorimetric assay or an enzyme-linked immunosorbent assay (ELISA). With a
colorimetric assay, a certain reagent is added to the sample which undergoes a measurable
colour change in the presence of the analyte. This colour change is proportional to the amount
of analyte present in the sample, resulting in quantative data on the secretion of the protein or
substance. ELISA makes use of a similar principle, but instead a specific antibody is
immobilized on a surface and is allowed to react with the sample. Next, the sample is washed
away but bound proteins remain on the surface. Then, a secondary antibody that is linked to
an enzyme is allowed to bind to the protein of interest. Finally, a substrate is added that is
converted by the enzyme into a coloured substance or fluorescent signal. The signal strength
depends on the amount of protein that has bound to the primary antibodies, thus generating
guantative data about the amount of a specific protein present in the sample. [117]

Besides investigating cellular responses by the presence or functionality of a certain protein
or gene, other assays can be used to characterize the functionality of the entire cell or tissue.
A permeability assay can for example be performed to determine the barrier properties of
cellular monolayers. An example of such an assay is fluorescent angiography, in which a
fluorescent dye is injected into a blood vessel. Over a predetermined period of time, the dye
is allowed to diffuse through the blood vessel wall and into the ECM. Next, the intensity of the
fluorescent signal inside and outside of the vessel is measured, which can be used to calculate
the permeability coefficient of the barrier. [118] [119] [120]

2.3 OXYGEN CONTROL AND SENSING

Since oxygen is thought to play an important role in vascular function and the development of
vascular disease such as PAH, it is desired to study the effects of different oxygen tensions
on the cellular behaviour in a 3D sPAoC model. For this purpose, an oxygen control system
needs to be integrated into the existing VoC system. Such a control system usually requires
two main components: an actuator and a sensor. In this section, various possible oxygen
control systems will be discussed and sensing methods will be proposed for use in the 3D VoC
system.

2.3.1 Oxygen Tension Definitions

Before going into more detail about the state-of-the-art oxygen control systems, it is important
to establish how the actual oxygen concentration or tension can be defined and measured.
Most researchers state that their cell culture experiments were performed in 21% oxygen
conditions. However, this percentage is only valid for dry air, which is not the case in a regular
incubator, where a humidity of 90% or more is common. Besides humidity, the actual oxygen
tension also depends on the atmospheric pressure. This can be seen in the fact that the
percentage of oxygen is constant at different altitudes, but due to a decrease in atmospheric
pressure at higher altitudes, the partial pressure of inspired oxygen is lower at higher altitudes.
It is therefore often better to express the oxygen tension in terms of partial pressure. This
partial pressure can be given units of Pascal, mmHg or percentages of oxygen (1% = 1013 Pa
= 7.6 mmHg). When using this method to express the oxygen tension, most cells cultured in
“normoxic” conditions are exposed to 141 mmHg or 18.6% oxygen, accounting for humidity,
pressure and added CO.. [75] [76] [121]

While controlling the oxygen tension in the gas surrounding the cell culture is fairly easy to
achieve, it might not be completely relevant since the cells do not experience the oxygen
tension in the gas phase but rather the dissolved oxygen concentration in the medium. To
calculate the amount of dissolved oxygen in a certain solution, Henry’s law can be used. This
law states that the partial pressure of a gas in the liquid phase is equal to its partial pressure
in the gas phase:
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Co, = H *po, (1)

where Cy, is the concentration of oxygen in the aqueous phase, H is Henry's adsorption
constant (H = 1.3 x 107> mol m~3 Pa~? for oxygen in water at 298.15K) and Do, is the partial
pressure of oxygen (in Pa). Thus, at 25°C and under normoxic cell culture conditions
(po, = 141 mmHg), this gives a dissolved oxygen concentration of around 240 pM. When
using the Henry’s adsorption constant of oxygen in culture medium or blood plasma at 37°C,
this concentration is even lower (177.66 uM). This solubility of oxygen in culture medium is
very low compared to other gasses such as CO; (1140 uM when p¢,, = 38 mmHg (5%)).
Additionally, factors like diffusion limitations and oxygen consumption by the cells ever further
reduce the actual oxygen tension that is sensed by the cells. [121] [122]

In the human body, this problem of low oxygen solubility is solved by hemoglobin. This
natural oxygen carrier is capable of binding four oxygen atoms at a time in a reversable
manner, acting as a buffer system for oxygen. Because it is present in high concentrations
(around 15 grams per 100 mL of blood) and generally has a saturation of around 97%, the
total amount of oxygen in the blood is

approximately 20 ml of oxygen per 100 ml of
blood (equal to 6.4 M), which is much higher
than the dissolved oxygen concentration of
177.66 pM. Furthermore, the total oxygen
concentration in the blood is not linearly
dependent on the oxygen partial pressure,
as is the case with the dissolved oxygen
concentration, but instead follows a sigmoid
shape due to changes in the oxygen affinity
of hemoglobin at different oxygen partial
pressures (see Figure 14). For in vitro
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Figure 14 Oxygen—haemoglobin dissociation curve
showing that only a small percentage of the total oxygen
concentration in the blood is dissolved, while most
oxygen is bound to hemoglobin. From [7].

2.3.2 Oxygen Control Systems

A common practice to achieve a specific oxygen concentration in a cell culture is to use a
hypoxic incubator. This is a sealed chamber in which the gas composition is regulated using
either a pre-defined gas mixture or by introducing a certain amount of nitrogen gas to reduce
the partial pressure of oxygen in the chamber. These hypoxic incubators exist in various sizes
and complexities (see Figure 15). Larger hypoxic workstations such as the Xvivo system [15]
allow for manipulation of samples in hypoxic conditions and a large amount of samples can be
controlled simultaneously. However, they are bulky, expensive and are unable to create a
controlled oxygen gradient which is often present in physiological environments. Smaller
hypoxic chambers [22] on the other hand are much cheaper and easier to handle, but can only
contain a limited amount of samples and the samples cannot be manipulated within the
hypoxic environment. Lastly, advanced microenvironmental control systems are commercially
available that allow for control of gas composition and temperature and that are compatible
with standard microscopy setups and well plates or microfluidic devices [21]. Although these
systems are easy to use, compatible with standard lab equipment and show integrated control
of various microenvironmental factors, they are very expensive and often incompatible with
custom-made microfluidic devices.
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Figure 15 Overview of various techniques for oxygen control, including hypoxic workstations, hypoxic chamber,
microenvironmental control systems, nitrogen purging and the use of oxygen scavengers/ generators, oxygen
diffusion, hydrogel diffusion and cellular consumption. Images based on [9] [15] [18] [19] [20] [21] [22]

An alternative possibility to expose the cells to a certain oxygen tension is by directly
conditioning the medium. This conditioning can be achieved with several techniques. First of
all, a hypoxic incubator can be used to condition the culture medium. However, the
equilibration of an entire bottle of medium to low oxygen tension may require days, although
this process can be accelerated by agitation of the medium in the incubator. A second method
for removal of dissolved oxygen is purging the medium with N> gas, but this method might
cause significant foaming and protein denaturation in culture media containing fetal bovine
serum (FBS) [127] [128]. Instead of purging the gas into the liquid, it is also possible to
generate an oxygen tension or gradient on the chip by introducing the gas in a separate
channel next to the channel used for cell culture. However, dehydration of the chip might be a
problem when using gasses and little to no flow. [129] [130] [131] Similarly, a controlled oxygen
tension or gradient can be achieved by using liquids preconditioned with oxygen scavengers
or generators which employ chemical reactions to obtain the desired oxygen concentration.

Another process that can be used to generate a certain oxygen tension or gradient is
cellular consumption of oxygen. However, this method is hard to control, since the oxygen
consumption depends on the cell type, cell density and metabolic rate of the cells.
Nevertheless, researchers have been able to generate an oxygen gradient along the length of
the channel by controlling the flow rate and oxygen concentration in the medium entering the
channels [132]. Lastly, hydrogels can be used to control the diffusion rate of oxygen into the
system. By tuning the material, density and thickness of the hydrogel, oxygen gradients can
be created in both 2D and 3D cell culture conditions [19] [133] [134] [135]

2.3.3 Oxygen Sensing

Many different factors influence the amount of oxygen that is available to the cells, including
the oxygen partial pressure, the flow rates through the microchannels, diffusion rates through
the gas phase, hydrogels and medium, the oxygen solubility in the medium and the oxygen
consumption by the cells. Although computational modelling of such systems might give
insights in the optimal flow rates and initial oxygen tensions that can be used to obtain the
desired oxygen tension in the microenvironment, it is often difficult to fully predict the oxygen
tension that is available to the cells. Especially the oxygen consumption rate is difficult to
predict and control, since it depends on cell type, density and metabolic rates of the cells. To
get a better picture of the actual oxygen concentration that the cell experience, oxygen sensors
are therefore often employed in such systems. When measuring dissolved oxygen in a specific
medium, either electrochemical and optical methods can be used. Here, we will focus on
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optical oxygen sensing since it knows many advantages for OoC applications (see
supplementary material S1h). [134] [136]

Optical oxygen sensing is based on fluorescent/phosphorescent quenching of dyes by
oxygen [136] [137]. Since the degree of quenching is proportional to the oxygen concentration,
measurements of fluorescence or phosphorescence intensity or lifetime can be used to
determine the oxygen concentration. For this, the Stern-Volmer equation can be used [138]
[136]:

I_0=T—0=1+K5V'Po (2)
I 2

where I, and I are resp. the luminescent intensities in the absence and presence of oxygen,
7o and T are resp. the luminescent lifetimes in the absence and presence of oxygen, P, is the

oxygen tension in Torr and Ky is the quenching constant, which determines the sensitivity of
the optical oxygen sensor and is temperature dependent. Rewriting Equation (2) gives us an
expression for Py, as a function of the measured fluorescence/phosphorescent intensity or
lifetime:
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Several different molecules
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[141] [142] [143]. To improve the Oxygen tension (Po,)
sensitivity, selectivity, response
time and biocompatibility of these
oxygen-sensitive dyes, they can
be modified and/or encapsulated [144] [142] [145] [146]. Soluble dyes are easy to use but
often exhibit lower sensitivity and selectivity, potential toxicity and require to be used in high
concentrations, which can result in interference and aggregation of the dye [144]. By
encapsulating the oxygen sensitive dyes in a film or matrix, these drawbacks can be overcome.
The matrix will enable a higher sensitivity, higher signal-to-noise ratio and lower interference
of the dye, while still being relatively easy to use and fabricate. By patterning the sensor film,
it is possible to create sensor spots to measure at specific locations in the sample. However,
the disadvantage of oxygen sensitive films is their increased response time and restriction to
2D imaging. The formulation of oxygen sensitive dyes in particles combines the advantages
of both soluble dyes and sensor films. By encapsulating the dyes in small particles, they are
shielded from interference and have high selectivity and lower toxicity, similarly to sensor films.
However, due to their small size, they have a shorter response time and can be used for 3D
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Figure 16 Intensity plot of the quenching of luminescence intensity
by oxygen, and respective Stern—Volmer plot. From [6].
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imaging, which is not possible with sensor films. Especially for oxygen sensing in vitro or in
vivo, the size, charge and hydrophilicity of the particles is very important, since these
parameters determine whether the particles will be taken up by the cells or not. [6] [138] [144]
[147] [148]

To be able to measure the oxygen concentration using the aforementioned oxygen
sensitive dyes and formulations, various different measurement techniques have been
exploited. Depending on the application, it is possible to measure either the intensity or the
lifetime of the dye to obtain the oxygen concentration. Although intensity measurements might
be easier to implement, life-time measurements known many advantages since they are
independent on the dye concentration and most optical parameters. Additionally, factors such
as drift in the light source intensity and the sensitivity of the detector can be eliminated and the
effect of photobleaching can often be excluded. Two main types of life-time measurements
can be distinguished, namely fluorescence life-time imaging microscopy (FLIM) and
phosphorescence life-time imaging microscopy (PLIM). While FLIM has very short detection
times and therefore a high temporal resolution, it requires sensitive detectors and femtosecond
lasers to excite the dyes in very short pulses. PLIM on the other hand is much more sensitive
due to longer decay times and higher quenching constants of oxygen. This results in higher
accuracy at lower oxygen concentrations, but it also takes longer to acquire the data due to
the longer detection times. [6] [149] [150]

While many different solutions have been proposed in literature to measure oxygen for OoC
applications, only a limited number of these sensors are commercially available. They can be
divided into oxygen sensor probes, oxygen sensor films/spots and oxygen sensitive particles
(see Figure 17). To measure the oxygen tension in the bulk medium, oxygen sensor probes
are most suitable, where the oxygen sensitive dyes are integrated on the end of an optical
fiber which both excites light and collects emitted light. Instead of combining the optical fiber
and oxygen sensitive dye in a single probe, they can also be separated into a separate optical
fiber and a sensor film or spot. Even though these oxygen sensor spots generally have a
diameter in the order of millimetres, they can provide more information regarding the oxygen
tension at different locations within the microfluidic channel. Lastly, oxygen sensitive particles
can be used in combination with a microscope objective to obtain high spatial resolution
images of the oxygen tension in the OoC system. Some examples of commercially available
oxygen sensor particles are the CPOx-beads from Colibri Photonics [151], Nano:
nanoparticles from Luxcel [152] and OXnano Nanoprobes from PyroScience [153]. [154] [155]
[156] [157] [158] [159] [160]

Light Photo Light Photo Light CCD
source detector source detector source chip
Oxygen Optical Microscope
sensor fiber objective
probe
0, 0, ©: 0 0,
0, 0, 0, 0, 0, o, o, 0, o, S,
Oxygen sensor spots Oxygen sensitive particles

Figure 17 Types of commercially available oxygen sensors, including oxygen sensor probes, oxygen sensor spots
and oxygen sensitive particles.

30




2.4 FLOW CONTROL AND SENSING

Besides oxygen tension, it is also desired to study the effect of flow and shear stress on the
behaviour of vascular cells. As earlier discussed, vascular ECs in vivo are continuously
exposed to blood flow and shear stress, which influences their morphology and behaviour. To
mimic this behaviour in vitro, a microfluidic chip with integrated flow control can be used. In
this section, definitions of fluid, flow and shear stress will be given before possible flow control
and sensing systems are discussed.

2.4.1 Fluid and Flow Definitions
A fluid can be regarded as either incompressible, having a constant density, or compressible,

having a varying density. When the relationship between the shear stress t and shear rate Z—;

is linear, such that the fluid has a constant viscosity u that is only dependent on temperature,
it is called a Newtonian fluid [161]:

_ av_F
T—uay—A (4)

Flow is the quantity of fluid that is moved by unbalanced forces and is expressed by the
volumetric flow rate Q with units of m%s. To induce such a flow, a pressure difference
dP between the inlet and outlet of a channel can be applied, causing the fluid to flow from the
area of high pressure to the area of low pressure. Laminar flow is the smooth, constant motion
of fluid, where viscous forces dominate over inertial forces and the Reynolds number is less
than 2000. Turbulent flow on the other hand is characterized by irregular movement and
Eddies, where the inertial forces dominate over viscous forces and the Reynolds number is
higher than 3000 [161]. Shear stress can be defined as the stress created when a tangential
force acts on a surface and is expressed in units of Pascal or dyne/cm? (10 dyn/cm? is equal
to 1 Pa). When regarding biology and microfluidics, the WSS is defined as the frictional force
of a (biological) fluid flow acting on cells or tissues. This WSS depends on the viscosity of the
fluid and the geometry of the channel which dictates the flow profile. [48] [161]

2.4.2 Flow Control and Sensing

To obtain flow in a microfluidic system, various flow control systems can be considered (see
Figure 18). The easiest method to integrate flow in microfluidic systems is by using hydrostatic
pressure. Hydrostatic flow occurs due to unequal volume heights in the inlet and outlet, which
generates a pressure difference between the inlet and the outlet. For example, when inserting
and empty pipette tip in the outlet and a full pipette tip with 200 ul of water in the inlet of a
microfluidic chip, the water will flow from the inlet towards the outlet until both pipette tips
contain 100 pl of water. Although such as system is easy to implement, the obtained flow rate
is not constant and decreases over time. To maintain flow for longer periods of time, a rocker
platform can therefore be used. This platform periodically changes the height of the inlet and
outlet, thereby inducing a hydrostatic pressure difference and thus a flow through the
microchannel. However, this flow is still not constant and its direction alternates. Additionally,
the flow rate is difficult to control and it is difficult to achieve very low or very high flow rates
with this technique. [162]

Syringe pumps are most commonly used for active flow control in microfluidic systems. With
such a system, two possible setups can be imagined. In a push system, the syringe is filled
with liquid, connected via tubing to the chip and the liquid is pushed through the chip into a
waste reservoir. On the contrary, a pull system uses a reservoir of liquid which is pulled through
the chip into the syringe. The flow rate in such systems is controlled by the speed at which a
motor pushes the piston of the syringe. Advantages of syringe pumps are that they are easy
to use and allow for a wide range of flow rates and pressures. They also enable relative precise
control of the flow rate and small volumes can be injected into the chip. However, at low flow
rates stability might become an issue and syringe pumps suffer from a low responsiveness.
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Because the system uses volumetric flow .

control instead of pressure control, Hydrostatic pressure
increases in fluidic resistance due to !
channel clogging for example can increase | B
the pressure and damage the device. @
Lastly, syringe pumps can only dispense a

limited volume, which might pose problems Syringe pump

for long term experiments. [5] [163] [164]
[165] [166]

Another commonly used flow control
system for microfluidic applications is a
pressure controller. These operate by
pressurizing a liquid containing tank,
thereby forcing the liquid out of the tank and
into the microfluidic device. Although
pressure controllers are quite expensive
and cannot operate at high pressures, they
know many advantages over other flow
control systems. For one, they are able to
generate stable flows with high precision
and high responsiveness for a large range
of flow rates. Furthermore, the pressure
source enables smooth, pulseless flow and
large volumes can be pumped with this
system. By integrating flow sensors and a
feedback loop, both the pressure and the
flow rate in the system can accurately be
controlled. Lastly, valves can be used for
fluid recirculation and multiple reservoirs
can be pressurized simultaneously withonly - rigure 18 Overview of various flow control systems,
a single pressure channel for sequential including peristaltic pumps, syringe pumps and pressure
solution injections. [5] [165] [166] controllers. Adapted from [5].

Finally, peristaltic pumps (also called recirculation pumps) can be used to continuously
pump a liquid through a closed system. This way, an infinite amount of liquid can be dispensed
in a continuous and unidirectional manner and it is possible to recirculate the same sample
multiple times through the microfluidic device. However, these kind of pumping systems do
not allow for precise flow control and might cause strong pulsation in the flow rate. [5]

To get more insight in the flow and shear stresses that are generated in a microfluidic
system, thermal or Coriolis flow sensors can be applied. Alternatively, microparticle
velocimetry or Laser Doppler Velocimetry can be employed to obtain more detailed information
about the flow profile. Once the flow rate of the fluid moving though the chip is determined, the
shear stress that is experienced by the cells can be estimated with computational modelling.
It can also be estimated using liquid crystals or by transfecting the cells with a reporter plasmid
which is transcribed in response to shear stresses. Expression of this plasmid then generates
a fluorescent signal such that the measured fluorescent intensity can be corresponded to the
locally experienced shear stress.
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3

PROPOSED SOLUTION

3.1 SYSTEM REQUIREMENTS

Now that more is understood about the physiology of the sPAs, characteristics of vascular
cells, possible materials and methods for chip fabrication and integration of oxygen and flow
control, it is possible to apply this knowledge in the design of an ideal microfluidic system that
can be used to answer the main research question. However, before coming up with such an
ideal design, it is necessary to determine the system requirements regarding the microfluidic
device itself and the cell culture inside, but also concerning the fluidic interface and the oxygen
sensing setup.

3.1.1

Microfluidic Device

Regarding the microfluidic device used to model an sPA, it is important to consider the
following requirements:

1.

3.1.2

The chip dimensions should be sufficiently small to fit under a microscope. It is
therefore desired to create a chip that is not larger than 10 x 10 cm, with a maximum
height of 2 cm. These dimensions are roughly based on the size of a regular
microscope slide (7.5 x 2.5 cm) and the thickness of a standard well plate (roughly 2
cm).

The channel dimensions need to resemble the size of the sPAs in vivo, which are
the vessels that are mainly affected in patients with PAH. The diameter of these vessels
is in the range of 70-500 um.

It is desired to obtain a 3D model of the sPA which allows for mimicking of the
physiological 3D architecture as found in vivo.

In the initial stages of the device fabrication, the chip should be easy to fabricate and
replicate in small batches to allow for rapid prototyping. In a later phase, it might be
necessary to switch to different methods for mass-production of the devices, but this
phase is not regarded yet in this thesis.

Regarding material properties, the chip material should be biocompatible and
optically transparent to allow for cell culture inside the device and visualization with
standard microscopes.

Additionally, the materials used for chip fabrication should promote cell adhesion and
stimulate the cells to proliferate. This can for example be achieved by using a material
or coating that mimics the properties of the ECM as found in the sPAs.

The chip material and design should allow for control of oxygen tension on the chip
itself. The need for a hypoxic workstation or chamber is undesired because it reduces
the ease-of-use of the system. The desired oxygen tensions that need to be maintained
in the chip range between 1% and 20% with an accuracy of + 1%.

Lastly, the chip design should allow for control of the flow rate and shear stress to
obtain shear stresses that are in a physiological and pathophysiological range. In this
case, a shear stress range of 0-120 dynes/cm? is preferred with an accuracy of + 5
dynes/cm?.

Cell Culture

For the culture of cells inside this microfluidic device, several additional requirements should
be taken into account

1.

2.

To mimic the sPA as found in vivo, it is needed to include all important native cell types
in the microfluidic model. Therefore, a co-culture of ECs, SMCs and fibroblasts is
aspired.

A sustainable cell source is desired to ensure continuous availability of cells and
reproducibility of the system. For this purpose, hiPSCs are the preferred cell type to
use, also because they can be used to study the genetic impact of a disorder such as
PAH in this system.
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3.

3.1.3

The phenotype of the cells in the chip should correspond as much as possible to the
cellular behaviour as observed in vivo. To achieve this, a high maturity of the cells
should be induced, either before culture in the device or because of exposure to stimuli
in the device.

The cells should be able to adhere strongly to the material inside the microfluidic
device and form a structure corresponding to the 3D architecture as found in the
human body. For example, the ECs should organize into a strong monolayer on top
of a multi-layered structure of SMCs to create both a barrier and contractile layer that
function similar to the layers found in sPAs.

Oxygen sensing

To monitor the oxygen concentration in the sPA0C system, oxygen sensors might need to be
integrated in the microfluidic device. These sensors should adhere to the following
requirements:

1.

3.14

Extracellular measurements are desired to prevent alterations in cell behaviour. This
means the sensor should be biocompatible, not cytotoxic and should not be taken up
by the cells. Furthermore, the sensor material should not get lost over time, for example
by disintegration or erosion, and should not be flushed out by the flow of medium
through the channel.

There should be a possibility for 3D sensing, since the VoC is a 3D cylindrical
structure. In vivo, the sPA is approximately 70-500 um in diameter and has a wall
thickness of tens to hundreds of micrometers. With the oxygen sensing setup, it should
be possible to measure the oxygen concentration everywhere within this vessel wall.
A high resolution sensing technique is required, allowing for measurements of oxygen
across the thickness of the vessel wall. Since it is hypothesized that the oxygen
concentration will change when you move further away from the medium flow, it is
necessary to be able to measure oxygen close to the medium flow, as well as in areas
located further away from the medium flow.

Since it is desired to measure the oxygen concentration throughout the duration of the
experiments, the chosen measurement setup should allow for life-cell imaging. It is
therefore undesirable if the measurement technique requires fixated or cleared
samples, since this will only allow for end-point oxygen measurements.

In case of optical oxygen sensing, a high penetration depth and/or adaptable focal
point is required to allow for the fluorescent/phosphorescent signal to be measured
across the thickness of the vessel. Here, a sample thickness of approximately 10 ym
needs to be considered.

Fluidic Interface

To be able to connect the microfluidic device to the outside world, a fluidic interface is needed.
Such an interface should meet the following requirements:

1.

First of all, the fluidic interface should be easy to use and connect to the chip and it
should allow for a strong connection to prevent leakage without damaging the device.
Furthermore, dead volume should be minimized and the fluidic interface should not
introduce air bubbles into the fluid channel of the chip.

It should be possible to actuate flow rates and corresponding shear stresses that are
in the physiological and pathophysiological range as mentioned earlier. For this
purpose, the fluidic interface should allow for the maintenance of a constant flow rate,
not pressure. Since no quick changes in flow rate are needed, a fast response rate of
the system is not necessary, but could be helpful when setting up the system.

Finally, materials used for the fluidic interface should, like the chip itself, display limited
diffusion of oxygen. This is thought necessary, since oxygen might diffuse into the
controlled chip environment through the fluidic interface if oxygen permeable materials
are used.
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3.2 EXISTING SOLUTIONS

To my knowledge, no solutions exist yet that meet up to all the previously described
requirements. As of yet, there are only a very limited number of solutions that try to mimic the
3D architecture and physiological environment of the sPAs in vitro. Although several 3D VoC
systems have been created in the size range of 70-500 um [13] [17] [51] [52] [167], these
models do not yet mimic the physiological oxygen tensions and shear stresses as found in the
sPAs in vivo. Only low shear stresses of up to 0.9 dyne/cm? have been generated in these 3D
VoCs [13]. However, a few attempts have been made to integrate both flow control and oxygen
control in other VoC systems [168] [169] [170]. These system are able to recapitulate the
physiological flow and oxygen tension in the SPA and include either primary or embryonic stem
cell derived ECs and SMCs. Nonetheless, they often employ 2D* cell cultures of cellular
monolayers in rectangular channels instead of using a 3D hydrogel lumen to mimic the 3D
ECM architecture as found in the native environment of the sPAs.

3.3 PROPOSED IDEAL SETUP
Since no VoC system currently exists that both recapitulates the 3D architecture of the sPA
and allows for control of flow and oxygen in a physiological range, a novel, ideal setup is
proposed that meets all the stated requirements and could answer the main question of this
research. This setup is roughly based on the earlier described 3D hydrogel VoC system as
developed by the AST group at the University of Twente [13] [17] (see Figure 3), where a 3D
collagen lumen is fabricated in a PDMS device and lined with a monolayer of hiPSC-ECs.
However, a different chip design and material is desired to allow for control of flow and oxygen
tension at physiological ranges. This ideal setup and chip design can be found in Figure 19.
The proposed ideal chip setup consists of a PMMA chip with two compartments separated
by a permeable membrane. These two compartments or channels are required to mimic the
different oxygen tensions found in the blood of the sPA (5%) and the air in the alveoli adjacent

. PMMA v Endothelial Cell culture
cells medium
Permeable Smooth
D s Air
membrane muscle cells

OIAGEN - Fibroblasis Oxygen
lumen

sensitive beads

Culture medium with
5% oxygen

77227

Pressurized
gas with
14% oxygen

Figure 19 Proposed ideal chip setup consisting of a PMMA chip with two compartments separated by a permeable
membrane. The bottom compartment contains gas with 14% oxygen, mimicking the alveoli, while the top
compartment mimics the sPA via a 3D collagen lumen lined with hiPSC derived ECs, SMCs and fibroblasts. This
lumen is perfused with culture medium containing 5% oxygen at a physiological flow rate.
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to the sPA (14%), which are expected to generate a gradient across the wall of the sPA. This
second, alveolar compartment is thought to be critical, since it has been shown that perfusion
of the pulmonary vasculature with a hypoxic solution is far less effective to generate
vasoconstriction than ventilation of the airways with a hypoxic air mixture [74]. A permeable
membrane is used to separate the two compartments and allow for diffusion of oxygen
between both compartments. This membrane can for example be made from PDMS. PMMA
was chosen for the chip material because of its low oxygen permeability (see Table 1), optical
transparency and ease-of-use for rapid prototyping.

The channels and inlets can easily be fabricated from a slab of PMMA using CNC milling
and drilling techniques. The desired channel dimensions are 500 x 500 ym with a minimum
length of 1 cm for the top channel. These dimensions correspond with the size of the sPAs in
vivo, which are 70-500 um in diameter. For the bottom channel, the dimensions do not need
to be exact, but 500 x 200 um was used for the initial design with a length equal to the length
of the top channel. Inlet dimensions are designed in such a way to allow for insertion of pipette
tips for lumen fabrication and cell seeding, but also for insertion of commercially available
fluidic connectors needed for flow control.

After chip assembly, a 3D collagen lumen is created in the top compartment via VFP. This
method has been optimized within the AST group and can be used to create a circular lumen
of approximately 300 um in diameter inside a rectangular channel. Collagen is used since it
mimics the structure of the native ECM and promotes adhesion and proliferation of cells. A
collagen density of 5 mg/ml is chosen to limit invasion of the cells into the hydrogel [171]. The
formed lumen is then lined with hiPSC derived ECs, SMCs and fibroblasts. hiPSC derived cells
are preferred because of their sustainable availability and the possibility to create diseased
sPA models to study the effect of genetic modifications on disease development of for example
PAH.

After cell seeding, the lumen is perfused with culture medium containing 5% oxygen at a
physiological flow rate. A syringe pump is chosen because of its ability to maintain a constant
flow rate and thus a constant shear stress within the lumen. To prevent oxygen diffusion via
the fluidic interface, a glass syringe is used which is filled with culture medium containing 5%
oxygen at the beginning of the experiment. For tubing material, ETFE is preferred because of
its optical transparency and low oxygen permeability (see Table 1). This tubing can then easily
be connected to the chip using male Luer slip connectors, allowing for a leak-free connection
without damaging the chip. The bottom compartment is at the same time perfused with a gas
containing 14% oxygen, 81.5% nitrogen and 4.5% CO, to mimic the gas mixture as found in
the alveoli. Here, the same connector and tubing materials can be used, but they are then
connected to a pressurized gas container instead of a syringe.

To measure the oxygen tension in this ideal chip design, CPOx-beads [151] are used.
These PS beads are approximately 50 um in diameter and contain the oxygen-sensitive dye
platinum(ll) tetra pentafluoro phenyl porphyrin, which can be visualized using PLIM. Optical
sensing is preferred over electrochemical sensing, since optical sensing allows for 3D
extracellular measurements and there is no need for a direct connection between the chip and
the readout probe. By using beads instead of spots or an immersible probe, the oxygen tension
in between the cellular layers can be measured to visualize the oxygen gradient within the sPA
vessel wall. Life-time imaging is preferred over intensity imaging, since it is independent on
the dye concentration and shows minimal drift. PLIM is chosen as a readout method because
of its high sensitivity and accuracy.

3.4 TIMELINE AND PLANNING

Because the presented ideal design contains many different components, cell types,
mechanical factors and readout methods, a project roadmap is designed as a step-by-step
guide towards this ideal design (see supplementary material S2). Since completion of this
roadmap was not deemed feasible within the timeframe of the project (12 months), it was
decided to focus only on characterization and integration of ECs in 2D and 3D culture and
leave co-culture with SMCs and fibroblasts for a later time. ECs were chosen as initial cell type
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since they are readily available at the AST group and have previously been integrated in the
3D oxygen permeable VoC system made from PDMS. Besides characterization of the ECs, a
second focus was directed at the development of a 3D oxygen impermeable sPA0C system
made from PMMA with integrated flow and oxygen control. In the following sections, the
computational and experimental progress on these initial steps in stage 1 and 3 is reported
and discussed.
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4  COMPUTATIONAL MODELLING

Before fabricating the proposed sPAoC which can be used to study the effect of various
oxygen tensions and flow rates on the cellular behaviour, it was decided to validate whether
the proposed design theoretically allowed for control of oxygen tension and flow rates in the
desired ranges. As mentioned previously, the desired oxygen range lies between 1% and 20%
while the shear stresses in the channel should be controlled between 0 and 120 dynes/cm?.
Additionally, it is desired to generate an oxygen gradient across the vessel wall. To study
whether these conditions could be created and maintained in the proposed chip design,
computational modelling in COMSOL was performed.

4.1 MODELLING OF FLow CONTROL

To determine which flow rates are required to generate the desired range of shear stresses to
which the ECs will be exposed, the collagen lumen inside the chips was modelled as a circular
tube with a diameter of 300 um and a length of 1 cm. The fluid flowing through this channel
(blood or culture medium) is regarded to be similar to water, with a density of 998.2 kg/m? and
a dynamic viscosity of 1*10 Pa s at a temperature of 293.15 K. It is considered a Newtonian
fluid which moves with a fully developed, incompressible laminar flow through the channel.
Gravity is neglected and backflow is suppressed. The walls are thought to be impermeable
and have no slip. The flow rate is varied between 0 and 2 ml/min. The result of this stationary
Navier-Stokes simulation for a flow rate of 1 ml/min can be seen in Figure 20a.
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Figure 20 a) 3D and 2D velocity profile in a cylindrical channel with a flow rate of 1 ml/min as modelled with
COMSOL. b) 1D velocity profile and shear stress profile halfway a cylindrical channel for various volumetric flow
rates. c) Correlation between the volumetric flow rate and the maximum and mean velocity. d) Correlation between
the volumetric flow rate and wall shear stress. In b-d, dots depict results from numerical modelling with COMSOL
while lines are analytically calculated with MATLAB.

In Figure 20b, the velocity profile for different flow rates is plotted as determined with

COMSOL as well as using Equation (5), which describes the velocity profile in a circular
channel:
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dpP
v(r) = M(RZ —1?) ®)

where v gives the fluid velocity at a position r from the center of the channel, u is the dynamic
viscosity of the fluid (1*102 Pa s), L is the length of the channel (1 cm) and R is the radius of
the channel (150 um). dP is the pressure difference between the inlet and the outlet of the
channel, which depends on the volumetric flow rate Q according to Equation (6):

_ 8ulQ
" mR4

dp (6)

As can be seen, there is a good correspondence between the velocity profiles found with
COMSOL and Equations (5) and (6), where a flow rate of 2 ml/min generates a maximum
velocity of 0.93 + 0.01 m/s in the center of the channel. Using this flow profile, it is then possible
to calculate and model the shear stress inside the channel. In COMSOL, the shear stress is
calculated by multiplying the shear rate as found with the laminal flow model by the dynamic
viscosity. With MATLAB, the shear stress is determined by multiplying the derivative of the
flow profile with the dynamic viscosity, resulting in Equation (7):

dpP .
(r) = Tl (7)
The result of these shear stress calculations in COMSOL and MATLAB for a range of flow
rates can also be found in Figure 20b. As can be seen, there is also a good correspondence
between the shear stress profiles found with COMSOL and MATLAB, where a flow rate of 2
ml/min generates a wall shear stress of 127 + 2 dyne/cm?.

In Figure 20c, the maximum and mean velocity are plotted as a function of the volumetric
flow rate. In both cases, a linear correlation is found with a minor discrepancy between the
solutions found with COMSOL and MATLAB. It is thought that the COMSOL results might be
slightly lower than the results found with MATLAB due to approximations in the numerical
COMSOL model compared to the analytical solution as calculated with MATLAB, which are
influenced by factors such as the meshing of the channel in COMSOL.

Similarly, a linear correlation is found between the volumetric flow rate and the wall shear
stress (Figure 20d). Here, the predicted values with COMSOL are slightly higher than the
values calculated with MATLAB, most likely due to the same reasons. Based on the analytical
MATLAB calculations, it was found that the wall shear stress in a circular channel of 300 um
in diameter is equal to 63 times the volumetric flow rate. With this data, it is possible to
established the desired flow rates that can be used in experiments to obtain physiological and
pathophysiological shear stresses. An overview of these flow rates, velocities and shear
stresses can be found in Table 2.

Table 2 Required volumetric flow rates and corresponding mean and maximum velocities for different desired wall
shear stresses in a 3D collagen lumen.

Desired shear Required volumetric Mean velocity Maximum velocity

stress (dyne/cm?)  flow rate (ml/min) (WIS (m/s)
5 0.080 0.025 0.038
20 0.318 0.100 0.150
60 0.954 0.299 0.450
90 1.431 0.449 0.675
120 1.908 0.598 0.900
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4.2 MODELLING OF OXYGEN CONTROL

Now that it has been established that the proposed design is theoretically capable of
recapitulating shear stresses in the range of 0-120 dynes/cm?, it is also of interest to see
whether the same design can be used to create an oxygen gradient between the lumen and
the alveoli channel. For this purpose, a COMSOL model was created simulating both laminar
flow in the lumen and transport of diluted species along the length of the chip (see Figure 21).

— Cells
PMMA Water

— Collagen

PDMS

PMMA

Figure 21 3D representation of the ideal chip design used to model the oxygen concentration within the chip with
COMSOL.

To reduce computing time, oxygen transport in the chip was modelled in 2D to visualize the
oxygen tension in various cross-sections. Initially, a cross-section in the x-y plane was used
to determine the oxygen gradient along the length of the channel. Flow through the lumen was
modelled using the same assumptions and parameters as mentioned earlier, with the only
difference that a mean velocity was used as input instead of a volumetric flow rate. This mean
velocity was ranged between 0 and 0.6 m/s, corresponding to a range of 0 to 2 ml/min (see
Figure 20c and Table 2).

To model the oxygen transport in the chip, Fick’s first and second law of diffusion were used
for stationary and time dependent models respectively. Both of these laws were adjusted to
account for permeability instead of solely diffusion. Equation (8) was used to relate the
permeability to the diffusion coefficient, where P is the oxygen permeability coefficient (in mol
m? st Pal), D is the oxygen diffusion coefficient (in m? s') and H is Henry’s adsorption
constant (in mol m= Pa!) of the material [172].

P =DH 8
To relate the oxygen concentration to the oxygen tension, Henry’s law was used (Equation

(1)). By substituting these equations into Fick’s first and second law of diffusion, the following
Equations could be obtained [172]:

ap
—_p-t 9
J=-P (9)
2
o _ 907 (10)
ot 0x?

The initial oxygen concentration in the entire chip was assumed to be equal to the oxygen
concentration in the outside air (21% or 2.13*10* Pa). The oxygen concentration in the culture
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medium (approximated as water) at the inlet of the lumen is taken to be 5% (5.07*10* Pa). The
air in the alveolar channel is assumed to flow with an average velocity of 1 m/s and have a
concentration at the inlet of 14% (1.42*10* Pa).

In Table 3, the diffusion and permeability coefficients used for each material can be found.
The permeability coefficients for air and collagen could not be found in literature, but were
assumed to be high (1*10* mol m? s Pa!) and equal to the permeability of water (2.68*10
4 mol m? s Pal) respectively. For the cells in the lumen, the average oxygen consumption
by the cells was incorporated as a reaction with a reaction rate of -4*10 mol m= s based on
an average cell density of 1090 kg/m?3[173].

Table 3 Overview of oxygen diffusion, permeability and adsorption coefficients for various materials as used to
simulate the oxygen transport in the chip with COMSOL. Values from [92] [93] [94] [95] [96] [97] [98] [99] [174] [175]

Vst Oxygen dlffusmn Oxygen permeability Oxygen adsorption
T constant (m?s? constant (mol m?s* Pa?l) constant (mol m= Pa?

PMMA 3*10%? 3.16*10Y 1.05*10°
PDMS 3.5*10° 2.04*10% 5.83*10°
Water 1.9%10°° 2.68*10% 1.41*10°
Air 2*10° 1*10% 5*10°
Collagen 3*10°1° 2.68*1014 8.93*10°
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Figure 22 a) Oxygen concentration over time in a PMMA chip (top) and PDMS chip (bottom) as viewed in the x-y
plane cross-section. b) Oxygen gradient across the collagen lumen inside a PMMA chip when flushing the lumen
with water containing 5% oxygen for various average velocities and the air channel with 14% of oxygen gas. c)
Oxygen concentration in a PMMA and PDMS chip as viewed in the y-z plane cross-section. d) Oxygen gradient
across the collagen lumen inside a PMMA and PDMS chip at different time points. All data was simulated with
COMSOL.
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In Figure 22a, the result of the time dependent simulation can be seen for various times after
turning on the flow with a mean flow velocity of 0.3 m/s. At this flow rate, no significant
differences are observed in the oxygen gradient between the beginning and end of the
channel. When comparing the results of the PMMA and PDMS chips, it can be observed that
equilibrium is reach much faster in a PDMS chip compared to a PMMA chip. This can be
explained by the fact that the permeability and diffusion constants are much higher for PDMS
compared to PMMA. Additionally, it can be seen that after 1 hour, the oxygen tension at the
top edge of the lumen is still 15% in the PDMS chip, while in the PMMA chip it has already
been reduced to 5% oxygen (data not shown). When looking at the oxygen gradient that is
formed after 1 day in the middle of the collagen lumen using different flow rates, the graph as
shown in Figure 22b is found. From these results, it can be concluded that a similar oxygen
gradient can be generated within the chip for each of the physiological flow conditions.

In Figure 22c, the oxygen gradient can be observed in the lumen, but then using a cross-
section in the y-z plane. Additionally, the oxygen concentration at different points in time is
plotted along the height of the channel (y-direction), as can be seen in Figure 22d. For these
simulations, a constant concentration of oxygen in the culture medium (approximated as
water) and air channel is assumed, which is approximately the case for all flow velocities of
interest except stationary culture. From these results it can be observed that the generated
oxygen gradient differs between the PDMS and PMMA chips. In the PDMS chip, a fairly
homogenous gradient is obtained that is similar in all directions, while in the PMMA chip the
oxygen gradient decreases from the air channel (14%) towards the lumen (5%) and remains
low on the other side of the lumen. Together, these results confirm the hypothesis that it is
preferable to use a PMMA chip for oxygen control instead of PDMS to minimize effects of the
oxygen tension outside of the chip on the cellular behaviour in the lumen.

4.3 DISCUSSION

Using the outcomes of the simulations as described above, it has been possible to estimate
the flow rates that need to be used to achieve certain wall shear stresses within the collagen
lumen. Furthermore, it has been shown that the chip design theoretically allows for the creation
of an oxygen gradient in both PDMS and PMMA chips. However, in the PDMS chips this
gradient seems to be affected more strongly by the oxygen tension in the ambient air.
Nevertheless, it is important to recognise certain limitations and shortcomings of these
simulations that could have an influence on the behaviour of these processes when examined
experimentally.

First of all, in these simulations it is assumed that the lumen formed within the collagen is
always 300 ym in diameter, while this is often not as easy to control experimentally using the
VFP method. Depending on the exact protocol, lumen diameters can vary between 200 and
400 um in different channels but even within the same lumen [13]. By combining Equations
(6) and (7), it can be seen that the WSS (r = R) depends strongly on the radius of the channel
(see Equation (11)), where a channel that is twice as small will generate a WSS that is 8 times
as large. It is therefore recommended to determine the diameter of each lumen before
calculating the volumetric flow rate that is required to generate the desired physiological or
pathophysiological WSS.

4uQ
WSS = — 11

Another point of discussion is the permeability and diffusion coefficients that were used to
model the oxygen gradient in the chips. These coefficients depend on the exact material and
fabrication method that will be used, as well as on the temperature and pressure of the room.
Especially for PDMS and collagen, the oxygen diffusion depends strongly on the degree of
crosslinking of the material and the addition of cells in and on the collagen will most likely also
alter the oxygen diffusion through the material. These simulations can therefore only be used
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as a general indication of the gradient that will be created, but oxygen sensing is required for
exact detection of the oxygen tension inside the chip.

Lastly, the oxygen consumption by the cells that was incorporated in these models is an
average value, while in reality this reaction rate depends on many factors such as cell type,
cell density, cellular activity and the oxygen tension surrounding the cells. For example, it was
theoretically possible to generate negative oxygen concentrations during the simulations
because a constant oxygen consumption rate was used, while actually this is not possible. By
measuring the oxygen tension in the chips during experiments, a better approximation of the
real oxygen consumption rate of the cells used in this project might be established.
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) EXPERIMENTAL PROGRESS

After validation of the proposed design in silico, it is possible to start with the fabrication and
characterization of the sPA0C system in vitro. In this section, the experimental progress that
was made during the time frame of this project will be discussed. In the first subsection,
characterization of the hiPSC-ECs is discussed regarding their micro/macrovascular
behaviour, arterial/venous behaviour, response to hypoxia and systemic/pulmonary
behaviour. Secondly, the results of the chip fabrication are presented including the design
process, micro milling of PMMA and VFP. Additionally, the results of initial oxygen sensing
and flow experiments are demonstrated and integration of cells in the microfluidic device is
shown. All protocols and scripts can be found in supplementary material S3 and S4.

5.1 CHARACTERIZATION OF CELLULAR BEHAVIOUR

Since immature hiPSCs will be used as a preferred cell type for integration into the sPAoC, it
is essential to characterize them regarding their micro/macrovascular behaviour,
arterial/venous behaviour and systemic/pulmonary behaviour. Only then, when their current
state is know, is it possible to determine changes in their behaviour due to the 3D environment,
oxygen tension or shear stress. Since currently only hiPSC-ECs were available and these cells
are in their native environment the first to experience changes in oxygen tension and shear
stress, it was decided to start with characterization of the hiPSC-ECs and leave
characterization and integration of hiPSC-SMCs and hiPSC derived fibroblasts for a later
moment.

5.1.1 Materials and Methods
5.1.1.1 Cell Culture
hiPSC-ECs were differentiated using the protocol from Orlova et al. [115]. hPAECs (CC-2530),
hMVECs (CC-2527) and human umbilical vein endothelial cells (HUVECs, C2519A) were
purchased from Lonza. Cells were thawed and resuspended in culture medium. hiPSC-ECs
were cultured in serum-free medium (SFM, Gibco, 11111-044) supplemented with 1% platelet-
poor-derived serum (PPP, Biomedical Technologies, BT-214), 0.2 pl/ml fibroblast growth
factor (bFGF, Miltenyi Biotec, 130-093-842) and 0.6 pl/ml VEGF (Miltenyi Biotec, 130-109-
384). For hMVECs, endothelial cell growth medium MV 2 (EGM-MV2, PromoCell, C-22111)
was used and for all other cell types, endothelial cell growth medium 2 (EGM-2, PromoCell,
C-22121) was used. All culture media were supplemented with Penicillin-Streptomycin
(Pen/Strep, 5,000 U/mL, Gibco, 15070063).

hiPSC-ECs were plated on culture flasks and plates coated with 0.1% gelatine (Sigma
Aldrich, G1890), while other cell types were plated on 0.1 mg/ml collagen Rat tail | (Thermo
Fisher, A1048301) coated culture flasks and plates. After 3-4 days, when cells were nearly
confluent by visual inspection, cells were harvested using 0.05% Trypsin-EDTA (Thermo
Fisher, 15400054), counted and reseeded in the appropriate culture medium on coated culture
plates. Seeding densities between 5.000 and 30.000 cells/cm? were used depending on
available number of cells. Cells were cultured for 2-4 days until confluent in a normoxic
incubator (20% oxygen, 5% CO, and 75% N2, 90% humidity). For hypoxia experiments, cells
were moved into a hypoxic incubator (Xvivo System Model X3, BioSpherix) set at 1% or 5%
oxygen, 5% CO, 94% or 90% N and 90% humidity for the duration of the hypoxic exposure
before sample collection.

5.1.1.2 Immunostaining

After a monolayer was formed, culture medium was aspirated and cells were fixated with a 4
w/iv% formaldehyde (37%, Sigma Aldrich, 252549) in phosphate buffered saline (PBS),
washed three times with PBS and stored in PBS at 4°C until further use. Before each
immunostaining, samples were incubated at room temperature for 60 minutes in a
permeabilization and blocking buffer solution (PBB) containing of 0.1 v/v% Triton X-100
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(Sigma Aldrich, T8787) and 1 w/v% bovine serum albumin (BSA, Sigma Aldrich, A9418) in
PBS.

For VE-cadherin/F-actin staining, samples were incubated with 2 ug/ml VE-cadherin goat
anti-human primary antibody (R&D Systems, AF938) in PBB over night at 4°C. Samples were
washed 3 times shortly with PBS, followed by 3 washing steps of 20 minutes each and
subsequently incubated with 5 pug/ml Alexa Fluor 546 donkey anti-goat secondary antibody
(Thermo Fisher, A11056), 2 drops/ml ActinGreen™ 488 ReadyProbes™ reagent (Invitrogen™,
R37110) and 12.5 ug/ml 4',6-Diamidino-2-Phenylindole (DAPI, Invitrogen™, D1306) in PBB
for 2 hours at room temperature in the dark. Samples were washed again 3 times shortly with
PBS, followed by 3 washing steps of 20 minutes each. Samples were then stored in PBS
wrapped in aluminium foil at 4°C until imaging with an EVOS™ FL Auto 2 Imaging System
(Thermo Scientific™, AMAFD2000).

Lectin staining was based on the protocol of Comhair et al. [16]. Samples were incubated
with 5 pg/ml fluorescein isothiocyanate (FITC) labelled GSL (bioWORLD, 21511062-1) and/or
5 pyg/ml HPA Alexa Fluor™ 647 conjugate (Invitrogen™, L32454) and 12.5 ug/ml DAPI for 1
hour at room temperature in the dark. Samples were washed 3 times shortly with PBS,
followed by 3 washing steps of 20 minutes each. Samples were then stored in PBS wrapped
in aluminium foil at 4°C until imaging with an EVOS™ FL Auto 2 Imaging System (Thermo
Scientific™, AMAFD2000).

5.1.1.3 Western Blotting

Cells were exposed to either 1% or 5% normoxia for different lengths of time (t=0, 6, 12, 24 or
48 hours). 100 uM cobalt(ll) chloride hexahydrate (CoCl,, Sigma Aldrich, 60818) was added
as a positive control. After exposure, cells were washed with 1X PBS and lysed with lysis
buffer containing 0.12M tris(hydroxymethyl)aminomethane (TRIS, pH 6.8, Millipore, 1.08382),
4 wiv% sodium dodecyl sulphate (SDS, Sigma, L3771) and 20 v/v% glycerol (Calbiochem,
356350) in milliQ supplemented with 1X Halt™ Protease Inhibitor Cocktail (Thermo Fisher
Scientific, 78430). Samples were then scraped, collected and stored at -80°C until further use.

Protein quantification was performed using the DC Protein Assay (Bio-Rad, 5000112) and
a BSA calibration curve according to the manufacturers instructions. Absorption was
measured with a microplate spectrophotometer (Multiskan™ Go, Thermo Scientific). Next,
sodium dodecyl sulphate polyacrylamide gel electrophoresis (SDS-PAGE) gel electrophoresis
was executed using the Mini-PROTEAN® 3 Cell setup (Bio-Rad, 165-3301) following the
manufacturers manual. An 8% running gel was used containing 25 v/v% 1.5M TRIS solution
(pH 8.8), 26 viv% 30% bis/acrylamide (Bio-Rad, #1610156), 0.1 w/v% SDS, 0.1 w/v%
ammonium persulfate (APS, Sigma Aldrich, 215589) and 0.2 v/iv% Tetramethyl
ethylenediamine (TEMED, Sigma Aldrich, T22500) in milliQ. A 5% stacking gel was added on
top containing 12.5 v/v% 1M TRIS solution (pH 6.8), 17 v/iv% 30% bis/acrylamide, 0.1 w/v%
SDS, 0.1 wiv% APS and 0.2 v/v% TEMED in milliQ. Samples were diluted 1:4 in Laemmli
sample buffer containing 0.25M TRIS solution (pH 6.8), 10 w/v% SDS, 0.008% bromophenol
blue (Bio-Rad, 1610404), 40 v/v% glycerol and 2.86M of B-mercapto ethanol (Sigma, 63689).
Samples were loaded with a protein mass of 8-20 mg per lane depending on available protein
concentration and run at 100V in running buffer containing 25 mM TRIS, 19.2 mM glycine
(G8898, Sigma) and 3.5 mM SDS in milliQ.

Proteins were then transferred onto a PVDF membrane (Immobilon-P, Millipore,
IPVHO00010) in transfer buffer containing 25 mM TRIS and 19.2 mM glycine in 20% methanol
in milliQ, which was run at 100V for 90 minutes at 4°C. Membranes were blocked for 1 hour at
room temperature in a 5% milk (Carl Roth, T145.1) in a tris-buffered saline solution with Tween
20 (TBST, pH 6.8) containing 0.02M TRIS, 0.15M NaCl (1.06404, Supelco) and 0.005%
Tween® 20 (Sigma, P7949) in milliQ. After blocking, membranes were incubated with primary
antibodies for HIF-1a (0.5 pl/ml, Abcam, ab16066), HIF-2a (0.5-1 pl/ml, Abcam, ab199), B-
Actin (ACTB, 0.05-0.5 ul/ml, Abcam, ab8224) or glyceraldehyde 3-phosphate dehydrogenase
(GAPDH, 0.05 pl/ml, Merck Millipore, MAB374) in 5% milk in TBST over night at 4°C.

After washing 3x 5 minutes in TBST solution, membranes were incubated with horseradish
peroxidase (HRP) conjugated secondary antibodies for anti-mouse (0.33 ul/ml for HIF-1q,
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0.02-0.05 pl/ml for B-Actin and 0.02 pl/ml for GAPDH, Promega, W4021) or anti-rabbit (0.2-
0.33 pl/ml for HIF-2a, Promega, #1706515) in 5% milk in TBST for 1 hour at room temperature.
Membranes were washed 3x 10 minutes in TBST solution and 2x 2 minutes in PBS before
incubation with SuperSignal™ West Pico/Femto PLUS HRP substrate (Thermo Scientific™,
34577) for 1 to 5 minutes at room temperature. Finally, membranes were imaged with
FluorChem M imaging system from Protein Simple.

5.1.1.4 ELISA Assay

Cells were exposed to either 1% or 5% normoxia for different lengths of time (t=0, 6, 12, 24 or
48 hours). 100 uM CoCl; was added as a positive control. After exposure, culture medium was
collected and stored at -80°C until further use. ET-1 content in undiluted samples was
determined with an Endothelin 1 ELISA Kit (Abcam, ab133030) according to manufacturers
instructions. Absorption was measured with Multiskan™ Go.

5.1.1.5 Colorimetric Assay

Cells were exposed to either 1% or 5% normoxia for different lengths of time (t=0, 6, 12, 24 or
48 hours). 100 uM CoCl; was added as a positive control. After exposure, culture medium was
collected and stored at -80°C until further use. Before analysis, samples were deproteinized
using an Amicon Ultra-0.5 Centrifugal Filter Unit (Merck Millipore, UFC5003). NO content in
deproteinized, undiluted samples was determined with a Nitric Oxide Assay Kit (Colorimetric,
Abcam, ab65328) according to manufacturers instructions. Absorption was measured with
Multiskan™ Go.

5.1.2 Results and Discussion

5.1.2.1 Characterization of Cell Morphology

To characterize general cell morphology, hMVECs, hiPSC-ECs and hPAECs were stained for
VE-cadherin, f-actin and nuclei (see Figure 23a). As can be seen, hiPSC-ECs seem slightly
smaller and more elongated than both hMVECs and hPAECs. Quantification using a
CellProfiler™ pipeline confirms a higher cell count and lower mean cell area for hiPSC-ECs
compared to hMVECS and hPAECs (see Figure 23b). Additionally, the mean cell eccentricity,
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Figure 23 a) Fluorescent images of hMVECs, hiPSC-ECs and hPAECs stained for VE-cadherin in red, F-actin in
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which represents elongation of the cell, is slightly higher for hiPSC-ECs. F-actin filaments were
most clearly visible in hMVECSs, while VE-cadherin staining was found to be strongest for
hiPSC-ECs. Based on these results, it was not yet possible to determined whether the hiPSC-
ECs behave more like microvascular or macrovascular ECs. However, clear differences could
be observed between the mature primary cells (hMVECs and hPAECs) and the immature stem
cells (hiPSC-ECs).

5.1.2.2 Characterization of Micro/Macrovascular Behaviour

To determine whether hiPSC-ECs behave more like micro- or macrovascular ECs, binding of
GSL and HPA lectins was investigated. Based on literature, GSL lectins bind to microvascular
ECs from vessels smaller than 40 um in diameter, while HPA lectins are thought to bind to
macrovascular ECs (see Figure 7). However, this difference could not be observed between
the hMVECs and hPAECs used as a positive control in this experiment (see Figure 24).

hiPSC-ECs hMVECs hPAECs

50 ym 50 ym 50 um

Figure 24 Fluorescent images of hiPSC-ECs, hMVECs and hPAECs stained with GSL in green (top) or HPA in red
(bottom) and nuclei in blue.

It is unclear why the intensity of the staining for both GSL and HPA was very weak. Repeating
the staining protocol with a much higher concentration of lectins (1 mg/ml instead of 5 pg/ml)
did not significantly improve the staining intensity. Alternative explanations of an unsuccessful
staining could be differences in the blocking and permeabilization buffer that was used
compared to literature, the amount of washing that was performed after the staining, the
fluorescent lectins used or the cells that were used as control conditions.

Due to these results, it is not possible to determine whether hiPSC-ECs behave more like
micro- or macrovascular ECs in 2D normoxic static culture. For next experiments, it is therefore
suggested to use 2% FBS for blocking and block only for 15 minutes instead of 1 hour.
Additionally, washing steps should be reduced and fluorescently labelled lectins from a
different manufacturer might be tested to see what is the cause of this weak signal.
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5.1.2.3 Characterization of Arterial/Venous Behaviour
Characterization of the arterial and

venous behaviour of hiPSC-ECs can Fortonal) Conoag)

be achieved with qPCR, by looking at 8 159 B HUAEC (arterial
the expression of the arterial marker 5 5 B hiPSC-ECs
Ephrin B2 and the venous marker & 6 @10_ B HUVECS (venous)
COUP-TFII. It was found that this 3 5

experiment was already performed by 3 *] 2

Halaidych et al. [11] using the same ¢ . & 051

differentiation protocol for the hiPSC- ¢ 5

ECs as used in this research. In 0 = oo

Figure 25, the results from this Figure 25 Relative cDNA expression of arterial marker Ephrin
research can be seen. From _these B2 and venous marker COUP-TFII in hiPSC-ECs, arterial
results, it can be observed that hlPSC— primary cells (HUAECs) and venous primary cells (HUVECS).
ECs express both venous and arterial ~ Adapted from [11].

markers, but in lower concentrations

than their arterial or venous controls. It can therefore be concluded that the hiPSC-ECs are
not fully arterial nor fully venous yet, but exhibit an immature phenotype after culture in a 2D
normoxic, static culture.

5.1.2.4 Response to Hypoxia

To determine pulmonary and systemic behaviour of the hiPSC-ECs, it is desired to quantify
changes in expression of ET-1 and NO in response to hypoxia. However, it has not previously
been investigated how these hiPSC-ECs respond to hypoxia in general. Therefore, expression
of HIF-1a and HIF-2a was analysed in response to hypoxia with WB. In Figure 26, images of
the stained membrane can be seen for three cell types exposed to different oxygen
concentrations for various lengths of time. The intensity of the observed bands, which
corresponds to the expression of HIF-1a and HIF-2a, was quantified using ImageJ.

From these results it can be observed that the expression of both HIF-1a and HIF-2a is
higher after exposure to 1% oxygen than to 5% oxygen compared to the positive control. For
all cell types, HIF-1a expression seems to increase after 6 hours of exposure to hypoxia and
decrease after 48 hours, which corresponds with literature [182]. Interestingly, it is observed
that for all cell types HIF-2a expression is high even in normoxic culture conditions, which is
not expected based on literature [182]. It is unknown why this is the case for these cell types,
although high HIF-2a expression in normoxic conditions has been observed for certain tumor
cells [183]. In hypoxic conditions, HIF-2a expression seems to be fairly constant for HUVECs
exposed to 5% oxygen as expected based on literature, while HIF-2a expression decreases
over time in hiPSC-ECs independent of the oxygen tension. For hPAECs, a peak can be
observed after 6 hours of exposure to 1% oxygen after which expression decreases, while at
5% oxygen expression remains high even after 48 hours but shows significant fluctuations
over time.

Based on these results, it can be concluded that hiPSC-ECs do respond to hypoxia by
expression of both HIF-1a and HIF-2a after exposure to either 1% or 5% oxygen. The
expression seems to decrease over time, which is expected for HIF-1a but not for HIF-2q, as
this should remain elevated even after 48 hours. It is unknown why this trend is observed in
these results. Similarly, it is unknown why a high expression of HIF-2a is observed in normoxic
conditions. However, it should be noted that these experiments were only conducted once and
even after extensive optimization only a very weak expression of HIF-1a could be detected.
Additionally, the expression of ACTB as a housekeeping protein was not always constant for
different exposure times to hypoxia, influencing the quantified results. It is therefore
recommended to repeat these experiments at least two more times, preferably with an even
higher primary antibody concentration for HIF-1a, to validate whether the observed trends can
consistently be detected. Additionally, different cell types, donors and normoxic incubators
might be tested to determine whether HIF-2a expression remains consistently high in normoxic
conditions.
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Figure 26 WB images and quantified results of HIF-1a and HIF-2a expression in hiPSC-ECs, hPAECs and
HUVECSs after exposure to 1% or 5% oxygen for 0, 6, 12, 24 or 48 hours. Exposure to 100 yuM CoClz is used as
positive control. Data is normalized to ACTB or GAPDH expression and CoClz exposure in hPAECs is set to 1.

5.1.2.5 Characterization of Pulmonary/Systemic Behaviour

As mentioned earlier, pulmonary and systemic behaviour of the hiPSC-ECs can be
investigated by quantifying changes in expression of ET-1 and NO in response to hypoxia. ET-
1 concentration in culture medium of cells exposed to 5% hypoxia for different lengths of time
was analysed with an ELISA assay (see Figure 27a). NO content in the same culture medium
was determined via a colorimetric assay (see Figure 27b). For NO measurements, data was
normalized to blank controls. For both assays, ET-1 and NO concentration in culture medium
without cells was subtracted and concentration was normalized to residual culture medium
volume and protein concentration to accommodate for evaporation and cell number.
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Figure 27 a) ET-1 concentration in culture medium of cells exposed to 5% hypoxia for different lengths of time as
analysed with an ELISA assay. b) NO concentration in the same culture medium as determined via a colorimetric
assay. ET-1 and NO concentration in culture medium without cells was subtracted and concentration was
normalized to residual culture medium volume and protein concentration to accommodate for evaporation and cell
number.

From this data a slight increase of ET-1 expression can be observed for hPAECs after
exposure to hypoxia as expected based on literature (see Figure 10), while for HUVECs a
slight decrease can be seen. For hiPSC-ECs, expression of ET-1 also seems to increase due
to exposure to hypoxia, indicating a pulmonary phenotype. When looking at the NO
expression, a clear decrease can be observed for hiPSC-ECs, while both hPAECs and
HUVECs do not show a clear trend. For hiPSC-ECs this would also suggest a pulmonary
phenotype, although control cell types do not show the expected behaviour.

Nevertheless, it is very difficult to draw any conclusions from these results, since for the
ET-1 assay the measured concentrations are almost 6 times as high as the highest
concentration used for the calibration curve. It is therefore recommended to dilute the samples
at least 10 times before repeating the assay. The measured NO concentrations on the other
hand are all below the detection limit of 10 nmol/ml, which could explain the large standard
deviations, especially as observed for the hiPSC-ECs. It is therefore suggested to culture cells
in a lower volume of medium in next experiments and perform the colorimetric assay quickly
after sample collection to prevent sample degradation. Additionally, a fluorescent assay
(ab65327, Abcam) can be used instead which has a lower detection limit than the currently
used colorimetric assay.

Furthermore, it is important to note that although the concentration in culture medium
without cells was subtracted, observed differences might be influenced by the fact that a
different culture medium was used for hiPSC-ECs compared to the other cell types.
Furthermore, both culture media contained FBS in different concentrations which is known to
affect ET-1 production [184]. Although it was unsuccessfully attempted to culture cells without
FBS, this could be a way to reduce this effect. Lastly, HUVECs might not be the preferred cell
type representing systemic ECs, since the umbilical circulation shows significant differences
with the systemic circulation regarding physiological oxygen tension [185]. It is therefore
recommended to use another cell type such as aortic ECs as a systemic control instead of
HUVECs.

5.1.3 Conclusions and Recommendations
Based on general cell morphology, differences in cell number, mean cell area and mean
eccentricity could be observed between immature hiPSC-ECs and mature hPAECs and
hMVECSs. It has not been possible to determine whether hiPSC-ECs behave more like micro-
or macrovascular cells due to unsuccessful lectin staining. Issues with low intensity of
fluorescently labelled lectins might be resolved by reducing blocking time, using a different
buffer for blocking and permeabilization, reducing washing steps and using similar labelled
lectins from a different manufacturer. From the research by Halaidych et al. [11] it can be
concluded that the hiPSC-ECs are not fully arterial nor fully venous yet, but exhibit an immature
phenotype after culture in a 2D normoxic static culture.

Response of hiPSC-ECs to hypoxia was confirmed with expression of HIF-1a and HIF-2a.
HIF-1a expression showed an increase after exposure the hypoxia, where a stronger increase
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was observed after exposure to 1% oxygen compared to 5% oxygen. HIF-2a expression was
high in both normoxic and hypoxic conditions, but seemed to decrease with longer exposure
times. To confirm these results, it is recommended to repeat these experiments at least two
more times, preferably with an even higher primary antibody concentration for HIF-1a, to
validate whether the observed trends can consistently be detected. Additionally, different cell
types, donors and normoxic incubators might be tested to determine whether HIF-2a
expression remains consistently high in normoxic conditions.

Expression patterns of ET-1 and NO showed a respective increase and decrease with
increasing exposure times to 5% hypoxia, indicative of a pulmonary phenotype. However,
because measured concentrations were outside the range that could be reliably measured
with either assay, these conclusions need to be questioned. It is therefore recommended to
repeat the measurements by diluting the samples for ET-1 at least 10x and use a fluorescent
assay for the detection of NO in culture media.

Taken together, these results give a preliminary indication of the phenotype of the hiPSC-
ECs, Nonetheless, all experiments need to be repeated multiple times before strong
conclusions can be drawn. After this is achieved, the same experimental methods can be used
to characterize the hiPSC-ECs in a 3D VoC model to determine the effects of 3D cell
architecture, shear stress and oxygen tension on the cellular behaviour. In this way it could
also be investigated whether flow and hypoxia can be used as stimuli for maturation and
development of a more physiologically and/or pathophysiologically relevant sPA model.

5.2 CHIP FABRICATION WITH OXYGEN AND FLow CONTROL

Besides cellular characterization, the second aim of this project was to develop a sPAoC chip
system which would allow for control of both oxygen and flow. In this section, the fabrication
procedures and results of both oxygen permeable PDMS chips and oxygen impermeable
PMMA chips are discussed, including collagen lumen creation. Furthermore, initial results of
integration of cells, flow and oxygen sensing are presented.

5.2.1 Materials and Methods

5.2.1.1 PDMS Chip Fabrication

Master-moulds for PDMS casing were designed in SolidWorks (Dassault Systémes
SolidWorks Corp.) and fabricated from PMMA using a CNC milling machine (DATRON neo).
Polydimethylsiloxane (PDMS, Sylgard 184, Dow Corning) base agent was mixed 10:1 with a
curing-agent and poured onto the master-mould to yield a PDMS slab with a thickness of
approximately 2.5 mm. The PDMS was then degassed for at least 30 min at room temperature
in a desiccator. In the mean time, glass cover slides (24 x 50 x 0.15 mm, Menzel Glaser, Fisher
Scientific) were spin-coated for 30 seconds at 1500 rpm using the same PDMS mixture. Both
chips and coated cover slides were then cured at 65 °C over night. After curing, the PDMS
was cooled to room temperature and carefully peeled off the mould. The microfluidic chips
were cut to fit the cover glasses and inlet holes were punched with a Uni-Core punch (1.0 mm,
GE Healthcare). Finally, coated cover slides and chips were air plasma treated (2 min, 50 mA
at 20 Pa) and contact bonded.

5.2.1.2 PMMA Chip Fabrication

PMMA chips were designed in SolidWorks (Dassault Systemes SolidWorks Corp.) and
fabricated using a CNC milling machine (DATRON neo). Chips were cut using a band saw and
cleaned with pressurized air followed by ultrasonication in DI water and detergent for 10
minutes to remove all loose PMMA debris. Next, PMMA chips were rinsed subsequently in
clean DI water, ethanol and IPA and dried with nitrogen gas. Cleaned chips were then secured
onto a glass Petri dish cover lid using Scotch tape. Chloroform (Sigma Aldrich) was poured
into a glass Petri dish until the bottom surface was covered and the cover lid with attached
PMMA chips was placed on top. The lid was removed after 5 minutes and the chips were left
in a fume hood over night to allow for the residual chloroform to evaporate. Finally, chips were
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sealed with gPCR sealing film (2734438, Merck) which was cut into the size of the PMMA chip
and manually applied.

5.2.1.3 Surface Activation

Two different methods were used for surface activation of the chips to promote adhesion of
the collagen to the chip material, namely an APTES treatment and a PDA treatment. For
APTES treatment, microfluidic channels were filled with 3% (3-aminopropyl)triethoxysilane
(APTES, Sigma Aldrich) in milliQ immediately after contact bonding of PDMS. For PMMA,
chips were air plasma treated (2 min, 50 mA at 20 Pa) before sealing with gPCR sealing film
when using this treatment. After 5 minutes, channels were rinsed with ethanol and left in fresh
ethanol for at least 2 minutes to leech the remaining APTES. Chips were then one by one
rinsed with ethanol, dried with nitrogen gas and channels were filled with 10% glutaraldehyde
(50% GA in dH:0, Sigma Aldrich) in 1x PBS. After 5 minutes, channels were rinsed with milliQ
and left in fresh milliQ for at least 30 minutes to leech all remaining GA. This step is essential,
since any residual GA will affect cell viability. Finally, chips are rinsed with milliQ and ethanol,
dried with nitrogen gas and stored overnight at 65 °C to evaporate any residual GA and
ethanol.

For PDA treatment, a 2 mg/ml dopamine hydrochloride (Sigma Aldrich, H8502) in 10mM
TRIS HCI (pH 8.5) solution was sterile filtered using a 0.2 um filter. Channels were filled with
the dopamine solution and incubated at room temperature for 1-2 hours until the solution
turned black. Channels were washed 3 times thoroughly with milliQ, dried with nitrogen gas
and stored at room temperature until use.

5.2.1.4 Viscous Finger Patterning
After surface activation, chips were placed in a regular incubator (18.6% O, 5% CO,, 37 °C,
humidity >90%) to equilibrate them to cell culture conditions. A master mix solution was then
prepared by mixing 10x PBS + phenol red (Gibco), 1M sodium hydroxide (NaOH, Sigma
Aldrich) and 0.2 um sterilized milliQ in appropriate volumes to obtain a final collagen
concentration of 5 mg/ml. Next, the master mix was carefully added to the required volume of
high concentration rat tail collagen | (Corning). pH was measured and adjusted with 1M NaOH
if needed to obtain a pH of approximately 7.0. The mixture was then spun down to remove air
bubbles and kept on ice during the procedure. Mixed collagen was used within 1 hour.
Depending on the chip design, 10-30 ul of mixed collagen was then injected in a microfluidic
channel. Immediately after, a 200 pl pipette tip (without filter), filled with 20-30 ul of DPBS
(Gibco), was inserted in the inlet of the channel. When a meniscus started to form at the outlet
of the channel, an empty 200 pl pipette tip (without filter) was inserted in the outlet. VFP was
repeated for each channel. Chips were then incubated in a regular incubator for approximately
2 hours to allow for the collagen to start crosslinking, after which culture medium (37 °C) was
added to the DPBS in the pipette tips using a gel loader pipette tip (Greiner Bio-one). The next
day, when the collagen was is crosslinked, pipette tips were carefully removed from the inlets
by twisting and pipette tips with fresh culture medium were inserted to keep the hydrogels
hydrated until cell seeding.

5.2.1.5 Cell culture

hiPSC-ECs, hPAECs and hMVECs were cultured as described before. After 3-4 days, when
cells were nearly confluent by visual inspection, cells were harvested using 0.05% Trypsin-
EDTA, counted and resuspended in EGM-2 medium. Cells were then seeded in fabricated 3D
VoC systems containing collagen hydrogel lumens by adding 5 pL of cell suspension
(containing 5.8-7.5 *10° cells/ml depending on available number of cells) to either inlet of each
channel using a gel loader pipette tip. Chips were flipped upside down and placed in a
normoxic incubator for 1 hour to allow for cell attachment to the top of the collagen lumens.
Next, cell seeding was repeated and chips were placed right side up to ensure cell attachment
on the bottom of the collagen lumens. Cells were cultured on a rocker platform for 2-4 days in
a normoxic incubator until a monolayer was formed.
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5.2.1.6 Permeability Assay

Fresh dextran solution was prepared by diluting 10 mg/ml 40 kDa FITC-Dextran (Invitrogen,
D1845) in EGM-2 medium to obtain a 60 pg/ml FITC-dextran solution. Syringe, tubing and
blunt needle were connected and flushed with ethanol. Syringe and tubing were then filled with
PBS to prevent air entering the channels. Syringe was fixed in syringe pump (PHD ULTRA,
Harvard Apparatus) set to withdraw liquid with a constant volumetric flow rate of 15 pl/min.
The blunt needle was inserted in the outlet of the channel without introducing air and a pipette
tip without filter was inserted in the inlet to function as a reservoir. The chip was then placed
under a microscope and time-lapse recording was started to record every 9 seconds. After 5
images were taken, 150 ul of FITC-dextran solution was injected into the pipette tip reservoir.
Images were taken for at least 5 minutes or until no significant change in intensity across the
image could be observed. Protocol was repeated for each lumen. To determine apparent
permeability F,,,, of the cell layer, equation (12) was used [17] [186].

1dlr

ap =7 de 2 (12)

Total fluorescence intensity in the chip was determined for each image using ImageJ and
plotted as a function of time. It was assumed that fluorescent intensity inside the lumen
remained constant during perfusion. Background intensity was established from the first 5
images and subtracted from all data. Initial intensity I, was obtained from the time when the

increase in intensity was less than 0.01 s and the average slope % was calculated from this

timepoint until the end of the measurement. Radius of the lumen r was measured from
brightfield images.

5.2.1.7 Immunostaining

After a monolayer was formed, culture medium was aspirated and cells were fixated with a 4
w/v% formaldehyde in PBS*™*, washed three times with PBS** and stored in PBS*™* at 4°C until
further use. Before each immunostaining, samples were incubated at room temperature for 60
minutes in PBB. Samples were incubated with 5 ug/ml VE-cadherin goat anti-human primary
antibody in PBB over night at 37°C. Samples were washed 3 times shortly with PBS**, followed
by 3 washing steps of 20 minutes each and subsequently incubated with 10 ug/ml Alexa Fluor
546 donkey anti-goat secondary antibody, 4 drops/ml ActinGreen™ 488 ReadyProbes™
reagent and 12.5 ug/ml DAPI in PBB for 4 hours at room temperature in the dark. Samples
were washed again 3 times shortly with PBS**, followed by 3 washing steps of 20 minutes
each. Samples were then stored in PBS** wrapped in aluminium foil at 4°C until imaging with
a Nikon Instruments Al Confocal Laser Microscope.

5.2.1.8 Integration of Flow

Syringe, tubing, blunt needle and male mini Luer fluid connectors were connected and flushed
with ethanol. Syringe and tubing were then filled with PBS to prevent air entering the channels.
Syringe was fixed in syringe pump set to withdraw liquid with a constant volumetric flow rate
of 15 pl/min. The blunt needle or Luer connector was inserted in the outlet of the channel
without introducing air and a pipette tip with 100 ul of PS microspheres (1:50 dilution) was
inserted in the inlet to function as a reservoir. The chip was then placed under a microscope
and a video recording was started. Protocol was repeated for each lumen.

5.2.1.9 Oxygen Sensing in VoC systems

Oxygen sensor spots of 400-500 pym in diameter were fabricated by the group of Torsten Mayr
of Graz University [141] [147] and embedded on gPCR tape. In short, oxygen sensitive dye
(platinum(ll) tetraphenyl tetra benzo porphyrin) [187] was mixed with silicone rubber and PS
and dissolved in chloroform to obtain a sensor “cocktail”. This “cocktail” was then deposited
onto gPCR tape using a photomask as a stencil and an in-house developed computerized
numerical control (CNC) air-brush spraying device. Finally, the sensor spots were cured at 60
°C for 24 hours. Sensor spots were integrated into the center of a microfluidic channel by
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manually sealing the chips with the gPCR tape containing the sensor spots. To reduce oxygen
permeability through the tape, a glass microscope slide (Fisherbrand™, 22-310397) was
sealed onto the bottom of each chip using scotch tape.

Oxygen measurements were performed using the FireSting-PRO Multi-Analyte Meter
(Pyroscience GmbH, FSPRO-4) in combination with 1 mm diameter optical fibers (Pyroscience
GmbH, SPFIB-BARE), a 3 mm diameter oxygen probe (Pyroscience GmbH, OXROB10) and
a Pt100 temperature probe (Pyroscience GmbH, TDIP15). Pressure was measured with an
internal pressure sensor. Calibration of the sensor spots was performed in gas using ambient
air as 100% oxygen and N2 gas as 0% oxygen. Calibration of the oxygen probe was performed
in ambient air for 100% oxygen and in 0.5 M sodium sulphite (Na SOs, Sigma, 71988) in milliQ
for 0% oxygen. After calibration, oxygen measurements were conducted by injecting oxygen
deprived EGM-2 culture medium, as placed in an hypoxic incubator (set at 0.1% oxygen) for
at least 2 days, into the channels and measuring the change of oxygen tension over time.

5.2.2 Results and Discussion

5.2.2.1 Chip Design and Fabrication

PDMS chip were fabricated based on the design as used in previous research [13]. For the
fabrication of an oxygen impermeable PMMA chip, several different designs were explored. In
Figure 28a-b, the dimensions for the final version of both chips can be found. For both chip
designs, pipette tips can be inserted directly into the inlets. Blunt needles can be used for
perfusion of the PDMS chips due to the flexibility of the material, but for the PMMA chips a
different method was needed to connect the chip to the tubing for flow experiment. Therefore,
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250 pm

Figure 28 Final chip designs and dimensions of a PDMS chip (a) and PMMA chip (b), as well as pictures of a
fabricated PDMS chip (c) and PMMA chip (d) and microscopic images of the microfluidic channels inside the PDMS
chip (e) and PMMA chip (f).

small reservoirs were added in the chip design in which male mini Luer fluid connectors (Fluidic
331, ChipShop) could be inserted to allow for application of continuous flow via tubing.

For initial experiments, it was decided to focus first on the top compartment of the PMMA
chip containing the collagen lumen lined with hiPSC-ECs and disregard the second
compartment mimicking the alveoli. Thus, instead of sealing the chip with a semi-permeable
membrane and a second piece of PMMA containing an air channel, the chips were sealed with
polyolefin gPCR sealing film which is regarded inert until pressed onto a surface. This gPCR
tape was chosen since it allowed for easy integration of optical oxygen sensor spots in the
channels in a later stage, which could be used for initial oxygen measurements in the
microfluidic channels without the need to integrate oxygen sensor beads in between the
cultured cells.

In Figure 28c-f images of the fabricated chips are shown as well as microscope images of
the channel surface. As can be seen, the channel surface in the PDMS chips is fairly smooth
and homogenous, while in the PMMA chips a lot of debris and a high surface roughness was
observed. Most likely, this is caused during the micro milling process, when pieces of PMMA
melt because of friction and are deposited on the channel surface. This debris caused issues
later on during the VFP, especially regarding visualization of the lumens. Although small
alterations in the micro milling procedure slightly reduced debris deposition, it was decided to
polish the PMMA channels with chloroform vapour based on the protocol by Ogilvie et al. [188]
to improve visibility and transparency of the channels.

Chloroform vapour polishing was optimized by varying the time during which the PMMA
channels were exposed to chloroform vapour from 1 to 10 minutes (see Figure 29a). Surface
roughness was quantified with a MATLAB script where for each image the percentage of pixels
above a threshold was determined (Figure 29b). From these results it can be observed that 5
minutes of exposure to chloroform vapour yields the lowest surface roughness and was
therefore used in following experiments. No significant modifications in channel geometry were

observed after exposure to chloroform vapour for 5 minutes.
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Figure 29 a) Microscope images and b) surface roughness quantification with MATLAB of microfluidic channels in
PMMA chips polished with chloroform vapour for different lengths of time.

55



5.2.2.2 Collagen Lumen Fabrication

After chip fabrication and polishing, collagen lumens were fabricated in the chips using VFP.
In Figure 30a, the process of VFP in a PDMS chip is visualized using red food dye in PBS as
a liquid displacing the collagen inside the channel. In the last image, a lumen fabricated with
PBS is perfused with red food dye for visualization. In these images, a clear lumen can be
observed inside the channel filled with collagen.

When attempting to perform the same protocol in the PMMA chips, bubble formation was
encountered which affected the lumen formation (see Figure 30b). Various methods were
explored to reduce bubble formation, including more careful sealing of the channels with gPCR
tape, different methods of VFP, switching to a fresh batch of collagen, spinning down the
collagen mixture for a longer time and changing the temperature and liquid used for lumen
formation. Although some of these methods did seem to reduce bubble formation, none of
them seemed to consistently prevent bubble formation in the channels. It was therefore
hypothesized that the bubbles may be formed due to air pockets at the interface between the
PMMA chip and the qPCR tape, as the chloroform vapour polishing might have slightly
rounded the edges of the channel.

To overcome this problem, it was suggested to prefill the channels with another liquid before
injecting the collagen mixture to fill up the air pockets and prevent bubble formation. For this
to work, a liquid with a high wetting ability and thus a low contact angle is preferred. Various
liquids were investigated including water, PBS, ethanol and 10% SDS in water. Images were
taken immediately after lumen formation and after crosslinking for 2 or 24 hours to monitor
bubble growth. In Figure 30b, an example can be seen of a lumen formed after prefilling the
channel with ethanol, which clearly reduced bubble formation compared to the situation
without prefilling.

Bubble formation was quantified from the obtained images using edge detection with
MATLAB (see Figure 30c). From this data, it can be seen that prefilling with either ethanol or
10% SDS seems to significantly reduce bubble formation in the lumens, while prefilling with
water or PBS still results in bubble formation as seen without prefilling. This can possibly be
explained by the fact that both ethanol and a 10% SDS solution are liquids with a high
wettability, thereby being able to fill all air pockets in the channel, while water and PBS have
a lower wettability on PMMA and are unable to fill all air pockets. However, both ethanol and
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Figure 30 a) Process of VFP in PDMS chips as visualized with red food dye. For the top three images, red food
dye in PBS was used to create the lumen. For the bottom image, a lumen was formed with PBS and after collagen
crosslinking for 24 hours the lumen was perfused with red food dye. b) Collagen lumens formed in PMMA chips
without prefilling and after prefilling the channels with ethanol. c) Quantification of bubble formation in PMMA
channels prefilled with different liquids immediately after lumen formation and after crosslinking for 2 and 24 hours.
d) Collagen lumens in PMMA chips as visualized with PS beads after prefilling with ethanol or 10% SDS in water.
Red dotted lines are drawn manually to indicate the edges of the formed lumens.
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Figure 31 a) Images of collagen lumens formed in PDMS and PMMA chips and perfused with PS beads. b) Success
rates of lumen formation immediately after formation and after crosslinking for 1 day, as well as the percentage of
lumens with bubbles before perfusion in PDMS chips (n=24) and PMMA chips (n=20). c). Average lumen diameter
of lumens formed in PDMS (n=21) and PMMA chips (n=18).

10% SDS solutions might have a negative effect on the lumen formation and cell viability [189]
[190]. Therefore, it was attempted to wash the lumens with water after prefilling with ethanol
or 10% SDS. However, this seemed to increase the amount of bubbles formed in some
channels.

When investigating the lumens formed in channels prefilled with either ethanol or 10% SDS
by flushing them with 10 um PS microspheres (PolyScience), it was observed that with ethanol
prefilling straight lumens could be obtained while with the 10% SDS prefilling the lumens
seemed much more irregular (see Figure 30d). This might be because the surfactants in the
10% SDS solution influence the balance in surface tension that is needed to form a nice and
straight lumen with the VFP technique. Thus, it was decided to use prefilling with ethanol in
further experiments. To remove residual ethanol, lumens were perfused with water and culture
medium before cell seeding.

Once a successful protocol was established for lumen formation in the PMMA chips, the
formed lumens were quantified regarding the success rate of fabrication and their diameter
and compared to lumens formed in PDMS chips (see Figure 31). From this data, it can be
seen that in both chip materials, a success rate of 100% could be achieved immediately after
lumen formation (n=24/20). However, after 1 day of crosslinking in a normoxic incubator,
bubbles were formed in 58% of the lumens in the PDMS chips and 15% of the lumens in the
PMMA chips. Nevertheless, most of these bubbles could be removed and eventually 87.5%
of the lumens formed in the PDMS chips could be perfused with PS microspheres compared
to 90% in the PMMA chips. These success rates indicate that a protocol has successfully been
established for the formation of lumens in the PMMA chips with a success rate comparable to
that achieved in PDMS chips. When manually analysing the diameter of the formed lumens
after crosslinking and perfusion with PS microspheres using a MATLAB script, an average
diameter of 301 + 40 um was found for the PDMS chlps and for the PMMA chips this was 313
+ 34 ym (Figure 31c). Based on these . .
numbers it can be concluded that similar
lumens can be formed in PDMS and PMMA y
chips. - e o S — PMMA

To characterize lumen formation in 3D, 3
optical coherence tomography (OCT) was
used. In Figure 32, a cross-section of a
collagen lumen formed in a PMMA chip after

prefilling with ethanol is shown. From this ,' - it — Beads

Collagen

—— | UMEN

image it can be seen that a cylindrical lumen
is successfully formed in the PMMA chip.
However, the lumen is not perfectly circular 400 pm

but has a height of approximately 325 ym and Figure 32 OCT image of collagen lumen in PMMA chip.
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a width of 440 pym. It is unknown why the lumen does not have a circular cross-section, but
since only a small part of a single channel was imaged, no conclusions can be drawn from this
data about the general shape and size of the lumens formed in the channels.

5.2.2.3 Integration of hiPSC-ECs in Oxygen Permeable PDMS Chips

Once 3D collagen lumens could successfully be created in both oxygen permeable and
impermeable chips, the next step would be integration of vascular cell into these systems.
First, hiPSC-ECs, hMVECs and hPAECs were integrated in the oxygen permeable PDMS
chips. In Figure 33, brightfield images of hMVECs cultured in such an oxygen permeable
PDMS VoC system with collagen lumen can be seen directly after cell seeding and after 24
hours of culture in a normoxic incubator. From these images a lumen can clearly be observed
and an increase in cell coverage is observed after 24 hours of culture, resulting in the formation
of a monolayer inside the lumen. Similar results were observed for hPAECs and hiPSC-ECs
(data not shown).

Directly after seeding After 24 hours
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Figure 33 Images of hMVECSs cultured in oxygen permeable PDMS VoC system with collagen lumen directly after
cell seeding (left) and after 24 hours of culture in normoxic incubator (right).

After cell culture for 2 days, a permeability assay was performed to determine the integrity of
the vessel wall. In Figure 34, the results of this assay can be found. Figure 34a shows an
example of a fluorescent overlay image of FITC-Dextran in a hPAEC lumen, which was used
to determine the total fluorescence intensity in the channel as a function of time (see Figure
34b). Although in this example a clear jump is visible after injection of FITC-dextran as is
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Figure 34 Results of permeability assay for hiPSC-ECs, hMVECs and hPAECs cultured in in oxygen permeable
PDMS VoC systems. a) Overlay image of FITC-Dextran perfused through hPAEC lumen. b) Example of measured
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desired, in other channels this increase was found to be more gradual. This is most likely
caused due to differences in perfusability between lumens and manual addition of FITC-
Dextran resulting in delayed infusion. In Figure 34c, average lumen diameters for each cell
type are plotted. From this data, it can be seen that all lumens had a diameter between 300
and 400 um, with hiPSC-ECs having slightly larger and hMVECs slightly smaller diameter
lumens. However, these minor differences might not be related to cell type but rather due to
lumen fabrication.

Lastly, the calculated apparent permeability of the VoCs created with each cell type can be
seen in Figure 34d. Here, a clear difference in permeability is observed between hMVECs
and the other cell types. Where both hiPSC-ECs and hPAECs display a relatively low
permeability, the permeability of vessels cultured with hMVECs is significantly higher. This is
relatable to the physiological situation, since microvessels need to be more permeable to allow
for exchange of fluids and small solutes while larger vessels need a low permeability to reduce
losses during transport [3].

To evaluate general cell morphology and further characterize the created lumens, they were
stained for VE-cadherin, f-actin and nuclei and imaged with confocal microscopy (see Figure
35). First of all, it can be observed that the hMVEC lumen displays sprouting of cells into the
collagen lumen, which could be a signal of angiogenesis as is characteristic for microvessels
but not macrovessels [3]. Secondly, gaps are observed in the cellular layer of the hPAEC
lumen but not in the other lumens. This might have influenced the measured permeability of
the hPAEC lumens, although it is not known whether the measured lumens also contained
such gaps.

Another interesting observation is the fact that h(MVECs seem to express more VE-cadherin
and less f-actin than hiPSC-ECs and hPAECs, even though VE-cadherin is known to play a
role in the maintenance of a restrictive endothelial barrier [191]. This observation therefore
clashes with the previous conclusion where an increased permeability was observed for
hMVECs compared to hiPSC-ECs and hPAECs. However, a significant amount of nonspecific
VE-cadherin staining can be seen in all lumens, making it difficult to tell whether VE-cadherin
expression is really higher for h(MVECs. Additionally, only a single lumen was imaged per cell
type, making it impossible to draw any significant conclusions on these images.

hiPSC-ECs hMVECs

Y e 100 pm \ 100 pum g 3 ‘20 100 um

Figure 35 Images of hiPSC-ECs, hMVECs and hPAECs cultured in oxygen permeable PDMS VoC systems with
collagen lumens stained for VE-cadherin in red, F-actin in green and nuclei in blue.

59



5.2.2.4 Integration of hiPSC-ECs in Oxygen Impermeable PMMA Chips

Besides integration of cells in the oxygen permeable PDMS chips, it was also attempted to
integrate cells in the oxygen impermeable PMMA chips. In Figure 36, brightfield images of
hiPSC-ECs cultured in an oxygen impermeable PMMA VoC system with collagen lumen can
be seen directly after cell seeding and after 24 hours of culture in a normoxic incubator. From
these images it can be seen that although initial cell seeding seemed successful, cells died
after 24 hours of culture on a rocker platform in a normoxic incubator. It is thought that this
might be due to lack of oxygen in the chip as supplied by the rocking culture medium. It is
therefore suggested to repeat the experiment after successful integration of controlled flow
into the chip to ensure sufficient supply of oxygen and nutrients to the cells during culture.

Directly after seeding After 24 hours

Figure 36 Images of hiPSC-ECs cultured in oxygen impermeable PMMA VoC system with collagen lumen directly
after cell seeding (left) and after 24 hours of culture in normoxic incubator (right).

5.2.2.5 Integration of Controlled Flow

Lumens in both PDMS and PMMA chips could successfully be perfused with PS microspheres
(see videos in supplementary material S5) at a flow rate of 15 pl/min. Due to lack of time it has
not been possible to analyse the flow profile in these lumens, e.g. by bead tracking algorithms,
or to experiment with different flow rates to determine which flow rates can be reached before
the lumens are damaged or the bond between the collagen and the chip material is broken. If
this were to happen below the desired maximum flow rate of 2 ml/ml (corresponding to a shear
stress of 120 dynes/cm?), it could be beneficial to switch to an APTES/GA coating to promote
adhesion of collagen to the chip material.

5.2.2.6 Oxygen Sensing in VoC systems

To determine whether it is possible to measure the oxygen tension in the current chip designs,
oxygen sensor spots were integrated in a PDMS and PMMA chip and the oxygen tension was
measured after injection of oxygen deprived EGM-2 culture medium (see Figure 37). Oxygen
tension of the culture medium at the time of injection as measured with the oxygen probe was
estimated to be approximately 3% (data not shown). This is higher than the expected oxygen
tension of 0.1% to which the hypoxic incubator was set, most likely because it took around 5
minutes to take the culture medium out of the incubator and inject it into the chips. Additionally,
two days in an hypoxic incubator without mixing might not be sufficient to remove enough
oxygen from the medium to obtain medium with 0.1% oxygen.

As can be seen from the graphs in Figure 37a, the oxygen tension increased significantly
during injection into the chips, since in both chips the minimum oxygen tension that could be
measured was 16%. This initial oxygen tension also varied strongly between measurements
and chips. At first it was thought that this variation might be caused by the fact that injection of
the medium was not simultaneously, since medium was first injected into the PDMS chip and
then in the PMMA chip. However, in some measurements the oxygen tension was found to be
lower in the PMMA chips, so itis unlikely that the oxygen tension in the culture medium strongly
changed in the seconds between injection of the two chips. It is therefore thought that these
differences might be caused during the manual injection of the culture medium, when oxygen
can diffuse into the medium through the pipette tips and air in the channel. Possibly slight
differences in the speed of injection or available oxygen in the porous chip materials have also
had an effect on the initial oxygen tension that was measured, which could vary as much as
8.5-19% for different measurements in the same chip.
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Figure 37 Oxygen tension measurements over time in PDMS and PMMA chips after injection of oxygen deprived
culture medium in a) chips that were stored in ambient air and b) chip that were preconditioned in an hypoxic
incubator (0.1%) for 2 days. Oxygen tension in chip as modelled using diffusion coefficients found in literature is
shown with dotted lines and oxygen tension as modelled with adjusted diffusion coefficients is shown with dashed
lines. c) Overview of initial oxygen tensions and diffusion coefficients used for each model.

The idea that residual oxygen in the chip caused an increase in the measured oxygen tension
in the culture medium was confirmed by a measurement of hypoxic culture medium injected
into chips that were placed in a hypoxic incubator (0.1% O,) for two days (see Figure 37b).
Here it can be seen that initial oxygen tension in these chips is much lower and varied between
1-2%, after which a gradual increase is observed towards 21% oxygen. The time in which the
oxygen tension reaches 21% was found to be significantly shorter for the PDMS chip
compared to the PMMA chip independent of the oxygen tension in the chip material. However,
for the preconditioned chips the initial increase seemed to be faster for the PMMA chips, while
this was not observed in the chips that were stored in ambient air. It is unknown why this
behaviour is observed, since it is expected that the oxygen tension in the PDMS chip would
increase faster compared to the PMMA chip.

In an attempt to explain these measured oxygen patterns and relate them to the material
properties of the different chip systems, the previously described computation model was
compared to the measured data. The initial oxygen tension was set to match the measured
initial oxygen tension and diffusion through the glass and gPCR tape covering the bottom of
the channel was neglected. When using the diffusion constants for water, PDMS and PMMA
as found in literature (see Table 3) a poor fit was found with the measured data (as shown by
dotted lines in Figure 37a). Unfortunately it was not possible to perform a parameter estimation
in COMSOL to determine an optimal fit due to lack of computational power. Nevertheless, a
better fit was obtained by manually adjusting the diffusion constants to 6*10® m?/s for water,
108 m?/s for PDMS and 5*1071° m?/s for PMMA (shown by dashed lines in Figure 37a). For alll
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conditions these values gave good results except the preconditioned PDMS chip where a
diffusion constant of 10°2° m?/s was used. Similarly to literature, the found diffusion constant
for PMMA is significantly lower than the one found for PDMS, although for both materials the
found diffusion constants were higher than the values found in literature. The found diffusion
constant for water is also higher than the values found in literature, which can be explained by
the fact that proteins, salts and sugars are present in the culture medium that could alter the
oxygen diffusion compared to water.

5.2.3 Conclusions and Recommendations

3D collagen lumens were successfully fabricated in both oxygen permeable PDMS chips and
oxygen impermeable PMMA chips. Chloroform polishing was used to reduce surface
roughness and improve visibility of the formed lumens in the channel. To prevent bubble
formation due to air pockets in the chip, channels were prefilled with various solutions, from
which ethanol showed the largest reduction in bubble formation while still allowing for the
creation of straight lumens. An average diameter of 301 + 40 um was found for lumens in the
PDMS chips and 313 + 34 pm for the lumens in the PMMA chips, with a respective success
rate of 87.5% and 90%. 3D OCT imaging also confirmed successful formation of a cylindrical
lumen in the PMMA chips.

Although these results look promising, various issues are still encountered during the
fabrication of these lumens. First of all, visualization of the formed lumens remains difficult,
even when perfusing the lumens with a coloured dye or PS microspheres, which makes it
difficult to accurately determine the lumen diameter. This visualization problem could become
an issue when selecting functional lumens before cell seeding as not to waste cells and might
also be important for the integration of controlled shear stresses.

Secondly, some variability between lumens could be observed regarding lumen dimensions
and success rate, depending on the day, chip design and collagen batch. This is most likely
due to the high sensitivity of the VFP procedure, which is affected by many factors such as the
exact composition of the collagen mixture, temperature of the solutions, timing and the
precision with which the PBS is introduced into the channel. Other methods of lumen
fabrication such as needle patterning might be more robust and could solve the issue of
variability between lumens. Additionally, it might be easier to control the exact shape and
diameter of the lumens with needle patterning. This could also be important when controlling
the shear stress in a later stage, which strongly depends on the geometry and size of the
lumen. However, needle patterning knows other disadvantages, such as a low throughput and
limiting geometries that can be fabricated, and still requires a lot of optimization.

Lastly, it is important to note that the oxygen sensor spots are incompatible with ethanol
and cannot be used with this method of lumen formation. Thus, it might be necessary in the
future to find a different technique to prevent bubble formation during lumen formation that
does not require ethanol or another nonaqueous solvent. Nonetheless, when oxygen sensitive
beads will be used, the use of ethanol should not pose a problem since the beads will be
integrated after lumen formation.

After successful lumen formation, hiPSC-ECs, hPAECs and hMVECs could be integrated
in oxygen permeable VoC systems. Characterization revealed a higher permeability of lumens
formed with hMVECs compared to hPAECs and hiPSC-ECs. This is relatable to the
physiological situation, since microvessels need to be more permeable to allow for exchange
of fluids and small solutes while larger vessels need a low permeability to reduce losses during
transport. However, VE-cadherin staining intensity was also found to be increased for
hMVECSs, refuting this conclusion. Nonetheless, despite a high amount of nonspecific staining
and limited data it can be considered that hiPSC-ECs behave more like macrovascular cells
in 3D culture than microvascular cells based on permeability and immunostaining data. Yet
more experimental data is required to support this conclusion.

Unfortunately it has not yet been possible to create a cellular lumen in the oxygen
impermeable PMMA VoC system, most likely due to lack of oxygen in the cellular environment
when using a rocker platform. Although it has been possible to integrate continuous flow in the
PMMA chip systems, lack of time prevented analysis of the flow profile in these lumens and
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experimentation with different flow rates to determine which flow rates can be reached before
the lumens are damaged or the bond between the collagen and the chip material is broken.
Once this characterization is completed, it is recommended to again attempt culture of hiPSC-
ECs in the PMMA VoC system using continuous flow with various flow rates. It is expected
that continuous flow should provide sufficient oxygen and nutrients to the cells to promote the
formation of a monolayer in the lumens.

Regarding control and sensing of oxygen in the chip systems, it has been possible to
integrate oxygen sensor spots in the PDMS and PMMA chips and measure the oxygen tension
after exposure to oxygen deprived culture medium. Here, a difference could be observed
between the PDMS and PMMA chips, where the oxygen tension in the PDMS chips seemed
to increase faster compared to the PMMA chips. This behaviour could be confirmed with the
computational model, although data fitting revealed that the apparent diffusion constants of
the chips and the culture medium were higher than those found in literature.

The next step in the integration of oxygen sensors in the sPAoC would be to measure the
oxygen tension in a chip with collagen lumen. For the PDMS chips this should easily be
achieved by performing VFP in a chip that is sealed with a piece of gPCR tape containing a
sensor spot. However, for the PMMA chips this cannot be done, since the ethanol used to
prevent bubble formation is incompatible with the hydrogel in which the sensor spots are
embedded. Thus, it is necessary to either find a different method to prevent bubble formation
without the need of a nonaqueous solvent such as ethanol, or to measure the oxygen tension
with oxygen sensitive beads which could be integrated after lumen formation. Since no SMCs
are integrated as of yet, these oxygen sensitive beads might need to be (covalently) bonded
to the collagen to prevent leaching. Yet, this could affect the VFP procedure.

When 3D hiPSC-EC lumens can successfully be created in the PMMA chips and flow and
oxygen tension can be controlled and measured, the cells can be characterized in 3D dynamic
normoxic and hypoxic conditions similarly to characterization in 2D and 3D lumens in PDMS
chips. General characterization can be performed by staining with VE-cadherin, f-actin and
DAPI and permeability can be asses using the permeability assay previously described. Lectin
staining can be used to investigate differences in micro/macrovascular phenotype between 2D
and 3D culture, while expression of COUP-TFIl and Ephrin B2 should be analysed to
determine arterial/venous behaviour. For this purpose, a hiPSC-EC COUP-TFII reporter line
as created by the University of Leiden could be used. To determine pulmonary/systemic
behaviour of the hiPSC-ECs, medium from the lumens should be collected and ET-1 and NO
content must be measured. However, it is expected that this expression will strongly be diluted
when using high flow rates. Therefore, it might be necessary to use a recirculation pump or
fluidic circuit board which allows recirculation of the medium to ensure that the ET-1 and NO
content are within the range of the detection assays. Using these readout methods, the effect
of different shear stresses and oxygen tensions can finally be studied in the sPA0oC systems.
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6 DISCUSSION

In this research, a SPAoC model is proposed that recapitulates the 3D architecture of the sPA
and allows for control of flow and oxygen in a physiological range. hiPSC derived vascular
cells are preferred for this purpose because of the genetic nature of some pulmonary vascular
diseases such as PAH, but it is unknown whether these cells exhibit the characteristic
behaviour of cells found in the sPAs. Although some researchers claim that a pulmonary
phenotype is not necessary and that immature, heterogenous hiPSC-ECs are good surrogates
for PAH modelling and drug testing in 2D [192], it is unknown whether this is also the case for
culture in a 3D OoC model with ECM, multiple cell types and physiological oxygen and flow
conditions.

As of yet, limited protocols exist for the creation of hiPSC-ECs and most of these focus on
the creation of a heterogenous population of ECs, while cell behaviour is known to depend on
the location within the vascular tree [193]. Regarding vessel types, some methods have been
proposed for further differentiation into arterial or venous ECs, but no protocols yet exist to
generate microvascular ECs [10] [193]. Only a few tissue specific ECs have been created so
far, mostly focussing on the blood-brain barrier, retina or heart, but none concentrating on the
pulmonary circulation [193]. One of the reasons which makes it so hard to come up with
protocols for differentiation of type and tissue specific hiPSC-ECs is the fact that little is known
about the differences between ECs in vivo on a molecular and function level. If no molecular
signature of functional distinction has been established for the required specific ECs in vivo, it
is very difficult to recreate and characterize them in an in vitro model. Most researchers
therefore use general EC biomarkers such as VE-cadherin, CD31 and von Willebrand Factor
VWF and a lack of actin-a2 to confirm EC cell behaviour [115]. To characterize arterial or
venous branching, Ephrin B2 and COUP-TFII have previously been used [11]. However, for
the creation of a sPAoC this characterization is not deemed sufficient and it is therefore
necessary to further characterize the cells using markers that specify a sPA phenotype.

In this study, extensive characterization of hiPSC-ECs has been presented for the first time
to identify sPA specific hiPSC-ECs. Although micro/macrovascular characterization has not
yet proven successful, initial results do show that hiPSC-ECs exhibit a pulmonary phenotype
based on their expression pattern of ET-1 and NO in response to hypoxia. Additionally, the
general response to hypoxia as indicated by the expression of HIF-1a and HIF-2a is similar to
the response found in primary hPAECs. These results are of great importance when
integrating the cells into a sSPAoC system, since they provide previously unknown information
about the current phenotype of the hiPSC-ECs. Additionally, biomarkers and assays have
been identified and optimized to asses this phenotype in both 2D and 3D cell culture
conditions. With this characterization and after integration into a sPAoC system it will finally
be possible to study the changes in cellular phenotype due to (patho)physiological oxygen
tensions and shear stresses.

A second aspect that has been covered in this research is the design and creation of an
oxygen impermeable sPAoC system in which hiPSC derived vascular cells can be cultured
and where the flow rate and oxygen tension can be controlled. Although the 3D VoC system
from as developed within the AST group [17] does contain the 3D ECM architecture as found
in the sPAs and hiPSC-ECs have previously been integrated in this system, only low shear
stresses could be generated and oxygen control is prevented due to the high oxygen
permeability of the chip material. Other systems [168] [169] [170] are able to stimulate the cells
with controlled oxygen tensions and shear stresses, but do not mimic the 3D ECM architecture
as found in the native environment of the sPAs and have not previously been used with hiPSC
derived cells.

Here, a novel sPA0C design is proposed which combines the 3D ECM architecture and use
of hiPSC derived cells with control of oxygen tension and flow rate. With this chip design, it is
possible to study the effects of shear stress and two oxygen tensions (as found in the alveoli
and the blood) in a (patho)physiological range, which has not been realized before. Although
primary or embryonic stem cell derived ECs and SMCs have been integrated in oxygen
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controlled 2D* OoC systems, no oxygen controlled 3D VoC system exists yet that contains
patient-specific hiPSCs derived ECs, SMCs and fibroblasts. To study more complex vascular
processes such as vasoconstriction and vascular remodelling, tissue engineered blood
vessels [194] or bioprinted ring assays [195] are currently the best solutions. However, these
do not allow for control of flow and/or oxygen tension and are not specified towards patient-
specific, pulmonary studies. Thus, since no 3D human in vitro models yet exist to study these
processes, the proposed system could be the first realistic, patient-derived sPA model in which
the effects of shear stress and oxygen tension on complex vascular processes can be studied.

Initial experimental progress towards this proposed solution demonstrate the integration of
a 3D collagen lumen fabricated with VFP to mimic the native ECM architecture in an oxygen
impermeable PMMA chip, which has not been shown before. Furthermore, it has been
established that this system can be perfused with a syringe pump and that oxygen
measurements can be performed within the microfluidic channel, revealing a clear difference
between the PDMS and PMMA systems. When comparing the novel PMMA chip to the existing
PDMS chip, its main advantage is the fact that it allows for control of oxygen tension without
being influenced by the oxygen tension of the ambient air, which is expected to be the case
for the PDMS chip based on initial oxygen measurements and computational modelling of the
system. This greatly improves the physiological relevance of the model, since cells in the sPAs
are expected to receive most oxygen from the blood (5%) and air in the alveoli (14%), which
is significantly lower in concentration than the ambient air (21%). Although it might be possible
to simulate these physiological conditions in the PDMS chip, this will require a hypoxic
workstation which limits ease-of-use, has limited capacity and might pose problems when
combining it with a fluidic setup.

All'in all, it is believed that with the proposed sPAoC system it will be possible to recreate
the (patho)physiological environment as found in the sPAs in vivo using patient-specific cells.
The system can then be used to determine which stimuli, including oxygen tensions and shear
stresses, could initiate or progress the vasoconstriction and vascular remodelling as observed
in various vascular diseases such as PAH. Obtaining this knowledge is deemed crucial for a
better understanding of diseases development. Additionally, these stimuli can be used to
mimic the disease in an in vitro situation, which could be a turning point in the development of
an effective treatment or cure.
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7 CONCLUSIONS

In this research it was aspired to determine how the influence of oxygen tension and shear
stress on the behaviour of vascular cells can be studied in a 3D VoC system. Towards this
end, a 3D sPA0C chip design is proposed based on extensive literature studies which allows
for integration of ECs, SMCs and fibroblasts in a 3D hydrogel-based PMMA chip with control
of physiological oxygen tensions and flow rates. A concept version of this chip system without
the alveolar compartment was successfully fabricated via micro milling, chloroform polishing,
ethanol prefilling and VFP. Microscopy and OCT imaging confirmed successful formation of a
cylindrical collagen lumen in the PMMA chips with an average diameter of 313 £ 34 ym and a
success rate of 90%. Furthermore, the system could be perfused with a syringe pump and
oxygen measurements within the microfluidic channels demonstrated a clear difference
between the PDMS and PMMA systems, which was confirmed with computational modelling.
Finally, extensive characterization of hiPSC-ECs was performed previous to integration into
the chip system, revealing a pulmonary arterial phenotype based on the cellular response to
hypoxia and expression patterns of ET-1 and NO.

Thus, significant theoretical and experimental progress has been booked in this research
regarding the development of a SPAoC for in vitro small pulmonary artery studies. Even though
most presented results still require optimization and replication, it is believed that by
continuation of the project according to the presented roadmap, a physiologically relevant
sPA0C can be obtained which has the potential to be used for studying various complex
vascular processes in both healthy and diseased situations.
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Figure 23 a) Fluorescent images of hMVECs, hiPSC-ECs and hPAECs stained for VE-cadherin in red, F-actin in
green and nuclei in blue. b) Cell count, mean cell area and mean cell eccentricity of hiPSC-ECs, hMVECs and

hPAECs as determined with CellProfiler after staining for VE-cadherin, F-actin and DAPL. ...........ccccceviiivennneen. 46
Figure 24 Fluorescent images of hiPSC-ECs, hMVECs and hPAECs stained with GSL in green (top) or HPA in red
[(Zo] o] aq) I-TaTo [ oI Ted (=TI T I o] [0TSRSO PR a7
Figure 25 Relative cDNA expression of arterial marker Ephrin B2 and venous marker COUP-TFII in hiPSC-ECs,
arterial primary cells (HUAECSs) and venous primary cells (HUVECS). Adapted from [11]. ......ccocceeviiireinineennnnen. 48

Figure 26 WB images and quantified results of HIF-1a and HIF-2a expression in hiPSC-ECs, hPAECs and
HUVECs after exposure to 1% or 5% oxygen for 0, 6, 12, 24 or 48 hours. Exposure to 100 uM CoCl: is used as
positive control. Data is normalized to ACTB or GAPDH expression and CoClz exposure in hPAECs is set to 1. 49
Figure 27 a) ET-1 concentration in culture medium of cells exposed to 5% hypoxia for different lengths of time as
analysed with an ELISA assay. b) NO concentration in the same culture medium as determined via a colorimetric
assay. ET-1 and NO concentration in culture medium without cells was subtracted and concentration was
normalized to residual culture medium volume and protein concentration to accommodate for evaporation and cell
018001 o] T TP PO PP UPR PPN 50
Figure 28 Final chip designs and dimensions of a PDMS chip (a) and PMMA chip (b), as well as pictures of a
fabricated PDMS chip (c) and PMMA chip (d) and microscopic images of the microfluidic channels inside the PDMS

Chip (€) anNd PMMA ChID (). .eeeeiiiiee ettt a e e e st e e e s s e e s naneeas 55
Figure 29 a) Microscope images and b) surface roughness quantification with MATLAB of microfluidic channels in
PMMA chips polished with chloroform vapour for different lengths of time..........cccocooiiiiii e 55

Figure 30 a) Process of VFP in PDMS chips as visualized with red food dye. For the top three images, red food
dye in PBS was used to create the lumen. For the bottom image, a lumen was formed with PBS and after collagen
crosslinking for 24 hours the lumen was perfused with red food dye. b) Collagen lumens formed in PMMA chips
without prefilling and after prefilling the channels with ethanol. ¢) Quantification of bubble formation in PMMA
channels prefilled with different liquids immediately after lumen formation and after crosslinking for 2 and 24 hours.
d) Collagen lumens in PMMA chips as visualized with PS beads after prefilling with ethanol or 10% SDS in water.
Red dotted lines are drawn manually to indicate the edges of the formed lumens. ...........ccccociiiiiiiiec e 56
Figure 31 a) Images of collagen lumens formed in PDMS and PMMA chips and perfused with PS beads. b) Success
rates of lumen formation immediately after formation and after crosslinking for 1 day, as well as the percentage of
lumens with bubbles before perfusion in PDMS chips (n=24) and PMMA chips (n=20). c). Average lumen diameter
of lumens formed in PDMS (n=21) and PMMA chips (n=18)

Figure 32 OCT image of collagen lumen in PMMA ChID. ....oviiiiiii e 57
Figure 33 Images of hMVECSs cultured in oxygen permeable PDMS VoC system with collagen lumen directly after
cell seeding (left) and after 24 hours of culture in normoxic incubator (right). ..o, 58

Figure 34 Results of permeability assay for hiPSC-ECs, hMVECs and hPAECs cultured in in oxygen permeable
PDMS VoC systems. a) Overlay image of FITC-Dextran perfused through hPAEC lumen. b) Example of measured
fluorescence intensity over time. c) Average vessel diameter for each cell type. d) Calculated apparent permeability
L= =Tt g T o=T | I8 Y o= PR PPUPPRE 58
Figure 35 Images of hiPSC-ECs, hMVECs and hPAECs cultured in oxygen permeable PDMS VoC systems with
collagen lumens stained for VE-cadherin in red, F-actin in green and nuclei in blue. ............ccococciviieiinennneen. 59
Figure 36 Images of hiPSC-ECs cultured in oxygen impermeable PMMA VoC system with collagen lumen directly
after cell seeding (left) and after 24 hours of culture in normoxic incubator (right). ........ccoccoveiiiini e, 60
Figure 37 Oxygen tension measurements over time in PDMS and PMMA chips after injection of oxygen deprived
culture medium in a) chips that were stored in ambient air and b) chip that were preconditioned in an hypoxic
incubator (0.1%) for 2 days. Oxygen tension in chip as modelled using diffusion coefficients found in literature is
shown with dotted lines and oxygen tension as modelled with adjusted diffusion coefficients is shown with dashed
lines. c) Overview of initial oxygen tensions and diffusion coefficients used for each model. ...........ccccceieeennne. 61
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