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Abstract

Predicting the effects of drugs before human clinical trails is at the heart of drug discovery and screening
processes. To overcome limitations of conventional models used in pre-clinical research stages, advance-
ments in fabrication, microfluidics, tissue engineering and sensor development allow for platforms that ever
more closely emulate human physiology. Organ-on-chip (OoC) devices utilize these advancements to create
a favorable cellular environment that more accurately resembles the human physiome. By combining these
devices with integrated analytical components, an in vitro system is created that can real-time monitor the
cellular activity and better predict the effects of drugs in vivo. Coupling multiple OoC devices together with
microfluidic channels can even provide insights into the complex interactions between multiple organs.
Specifically, the connection and the interactions between the gut and the brain is gaining in interest. It
was found that this gut-brain-axis plays an important role in the development of various gastrointestinal
and neurological diseases. Investigating the interaction between these two organs could provide valuable
information about the functioning of the gut-brain axis.

The research presented in this document focused on creating a system that can link a gut OoC model (i.e.,
gut-on-chip) with a blood-brain-barrier-on-chip device with integrated TEER and O sensors developed by
the Wyss Institute in Boston. The final presented system is inexpensive and quick to fabricate, and has proven
functional during experiments that included tissue culture. The main fabrication techniques include fused
deposition modeling and CO, laser cutting. The final design includes a layered microfluidic component com-
prised of sheets of PMMA and SEBS material, housing the channels through which the medium is perfused.
Results based on optical inspection showed that fibroblast growth was normal and fluid outflow was constant
for 5 days of culture. Due to cell death prior to a second experiment the sensor functionality and linking
could only partly be validated. Suggestions for future improvements include adding a mixing geometry and
integrating sensor electronics to make the system more autonomous.
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Introduction

Organs-on-chip (OoCs) are in vitro microfluidic systems that emulate the microstructures, functions and
physiochemical environments of whole living organs more accurately than two-dimensional tissue models.
While still in their infancy, OoCs hold the potential to bring benefits to a wide range of applications, enabling
more human-relevant candidate drug efficacy and toxicity studies and providing greater insights into mech-
anisms of human disease and physiology. The most advanced OoC systems also have analytical components
incorporated to allow for the quantification of cell characteristics [1].

Although OoCs hold an advantage over 2D models (e.g., a monolayer of cells in a culture flask) in terms
of single-organ research, it is largely unknown what can be achieved by incorporating multiple organs to
enable their interaction and more accurate evaluation of downstream metabolites. An example of such a
connection is the interconnection between the barrier and the intestine. Recent studies have unveiled that
the so called gut-brain axis is a bidirectional link between the intestine and the brain and is of importance
for maintaining homeostasis. For example, people with mental issues like schizophrenia, autism or anxiety
are over-represented in the group of people that are diagnosed with irritable bowel syndrome (IBS) [2]. In
addition to digestion related issues, an imbalance in the human microbiome can result in severe mental
issues like depression and behavioral problems [3].

The research goal of this project is to create and validate a compact and reliable system to link two organ-on-
chip models with integrated O, and TEER sensors.

Figure 1.1: Preview of the final designed system. (a) Top view of complete assembly showing the pump unit with interface on the bottom,
the fluid reservoirs in the middle and the sensor chips with the microfluidic component on top. (b) Overview of the complete design
with the detached chips and reservoir component.



2 1. Introduction

This research was conducted in the context of the Wyss Institute for Biologically Inspired Engineering! in
Boston and the chips with integrated sensors have been developed by their biosensors team. Ideally, the
linking system is simple and inexpensive to fabricate and compact enough to fit multiple systems in a single
incubator. Also, the chips should be compatible with conventional imaging techniques when connected to
the system.

An image of the final design of the proposed system developed in this work is shown in Fig. 1.1. The chapters
in this thesis will each focus on a different aspect of the design and its functionality. The second Chapter
will focus on the background of the OoC technology and on the gut-brain axis in particular. Chapter 3
elaborates on the design of the linking systems as well as the fabrication techniques. Chapter 4 discusses the
best geometry to fully mix two fluid flows carrying organ specific nutrients in a rectangular micro channel.
Chapter 5 describes two methods used to validate the functionality of the linking and the added value of the
sensors. Finally, in Chapter 6, the results of the experiments are discussed together with conclusions and
future recommendations.

1For more information about the Wyss Institute please visit: https:/ /wyss.harvard.edu/



Background

This chapter serves as a general introduction to important topics in the OoC field,
necessary for understanding the scope of the thesis project. It touches upon existing
OoC models and linking systems, provides a foundation for comprehending the blood-
brain barrier and gut physiology and discusses three types of sensors.

2.1. The need for Organs-on-Chip

Since the era of modern medicine, the drug development process has always been a multistage procedure.
Two of the stages include preclinical and clinical research. During the preclinical stage, drugs undergo labo-
ratory and animal testing to answer basic questions about safety. In a later stage, called the clinical research
stage, the drugs are tested on humans to make sure they are safe and effective [4]. The aim of these stages
is to ensure reasonable product safety while also facilitating the translation of scientific innovations into
commercial products.

Although this approach to drug testing has existed for several decades, it is well recognized that the preclinical
stages of current drug development procedures are not always suitable to fulfill the requirements of accurate
predictions of drug responses and the way it extrapolates on humans. Despite several successes and advance-
ments in drug development, testing and disease modeling, it remains a challenge to accurately replicate the
human biochemical in vivo environment in conventional 2D cell cultures and animal models. In fact, only
70% of human toxicity is predicted from animal testing [5]. The main reason for this is that 2D cell cultures, in
which the cells are cultivated in a monolayer, and animal models lack the biochemical, physical and cellular
complexity specific to human tissue and therefore can not accurately predict the human body response to
drugs [1].

This makes the current processes for discovering and developing new therapeutic drugs and treatments costly
and complex. In 2018, 90% of the drugs that entered clinical trails failed, the time for a newly developed drug
to enter the market could take as long as 15 years and the cumulative development costs could be as high as
$2.6 billion [6].

To overcome the limitations of 2D cell culture models, the use of micro-fabrication, bioprinting, and mi-
crofluidic technologies create new possibilities for adding a third dimension to conventional methods. In
this regard, OoCs are now at the center of much of the activity in the field [7]. OoC devices are a class of
microengineered biomimetic systems, containing microfluidic channels lined by living cells, that allow to
create biological models. In these microfluidic devices, tissues can be cultured in an environment that better
replicates the in vivo microenvironment of that tissue by introducing geometrical, mechanical, electrical
or biological factors [8]. Additionally, it is possible to integrate real-time readouts (from imaging systems
and sensors) to monitor the cells [9]. Liu et al (2018) summarized the most important differences between
conventional 2D culture models and 3D OoC models in Table 2.1, further highlighting the improvements
OoC technology can bring [7]. Ultimately, it is the aim to have OoC devices incorporated into the drug
development process, reducing the need for animal testing and human preclinical trails (Fig. 2.1).



4 2. Background

Target validation of promising compounds
00Cs to give more human-relevant responses
Identify toxic pounds in plex 3D

Disease modelling and confirmation of target efficacy
Reduction/refinement of animal use

Repurposing and testing existing therapeutics
Demographic stratification/precision medicine

Figure 2.1: A simplified schematic of a potential drug development process with OoC devices adopted, excluding post-approval
monitoring by regulatory bodies [10].

While OoC devices are useful products in the first step of predicting the human tissue responses to a drug,
true effects are often the result of unpredictable multi-tissue cross-talk [11]. Single-organ OoC devices are
often based on a limited number of cell types whose architecture does not represent the respective functional
units of organs in the human body . This is why over the past years, OoC technologies have progressed
towards the integration of multiple organ functions on a chip [12, 13]. These so called 'Multi-Organ-on-
Chip’ (MOoC) or 'Body-on-a-chip’ (BoC) devices consist of separate chambers, each containing a different
OoC device, connected by microfluidic channels which emulate blood circulation. The ultimate goal of these
MOoC efforts is to develop a human experimental platform that could refine, reduce and eventually replace
animal testing, by providing more relevant data that track human response and toxicity [14].

To analyse the effects of drugs on cells and to monitor or influcence the microenvironment, a variety of
(bio)sensors can be incorporated into the microfluidic devices. Such microsensors can quantify impor-
tant physiolocial and biochemical parameters such as oxygen concentration, pH, flow rate, pressure, trans-
epithelial electrical resistance (TEER) [15].

This chapter aims to introduce the most relevant definitions regarding OoC technology, the gut-brain axis
and important sensors.

Table 2.1: Comparison between 2D and OoC disease modeling systems [7].

Conventional 2D systems

Organ-on-chip

Production method

Maturation
ECM
Tissue architechture

Diffusion of signal factors and nu-
trients

Vasculatirzation or perfusion?
High throughput feasibility; con-
tractability; scalability

Variability; reproducibility; diffi-
culty of use

Possibility for genome editing
Characterisation and analyses

Differentiated, grown on rigid flat surfaces as
monolayer, fast

Immature

Limited composition and contact with cells
Absent

Short distances (through cell membranes);
usually receiving supraphysiological doses
No

Present; high; absent

Low; high; easy

Straightforward
Limited, but easy cell retrieval

Seeded in engineered chambers with
perfusion; fast

Improved but still lacking

Depends on platform design
Complexity depends on platform de-
sign

Precisely controlled temporal and
spatial gradient

Yes

Present; very high; microscale

High; sometimes low; difficult
Straightforward

Real-time tissue/organ function anal-
yses possible, with easy cell retrieval
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2.2. Organs-on-Chips

In 1990, the field of biomicrofluidics exploded when polydimethylsiloxane (PDMS) was introduced. This
optically transparent, soft elastomer was ideal for biological applications on the small scale [16]. The first
time the concept of mimicking the organ-level function of human physiology or disease using cells inside a
microfluidic chip had been published was in 2004. Michael Shuler et al. (2004) demonstrated a system that
captured the systemic interaction between lung and liver on a one square inch silicon chip The term organ-
on-a-chip was first used by Donald Ingber in 2010 when his team developed a microfluidic chip to capture
organ-level functions of the human lung [17].

Since then, many more milestones have been
reached (Fig. 2.2) that contributed to the de- Patterned growth of cells in
velopment of current OoC technologies [19]. vitro to construct ventricular
As aresult of these technologies, a wide variety myecardium

of OoC devices has been created. Every device
has its own unique qualities and characteris-
tics but they all serve the same purpose which
is to expose cells to mechanical, electrical,
topological or biochemical stimuli to resemble
the natural in vivo environment. Since the
start of the OoC research field, numerous OoC

Biophysical explanation of
cardiac conduction block based
on an in vitro cardiac model

| Microfluidic device in PDMS

Functional maturation of rat
cardiomyocytes induced by
electrical stimulation

Murine induced
pluripotent stem cells

systems have been explored including brain, Lung-on-a-chip device Organovo and Hepregen |
intestine, lung, heart, kidney, skin, liver an . :

‘ e T s e Human induced pluripotent
uterus among many others [17, 20-26]. stem cells

As the OoC field emerged as a result of devel-

opments in tissue engineering, many OoC de- Mechanically stretchable

vices consist of key components that are also device for advanced
e . . . . . lung-on-a-chip modelling

used in tissue engineering including microflu-

InSphero

idics, living cell tissues, stimulation or drug Directed cardiac differentiation
. . . e 1s from pluripotent stem cells
delivery and sensing [27]. The microfluidic
component refers to the use of microfluidics to [ 3D printed vascular network |
create a system of culture fluid input and waste
.. . . Emulate and Mimet Polyurethane elastomer
liquid discharge during the culture process. mulate and Mime aﬂ (PDMS alternative)
The living cell tissue component refers to the . .
. . K Maturation of human-pluripotent
cells or cell lines that are being cultured in 10sys stem-cell-derived cardiomyocytes
. . . . by electrical stimulation
the device. The stimulation or drug delivery Completely 3D printed Y
component of the 0oC device induces the me- organ-on-a-chip device lupslintiiim el snpley
3 N . A . i synthetic vascular network
chanical, electrical or biochemical stimuli to Iy G with direct surgical vascular
. . . anastomosis
resemble the natural in vivo environment of

the cultured cells. Finally, the sensing com-
ponent is used for detecting and compiling
data about the state and functionality of the
cultured cells or of the induced stimuli. Each
of these four components will be described Figure 2.2: Major mi?estones inA organ-on-chip technology and establish-
more in-depth in the following subsections. ment of organ-on-chip companies [18].

[[] Major milestone
[] Establishment of company

2.2.1. Microfluidics

Although the extent to which microfluidics can be used in OoC devices is highly dependent on its design,
microfluidic technology has made a massive impact on the reliability and functionality of OoC devices. Fluid
flow is so vital, because at the smaller scale, viscous forces are dominant. When the diameter of a channel is
less than 1mm and the flow rate is very low, the flow tends to become laminar and allows for the production
of physical and chemical gradients [28]. Because the microfluidics field does not only entail the behavior
of fluids, but also includes the fabrication of microchannels it is important to get an understanding of the
fabrication techniques that are utilized.

The most used materials in the fabrication of microfluidic structures include PDMS, polymethylmethacry-
late (PMMA) , polycarbonate (PC) , polystyrene (PS) , polyvinyl chloride (PVC) , polyimide (PI) , and the
family of cyclic olefin polymers [29]. These materials are then manipulated by using various techniques in
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microfabrication, such as etching, patterning or microforming [30]. Another fabrication technique is soft-
lithography. Soft-lithography includes a family of techniques involving a soft polymeric mold replica from
an original hard master. The mold masters are fabricated by photolithography in order to define a stamp
pattern. The stamps are made by curing a prepolymer onto a mold master [31]. Many other lithographic
methods for the fabrication of micro-nanopatterns in soft-lithography exist but will not be discussed in this
review. A third technique is hot embossing. This technique is similar to thermal nanoimprint lithography
(NIL) , which creates patterns by mechanical deformation of imprint resist and subsequent processes, and
is characteristically used to fabricate microfluidic-based products and OoC components. It is a low-cost and
flexible fabrication method with unique potentialities to build nanoimprint patterns with high-aspect-ratio
microstructures. The forth used technique for the fabrication of the microfluidic component is injection
molding. The component is produced by injecting molten material into a mold where it cools and hardens
subject to the mold configuration [32].

2.2.2. Living tissues

Another significant component of an OoC device is the tissue grown inside. For OoC development, cell
sources currently range anywhere from primary tissue biopsies, to commercially available cell lines, to stem
cell-derived cell populations. Primary cells derived from tissue biopsies may be grown and maintained in
culture for long periods of time and therefore allow for longer term studies than 2D cell culture systems.
Other cell sources are induced pluripotent stem cells (iPSCs) from reprogrammed adult somatic cells, and
are often used in OoC platforms. iPSCs may be derived from patients and represent a potentially unlimited
cell source, but this technology is still evolving [10].

2.2.3. Stimulation or drug delivery

The in-vivo environment differs greatly between organs. In order to replicate this environment, some cell
cultures require mechanical stimuli (e.g., lung cells) to create a contractile movement while other prefer
electrical stimli (e.g., heart cells). As mentioned before, the different stimuli include topological, mechanical,
electrical or biological factors. Within each category many different ways of inducing the stimulus to the cell
tissues exists.

2.2.4. Sensing

One of the largest advantages of OoCs is their ability to real-time monitor cell activity. Although the field
of OoCs evolves over time, there is still need for more sophisticated OoCs with integrated sensors that will
provide continuous information about the viability and metabolic activity of the tissue constructs/organoids
in real time. A distinction between sensors can be made based on their purpose. Sensors exist to monitor the
culture environment, cell behaviour or stimulations (electrical, chemical or mechanical) [33]. There is a wide
variety of functionality between the different sensors to detect the physical or biological parameters, most of
which will be discussed in more detail in chapter 3.

2.3. Key priority organs

With the advance in modern techniques, various pharmaceutical companies and academic research groups
have shown exceptional improvements by developing more effective and lower cost drug discovery models
just in recent years. Every organ model requires specific properties regarding microfluidics, cell tissues,
stimulation and sensing. Ronaldson et al. (2018) created an excellent overview of different OoC models
and their design considerations, used cell types and readouts shown in Table 2.2 [34]. The organ models
are discussed more in depth in the following sections followed by an overview of several MOoC systems.
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Table 2.2: Overview of selected OoC models with design considerations, cell types and readouts [34].

Organ Type Design Considerations Cell Types Readouts Ref
(Functional Used
Unit) Currently
Gut Drug absorption, requires a Cell lines Transepithelial transport, absorption, [22]
large surface area, viavilli and toxicity, responses to bacteria and
microvilli formation, mucosa cytochrome P450 3A4 isoform drug
barrier, and symbiotic bacteria metabolism
present
Brain/BBB Selective drug penetration Primary, cell transendothelial resistance (TEER), [35]
and interactions between lines and iP- permeability and drug transport
endothelium, pericytes, and SCs
astrocytes/neural cells
Liver (hepatic Drug metabolism, cytochrome Cell lines and Albumin and urea production, [36]
lobule) P450 interaction, and hepato- iPSCs cytochrome P450 enzymatic activity,
cyte and fibroblast co-culture metabolite conversion and drug-
induced liver injury (DILI)
Heart Contractility and electrical ac- iPSCs Beat rate, force, excitation threshold, [37]
tivity maximum capture rate, and contrac-
tility
Lung (alveoli) Air-liquid interface and pul- Celllines Cell imaging and dissolved gas con- [1]
monary drug absorption centration
Kidney Drug clearance and proximal Primary and Fltration, reabsorption, urea con- [38]
(nephron tubule epithelium exposed to cell lines centration, epithelial cell polariza-
and proximal shear stress tion, albumin transport, glucose re-
tubule) absorption, alkaline phosphatase ac-
tivity, and permeability glycoprotein
efflux transporter
2.3.1. Gut

The main function of the human gut system is to carry out digestion, absorption, secretion and mobility
as well as establishing a protective epithelial barrier between the digestive environment and the body [39].
Additionally, it regulates systemic physiology by metabolizing drugs, communicates with other organs and
it contains an enteric nervous system that forms a part of the gut-brain axis [3]. Also, the gut system is the
major site at which commensal microbes of the gut microbiome live and interact with gut lymphoid tissue
and the host immune system [40].

An example of a gut-on-a-chip model was created by Kim et al. (2016) [41]. They used Caco-2 intestinal
epithelial cells in flexible microfluidic channels that produced the fluid dynamics and its peristaltic move-
ment. This produced undulating epithelium columns with polarized Caco-2 cells and multiple differentiated
intestinal cell types including enteroendocrine cells, Panteh cells, and differentiated Goblet cells that secrete
large amounts of mucus found in living small intestine. Later research on the same model could even follow
the intestinal inflammation produced by bacterial overgrowth by studying the pathophysiology over a time
lapse of weeks, which is an outstanding model for several applications such as creating human intestinal
disease models and gaining insights into gut pathophysiology [41].

2.3.2. Brain

As one of the most complex organs, the brain has always been of great interest to medical scientists whose
research interests are on neuroscience, neurodegenerative diseases, electrophysiological, and pharmacolog-
ical studies on blood-brain barrier. The BBB selectively controls the passage of specific molecules into the
central nervous system (CNS) . OoCs emulating the function of the BBB would allow testing whether a drug
that is targeted at the CNS can actually pass through the BBB to act on its intended target [34].

Current models are based on culturing cells on a membrane with endothelial cells on one side and astrocytes
with or without supporting pericytes on the other side [21]. By using TEER as a functional readout parameter,
the use of microfluidic perfusion has been shown to physiologically increase barrier function and provide
more predictive drug responses [42]. In order to develop a more faithful BBB model, the neurovascular unit
OoC was designed to couple a vascularized chamber with a brain chamber through a porous membrane [43].
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In addition to the BBB, other structures of the brain are also of great importance because the complexity of
the human brain makes it difficult to study on non-human models. This is where the development of 3D
cerebral organoids from iPSC-derived neuroectodermal tissues show great promise as an in vitro model of
brain development [44].

2.3.3. Liver
The liver is crucial to life due to its high metabolic activity.
It performs more than 500 functions, some of which can
be summarized as removal of toxins (detoxifications),
storing of fat-soluble vitamins (A, D, E and K) and regu-
lation of blood glucose levels while synthesizing clotting
factors. Additionally, it has an effect on blood circulation
and filtration and releases bile, proteins, carbohydrates,
cholesterol and so on [46]. Besides the fact that the
liver has many important functions, it also suffers ma-
jors damage from chronic diseases and viral infections
despite its highly regenerative capacity [47]. These fac-
tors make the liver a target of drug-induced toxicity and
hepatotoxicity.
In the early days of OoC development, Lee et al. (2007) k
created a PDMS-based microfluidic channel to mimic Pt
liver anatomy (Fig. 2.3). They used epoxy-based negative
photoresists (SU-8) for silicone replicate molding with Figure 2.3: Photograph and schematic representation of in
. . . vitro microfluidic liver sinusoid with the endothelial barrier
photo-lithography to form fluid flow and cell-loading layer [45].
channels [45]. The main features of the device included
extensive cell-cell contact, continuous nutrient exchange, mimicking of the natural endothelial barrier layer,
and culturing of primary hepatocytes for over 7 days without decreasing viability. A downside of the proposed
design was the lack of experiments related to waste and toxicity.
A few years later, Bhushan et al. (2013) constructed a microfluidic device to mimic functional human liver
tissue of the acinus and oxygen gradient that contains four different cell types of hepatocytes, stellate cells,
Kupffer cells and endothelial cells [48]. A key feature of the model is that it has fluorescent markers, which
can visually indicate changes in cell function when a toxic drug is added. This allows for the investigation of
drug-induced liver injury such as fibrotic scarring, cell damage from free radicals and liver failure.

Cell Area

Flow Channel

2.3.4. Lung

The lung is the primary organ in the respiratory system. In the respiratory system, the trachea transfer the
inhaled air into the lungs through the tubular branches, also called bronchi. Bronchi are divided into smaller
branches ending with the alveoli, where the exchange of gases occurs. Oxygen passes from the air into the
blood and carbon dioxide passes from the bloodstream into the atmosphere through the alveoli, which are
covered with capillaries carrying blood plasma. The membrane between the alveoli and capillaries consists
of epithelial cells from the alveoli side and endothelial cells from the capillary side [49].

One of the first OoC models to recapitulate human lung function was created by Huh et al. (2010). Their
device was formed by two closely apposed microchannels separated by a flexible, porous and thin membrane
(10um) from PDMS that was coated with extracellular matrix (ECM) . An overview of the device is shown in
Fig. 2.4. Human alveolar epithelial cells and human pulmonary microvascular endothelial cells were cultured
on the opposite sides of the membrane and air was introduced into the epithelial compartment, while the
bottom microchannel was filled with endothelial cells and was infused with a blood-like liquid. In order to
mimic human breathing, a vacuum was applied to the microchambers to enable mechanical stretching of
the PDMS membrane. This system was the first of its kind and has successfully allowed visualization and
characterization of inflammatory processes and response to bacteria numerous times[17].
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Side chambers

Capillaries

Figure 2.4: Schematic representation of a lung-on-a-chip microdevice. (A) PDMS microchannels with ECM-coated porous and flexible
PDMS membrane representing an alveolar-capillary barrier. Vacuum is applied to the side chambers to induce mechanical stretching.
(B) Schematic of the lung functioning principles. (C) Device construction. (D) PDMS etchant is used in the side chambers to remove the
membrane for vacuum applications. (E) Images of lung-on-a-chip microdevice [17].

2.3.5. Heart

The cardiovascular system, which consists of the heart, blood, blood vessels and the lymphatic system, has
a crucial function. It is responsible for the transport of O,, CO,, nutrients, cellular waste and hormones by
pumping blood throughout the body. It manages many sensitive processes in the body very well. During
diastole, the ventricles are filled with blood properly and the degree of contractions is sufficiently adequate.
The heart includes permanent cells, such as cardiomyocytes, cardiac fibroblasts and endothelial cells, and
transient cell groups which include lymphocytes, mast cells and macrophages. These two groups of cells
have complex interactions between each other and have an important influence on the functioning of the

cardiac system [46].

e
2 B il I
3D cell 3
-l 3| C—
c
Q
®
3
<
* *Culture
d Celisin g medium
Culture medium ports
*
Pressure 4

Cells out

—

¢ Strain ) e
D e
X

[ A 4 4

%nmﬂl— l !
L —— R

TS W17,

Pressure

Figure 2.5: 3D heart-on-a-chip. (a) Two separate PDMS microchambers. The compartmentalized microchambers are positioned in the
central channel to create a 3D construct, whilst the medium is replaced trough side-channels; (b) the lower end of the compartment
is pressurized to deform the PDMS membrane and compress the 3D structure; (c) PDMS layers are aligned and irreversibly combined.
Upper layers are present in the culture chamber and the drive chambers represent the lower layers; (d) 3D illustration; (e) Actual chip;

(f) SEM of the chip cross-section [37].
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In the past, the correlation between electrophysiological and contractility properties of cardiac cells was
observed from a single cardiomyocyte. These models do not give the whole response and structure of cardiac
tissue. This is why Grosberg et al. (2011) created a "heart-on-a-chip’ based on a muscular thin film technique
that comprised a ventricular myocardium on an elastomeric thin film [50]. With this device researchers were
able to study contractility, combined with a quantification of action potential propagation and cytoskeletal
architecture in multiple tissues in the same experiment.

Since then, many techniques have been utilized by researchers to mimic the in-vivo environment of the heart
including 3D printing technologies, hydrogels, surface acoustic waves and many more [51-53]. Another
interesting device was created by Marsano et al. (2016), shown in Figure 2.5, which allowed for the gen-
eration of mature and highly functional micro-engineered cardiac tissues (LECTs) , from both neonatal rat
and human induced pluripotent stem cell-derived cardiomyocytes. The stimulated ygECTs showed superior
cardiac differentiation, as well as electrical and mechanical coupling, owing to a remarkable increase in
junction complexes. Mechanical stimulation also promoted early spontaneous synchronous beating and
better contractile capability in response to electric pacing [37]. Their device has been used in many studies
investigating cardiac cell functioning.

2.3.6. Kidney

The kidney is responsible for the maintenance of osmotic balance and drug excretion. Filtration and re-
absorption take place in the nephrons that consist of the glomerulus, renal capsule and renal tubule. Kidney
toxicity can lead to an irreversible loss of renal filtration, which highlights the need for drug screening systems
[9].

Jang et al. (2010) were the first to produce a multi-layered microfluidic system (Fig. 2.6a) [54]. Mouse kidney
medullary collecting duct cells were used in the device to simulate renal filtration. It provided a biomimetic
environment that enhanced polarity of the inner medullary collecting duct through promoting cytoskeletal
reorganization and molecular transport in response to hormone stimulation. The same device was used
to culture human primary renal epithelial cells, which allowed for the first ever toxicity studies of human
primary kidney cells.

a
Multi-layer microfluidic
PDMS Channel device (MMD)
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Figure 2.6: (a) Kidney tubular chip. Sandwich assembly of the PDMS channel, porous membrane, and PDMS reservoir; (b) the channel
canreplicate the urinary cavity and capillary lumen of the glomerulus. The porous flexible PDMS membrane can be used to functionalize
the protein laminin to mimic the glomerular basement membrane. Cyclic mechanical pressure to the cell layer via vacuum stretching of
the PDMS layer can be produced [9]

A major disadvantage of conventional cell culture systems is that cell differentiation into functional cells
requires extended culture times as well as an external signal detection system. Musah et al. mimicked the
structure and function of the glomerular capillary wall by inducing pluripotent stem cell-derived podocytes
to form human glomerular cells (Fig. 2.6b). This device could be applied for nephrotoxicity assessments,
regenerative medicine, therapeutic development and kidney development and disease.

Recently, Sakolish et al. (2019) developed a microfluidic chip in human proximal tubules and golmeruli that
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permitted renal epithelial cells to grow [55]. Schutgens et al (2019) designed stable tubule culture systems that
permitted extended expansion and human kidney tissue analyses [56]. Finally, Nieskens et al (2019) created a
strategy to generate human islet organoids from human induced pluripotent stem cells. The strategy was ap-
plicable to a wide variety of applications for stem cell-based organic engineering and regenerative medicine
[57].

2.3.7. Multi organ-on-chips

Single OoC devices fail to fully reflect the complexity, functional changes and integrity of organ function.
MOoC devices culture cells of different organs and tissues simultaneously which are connected by channels
to achieve multi-organ integration, permitting the examination of interactions to establish a system. These
systems can be separated into static, semi-static and flexible devices [58]. Static MOoC systems are inte-
grated into single connected devices. In semi-static systems, the organs are joined via fluidic networks with
transwell-based tissue inserts. In the flexible system, individual organ-specific platforms are interconnected
using flexible micro channels. Although the MOoC concept is still in its infancy, major breakthroughs have
been made including the design of two-organs, three-organs, four-organs and ten organs on a chip systems.
Zhao et al. (2019) created an overview listing several succesfull MOoC models along with the fabrication

approach and the outcome of the research conducted with the MOoC device [13].

Table 2.3: Overview of the biomedical applications of MOoC platforms [13]

Application Multi-organ/tissue Fabrication approach Outcome Refs
system
Disease modeling Liver, heart and vascular Interconnected iPSCs-derived cardiomyocytes and hep- Helpful for predictions of physiological [591
system atocytes by 3D-printed rigid filament networks of a car- responses in the diseased microenviron-
bohydrate glass with endothelial cells and perfused the ment.
networks with blood flow.
Drug screening Liver, heart, lung and kid- Adopted allometric scaling for coupled non-linear Helpful for the screening of new drugs for [60]
ney 00C/MOoC systems to create micro-organs maintained efficacy and potential side-effects
by a universal media.
Liver, marrow, megakary- Integrated a pCCA device into a silicon chip, on which Helpful to predict the selectivity of [61]
oblast, and cancerous tis- four functional tissues were cultured in corresponding chemotherapeutic/modulator  mixtures
sues chambers connected by tubing, with recirculating flow for killing or reducing the growth of
being provided by a peristaltic pump. multidrug resistance tumor cells in vivo.
Liver, intestine, and breast Containing microtissues of liver, gut and the breast carci- Helpful for the evaluation of properties of [62]
carcinoma cells noma cells cultured in the target components consisting orally ingested foods, drugs, and chemi-
of a slide and PDMS layers, having microchannels. cals.
Cancer metastasis Marrow, mesenchymal Bonded a PDMS layer to a cover glass to create microflu- Helpful to mimic the dissemination of [63]
stem cells, and breast idic channels with plasma treatment, and provided multi- breast cancer cells into bone.
cancer cells ple cell-culture gel regions connected to the central media
channel.
Brain, bone, liver and lung Combined three PDMS sheets and two thin PDMS micro- helpful for observing lung cancer cell be- [64]
carcinoma cells porous membranes to create parallel microchannels con- haviors in a physiologically relevant con-
necting an upstream micro-lung and downstream micro- text.
organs.
Gut, liver, and colon carci- Comprising two independent cell-culture chambers con- Helpful for studying the process of the mi- [65]
noma tissues nected by a circulating fluid flow. Fabricated with a gration of colon carcinoma cells.
hyaluronic acid-based hydrogel system in which the
metastatic colon carcinoma tumor foci were created.
Biomarker detec- Heart, liver, and lung Comprised lung tissues based on the PDMS model and Helpful to utilize enzyme-linked [66]
tion bioprinted spherical liver- and heart organoids, con- immunosorbent assays to determine
nected via a central fluid channel with fluid flow driven the effect of bleomycin to quantify the
by a pump. levels of interleukin-8 and interleukin-1p.
Liver, intestine, cancer Contained two culture chambers interconnected in each Helpful for liquid chromatography [67]
and connective cells culture unit via microchannels with a medium driven by coupled with a mass spectrometry
a pneumatic pressure-control system. system, to measure the concentrations of
capecitabine in the medium.
Drug testing/ tox- Liver, tumor and marrow Combined a three-compartment microscale cell culture Promoted the prediction and analysis of [68]
icology analog (uCCA) device exposed to a pumpless gravity- the effects of 5-fluorouracil.
induced flow with a mathematical pharmacokinetic and
pharmacodynamic model.
Liver, intestine, skin and Integrated two peristaltic on-chip micropumps and mi- Helpful for repeated dose toxicity testing [69]
kidney crofluidic channels connecting four tissue culture cham- of drug candidates and further in vitro
bers for two microfluidic circuits into the device. metabolism, elimination, absorption and
distribution observation.
Liver, colorectal tissues Cultured spherical microtissues in parallel, connected by Helpful for testing drug effects at different [11]
a microfluidic-channel network, with liquid flow con- concentrations.
trolled through a hanging-drop device.
Liver, nerve tissues Connected two tissue compartments exposed by mi- Showed the dose-dependent cytotoxicity [70]
crofluidic channels and was maintained in a combined result of a neurotoxic compound.
media circuit.
Liver, heart Contained human iPSCs-derived liver and heart tissues, Helpful for the prediction of the cardiotox- [71]

which were exposed to serum-free medium flow using a
pumpless system.

icity transformation of drugs through hep-
atic metabolism.
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Liver, skin tissues Used a single PDMS layer integrating the respectively Tested the liver toxicity of troglitazone at [12]
arranged channels interconnecting the tissue counter- different molecular levels.
parts, peristaltic on-chip micropumps, openings for cul-
ture compartments and media reservoirs.
Lung, gut, skin, vascular, Using physiologically-based pharmacokinetics with This model was helpful for pharmacody- [72]
liver, and kidney pharmacodynamic models for estimating ADME namic modeling and drug development in
parameters, was made of PDMS and microfluidic different stages.
channels for connecting different organ compartments.

2.4. Relevance of gut-brain axis

The relationship between the gut and the brain has been of interest to researchers ever since orally adminis-
tered medicine were meant to reach the brain. Numerous studies exist in which the research focuses on the
fraction of medicine molecules that reach the brain after being absorbed by the gut. In 2014, the field got a
new impulse when researchers found a new connection between these organs [73].

It has become apparent that there is a correlation between the composition of the gut microbiome and behav-
ioral conditions [73]. Bacterial waste products can influence the brain. An example is the neurotransmitter
Y-aminobutryic acid (GABA) which can be produced by at least two types of intestinal bacterium [74]. In one
study, it was found that mice born by caesarean section, which hosted different microbes from mice born
vaginally, were significantly more anxious and had symptoms of depression. The fact that the animals were
unable to puck up their mother’s vaginal microbes during birth, which are the first bacteria that they would
normally encounter, had caused lifelong changes in mental health [75].

Similarly, in another study in 2013, it was found that a mouse model with features of autism had much lower
levels of a common gut bacterium called Bacteroides fragilis than did normal mice [76]. The mice were
stressed, antisocial and had gastrointestinal symptoms often seen in autism. Feeding Bacteroides fragilis
reversed the symptoms. Mice with these symptoms also had higher levels of bacterial metabolite called 4-
ethylphenylsulphate (4EPS) in their blood. When this chemical was injected into normal mice, they showed
the same behavioral problems.

The mechanisms for these effects are still unclear and researchers are skeptical that the findings will translate
into treatments for humans. OoCs technology could potentially prove itself usefull in this field by connecting
gut- and BBB OoC models.

The following sections will focus on current existing gut- and BBB OoC models. The final section mainly
focuses on possible techniques to connect these two different models.

2.5. Blood-brain barrier

The BBB is a highly organized and dynamic structure that regulates the passage of molecules from the brain
vasculature into the central nervous system (CNS) and functions as a defense system that protects the brain
from infections and toxins. The barrier results from a combination of tight and adherens junctions between
cerebral endothelial cells (CECs). These junctions dramatically reduce the rate of transcytosis relative to
vessels outside of the CNS. Critical support for the BBB is provided by pericytes (PCs) and astrocytes, located
on the abluminal side of the endothelium. Both the CECs and the PCs are closed by, and contribute to,
the local basement membrane which forms a distinct perivascular extracellular matrix. Axonal projections
from neurons onto arteriolar muscle contain neurotransmitters and peptides and regulate cerebral blood.
Microglia are the immunocompetent cells of the brain, acting as the first and main immune defence of the
CNS. The movement of solutes across the BBB is either passive, driven by a concentration gradient or may
be facilitated by passive or active transporters in the endothelial cell membranes. A schematic overview of
the structure is shown in Figure 2.7. Dysfunction of the BBB is associated with several CNS diseases such as
multiple sclerosis, Alzheimer’s disease and neurological tumors including glioblastoma multiforme [77].
Currently, in vivo models (mostly mouse models) are the standard for studies on the BBB and the related CNS
diseases. While these models have significantly contributed to new discoveries of BBB mechanics, they are
limited by physiological differences between humans and rodents. This is why several BBB-on-a-chip models
have been developed.
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Figure 2.7: Close up of the BBB showing the most prominent cell types it consists off. [77].
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2.5.1. Current state of BBB OoC models

Over the past two decades, different approaches have been used to mimic the BBB in vitro. The exact de-
velopment and working of these devices greatly vary. This diversity will be discussed according to the four
key components of OoC models previously mentioned in Sections 2.2.1 to 2.2.4 from the first Chapter. An
overview of recently created BBB OoC models including the the four key components is shown in Table 2.4.

Microfluidics

In order for an in vitro BBB model to closely resemble the in vivo environment, it should account for the
following features of the BBB: (i) a 3D vessel-like structure of cerebrovascular endothelial cells (ECs); (ii) cell-
cell interactions; (iii) flow-induced shear stress on ECs; (iv) a thin molecule -permeable basal membrane
(BM). To date, various BBB models have been created to meet these requirements. Oddo el al (2019) defined
four basic microfluidic device designs used for BBB OoC models: the sandwich design, parallel design, 3D
tubular structure design and vasculogenesis design [78].

The sandwich design comprises of an upper and lower PDMS channel that is separated by a porous mem-
brane (Fig. 2.8a). Usually ECs are seeded in the upper channel while astrocytes, pericytes and other brain
cells are cultured in the lower channel. One critical drawback of this design is that capturing high-resolution
images and monitoring of biomolecule transport and cell growth in real-time is almost impossible. Also, cell-
cell contacts between brain cells and ECs are inhibited because of the separation distance [79].

In the parallel design, two aligned channels are separated horizontally by an array of PDMS microchannels
(Fig. 2.8b). The PDMS-based microchannel 'membrane’ significantly simplifies the assembly of the BBB
devices because no further steps are necessary to chemically modify the membranes or to bind the individual
components together. In addition, the planar parallel design allows better cell-cell interactions and enhances
imaging quality [80].

Another popular BBB design is the 3D tubular structure design (Fig. 2.8c). This design aims at constructing
cylindrical microchannels, which benefit from a constant shear stress along the inner walls, contrary to
microfluidic designs with a rectangular shape [14].

The majority of BBB designs focus on creating microvessels conforming to a predetermined scaffold such as
microneedles or microfluidic channels. An interesting approach is the vasculogenesis design which has been
exploited to reconstruct microvessels de novo (Fig. 2.8d). It allows ECs to sprout into ECM gels to form a
vascular network de novo. This results in natural microvessels but with less structural reproducibility [81].

Living tissues

As mentioned in Section 2.2, the BBB consists of several components with the most important being endothe-
lial cells, pericytes and astrocytes. From these components, ECs are the main players forming the physical
barrier between the brain and blood which is why these cells will be discussed in this section for the sake of
conciseness. Oddo et al. (2019) describe three types of ECs: primary ECs, immortalized EC lines and stem-
cell derived ECs [78].

Primary ECs are obtained from the fore brain cortex ex vivo by surgical removal, followed by various pu-
rification steps. To this date, brain microvascular ECs from humans, rats, bovines and procines have been
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Figure 2.8: Visual representation of different microfluidic designs in BBB devices [78].

successfully isolated and cultured in vitro. The most favorable properties of these ECs include less genotopic
mutation/loss and better resemblance of the BBB phenotype in vivo. However, drawbacks of using primary
cells include inevitable contaminations from other cells during isolation, limited number of cells obtained,
labor-intensive cell extraction and loss of cell phenotype after several passages in vitro [82].

Immortalized cell lines are a population of cells which would normally not proliferate indefinitely, but due
to mutation have evaded normal cellular senescence and instead can keep undergoing division [83]. The
obvious advantage of immortalized cell lines is that they offer cell purity and robustness over long periods
of passages. It is currently highly controversial which immortalized cell line is the better model for BBB in
vitro studies. Whilst human brain microvascular endothelial cells (hCMEC/D3 and hBMECs) can exhibit
high expression levels of a number of tight junction (T]) proteins and form tight barrier under both static
and fluid shear culture conditions, the most commonly used immortalized EC line are human umbilical vein
endothelial cells (HUVECs). HUVECs are controversial for BBB model use because they form barriers in vitro
that are leakier than other cell models [84]. Alternatively, miruine cell lines have also been reported for in
vitro studies and have shown to express relatively high levels of T] proteins [83].

Stem-cell derived ECs or human pluripotent stem cells (hPSCs) hold great potential to overcome the lim-
itations of the other cell lines. hPSCs have a virtually unlimited self-renewal capability and can be differ-
entiated into many different somatic cell types. Furthermore, the hPSCs respond positively to co-culture
with astrocytes by forming tighter TJs and posses a molecular permeability that well mimics in vivo BBB
characteristics [85]. This makes hPSCs an attractive candidate for usage in BBB in vitro models. However,
hPSC protocols for differentiation are costly, complex and time consuming. Additionally, a small permutation
can have catastrophic effect on their quality and robustness.

Stimulation or drug therapy

Generally, BBB models do not require any forms of stimulation other than the flow-induced shear stress on
ECs. Regarding drug therapy, any types of drugs or molecules administered to the system are dependent on
the aim of the research.

Sensing

In order to assess the quality of the in vitro BBB model, two main types of measurements are conducted:
transepithelial electrical resistance (TEER) measurements and permeability measurements.

TEER is the measurement of electrical resistance across a cellular (mono)layer and is used to confirm the
permeability and integrity of the cellular layer. This is especially important for blood vessels in the brain
because these often have considerable tighter vascular beds than other peripheral organs. In order to mea-
sure TEER values, the first electrode is placed inside the 'blood’ vessel and the second electrode on the 'brain’
side. Although TEER measurements is the gold standard to quantify the quality of the created BBB, sometimes
these measurements are not possible due to the design of the BBB models. Additionally, it remains a challenge
to introduce electrodes into the emulated blood channel of ECM gel-based devices without breaking the
endothelial layer [78].

A less invasive method for quantifying the tightness of the BBB is the small molecule permeability measure-
ment, which measures the diffusivity of carefully chosen probes across the barrier. Generally, size and polarity
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are the main physiochemical properties that influence the BBB permeability of molecules and on which
probes are chosen [86]. It is important that the probes do not interfere with the physiological functions of
the BBB. In previous experiments, fluorescently labeled dextran is commonly used as a probe in many BBB
models. Using dextran is worrisome because of its different molecular weights causing false BBB integrity
results. Therefore, other molecule dyes have been used such as sodium fluorescein and Cascade Blue to test
BBB integrity [79].

Table 2.4: Selection of BBB OoC devices showing the design type, main cell types, induced shear stress, additional external stimuli, TEER
and probes to test permeability [78].

Device design Cell cultures Shear stress (Pa) External stimuli TEER (Q-cm?) Probes Refs
PDMS sandwich b.End3 (mouse) 1-2x1073 Histamine 250-300 Dextran [87]
PDMS parallel HUVECs (human) 0.028-0.8 Hy09 NA Dextran [88]
PDMS sandwich hCMEC/D3 (human) 0.58 TNF-a 120 NA [42]
PDMS sandwich RBE4 (rat) NA TNF-a NA Dextran [89]
PDMS parallel RBE4 (rat) 38x107% NA NA Dextran [90]
PDMS parallel RBE4 (rat) 3.8x104 NA 250 Dextran [80]
ECM gel-based tubular RBE4 (rat) NA TNF-a and oxygen- NA Dextran 87]
structure glucose deprivation
ECM  gel-based tubular b.End3 (mouse) NA D-mannitol NA Dextran [91]
structure
PDMS sandwich Primary hBMVEC (human) 2x1073 Cold shock and gluta- 350 Dextran [43]
mate
PDMS sandwich b.End3 (mouse) 0.5 NA NA Dextran [92]
PDMS sandwich hCMEC/D3 or primary rat 1.5x10™2 NA 175 Dextran, [93]
ECs albumin
and sodium
fluorescein
ECM  gel-based tubular hBMVEC (human) NA TNF-a 40-50 Dextran [94]
structure
ECM gel-based tubular Primary BMEC (rat) 1x1072 NA 1298 Sodium fluores- [95]
structure cein
PDMS sandwich bEnd.3 (mouse) 1.5x1072 NA 1150 NA [96]
PDMS sandwich hiPS-derived BMEC 1.4-25x1073 NA 4000 Dextran [21]
(human)
ECM parallel HUVEC or hCMEC NA NA NA Dextran [84]
ECM gel-based tubular hBMVEC/D3 (human) 0.07 TNF-a 1000-1200 Dextran [97]
structure
PDMS parallel HUVEC (human) 19x104 NA NA Dextran [98]
ECM vasculogenesis HUVEC (human) NA NA NA Dextran [99]
Tubular structure b.End3 (mouse) NA NA 75 Dextran [100]
PDMS structure Primary hBMVEC or astro- 2x1073 TNF-a NA Cascade [79]
cyte (human) blue/BSA/anti-
GluR2 Ab
ECM parallel TY10 (human) 0.12 NA Dextran [101]
PDMS sandwich Primary BMVEC (mouse) 0.1-3 Histamine 3500 Dextran [102]
PDMS sandwich b.End3 (mouse) 0.1-0.6 NA 172 Dextran [103]
2.6. Gut

The word gut refers to the small and large intestines. This part of the digestive system is often the first barrier
for orally administered medicine to cross before they can reach their intended location. Its main purpose is to
digest food, but it also produces various substances that carry messages to other parts of the body and plays
an important role in fighting germs and regulating the body’s water balance [104].

The epithelium of the intestine consists of several components, the most important being enterocytes, goblet
cells and crypts of Lieberkuhn. The enterocytes are tall columnar cells which have an absorptive function.
This absorptive function is enhanced by an increase in surface area created by villi, the structure that en-
terocytes form, and microvilli which are located on the luminal side of the enterocytes. These cells also
contain the essential enzymes necessary for digestion. The goblet cells make up a part of exocrine glands
which secrete mucin, a family of glycosylated proteins with a main function of protecting the intestine’s inner
surface. The crypts of Lieberkuhn are glands in the epithelial lining. They contain numerous cells such
as enteroendocrine cells to synthesize and secrete hormones, as well as stem cells to produce new cells to
replenish the cells lost to abrasion. More detail of the small intestine is shown in Figure 2.9. The intestine
propels food by radial symmetrical contraction and relaxation of muscles called peristalsis [105].

Analysis of gut microbiome interactions with human intestinal cells has been limited to genetic or meta
genomics analysis, because co-cultures of microbes with living epithelium in conventional models only last
for about 1 day. Therefore, great efforts have been made to develop in vitro and ex vivo models of human
intestine that permit analysis of intestinal functioning [106].
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Figure 2.9: Schematic overivew of the small intestine. The absorptive surface of the small intestine is enlarged by the presence of circular
folds, villi and microvilli [104].

2.6.1. Current state of gut OoC models

As is the case with BBB OoC models, also the gut OoC systems have experienced numerous developments
and recent progress will again be discussed on the basis of the four key components mentioned in sections
2.2.1to 2.2.4 from the first chapter.

Microfluidics

Most of the OoC gut models involve two microchannels that are separated by a flexible and porous mem-
brane. This is the most common arrangement because it is used to simulate the barrier between the draining
vasculture and the intestinal lumen. The dynamic microenvironment found in vivo is simulated by media
pumped through the channels using pressure, syringe or peristaltic pumps. Generally, one of the channels
represents a blood vessel and is lined with vascular endothelial cells, the other channel is lined with gut
epithelial cells and represents the lumen of the gut [107]. The membrane in between these two channels
can be made of an array of different materials and a variety of pore sizes, but its main function remains to
allow the transport of soluble molecules between the simulated intestine and blood vessel. An example of
a standard gut OoC model is shown in Figure 2.10. It is noteworthy that although most gut OoC models use
membranes, Trietsch et. al (2019) created a membrane-free gut OoC model to improve the similarity to native
tissue. Instead of a membrane, only a extracellular matrix gel as a barrier was used between the two channels
[108].
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Figure 2.10: General overview of the structure and materials of a gut OoC model. [107]
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Living tissues

The main differentiating factor of cell types for usage in gut OoC models is the source. Four sources can be
categorized when it comes to gut OoC models: vasculature endothelial cells, immortalized intestinal cells,
primary cells and stem cells.

As the name implies, vasculature endothelial cells are used to model the vasculature found in the intestines.
Commonly used cell lines include HUVECs and HIMECs [109].

Many studies incorporate immortalized Caco-2 cells as intestinal cells. These cells are derived from human
colon carcinoma and have been the standard for studying the human intestines [110]. Although Caco-2 cells
are easily accessible, robust and can form crypt and villi structures within five days, they are also severely
limited by their inability to produce a mucosal layer [111]. This greatly influcences the physiological mi-
croenvironment because a mucus layer increases solubility of compounds at the surface of cells which in
turn impacts the permeability of molecules and drugs [110].

An alternative source are the primary cells. These cells have greater physiological relevance than immor-
talized cells becasue of the lack of genetic modifications. Disadvantages of these cells are the fact that they
require exogenous growth factors, are less accessible and tend to be less robust [111].

The most recent development regarding living cell tissues in gut OoC models are the use of stem cells. Al-
though reseach with this cell source is limited, stem cells are believed to have the potential to revolutionize
gut OoC systems by differentiation into cellular subtypes of the intestine. The most commonly used stemcells
include pluripotent embryonic stem cells (ESCs), induced pluripotent stem cells (iPSCs) and multipotent
mesenchymal stem cells (MSCs) [112].

Stimulation or drug therapy

The presence of fluid flow to induce biomimetic shear stress has been the most important stimili in gut OoC
models to create mature tissue in vitro. It has been shown that mucin-2 and actin expression was upregulated
under flow compared to transwell models [113]. Fluid flow also reduces the number of E. coli in the system
and has the ability to induce Caco-2 cell morphogenesis, polarization and differentiation into complex villi
[111]. A variation of this stimulus that appears to induce villous structures is peristalsis-like strain on cells. In
addition to villous structures, cell that were subject to peristalsis-like strain also showed expression of tight
junctions, production of mucous and presentation of a brush layer.

Such mechanical stimuli also impact resident microorganisms. In recent studies, it was observed that the in-
version of certain bacteria that can cause intestinal infections increased in the presence of simulated intesti-
nal peristalsis. It was concluded that these bacteria leverage the intestinal microarchitecture and mechanical
forces to invade the tissue. This means that models with mechanical stimuli are more useful to study bacteria
induced infections than static models [114].

Sensing

Analytical methods are used to characterize the cells and tissues within most gut OoC models and to quantify
the function of the gut cells. It is possible to use optical analytical methods, including light microscopy,
fluorescence microscopy and confocal microscopy, due to the optically transparent chip materials that the
models consist of such as glass and PDMS [115].

Another way of characterizing tissues and cells can be done with the effluent from the device. The used
liquid from both the vascular and intestinal channels can be assayed for dissolved pH, metabolites, drug
concentration, signalling molecules and O, [116].

The final analytical component found in gut OoC models are TEER sensor. As mentioned before, TEER is
a non-invasive method for characterizing the barrier function of formed layers of cells inside the gut OoC
model. In many OoC models that have cellular barriers, TEER measurements can be performed with elec-
trodes placed on opposite sides of the barrier. It is important to note that TEER values can be influenced by
many factors such as temperature, medium formulation and passage number of cells. This can make it hard
to compare different OoC models on cell barrier function [117].

2.7. Coupling techniques

As mentioned in Section 1.3.7, coupling techniques used to connect different OoC models can be divided
into three categories: static, semi-static and flexible. Currently, only very few gut-brain OoC models exist.The
only group that explicitly tried to connect a gut and a BBB model was Raimondi et al. (2019) using a static
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connection [118]. This group investigated the existence of the Microbiota-Gut-Brain axis hypothesis for
Alzheimer’s disease and Parkinson’s disease, which states that intestinal microbiota can have a pathogenic
role in neurodegeneration. Their system, called the MINERVA platform, relies on five miniaturized, sensi-
tized, optically accessible OoC devices. The OoC included gut microbia, gut epithelium, the immune system,
the BBB and the brain. Each device is hydraulically connected to the next with a microfluidic pipeline.
Medium flows through this pipeline under positive pressure. In the microbiota, gut epithelium and immunse
system models cells were cultured in standard conditions while the brain device contained cultured neurons,
microglia and astrocytes embedded in a hydrogel matrix. A schematic overview of the complete system set-
up is shown in Figure 2.11 [118].
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Microglia
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Figure 2.11: Schematic overview of the MINERVA platform. The microbiota compartment features one microfluidic device hosting
microbial cultures. The secretome will flow to the next compartment, such as for the passage of microbiota-secreted neurotoxins.
The gut compartment hosts two OoC devices modeling the gut epithelium and the strictly related immune system cells. The brain
compartment recapitulates the BBB and the main brain cells relevant for neurodegeneration in 3D condition because of the presence of
an hydrogel matrix in which the cells are embedded [118].

Although no other direct gut-brain-axis OoC systems are described in literature, besides the MINERVA sys-
tem, other organs have been connected to either a gut or a BBB OoC model. One relevant example is the gut-
liver connection created by Tsamandouras et al. (2017) [119]. The aim of their model was to investigate the
pharmacokinetics (PK) of diclofenac and hydrocortoisone. The model incorporates distinct compartments
to accommodate a transwell-style gut system, a 3D-perfused liver system and a mixing chamber that aims
to represent the systemic circulation compartment. These compartments are connected with microfluidic
channels which in turn are connected to peristaltic micropumps. Flow rate can be dynamically controlled,
allowing variations in pump rate and direction. The organ physiology and flow partition was mirrored as close
as possible by connecting the gut and liver systems in series and the total ouput from the mixing chamber
was partitioned as 75% and 25% respectively with a flow of 15 mL/day. The liver system and the basolateral
side of the gut system received the same medium (500 mL Williams E medium, 20 mL Gibco Cocktail B, 80
nM HC and 1% penicillin/streptomycin) and the apical side of the gut system was provided with an apical
medium (phenol red-free DMEM with 1x ITS, 1x NEAA, 1x GlutaMax and 1% penicillin/streptomycin).

As for the living cell tissues, the liver system consisted of human primary cryopreserved hepatocytes and
Kupffer cells at a 10:1 ratio. The gut system consisted of Caco2-BBe epithelial cells and mucin-producing
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goblet cells at a 9:1 ratio. An immune component was added consisting of primary monocyte-derived den-
dritic cells at a 10:1 ratio.

Aside from the shear stress induced by the fluid flow no other external stimuli were added to the system.

In order to assess cell culture health and function several associated metrics were analyzed including albumin
production by the liver cells, TEER and mucin production in by the gut cells. [119]
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Figure 2.12: Schematic overview of the work flow for functional coupling experiments involving liver-, kidney, intestine- and neurovas-
cular models [120].

Another relevant study regarding the coupling of different OoC models was published by Vernetti et al. (2017)
[120]. This group used functional coupling to link four human OoC models: human intestine, liver, kidney
and BBB. This was done by transferring the medium from one OoC model to the next in a physiological
sequence, wherein each OoC model functionally transforms the media composition based upon the specific
metabolic activity of that system. The main take away from this research regarding the microfluidics is that
every system uses its own influx medium, which is mixed with the efflux from the preceding model, a similar
method to the MINERVA system discussed previously. Figure 2.12 shows the complexity of the functional
coupling and the volumes that were used of efflux and general medium. Other microfluidic variables that
were taken into account include media components, perfusion speed and perfusion times.

Mature enterocytes and goblet cells were used for the gut system, while human iPSC-derived neurons, peri-
cytes and astrocytes were cultured in the BBB model.

Again, no other stimuli were induced to the cells by the OoC models other than the shear stress of the fluid
flow.

The metrics associated with cell culture health and function included TEER, dextran diffusivity and the trans-
port of vitamin D, terfenadine and trimethylamine. [120]

2.7.1. Challenges

Linking multiple OoC models poses many challenges. Besides using correct medium and flow speeds, various
other problems need to be assessed as well. Vernetti et al. (2017) listed the key biological and key technical
challenges for coupling individual OoC models, which are listed in Table 2.5 [120]. For linking gut-on-chip
devices with BBB OoC devices specifically, the biggest additional challenge will be to construct a solution for
the missing metabolic processes that take place in the liver.
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Table 2.5: Key challenges for coupling multiple OoC models [120].

Topic Challenges

Biological Implementing a universal medium.
Proper scaling of OoC models to reproduce maximal functions.
Further developing of gut in OoC device.
Implementing a combination of real-time fluorescent labeled biosensors in multiple
organs.
Establishing a source of renewable adult iPSC for all/most cell types to provide single
donor disease phenotype cells and to overcome current need to mix primary cells or
established cell lines from genetically diverse sources.
Vascularization of all OoC models

Technical Minimizing drug/biomolecule binding to PDMS, tubing, membranes and devices made
from various materials.
Minimizing connection volume and bubbles while maintaining sterile conditions.
Creating oxygenation conditions for each organ, including different oxygenation on apical
and basolateral surface of the gut.
Creating optimal flow rate in each OoC model.
Establishing PK analytics and modeling from data captured in database.
Integrating dynamic, chemical and electrical cues, including contributions of missing
organ system.

2.8. The need for sensors in QoC systems

With the increasing complexity of OoC systems, the necessity to integrate relevant assessment methods in-
creases as well. Advanced monitoring tools and read-out of in vitro systems are required to be able to pro-
vide temporally and spatially resolved information about cell microenvironment and physiology as well as
pharmacodynamics drug responses [121]. To achieve this, several engineering approaches have been used
to develop chemical, biological and physical sensors that can be integrated to OoC systems. Such sensors
have shown to provide reproducible results with multiplexing, data transmission and on-line monitoring
capability by analyzing low volume samples [122]. For the sake of completeness, Table 2.6 shows an overview
of all sensors that have been used in OoC systems to this date.

Table 2.6: Overview of current metrics analysed by sensors in OoC to date [33].

Category Metrics

Metabolism products H,0,, glucose, lactate, cytokines and other secretoms such as albu-
min, GTS-a, transferrin, reatine kinase-MB, troponins

Phyhiscal system parameters pH, strain, oxygen, temperature, glucose and lactate

Cell fate Oxygen consumption, pH, membrane potentials, flow speed, ion
concentrations and release of various metabolic compounds and
proteins

Cell viability Cell impedance

Single cell analysis Cell impedance, glucose

Cell differentiation analysis Cell impedance, cell mobility, membrane capacitance, ATP, ADP, UTP,

oxygen consumption, pH, cell metabolites, TEER.

The need for sensors in OoC systems seems obvious as it is the only way of validating whether or not the
systems emulates an in vivo environment, but there are actually three different types of information that
sensors can provide about an OoC system. These three different types of information can be detected by
sensors that are either integrated in the design of the device or external (e.g., optical sensors).

The first and most prominent function of sensors is to provide information about the culture environment.
The biggest determinant for the formation of functional tissue is the cell culture environment. Parameters
that are associated with this environment include temperature, pH, humidity, oxygen levels, nutrient content
and many more. The exposure of the cells to these parameters together with interactions with secreted
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metabolites from neighboring cells and mechanical interactions from cell-cell and cell-ECM contact are
essential to the quality of the formed cell culture. The integration of sensors in OoC systems can enable a
reproducible and controllable culture environment [123] .

A second factor that sensors can monitor is the cell behavior, which would be a result of the environment that
they are in and the stimuli that they receive. To this date, sensors have been developed to monitor cellular
adhesion, death, contraction properties, electrical properties, detachment, sepsis and response to osmotic
stress.

The third domain in which sensor are applied is to monitor the stimulations applied to the system and the
cell culture. A distinction can be made between sensors that monitor mechanical stimulations such as de-
formations induced by stretching, sensors that monitor chemical gradients such as hormones and cytokines,
and sensors that monitor electrical stimulations. These stimulations all contribute to the cell environment
and the cell behavior, therefore being essential for creating a controlled and realistic micro environment [33].

2.9. Suitable sensors for a gut-BBB OoC model

In order to develop a gut-BBB OoC model that can monitor the culture environment, cell behavior and input
stimuli in real-time many possible sensors could be chosen as candidates to do so. However, in this thesis
project the sensors developed by the Wyss Institute will be utilized to achieve this goal. In recent years, the
Wyss Institute has developed integrated TEER sensors and has used optical pH and oxygen sensors is several
different OoC devices. In the next sections will discuss each sensor’s functionality and how it could be used
in a gut-BBB OoC model.

2.9.1. TEER

Because the electrical impedance across an endothelium or epithelium is directly related to the formation
of TJs between neighboring cells, measurement of TEER is a non-invasive, conventional and quick metric to
evaluate the level of integrity and differentiation of in vitro epithelial monolayers in conventional static cul-
tures [124]. In OoCs however, the use of TEER measurements of cell cultures remains technically challenging
because of the close, micrometer-sized and microfluidic environment of the cells that makes it difficult to
access.
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Figure 2.13: TEER sensor system develop by the Wyss Institute. (A) CAD model of the chip with TEER sensor. Gold electrodes are
patterned onto polycarbonate substrates and laser cut PDMS layers and a PET membrane are assembled by silane-based surface
modification to bond together. (B) Assembled chip with TEER sensor with dimensions 25 x 40 mm [125].
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To achieve in situ TEER measurements on-chip, many different attempts have made by direct insertion of
metal wires into pre-molded locations below and above membrane-supported cell monolayers, repeated
insertion of manipulated electrodes normally used in Transwell experiments, construction of cell culture
chambers around large electrodes, or by integrating glass or polymeric substrates that contain electrodes
formed using conventional metal patterning techniques into microfluidic culture devices [35, 126-128]. The
problem with these techniques is the large measurement variability, low sensitivity and the fact that they can
be affected by non uniform cell cultures. To address this issue, Henry et. al (2017) developed a 2-channel
layer-by-layer OoC design with integrated electrodes that enables real-time measurement of TEER values
across the cells (Fig. 2.13) [121] .

In this TEER sensor, a small current of 10 pA of varying frequency is applied between two semi-transparent
electrodes which are located on each side of the cell culture and the drop in potential between the second
set of electrodes is measured (Fig. 2.14). The OoC device in which the TEER sensors was integrated was as-
sembled following a layer-by-layer approach, as can be seen in Figure 2.13A, and has a microfluidic sandwich
design. Standard Lonza’s BEGM growth medium was used with a perfusion speed of 60 uL. h~!. The device
was tested with human intestinal epithelium (hAECs) for 12 days. In a later study, conducted with the same
OoC device, tests were done with human intestinal epithelial cells (Caco2) [126]. Both studies showed stable
results compared to the mathematical models in the range of 0.5 Hz to 100 Hz, although lower frequencies
resulted in instabilities. By measuring the electrical impedance and capacitance, these TEER sensors may
open up more applications including measurement of action potentials of electrically active cells or short
circuit current, something that could be specifically relevant for BBB OoC models.

Figure 2.14: Schematic cross section of TEER model. (A) CAD model of the chip with TEER sensor. Gold electrodes are patterned onto
polycarbonate substrates and laser cut PDMS layers and a PET membrane are assembled by silane-based surface modification to bond
together. (B) Assembled chip with TEER sensor with dimensions 25 x 40 mm [125].

2.9.2. Oxygen

As mentioned in Section 3.1, oxygen concentration is a very significant regulatory parameter for cell cul-
ture and OoC devices. By measuring changes in oxygen concentration, information can be extracted about
cellular activity, cell differentiation, cell viability and response to external stimuli [129]. Especially in gut
OoC devices, oxygen concentration is a specifically important parameter. The commensal microbiome in
the lumen of the human intestine resides under anaerobic conditions. This results in a steep oxygen gra-
dient along the radial axis of the intestine [129]. To this date two kinds of oxygen sensor have been imple-
mented in OoC devices: electrochemical oxygen sensors and optical oxygen sensors. The electrochemical
sensors are based on the reduction of molecular oxygen at an electrode made of a noble metal [123]. Dif-
ferent types of oxygen sensors are direct amperometric sensors which are in direct contact with cell cul-
ture medium and Clark-type sensors that are separated from the medium by a gas-permeable membrane.
The advantage of the Clark oxygen sensor is the fact that it is independent of electrode reactions from in-
terfering or electrode poisoning substances present in the cell culture medium. Optical oxygen sensors
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are based on the principle of fluorescence quenching by oxygen. A pulsed light is directed onto a fluo-
rescent oxygen-sensitive dye which causes it to fluoresce. The rate at which this fluorescence decays is
translated to the amount of oxygen present [130]. The fluorescent dye can be embedded as a single sensor
spot or as a membrane coating on the whole surface in order to detect spatial oxygen concentration changes.
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The biggest advantage of optical sensors opposed
to electrochemical oxygen sensors is the reusabil-
ity, easy handling and sterilization [123]. Optical
sensors are also less prone to drifts in interference
caused by ions, proteins or drugs present in the cell
medium. Also the performance of optical sensors
is not influenced by the flow rates. The Wyss In-

3.8cm stitute, in collaboration with other research groups,

has used both electrochemical and optical oxygen
sensors which will be discussed next.

Bossink et al. (2018) created a miniaturized three-
electrode Clark oxygen sensor. The sensor consists
of three electrodes (Fig. 2.15), has a response time
of 7.5s, is biocompatible and protected from bio-
fouling. The group tested the sensor by integrating
it in the same device from Figure 2.13. It showed
to have a stable Ag/AgCl quasi reference electrode
with a potential drop of 0.1 mV/hour, which is low
compared to a 0.6 mV potential difference by a
temperature change of 1°C. The sensor was covered by a thin protective biocompatible layer consisting of
poly(hydroxyethyl methacrylate) (pHEMA) that is in direct contact with cells in the microfluidic channel.
The biocompatibility was tested by exposing the pHEMA to a culture of Caco-2 cells for 48 hours. During
this period no significant difference in cell death was observed. Although this sensor can be integrated into
existing OoC devices with a 1 mm wide microfluidic channel, no articles have appeared since 2018 utilizing
this clark type oxygen sensor [129] .

’ ¢ | RE
Side view

C11S0
Glass

Figure 2.15: Top view of the clark oxygen sensor on glass with
platinum working electrode (Pt WE), counter electrode (Pt CE) and
Ag/AgCl reference electrode (Ag/AgCL RE). The purple area illus-
trates a layer of pHEMA [123]

The optical oxygen sensor was developed two years earlier by Shaegh et al. (2016) [131] . This group developed
an optical multi-analyte sensing module integrated with a microfluidic bioreactor for in-line monitoring of
dissolved oxygen in the circulating culture medium [131]. The module consists of a microfluidic detection
chamber integrated with optical components such as low-cost Si photodiodes and light emitting diodes
(LEDs). To measure oxygen levels, an oxygen-sensitive dye was immobilized within a film inside the detection
chip. A blue LED was used to excite the dye while the two Si photodiodes measured the degree of quenching
in the luminescent intensity.

The dye used for the oxygen sensor was [Ru(dpps)]?* Cl,-tris(4,7-diphenyl-1,10-phenanthroline)ruthenium(II)
chloride (Signma-Aldrich) because of its moderate brightness and high photostability. The dye was deposited
at the bottom of the detection chamber. The fabrication of the detection chamber was finished with layers
of optical filters and black PMMA (Fig. 2.16). The high-power blue LED was positioned directly above the
fluid detection channel and two Si photodiodes were placed below the detection channel in anti parallel
configuration.

The bioreactor, with a volume of 106 pl, was cultured with human dermal fibroblasts (HDFs). The volume of
the culture medium inside the reservoir was 1.5 ml and the flow rate was 200 ul/h. The volumes of the sensing
module and the tubing were 12.3 ul and 21 ul respectively.

The sensors were tested by monitoring oxygen levels in the system for 3 days. The sensors showed a constant
oxygen concentration within the solution during the course of the experiments. Although high cell prolif-
eration and viability were observed, no significant alterations in the oygen concentration tension within
the medium was observed. This could be explained by the fact that the PDMS bioreactor, which is highly
permeable to oxygen diffusion, was continuously supplied with oxygen. Overall, the sensing module showed
arobust performance.

This optical system of oxygen detection in microfluidic systems provides a non-invasive method with mini-
mal maintenance after installation. Once integrated with a control system, the system can indicate how the
oxygenation process should be modulated [131] .
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Figure 2.16: Schematic overview of the assembly of the detection chamber. (a) Deposition process of the oxygen-sensitive dye. (b)
Arrangement of deposited dye in the detection chamber for signal read-out. (c) Complete setup [131].

2.9.3.pH

pH is a measure of the acidity or basicity of solutions, depicting the concentration of H+ ions. The pH scale
is logarithmic and ranges from 0 - 14 on which 7 is neutral and lower values are considered acidic. The
pH level is a key factor in the regulation of cellular microenvironments. It also plays a significant role in
the process of cell growth and apoptosis, enzymatic activity, ion transport and endocytosis. Furthermore,
intracellular pH is organelle-specific. For example, lysosomes and endosomes have acidic compartments
with pH levels between 4.5 and 6.5, while mitochondria and cytosol have pH levels ranging between 6.8 and
7.4. Abnormal intracellular and extracellular pH levels are associated with cellular dysfunctions, leading to
diseases such as cancer, neurodegenerative disorders and Alzheimer’s disease [132-134]. In addition, cellular
microenvironments have shown to become more acidic when present inside a tumor with pH values in the
range of 6.2-6.9 [135]. Therefore, quantitative determination of changes in pH in cellular microenvironments
is of great importance for cellular analysis and diagnosis.

Just as for oxygen sensors, a variety of optical and electrochemical techniques have been developed to mea-
sure pH in microfluidic and cellular environments. Also in the pH domain, optical sensors tend to be pre-
ferred over electrochemical sensors because of their reduced vulnerability to electrical interference intro-
duced by cells in the cell culture solution and they are less prone to interference caused by ions, proteins or
drugs in the cell culture medium.

To optically measure pH levels, the optical absorption by flowing culture medium containing phenol red is
measured. Phenol red is a pH indicator whose color exhibits a gradual transition from yellow to red over the
pH range of 6.8 to 8.2, a range well suited for cellular environments [136].

The same group that developed the optical oxygen sensor also developed an optical pH sensor that can be
applied in OoC systems.

The optical pH sensor developed by Shaegh et. al (2016) measured optical absorption by flowing culture
medium containing phenol red with fixed electro-optics [122]. These electro-optics consisted of a broadband
LED used as an excitation source and a Si photodiode to detect the amount of light absorbed while passing
through the media. The characterization of the amount of light absorbed in a phenol red solution at different
pH values, solutions in pH of 6,7 and 8 were tested by using a microvolume UV-visible spectrophotometer.
Results of this characterization is shown in Figure 2.17.

To test the setup, HDFs were again seeded in the bioreactor that were subject to a continuous perfusion
of culture medium at a flow rate of 200 ul/min for 3 days. The pH level of the culture medium steadily
decreased during the experiment, which can be associated with cellular activities. Over time, several cellular
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metabolites accumulated inside the setup which shifted the pH level towards acidic values.

Although the pH sensor is deemed functional and reliable, it is noteworthy to mention that there are a few
parameters that can affect the sensitivity of the pH measurements. These parameters include the concen-
tration of the dissolved phenol red in the culture medium, the intensity of illumination from the broadband
LED and the height of the detection chamber [131].
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Figure 2.17: Functionality principle of pH sensor and characterization. (a) Color change of phenol red at different pH levels, (b)
absorbance spectra of culture medium at different pH values, (c) schematic overview of detecting level of light absorption in culture
medium, (d) schematic overview of the fabricated detection chamber for pH sensor [131].
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2.10. Summary

This Chapter elaborated on a number of OoC definitions that are important for understanding the project.
The key organs that are used in OoC technology were discussed regarding the subjects microfluidics, tissues,
stimulation and sensing. It also introduced the physiology of the BBB and the gut and the importance of
the interrelation between those two organs was made clear by the fact that an imbalance in signalling can
cause severe mental issues or digestion problems. In addition, different types O,, TEER and pH sensors that
can play an important role in quantifying cell behavior were elaborated on. O, levels give insight into cell
behavior and differentiation, TEER values provide information about level of integrity of the cell barrier and
pH levels can be a measure of cell behavior, enzymatic behavior and cell death.

Since the context of the research has been made evident, the next Chapter describes the device that was
developed to incorporate all topics discussed in this Chapter.






Design and fabrication

With sufficient background provided by the previous Chapter, this Chapter delves into
the design and fabrication of the linking system of the multi-OoC device. The goal of
this Chapter is to create context on how the Wyss Institute uses the conventional chips
so that it is clear why certain design choices were made. It also elaborates on how
the sensor chips are fabricated and discusses the separate components of the linking
system.

3.1. Wyss OoC set up

The Wyss Institute for Biologically Inspired Engineering uses components and materials from Emulate’,
a former Organ-on-chip technology spin-off from the Wyss institute and currently a fully independently
operating company. It is important to understand the Emulate set up in order to comprehend why certain
decisions were made at a later stage.

The commercial OoC setup consists of four main components (Fig. 3.1): The ZOE culture module, the ORB
hub module, the POD system and the CHIP-S1 stretchable chips.

icm 10cm 10cm

| —
(a) (b) (c)

Figure 3.1: The three main Emulate components. (a)CHIP-S1 stretchable chips. (b) ZOE culture module. (c) ORB hub module [138].

The CHIP-S1 is made from 100% PDMS and consists of two channels separated by a porous membrane that
allows for cell-cell interaction like those that are seen in vivo. The top channel is seeded with epithelial cells
and the bottom channel with endothelial cells. On both sides of the fluid channels a vacuum channel is
located that provides the mechanical stresses in order to emulate the in vivo environments of some cell types.

1Emulate was founded by Donald Ingber in 2013 and is the current market leader in commercial OoC products [137]. More information
on www.emulatebio.com.

27
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Figure 3.2: Cross-section of Emulate PDMS chip showing the basal channel (lined with endothelial cells), the apical channel (lined with
epithelial cells) , the membrane and the vacuum chambers. [138]

The ZOE culture module’s main goal is to provide the dynamic flow of media and the mechanical forces that
help to recreate the microenvironment that cells normally experience in vivo. Two trays carrying up to a total
of 12 chips can be loaded into the ZOE (Fig. 3.3a. Each chip is housed within a portable module that holds
both the inflow and outflow of the basal and apical channels and guides the flows to the corresponding inlets
and outlets of the chips (Fig. 3.3b). The connectors on top of the reservoir lid are connected to the ZOE
module which in turn provides the correct pneumatic pressures.

The ORB hub module is located outside the incubator and connects to the ZOE. It generates a mix of 5% CO,
supply gas to the ZOE and provides the vacuum required to apply chip stretching (-70 kPa).
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Figure 3.3: In-depth schematic of Emulate ZOF, and pod module used for conventional chip usage [138].
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3.1.1. Wyss sensor chip

The Wyss Institute has developed a chip compatible with the Emulate system that can monitor TEER and
O, values of the cells in the apical and basal channels. These chips are comprised of several layers of PDMS
bonded together, housing channels, outlets, inlets and a PDMS membrane all with the same dimensions as
the Emulate chip. Both the apical and the basal channels contain two spots of fluorescent dye necessary
for oxygen level sensing. The PDMS parts are sandwiched in between two polyethylene terephthalate (PET)
films with gold electrodes deposited on them used for TEER readings. This layering and assembly can be
observed in Fig 3.4a. Everything is fit into a printed circuit board (PCB) with electrode connections running
from the electrodes on the PET to the back side of the PCB. Thereafter, this assembly is sandwiched between
two thermal adhesive layers and a 1mm thick PDMS layer is added on the top part. These chips can than be
screwed together with the same microfluidic component and pod as in the conventional Emulate assembly
(Fig. 3.4b). This piece can in turn be fit into a custom made 3D printed tray that can hold six sensor chips
and has rectangular spring-loaded male connectors at each chip location that can transport signals to a
DB25 female connector located on the out most part of the tray. The tray fits in the ZOE which provides
the necessary dynamic flow of media and the mechanical forces.

3.1.2. Fabrication of the sensor chip

The apical, basal and membrane components of the chips were fabricated from PDMS (Ellsworth Adhesives
#4019862)% with a 10:1 ratio of base to curing agent ratio. In order to create the thin PDMS slabs, the PDMS
was spin coated onto a 150mm by 150mm sheet of polycarbonate. The sheet was placed into a vacuum
chamber for 5 minutes to remove any air bubbles after which it was placed in a 60°C oven for 1 hour. The
1mm apical layer consists of 2 layers of spincoated PDMS with a 400 um thickness and one layer of 200um
thickness. In between spincoating, the previous PDMS layer was plasma treated to increase adherence of
the new layer. The Graphtec CE5000-60 plot cutter was used to cut out the gaskets from the PDMS slabs
(maximum of 24 gaskets per slab). The gasket designs were loaded in the Graphtec Studio Software in DXF
format and settings from Tab. 3.1 were used to cut the different gaskets.

Table 3.1: CE5000-60 Plot Cutter settings.

Material Blade height  Blade type Offset Speed Acceleration  Cut force Passes
1mm PDMS 1.Imm CB15U- 60° 0 1 1 22 2
200pm PDMS 300um CB15U- 30° 0 1 1 17 1
Thermal adhesive 300pum CB15U- 60° 0 1 1 17 2

Silane bonding was used to bond the electrodes to the PDMS gaskets. A 300ml solution of 5% (3-Aminopropyl)
triethoxysilane (APTES) and a 500ml solution of 1% (3-Glycidyloxypropyl) trimethoxysilane (GPTMS) in MiliQ
water was prepared. Before silane bonding the gaskets and electrodes were plasma treated to activate the
surface of the materials. The gaskets and electrodes were then lowered in the silane solutions for 20 minutes.
After the 20 minutes, the materials were washed with water and dried using compressed air. Then, the
electrodes were manually aligned with the PDMS gaskets and pressed together to allow for bonding. The
bonded parts were left in a 60°C oven with 3kg of added weight on top for at least 3 hours.

In order to allow for oxygen sensing in the chips, oxygen nanoparticles from Pyroscience® were added to
specific locations on the inside of the channels. A suspension of 10mg of particles with 15ml of chloroform
was made and a P2 pipette was used to spot 0.4ul of nanoparticles on the basal channel and 0.5ul on the
apical channel. The O, spotted and bonded components were stored in a dark 60°C oven until the membrane
fabrication was completed. The membranes were fabricated using the automated membrane fabricator
(AMF) and pre-made silicon membrane wafers. 0.09ml of PDMS was added to the center of each silicon
membrane wafer and plasma treated PC sheets were placed on top of the PDMS to allow for even spreading.
On top of the PC sheets a PDMS solid block was added before the assembly was placed into the AMF to
allow for equal pressure distribution across the wafer. The AMF was turned on and left overnight to exert
pressure on the PDMS in order to form thin sheets of PDMS membranes. The next day the wafers were taken
from the AME the PDMS block was removed and the wafer was detached from the PC film with the adhered
PDMS membrane. The membranes as well as the O, spotted apical gaskets were then plasma treated. The

3

2Both the silicone and the curing agent were purchased from: https://www.ellsworth.com/products/by-market/consumer-
products/encapsulants/silicone/dow-sylgard-184-silicone-encapsulant-clear-19.9-kg-kit/
3purchased from: https:/ /www.pyroscience.com/en/products/all-sensors/oxnano
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PDMS side of the gasket was then lowered onto the plasma treated side of the PDMS membrane, pressure was
applied with fingers to allow for bonding and the components were placed into a 60°C oven for 2 hours. After
bonding, excess membrane was removed from the sides and the ports that access the bottom channel. For
the full assembly of the PDMS and electrode parts, both the basal and the apical PDMS gaskets were plasma
treated and aligned under a microscope. Again, pressure was applied using fingers to allow for bonding of
the two components before the bonded components were transferred to a 60°C oven overnight. The different
layers of the chip and an example of the assembly is shown in Figure 3.4a

The O, spotted PDMS and electrode assemblies are connected to a PCB using silver epoxy. A small amount of
silverepoxy was added to the two pads on the top service of the PCB and on the two basal pads of the chips.
The chips is then pressed into the PCB so that the silver epoxy connects both components. The assemblies
were left overnight in a 80°C oven overnight and checked for functionality with a multimeter the next day.
The PCB is then sandwiched in between two thermal adhesive layers (3M™ Thermal Bonding Film 583) and
a lmm PDMS layer was added on top. Both the thermal adhesive layers and the PDMS layers were cut with
the Graphtec CE5000-60 plot cutter with settings shown in Tab. 3.1. The adhesive layers were aligned to the
PCB and run through a laminator set at a temperature of 140°C and speed 6 several times between two sheets
of paper to prevent the thermal layers to stick to the laminator. The PDMS layer was plasma treated and also
aligned under a microscope to the PCB-thermal adhesive assembly and run through the laminator set at a
temperature of 140°C and a speed of 8. The full assembly as well as the Emulate pod can be observed in Fig.
3.4b.

PET + electrodes + O, particles
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PDMS membrane

200 um PDMS

PET + electrodes + O, particles
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pod reservoir

thermal adhesive

microfluidics
S PCB assembly
PCB !
i | chip holder
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Figure 3.4: Sensor chip complete assembly(a) Sensor chip layering and assembly. (b) PCB assembly and compatibility with Emulate pod
and microfluidics.
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3.2. Design considerations

From the information in the previous Section, it is now clear what the Wyss Institute OoC set up looks like
and why the sensor chip has its specific shape and dimensions. In order to create a platform that can link two
of these chips with integrated sensor components, it is necessary to establish the constraints of the design in
an effort to make it as functional as possible within the goals of the Wyss Institute.

In the short term, the Wyss Institute aims to use the linking platform to substantiate the functioning of their
integrated TEER and O, sensors, using this information in their publications?. On the long term, it will be
used for experiments on linking BBB tissue with the microbiome using iPSCs. These short term and long
term goals make that the device has to meet certain requirements in order for it be practical. The main
requirements are listed here:

e First and foremost, the device should be a compact as possible. For both the short term and the long
term goals of the Wyss Institute, it will be necessary to run multiple devices in parallel. When perform-
ing tissue culture work, devices are used inside tissue hoods and incubators. Both environments have
limited space available and bulky instruments can make it challenging to work efficiently.

* The device should be relatively inexpensive to produce. This prototype will be the first linking system
at the Wyss Institute with integrated sensor components and it is likely that it will undergo several other
iterations.

¢ Additionally, it should be easy to fabricate. Since the system will be used by several research groups
within the Wyss Institute, it is vital that the device fabrication is intuitive and accessible. Researchers
and research assistants should be able to get trained in the fabrication process, which means that it
should only involve manufacturing techniques that are available for everyone at the Wyss Institute.

* When the chips are connected to the device, the tissues should still be available for standard imaging
techniques (e.g., microscopy). The working distance of a microscope is defined as the distance between
the front end of a microscope objective and the surface at which the sharpest focusing is obtained [139].
The most used objectives for visual inspection of the cells range between a 5X and 20X magnification.
The maximum working distance of these objectives is 8.7mm [140].

¢ The microfluidic component should be a separate item that is easily detachable and replaceable. Since
different experiments require different linking strategies, variations of the microfluidic components
with the same dimensions should be able to fit onto the system without having to build a completely
new device.

¢ The total length of the channels through which the fluids are perfused should be as short as possible
to limit pressure drop. The pressure drop is defined as the difference in total pressure between two
points of a fluid carrying network [141]. Since cells are sensitive to pressure differences, it is necessary
to reduce the channel length in order to keep the environment as homogeneous as possible between
the two connected tissues.

These main requirements were taken into account when designing the system. The next Section describes
the linking system and elaborates on how it satisfies the demands mentioned above.

3.3. The linking system

An overview of the final complete assembly is shown in Figure 3.5. The system is comprised of 4 main
components: the microfluidics, the detachable holder, the base and the pump unit. All parts in the design are
developed using Solidworks 2021 software. Each component will be discussed more in depth in the following
Sections. For a more detailed description regarding fabrication, please refer to Appendix A. To see the various
iterations of the design, please refer to Appendix B.

4The Wyss Institute is yet to publish the design and validation of their sensor chip and is still gathering information about its functionality.
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Figure 3.5: Complete device assembly. (a) Top view of complete assembly. (b) Overview of different components: 1. Microfluidics 2.
reservoir component 3. base 4. pump unit.

3.3.1. Microfluidics

The microfluidic component contains the channels that guide the fluid, coming from the input reservoirs,
through through the chips to the output reservoirs. It consists of three layered PMMA sheets with a 1.5mm
thickness, separated by 2 layers of Styrene-ethylene-butylene-styrene (SEBS) with a 100um thickness (Fig.
3.6¢). This thermoplastic elastomer has great properties to be used in the system. It is optically transparent,
biocompatible, allows for low osmolarity changes and can adhere to PMMA relatively well. Depending on
the aim of a specific experiment, the SEBS layers have channel cut-outs connecting different inlet and outlet
ports, with a 1.2mm diameter, that are present in the PMMA (Fig. 3.6a). All parts are cut using a Epilog Legend
36EXT 75 Watt CO, laser cutter with settings shown in Table 3.2. The layers are aligned on top of each other
and left in a 90°C oven for 1 hour under 4 kg of weights to enable adhesion.

On the bottom part, around the inlets and outlets that are in contact with the chips, eight 400um thick PDMS
rings are attached to the PMMA with an inner diameter of 1.6mm and an outer diameter of 2.5mm using
PSA rings of the same dimensions (Appendix C.7). This increases the connection between the microfluidics
component with the chips and prevents leakage. These rings are visible in Figure 3.6b. The in- and outflow
connection points are made from steel connectors with an inner diameter of 0.9mm and an outer diameter
of Imm that are attached to the PMMA using epoxy glue. The whole microfluidic component is pressed down
onto the chips using 5 M4 screws and nuts.

Table 3.2: Epilog 36EXT laser cutter setting for PMMA and PSA.

Speed Power Frequency
1.5mm PMMA 20 60 5000
PSA 100 20 2000
100um SEBS 75 15 2000

Initially, the microfluidic component consisted of two layers of pressure sensitive adhesive (PSA) in stead
of SEBS. However, the first experiment (described in Chapter 5) revealed that PSA releases from the PMMA
after 5 days of incubation. This is why several experiments were done with the 100um thick SEBS sheets to
determine the best protocol for adherence of the SEBS material to PMMA. It was tested whether plasma and
heat treating the PMMA and SEBS would influence the adherence of the two materials. For the experiment,
twelve serpentine channels were laser cut from the SEBS sheet and sandwiched between two laser cut PMMA
parts. For six of the assemblies the SEBS and PMMA surfaces were plasma treated. Three of the plasma
treated assemblies were then left in a 90°C oven under weights for 24 hours and three for 1 hour. The other
six assemblies were not plasma treated. Half of these six were left in the oven for 24 hours and half were taken
out after 1 hour. After this step, the channels were perfused with water containing blue food dye for 7 days
(Appendix C.2). No leakage was observed for the assemblies that were not plasma treated and were left in
the oven for 1 hour. The other protocols all showed at least one sample that leaked. Therefore, the PSA was
replaced by SEBS using this assembly protocol.
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Figure 3.6: Complete microfluidic assembly with apical connection overview. (a) Top view of the complete microfluidic CAD assembly.
(b) Top view of complete microfluidic assembly. (c) Overview of different layers. The PMMA layers contain several inlets and outlets for
the microfluidic channels, screw holes and cut outs for visual inspection of the cells. The SEBS layers also contain the channels.

3.3.2. Detachable holder

The detachable holder (Fig. 3.7a and 3.7b) acts a portable component that, when fully assembled, can be
detached from the base and pump unit and transport the chips, microfluidics, reservoirs and pump heads.
The detachable holder is 3D printed with the Fortus 400mc printer, which uses fused depositioning modeling
with the material Polylactic acid (PLA) . The reservoir containers that are located in the holder are provided by
Chipshop® and have 4ml of volume in each tank (Fig. 3.7c). Tubing is used to connect the microfluidics with
the reservoirs and have an inner diameter of 0.8mm and outer diameter of 2mm. 8 female plastic luer locks
are used to connect the tubing to the reservoirs. On the backside of the component, four slots are located in
which the detachable pump heads can be slit, as is shown in Fig. 3.7d. The whole component is detachable
to allow for imaging without having to detach any of the tubing and decreases the possibility of air being
introduced into the channels.

5Acquired via: https://www.microfluidic-chipshop.com/catalogue/accessories/liquid-storage/liquid-storage-tanks/row-of-four-4-5-
ml-tanks-with-luer-interface-cap-fluidic-233/
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Figure 3.7: Main detachable holder components. (a) Top view of the detachable holder CAD model. (b) CAD render of the detachable
holder. (c) Chipshop 4ml plastic reservoirs.(c) Back view of the reservoir component showing the detached pump heads and plastic
reservoirs in place.

3.3.3. Base

The base acts as a hollow structure on which the detachable holder is placed. It contains all of the electronics
that guide electrical signals from the sensor chips to external computers and vice versa and shields these
components from the humid incubator environment.

The base (Fig. 3.8a and Fig. 3.8b) was also 3D printed with the Fortus 400mc printer using PLA. On the left
side of the base, a DB-25 female connector obtained from McMaster-Carr® (Fig. 3.8c) is connected with two
M3 flat head screws. Two rectangular spring-loaded connectors (Fig. 3.8d), also obtained from McMaster-
Carr, are used to make contact with the exposed electrode connectors located on the bottom side of the
sensor chips (See Appendix E.1). The rectangular spring-loaded connectors are elevated 3mm above the rest
of the base, since this is the thickness of the bottom of the detachable holder component that has to be
bridged in order to make contact to the sensor chips. Standard wiring soldered to the rectangular spring-
loaded connectors and the DB-sub connector links the two. For a more detailed description, please refer to
Appendix A.

It is worth noting that the base could be designed with much smaller dimensions, but extra space is reserved
inside of the base for extra electronics such as a compact potentiostat or a custom made O, sensor’. The
decision was made to leave this space available in the current design considering the long term goals of the
Wyss Institute.

Shttps:/ /www.mcmaster.com/serial-connectors/ circuit-board-d-sub-connectors/connection-type computer/
7Currently being developed by the biosensors team at the Wyss Institute
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Figure 3.8: Main base components (a) Perspective view of the CAD base model. (b) CAD render of the base. (c) Back (top) and front
(bottom) of the DB-25 female connector (d) Rectangular spring-loaded connectors.

3.3.4. Pump unit

The pump unit serves as a housing to both shield the micro-controller from the humid incubator environ-
ment and as a holder for the pumps with detachable heads.

It is comprised of a 3D printed housing made from PLA (Fig. 3.9a and Fig. 3.9b), a control unit provided by
the Wyss Institute (Fig. 3.9c) and four DC peristaltic ring pumps with detachable pump heads® (Fig. 3.9d).
The housing contains open spaces for the four pumps and the screws to secure them, the screen and power
cable of the control unit and it’s buttons to control it. The pump control unit allows for the control of a total
of eight pumps via a visual interface (Appendix A). Flow rate can range from 1ul/min to 30ul/min and can
be set for every pump individually. The pump control unit is connected to the pumps by standard wiring
and the pumps are secured on the PLA housing with eight M3 flathead screws. The extended part, located
on the bottom of the housing underneath the pump spaces, has two functions. First, it provides extra space
for the wiring running from the pumps to the control unit, making it easier to work with when assembling
the different components. Second, it makes contact to the backside of the base. This is important because
when the detachable holder is removed from the rest of the assembly, a small amount of force is needed to
disconnect the pump heads from the pumps. The direct contact of the pump unit with the base prevents the
pump unit from moving during this process.

8https:/ /www.pumps-valves.eu/rp-q2-rp-q3-miniature-peristaltic-pumps-head-exchangeable/
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Figure 3.9: Pump unit components. (a) CAD model of the PLA housing. (b) CAD render of the PLA housing (c) Pump control unit. (d) DC
peristaltic ring pumps with detachable heads.

3.3.5. Obtaining O, and TEER values

In this design, no sensor components could be completely integrated into the base due to limited resources
and time. Therefore, sensor read-outs have to be carried out using external instruments. Here, the measure-
ment protocols are described for doing O, and TEER read-outs.

O, values can be obtained by separating the detachable holder (including the sensor chips, microfluidic
component and reservoirs) from the system and transferring it into a tissue culture hood. Put the component
on a heat tray that is set to 32°C. Since the O, measurements can be influenced by temperature, position the
temperature sensor near the O, spotted locations. Place the fiber optic sensor on the areas that contain the
0, particles and connect the FireSting-02° meter (Appendix E1) to a laptop. Use the Pyroscience software to
start and save the O, data and repeat this for all four O, spots on both chips.

In order to gather TEER information, a VGA cable is used to connect an external Ivium potentiostat'® (Ap-
pendix E2), set at 100pA and a frequency range of 10 - 100000Hz, to the system. The potentiostat is also
connected to a laptop containing IVIUM software that is used to start the measurements and save the data.
An example of TEER data output is shown in Fig. (3.10). This example shows that for lower frequencies, the
chip with the empty channels has much higher resistance compared to the chip filled with PBS. This is in
line with a study done by Henry et. al. (2017), in which they found the resistance to be relatively stable for
frequencies in the range of 0.5Hz to 100Hz [125]. It was decided by the biosensors group of the Wyss Institute
to quantify the change in barrier function according to the resistance values at 100Hz.

9All sensor components can be obtained from Pyroscience: https://www.pyroscience.com/en/products/all-meters/fso2-c4
Ohttps:/ /www.ivium.com/product/compactstat/



3.4. Results 37

|z|//Ohm

Resistance comparison between empty chip and PBS filled chip

—— Chip containing PBS
10° 5 Empty chip
105 4
104 i /
10° 4 Ne
102 4
10! 10? 10° 10* 10°

Frequency/Hz

Figure 3.10: Example of TEER data. The measured resistance at varying frequencies is shown for two different situations. In the empty
chip, resistance shows a straight path of decreasing resistance for an increasing frequency. The chip containing PBS shows a similar
pattern for higher frequencies, but is relatively stable for lower frequencies.

3.4.

Results

With respect to the design considerations mentioned in Section 3.2, the final design meets most of the main
requirements.

The final device has a total height of 10.35cm, a width of 12.50cm and a depth of 24.1cm. With these
dimensions, 16 linking systems could fit into a single Thermo Fisher 3121 Incubator!!, of which the
Wyss Institute owns several.

The main materials from which the components of the linking system are made include PLA, PMMA
and SEBS. All three are relatively inexpensive. Most of the other components (e.g., connectors, pumps
and the Raspberry Pi 4 micro-controller) are commercially available and reusable.

The dominant fabrication instruments include the Epilog Legend 36EXT 75 Watt CO» laser cutter and
the Fortus 400mc 3D printer both of which are available to all employees of the Wyss Institute after 1
hour of training. Additionally, fabricating the device can generally be completed within a day, assuming
all materials are in-house. The printing process takes 7 hours and 10 minutes. In the meantime,
the PMMA, PSA and SEBS can be cut with the laser cutter and assembled to form the microfluidic
component. After the printing has finished, the pumps and connectors can be screwed in place and
wiring can be soldered. It should be noted that this does not include the fabrication of the sensor chips,
which can take up to 6 days.

When the chips and the microfluidic component are connected to the detachable holder, the minimal
working distance of a microscope is limited by the thickness of the microfluidic component for the
apical channel and by the thickness of the bottom of the detachable holder for the basal channel. With
the current materials, this means that the minimal working distance of a microscope used for the apical
channel can be 6.8mm and for the basal channel 3.1mm. This is sufficient since objectives (5X, 10X and
20X magnification) used at the Wyss Institute can have a working distance of up to 8.7mm [139].

The microfluidic component is a separate item and is easily detachable using screws and bolts. This is
discussed more in-depth in Chapter 6.

The total channel length was kept as short as possible, with the longest path being 274mm, including
the proposed mixing geometry of Chapter 4. Suggestions for decreasing this total length are discussed
in Chapter 6.

Hyisit https://store.clarksonlab.com/3121.aspx for more information
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3.5. Summary

This chapter provided context about the usage of the sensor chip and its design. It also provided insight into
the different components of the linking system and the way they are fabricated. The final design consists of a
microfluidic component, a detachable holder, a base and a pump unit. It is easy and inexpensive to fabricate
and is compact enough to fit multiple systems in one incubator. Additionally, it is compatible with standard
microscopy.

Many parts of the design could have been optimized for usability or functionality, but due to limited time it
was decided to focus on the microfluidic component. The next Chapter explains how it was attempted to find
the most efficient geometry to mix the effluent of the first chip with a new flow that contains medium for the
second chip.



Mixing

Now it is time to dive deeper into fluid mechanics. When different cell types are linked
with microfluidics, it is important to understand the way particles behave inside these
flows. Additionally, this chapter focuses on the most efficient way to mix the outflow
of the first chip with a nutrient rich flow for the second chip. It concludes with a pro-
posed mixing geometry that can incorporated using the same fabrication techniques
mentioned in the previous Chapter.

4.1. Mixing of two laminar flows

In order to provide the effluent basal flow of the first chip with new nutrients for the cells in the second chip,
these two channels need to be mixed. It is important that the two fluids fully mix to make sure the cells
are provided with a sufficient amount of nutrients while also getting exposed to effluent molecules from the
first chip. The reliably of the final results is therefore largely dependent on the reliability and accuracy of the
mixing component.

To combine both flows in the linking model, passive mixing seems the most promising as it is the form of
mixing that is easiest to fabricate with low fabrication costs and has a low probability of creating bubbles
as compared to some active mixing methods [142]. Due to low flow velocity and small feature size in mi-
crochannels, Reynolds number is low and there are no turbulent fluctuations in a homogenize fluid at the
microscopic scale [143]. For the specific dimensions of the PSA-PMMA microfluidic component, Reynolds
number is determined as follows.

u-Dy,

4.1)
With

u =mean flow velocity (%)
Dy, = hydraulic diameter (m)

. . . . 2
v = kinematic viscosity (%-)

Taking into account the parameters for our specific system that has a steady flow rate of 60ul/h, a kinematic
viscosity of 6.969-1077 mTz at 37°C and a rectangular channel with a width of Imm and a height of 0.1mm, we
get a Reynolds number of 0.043. Fluid flow with Re << 1 is a also known as Stokes flow or creep flow. Stokes
flow is characterized by the phenomenon that inertial forces are negligible in comparison to the viscous
forces. In terms of mixing, this is vital information since inertial forces play an important role in mixing
imposed by structural changes. The absence of these forces create a mixing environment that is mainly
dominated by diffusion.

The fact these parameters indeed induce diffusion dominated mixing is supported by the Peclet number, a
dimensionless number that depicts the ratio of the rate of advection of a physical quantity by the flow to the
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diffusion rate of that same quantity [144]. The Peclet number is defined as:

u-p-cyp-D
Pez% 4.2)

Where

u = mean flow velocity (%)

p =density (%)

cp = heat capacity (F]C)

Dy, = hydraulic diameter (m)

k =thermal conductivity (%)

Calculating the Peclet number for the PSA-PMMA parameters leaves us with Pe = 0.2, showing again the
importance of diffusion over convection.

4.2. Geometry testing using numerical simulations

4.2.1. Structures

The geometric models used for the simulations are variations of a standard T-micromixer. The main regions
include two inlets both with a width of 1mm, one structural design area and two outlets with a width of Imm.
Inlet 1 merges with the second inlet in a curve with a radius of 1mm and outlet 1 splits from the structure in
a curve with a radius of 1mm (Fig. 4.1).

Inlet 1 Outlet 1
T Structural design area Y
//
Inlet2 —»| | — Outlet 2
—
2mm

Figure 4.1: An example of a schematic diagram for the mixing area. Every geometry has two inlet channels and two outlet channels. The
structural design area will be adjusted in order to find a difference in mixing performance. The arrows depict the flow direction.

Variation #1 Variation #2 Variation #3

Straight 2mm
width

Obstacles

Varying width
(1mm, 3mm)

Number of
sharp turns

21 curvature
(2, 4 and 8 turns)

21 curvature
(2 and 4turns) J

81 curvature

Figure 4.2: Overview of various geometries tested. The goal of using these geometries is to determine the effect of the number of turns,
the shape of the turns and the channel width on the mixing performance.
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The structure variations for the structural design area were chosen based on literature and on the findings
from Section 2.1 [145]. Knowing that the mixing in our system will be mainly diffusion driven and that there
is limited space on the microfluidic platform, structures varying in width, number of curves, curve radius,
number of sharp turns and obstacles were introduced. All structures are exactly 167 mm in length. Creativity
was limited by the fabrication of the microfluidic component by the laser cutter (Appendix C.1).

4.2.2. Flow dynamics

The flow behavior was simulated using the laminar flow module of COMSOL Multiphysics 5.6 which nu-
merically solves the Navier-Stokes equations and the continuity equation [146]. Incompressible flows under
steady-state conditions were used for the simulations and the boundary conditions include a constant veloc-
ity for the two inlets, no-slip velocity for the walls and zero pressure for the two outlets. These laminar flow
properties lead to a Navier-Stokes equation defined as:

uViu-vp+£f=0 (4.3)

And the following continuity equation:

V-u=0 (4.4)

where u is the fluid velocity, Vp is the pressure gradient, u is the dynamic viscosity and f is the applied body
force. In terms of discretisation of the mesh, for both the velocity components and the pressure pressure field
linear elements were chosen.

4.2.3. Species transport
To simulate the movement of compounds carried by the effluent flow, the transport of diluted species module
was used. A concentration of diluted species of 1 mol/m? was added to the top inlet at time step 0 to an initial
concentration of 0 mol/m3. The diffusion coefficient for the simulations of the different geometries was set
at 2.75-10710 m?2/s, which is the diffusion coefficient for food dye in water at room temperature [147]. The
convection-diffusion equation was used and described as equations 4.5 and 4.6.

a(,‘i

— +V-Ji+u-V¢; =R; 4.5
r Ji i=Ri (4.5)

Ji=—-D;iV¢; (4.6)

In which ¢; is the concentration of the species, D; the diffusion coefficient, R; the reaction rate expression for
the species, J; the diffusion flux vector and u the same velocity vector as used for the laminar flow module.

4.2.4. Mixing performance

The performance of the mixing was determined by measuring the concentration values of the diluted species
atacross section at the end of the bottom effluent channel. The mixing efficiency M ranges from 0 (no mixing)
to 1 (100% mixing) was calculated by the following formula:

(1 n (Ci_é))z
M=1-,||—= — 4.7
NzZ\ ¢

1

Where

M = mixing coefficient

N = total number of sampling points

¢; =normalized concentration

¢ =normalized expected concentration

With the initial conditions of an input flow with a concentration 1 mol/m3 at inlet 1 and an input flow with
a concentration 0 mol/mm? at inlet 2, it is expected that in an ideal case with perfect mixing the output
concentration at outlet 2 is 0.5 mol/m?® across the whole channel. M represents the total average percentage
of standard deviation of the data points at the outlet 2 cross-section from the perfect mixing concentration.
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4.2.5. Mesh

Because numerical solutions strongly depend on meshing parameters, several variations were used to find a
balance between computational costs and mixing accuracy. It was concluded that for every structure, most
accurate results were obtained with a total number of elements in the range of 50.000 to 60.000. Additional
mesh variables were physics controlled.

4.3. Simulations validation

Numerical approximations of real world systems can create quite accurate representations of real life phe-
nomena. However, experimental research can promote numerically approximated fluid behavior even more.
Therefore, the mixing simulations were validated by recreating the structures experimentally.

To recreate the simulation structures, the COMSOL structures were laser cut into a sheet of double sided
adhesive which was sandwiched in between two layers of PMMA, one of which contained the inlet and outlet
ports. Two steel rods were connected to the inlet ports and sealed with epoxy glue. These rods were then
connected to two syringes containing a yellow or blue food dye (Ward’s science!). Everything was then loaded
into a NE-4000X double syringe pump programmed with same parameters as in the simulations. An example
of a structure being perfused with the food dye is shown in figure 4.3a. Flow was perfused for 2 hours before
pictures were taken of the two outlets with the Zeiss Axioplan 2 microscope with 5X magnification without
any filters, light intensity 5 and an I/H condenser (Fig 4.3b). In addition, the same images were obtained in
which the structure was perfused with a 1:1 mix of the two food dyes (Fig 4.3c). An overview of the mixing set
up is shown in Appendix D.1.

Figure 4.3: Validation example with food dye mixing. (a) 2mm wide straight channel structure perfused with a blue and a yellow food
dye. (b) 5X magnified microscopic image of bottom outlet after 2 hours of perfusion with a blue colored food dye in inlet 1 and a yellow
colored food dye in inlet 2. (c) 5X magnified microscopic image of bottom outlet after perfusion with a 1:1 mixed liquid of the blue and
yellow colored food dyes.

A script was written in Python 3.7 that takes an image as input and analyses the red, green and blue (RGB)
from pixels within two specified locations on the image. The script first analyses the RGB values of the pixels
from the image in which the two separate colors were perfused for two hours. Then, the RGB values of
the pixels within the same locations are analyzed from the image in which the structure was perfused by
a 1:1 mixed liquid. Figure 4.4 illustrates this principle and shows a scatter plot visualizing the difference
in RGB values of the two images for every pixel. Next, the Euclidean distance was calculated between the
RGB values of the pixels from the first image and the RGB values of the pixels from the second image. The
Euclidean distance was then normalized over the Euclidean distance between the RBG values of a completely
mixed liquid with a completely unmixed liquid. To express the value in terms of mixing index, this ratio
was subtracted from 1 and multiplied by 100%. Equation 4.8 shows the complete calculation of the mixing
percentage.

Ihttps://www.wardsci.com/store/
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Figure 4.4: Example of pixel analysis. (a) All pixels on a line between two manually determined locations on the image are analyzed for
their RGB values. (b) Visualization of difference in RGB values of the pixels in the two outlets.

_ V(Ry=Rp)? + (G5 = Gm)* + (Bs — By)?
V(Ry = Rin)? + (Gu = Gm)? + (B — Bi)?

m=|1

-100% (4.8)

Where

Rs,Gs,Bs = RGB values of the image with two separate colors as input flows
R, G, B = RGB values of image with 1:1 mixed color as input flows

Ry, Gy, B, =RGB values of an unmixed flow

m = Percentage of relative mixing

4.4. Results

The results of the simulations described in Section 4.2 are displayed in Tab. 4.1 showing the average mixing
index across the outlet channel and the increase or decrease of the mixing index compared to the control
structure (straight with a width of 2mm). The obstacle geometry and the 1mm width geometry show the
biggest increase of mixing index with 15.3% and 16.3% respectively. The geometry with 9 sharp turns per-
forms worst with a decrease in mixing index of 9.2%.

Table 4.1: Results of COMSOL mixing simulations showing mixing index and difference in mixing index with control structure.

Structure Mixing index (%) Increase/decrease (%)
Straight channel 2mm width (control) 45.9 -
Obstacles 61.2 +15.3
1mm width 62.2 +16.3
3mm width 40.4 -5.5

5 sharp turns 42.2 -3.7
9 sharp turns 36.7 -9.2
27 curvature, 2 turns 46.4 +0.5
27 curvature, 4 turns 47.5 +1.6
27 curvature, 8 turns 47.4 +1.6
47 curvature, 2 turns 48.0 +2.1
47 curvature, 4 turns 47.5 +1.6
81 curvature, 2 turns 48.4 +2.5

1x curvature, 16 turns 41.9 -4.0




44 4. Mixing

Due to limited time, only five geometries were chosen to validate the simulations. The lack of effect on the
mixing efficiency by an increasing number of turns and the positive effect of the decreasing channel width
were deemed most interesting, which is why these geometries were used in the validation experiments. Fig.
4.5 shows the images taken from the outlet channels and Fig. 4.6 shows the mixing index across the outlet
channel of the structures for both the COMSOL simulations and the experimental validations. In terms of the
channel width geometries, it shows similar mixing profiles for the 2mm and 3mm geometries and an overall
higher mixing in the thinner 1mm geometry. For the curved channels, all three mixing profiles are similar.
Both phenomena are supported by the experimental data.

i ; ! 21 curvature 21 curvature
2mm straight 1mm width 3mm width 2 1urns 8 turns

Separate colors

_— e —————

Fully mixed

3

Figure 4.5: Images obtained for validation experiment. The Zeiss Axioplan 2 microscope with 5X magnification was used to image the
outlet channel of the five different geometries. The top row shows the images taken after the geometry was perfused for 2 hours with
a blue colored flow going into inlet 1 and a yellow colored flow going into inlet 2. The bottom row shows the images taken after the
geometry was perfused with a fluid that consisted of a 1:1 mix of both colors.
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Figure 4.6: Comparison between COMSOL simulations and experiments. The left images show the geometries tested, the middle images
show the simulation results and the right images show the experimental results. (a) Mixing results for straight structures with varying
widths. (b) Mixing results of experiments with structures that have a varying number of curves with the same radius.
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These results suggest that only geometries with obstacles or with a decreased width have a positive effect on
the mixing efficiency. A serpentine geometry was chosen for the final proposed geometry shown in Fig. 4.7.
The reason why this geometry was preferred over the obstacle geometry is further discussed in Chapter 6.
This mixing geometry with a length of 60mm and a width of 1mm allows for a mixing index of 94.2% with a
diffusion coefficient of 5.85-10~10 mTz, which is the lowest diffusion rate found for organic compounds [148].
A CAD model of the SEBS layer with the proposed final mixing structure incorporated is shown in Appendix
C.3.

Concentration

3
m (mol/m®) Final geometry COMSOL mixing profile
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Figure 4.7: Final mixing geometry and its performance performance. (a) The concentration simulation shows that the geometry mixes
the two flows to the equilibrium concentration of 0.5 mol/L. (b) A mixing profile of the bottom outflow channel.

4.5. Summary

By performing an analysis of the specific flow environment inside of the microfluidic channels, running
numerical simulations and validating the results experimentally, it was attempted to optimize mixing per-
formance in the shortest channel length. In this Chapter, it was found that with the used channel dimensions
and flow rates the mixing performance was mainly dominated by diffusion. Therefore, diffusion distance and
time are the dominant variables. The main constraint was that the mixer should be able to fit inside the space
reserved on the microfluidic component. It resulted in the mixing geometry seen in Fig. 4.7. The structure
has a low number of turns to keep the flow resistance as low as possible and a total length of 60mm which
was deemed sufficient for a mixing of 94.2% for organic compounds with a low diffusion rate. Additionally,
the high simplicity of the geometry makes it appealing for fabrication with the laser cutter.

Although the mixing component is easy to fabricate and integrate into the system, it was not included into
the design that was used for the experiments in the next Chapter. The reason for this is the fact that the flow
needs to be split after mixing to get rid of the excess liquid to make sure the flow rate remains 60uL/h in the
second chip. This would require an additional pump actively removing the excess liquid. Due to limited time
at the Wyss Institute it was decided not to include this redesign for the experiments of Chapter 5.






Cell experiments

With the knowledge and insights from the previous chapters, the next step is to put
the system to the test. Two experiments are described in this section that involve tissue
culture with the aim to prove the bio-compatibility of the system and to substantiate
the importance of both the linking and of the added sensors.

5.1. Experiment 1: Bio-compatibility

In order to determine how the system reacts to the incubator environment for an extended period of time, a
validation experiment was performed using cervical fibroblasts. For this experiment, conventional Emulate
chips were used of which only the apical channel was seeded. The microfluidic component of the system
comprised of layers of PMMA and PSA, connecting the apical channels of both chips.

Cell culture

Medium for the fibroblasts was prepared with 90% Dulbecco’s modified eagle serum (DMEM) , 9% fetal
bovine serum (FBS) and 1% pen-strep.The fibroblasts were thawed in a 37°C waterbath, transferred to a 15ml
conical tube and centrifuged at 100G for 5 minutes. Excess Dymethyl Sulfoxide (DMSO) was removed and
the remaining cells were dispersed in 10ml fresh medium before being transferred to a T-75 flask and left in
an incubator overnight.

200um

12 hours

Figure 5.1: Fibroblast development after 12, 36 and 60 hours in a 37°C incubator.

Chip activation

In order to activate the channels, two emulate chips were placed in a tissue culture dish and desiccated for
30 minutes. An Emulate Reagent 1 (ER-1) powder and was diluted with 10ml of Emulate Reagent 2 (ER-2) in
an 15ml conical tube. 20ul and 50ul of the solution was added to the apical and basal channels respectively.
The chips were then transferred to a UV box and illuminated for 10 minutes for activation. The solution was
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then aspirated from both channels, new solution was added to the channels and put back in the UV box
for 5 minutes, after which the channels were aspirated, washed with 200ul ER-2 solution and 200yl sterile
cold Dulbecco’s phosphate-buffered saline (DPBS) . To coat the channels, a collagen I, Fibronectin and DPBS
solution was used in a 20:3:77 ratio respectively. The coating solution was added to the channels and and the
chips were incubated at 37°C for 2 hours to allow for polymerization. After incubation, the channels were
washed with 200ul warm fibroblast media twice while excess media present on the surface was aspirated,
leaving excess medium covering the inlet and the outlets until the chips were seeded with cells.

Chip seeding

To extract the cultured cells from the T-75 flask, the medium was aspirated and the cells were washed with 8ml
DPBS before 2ml trypsin was added to detach the cells from the T-75 flask interior. After being incubated for
5 minutes, the trypsin solution was diluted with medium and transported to a 15ml conical tube which was
centrifuged for 5 minutes at 100G. Excess medium got aspirated, 1ml of fresh medium was added and cells
were counted to be at a 1.1x10%/ml concentration. Cells were then loaded into the apical channels, as it can
be observed in Fig. 5.2. The seeded chips were moved to a 37°C incubator overnight to allow for membrane
binding and cell proliferation.
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Figure 5.2: Seeded chip channels. (a) Middle of the apical channel seeded with fibroblasts. (b) Seeded apical channel with empty basal
channel at bifurication.

System loading

The surfaces of all components of the system were washed with 70% ethanol. Parts that could not properly
be cleaned with ethanol were sterilized using the Diener plasma sterilizer. After everything was sterile, the
system was transported to the TC hood. Chips were taken out of the incubator, moved to the TC hood and
both channels were washed with 100ul of fibroblast medium. After washing the channels a small droplet
of fibroblast medium was left on both outlets and inlets and both chips are placed into the chips holder.
To prepare the microfluidic components of the system for connection with the chips, the part was placed
on the raised plateau and all pumps were set at 30ul/min to perfuse fibroblast medium through all inlet
channels in order to reduce the formation of bubbles when the chips and the microfluidics are joined. When
all inlet channels are filled and bubble free, the pumps were stopped leaving a small droplet at the end of the
inlet channels. Then, the microfluidic part was moved up to swap the raised plateau with the chips that are
secured in place by the chip holder. The microfluidic component was guided by the M4 screws while it was
being lowered down to the point it makes contact with the chips. At this point, the connection was secured by
screwing down the M4 nuts on the parts of the screws that stick out. To prepare the system for the incubator,
the input reservoirs were filled completely to 4ml each. A complete setup of the system is shown in Fig. 5.3
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Cell fixation

The chips were extracted from the system and each channel was washed with 200u1 DPBS. As solution of 4%
paraformaldehyde (PFA) in DPBS was made and added to the channels after which the cells were incubated
at room temperature for 20 minutes. The channels were then washed with DPBS and stored in DPBS at 4°C.

SESNa e

Figure 5.3: Complete setup for emulate chips. (a) Complete setup for Emulate chips loaded with fibroblasts. (b) Complete setup in
incubator from user point of view.

5.1.1. Results
The results of the cell experiment using the fibroblasts are shown in Fig. 5.4. It shows the fibroblasts on both
chips over 10 days of the experiment.

Chip #2 Chip #1

D7
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T e
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Figure 5.4: 10 day culture of Fibroblasts in separate chips with an apical connection inside the developed system.

After five days of incubation and perfusion, inside of the PSA layer in the microfluidic component branch-
like structures started to appear starting from the channels moving inward (Fig. 5.5a). Also bubbles started
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to form in the channels and imbalance of effluent volume between the different outflow reservoirs appeared.
The apical outflow reservoir held about 75% less volume after 24 hours of perfusion than the basal outflow
reservoir of chip #1 (Fig. 5.5b). In addition, location specific cell death was observed on chip #1. Fibroblasts
located on the first part of the channel seemed less confluent compared to cell on the second half (Fig. 5.5¢).

Basal
Apical effluent

X Basal
effluent  chip#2  otqient
both chips chip #1

Figure 5.5: Issues with system. (a) After 5 days in the incubator, bubble formation inside of the channels appeared as well as branch-like
structures in the PSA layer of the microfluidics component. (b) A difference in effluent volume between the reservoirs. (c) Location
specific fibroblast death inside of the Emulate chips.

5.2. Experiment 2: sensor and linking functionality validation

The aim of the second experiment was to prove sensor functionality and test the barrier integrity of the cells.
In this experiment, HUVECs were grown in the basal channel of the chips and Caco-2 cells were grown in
the apical channels. Fluorescent labeled dextran is added to the basal reservoir for chip #1 and perfused for
several hours to make sure the particles have time to travel from the input reservoir to the output reservoir.
During this time, the fluorescence can be measured in all of the output reservoir to determine the ratio of
particles that traveled along the basal channel, or crossed the cell barrier over to the apical channel. Also,
TEER measurements are performed to keep track of the barrier integrity.

At a later point in time ethylene glycol-bis(S-aminoethyl ether)-N,N,N',N'-tetraacetic acid was added to the
basal reservoir of chip #1. EGTA is known for its disruptive effect on tissue barriers [149]. From this moment,
fluorescence measurement, TEER- and O, measurements are performed. It is hypothesized that in the first
hours the barrier resistance measured by the TEER sensors in chip #1 will decrease, while the barrier resis-
tance in chip #2 is unaffected. Also the O, values are expected to remain constant for both chips and the
fluorescent values in the output reservoirs for chip #1 should increase while the fluorescence in the output
reservoirs of chip #2 should be zero.

After 3 hours, when the liquid from the apical channel has been fully run through with fresh liquid, it is
expected that the barrier resistance also drops in chip #2 and that fluorescence levels in the output reservoirs
for chip #2 also show an increase. Observing these phenomena would imply that the added EGTA distributed
the barrier function of the Caco-2 cells and HUVECs allowing the fluorescent labeled dextran and excess EGTA
particles to pass over to the apical channel. The particles then continue through the connecting channel over
to chip #2 where the EGTA again causes a barrier function decrease and allowing particles to pass over to the
basal channel. A schematic overview of these different processes are shown in Fig. 5.6.

Cell culture

The Caco-2 cells and the HUVECs were cultured 10 days in a T-75 flask before they were transferred to the
sensor chips. General protocols for these cell lines were used during in this stage [150][151]. A cluster of
Caco-2 cells after 10 days of culture in a T-75 flask can be observed in Fig. 5.7a.
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Chip activation

The same parameters for the fibroblasts were also used for the Caco-2 cells and HUVECs as is explained in
the previous section. The only difference was that the Caco-2 medium was used for the apical channel and
HUVEC medium for the basal channel. Caco-2 medium consists of DMEM with 10% fetal bovine serum, 1%
non-essential amino acids (NEAA), 50 uM thioglycerol and 25mg/ml gentamycin. The medium for HUVECs
consists of DMEM with 5% FBS.
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Figure 5.6: Experiment 2 set up. At t=0 only the basal input reservoir of chip #1 has fluorescent dextran which is only detectable in the
basal output reservoir of chip #1 because the cell barriers are intact. At t=1 EGTA is added disrupting the barrier function and allowing
for particles to pass over to the apical channel of chip #1. At t=2 the particles have had enough time to flow all the way over to chip #2
where the EGTA also disrupts the barrier integrity and allows particles to disperse over to the basal channel of chip #2.

Chip seeding

The procedure for loading the Caco-2 cells and the HUVECs into the channels of the sensor chips is similar
to the fibroblast procedure in the previous section. However, because in this experiment both channels need
to be seeded, an additional step was necessary. After the 2 hour incubation of the Caco-2 cells inside the
apical channel, the HUVECs are seeded into the basal channel. The chips are then placed back inside the
incubator upside down. This allows gravity to sink the cells onto the membrane which will eventually make
them adhere. Fig. 5.7b and Fig. 5.7c show the Caco-2 cells and the HUVECs after seeding inside of the apical
channel and the basal channel of the sensor chip respectively.

Figure 5.7: Experiment 2 cells in culture. (a) Clump of Caco-2 cells inside a T-75 flask.(b) Caco-2 cells in apical channel of the chip after
seeding. (c) HUVECs inside the basal channel of the chip after seeding.
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Static in-chip cell culture

After seeding the cells into the channels of the sensor chip, the cells were grown for 10 more days before the
sensors chips would be placed inside of the linking system. During these 10 days the cells would be cultured
in static conditions (Fig. 5.8). The basal channel was provided with 200ul of fresh HUVEC medium and the
apical channel was provided with 200ul fresh Caco-2 medium every 24 hours.

Figure 5.8: Static HUVEC and Caco-2 culture in sensor chips. Medium was refreshed every 24 hours and pipette tips were left in to
prevent the channels from drying up overnight.

5.2.1. Results

After 10 days of static culture of the Caco-2 cells and HUVECs inside of the sensor chips cell death occurred
(Fig. 5.9). Possible explanations for this event is explained in the next Chapter. The experiment could neither
be continued nor started again due to limit time at the Wyss Institute.

Figure 5.9: Cell death occurred in the first 10 days of culturing the cells inside both sensor chip #1 (top left and bottom left) and sensor
chip #2 (top right and bottom right).
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5.3. Summary

This Chapter tried to prove the functionality of the final design and substantiate the added value of the linking
and the integrated sensors. The first experiment showed the biocompatibility of the system by demonstrating
fibroblast growth in the first five days of culture. The second experiment aimed to link two gut models
together and validate its barrier function using sensors and fluorescently labeled dextran. A manufacturing
error made it necessary to culture the cells inside of the sensor chips in a static environment. During the
final phase of the sensor chip fabrication process, the top layer of Imm PDMS did not fully adhere to the
thermal adhesive layer. This issue had occurred in previous batches as well and caused leaking in the long-
term between these two layers. It was decided that the cells could be cultured statically inside the sensor
chips, before loading them into the linking system. This would reduce the amount of time that the cells are
under flow, but also decreases the possibility of any leaking occurring. Cell death occurred during this phase
and the experiment could not be conducted. The next Chapter tries to elaborate on this issue and discusses
other matters including the design and the simulations.






Discussion

In this part the results from the previous Chapters are interpreted, their significance is
discussed, and suggestions for future research are presented.

6.1. Design

The final design shown in Chapter 3 has partly proven its functionality during the tissue culture experiments
described in Chapter 5. Although it satisfies the most important requirements (e.g. compactness, biocom-
patibility, inexpensiveness etc.), certain aspects could be adjusted to improve its functionality and usability.

¢ The biggest improvement would be to replace the way the microfluidic component is connected to the
chips. In the current design, this is done with five screws and nuts pressing down on the microfluidic
components creating a seal. 400um thick PDMS rings are added around the ports to account for any
variability. Although this provides a sufficient connection, it is not user friendly. Screwing down the
nuts on the screws in a tissue hood while wearing gloves, all the while keeping the components aligned,
can be challenging. A structure that can be clamped down with one movement would significantly
improve this step.

* The second design suggestion would include a single connector from the reservoirs to the microfluidic
component. In the current design this link consists of eight separate connections which require the use
of epoxy glue to attach steel rods to the microfluidic component. This step in the fabrication is time
consuming and prone to errors. When the epoxy is not viscous enough, it can seep into the channels
causing a blockage. The set epoxy is also prone to detaching from the PMMA which causes leakage. By
designing a component that accounts for these issues, the fabrication process would become signifi-
cantly faster and reliable. Additionally, this would decrease the channel length since the tubing going
from the reservoir to the microfluidic component currently accounts for 29.2% of the total distance of
the longest path.

¢ To improve the compactness of the system, a redesigned control unit for the pumps that is reduced
in size would greatly impact on the total size of the system since that component accounts for 40% of
its overall size. The current control unit has been built for functionality using a Raspberry Pi 4 micro-
controller, but plenty of smaller alternatives exist.

* Another design change would be to add internal sensor components into the base to make the system
truly autonomous. Using the system as its present form, an external laptop and potentiostat needs to
be connected in order to do TEER readings and the chip and reservoir holder need to be detached to
complete the O, measurements. This makes doing measurements time consuming and exposes the
system to an outside environment, increasing the risk for contamination. Small sensor components
like potentiostats and optical O, sensors are commercially available ! and would make the system more
complete overall.

1Companies like Metrohm (https:/ /www.metrohm.com/) and Pyroscience (https://www.pyroscience.com/) offer such components.
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¢ The final major change in design would be to include the mixing geometry that is discussed in Chapter
4. Not only would this mean changing the basal SEBS layer (as proposed in Appendix C.3), but also
adding a fifth pump that extracts excess fluid from the flow that continues on to the second chip. This
would make sure the second chip receives the same flow rate as the first chip. Additionally, the current
peristaltic pumps were observed to deliver short bursts of motion which could potentially influence
the fluid flow and therefore the cell behavior. Ideally the next design uses pumps that induce a more
constant flow.

Besides these main design changes, it is also recommended to future researchers at the Wyss Institute to not
use the Epilog Legend 36EXT laser cutter for fabrication of the microfluidic component. This laser cutter
uses different versions of software, some of which are not compatible anymore, and causes inconsistencies
in the locations of the cut outs. Appendix C.4 shows an example of these inconsistencies. This issue caused
a significant time delay and has not yet been resolved. The biosensors group has acquired a new laser cutter
because of this issue and it is recommended to use this machine for fabrication.

And finally it is also recommended that future researchers experiment with thicker layers of SEBS (100um -
200pum). Bigger thicknesses reduce the likelihood of bubble formation and make the material easier to work
with.

6.2. Mixing study

The main takeaway of the mixing study was that the flow rate and the specific channel dimensions causes the
flow to have a very low Reynolds number, implying that the mixing coefficient is mainly diffusion dominated
and that convection has little effect. The simulations supported this finding and in turn the experiments
supported the simulations. We saw that adding obstacles or decreasing the channel width had the biggest
positive effects on the mixing index and that adding curved turns has little effect. Both of these findings are
in line the fact that the mixing is diffusion dominated and that the driving parameter is diffusion distance.
Adding sharp turns or increasing the channel width has a negative effect on the mixing index. This seems
counter intuitive as these geometries should not affect the diffusion distance. However, certain dead-zones
are present in the sharp turns which increase the diffusion distance temporarily (See Appendix D.2 for more
information). This would explain the decreasing mixing coefficient with a increasing number of sharp turns
The final mixing geometry consisting of a serpentine structure with a width of Imm and a length of 60mm
was chosen because it fit within the reserved area on the microfluidic component and showed sufficient
mixing for compounds with a low diffusion coefficient (Fig. 4.6). Moreover, this geometry is compatible
for fabrication with the laser cutter. Although this study offered some valid insights into the best mixing
geometry, several things can be improved in order to substantiate these findings even more.

First and foremost, every geometry was only vali-
dated experimentally once, therefore the experimen-
tal results may only serve as a hint and not as evi-
dence. It should also be noted that it was a challenge
to get consistent images from the outflow channels.
In order for the script to analyze the pixel's RGB
values, objects should have consistent lighting when
images are taken. Because of the differences in ge-
ometry and the transparency of the PMMA, some
images would contain shadows or have an inconsis-
tent brightness. This could be a reason for the large
difference in mixing performance between the sim-
ulations and experiments of the 1mm wide channel
(Fig. 4.6a). Additionally, due to the time constraint,
the final geometry was never tested experimentally Figure 6.1: Bubbles trapped in obstacle geometry. The sharp
which is recommended to make sure the mixing is as corners of the obstacles make it easy for bubbles to get stuck.
efficient as the simulations imply.

It is also interesting to note why the obstacles were not included in the final geometry despite their positive
effect on the mixing index. Two main reasons lie at the base of this decision. First, adding these smaller
structures would make fabrication of the SEBS material significantly harder. Second, during tests it was
observed that bubbles are prone to become trapped at the edges of these structures (Fig. 6.1).
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6.3. Cell experiments

The cell experiments served as a proof of concept of the linking system. It showed that cells can survive for
up to five days and that the system is capable of providing a consistent flow. From Fig. 5.4 it can be observed
that the cell shape becomes thinner as space runs out and how the confluency of the fibroblasts increases
until day 7, growing from a single monolayer to multiple layers. There is also a slight change in orientation
of the cells, showing to be more in line with the flow direction as time progresses. On day 8 the confluency
decreases dramatically and on day 10 some of the remaining dead cells are clearly visible. This event can be
traced back to the flow not passing through the apical channel as shown in Fig. 5.5b. This image also shows
that the fluid intended for the apical channel must have traveled through the membrane to the basal channel
of the first chip, since this reservoir contained twice as much medium after 48 hours than normal. A plausible
explanation for this could be air obstructing the passage of the flow through the channel that linked the two
apical channels. In Fig. 5.5a it is shown how the PSA released air that was trapped within the PSA and the
PMMA into the channels and bubbles started to form. A visual schematic of this explanation is shown in
Figure 6.2. This description could also explain the location specific cell death shown in Fig. 5.5c that was
observed on day 5. The absence of bubble formation and thicker cell layers on both sides of the membrane
could prevent this phenomenon from occurring in future experiments. This is why the second experiment
was designed to have a SEBS layer in stead of PSA and to have cells in both channels.

Chip #1 Chip #2

Legend

® Q = Fibroblasts
QU a Fafiafiefalafaiafiatatatats}aiiafjatiatafaafatia] ;

Apical flow

Basal flow

Figure 6.2: Visual representation of flow rerouting. A blockage in the apical linking channel caused by bubbles could have induced
location specific cell death.

The second experiment aimed to show sensor and linking functionality. Due to a fabrication inaccuracy, the
layer of Imm PDMS on top of the sensor chip did not adhere correctly. This layer ensures a good seal between
the chip and the microfluidic platform and any adherence issues of this layer to the chip will cause significant
leaking. It was therefore decided to culture the Caco-2 cells and HUVECs inside of the sensor chips under
static conditions. The channels were washed and provided with fresh medium every 24 hours and the pipette
tips were left in the ports to prevent the channels from drying up, as shown in Fig. 5.8. An explanation for
this event could be that the refresh frequency of once every 24 hours was not enough for to keep the Caco-2
cells and HUVEGC: alive. This, however, would be quaint since the pipette tips all contained about 400ul extra
medium. Nutrients in the pipette tips could have reached the cells via diffusion. Another explanation could
be that the cells themselves were damaged prior to the start of the experiment. Due to the big clumps shown
in Fig. 5.7a the cells were subjected to trypsin for longer than usual, which is known to cause cell death. This
could have impacted the cells even though they initially looked healthy after seeding.






Conclusion

The research goal of this thesis was to create an easy-to-fabricate and compact system for the set up of the
Wyss Institute that could link a gut OoC model with a BBB OoC model that can keep track of O, levels and
measure TEER values.

This thesis focused on using accessible and fast fabrication techniques to create the linking system and tried
to partly prove its functionality via multiple days of cell culture. Additionally, it investigated the most efficient
geometry to mix two fluid flows.

By using 3D printing and CO; laser cutting to fabricate main components, an inexpensive and easy to as-
semble platform was created that takes only a day from start to finish to build and is compact enough that
several systems fit inside a single incubator. The whole assembly consists of a pump unit, a chip and reservoir
holder, a microfluidic component and a base. The system uses 4 DC peristaltic pumps to perfuse the medium
from the four input reservoirs, through the microfluidic component and the chips, to the output reservoirs.
The detachable pump heads make it possible to detach the chip and reservoir holder and the microfluidic
component from the base and pump unit to be used for imaging without introducing air into the channels.

The tissue culture experiment using fibroblasts made two things evident. Firstly, that the system was fully
biocompatible. No contamination or cell death was found after 5 days of culture and medium outflow seemed
normal. Second, that using PSA as a material from which the channels were cut was not sufficient. After five
days of incubation, the PSA would detach from the PMMA and air would be introduced into the channels
preventing the medium to flow through the channel freely. In order to resolve this issue, PSA was replaced
with a SEBS polymer layer that showed sufficient binding to PMMA in additional experiments (Appendix C.2).

The second tissue culture experiment that was planned to prove sensor and linking functionality could not
be conducted due to cell death that occurred in the 10 days prior to the experiment. Thus, full system
functionality still needs validation.

Additionally, the project used COMSOL simulations and experimental data to find an efficient geometry for
mixing two fluid flows. A serpentine geometry with a length of 60mm and a width of 1mm was deemed most
convenient for mixing the two flows with diffusion being the main driver.

This research implies that the developed system can function as a foundation for a completely autonomous
linking platform with integrated analytical components. It has partly proven its functionality, and both the
mixing study and the tissue culture experiments provided important information for improvements that can
be implemented into future iterations. It is advised that future researchers of the Wyss Institute focus on
developing sensor components that can be added into the base of the system and to integrate the proposed
mixing geometry.
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Title: TEER-O2 sensor integrated chip linking system fabrication protocol

Author: Stijn (robbenstiin@gmail.com)

+31628149709

TEER-02 sensor integrated chip linking system fabrication protocol Date: 08.02.21

Fabrication

Materials:
Before starting, make sure there following materials are in stock:

1.

©oNDU A WN

10
11.
12.

4 DC peristaltic pumps from Tagasago with screw holes

5 M2.5 screws and nuts

1 pump control unit made by Hani Sallum

5 minutes epoxy glue

Two rectangular spring-loaded connectors from Mc MasterCarr
One 25 DB-sub female connector from Mc MasterCarr
Standard wiring

1.5mm PMMA

100um SEBS or double-sided adhesive (preferably 150um)

2 sets of 4 4.5ml fluid reservoirs from Chipshop

Standard tubing with Imm inner diameter

Hollow steel rods with 0.5 inner diameter and 1mm outer diameter

3D printed components:

1.
2.
3.

Reach out to Paul or John to get the Fortus 400 3D printer training.
Print the .STL files named “Base”, “Chip & reservoir holder” and “Pump housing”.
Print job will take up to 18 hours in total.

Microfluidic component:

1. Reach out to Paul or John to get the Laser cutter Epilog Legend 36EXT 75watts.

2. Cutout the .DXF files “Bottom layer”, “Middle layer” and “Top layer” using the settings in the
table below from a 1.5mm PMMA sheet

Speed Power Frequency

17.5mm PMMA 20 60 5000

3mm PMMA 20 70 5000

PSA 100 20 2000

100um SEBS 75 15 2000

3. Cutout the .DXF files “Basal layer” and “Apical layer” from the PSA or 100um SEBS material
using the settings in table above.

4. Cutout 8 of the .DXF file “Seal to chip” from the PSA using the settings in the table above.

5. Clean the PMMA parts with IPA and place the bottom PMMA layer on a flat surface the face
down that will be in contact with the chips.

6. Carefully remove the plastic from the basal PSA or SEBS material layer.

7. Slowly lower the exposed side of the PSA or SEBS layer on top of the PMMA part making sure
that all the ports and cut outs are aligned.

8. Remove any trapped air with fingers in a rolling motion.

9. Remove the other plastic layer of the basal layer exposing the PSA or SEBS material on this side.

10. Repeat steps 7-9 for the middle PMMA layer, the apical layer and the top PMMA layer.




Title: TEER-O2 sensor integrated chip linking system fabrication protocol | Author: Stijn (robbenstijn@gmail.com)
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11.
12.

13.

14.

15.

16.
17.

18.
19.

20.

Place the complete assembly in a 85C oven with as much weight on top as possible overnight.
In the meantime, make a slab of 400um PDMS using the following protocol:

a. Prepare PDMS (Ellsworth Adhesives #4019862) at a 10:1 ratio. Pour desired amount of
PDMS base in a Thicky cup and add 1/10™" of that mass of curing agent.
Weigh PDMS + white Thicky cup holder (found in the Thicky mixer).
. Adjust the counterweight balance inside the Thinky Mixer with the appropriate weight.
d. Place the holder with the cup of PDMS inside the mixer, ensuring that it is properly
secured in the slot.
e. Setthe mixer to program 1 and press start.
f.  While PDMS is mixing, cut a 150mm x 150mm square sheet of clear, 1mm thick
polycarbonate plastic (McMaster-Carr #85585K28). Remove the backing and clean with
IPA and a cleanroom wipe.
g. Place the PC sheet in the spin coater over the 4in size chuck and pour PDMS over the PC
sheet. An appropriate amount of PDMS will cover the entire size of the chuck.
h. Cycle through recipes by using (1l). Recipe 12 = 400um thick PDMS
i. After selecting the recipe, press start and wait until spin coater displays the message
“remove coated part”.
j.  Place the PDMS covered PC sheet on a cleanroom wipe and transfer to vacuum
desiccator.
k. Leave PDMS slab in the chamber for 2 minutes or until air bubbles are removed.
I.  Once degassed, move slab to 60C oven and let cure for at least 1 hour. PDMS slab may
also be placed in 80C oven for 30 minutes.
m. Use PET/PC film as a protective layer for storage and handling. Films can be found in
large bin under middle bench (bench under desiccators).
n. Cut film to size of PDMS slab, clean with IPA and a cleanroom wipe, and dry with
compressed air.
Use the plot cutter to cut out the .DXF file “Seal to chip” 8 times from the PDMS slab using the
CB15U-60 blade at 500um height, speed of 1, acceleration of 1, cut force of 23 and and offset of
0.
The next day, get the microfluidics component out of the oven and get the PSA and PDMS
cutouts of the “Seal to chip” file.
Remove the plastic layer from the PSA cutout and place it around the ports of the bottom
PMMA layer that will be in contact to the chips. Do this for all 8 cut outs.
Remove the second plastic layers of the PSA rings that are now attached to the PMMA part.
Place the total assembly into the plasma machine together with the PDMS rings cut-outs placed
inside of a small plastic dish in such a way the the surfaces are exposed to the gass
Treat the surfaces with the “PMDS bonding” program.
Take the PDMS rings and PMMA-PSA assembly out of the plasma machine and attach the
exposed PDMS surface to the PSA exposed surface and apply pressure with your fingers for
about 10 seconds.
Use 5 minutes epoxy glue to attach the steel rods to the inlet ports on the top part of the PMMA
layer, making sure the glue does not block the channel. It is best to wait 3 minutes after the glue
has been mixed so that it is more viscous and can not seep into the channels.
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Base fabrication:

1. Take the 3D printed base, 4 colors of wiring, 2 rectangular spring-loaded connectors and the DB-
sub to the solder station

2. Cut the wiring to a sufficient length and strip away the plastic at the ends

3. Push the rectangular spring-loaded connectors through the rectangular openings in the base,
making sure that the gold connectors are facing outwards and the four pins are facing towards
the narrow part of the base.

4. Add a bit of flux fluid on the connector pins and solder the end of the wiring to the pins, add two
heat shrink tubes on top of the wire and solder the other end to the correct DB-sub pins as

shown in the figure below.

5. Move the heat shrink rubbers over the soldered part and use the heat air blower to shrink them
(make sure not to hold it too close otherwise the plastics of the wires will start to melt.)

6. Fix the DB-sub connector to the base with the two screws and nuts.

Chip & reservoir holder fabrication

1. Getthe 5 M2.5 screws and move them through the screw holes from bottom to the top,
exposing the wire side on the top.

2. Use 5 minutes epoxy glue to secure them in place.s
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Pump unit fabrication

1. Solder the wiring in a consistent order to the pumps

2. Move the wires through the pump holes in the 3D housing so that the pump heads are
positioned in the correct position.

3. Connect the other ends in a consistent order to the control unit by screwing down the
connector screws.

4. Use 8 M2 screws and nuts to attach the pumps to the 3D housing.
PMMA assembly holder

1. Laser cut the .DXF files “Platform holder #1” and “Platform holder #2” out of 1.5mm PMMA.
2. Use 5 minutes epoxy glue to attach #1 to #2

Assembly

1. Assemble everything to recreate the image below:
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2. Connect the reservoirs, tubing and pump heads to recreate the images below

Usage

1. Inthe TC hood, make sure the chips are seeded properly and on top of the inlets and outlets a

small droplet of excess medium is present.

2. Use the prime holder to elevate the microfluidics component up a few cm’s.
3. Run the perfusion speed at 30ul/min for about 5 minutes or stop when droplets have formed at

the end of the channels.
4. Use buttons 1 and 3 to toggle between pumps (1-8)

5. Use buttons 2 and 4 to increase or decrease the flow rate (1-30ul/min)
6. Remove the prime holder and place the chips in the system while holding the microfluidics

component up.

7. Slowly lower the microfluidics component onto the chips making sure the inlets and outlets of
the microfluidics component align with the inlets and outlets of the chips.
8. Secure everything in place by screwing the nut down, starting with the one in the middle.

s 4
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Appendix - Fabrication optimization and
issues

Power 20 Power 15 Power 20 Power 15

Figure C.1: Edge smoothness of channels with varying width cut from SEBS material at varying laser cutter settings.
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C. Appendix - Fabrication optimization and issues

Figure C.2: PMMA-SEBS assemblies that were not plasma treated and were kept in a 90°C oven of 1 hour ere perfused with water and

food dye for 7 days.No leaking occurred during this time.

o

I

«

O O O
)

/
()

Figure C.3: Proposed mixing geometry incorporated connecting the two basal channels of the chips.
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Figure C.4: Two sheets of PMMA cut from the same file with the same software settings. Variation in cut out locations can be observed.
Some variations would be several millimeters, making correct alignment impossible.

Figure C.5: 3D printer issue. Specific designs could not be printed due to insufficient support, causing the printer to extrude material in
avacuum.
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Figure C.7: PDMS and PSA rings around ports. (a) PDMS rings. (b) PSA rings. (c) The PMMA-PSA-PDMS assembly.



Appendix - Mixing study
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Figure D.1: Mixing setup. In order to see how geometries perform in terms of mixing, a syringe pump (1) was used to perfuse two types
of food dye (2) through a microfluidic PMMA-PSA assembly (3).
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78 D. Appendix - Mixing study

Figure D.2: Zigzag geometry analysis. The geometry in the sharp turns create a longer diffusion distance. The maximum diffusion
distance in these turns is 2.81mm (x) compared to 2mm the rest of the geometry. This region is shown with the blue pattern.



Appendix - Sensor chip details

Figure E.1: Backside of the sensor chip.
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Appendix - Sensor read-outs

()

Figure E1: Oy read-out instruments from Pyroscience(Images obtained from https://www.pyroscience.com/en/). (a) A flexible fiber
optic cable with a diameter of 2mm. (b) A Firesting O meter. (c) Complete setup used for O readouts including: 1. the Firesting meter
2. afiber optic cable 3. A temperature sensor 4. A heat tray and 5. A laptop with the Pyroscience software
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Figure E2: Ivium potentiostat used for TEER read-outs.
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