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General Introduction

1. Introduction

Imagine you are sitting at the dinner table eating your favourite dish, pasta
pesto for example, never wondered how the body takes up the nutrients from
your favourite dish to fuel the muscles of your body. Or how a medicine you
orally ingest is taken up via your intestines and subsequently helps to relieve
a headache. Not to mention, what happens when you ingest a toxin through a
piece of shellfish. In the fields of nutrition, drug development and toxicology it
is of majorimportance to know how a certain chemical is absorbed, distributed,
metabolised and excreted (ADME) by the human body.

It all starts in the mouth, where the food is chewed and physically broken
down into smaller parts. The salivary glands start producing saliva, inducing
the enzymatic hydrolysis of starch by the enzyme amylase and they add water
to the mixture [1]. By the addition of water, the food mixture can easily move
down the oesophagus by peristaltic motion into the stomach (Figure 1.1). At
the end of the oesophagus is a sphincter (circular muscle) that relaxes when
food needs to pass through, for the most part this sphincter is closed to prevent
stomach content from flowing back into the oesophagus. In the stomach
the ingested compounds encounter a low pH, causing the denaturation of
proteins. Furthermore, the enzyme pepsin breaks down proteins into smaller
peptides, being most effective in cleaving the bond between amino acids
with a hydrophobic side chain, like tryptophan, tyrosine and phenylalanine
[2]. The stomach is connected to the small intestine via the pyloric sphincter,
which slowly empties the stomach content into the small intestine. Upon
reaching the small intestine the pH is neutralized and enzymes produced
by the pancreas are added, like proteases and lipases, to further digest the
chemicals [3]. A last addition comes from the gall bladder in the form of bile
that is helping the emulsification of the fat present in the food mixture [4].
After digestion only the free, or bioaccesible, fraction of dietary, drug or toxic
compounds are available for transport across the wall of the small intestine.
After passing the intestinal wall the compound reaches the systemic blood (or
lymphatic) circulation. Followed by metabolism in the liver and subsequently
the compounds are distributed to their target site in the body. Finally, the
compounds and metabolites thereof are excreted by the body, usually via the
kidneys (urine) or the faeces.
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For the risk assessment of toxins or the development of novel drugs
good predictions of internal exposure to the bioactive component is crucial.
Working in a step wise manner to establish these predictions is essential.
Firstly, assessment of compound stability in the digestive tract upon exposure
to different salt concentrations, pH levels and digestive enzymes. Secondly, is
the compound in such a configuration it can be taken up by the small intestine.
The fraction that is taken up is called the (oral) bioaccesible fraction. From a
mechanistic point of view it is also interesting to know by which route the
compound is absorbed by the intestine. And if the compound undergoes any
metabolism inside the intestinal cells before reaching the bloodstream.

To answer all these questions laboratory model systems for the human
digestive tract are of great use. In the following part of this introduction the
main functions and important anatomical characteristics of the small intestine
will be described in more detail followed by discussing model systems that
are currently being used to recapitulate and better understand the processes
that go on in the gastrointestinal tract upon ingestion of a compound. These
studies cannot be performed without robust detection methods. Therefore,
the state-of-the-art model systems with integrated analysis are discussed. The
introduction ends with the outline and aim of this thesis.

Figure 1.1: Anatomy human gastrointestinal tract
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General Introduction

1.1 Small intestine

The small intestine is the most important part of our gastrointestinal tract for
the absorption of chemicals and it consists of three distinct regions, namely:
the duodenum, jejunum and ileum. The duodenum is the first section after
the stomach, here the bile and pancreatic secretions enter the intestine and
Brunner’s glands are present in the duodenal wall. These glands produce an
alkaline secretion to neutralize the acidic content coming from the stomach,
optimizing the environment for intestinal enzymatic digestion [5]. The middle
section of the small intestine is the jejunum and most nutrients are absorbed
here. The last section of the small intestine is the ileum where compounds not
absorbed by the jejunum are taken up. Furthermore, the ileum contains lymph
nodules, known as Peyer’s patches which are not found in the duodenum and
the jejunum [6].

Looking more closely at the anatomy of the intestinal wall you will find
roughly three layers: the muscular layer, the submucosa and the mucosa. The
muscular layer as the name already suggest contains muscles both in circular
and longitudinal direction. Allowing for the peristaltic movement of the
intestine, directing the food down the intestinal tract. Next in the submucosa,
you find blood and lymphatic vessels together with connective tissue and
nerves.Finally, thelastlayerontheinside of theintestinal tractis the mucosa.The
mucosa consists of the lamina propria, a layer of connective tissue containing
immune cells and the innermost layer the epithelium. The epithelium is the last
layer that lines the inside (luminal side) of the small intestine and consists of
finger-like structures, called villi, they increase the surface area of the intestine
to promote absorption (Figure 1.2).

Six different cell types are found in the (small) intestinal epithelium, namely:
stem cells, Paneth cells, microfold (M) cells, goblet cells, enteroendocrine cells
and enterocytes. The stem cells and Paneth cells are located at the bottom of
the crypts of the small intestine (Figure 1.2). From the stem cells in the crypts
all other epithelial cells originate and migrate to the tops of the villi where they
are shed. This is a continuous cycle of epithelial renewal and takes 3-5 days
[7]1, while at the same time maintaining the integrity of the intestinal barrier
[8]. Paneth cells are part of the innate immune system in the intestine and
can be recognized by the large granules in their cytoplasm. These granules
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Figure 1.2: Intestinal epithelium with the five main cell types

contain compounds that aid in the host defence mechanism against harmful
pathogens [9]. M cells are found within the Peyer’s patches in the ileum and
their main function is to transport antigens present in the lumen towards the
cells of the immune system. Along the crypt villus axis, you find the goblet
cells, enteroendocrine cells and enterocytes (Figure 1.2). Goblet cells are
mucin producing cells and the mucus creates an extra barrier on top of the
epithelium, decreasing the translocation of highly diffusible small molecules
and increasing the transport of hydrophilic compounds [10]. Moreover, the
mucus layer protects from mechanical induced damage and forms a barrier
between the epithelium and the non-commensal bacteria in the lumen.
Enteroendocrine cells occupy less than 1% of the epithelium, however they
secrete hormones and peptides that influence important pathways in the
intestine like, energy metabolism, intestinal motility and mucus secretion [11].
Lastly, the enterocytes are the most abundant cell type in the small intestine and
play a crucial role in the absorption and translocation of compounds: during
translocation a compound enters the enterocytes, from where it can undergo
metabolism, and is excreted towards the systemic circulation, or is routed back
into the intestinal lumen [12]. Furthermore, enterocytes express microvilli at the
apical side of the cells increasing the surface area, aiding absorption. All cells
are tightly connected to each other by tight junction proteins, to form a closed
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membrane. More than 40 different proteins are involved in the formation of
tight junctions, both intracellular and extracellular membrane proteins [13].

Besides the properties of the epithelium, the specific properties of a
chemical, like size, charge and hydrophobicity greatly influences the transport
of the chemical. Water and electrolytes can freely diffuse para-cellular (in-
between the cells). Lipophilic compounds are assumed to be exclusively
transported by the passive trans-cellular (through the cell) route (Figure 1.3).
While, nutrients are mostly transported via active carrier mediated transport.
Some hydrophobic drugs, depending on their chemical properties and
structures, may also be translocated via active transporters (Figure 1.3) [10, 14].

Figure 1.3: Four translocation pathways of the intestinal epithelium. 1) Transcellular (passive diffusion),
2) transcellular (transporter mediated), 3) paracellular (passive diffusion) and 4) transcellular (endocytosis
and/or receptor mediated)

To fully understand what happens when chemicals are taken up by the
small intestine, laboratory models are of great use. Several different models
exist for bioavailability studies like, animal models, barrier models using
intestinal cell lines, organoids and the most recent development the gut-on-
a-chip. In the next part of this introduction these models for translocation and
biotransformation across the intestinal epithelium will be discussed. Stating
the biggest advantages and disadvantages of each model system. Followed
by the technological advancements of integrating a dynamic in vitro model
system of the intestine with high-end analytical detection systems.

15




Chapter 1

1.2 Intestinal epithelial models

Biological model systems can range from full organisms, like animals to single
cells. A biological model system is used to study a biological phenomenon in a
controlled setting with the intention to translate this information to the human
situation. The main reason for using model systems is that most research
would be deemed unfeasible or unethical to perform in humans. On the other
hand, the biggest difficulty when using model systems is how translatable
the observations are to the human situation. Therefore, better biological
model systems are desired and there is a need for robust detection methods
to study these models. The gastrointestinal tract is one of the most complex
and fascinating sites in the human body as it can protect us from exogenous
compounds and pathogen invasions, but tolerates the harmless bacteria
that aid in digestion. Furthermore, it effectively takes up nutrients from our
food. One of the biggest challenges within the field of intestinal biology is the
development of physiologically relevant model systems that better represent
the human intestine. Before designing an experiment, scientists must assess
the tools and methods available for establishing an appropriate model system
capable of answering the research question at hand. Many different model
systems exist for the gastrointestinal tract all allowing the investigation of
different aspects, like transport of nutrients and chemicals, responses of the
mucosal immune system or interactions with the microbiome either in a
healthy or diseased state. In this thesis, the focus is on the bioavailability and
uptake of chemicals by the intestine, below model systems suited for that
purpose are discussed.

1.2.1in vivo/ ex vivo

In the scientific literature several different animal species are used to study
oral bioavailability of a compound, like mice, rats, dogs, pigs and non-
human primates. However, the translation of this information to human oral
bioavailability depends on the knowledge available on the physiological,
anatomical and biochemical differences between the animal model and a
human. In the early stages of drug development generally two types of animals
are used a rodent (e.g. mice or rats) and a non-rodent (dogs, pigs or non-human
primates). In the field of toxicology mostly rodents are used as animal model
[15]. Advantages of using mice and rats are the relatively low costs compared to
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other animals and a lot of permeability data is available for these animal models
[16]. However, still many drug candidates fail at the clinical stage due to the bad
predictive power of an animal model. Considerations to take into account when
correlating rat data with human data are that rats have a different pH profile in
the Gl tract and a different transit time [17, 18]. Using non-human primates is
considered to be the closest animal model there is to humans, even though
differences still exist. Furthermore, the use of non-human primates is time
consuming, expensive and difficult to get accepted by an ethical committee.
Another larger animal frequently used is a dog, biggest consideration when
using dogs is that their stomach pH is on average much higher than that of
a human [19]. Besides differences between species that are hard to correct
for in calculations, performing an animal study has low throughput and it is
difficult to sample. Furthermore, because of the complexity of a full organism
changing a specific parameter can be difficult, for example comparing healthy
versus diseased. Along with the ethical issues involving animal testing the
biggest disadvantages using full animals for intestinal uptake studies is where
to sample (lumen/plasma levels).

A solution for this, is to take the intestine out of the animal and study
intestinal permeability in a more controlled setting. The two most important,
so-called ex vivo techniques are the everted sac and Ussing chamber technique.
The everted sac was firstly introduced by Wilson and Wiseman in 1954 [20]. The
main principle of the everted sac technique starts with the removal of 5 to 6
cm of small intestine and a washing step. The intestinal tissue is than everted
(turned inside out) and tied off on one end, subsequently it is filled with a salt
solution and tied off at the other end. Then the everted sac is placed inside an
incubation flask that contains the compound of interest [21]. Main advantages
of this technique are the presences of all cell types with their transporters,
metabolic activity and a relative large surface area. However, the everted sac
is only viable for up to two hours and the presence of the muscular layer of
the intestine results in an underestimation of the absorption of the chemical
studied [21]. The Ussing chamber was invented by Hans Ussing in 1951 [22], an
intestinal section is taken from an animal and opened, subsequently it is placed
as a flat sheet in a chamber to create an apical and a basolateral compartment.
Microelectrodes are integrated into the system to detect current changes of
the cellular membrane due to transport and both sides of the barrier can be
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sampled. Same benefits and issues apply for the Ussing chamber as for the
everted sac technique [23].

1.2.2 Static in vitro models

As discussed in the previous part, animal models have been the method
of choice for the interpretation of absorption of chemicals. However, the
translation to the human situation is hard to make. In 1959 Russel and Burch
described the three R’s principle for the use of laboratory animals, the three R’s
stand for refinement, reduction and replacement [24]. Stating the importance
of minimizing the pain and distress of the animals used for scientific purposes
(refinement), critically looking at the amount of animals needed to answer
the research question or increasing the amount of information obtained per
animal (reduction) and lastly replacing the animal all together for an in vitro
or computer model (replacement) [25]. The use of animals has already been
banned for the cosmetic industry [26] and more pressure is been put on the
scientific community to reduce the use of animals as well. Therefore, good in
vitro cell culture models are needed that give a more accurate prediction of the
human situation, compared to animal models. In vitro models are used to study
specific mechanisticin vivo processes in a simplified and well controlled manner.
Thus, cell lines can be a great way to investigate the transport of a compound of
interest through the intestinal epithelium, considering the specific properties
of the compound and the research question at hand. Ideally, primary intestinal
cell cultures are used for permeability studies expressing all cell types. However,
stable long-term cultures of primary intestinal cells have failed, therefore
researchers have established immortalized cell lines derived from intestinal
tumours for in vitro intestinal model systems. The most wide spread used cell
line is the human colorectal carcinoma cell line (Caco-2). Differentiated Caco-2
cells resemble mature enterocytes found in the small intestine, even though
the cell line is derived from the colon. Caco-2 cells include several influx and
efflux transporters from the ATP-binding cassette (ABC) and solute carrier (SLC)
transporter families [27]. As well as tight junctions between the cells, however
the tight junctions in a Caco-2 monolayer are less permeable compared to
the in vivo situation in the small intestine [28-30]. For transport studies Caco-2
cells are grown on a porous membrane insert, called the transwell, with cell
culture media on both sides creating a cellular intestinal barrier. Because Caco-
2 cells are universally used for mimicking the intestinal barrier a lot of data is
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generated for proper comparison to the in vivo situation. High correlations
between in vitro Caco-2 monolayers and in vivo data have been shown for
lipophilic compounds that cross the intestinal barrier via passive transcellular
diffusion [10]. Largest issue with Caco-2 cell cultures is that different culture
condition across labs can influence the cells and can lead to selection of cells
with certain differentiation characteristics during sub culturing [31]. Resulting
in different reported permeability of the same drug. Another drawback of Caco-
2 cells is the low expression of some members of the cytochrome P450 protein
family [32], like CYP3A4 which is the most prevalent oxidative enzyme involved
in gut metabolism in vivo [33]. A subclone of the Caco-2 cell line are TC-7 cells,
they have shown higher enzymatic activity compared to Caco-2 cells [34], but
otherwise show the same morphology. Caco-2 cells mimic the enterocytes
within the intestinal epithelium, the most important cell type for permeability
of compounds across the epithelial barrier. However, in vivo a mucus layer is
present on top of the epithelial cell layer introducing an extra barrier element.
A monoculture of Caco-2 cells lacks this characteristic. Therefore, a co-culture
of Caco-2 cells and a goblet cell line would be a closer mimic to the in vivo
microenvironment of the gut. HT29-MTX cells resemble intestinal goblet
cells and are derived from the parent cell line HT29 originating from a human
adenocarcinoma. The HT29-MTX cells have been modified so they produce
mucin, just like goblet cells, yet with a slightly different composition [35-371].
Generally HT29-MTX cells are grown in co-culture with Caco-2 cells resulting
in a layer of cells that produces mucus and the barrier is more lose compared
to a monoculture of Caco-2 cells, thus more representative of the in vivo
microenvironment [38, 39].

In 2009 Sato and colleagues developed a small intestinal model called the
organoid [40]. Organoids are three-dimensional (3D) cell cultures derived from
adult stem cells in intestinal crypts or from induced pluripotent stem cells
(iPSCs), reproducing complex cell-cell interaction and spatial morphology.
They are generally cultured within an artificial extracellular matrix (ECM) and
supplemented with a mixture of growth factors. Once the organoids are seeded
they start growing in a spherical shape with crypt like structures. The luminal
side of the organoid is on the inside of the sphere. All five different cell types
that are found in the epithelial layer in the human body are also present in
the organoid culture [41, 42]. Furthermore, just like in the in vivo situation cells
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shed into the luminal space. Using biopsies of patients to create an intestinal
organoid culture would be very beneficial for the development towards
personalized medicine [43]. Yet, the absence of supporting tissues like blood
vessels and the immune system limit the applicability of the organoid cultures
for pharmacokinetic studies and disease modelling. Another disadvantage
mainly for permeability experiments is the fact that the luminal side is on
the inside of the sphere and hard to reach. Adding to that, cells are shed
into the luminal space which causes the organoids to burst open at a certain
point releasing the debris of cells into the ECM. It is hard to predict when this
happens. A solution to this is the two dimensional (2D) growth of intestinal
organoids making the luminal side easily accessible just like in a traditional
transwell culture with immortal cell lines [44]. Another solution is introducing
flow either by puncturing an individual 3D organoid and using capillaries
to supply liquids [45] or by subjecting a 2D organoid culture to flow [46].
Characterization and applicability of organoid cultures for transport studies
is still in its developmental stages but looks like a promising replacement for
immortal cell lines.

1.2.3 Dynamic in vitro models

In the previous sections animal models and static in vitro cell culture models of
the intestine for permeability studies were discussed. However, over the past
decade techniques from the field of microfluidics have been incorporated with
in vitro cell culture models with the aim to better mimic the biochemical and
mechanical triggers present in vivo and eventually, together with improved
biology, eradicate (or at least reduce) the use of animals for research purposes.
The field quickly expanded with the development of the lung-on-a-chip by
Huh et al. (2010), where they have incorporated the mechanical triggers of
breathing and blood flow into the cell culture system [47]. After this a plethora
of different chip systems have been developed for almost every organ in the
body [48, 49], also for the intestinal tract. In its most basic form these intestinal
models consist of a cell culture chamber subjected to flow. The cell culture
chamber contains living cells derived from the intestine, either an immortal cell
line or an organoid culture. The incorporation of flow allows for the continuous
supply of cell culture medium for maintaining the cells and the induction of
in vivo like shear stresses on the cells. Several different names are used across
literature to describe these types of models like, gut-on-a-chip [50], dual
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flow bioreactor [51], intestine-on-a-chip [52], small intestine-on-a-chip [53],
gastrointestinal tract microscale cell culture analog [54] and more. In this thesis
the term dynamic in vitro intestinal barrier model will be used to describe all
types of intestinal cell barrier models that are subjected to flow.

Even though the core principals of dynamic intestinal models are similar
across literature, there are also many differences. Firstly, models described in the
literature can be roughly divided in two types of design. One design resembles
the traditional transwell, having a large round cell culture area [51, 55]. And
the other has a straight channel or tube-like design with relatively smaller cell
culture area [50, 56]. Secondly, different materials are used to fabricate the
cell culture systems. Polydimethylsiloxane (PDMS) is a popular material for
microfluidic chip fabrication [57], mainly because it is easy to use and cheap.
However, PDMS is known to absorb hydrophobic compounds and by this
limiting the exposure of a particular compound to the cells. Coating the PDMS
helps to reduce the absorption of chemicals to the surface [58]. Furthermore,
uncrosslinked polymer fragments can end up in the cell culture medium and
have toxic effects on the cells. Therefore, other materials have also been used
for dynamic intestinal models like, glass [59], polycarbonate [60] and poly
methyl methacrylate [61]. Because the main focus of organ-on-a-chip models
is to better mimic the in vivo microenvironment the models get more and more
complex. Like for the dynamic in vitro intestinal barrier model besides including
flow on the cells mimicking the bloodstream and the passing of the food matrix,
systems have incorporated peristaltic motion. This results in mechanical strain
on the cells by stretching and releasing of the cell culture membrane [50]. Just
like the traditional transwell system, dynamic intestinal cell systems are suited
for intestinal barrier function studies [62, 63] and uptake studies of nutrients,
drugs or toxins [64-66]. The dynamic model can even be expanded to study
the interaction with different cell types like cells from the immune system [67],
vascular system [52], and the microbiome [50, 68]. Especially, the addition of
the microbiome is a big advantage compared to static culture systems as there
the biggest problem was the overgrowth of the bacteria in the system with the
incorporation of flow the excess of bacteria is washed off [68]. Also, the ability
to grow under anaerobic circumstances has become possible in a dynamic cell
culture device [52]. Another benefit of having a flowing system is that different
organs can be connected via the bloodstream compartments of the individual
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organ-on-a-chip modules allowing for pharmacokinetics studies [55, 69,
70]. The biggest advantages of the previously discussed organoid cultures
are the presence of multiple cell types and the three-dimensional structure
representing the crypts and villi present in the human intestinal tract, dynamic
intestinal barrier systems are mainly flat cultures. However, some research
has shown the induction of villi like structures under flow [50]. Others have
tried to incorporate villi like scaffolds in the systems to incorporate the three-
dimensional structure on chip [71, 72].

Besides the many advantages of dynamic intestinal cultures on chip, there
are also some disadvantages (Table 1.1). Most work on dynamic in vitro cell
culture systems of the intestine are performed in academic laboratories and
thereis a high diversity in the designs of the models. This is making comparison
between the different models available difficult, furthermore most chips
require a skilled technician to perform a robust experiment. Luckily, in recent
years multiple companies have commercialized organ-on-a-chip technology
bringing down the costs and increase robustness and ease of use (Figure 1.4).
Analysing the dynamic culture systems has been limited to mainly antibody
staining’s, subsequently visualizing the presence of different cell types or for
example mucin proteins by confocal microscopy. Recently, more papers have
been focussed on characterizing the transport mechanisms in a dynamic
culture systems [59, 65, 66, 73-75], however still not enough to determine
a standardised system that can be used for drug development or for risk
assessment purposes.
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Table 1.1 Advantages and disadvantages of the different intestinal model systems for intestinal uptake

Model Pros Cons
Invivo  Animals ADME unethical
expensive
translation to human
sample location
Exvivo Everted sac presence of all transporters static environment
metabolically active short life span
animal origin
Ussing Chamber presence of all transporters static environment
metabolically active short life span
animal origin
Invitro Cell lines easy to use static environment
human origin no supporting tissue
cheap only limited number of cell
high through put types present
different metabolic/
transporter activity
Organoids all intestinal epithelial cell static environment
types present no supporting tissue
biopsy/iPSC/adult stem cells labour intensive
2D or 3D structure
metabolically active
Dynamic flow no generally agreed upon

intestinal models

some models included
peristaltic motion
possibility to include
automated online analysis

flow system

minimal literature discussing
intestinal permeability

no supporting tissue

Figure 1.4: a) QV600 system from Kirkstall,

b) human-microbial crosstalk (HuMix) model [76] c)

OrganoPlate from Mimetas [77], d) organ-on-a-chip system from Micronit Microtechnologies, e) four
organ chip from TissUse [69], f) Nutrichip [78] g) gut-on-a-chip [50]. Images e, f and g were reproduced
with permission from The Royal Society of Chemistry
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1.3 Integration of mass spectrometry with dynamic
cellular models of the intestine

Miniaturization of the cell culture models of the intestine and the inclusion
of flow in these models has the benefit of lower consumption of cell culture
medium (including antibiotics) and the compound of interest. However, this
also decreases the sample size for analytical measurements. Incorporation of
sensors and online coupling to analytical equipment is beneficial to validate
and improve the quality of data that can be gained from dynamic cell culture
models. Currently, only a few integrations have been made of dynamic in vitro
cell culture models of the intestine with analytical systems [52, 60, 64, 79]. Mass
spectrometry is one of the few analytical techniques that is suited for highly
sensitive multi analyte detection to analyse translocation and (un)known
product formation by the cells.

1.3.1 Mass Spectrometry

Mass spectrometry (MS) is an analytical technique that measures the molecular
mass of ionized molecules and fragments thereof based on their mass-to-
chargeratio (m/z). MSis a highly sensitive technique compared to spectroscopic
techniques such as ultra violet visible light (UV-Vis) absorbance spectroscopy,
vibrational spectroscopy (infrared and Raman) and nuclear magnetic
resonance (NMR). Mass spectrometry is used in many different fields of study
for the elucidation/identification of organic molecules and in inorganic analysis
of metals and salts. All mass spectrometers consist of three components: an
ionization source, a mass analyzer and a detector. The mass analyzer is at the
center of a mass spectrometer, it differentiates the ions based on their mass-
to-charge ratio. Several different types of mass analyzers have been developed
over the years. Quadrupole and magnetic sector mass analyzers are so called
scanning instruments, depending on the settings, only ions with a given m/z
pass through the analyzer at a time. A quadrupole instrument consists of four
parallel rods on which DC and AC voltages are applied creating an oscillating
field. The applied voltages affect the stability of the flight path of the ions in
between the four rods. For a certain set of voltages, only ions with a particular
m/z will pass and reach the detector. In other types of mass analyzers all ions
pass the mass analyzer and are eventually detected, for example in a time-
of-flight (TOF) or orbitrap instrument. In TOF mass spectrometry all ions in

24



General Introduction

the sample are accelerated with the same kinetic energy and, following the
kinetic energy equation E=0.5mv? the difference in velocity and, at a fixed drift
tube length, in flight time, separates the ions on the basis of their mass-to-
charge ratio [80]. Tandem MS instruments have multiple similar or different
mass analyzers in series allowing for the selection of a particular m/z value in
a first quadrupole analyzer, fragmentation in a collision cell (often a second
quadrupole) and MS analysis of a single or multiple fragment ion(s) by a third
mass analyzer (quadrupole, TOF, ion trap or orbitrap). After the (final) mass
analyzer the detector is positioned, for example a multichannel plate or an
electron multiplier, that converts the impact of the (fragment) ions into an
electrical current. But before, a molecule can be separated based on their m/z
in a mass analyzer it first needs to be ionized. The ionization techniques used in
this thesis are fully compatible with analysis-in-solution, i.e. the sample matrix
effluents from the dynamic in vitro model of the intestine. In the next section
the ionization techniques used in this thesis are discussed namely, electrospray
ionization and inductively coupled plasma ionization.

1.3.2 Electrospray ionization

The first electrospray ionization (ESI) source for MS analysis was developed by
the Fenn groupinthe 1980s[81], and resulted in the Nobel prize for Chemistry in
2002. Their work mainly focused on the detection of proteins [82, 83], however
the field extended to also measure other biopolymers, synthetic polymers and
small molecules. In particular small molecules with a polar character such as
drugs, food and environmental contaminants. With ESI the analyte is in solution
and pumped through a metal capillary to which a positive or negative high
voltage is applied (2-5 kV), as a result charged solvent is generated (Figure 1.5).
Due to the destabilization of the accumulated charges at the liquid surface and
the high electric field a so-called Taylor cone is formed, which was theoretically
described by Geoffrey Taylor for the first time in 1964 [84]. From the Taylor cone
charged droplets are produced that move along the direction of the electric
field towards the mass analyzer. The charged droplets become smaller due to
solvent evaporation and droplet fission. For small molecules it is assumed that
a charged analyte is created via the ion evaporation model, where the ion is
ejected from a charged nanodroplet. Whereas, for large proteins it is widely
accepted that charged analytes are created via the charged residue model.
Here, the nanodroplet completely evaporates transferring the charge to the
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analyte [85]. Finally, the charged analytes pass through a sample cone or heated
capillary interface into the high vacuum mass analyser. ESl is a highly sensitive
technique and has been coupled to high performance liquid chromatography
(HPLC) and capillary electrophoresis [86]. Furthermore, the electrospray emitter
has been integrated into a “plug and play” chip format containing an analytical
column [87]. In this thesis | have used the latter approach for the detection
of small molecules transported across a dynamic in vitro intestinal culture
system. This so-called iKey system consisted of a micro ultra-performance
liquid chromatography column (50 mm x 150 pm I.D.) in a credit card size
format, packed with 1.7 um C18 stationary phase particles and having an
integrated nano electrospray emitter. However, ionization suppression may
occur in ESI due to the coelution of salts, proteins, etc. present in the sample
matrix, thereby dramatically reducing the sensitivity of analyte detection by up
to several orders of magnitude. As a mitigation measure sample preparation
using, for example, a solid phase extraction (SPE) ‘trap’ column is crucial prior
to ESI-MS analysis.

Figure 1.5: Schematic representation of electrospray ionization

1.3.3 Inductively coupled plasma ionization

Inductively coupled plasma mass spectrometry (ICP-MS) is an analytical
method that ionizes, separates and detects a wide range of metal and non-
metal compounds (minerals), it is even suited for the detection of metal
nanoparticles in solution. Sample is introduced into the ICP-MS via a nebulizer,
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thus creating an aerosol. The droplets formed are directed towards an argon
plasma at a temperature between 6,000 to 8,000 Kelvin. The plasma is
maintained by a radio frequency generator providing a stable source of energy
through an induction coil (Figure 1.6). The argon plasma consists of electrons
and positively charged argon ions. Due to the plasma the molecular structure
of a compound is entirely lost, and molecules split into its individual atoms
that lose an electron, thus becoming positively charged. ICP-MS has excellent
elemental specificity based on m/z values and is therefore an ideal technique
for the (multi-analyte) detection of metal-based nanoparticles. Typical mass
analysers in ICP-MS are still quadrupole-based. An inherent limitation of the
argon plasma used in ICP-MS is the occurrence of interferences at specific m/z
values in the mass spectrum due to clusters of ionic species formed from the
argon gas. In many cases these interferences can be mitigated using tandem
or high-resolution mass analysers. For nanoparticle analysis the use of the so-
called single particle analysis mode is highly relevant, since it allows for the
detection of individual particles in a solution [88].

Figure 1.6: Schematic representation of inductively coupled plasma ionization. Ar =Argon

1.4 Aim and outline of this thesis
Currently, static in vitro cell culture assays are used in early phases of drug

development, food research and hazard identification of chemicals. However,
these in vitro models lack organ specific functionality, hampering mechanism-
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based research needed for novel drug development and next generation risk
assessment. Recent advances in microchip- and bio-engineering enabled the
development of organ-on-a-chip models. The main technical advantages of
organ-on-a-chip technology are the ability to spatiotemporally control the
microenvironment and the low reagent consumption. On the other hand,
micro-engineered organ-on-a-chip models may still lack robustness for
reproducible and bio-relevant studies. In addition, also the low flow rates
present a major challenge of organ-on-a-chip technology: how to detect
drug uptake and compound metabolism in real-time and at a high temporal
resolution at the microscale.

In this thesis a dynamic intestinal cell culture device is coupled to highly
advanced mass spectrometry equipment, aiming for automated and online
analysis of translocation of drugs, natural toxins and nanoparticles, while
maintaining the bio-integrity of the cell system. Apart from technical robustness
challenges, the fundamental chemical incompatibility between complex
biological systems used in cell culturing and the clean sample requirements
of sensitive advanced analytical instrumentation need to be resolved.
Furthermore, the dynamic cell culture model is placed outside of an incubator
for the integration with the mass spectrometer. However, physiological relevant
temperatures and pH levels still need to be regulated for a reliable biological
experiment. As well as the evaluation of the barrier integrity of the intestinal
cell layer an aspect largely overlooked by current literature.

In Chapter 2 an overview is provided of the current knowledge regarding
analytical techniques integrated with organ-on-a-chip systems. In Chapter 3a
a dynamic flow-through in vitro model was developed to predict permeability
across the intestine using a well-known model drug, verapamil, to benchmark
our results against literature. In Chapter 3b the stereoselective permeability of
the natural mycotoxin ergotamine was examined using the model established
in chapter 3a. The dynamic flow-through in vitro model system was expanded
in Chapter 4. A novel bio-integrated online total analysis system for intestinal
absorption and metabolism was developed by successfully interfacing a flow-
through transwell with electrospray ionization mass spectrometry. The main
advantages of this system being the integration of a relevant biological model
with fully automated online analysis, which was missing before. Chapter 5
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combines a digestion-on-a-chip with the bio-integrated analysis system
developed in chapter 4, including the complexity of digestion creating a more
complete bio-availability model. In Chapter 6 the integration of the flow-
through transwell with inductively coupled plasma mass spectrometry was
realized for the evaluation of the translocation of model gold nanoparticles.
Lastly, in Chapter 7 a general discussion on the topics described in this thesis
is provided and look to the future of organ-on-a-chip technology, with special
emphasis on the integration with mass spectrometry analysis.
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Chapter 2

Abstract

Organ-on-a-chip technology is used to study biological processes that involve
multiple cell types and temporal changes like, homeostasis, metabolism of
compounds and responses to chemical triggers. Main benefits of organ-
on-a-chip systems include: improved mimicking of the in vivo situation,
easy manipulation of the microenvironment and low reagent consumption.
Exploiting the unique dynamic aspects of organ-on-a-chip technology, such as
liquid flow, automated online measurement of parameters by sensors or online
coupling to analytical equipment becomes feasible. Apart from the challenge
to detect drug uptake and chemical changes in real-time with high resolution
at the microscale, the biggest challenge, is the detection of the analyte of
interest in cell culture medium, as this contains high amounts of salts, sugars
and proteins required by the living cells. In this review online and in situ
analytical techniques integrated with organ-on-a-chip devices are discussed
with special emphasis on maintaining the biological relevance, achieving
analytical compatibility, system integration and final applicability.

Keywords: organ-on-a-chip, mass spectrometry, online analysis,
electrochemical sensor, optical detector
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2.1 Introduction

Reliable experimental models that mimic the function of human organs play
an important role in the development of novel drugs, assessment of the
toxicological effect of chemicals and monitoring the health benefits of dietary
compounds. Animal models capture complex processes like absorption,
distribution, metabolism and excretion of chemicals, but do not always
represent human physiology adequately due to important differences between
species [1]. Furthermore, worldwide scientific and socio-political organizations
strive to reduce, refine and replace the use of animals for research purposes [2,
3]. Standardized, in vitro cell culture assays are currently used in early phases
of drug development, food research and hazard identification of chemicals [4,
51. However, these in vitro models lack organ specific functionality, hampering
mechanism-based research needed for novel drug development and next
generation risk assessment.

Recent advances in microchip- and bio-engineering enabled the
development of organ-on-a-chip models, an in vitro cell culture model that
includes dynamic physical and functional features of a human organ [6]. In
recent years, several organ-on-a-chip models have been developed, for brain-
[7, 8], lung- [9], heart- [10], kidney- [11], liver [12], skin [13], gut [14, 15] and
even models that comprise multiple organ systems [16]. To establish an organ-
on-a-chip model, cells are cultured within a microfluidic device simulating a
tissue specific physical microenvironment. For example, Kim and colleagues
have developed a human gut-on-a-chip, in which intestinal cells were grown
on a permeable membrane. Interestingly, upon exposure of these cells to
mechanical forces, simulating peristaltic motion, and a liquid flow, resulting in
physiological relevant fluid shear stresses, tissue functionality closer resembled
in vivo responses [14]. The permeable membrane separates the microfluidic
channel in a top and bottom compartment which makes this model well suited
for uptake studies of dietary, pharmaceutical and chemical compounds. Often
multiple cell types are combined in organ-on-a-chip models, like endothelial
cells [17], immune cells [18] and components of the intestinal microbiome [19],
allowing mechanistic studies of more complex tissue interactions. This can
be taken a step further by growing primary human cells, adults stem cells or
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induced pluripotent stem cells in the chip, allowing for personalized medicine
testing using organ-on-a-chip technology [20].

The main scientific and technological advantages of organ-on-a-chip
technology are the ability to spatiotemporally control the microenvironment
and the low reagent consumption. Exploiting the unique dynamic aspects of
organ-on-a-chip technology, automated online measurement of chemicals
by sensors or online coupling to analytical equipment is becoming realistic.
However, apart from the technical challenge to detect compounds and
metabolites at very low concentrations in such miniaturized formats, the
analytes will be present in cell culture medium which contains very high levels
of sugar, salts, amino acids and proteins (table 2.1) that may interfere with the
measurement.

Table 2.1: General composition of cell culture medium

Compound Concentration (mg/L) Compound Concentration (mg/L)
Calcium Chloride 200 L-Threonine 95.2
Dextrose 4500 L-Tryptophan 16
Ferric Nitrate 0.1 L-Valine 93.6
Magnesium Sulphate 97.7 Vitamin B5 4
Potassium Chloride 400 Choline Chloride 4
Sodium Bicarbonate 3700 Folic Acid 4
Sodium Chloride 6400 I-Inositol 7
L-Arginine 84 Nicotinamide 4
L-Glutamine 584 Pyridoxine 4
Glycine 30 Vitamin B2 0.4
L-Histidine 42 Vitamin B1 4
L-Isoleucine 104.8 Phenol Red 15
L-Leucine 104.8 Pyruvic Acid Sodium Salt 110
L-Lysine 146.2 L-Tyrosine Disodium Salt 103.7
L-Methionine 30 L-Cystine 2HCI 62.5
L-Phenylalanine 66 Sodium Phosphate 108.6
L-Serine 42 Added Protein/Serum variable

In this review, we discuss various online and in situ techniques to analyse
organ-on-a-chip devices, excluding end-point measurements that require
fixation or destruction of the cells. Here, online is defined as a direct connection
between the organ-on-a-chip device and the detection method requiring no
userinvolvement. Furthermore, insitu is defined as in close proximity to the cells.
The focus is on the analysis of mammalian cell cultures rather than organ slices
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or single cell analysis, which have been reviewed recently [21]. Literature from
2000 till 2019 has been searched using the databases from PubMed, Scholar,
Scopus and Web of Science with the following keywords: organ-on-a-chip (and
organ specific variations), mass spectrometry, sensor, optical detection, in situ
sensing, coupling, real-time and online analysis. The first part of the review will
mainly focus on the electrochemical monitoring of the microenvironment in
the organ-on-a-chip device to confirm proper biological functionality of the
model, discussing cell layer integrity, mitochondrial function, extracellular
oxygen and acidification. In the second part, the integration of analytical
techniques with organ-on-a-chip devices will be addressed, focussing on
optical detection, electrochemical sensing and mass spectrometric analysis of
target molecules.

2.2 Electrochemical monitoring of the microenvironment
of organ-on-a-chip systems to assure biological integrity

Dynamic in vitro models like organ-on-a-chip models allow for the control of
the cellular environment in great detail. However, this is only relevant if the local
microenvironment can be strictly monitored [22]. Some important parameters
to monitor are cell layer integrity, mitochondrial function, extracellular oxygen
and acidification as they influence major chemical and biological processes in
the cellular model (Fig. 2.1). A fast and accurate detection of these parameters
is a prerequisite for fast control (feedback) of the microenvironment to
correct for unwanted derivations from the normal situation. Active control
of the microenvironment has been extensively reviewed for organ-on-a-
chip purposes [23-25]. In the following part we will discuss the integration
of electrochemical sensors for organ-on-a-chip applications to measure: cell
layer integrity, mitochondrial function, extracellular oxygen and acidification.
Kieninger and colleagues [26] recently reviewed microsensors in static 2D
and 3D cell cultures. Therefore, here we focus on the integration of sensors in
dynamic cell based microfluidic chip systems.
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Figure 2.1: Simplified representation of sensing parameters in relation to cell function.

2.2.1 Cell layer integrity

Transepithelial electrical resistance (TEER) is a measure for the barrier integrity
of epithelial and endothelial cell layers [27]. In a classical experimental setup,
TEER measurements are performed before and after exposure to compounds
as barrier integrity quality control. Alternatively, TEER data is used as read
out of diseased “leaky” models, or as a marker of toxicity upon exposure to a
compound. TEER measurements are non-invasive, label-free and performed
in real-time. In the conventional in vitro transwell system (Fig. 2.2), TEER is
measured by manually submerging (silver) electrodes in the top and bottom
compartment of the transwell insert. The electric resistance is measured over
the cell layer, which increases with an increasing tightness of the cell layer [27].
However, manually submerging these electrodes in the confined closed areas
in organ-on-a-chip devices is rather tricky. The cell culture area in microfluidic
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devices is generally much smaller compared to transwell systems which makes
positioning of the electrodes in close proximity of the cells, crucial for a stable
measurement. Attachment of the electrodes to the device itself would eliminate
the noise generated by the movement of the electrode by the user.

Figure 2.2: Conventional transwell insert

TEER measurement electrodes have been incorporated in organ-on-a-chip
models like the blood-brain-barrier- [7, 8], gut-, lung- [28, 29], heart- [30] and
skin-on-a-chip [13]. For example, a chip consisting of two polydimethylsiloxane
(PDMS) channels, separated by a membrane, was closed on either side by
glass slides. On these glass slides, 25 nm thick transparent gold electrodes
were sputter-coated along the full length of the channel and attached to thin
copper wires, which were connected to a multimeter for TEER analysis [28].
Currently, TEER electrodes are not attached to flexible surfaces that are used for
stretching the cell layer, for instance in lung-, or gut-on-a-chip systems. Such
sensor integration for flexible surfaces has been shown for other purposes
[31, 32]. Possible solutions for TEER analysis lie in further miniaturization of the
electrodes and synthesizing the electrode from a flexible material. Moving away
from static transwell barrier models, raises the question which TEER values in
organ-on-a-chip devices are considered as indicative of a mature monolayer
barrier. Data from literature has shown that TEER values in microfluidic chips are
rather different compared to values measured in transwells using the same cell
type [27].1t has been reported that this is most likely due to different geometries
and materials of microfluidic chips, compared to a traditional transwell system
rather than being a result of biological differences in chip systems. To account
for these differences a mathematical model was developed [33]. In this
model, several parameters like channel height and width, membrane length,
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conductivity of the cell culture medium and resistance of the membrane
material are taken into account [33]. Clearly, integration of electrodes for TEER
measurements adds to the complexity of fabrication and use of organ-on-a-
chip devices resulting in higher costs. But barrier models on chip greatly benefit
from the incorporation of TEER electrodes to be able to reliably measure the
integrity of epithelial and endothelial cell layers.

Electric cell substrate impedance sensing (ECIS) is another sensing
technique for cellular monolayer integrity that is integrated in organs-on-a-
chip devices. This method is not only used to assess barrier integrity, but also is
a well-known non-invasive method to measure cytotoxicity, cell proliferation or
wound healing properties [34]. With ECIS, cells are grown on a gold electrode,
the impedance of the electrode is measured at one or more frequencies versus
time. As cell membranes have insulating properties the more cells that are
present, the higher the impedance measurement. ECIS has successfully been
integrated in different types of organ-on-a-chip models like a hydrogel based
model [35] and PDMS based models [36, 371.

A general problem for all types of in situ electrochemical sensors is the
continuous exposure to cell culture medium, which can result in fouling of
the electrode. Frequent cleaning, shorter experiments or the incorporation of
antifouling layers would minimize the effect of fouling on the electrode [38].

2.2.2 Mitochondrial function

Mitochondria are the powerhouses of the cell, producing adenosine
triphosphate through the respiration chain. Monitoring mitochondrial activity
is essential for evaluating the energy demand of the cell and is commonly
used to monitor the viability of cells. Measurement of glucose and lactate
levels in the surrounding cell culture medium is a frequently used procedure
to analyse mitochondrial activity in organ-on-a-chip models [39-42]. The
production of lactate, parallel to the decline of glucose through glycolysis, is a
sign of mitochondrial dysfunction. Bavli and colleagues measured glucose and
lactate levels in a liver-on-a-chip device, in which a sensor unit was attached
downstream of the microfluidic device [43]. The sensor included membrane
embedded glucose and lactate oxidase and platinum electrodes, which were
stable for 24 hours of measurements. Every hour, cell culture medium from the
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liver chip was introduced to the sensor unit where both glucose and lactate
were oxidized under the formation of hydrogen peroxide (H,0,), the latter
being measured using the platinum electrode. The disadvantage of this sensor
is that as a result of the production of H,0, and the use of oxygen (O,) for this
process, the sensor unit must be separated from the cells [43]. In addition, the
measurements are not continuous and fouling issues apply again. Fouling
issues are circumvented by shorter experiments, which is not ideal for chronic
biological experiments. Nevertheless, monitoring glucose and lactate levels in
organ-on-a-chip device isimportant for the evaluation of proper mitochondrial
activity.

2.2.3 Extracellular oxygen

Oxygen is crucial for the conversion of nutrients into energy within the cell.
Reduced levels of oxygen result in anaerobic cell respiration, causing less
efficient energy transfer, which can only be sustained for a limited time.
During cellular respiration carbon dioxide (CO2) is produced, resulting in the
acidification of the cell culture medium if not properly buffered. Traditional in
vitro cell culture models are grown in a culture plate or flask and are placed
inside an incubator where CO2 levels are controlled. Culture plates and
flasks are open systems and O2 and CO2 exchange takes place inside the
incubator [44]. Gas exchange is rather different in organ-on-a-chips, as these
are commonly closed systems. Aspects to consider are chip material, smaller
media-to-cell volume and ambient environment. Nowadays, most microfluidic
chips are made of PDMS, which has a high gas diffusion coefficient. This allows
for sufficient exchange of O2 and CO2, when the PDMS layer is thin enough
(~100 pm) [45].

Alternative microfluidic chip materials are being studied because of some
important disadvantages of PDMS from a biological perspective. A well-known
disadvantage of PDMS is the high likelihood of absorption of hydrophobic
compounds to PDMS, even though several coating procedures have been
proposed to avoid this [46]. Much less-known, but very relevant in terms of
potentially limiting the online coupling to sensitive analytical detection
systems is the leaching of uncross-linked oligomers and polymer additives
into the media [46]. Several other materials like, glass [47] and polycarbonate
[48] are used for chip fabrication, but are less permeable to gasses. All these
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factors influence O, and CO, exchange in organ-on-a-chip devices, which
is why integration of oxygen sensors in chip systems is of great importance.
Incorporation of oxygen sensors also allows for studying the respiration chain
by precise monitoring of energy production. Lastly, the incorporation of oxygen
sensors is pivotal for the development of advanced gut-on-a-chip models. In
these models tight monitoring (and adjustments) of low oxygen levels are
required to maintain anaerobic growth conditions needed for the inclusion of
a human relevant intestinal microbiome [19, 49].

The most often applied approach for sensing oxygen is by the use of metal
electrodes, like silver, gold or platinum. Oxygen levels are measured based
on the amperometric reduction of dissolved oxygen [12, 39, 40, 47, 50, 51]. A
major disadvantage of using metal electrodes in microfluidic systems however
is the reduction of O, to H,O, during the measurement. This makes the sensor
unsuitable for placement in close contact with the cells. To sum up, oxygen
levels in organ-on-a-chip devices can be variable depending on chip material
and ambient environment, therefore incorporation of oxygen sensors on chip
is crucial for maintaining a biological relevant microenvironment.

2.2.4 Acidification

Mammalian cells function best at a neutral pH. As mentioned in paragraph
2.2.3, the improper exchange of CO,, can result in an undesirable acidification
of the extracellular environment. To keep track of the cellular environment,
most cell culture media contain phenol red, as a pH indicator. However, due
to the small volumes in organ-on-a-chip devices colorimetric changes are
difficult to observe visually. Integration of pH sensors in organ-on-a-chip
systems would allow for direct feedback and control measurements to prevent
undesirable pH fluctuations. Zhang and colleagues described a liver-heart chip
model with an incorporated pH sensor that detected changes in absorbance of
phenol red [52]. More widespread are silicon based chemical sensors, like the
light-addressable potentiometric sensors (LAPS) [53, 54]. LAPS in conventional
cell culture applications are constructed of silicon chips that are placed at the
bottom of a cell culture chamber (Fig. 2.3).
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Figure 2.3: Schematic representation of LAPS

The silicon chip has an insulating layer and an ion sensitive layer consisting
of silicon oxide and silicon nitride. The ion sensitive layer interacts with the
protons within the cell culture medium, affecting the surface potential of the
layer. The surface charge of the ion sensitive layer, together with an applied
voltage to the chip and pulsed infrared light produces a photocurrent. Changes
in pH can either be measured by changes in photocurrent or applied voltage.

lon-sensitive field-effect transistor (ISFET) is another silicon based
electrochemical sensor used in organ-on-a-chip devices to detect pH changes
[55-58]. An ISFET sensor consists of a source, drain, gate and reference electrode.
Between the source and drain electrode is the gate, which is covered by a pH
sensitive insulator material, mostly silicon nitride, aluminium oxide, or tantalum
oxide. A current runs through the source and drain electrode and the resulting
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potential on the gate is influenced by the pH of the solution. Even though both
LAPS and ISFET are sensitive pH sensors, LAPS sensors are preferred because of
the simple design and low production costs [59]. As mentioned before, fouling
of the electrode has a major effect on the sensitivity of the electrode. In current
literature LAPS and ISFET sensors are regularly cleaned, sterilized and used for
short experiments to mitigate the impact of fouling.

In conclusion, many different integrated electrochemical sensors have
been developed to monitor the cellular microenvironment in organ-on-a-
chip devices over the past couple of years. Optical sensing techniques, like
photoacoustic imaging and luminescence detection have been or have the
potential to be incorporated on chip as well, however they require a dye or
labelled substrate for visualisation [60-62]. Electrochemical sensors do not
have this drawback, which explains the more widespread use of these type
of sensors. Ideally, all parameter measurements, pH, TEER, glucose, lactate
and oxygen, are combined to establish a broader picture of cell functioning
in homeostasis and under stress. Future work should concentrate on the
combination of different robust sensors in one user friendly format to study
various biological processes within organ-on-a-chip devices.

2.3 Integration of analytical techniques for target
substance detection

Organ-on-a-chip devices have been integrated with multiple analytical
techniques, like optical spectroscopy, electrochemical sensors and mass
spectrometry. These integrations widen the applicability of organ-on-a-
chip models for drug uptake and dietary studies and unravelling biological
processes. In the following part we will discuss the different integrations and
the major challenges that relate to sensitivity and selectivity of detection in
organ-on-a-chip systems in the highly complex and abundant cell culture
medium (table 2.1).

2.3.1 Optical spectroscopy detection of target analytes

Optical detection instruments are abundantin most laboratories and ultraviolet
visible (UV-Vis) spectroscopy, infrared (IR) spectroscopy, luminescence, and
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microscopy versions thereof, have been applied for the detection ofawiderange
of analytes in organ-on-a-chip devices. Integration of a spectrophotometric
detection system in an organ-on-a-chip model has been shown in a membrane
based kidney-on-a-chip. The chip was connected with two flow channels, one
for either side of the membrane. Each channel was directed through quartz
cuvettes allowing real-time analysis of caffeine and vitamin B12 permeability
[11, 63]. Another label-free option reported is IR spectroscopy. The main
problem with IR and organ-on-a-chip technology is the liquid barrier on top
of the cells since IR absorption by water will interfere with the signal. However,
Loutherback and colleagues came up with a solution for this problem [48].
They created a chip containing two channels, separated by a gold coated
porous membrane on which neuronal cells were grown. During measurements
little to no liquid was present on top of the cells, but a flow of 100 nL/min was
maintained to the lower channel of the device to still provide the cells with the
right nutrients and prevent them from drying. Different regions as a function
of cell stress could be visualised within the cell culture on the basis of the peak
intensity of vibrational modes of C-O-C, C-O-P and C-O stretching of glycogen/
glycoprotein and they demonstrated continuous measurements for up till a
week [48]. Despite this achievement, the application seems more suited for
skin- or lung-on-a-chip that grow at the air liquid interface.

Optical biosensors are popular techniques to detect target peptides and
proteins in organ-on-a-chip models. Two types of biorecognition elements are
found in organ-on-a-chip integrations namely, aptamers like deoxyribonucleic
acid or ribonucleic acid [64, 65], or antibodies [52, 66]. In organ-on-a-chip
models, the biggest concern for the applicability of integrated biosensors is the
overabundance of nonspecific proteins compared with the trace levels of the
analyte of interest. A nanoplasmonic platform that employs an antibody based
biosensor was integrated with an organ-on-a-chip to quantitatively determine
cellular cytokine release in real-time and label-free [67]. The platform consisted
of two parts: a cellular compartment and an optical detection compartment
where secreted cytokines were detected (Fig. 2.4). The optical detection
module contained three inline nanohole arrays, one as negative control and
the other two functionalized with a specific antibody against the cytokine of
interest. A beam of broadband light was directed onto the nanohole array and
the transmitted light was measured by a spectrometer. Binding of the cytokine
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to the antibody caused a detectable wavelength shift of the transmitted light
[67]. Besides antibodies, aptamer based biosensors are also used in organ-on-
a-chip devices. Claimed advantages of aptamers compared to antibodies are:
better binding capacities to any given target and highly reproducible animal
free production methods with high purity [68]. However, the presence of
deoxyribonuclease and ribonuclease enzymes in biological samples makes
aptamers susceptible to degradation. An example of an aptamer biosensor is
the integrated vascular endothelial growth factor (VEGF) aptamer biosensor
for cervical cancer cells on chip. The biosensor consisted of a functional nucleic
acid, designed to bind to VEGF and was immobilized onto the surface of the
chip. The aptamer was coupled to a G-quadruplex DNazyme, acid, hemin and
peroxide system which upon binding of VEGF catalysed the reaction resulting
in a blue-green colour that was analysed by Vis spectroscopy [65].

Fluorescent dyes have been used to visualize target molecules in an organ-
on-a-chip by fluorescence microscopy [8, 19, 47]. Alternatively, fibre optics [69]
and even smartphones [70] have been exploited as miniaturized fluorescent
detectors for organ-on-a-chip devices. The fluorescence microscope developed
by Cho et al. [70] consisted of three white light emitting diodes, two optical
filters and an objective lens. Images were taken with the smartphone and
analysed separately on a computer. They demonstrated its use in combination
with a kidney-on-a-chip device. The cells on the chip were exposed to a
specific kidney toxin, which induced the release of a brush border enzyme.
Subsequently, an antibody, conjugated to a fluorescent nanoparticle label,
bound to the enzyme and the fluorescence signal was detected using the
smartphone microscope. Using a smartphone as a read-out simplifies and
decreases the cost of analysis, however it may also compromise the sensitivity
in comparison to a conventional fluorescence microscope.

Integration of optical detection methods with organ-on-a-chip devices is
one of the few in situ techniques that allows for long term analysis, because
cells are generally not disrupted during the measurements. However, some
integrative techniques require a labelled substrate to visualize the compound
in the cell culture matrix.
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Figure 2.4: a) Schematic representation of a microfluidic integrated biosensor for real-time cytokine
analysis. b) Photo of cell culture module and detection module. Reproduced from Ref. [67] with
permission of The Royal Society of Chemistry.

2.3.2 Electrochemical detection of target analytes

Amperometric models for the detection of target analytes have been proposed
in several organ-on-a-chip systems [71, 72], showing an alternative application
of electrochemical sensors next to the previously discussed application
as tools to monitor the extracellular microenvironment. An example of an
electrochemical sensor based on amperometric reduction was described by Li
etal. [72]. They designed a PDMS microchip with an integrated electrochemical
sensor measuring a redox reaction at the surface of a platinum electrode at the
bottom of the channel. In the chip, immobilized neuronal cells were grown and
subsequently stimulated with calcium ions to induce the release of dopamine.
Using the platinum electrode, the oxidation and release of catecholamine
(dopamine/epinephrine) could be measured in the micromolar range. The
disadvantage of this method is that no distinction between dopamine and
epinephrine could be made, since they have the same redox potential [72].
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Another method described is an impedance spectroscopy antibody biosensor
platform with a built-in regeneration function to prevent sensor saturation
[66]. A series of on chip pressure driven microfluidic valves allowed for the
regeneration of the sensor and detection without manual interference, thus
decreasing the possibility of human error. Regeneration of the sensor was
established by flowing a cleaning solution over the chip at a high speed and an
electrical sweep. To demonstrate robustness of the method they compared the
results from the impedance spectroscopy sensor with a conventional enzyme
linked immunosorbent assay which showed similar sensitivity [66]. The biggest
challenge for electrochemical detection is fouling of the electrode surface,
decreasing the overall sensitivity and robustness of the sensor. The integration
of cleaning steps or a selective antifouling layer would greatly improve the
usability of electrochemical detection of target analytes in microfluidic chips
[38].

2.3.3 Mass Spectrometric detection of target analytes

Organ-on-a-chip devices accommodate minimal amounts of analytes in
a highly complex cellular environment, which puts high demands on the
analytical instrumentation in terms of sensitivity and sample preparation.
Mass spectrometry (MS) is a label-free and multi analyte detection technique
that meets these challenges provided that ion suppression due to the cellular
environment can be overcome. The integration of a microfluidic chip to MS has
been reviewed recently [73-76]; here we focus on the online analysis of organ-
on-a-chip models with MS.

2.3.3.1 Electrospray ionization MS

Electrospray ionization (ESI) is ideal for interfacing with dynamic organ-on-
a-chip devices, as ionization of target compounds occurs in the liquid phase.
Clearly, a major challenge is the complex mixture with high concentrations of
sugars, salts and proteins in the cell culture medium (table 2.1) causing severe
ion suppression thereby compromising the detection of the analyte of interest.
A solution is the integration of a solid phase extraction (SPE) column, either
incorporated on the same chip [77] or coupled to the chip [78]. On chip SPE
coupled to ESI-MS has been studied by the group of Jin-Ming Lin [77, 79-85].
For example, a microfluidic system was developed to characterize curcumin
permeability across an intestinal epithelial layer (Fig. 2.5). The system consists
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of two parts, part one a membrane based cell culture chip, where intestinal
cells were cultured on a permeable membrane separating a top and bottom
chamber. The bottom chamber of the membrane was connected to the second
part of the system, a chip containing a micro-SPE column. The SPE column
captured curcumin that permeated through the cell layer and was washed
offline with a water-methanol mixture to remove any unwanted sugars and
salts. Then, the micro-SPE chip was connected to the ESI-MS via fused silica
capillaries for the detection of curcumin [77]. A major drawback of this system
is the offline washing step of the SPE column which compromises the overall
online nature and time resolution of the system. Similarly, the group of Jin-
Ming Lin was able to couple several other organs-on-a-chip systems to ESI-MS,
such as neurons-[81, 82, 84], liver-[79, 83, 85] and lung-on-a-chip [80].

Others used separate SPE columns coupled to their chip to capture their
analyte of interest. For instance, Dugan et al. [86] developed a chip to analyse
the release of non-esterified fatty acids from fat tissue cells. An on-chip sample
loop collected the released fatty acids and was subsequently eluted by an on-
chip automated valve system to a separate SPE column [86]. Another exciting
example is a system using a series of three switching valves to measure the
effect of cocaine on cells of the immune system in near real-time. This system
included two loops for continuous sample collection and SPE columns for
desalting [78]. The advantage of sample preparation in a column isolated from
the chipis that commercially SPE columns can be applied and elution and wash
steps can be easily automated.

Maintaining a stable cell temperature of 37°C and controlling O,/CO, gas
flows together with online analysis is a serious challenge of organ-on-a-chip
systems integrated with large footprint analytical equipment, such as MS. In
table 2.2 an overview is given of organ-on-a-chip systems hyphenated with
mass spectrometry detection evaluating the biological relevance and online
nature of the systems. From this table it is clearly shown that either the
biological relevance of the organ-on-a-chip mimic or the online analysis of the
system is significantly compromised.
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Figure 2.5: a) Schematic representation of microfluidic device for cell culture and ESI-MS detection. b)
The three layers of the membrane based cell culture chip. c) Side view cell culture chip, not to scale.
Reproduced from Ref. [77] with permission of The Royal Society of Chemistry.

2.3.3.2 Ambient ionization MS

Ambient ionization MS was pioneered by Cooks and Cody by the invention
of desorption electrospray ionization [87] and direct analysis in real-time [88].
Nowadays, a plethora of related designs have become available [89]. Paper
spray ionization (PSI) is an ambient ionization technique where the sample is
deposited on a triangular piece of paper in front of the MS entrance [90]. The
main advantages of using paper includes low costs, wide availability and the
possibility of chemical modification of the paper [91]. Two types of integrations
are reported in literature coupling PSl to organ-on-a-chip systems. The first type
is a microdialysis PSI-MS system which monitored the glucose concentration in
the media [92]. Human liver cells were stimulated with insulin and the decrease
in glucose levels within the system was followed [92]. However, the cells were
grown in a static petri dish, opposed to a dynamic microfluidic system. Later
the same group developed a four channel microfluidic chip in which they
monitored lactate production of normal cells versus tumour cells [93]. The
second type of integration is a system in which cells were directly grown on the
paper substrate. However, conventional chromatography paper for cell culture

52



Online and in situ analysis of OoC

has its drawbacks, mainly in mechanically supporting the cells [94]. Both glass
and polycarbonate substrates have been used to provide a scaffold for cell
culture and direct PSI-MS analysis [95, 96]. However, in both cases, cells are lysed
by isopropanol for PSI-MS analysis making it an end-point measurement. PSl is
in theory a well suited method for fast screening of a cell-based microfluidic
chip. Nevertheless, temperature and CO, control remain a big challenge for any
method operated in an open ambient environment.

2.3.3.3 Other MS options

The majority of MS coupling methods to organs-on-a-chip considered the
coupling to ESI-MS and PSI-MS rather than other ionization techniques. Two
alternative types of ionization techniques that would be beneficial in the
field of organ-on-a-chip are inductively coupled plasma (ICP) MS and matrix
assisted laser desorption/ionization (MALDI) MS. ICP-MS would be benéeficial
for the analysis of metal ions or particles frequently present in food products,
as an additive, or for pharmaceutical purposes [97]. MALDI-MS imaging has
been used for the analysis of neuropeptide release from Aplysia neuronal cells
on chip [98], but further studies are limited.

Organ-on-a-chip models have been integrated with several different
analytical techniques for the detection of target analytes, all dealing with
issues of sensitivity and selectivity. The most promising integration in terms
of sensitivity, selectivity and multi analyte detection seems to be ESI-MS with
the integration of a SPE column to get rid of the interference of the cell culture
medium. However, when truly in situ analysis is required for a specific biological
application, optical or electrochemical sensing techniques provide a simpler
coupling solution.

53




Chapter 2

9|gedidde jou = ‘e'u ‘payiodas jou =Ju

NIE»]
[€6] |jeroeT sak ‘eu u + + -4OW _uc_ﬁ_m Non.._ ‘6¥7SY SW-ISd
NIEs)
[z6] 9500N|9 sak ‘e'u ‘e'u + + 20-1pue godaH SW-ISd
spioe
[98] K11y Pa1J1I9)SO-UON sak ‘e'u - - - 17-€1¢ SN-IS3
sa)ljogelPw S[I®3
[s8] auiqeynade) ou ‘e'u + + + £-4D pue zodaH SN-IS3
9s0on|b
8] pue suuydauid] ou ‘e'u + - - S[192 ¢0-1 pue g6C SN-IS3
[g8] uaydouiwelady ou ‘e'u + + + s|192 zodaH SW-IS3
[e8] suowloy ymmols ou ey - + + S[193 EHD pue Z11d SIN-IS3
[18] eleweln| ou ey + + + S92 Z12d SN-IS3
[08] J uiweyip ou ey + + + S[193 615V SW-IS3
[8/] auied0) sak ‘e'u + + + S[192 3exunf SN-IST
(221 ujwnsin) ou - + + + s|[92 z-02eD) S-IST
(ou/sak) siskjeuy Ayiba3u| Jo1eg AlgeIn D ‘0D wis]
Jo afjeuy aunuQ Ajn4 dueAda4 |edibololg I9POW 119D POYIdA uondRlRq

‘palen|eAd a1am sisKjeue auljuo ||ny pue adueAd|al [ed160jolg A13awo11dads ssew ym pareusydAy swaisAs diyd-e-uo-uebio Jo MIIAIBAQ :Z'T d|qeL

54



Online and in situ analysis of OoC

2.4 Conclusions

Recent advances in integrated analytical techniques with organ-on-a-chip
devices were discussed. Main advantages of these integrations are reduction
of (bio)reagents, automation allowing unattended prolonged experiments and
real-time analytical data for feedback on nutrient composition and detection
of target analytes and metabolites thereof. Organ-on-a-chip devices are living
cellular systems, therefore careful real-time monitoring of the functioning of
the cells is crucial to ensure the biological relevance of the micro tissue. Main
challenges for integrated analytical techniques comprise sensitivity, selectivity,
robustness, user friendliness and multi analyte detection. In situ optical and/or
electrochemical sensors are easy to use analytical devices and small enough to
be placed inside a gas and temperature controlled incubator. Issues that remain
to be solved however are, lower sensitivity compared to conventional benchtop
analytical equipment, susceptibility to fouling and measurement of only one
(or a limited number) of parameters at a time. Future analytical solutions for
online organ-on-a-chip systems can be found in the design of multisensor
platforms. Surfaces of such multisensors should have tailor made antifouling
layers to mitigate nonspecific binding and the sensors should provide active
feedback control loops, thus ensuring a stable microenvironment for biological
relevant in vitro experiments.

Online coupling to high-end instrumentation such as a mass spectrometer
is another crucial future development. That would enable the semi-continuous
identification and quantification of multiple target analytes, and (un)expected
metabolites thereof, in a small sample volume with high sensitivity. Continuous
online mass spectrometric detection of organ-on-a-chip systemsis currently not
feasible, due to the presence of high levels of interfering substances in the cell
culture medium that require the incorporation of SPE columns and a wash step
to prevent ionization suppression. In recent interfacing designs, the organ-on-
a-chip device is generally placed outside the gas and temperature controlled
incubator to allow interfacing with a mass spectrometer. Obviously, this is still
a serious drawback as it compromises a biological accurate environment.
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Organ-on-a-chip technology is moving towards replacing animal models for
drug development trials and may, in the far future, even function as a diagnostic
tool for personalized medicine. Analytical techniques connected or included
in the organ-on-a-chip must enable these developments. Therefore, future
advancements should aim to create total analysis systems for organ-on-a-chip
devices (Fig. 2.6), ultimately making the systems cheaper, more robust and more
user friendly. To achieve such a system future work should consider the following
aspects and solve current problems. Firstly, advanced self-regulating organ-on-
a-chip systems having sensor-based active feedback control regulating nutrient
demand. Secondly, creating robust electrochemical sensors by solving fouling
issues with antifouling layers based on covalent surface chemistry. Where
necessary, these electrode materials may be adapted to mechanical stretching
organ-on-a-chip systems, for example through the development of polymeric
electrode materials. A last remaining issue is the formation of hydrogen peroxide
while sensing oxygen or glucose/lactate, which might cause biological damage
to the cells grown in the organ-on-a-chip device. We envisage the further
integration of organ-on-a-chip systems with miniaturized analytical equipment
in order to provide continuous read outs of target analytes and metabolites
thereof. Eventually this will yield online systems that provide continuous online
data and mimic real life in vivo biological processes. This would greatly advance
the widespread use of organ-on-a-chip approachesin research and development
of novel drugs, assessment of toxicological effect of chemicals and monitoring of
health benefits of dietary compounds.

Figure 2.6: Advanced organ-on-a-chip model with several integrated sensors for monitoring and
feedback of biological integrity and hyphenated to one or more online detectors for detection of target
analytes and metabolites thereof.
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Chapter 3
Chapter 3a - Verapamil

Abstract

The oral bioavailability of a chemical is essential information for novel drug
development and in the field of toxicology. Intestinal uptake of the chemical
is a crucial factor in oral bioavailability, highlighting the importance of in
vitro intestinal models that correctly predict this phenomenon. For this,
various in vitro intestinal barrier models have been developed in the past
decades. Advancements in the field of organ-on-a-chip technology have
resulted in dynamic in vitro models of the gut that better mimic the in vivo
microenvironment of the intestine than their static counterparts. In this study,
we developed and evaluated a dynamic in vitro model of the intestine for
permeability studies of chemicals. A co-culture of Caco-2 and HT29-MTX-E12
cells was grown in a flow-through transwell system. We assessed proper gut
barrier function by showing absence of Lucifer yellow permeability, and further
examined the morphology of the cell barrier using confocal microscopy. We
determined the permeability of the model compound verapamil and compared
it to the permeability in a traditional static transwells and benchmarked against
in vitro and in vivo permeability data found in literature.

Keywords: gut-on-a-chip, oral bioavailability, verapamil, transwell
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Development of a dynamic intestinal barrier model

3.1 Introduction

To study oral bioavailability of chemicals, in vitro models can be used to
assess the transport across the intestinal epithelial barrier. Currently, well-
established static in vitro cell culture models of the intestine are used for this
purpose. Monolayers of differentiated Caco-2 cells are frequently used to
mimic the intestinal epithelium [1, 2]. Caco-2 cells are derived from a colorectal
adenocarcinoma, however they express the morphological and functional
characteristics of small intestinal enterocytes [3]. Upon culturing for 21 days
the Caco-2 cells polarize and express an apical brush border with microvilli.
Furthermore, tight junctions are formed between the cells creating a tight
cell barrier [4]. Good correlations have been found for Caco-2 monolayers and
human absorption data, especially for compounds that diffuse paracellularly
[5-71. In vivo a mucus layer is covering the epithelial cells, and acts like an extra
barrier for chemicals, and protect the enterocytes from the harsh content of
the intestinal lumen. However, monolayers of Caco-2 cells alone, do not secrete
mucus. To better mimic the in vivo intestinal barrier, cocultures of enterocytes
and mucus producing goblet cells have been developed [8]. HT29-MTX cells are
human mucin producing goblet cells, which, when grown in co-culture with
Caco-2 cells, deposit mucin on top of the cell barrier, thereby better mimicking
the in vivo situation [9].

The in vitro models (both mono- and co-cultures) are typically grown in
a so called transwell system (Figure 3.1a), which is a well described system
for permeability studies [2, 10, 11]. Transwells are cell culture plate inserts
containing a porous membrane on which cells can be grown, creating an
apical (lumen) and basolateral (blood) compartment. A compound of interest
can be applied apically and its transport across the intestinal cell layer can
be determined. For this, samples are taken periodically from the apical and
basolateral compartment for measurement, and the permeability of the
compound is calculated. However, such a transwell system has its limitations as
the cells are grown in a static environment, thus ignoring the dynamic flow of
the lumen content as well as the blood flow. Additional disadvantages of using
the static transwell are: the accumulation of toxic metabolites, a concentration
equilibrium influencing permeability and the limited possibilities for online
automated analysis [12].
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Recent advances in biochip technology have led to state-of-the-art in vitro
cell culture systems that include mechanical and functional features present
in the human body, resulting in a much better representation of the in vivo
microenvironment [13-15]. For dynamic in vitro intestinal models this means:
mimicking the passing of food by the inclusion of fluid flow, incorporation
of peristaltic motion by mechanical stretching of the cells and a more in vivo
like volume to surface ratio [16]. Several different geometries and designs
have been developed for dynamic in vitro intestinal cell culture devices, but
two main types of designs are commonly found in literature. The first type is
based on the traditional transwell system, where intestinal cells are grown on
a circular porous membrane [17-20]. The second type is based on culturing
cells on a porous membrane that separates two sides of a straight channel or
tube [21-25]. Both types of systems at least contain flow of cell culture medium
on the apical side inducing in vivo relevant shear forces on the cells. Another
advantages of dynamic in vitro intestinal barrier systems is that they provide
the possibility to fully automate the system by integration with an analytical
detection system [26]. Dynamic intestinal barrier systems have the potential
to replace animals in safety testing. However, a major drawback of current
dynamic systems is the limited studies examining the absorptive capacity
of the intestinal barrier in these devices, which is essential when developing
novel oral drugs.

In this study, we developed and evaluated a dynamic in vitro model of the
intestine that can be used for permeability studies of chemicals. A co-culture
of Caco-2 and HT29-MTX-E12 cells was grown in a flow-through transwell
system (Figure 3.1b). To confirm gut barrier integrity, we assessed Lucifer
yellow permeability and cell morphology. The permeability of verapamil, a
well-known model compound, was examined in both the static transwell and
the dynamic in vitro model system. This allowed benchmarking against in vitro
and in vivo permeability data found in literature.
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Figure 3.1: Schematic representation of a) traditional transwell insert and b) dynamic flow-through
transwell system.

3.2 Materials and Methods

3.2.1 Chemicals and reagents

Verapamil hydrochloride, ergotamin(in)e d-tartrate, penicillin-streptomycin,
formic acid, Lucifer yellow, 4-(2-hydroxyethyl)-1-piperazineethanesulfonic
acid (HEPES), sodium bicarbonate (NaHCO,), ammonium carbonate, sodium
pyruvate, Dulbecco’s Modified Eagle Medium (DMEM) with 4.5 g/L glucose,
I-glutamine and 25 mM HEPES powder, Triton-X100 and Hank’s balanced salt
solution (HBSS), with and without phenol red, were purchased from Sigma-
Aldrich/Merck (Zwijndrecht, the Netherlands). DMEM with 4.5 g/L glucose
and I-glutamine with and without phenol red, bovine serum albumin (BSA)
and heat-inactivated fetal bovine serum (FBS) were purchased from Gibco
(Bleiswijk, the Netherlands). Rabbit polyclonal antibody ZO-1/TJP1 - Alexa
fluor 594, 4',6-diamidino-2-phenylindole (DAPI), Prolong Diamond Antifade
Mountant, dimethyl sulfoxide (DMSO), phosphate buffered saline (PBS) and
non-essential amino acids (NEAA) were obtained from Thermo Fisher Scientific
(Landsmeer, the Netherlands). Acetonitrile and methanol were purchased
from Actu-all chemicals (Oss, the Netherlands). UPLC-MS grade water was
purchased from Biosolve (Valkenswaard, the Netherlands). Paraformaldehyde
was purchased from VWR (Amsterdam, the Netherlands), WST-1 reagent from
Roche Diagnostics GmbH (Mannheim, Germany) and water was prepared daily
using a Milli-Q Reference Water Purification System from Millipore (Burlington,
MA, USA).
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3.2.2 Cell culture

The human colonic adenocarcinoma Caco-2 cell line was obtained from the
American Type Culture Collection (ATCC, Manassas, VA, USA) and the human
colon adenocarcinoma mucus secreting HT29-MTX-E12 cell line was obtained
from the European Collection of Authenticated Cell Cultures (ECACC, Salisbury,
UK). Caco-2 cells were used at passage numbers 29-40 and HT29-MTX-E12 cells
were used at passage numbers 52-70 for all experiments. Cells were cultured
in DMEM containing 10% FBS, 1% NEAA and 1% penicillin-streptomycin and
maintained at 37°C in a 5% CO_-humidified air atmosphere and subcultured
every 2 to 3 days. For permeability experiments cells were seeded at a density
of 40,000 cells/cm? on a polycarbonate transwell insert (area 0.6 cm? 0.4 um
pore size, Millipore) as follows: Caco-2 and HT29-MTX-E12 cells were seeded
in a 3:1 ratio on the apical side of the transwell and allowed to attach for 24
hours. After 24 hours, cell culture medium was refreshed every 2-3 days and,
transwells were used for permeability experiments after 21 days of culturing.

3.2.3 Cell culture medium comparison

Caco-2 and HT29-MTX-E12 cells were cultured in T-75 flasks for 3 days and
exposed to either CO, dependent DMEM (discussed above), at 37°C in a 5%
CO,-humidified air atmosphere or exposed to CO, independent cell culture
medium consisting of DMEM high glucose powder with 25mM HEPES, 0.84
g/L sodium bicarbonate, TmM sodium pyruvate, 10% FBS, 1% penicillin-
streptomycin and 1% NEAA, at 37°C in an ambient air atmosphere. Phase-
contrast (4x magnification) microscopic images of the flaks were acquired using
an Olympus IX51 microscope (Leiderdrop, the Netherlands) for comparison.

3.2.4 Cell layer integrity

Cell layer integrity was evaluated using the transport marker Lucifer yellow.
Following permeability experiments, the cells were incubated with Lucifer
yellow at a concentration of 500 ug/mL for 30 minutes on the apical side
of the transwell insert. Cell culture medium was collected from the apical
and basolateral side at t=0 and t=30 minutes and analysed for fluorescence
at 458/530 nm using a Bio-Tek (Winooski, VT, USA) Synergy HT Multi-Mode
microplate reader. Cell layers that transported more than 5% of Lucifer yellow
to the basolateral compartment were judged as leaking. Cell layer integrity
was also examined by confocal microscopy. Cells were cultured on a transwell
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membrane for 21 days and subsequently stained for tight junction protein
Z0-1 and the cell nuclei. For this, the cells were washed with PBS and fixed
with 4% paraformaldehyde (w/v) for 15 min. Cells were permeabilized with
0.25% Trition-X100 (v/v) and blocked with 1% BSA (w/v). The cells were then
incubated with the conjugated antibody ZO-1/TJP1-Alexa Fluor 594 for 45 min
(10 pg/mL). Subsequently, DAPI was used to stain the nuclei for 10 min (5 pg/
mL). Between incubations cells were washed with PBS three times. Cells were
mounted in a 120 pm spacer (Sigma-Aldrich) on a microscope slide (Thermo
Scientific) with ProLong Diamond Antifade Mountant. Slides were then
examined using a Zeiss (Jena, Germany) LSM 510-META confocal microscope.
Samples were excited with 405 and 543 nm lasers and the pinholes were in the
range of 90-94 um at a magnification of 40 X.

3.2.5 Cell viability

Possible cytotoxic effects of verapamil were evaluated using the cell
proliferation WST-1 assay. With the WST-1 assay mitochondrial activity of the
cell is measured by the conversion of water soluble tetrazolium salt (WST-1)
into formazan dye by mitochondrial dehydrogenase enzymes. The assay is
performed as follows: Caco-2 and HT29-MTX-E12 cells (ratio 3:1) were seeded
in Greiner bio-one (Alphen aan den Rijn, the Netherlands) flat bottom 96-well
plates at a concentration of 1 x 10° cells/mL in cell culture medium (100 uL/
well). Plates were incubated for 24 hours at 37°C under 5% CO,. Cell culture
medium was removed and subsequently the cells were exposed to 100 uL/well
serial dilutions of verapamil (0 - 500 pg/mL) in cell culture medium for 24 hours,
at 37°C. Then, the exposure media containing verapamil was discarded and
the cells were washed with pre-warmed HBSS. WST-1 reagent (in cell culture
medium without phenol red) was added to the cells (1:10, 100 uL/well) and
incubated for 1.5 hour at 37°C. The absorbance of each well was measured at
440nm using a Bio-Tek Synergy HT Multi-Mode microplate reader. The viability
of the cells for each concentration of verapamil was expressed as a percentage
of the negative control consisting of cell culture medium. Trition-X100 (0.25%,
v/v) was used as a positive control and decreased the cell viability to 0.2+0.2%.

3.2.6 Cell permeability experiments

For the static and dynamic cell permeability experiments 5 ug/mL verapamil
was suspended in HBSS (without phenol red) containing 25 mM of HEPES and
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0.35 g/L NaHCO, as the donor solution. For the static transwell experiments
the donor solutions was directly applied on the apical side of the cells (400
pL/insert), at day 21 of culturing. The basolateral side of the insert was filled
with the same solution (600 pL/insert), but without the compound of interest
(receiving solution). Samples (100 uL) were collected and replenished on
the basolateral side at the following time points: 15, 30, 45, 60, 120 and 180
minutes. Apical samples were taken at t=0 and t=180 minutes. For the dynamic
experiments the transwell inserts were placed into the QV600 system from
Kirkstall (Rotherham, UK), further referred to as a flow-through transwell (see
also Figure 3.1b), at day 20 of culture. CO, independent cell culture medium
containing 25 mM HEPES was perfused into the apical compartment (200 uL/
min) and basolateral compartment (100 uL/min) of the flow-through transwell
system using a New Era pump systems (Farmingdale, NY, USA) syringe pump
for 24 h at 37°C, as described by Giusti et al. (2014) [27]. After 24 hours, the
apical syringe was replaced by a syringe containing the donor solution and the
basolateral syringe was replaced by a syringe containing the receiving solution.
Syringe heaters (New Era Pump Systems) were used to heat the medium and
keep the cells at 37°C without the need for an additional incubator. Both effluent
flows were attached to a Gilson 234 autosampler (Villiers-le-Bel, France) which
was used as a fraction collector, collecting samples every two minutes in 96-
well plates (Figure 3.2). All experiments were conducted in biological triplicates.

Figure 3.2: Schematic representation sample collection flow-through transwell.
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3.2.7 LC-MS/MS analysis

Verapamil samples were diluted 500 times in water, prior to LC-MS/MS analysis.
Chromatographic separation was achieved using a Waters (Milford, MA, USA)
Acquity I-Class UPLC system equipped with an Acquity UPLC BEH C18 (100 mm
x 2.1 mm, 1.7 um) column (Waters). The column temperature was kept at 50°C
andthe autosampler was setat 10°C. A 2.5 pL injection volume was used. Mobile
phase A was water and mobile phase B was acetonitrile, both containing 5 mM
formic acid. The mobile phase gradient started at 10% B and after 0.8 min was
linearly increased to 40% B in 2 min followed by an increase to 99% B in 0.1 min.
This composition was kept for 3 min and returned to 10% B in 0.1 min, all at a
constant flow rate of 0.6 mL/min. A mobile phase equilibration time of 1.1 min
was allowed prior to the next injection. The first minute of the gradient elution
was directed to waste to prevent any salts from the HBSS matrix to enter the
ionization source. Mass spectrometric detection was performed using a Waters
Xevo TQS tandem mass spectrometer equipped with an electrospray ionisation
interface (ESI) and operated in positive ion mode, with a capillary voltage of 3.1
kV, a desolvation temperature of 450 °C, a gas flow rate of 800 L/h, a source
temperature of 150 °C and a cone gas flow rate of 150 L/h. For verapamil three
multiple reaction monitoring (MRM) transitions were acquired for compound
conformation: m/z 445.4 > 150.1, 445.4 > 165.1 and 455.4 > 303.4 with a cone
voltage of 40V and a collision energy of 25 eV. For quantification of verapamil
a calibration curve was constructed in HBSS and subsequently diluted in water
similar as the samples. Resulting in a calibration curve with the following
points: 0, 0.01, 0.05, 0.1, 0.25, 0.5, 1 and 5 pg/mL. Limit of detection (LOD)
and quantification (LOQ) were calculated as the average signal of five blank
samples plus three (LOD) or ten (LOQ) times the standard deviation (SD) of the
blank samples divided by the sensitivity (slope of the calibration curve) using
the transition m/z 455.4 > 165.1 resulting in a LOD of 3.3 ng/mL and LOQ of
9.6 ng/mL. The concentration of verapamil in the unknown samples was then
calculated using peak area measurements in the reconstructed ion current
(RIC) of the transition m/z455.4 > 165.1 via interpolation of the external matrix-
matched calibration curve (r*=0.99).

3.2.8 Data analysis

The apparent permeability coefficient (P, cM/s) was calculated as described
by Yeon and Park (2009) [28], according to the following equation:
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Where dQ/dt is the cumulative transport rate in the basolateral compartment
(umol/s), A is the surface area of the cell layer (0.6 cm?) and C is the initial
concentration of the compounds in the apical compartment (umol/cm?3).

3.3 Results and Discussion

3.3.1 Evaluation intestinal barrier function

Conventionally, cells are cultured in an incubator at 37°Cand 5% CO,. However,
the flow-through transwell system is connected to syringe pumps and fraction
collectors, which are placed outside of the incubator. Furthermore, the system
is to be integrated with analytical equipment in future experiments (Chapter
4) therefore, we optimised the system to perform experiments outside the
incubator, while maintaining good cell culturing conditions. Regular cell
culture medium uses sodium bicarbonate as a pH buffer mechanism and
therefore requires a stable level of CO,. In the present study, a well-known
buffering agent (i.e. HEPES, a zwitterionic sulfonic acid) was used in the cell
culture medium, which has a buffering capacity independent of the CO,
concentration [21]. We examined the morphology and growth speed of the
Caco-2 and HT29-MTX-E12 cells after 3 days of culture in a T-75 flask in cell
culture medium containing HEPES grown independent of CO, and compared it
with cells grown in conventional cell culture medium at 5% CO, (Figure 3.3). No
differences were observed either in morphology or growth speed between the
cells exposed to CO, dependent or independent medium.

The human gastrointestinal tract is in close contact with the external
environment. It protects our body from pathogens and toxic compounds [29,
30]. On the other hand, it effectively absorbs nutrients from our food as well
as orally administrated drugs [31]. A reliable in vitro intestinal barrier model
should reflect this gatekeeper function. A prerequisite for in vitro permeability
experiments is the formation of a leak free monolayer of intestinal cells grown
on a permeable membrane (i.e. transwell). In our in vitro model, confocal
imaging showed a network of the tight junctions, visualized by staining the
tight junction protein ZO-1 (Figure 3.4a) demonstrating a tight monolayer of
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Figure 3.3: Light microscope images of Caco-2 cells and HT29-MTX-E12 cells after three days of culture
in a T-75 flask. In the images on the left the cells were exposed to CO, dependent medium and in the
images on the right the cells were exposed to CO, independent medium (magnification was 4X).

cells after 21 days of culture in the transwell. Tight junction proteins are present
on the apical side of the cells, connecting individual cells together creating a
closed barrier [32]. Furthermore, absence of paracellular transport was shown,
by performing a Lucifer yellow permeability test. After exposure to verapamil
the low Lucifer yellow permeability indicated good barrier integrity of the
monolayer. Less than 5% Lucifer yellow permeability is generally used as a cut-
off value for a leaky monolayer [33]. We obtained an average permeability of
0.18%+0.06% (Figure 3.4b).

To assess the flow-through transwell model as a model for oral absorption,
we examined its permeability characteristics using the model compound
verapamil (Figure 3.4c), of which extensive in vitro and in vivo permeability
data can be found in literature. Prior to permeability experiments, a non-
toxic dose of verapamil was determined to ensure proper cell viability during
experiments. For this we incubated non-differentiated cells for 24 hours with
increasing concentrations of verapamil to establish the desired non-toxic
concentration for subsequent studies. These are worst-case conditions as
in the permeability experiments, the exposure lasted three hours and was
executed on fully differentiated cells. The combination of a longer exposure
time and the use of proliferating cells results in a higher sensitivity towards

75




Chapter 3

cytotoxicity, compared to the shorter incubation and fully differentiated cells
used in permeability experiments [34]. Results showed that the cell viability of
the co-culture of Caco-2 and HT29-MTX-E12 cells was >80% [35] after exposure
to concentrations of verapamil at or below 10 pug/mL (Figure 3.4d). Therefore,
a concentration of 5 ug/mL was selected for permeability experiments in both
the static and dynamic model system.

Figure 3.4: a) Confocal image of Caco-2/HT29-MTX-E12 cells before the exposure experiments in the
dynamic flow-through transwell system (i.e. 21 days). Cells were stained for tight junction protein ZO-1/
TJP1 (red) and cell nuclei (blue). b) Permeability of Lucifer yellow across a monolayer of Caco-2/HT29-
MTX-E12 cells after two days of culture and after permeability experiments in the dynamic flow-through
transwell system, given as a percentage of the apical concentration (% + standard error of the mean
(SEM)). ) Molecular structure verapamil. d) Cell viability after 24 h exposure to increasing concentrations
of verapamil. Viability is given as a percentage of the control (% + SEM; n=3).
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3.3.2 Comparison of verapamil permeability in the static versus dynamic
intestinal barrier model

In order to assess the flow-through transwell model as a model for intestinal
absorption, we examined the permeability of model compound verapamil.
Verapamilisadrug classified in category Il of the biopharmaceutics classification
system (BCS), meaning it is a high permeability compound, and it is known to
cross the intestinal epithelium predominantly via passive transcellular diffusion
[36, 37]. As discussed in the introduction Caco-2 cells are a well-suited model
for testing permeability of passively transported compounds, like verapamil.
For the static experiment, samples were collected on the basolateral side of
the membrane at t=0, 15, 30, 45, 60, 120 and 180 minutes. In the flow-through
transwell system samples were collected every two minutes by a fraction
collector in a 96 well plate (Figure 3.2). The concentration of verapamil in these
samples was determined by LC-MS/MS. Cumulative transport of verapamil
across the intestinal layer in the static and flow-through transwell system after
three hours was 13.5% and 12.7% of the exposure concentration, respectively,
and followed a similar trend over time in both models (Figure 3.5). Variation
among the biological samples in the flow-through transwell system was larger,
compared to the static system. This is probably due to some flow induced shear
stresses on the cells [38]. The apparent permeability coefficients (P,,,) were
calculated for all verapamil experiments, allowing comparison of our results
against in vitro permeability data found in literature (Table 3.1). As shown in
Table 3.1 the apparent permeability coefficients observed in our study fall within
the range of in vitro data found in literature. In vivo P, values for verapamil are
ten to a hundred times higher (6.7 £2.9 x 10* cm/s) [39] compared to in vitro
data, however good correlations has been shown between in vivo and in vitro
permeability data for verapamil [40].

A major drawback of current dynamic in vitro systems of the intestine is the
high variety in designs and limited studies examining the absorptive capacity
of the devices and benchmarking them against the golden standard, the
transwell [18, 22, 34, 41]. For future research predicting oral bioavailability using
dynamic intestinal barrier models more data needs to be generated testing
the permeability of model compounds with different transport mechanisms,
this will allow comparison to the static transwell and in vivo permeability data.
Furthermore, characterization of the cell layer is essential looking at barrier
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integrity and expression of transporters and metabolic enzymes. In the end we
strive for better predictive in vitro models of oral bioavailability that can replace
the animals currently used in regulatory analysis and novel drug development
trails.

Figure 3.5: a) Permeability of verapamil across a monolayer of Caco-2/HT29-MTX-E12 cells in a static
transwell. Permeability is given as a percentage of the apical concentration (% + SEM; n=3). b)
Permeability of verapamil across a monolayer of Caco-2/HT29-MTX-E12 cells in the dynamic flow-
through transwell. Permeability is given as a calculated cumulative percentage of the apical
concentration (% + SEM; n=3).

Table 3.1 Apparent permeability coefficient of verapamil described in literature for different static in
vitro model systems.

Cell Model P_.x10%cm/s ref.
Caco-2 9.17-62.4 [42-45]
Caco-2 (TC-7)? 2.98 +0.55 [46]
Caco-2/HT29-MTX 41.7+4.7 [47]
Caco-2/HT29-MTX/Raji B® 42.7+5.6 [47]
LLC-PK1¢ 24+153 [42]
L-MDR1¢ 18.8+£0.7 [42]
Caco-2/HT29-MTX-E12 (static) 209+39 This study
Caco-2/HT29-MTX-E12 (dynamic) 19.5+10.3 This study

3TC-7 is a clone of the Caco-2 cell line, ® Raji B is a human B lymphocyte cell line and ¢ LLC-PK1 cells
are porcine epithelial cells, and L-MDR1 (multidrug-resistance) cells are LLC-PK1 cells stably transfected
with human MDR1 cDNA
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3.4 Conclusions

Here we have established a dynamic in vitro model of the human intestine
for oral bioavailability studies by using a flow-through transwell system.
Firstly, cell viability and barrier integrity were examined to ensure a biological
relevant barrier model. Followed by the permeability of, the well-known model
compound, verapamil across a monolayer of Caco-2 and HT29-MTX-E12 cells.
Verapamil permeability compared well to the golden standard the static
transwell. Furthermore, results were benchmarked against in vitro permeability
data from literature and showed similar results. In Chapter 3b, we will use
the established dynamic in vitro model to examine the uptake of the natural
mycotoxin ergotamine. Additionally, the system allows for future extension
with an integrated online analysis system for semi continuous readout of
absorption and biotransformation (Chapter 4).
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Chapter 3b - Ergotamine

Abstract

Ergot alkaloids are mycotoxins that are produced by the fungus Claviceps
purpurea upon infection of certain grains, like wheat and rye. Ergot alkaloids
can end up in the food chain and thereby cause a harmful effect in humans.
The most predominantly occurring ergot alkaloid is ergotamine and its epimer
ergotaminine. However, the transport mechanism of ergotamin(in)e across the
intestinal barrierislargely unknown. In this study, we examined the permeability
of ergotamin(in)e across a monolayer of Caco-2 and HT29-MTX-E12 cells in a
static and dynamic in vitro intestinal model system. A higher permeability of
the epimer ergotaminine was observed compared to ergotamine in the static
in vitro model. This difference was lost in the dynamic model experiments.
Highlighting the importance of flow and flow induced shear stress on the cell
monolayer and subsequently on permeability of a compound.

Keywords: Ergot alkaloids, ergotamine, stereoselective, intestinal permeability
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3.5 Introduction

Examining the toxicity and bioavailability of mycotoxins in food is of great
importance for risk assessment and the subsequent establishment of the
maximum occurrence levels in food commodities. Mycotoxins are secondary
metabolites produced by fungi that can infect crops and thereby end up in the
food chain. Ergot alkaloids are a class of mycotoxins found in plants infested
with the fungus of the genus Claviceps, with Claviceps purpurea being the most
predominant [48]. Plants infected with these fungi belong to the Poaceae family,
which includes grains, like wheat, rye, barley and oats. Ergot alkaloids are found
in the sclerotia (ergot bodies) stage of the fungi, which are the dark purple
protrusions visible in an infected plant (Figure 3.6). The ergot bodies are the
overwintering stage of the C. purpurea fungus and can easily detach from the
plant and spread across a field. In the summer and spring under cool and wet
conditions the ergot bodies can germinate and form ascospores (sexual, non-
motile spores), which are disseminated by rain or wind [49]. Upon infection of
the plant, millions of conidia (asexual, non-motile spores) are produced and
collect in the sap of the host plant, this sap is also known as honeydew. Insects
are attracted to the honeydew and thereby cause a secondary spread of the
fungi [50](Figure 3.6). Finally, the fungus matures inside the plant producing
the ergot bodies closing the life cycle of C. purpurea.
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Figure 3.6: Life cycle of Claviceps purpurea on grains
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Physical cleaning steps are undertaken to prevent ergot alkaloid
contamination [51], nevertheless ergot alkaloids are still detected in several
food products, mostly in cereals [52]. The toxic effects of ergot alkaloids are
related to disruption of neurotransmission as ergot alkaloids are structurally
similar to adrenaline, noradrenaline, dopamine and serotonin [53]. High intake
of ergot alkaloids can result in ergotism also known as Saint Anthony’s Fire, with
symptoms such as headaches, spasms and vasoconstriction [54]. In the past
couple of years an increase is seen in ergot alkaloid monitoring [52, 55-59], due
to the call from the European commission to actively screen for ergot alkaloids
in cereals and cereal products [60]. The European Food Safety Authority (EFSA)
reported on human and animal exposure levels to ergot alkaloids and found the
highest levels of ergot alkaloids in rye and rye containing products. The most
predominant ergot alkaloid found was ergotamine and its epimer ergotaminine
(Figure 3.7) [61]. Even though the —inine epimer is considered not biologically
active, epimerization can occur under various conditions and could thus add
to toxicity [62]. Human oral bioavailability of ergotamine was found to be low,
only ~1% [63], however in vitro ergotamine intestinal permeability to elucidate
its uptake mechanism has yet to be studied.

Therefore, here we examined the in vitro permeability of the ergot alkaloid
ergotamine and its epimer ergotaminine across an intestinal barrier. A co-
culture of Caco-2 and HT29-MTX-E12 cells was grown in a traditional transwell
system and in a dynamic flow-through transwell system investigating the effect
of flow on ergotamin(in)e permeability. Furthermore, cell viability and barrier
integrity upon ergotamine exposure were evaluated.

Figure 3.7: Molecular structure ergotamine and ergotaminine
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3.6 Materials and Methods

Ergotamin(in)e experiments were performed as described for verapamil
(Chapter 3a) with the following modifications:

3.6.1 Cell viability

Possible cytotoxic effects of ergotamin(in)e were evaluated using the cell
proliferation assay WST-1. A concentration range of 0 - 20 pg/mL ergotamin(in)
e was tested in cell culture medium. The viability of the cells for each
concentration of ergotamin(in)e was expressed as a percentage of the negative
control consisting of cell culture medium with 0.5% DMSO, as ergotamin(in)e
was dissolved in cell culture medium using 0.5% DMSO. Trition-X100 (0.25%,
v/v) was used as a positive control and decreased the cell viability to 4.8 + 2.7%.

3.6.2 Cell permeability experiments

For the static and dynamic cell permeability experiments ergotamin(in)e (10
pg/mL) was used suspended in HBSS (without phenol red) containing 25 mM
of HEPES and 0.35 g/L NaHCO, as the donor solution.

3.6.3 LC-MS/MS analysis

Apical and basolateral ergotamin(in)je samples of the static transwell
experiments werediluted 20 times in methanol/water 60/40 (v/v) prior to LC-MS/
MS analysis, as were the apical transwell samples of the dynamic experiments.
The basolateral samples of the dynamic experiments were analysed undiluted.
Chromatographic separation was achieved using a Waters (Milford, MA, USA)
Acquity I-Class UPLC system equipped with an Acquity UPLC BEH C18 (100 mm
x 2.1 mm, 1.7 um) column (Waters). The column temperature was kept at 50°C
and the injector was kept at 10°C. A 2 pL injection volume was used. Mobile
phase A consisted of 10 mM ammonium carbonate in water (pH 9) and mobile
phase B consisted of acetonitrile. The mobile phase gradient started at 0% B
and was linearly increased to 10% B in 1 min followed by an increase to 30%
B in 10 min and returned to 0% B in 0.2 min, all at a constant flow rate of 0.4
mL/min. A mobile phase equilibration time of 2.6 min was allowed prior to the
next injection. The first minute of the gradient elution was directed to waste
to prevent salts from the HBSS matrix to enter the ion source of the MS. Mass
spectrometric detection was performed using a Waters Xevo TQS tandem mass
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spectrometer equipped with an electrospray ionisation interface (ESI) and
operated in positive ion mode, with a capillary voltage of 3.0 kV, a desolvation
temperature of 600 °C, a gas flow rate of 800 L/h, a source temperature of 150
°C and a cone gas flow rate of 150 L/h. For ergotamin(in)e four MRM transitions
were measured (Table 3.2). For quantification of ergotamin(in)e a calibration
curve was constructed. Calibration solutions were prepared in HBSS and
subsequently diluted in methanol/water 60/40 (v/v) similar as the samples.
Resulting in a calibration curve with the following points: 0, 0.01, 0.05, 0.1, 0.5,
1, 2.5, 5 and 10 pg/mL. LOD and LOQ were calculated as the average signal
of five blank samples plus three (LOD) or ten (LOQ) times the SD of the blank
samples divided by the sensitivity (slope of the calibration curve) using the
transition m/z 582.4 > 208.1 resulting in a LOD of 1 ng/mL and LOQ of 1.9 ng/
mL. The concentration of ergotamin(in)e in the unknown samples was then
calculated using the peak area measurements in the RIC of the transition m/z
582.4 > 208.1 via interpolation of the external matrix-matched calibration
curve (r’=0.99).

Table 3.2. Multiple reaction monitoring (MRM) acquisition parameters for LC-MS/MS analysis of
ergotamin(in)e. The reconstructed ion current (RIC) of the transitions in bold were used for quantitation
using external calibration.

Compound Precursor (m/z)  Product (m/z) Cone (V) Collision energy (eV)
Ergotamin(in)e 582.4 208.1 30 40

223.1 30 35

268.1 30 25

277.1 30 25

3.7 Results and Discussion

We first established the Caco-2/HT29-MTX-E12 monolayer on a permeable
transwell insert and examined its barrier integrity upon ergotamin(in)e
exposure.We have looked at the permeability of Lucifer yellow after permeability
experiments with ergotamin(in)e. Cell barrier with permeability higher than 5%
of the apical concentrations were determined as leaking and discarded. In this
study cell barriers used for ergotamin(in)e permeability calculations showed
0.46 £ 0.02% Lucifer yellow permeability. Furthermore, as shown in figure 3.8
a concentration of ergotamin(in)e at or below 10 pg/mL showed no toxicity.
Human studies have shown overall low oral bioavailability [63, 64] of ergotamine
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and therefore it has been classified to be a BCS lll compound, meaning a low
permeability compound [65]. Therefore, we used the highest non-toxic dose
possible for the ergotamin(in)e permeability experiments (10 ug/mL).
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c 1 1 I 1
0.01 0.1 1 10 100
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Figure 3.8: Cell viability after 24 h exposure to increasing concentrations of ergotamine. Viability is
given as a percentage of the control (% + SEM; n=3)

We examined the permeability of the epimers ergotamine and ergotaminine
from the ergot alkaloid family, across the in vitro intestinal barrier. Permeability
of ergotamin(in)e across the barrier of Caco-2 and HT29-MTX-E12 cells in both
the static and dynamic experiments was measured by LC-MS/MS [52]. In the
static experiments ergotamine permeability reached a concentration of 4.9%
of the apical concentration. Interestingly, the permeability of the ergotaminine
epimer reached a concentration of 32.5% after 3 hours in the static
experiments (Figure 3.9a). The higher permeability of ergotaminine compared
to ergotamine could be due to epimerization of ergotamine to ergotaminine
either chemically in the basolateral compartment or biologically within the
cells. The microenvironment surrounding the cells is kept stable during the
3 hour experiments with no changes in pH or temperature, furthermore the
donor solution containing ergotamin(in)e is heated 2 hours before the start
of each experiment to come to an equilibrium between the two epimers as
suggested by Mulac and Humpf (2011) [66]. Another explanation could be that
ergotamin(in)e is actively transported by the efflux transporter P-glycoprotein
(P-gp) backinto the apical compartment and has more affinity with ergotamine
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than with ergotaminine. Bromocriptine, another member of the ergot alkaloid
family, is a known substrate for the efflux transporter P-gp [67]. For verapamil
(Chapter 3a) and ergotamine we found similar permeability coefficients across
the static and dynamic model systems, whereas for ergotaminine, permeability
is 5 times lower in the dynamic experiments compared to the static (Figure
3.9a+b). Interestingly, in the dynamic experiment measurements the large
difference between the epimer permeability rates is lost. P values for the
ergotaminine epimer in the dynamic experiments are on the same level as for
the ergotamine epimer (Figure 3.9¢). This difference clearly suggests that not
the microenvironment as such, but the cell layer is responsible for selective
transport of the epimers and/or epimerization.

Figure 3.9: a) Permeability of ergotamin(in)e across a monolayer of Caco-2/HT29-MTX-E12 cells in a
static transwell. Permeability is given as a percentage of the apical concentration (% + SEM; n=3). b)
Permeability of ergotamin(in)e across a monolayer of Caco-2/HT29-MTX-E12 cells in the dynamic flow-
through transwell. Permeability is given as a calculated cumulative percentage of the apical
concentration (% + SEM; n=3). ¢) Apparent permeability coefficient for ergotamin(in)e in the static and
dynamic transwell model (Papp x 10° cm/s + SEM; n=3).
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3.8 Conclusions

Here we have examined for the first time the in vitro intestinal permeability of
the epimers ergotamine and ergotaminine. Cell viability and barrier integrity
were evaluated upon ergotamin(in)e exposure ensuring a relevant in vitro
model system. Ergotamin(in)e permeability was measured across a monolayer
of Caco-2 and HT29-MTX-E12 cells in a static and dynamic environment,
showing a clear difference in ergotaminine permeability between the static
and dynamic system. This clearly shows that for different compounds classes
the effect of flow on the cell layer can influence the uptake of that compound.
Highlighting the added value of a dynamic in vitro intestinal model system for
permeability studies.
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Chapter 4

Abstract

In oral bioavailability studies, evaluation of the absorption and transport of
drugs and food components across the intestinal barrier is crucial. Advances
in the field of organ-on-a-chip technology have resulted in a dynamic gut-on-
a-chip model that better mimics the in vivo microenvironment of the intestine.
Despite a few recent integration attempts, ensuring a biological relevant
microenvironment while coupling with a fully online detection system still
represents a major challenge. Herein, we designed an online technique to
measure drug permeability and analyse (un)known product formation across
an intestinal epithelial layer of Caco-2 and HT29-MTX cells cultured on a
flow-through transwell system, while ensuring the quality and relevance of
the biological model. Chip-based ultra-performance liquid chromatography
quadrupole time-of-flight mass spectrometry (UPLC-QTOF-MS) was coupled to
the dynamic transwell via a series of switching valves, thus allowing alternating
measurements of the apical and basolateral side of the in vitro model. Two trap
columns were integrated for online sample pre-treatment and compatibility
enhancement. Temporal analysis of the intestinal permeability was successfully
demonstrated using verapamil as a model drug and ergotamine epimers as
a model for natural mycotoxins present in foods. Evidence was obtained that
our newly developed dynamic online analysis system provides reliable results
versus offline analysis. Finally, initial experiments with the drug granisetron
suggest that metabolic activity can be studied as well, thus highlighting the
versatility of the bio-integrated online analysis system developed.

Keywords: Gut-on-a-chip, chip-based liquid chromatography, mass
spectrometry, intestinal barrier, oral bioavailability
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4.1 Introduction

Human oral bioavailability is defined as the fraction of a compound that reaches
the systemic circulation after oral ingestion [1]. Before a compound reaches its
activation site it undergoes digestion, absorption and metabolism both in the
intestine and the liver. Currently, animals and static in vitro cell culture models
are used to capture these complex processes and predict the human response
[2, 3]. However, with the rise of techniques such as soft-lithography [4], thermal
moulding [5], 3D printing [6] and laser machining [7] more complex in vitro cell
culture models have become available, the so called organs-on-a-chip. These
dynamic cell culture models can integrate the biochemical and mechanical
triggersthatare presentinthe human body, like fluid shear stresses, biochemical
gradients and mechanical strain [4, 8, 9]. Capturing these key features in an in
vitro cell culture model can significantly improve the predictive power of these
models [10]. In Chapter 3, we have discussed the development and evaluation
of a dynamic in vitro intestinal barrier model for predicting uptake of chemicals
by the human intestine. We have shown a biologically relevant in vitro cell
culture model suited for permeability studies. Besides that dynamic model
systems better represent the in vivo microenvironment they also provide
the possibility to fully automate the system by integration with an analytical
detection system [11]. This however, implies serious compatibility challenges
for measurements in the highly complex chemical composition of cell culture
media that typically contains very high concentrations of salts, proteins, dyes
and antibiotic drugs.

Theoretically, electrospray ionization mass spectrometry (ESI-MS) would
be the technique of choice for integration with a dynamic in vitro cell culture
system, as ionization takes place in the liquid phase [12]. Furthermore, MS is
well suited for multi-analyte detection and apart from analyte transport across
the cellular barrier also (un)known product formation (e.g. metabolites) can
be monitored. However, due to the complex chemical composition of the cell
culture medium integration of dynamic in vitro models with ESI-MS requires
extensive sample preparation to ensure system compatibility [11]. Several
semi-integrated systems have been reported, in which solid phase extraction
(SPE) columns were used as a sample pre-treatment step [13-17]. In these
reports, the sample pre-treatment steps required manual operations to flush
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the SPE column, hampering full automation and compromising robustness
of the system. Few online integrations have been described in literature [18,
19], but unfortunately, they did not report on biological integrity for assuring
a relevant organ-on-a-chip model. A complete online integration featuring an
evidence-based biologically relevant dynamic in vitro intestinal barrier system
and ESI-MS detection, has not been described yet in literature.

In this study, we uniquely integrated a dynamicin vitro model of the intestine
with a chip-based ultra-performance liquid chromatography quadrupole
time-of-flight (UPLC-QTOF) MS analysis system for oral bioavailability and
biotransformation studies. This combines a dynamic cell barrier systemtogether
with automated and continuous analytical read out of translocation processes
and cell induced product formation while maintaining full biological integrity
and without compromising the analytical performance. For this a co-culture
of Caco-2 and HT29-MTX cells was grown in a flow-through transwell system,
connected to the UPLC-QTOF-MS via a series of switching valves. The switching
valves allow for alternating UPLC-QTOF-MS measurements of the apical and
basolateral side of the flow-through transwell system. Prior to chromatographic
separation two nanotrap columns are integrated in the series of switching
valves for sample pre-treatment. To benchmark the online total analysis system
for absorption studies, the permeability of two model compounds is examined
(i.e. verapamil and ergotamine) and compared to offline analysis. Some initial
experiments have been performed with the drug granisetron to show future
application of the system for biotransformation studies.

4.2 Experimental Section

4.2.1 Chemicals and reagents

Verapamil hydrochloride, ergotamin(in)e d-tartrate, penicillin-streptomycin,
formic acid, Lucifer yellow, 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid
(HEPES), sodium bicarbonate (NaHCO,), ammonium carbonate, Triton-X100
and Hank’s balanced salt solution (HBSS), with and without phenol red, were
purchased from Sigma-Aldrich/Merck (Steinback, Germany). Dulbecco’s
Modified Eagle Medium (DMEM) with 4.5 g/L glucose and L-glutamine with
and without phenol red, bovine serum albumin (BSA) and heat-inactivated fetal
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bovine serum (FBS) were purchased from Gibco (Bleiswijk, the Netherlands).
Dimethyl sulfoxide (DMSO), phosphate buffered saline (PBS) and non-essential
amino acids (NEAA) were obtained from Thermo Fisher Scientific (Landsmeer,
the Netherlands). Acetonitrile and methanol were purchased from Actu-
all chemicals (Oss, the Netherlands). Granisetron was purchased from TCl
Europe (Zwijndrecht, Belgium), paraformaldehyde from VWR (Amsterdam,
the Netherlands), WST-1 reagent from Roche Diagnostics GmbH (Mannheim,
Germany) and water was daily prepared using a Milli-Q Reference Water
Purification System from Millipore (Burlington, MA, USA).

4.2.2 Cell culturing

The human colonic adenocarcinoma Caco-2 cell line was obtained from the
American Type Culture Collection (ATCC, Manassas, VA, USA) and the human
colon adenocarcinoma mucus secreting HT29-MTX-E12 cell line was obtained
from the European Collection of Authenticated Cell Cultures (ECACC, Salisbury,
UK). Caco-2 cells were used at passage numbers 29-40 and HT29-MTX-E12 cells
were used at passage numbers 52-70 for all experiments. Cells were cultured
in DMEM containing 10% FBS, 1% NEAA and 1% penicillin-streptomycin and
maintained at 37°C in a 5% CO_-humidified air atmosphere and subcultured
every 2 to 3 days. For permeability experiments cells were seeded at a density
of 40,000 cells/cm? on a polycarbonate transwell insert (area 0.6 cm? 0.4 um
pore size, Millipore) as follows: Caco-2 and HT29-MTX-E12 cells were seeded in
a 3:1 ratio on the apical side of the transwell and allowed to attach for 24 hours.
After 24 hours, cell culture medium was refreshed every 2-3 days and transwells
were used for permeability experiments after 21 days of culturing. All dynamic
online cellular experiments were conducted using the flow-through transwell
system (discussed in Chapter 3).

4.2.3 Cell viability

Possible cytotoxic effects of granisetron were evaluated using the cell
proliferation assay WST-1, as follows: Caco-2 and HT29-MTX-E12 cells (ratio
3:1) were seeded in Greiner bio-one (Alphen aan den Rijn, the Netherlands)
flat bottom 96-well plates at a concentration of 1 x 10° cells/mL in cell culture
medium (100 pL/well). Plates were incubated for 24 hours at 37°C under
5% CO,. Cell culture medium was removed and subsequently the cells were
exposed to 100 pL/well serial dilutions of granisetron (0 - 1000 pg/mL) in cell
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culture medium for 24 hours, at 37°C. Then, the exposure media containing the
compounds was discarded and the cells were washed with pre-warmed HBSS.
Subsequently, WST-1 reagent (in cell culture medium without phenol red) was
added to the cells (1:10, 100 uL/well). After 1.5 hour of incubation at 37°C, the
absorbance of each well was measured at 440nm using a Bio-Tek (Winooski,
VT, USA) Synergy HT Multi-Mode microplate reader. The viability of the cells
for each concentration of granisetron was expressed as a percentage of the
negative control consisting of cell culture medium. Trition-X100 (0.25%, v/v)
was used as a positive control and decreased the cell viability to 0.0+0.4%..

4.2 .4 Flow-through transwell coupled online with chip UPLC-QTOFMS

A series of three 2 position/10-port UltralLife switching valves (IDEX Health
& Science, Oak Harbor, WA, US) with 1/16" fittings were used to interface the
flow-through transwell to the chip UPLC-QTOFMS. Apical and basolateral
effluents from the flow-through transwell were alternatingly loaded onto 5 L
stainless steel sample loops, mounted on the first and second switching valve
(Figure 4.1). Each sample loop was loaded for 15 min at 200 uL/min (apical)
and 100 pyL/min (basolateral), the detailed valve switching program is listed
in Table 4.1. After 15 min of sample collection the sample loop was flushed
for 4 minutes towards an Optimize Technologies (Oregon City, OR, USA) C8
nanotrap column (180 um i.d. x 5 mm, particle size 2.7 um) using an aqueous
solvent (H,O with 1% acetonitrile) at a flow rate of 20 pL/min. Following the
clean-up, the nanotrap column was eluted towards a chip-based iKey BEH C18
analytical column (150 um i.d. x 50 mm, particle size 1.7 um) (Waters). The 3 uL/
min microflow gradient for verapamil and granisetron experiments consisted
of mobile phase A, water with 1% acetonitrile and mobile phase B, acetonitrile
with 1% water, both containing 0.1% formic acid. The gradient started at 0% B
and after 4 min was linearly increased to 100% B in 4 min. This composition was
kept for 3 min and returned to 0% B in 0.1 min. An equilibration time of 3.9 min
was allowed prior to the next injection. For ergotamin(in)e experiments the
gradient consisted of mobile phase A, water with 10 mM ammonium carbonate
(pH 9) and mobile phase B, acetonitrile. The gradient started at 30% B and after
4 min was linearly increased to 70% B in 6 min. This composition was kept for
1 min and returned to 30% B in 0.2 min. An equilibration time of 3.8 min was
allowed prior to the next injection. The complete process is illustrated in Figure
4.1. Data were collected using MassLynx v4.1 software, yielding a separate data
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file for each nanotrap analysis, or in other words alternatingly for the apical and
basolateral sides of the dynamic in vitro model. Mass spectrometric detection
was performed with a Waters Xevo QTOF mass spectrometer equipped with
an iKey nano electrospray ionisation interface. The mass spectrometer was
operated in positive ion mode, with a capillary voltage of 3.9 kV, a desolvation
temperature of 350 °C, a gas flow rate of 400 L/h, a source temperature of 80 °C
and a cone gas flow rate of 10 L/h.

Table 4.1 Valve switching program for online coupling of dynamic flow through transwell effluents with
iKey-UPLC-QTOFMS

Apical Sample Basolateral Sample
Time (min) Switching valve Action Time (min) Switching valve Action
Initial 1 Off Initial 1 On
Initial 2 On Initial 2 off
Initial 3 On Initial 3 Off
0.1 1 On 0.1 1 Off
0.1 2 Off 0.1 2 On
410 3 Off 4.10 3 On

4.2.5 Evaluation of carry-over in the online chip-based UPLC-QTOFMS
analysis system

Carry-over for the online chip-based UPLC-QTOFMS analysis system was
assessed for the initial (Figure 4.2) and final (Figure 4.1) systems by removing
the flow-through transwell model and instead connecting two syringes
directly at the valve inlets for the apical and basolateral effluent. First, the
syringe connected at the apical inlet contained 5 ug/mL of verapamil in HBSS
and the syringe connected at the basolateral inlet contained HBSS only. The
online analysis system was run for 6-8 measurements, and any appearance of a
verapamil peak in the basolateral measurements was a sign of carry over. This
experiment was repeated, but then with the syringe containing 5 ug/mL of
verapamil attached at the basolateral valve inlet.

4.2.6 Data analysis
The apparent permeability coefficient (P, cM/s) was calculated as described
by Yeon and Park (2009) [20], according to the following equation:

, _dQ 1
PP A4t A Cy
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Where dQ/dt is the cumulative transport rate in the basolateral compartment
(umol/s), A is the surface area of the cell layer (0.6 cm?) and C is the initial
concentration of the compounds in the apical compartment (umol/cm?3).

Figure 4.1: Schematic depiction of the final flow-through transwell (FTTW) to chip-UPLC-QTOFMS
coupling using parallel trap columns as interface. The setup consists of three switching valves, two
sample loops, two C8 trap columns and a chip-based C18 analytical column. a) Sample effluent from the
apical side of the FTTW fills the sample loop in the first switching valve for 15 minutes, while aqueous
effluent flows through the second sample loop to the waste. b) After 15 minutes sample collection the
first valve switches and aqueous effluent flows through the first sample loop towards the C8 trap
column in the third switching valve. The aqueous effluent loads the sample onto the trap column and
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rinses away the salts. At the same time, the second valve switches to collect effluent from the basolateral
side of the FTTW. c) Subsequently, a gradient from aqueous to organic solvent runs through the trap
column in the third valve, through the analytical column and to the MS. d) The next valve switch flushes
the sample collected from the basolateral side of the FTTW to the trap column. The analytes captured
on the trap column are eluted by the gradient from aqueous to organic solvent onto the analytical
column and to the MS (a). Total analysis from the trap column to the analytical column takes 15 min.The
pattern repeats until the in vitro biological experiment is completed.

4.3 Results and Discussion

4.3.10nline flow-through transwell analysis system, design and performance
Initial designs of the online total analysis system consisted of different
configurations of the switching valves (Figure 4.2), providing shorter run times
and the possibility to select which effluent stream to measure. However, these
configurations experienced severe analyte carry over between the two effluent
streams, due to shared capillary tubing. We have tried different concentrations
of methanol in the eluent that flushes the sample to the C8 trap column, but no
optimal concentration could be found without carry over and proper analyte
retaining on the nanotrap column.

Figure 4.2: Initial configurations of the switching valves. a) Series of three switching valves with the
possibility to choose the effluent stream to be measured in the first valve, sample collection in the
second valve and analyte trapping in the third valve. b) Two switching valves, for alternating apical and
basolateral sample analysis. In the first valve sample was collected and in the second valve the analyte
was trapped on a nanotrap column.
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Finally, the in vitro model of the human intestinal epithelium could be
successfully integrated with chip-based UPLC-QTOF-MS, using the set-up as
shown in figure 4.1, thanks to the separate tubing and trap columns for apical
and basolateral effluents, having high and (very) low concentrations of analytes,
respectively. A flow-through transwell containing a co-culture of Caco-2 and
HT29-MTX cells was operated upstream by a syringe pump equipped with a
syringe heater to maintain a physiological relevant temperature of the cell
culture medium. HEPES was added to the cell culture medium as a pH buffer
to maintain the physiological relevant microenvironment. After starting the
exposure, 15 minutes of apical effluent was collected in the sample loop of the
first switching valve (Figure 4.1a). The sample was subsequently directed to a C8
nanotrap column integrated on the third switching valve, allowing for analyte
trapping and desalting (Figure 4.1b). After trapping, the analyte was separated
on a chip-based reversed phase C18 column having an integrated nano
electrospray ionization emitter and analysed by QTOF-MS (Figure 4.1c¢). Total
analysis time including sample trapping, desalting and MS measurement was
15 minutes. During these 15 minutes the sample loop in the second switching
valve was filled with the basolateral effluent for the next measurement (Figure
4.1b-c) following the same trapping and desalting steps (Figure 4.1d), but in
a fully independent fluidic part of the set-up in order to exclude any carry-
over. Thus, every 15 min there was a switch between the apical and basolateral
channel and this process repeated until the end of the biological experiment.
This final design turned out to be the best compromise with regards to lack
of carry-over, analysis time, frequency of sampling and analytical robustness.
System stability was proven by introducing 5 pg/mL verapamil in HBSS for three
hours into the automated total analysis system by a syringe pump. During the
complete run time of the experiment retention time for the verapamil peak
at 6.8 min was found to be stable (Figure 4.3a). Also, the pressure profile of
the UPLC gradient pump attached to the third switching valve that runs over
the trap columns and the analytical column confirmed no increase (column
clogging) or decrease of pressure during the three-hour measurements (Figure
4.3b), thus demonstrating adequate removal of the very high level of salts in
the medium.
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Figure 4.3: a) Peak stability of verapamil during three hours of measurements. b) Pressure stability
gradient pump running through the nanotrap column and analytical column for three hours of
measurements

4.3.2 Temporal analysis of intestinal permeability

To demonstrate the feasibility of the flow-through transwell coupled to chip-
based UPLC QTOF-MS for permeability studies, the apparent permeability
coefficients (P,,,) were calculated for verapamil and ergotamin(in)e and
compared to the P values obtained with offline analysis in chapter 3. Online
mass spectrometry analysis systems are intrinsically more complex than offline
analysis system, as they require online sample collection, sample clean-up (due
to the cellular matrix) and analysis [18, 19, 21]. Nevertheless, both the offline
and the newly developed online analysis system show similar P_ values
for verapamil (Figure 4.4). Confirming that the increased complexity in the
online analysis system does not affect the biological outcome for verapamil.
For ergotamin(in)e the differences between the offline and online analysis
are larger, deviation between individual biological samples is also greater
(Figure 4.4). Recalling the static versus dynamic data from chapter 3 regarding
ergotamin(in)e flow seems to influence the uptake of the ergotaminine epimer
and to a lesser extent the ergotamine epimer. Therefore, lager deviations
between biological samples in the dynamic analysis are to be expected, this
might explain the larger differences for the ergotamin(in)e experiments. Our
online analysis system allows for automated and non-invasive read-out of
the dynamic responses of the in vitro intestinal model to chemicals in semi
real-time. This is highly coveted for kinetic studies and long-term exposure
experiments. Moreover, it eliminates most of the manually handling reducing
the chance of human error. Furthermore, our system is flexible in the sense that
sample loops, nanotrap columns and analytical columns can easily be changed
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to suite different analytes. Which is more complex in systems that use on chip
sample loops or SPE columns [14, 16, 18]. From a biological standpoint, shorter
analysis times might be preferred as rapidly transporting compounds already
reach their permeability equilibrium within 15 minutes [22]. In literature, only
a few organ-on-a-chip system integrated with MS have shorter analysis times
[16, 19], but not shorter than 9 minutes.
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Figure 4.4: Apparent permeability coefficient of verapamil, ergotamine and ergotaminine offline (data
taken from chapter 3, black) versus online analysis (grey) (+SEM; n=3).

4.3.3 Potential for online analysis of cell-induced product formation

With the analysis of verapamil and ergotamin(in)e we have demonstrated
the robustness of the online analysis system to measure intestinal absorption
in time. Besides temporal permeability analysis the system could be suited
for the detection of cell-induced product formation as well. For an initial
feasibility experiment we selected the compound granisetron (Figure 4.5a),
which is a serotonin 5-HT, receptor antagonist [23] as a model substrate for
metabolism in our intestinal barrier model. Granisetron is an oral drug that
is used against nausea as a result of chemotherapy [24] and is metabolized
by the enzymes CYP1A1 and CYP3A4, resulting in 7-hydroxygranisetron and
9-desmethylgranisetron, respectively [25]. Caco-2 cells express the CYP1A1
enzyme, suggesting that granisetron might be metabolised in our Caco-2/
HT29-MTX model [26]. First a non-toxic concentration of 10 ug/ml granisetron
was established (Figure 4.5b). Next, an initial experiment was conducted
using the newly developed dynamic online analysis system. After 3 hours of
exposure 13.1% of granisetron translocated the in vitro intestinal barrier (Figure
4.5¢), but unfortunately no metabolites were detected on the basolateral side
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of the cell barrier. Nevertheless, an additional ion with m/z309 appeared on the
apical side of the membrane (Figure 4.5d). It was confirmed that the formation
of this unknown compound was due to the presence of the cells, as the ion
at m/z 309 was not detected after 24 hours incubation in the same matrix at
37°C without cells (Figure S4.1, Supplemental information). In other words, we
can exclude chemical degradation as the cause of the product formation and
therefore the formation of this unknown compound is due to the biologically
active cells through either metabolism of granisetron itself or excretion of an
unknown cell metabolite. More research is needed to elucidate the structure of
this compound. Nevertheless, these results demonstrate the applicability and
robustness of the automated online analysis system for measuring unknown
product formation in the in vitro intestinal model.

Figure 4.5: a) Chemical structure granisetron. b) Cell viability after 24 h exposure to increasing
concentrations of granisetron. Viability is given as a percentage of the control (% + SEM; n=3). ¢)
Cumulative permeability of granisetron across a monolayer of Caco-2/HT29-MTX cells in the dynamic
flow-through transwell with online analysis. Permeability is given as a calculated cumulative percentage
of the apical concentration (n=1). d) reconstructed-ion chromatogram of m/z 313 ([M+H]* ion of
granisetron) and an unknown ion m/z 309 at time point 30 minutes on the apical side.
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4.4 Conclusions

Here we developed an integrated online analysis system for the detection of
intestinal absorption and unknown product formation by using a flow-through
transwell and mass spectrometry while ensuring full bio-integrity. The biggest
strength of the online analysis system is the combination of a relevant dynamic
biological model of the intestine with semi continuous online analytical
detection.The permeability of verapamil and ergotamin(in)e acrossa monolayer
of Caco-2 and HT29-MTX cells was successfully studied in a time resolved
manner without the need for any manual handling. Furthermore, we were
able to detect an unknown product upon stimulating the intestinal cell layer
with granisetron. While this work should be considered as a proof of concept
a wide range of different drugs, toxins or dietary compounds can be easily
evaluated using this system, even other cell types can be easily incorporated
into the flow-through transwell system for more complex biological studies
looking at the interaction of different cell types. Finally, the system easily allows
future extension with a dynamic in vitro oral digestion system to provide a full
oral bioavailability system with semi continuous readout of absorption and
biotransformation (Chapter 5).
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Figure S4.1: Centroided mass spectrum upon positive electrospray ionization of granisetron after 24
hour exposure of exposure to 37°C without the presence of cells in a transwell
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Abstract

A novel, integrated, in vitro gastrointestinal system is presented to study oral
bioavailability of small molecules. Three modules were combined into one
hyphenated set-up. In the first module, a compound was exposed dynamically
to enzymatic digestion in three consecutive microreactors, mimicking the
processes of the mouth, stomach, and intestine. The resulting solution (chyme),
continued to the second module, a flow-through barrier model of the intestine
allowing translocation of the compound and metabolites thereof. The final
module analysed the composition of both effluents from the barrier model by
chip-based electrospray ionization mass spectrometry. Apart from technical
challenges interfacing the modules, a key challenge is ensuring proper barrier
integrity of the intestinal layer under these hyphenated conditions. Two model
drugs were used to test the integrated model, omeprazole and verapamil.
Omeprazole was shown to be broken down upon treatment with gastric acid,
but reached the cell barrier unharmed when emulating an enteric-coated
formulation. In contrast, verapamil was unaffected by digestion. Finally, a
simple food matrix, apple juice, was introduced into the system resulting in
a reduced uptake of verapamil. It is envisaged that this integrated modular
gastrointestinal system has great potential for future research in the fields of
pharmacology, toxicology, and nutrition.

Keywords: oral bioavailability, digestion-on-a-chip, total analysis system,
gastrointestinal tract, gut-on-a-chip, mass spectrometry
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5.1 Introduction

The oral bioavailability of ingested compounds is both of pharmacological
and toxicological interest. It is a crucial factor, for example, for drug dosing
in pharmacotherapy, in the occurrence of oral intoxications, and in nutrition
studies. Oral bioavailability is determined by three processes, namely
bioaccessibility, absorption and metabolism. A chemical is considered to be
bioaccessible if it is released from the matrix (either food or a drug formulation)
into the gastrointestinal tract in a form that can be absorbed by the intestinal
wall [1]. Parameters in the gastrointestinal tract, such as pH and residence time,
are of great influence on bioaccessibility, and there are several in vitro digestion
models available to study these effects. These models mimic the chemical and
enzymatic reactions that take place in the mouth, stomach and small intestine
[2, 3]. In the mouth phase, the main process involved in digestion can be
ascribed to the enzyme amylase [4]. In the stomach phase, a low pH causes
denaturation of proteins, which are then hydrolysed into smaller peptides
by the enzyme, pepsin [5]. In the small intestine, the pH is neutralized by the
addition of bicarbonate. Enzymes from the pancreas, including proteases and
lipases, are introduced [6], as is bile from the gallbladder to emulsify fats [7].

The next processes involved in determining oral bioavailability are
absorption and metabolism by the intestinal wall. Absorption of a compound
through the intestinal wall may occur via one or more of four mechanisms: 1)
active carrier-mediated transport, with membrane transport proteins shuttling
compounds over the cell membrane into and out of the cell; 2) transcytosis,
a mechanism by which macromolecules are taken up in vesicles along one
side of the cell, to then be transported across the cell interior and ejected from
the cell at another location; 3) transcellular diffusion, a passive mechanism by
which molecules are transported through cells; or 4) paracellular diffusion,
passive diffusion of molecules in-between cells to cross the intestinal wall [8].
For small lipophilic drug molecules transcellular diffusion is the most common
way of translocation [9]. The third parameter of oral bioavailability is first-pass
metabolism of drug compounds by the liver (from portal vein blood) before
reaching the central circulation. Currently, animal models and static in vitro
cell culture models are used to predict oral bioavailability. Besides the obvious
ethical issues, animal experiments are expensive and time-consuming and
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extrapolation from animal data to predict human oral bioavailability has been
shown to be difficult [10]. Static in vitro cell culture models of the intestine,
based on immortalized human cell lines such as Caco-2 cells, have been used
in the past to provide predictive data for human intestinal uptake [11, 12].
However, they do not capture the dynamic features in the intestine, such as
peristaltic motion and flow-induced shear stress.

With the rise of microfluidic technology and organ-on-a-chip devices,
most cell culture systems involved in oral bioavailability can be miniaturized
and automated. One example is the recent development of a three-stage
digestion-on-a-chip model where chemical and enzymatic breakdown in the
mouth, stomach and intestinal phase is recapitulated [13]. Moreover, a range
of different dynamic cell culture systems has been developed, which mimic the
intestinal epithelial barrier and are suited for permeability studies [14-20]. These
dynamic cell culture systems consist of two chambers separated by a porous
membrane containing cells of human intestinal origin. The cells used are either
from cell lines, or less frequently, are primary human cells or cells derived from
human stem cells. The cells inside the devices are subjected to flow, resulting in
a better representation of the in vivo intestinal microenvironment by inducing
shear stress on the cells [19, 21]. Furthermore, some of these dynamic cell
culture systems have been integrated with analytical detection platforms
allowing for automated real-time measurements and identification of (un)
known metabolites [18, 22-24].

Ideally, a digestion-on-a-chip and a dynamic in vitro flow-through intestinal
cell culture model with mass spectrometry (MS) detection are hyphenated
to study oral bioavailability in one automated system. However, this is highly
challenging for several reasons: 1) The digested material, or chyme, produced
in the digestive processes contains active enzymes and bile salts, which are
known to be harmful to cells in the in vitro dynamic intestinal model, thus
compromising the integrity of the intestinal barrier module. Also, the chyme
does not contain the right nutrients such as glucose in sufficient concentrations
for the cells to stay alive even in short-term experiments of about 3 h. 2) The
flow rates in all modules should be matched in order to expose the living cells
continuously to the chyme, and the drug or metabolite molecules therein,
at a constant, physiological shear stress. The fact that the different modules
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have significantly different internal volumes means that they are operated
in different flow rate ranges. This innate incompatibility requires attention
especially in the design of the interfaces between modules. 3) The presence of
compounds like the added proteins and salts found in the chyme interfere with
the MS analysis due to ion suppression [25]. Thus, there is an increased demand
placed on the sample preparation protocol for MS analysis, whose purpose it
is to largely remove these background compounds to minimise background
chemical noise in the analysis.

In this work, we have successfully combined, for the first time, a microfluidic
digestion-on-a-chip with a dynamic, flow-through cell culture model of
the intestinal barrier and online MS analysis to study and predict the fate of
compounds of interest upon ingestion. In doing so, we have addressed the
challenges related to the introduction of chyme to the intestinal cell culture,
inherent internal-volume incompatibility between modules, and sample
preparation of chyme-medium samples for MS analysis. An automated multi-
modular system has been obtained, featuring both enzymatic digestion
in the mouth, stomach and intestine, and cellular uptake by the intestinal
barrier. Thereby, it enables us to model all the important parameters for oral
bioavailability, except for the first-pass metabolism by the liver (which would
obviously require another organ model) [26]. We confirmed adequate biological
integrity of the Caco-2 and HT29-MTX-E12 cell barrier in the dynamic cell
culture system upon exposure to digestive juices using confocal microscopy,
and by evaluating cell-barrier permeation by the fluorescent dye, lucifer yellow.
The fate of a model drug, omeprazole, known to be sensitive to degradation
in the stomach, was studied using either the complete digestion module
(i.e. mouth, stomach, and intestine) or a simplified, intestinal-digestion-only
module coupled to the cell barrier module. The latter experiment mimicked
the behaviour of an enteric-coated formulation of omeprazole, which reaches
the intestine unaffected by conditions in the mouth and stomach [27]. Next,
we coupled the digestion-on-a-chip and dynamic, flow-through intestinal cell
culture model with online MS analysis, and measured the uptake of another
model drug, verapamil, known not to be influenced by digestive processes.
Finally, the impact of a simple food matrix on the in vitro bioavailability of
verapamil was studied.
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5.2 Materials and Methods

5.2.1 Chemicals

Verapamil hydrochloride, omeprazole, penicillin-streptomycin, formic acid,
lucifer yellow, 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES),
sodium bicarbonate, Triton-X100 and Hank’s balanced salt solution (HBSS),
with and without phenol red, were all purchased from Sigma-Aldrich/Merck
(Zwijndrecht, the Netherlands). Dulbecco’s Modified Eagle Medium (DMEM)
with 4.5 g/L glucose and |-glutamine with and without phenol red, bovine
serum albumin (BSA) and heat-inactivated fetal bovine serum (FBS) were
obtained from Gibco (Bleiswijk, the Netherlands). Rabbit polyclonal antibody
Z0-1/TJP1 conjugated to Alexa fluor 594, Prolong Diamond Antifade Mountant,
dimethyl sulfoxide (DMSO), phosphate-buffered saline (PBS) and non-essential
amino acids (NEAA) were bought from Thermo Fisher Scientific (Landsmeer, the
Netherlands). All chemicals for digestive juices, including enzymes, came from
Sigma-Aldrich/Merck, except sodium dihydrogen phosphate monohydrate and
hydrochloric acid (Acros, Geel, Belgium), and potassium chloride and sodium
chloride (Duchefa, Haarlem, the Netherlands). Acetonitrile was purchased from
Actu-All Chemicals (Oss, the Netherlands), and UPLC-MS grade water from
Biosolve (Valkenswaard, the Netherlands). Paraformaldehyde was obtained
from VWR (Amsterdam, the Netherlands), polydimethylsiloxane (PDMS) from
Dow Corning (Sylgard, Midland, Michigan, USA), and WST-1 reagent from Roche
Diagnostics GmbH (Mannheim, Germany). Water was prepared fresh daily
using a Milli-Q Reference Water Purification System from Millipore (Burlington,
Massachusetts, USA).

5.2.2 Cell culture

The human colorectal adenocarcinoma cell line, Caco-2, was obtained from
the American Type Culture Collection (ATCC, Manassas, Virginia, USA) and
co-cultured with the human colon adenocarcinoma mucus secreting cell
line HT29-MTX-E12 obtained from the European Collection of Authenticated
Cell Cultures (ECACC, Salisbury, UK). Cells were used at passage numbers 29-
40 and 52-70, respectively. Cell lines were cultured in separate 75 cm? cell
culture flasks (Corning, Corning, New York, USA) in cell culture medium (DMEM
containing 10% FBS, penicillin-streptomycin (100 U/mL and 100 pg/mL) and
1% NEAA). Cells were maintained in a humidified 5% CO, atmosphere at 37°C
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and subcultured every 2 to 3 days. The cells were seeded at a density of 40,000
cells/cm? on a polycarbonate 24-well transwell insert (0.4 um pore size, 0.6 cm?
surface area, Millipore) in cell culture medium. Caco-2 and HT29-MTX-E12 cells
were seeded on the apical side of the insert at a 3:1 ratio; cell culture medium
was replaced every other day. For permeability experiments, transwell inserts
were placed into the QV600 system from Kirkstall (Rotherham, UK), henceforth
referred to as a flow-through transwell, at day 20 of culture. The apical and
basolateral compartments of the flow-through transwell each had internal
volumes of 2 mL. Cell culture medium containing 25 mM HEPES was introduced
into the apical compartment (200 uL/min, maximum shear stress 6 x 102 dyne/
cm? [28])and basolateral compartment (100 pL/min) of the flow-through
transwell system using a separate syringe pump (New Era Pump Systems,
Farmingdale, New York, USA) for each compartment. Medium was maintained
at 37°C and perfusion continued for 24 h, as described by Giusti et al. (2014)
[28]. After 24 hours, the apical and basolateral syringes were both replaced by
syringes containing HBSS with 25 mM HEPES 0.35 g/L NaHCO, added. To assure
a biologically relevant environment, syringe heaters (New Era Pump Systems)
were used to heat the medium and keep the cells at 37°C without the need for
an additional incubator.

5.2.3 Cell viability

Possible cytotoxic effects of omeprazole and chyme were evaluated using the
WST-1 cell viability assay. First, Caco-2 and HT29-MTX-E12 cells (ratio 3:1) were
seeded in flat bottom 96-well plates (Greiner Bio-One, Alphen aan den Rijn,
the Netherlands) at a concentration of 1 x 10° cells/mL in cell culture medium
(100 pL/well). Plates were incubated at 37°C under 5% CO, for 24 hours. Cell
culture medium was removed, and the cells were subsequently exposed
for 24 h to 100 pL/well volumes of serial dilutions of omeprazole (0 - 50 ug/
mL) or chyme (0 - 100%) in cell culture medium at 37°C. Then, the exposure
media containing the compounds was discarded and the cells were washed
with pre-warmed HBSS. Subsequently, WST-1 reagent (in cell culture medium
without phenol red, as this interferes with absorbance measurements) was
added to the cells (1:10, 100 uL/well). After 1.5 hour of incubation at 37°C, the
absorbance of each well was measured at 440 nm using a Synergy HT Multi-
Mode microplate reader (Bio-Tek, Winooski, Vermont, USA). The viability of the
cells for each concentration of chyme was expressed as a percentage of the
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negative control consisting of only cell culture medium. For omeprazole, the
negative control consisted of cell culture medium with 0.5% DMSO added to
match the concentration of DMSO in the samples. Triton-X100 (0.25%, v/v) was
used as a positive control and decreased the cell viability to 0.0+0.4%..

5.2.4 Evaluation of cell barrier integrity

Barrier integrity was evaluated after cells had been cultured on a transwell
membrane for 21 days and subsequently stained for tight junction protein,
Z0O-1. Just before staining, the cells were washed with PBS and fixed with 4%
paraformaldehyde (w/v) for 15 min, permeabilized with 0.25% Triton-X100
(v/v) and blocked with 1% BSA (w/v). The cells were then incubated with 100
pL of solution containing 10 pg/mL of the conjugated antibody ZO-1/TJP1-
Alexa Fluor 594 for 45 min. Between steps, cells were washed with PBS three
times. Cells were mounted in a 120 pum spacer (Sigma-Aldrich) on a microscope
slide (Thermo Scientific) with ProLong Diamond Antifade Mountant. Slides
were then examined using a confocal microscope (LSM 510-META, Zeiss, Jena,
Germany), with samples excited with a 543 nm laser at a magnification of 40 X.
Cell layer integrity was also evaluated using the transport marker, lucifer yellow.
Following drug permeability experiments, the cells were incubated with lucifer
yellow at an apical concentration of 500 pug/mL in HBSS for 30 minutes. HBSS
was collected from the apical and basolateral side at t=0 and t=30 minutes
and analysed for fluorescence at 458/530 nm (excitation/emission) using a
microplate reader. Cell layers that transported more than 5% of lucifer yellow
to the basolateral compartment were judged as leaky and were discarded.

5.2.5 Artificial digestive juices

Artificial saliva, stomach juice, duodenal juice and bile were prepared as
described by de Haan et al. [13]; a detailed composition of the juices can be
found in Table S1 of the supplementary information (SI). In short, all chemicals
except the enzymes were dissolved in ultrapure water and the pH was
evaluated using a pH meter (Metrohm 713, Barendrecht, the Netherlands) and
adjusted if necessary using HCl or NaOH. After setting the right pH (leading
to local pH values of 7.0, 3.0 and 7.0 in the mouth, stomach, and intestine
compartment (respectively), the enzymes were added to the juices in order to
prevent inactivation or denaturation of enzymes if added to a solution with an
aberrant pH.
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5.2.6 Modular system design and operation

Fabrication of the digestion-on-a-chip system shown in Fig. 5.1a has been
previously described [13]. In short, identical micromixer devices for the three
phases of digestion were fabricated by micromolding PDMS on molds made
by photolithography in SU-8 photoresist layers deposited on 0.7-mm-thick,
polished glass substrates. Mixing channels were 300 um wide and 51.5 mm
long and contained 16 sequential arrays of 12 herringbone-shaped grooves
each. Channels were 60 pm deep and 50 um deeper in the groove regions.
Grooves were 110 um wide and spaced 60 um apart. The total internal volume
of each micromixer was 1.48 L including inlet channels leading to the groove
arrays. The grooves perturb the profile of side-by-side laminar flows entering
the mixing channel to generate ‘chaotic’ flow patterns that result in larger
contact areas between solutions. In this way, diffusion distances are shortened
substantially, and diffusional mixing times dramatically reduced. The different
phases of digestion were connected to each other via polytetrafluoroethylene
(PTFE) tubing (0.8/1.6 mm inner/outer diameter, Polyfluor Plastics, Breda, the
Netherlands) (Fig. 5.1a). Flow for the digestion-on-a-chip was regulated by a
pressure-driven flow control system [29]. Pressurized air was passed through a
microfilter (PTFE, 0.45 um pore size, Boom B.V., Meppel, the Netherlands) and
distributed to the four glass bottles into which 15 mL tubes (Greiner Bio-One,
Frickenhausen, Germany) were placed containing the digestive juices and
the sample. Digestive juices in each of the containers were kept at a constant
pressure of 500 mbar. PTFE tubing was used to connect the liquid containers
to the Coriolis-based mass flow controllers (ML120 and BL100, Bronkhorst
High-Tech, Ruurlo, The Netherlands), using blunt Fine-Ject 21G needles
(HenkeSassWolf, Tuttlingen, Germany) to connect the tubing. The micro-
Coriolis-based mass flow sensors were used to regulate the flow of juices and
samples with a far greater stability and accuracy then would be possible with
syringe pumps and other flow sensors [29] . A Bronkhorst software package
was used to change flow controller settings and to take measurements of mass
flow and density. A fourth micromixer (Fig. 5.1b) was incorporated to dilute
the chyme from the digestion-on-a-chip with the exposure medium (HBSS)
required for permeability experiments, to prevent any cytotoxic effect of chyme
on the cells. The effluent from this last micromixer was connected to the apical
side of the flow-through transwell (Fig. 5.1b). Subsequently, the flow-through
transwell was coupled to either a fraction collector, collecting one sample
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every minute in a 96-well plate or microfluidic chip-based UPLC-QTOF-MS via
a series of three switching valves (Fig. 5.1¢) as described by Santbergen et al.
[24]. In short, apical and basolateral effluents from the flow-through transwell
were alternatingly loaded onto 5 pL stainless steel sample loops, mounted
on the first and second switching valve (Fig. 5.1c). Each sample loop was
loaded for 15 min. After sample collection, the content of each sample loop
was depleted of proteins and bile salts by flushing for 4 minutes towards an
Optimize Technologies (Oregon City, Oregon, USA) C8 nanotrap column (180
um x 5 mm, 2.7 um) using an aqueous solvent (H,O with 1% acetonitrile) at
a flow rate of 20 pL/min. Following the clean-up, the trap column was eluted
with a microflow gradient at 3 uL/min towards a microfluidic iKey chip BEH C18
analytical column for UPLC-QTOF-MS analysis (see below for more details on
MS analysis).

Figure 5.1: Schematic overview of the different components used throughout experiments. a) Three
chaotic micromixers representing the mouth, stomach and intestinal phase of digestion are coupled to
one another using PTFE tubing. Conditions are individually controlled by addition of appropriate
artificial juices to each micromixer. b) A fourth micromixer is used to mix the chyme from the digestion-
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on-a-chip with cell culture matrix needed for the cells, in order to dilute the chyme before exposing cells
to it. Effluent was connected to the apical side of the flow-through transwell (FTTW) system containing
a co-culture of Caco-2 and HT29-MTX-E12 cells, followed by either fraction collection and offline analysis
or ¢) online analysis that automatically collected sample from the apical and basolateral side in the first
and second switching valve, respectively. In the third switching valve, two nanotraps were integrated to
retain the analyte of interest and wash away unwanted sugars and salts from the cell matrix.
Subsequently, the analyte of interest was eluted to a microfluidic C18 chip-based column and analysed
by QTOF-MS. The current state of the valves indicates the initial configuration at the start of the
experiment where the apical effluent is collected in the sample loop.

5.2.7 Offline and online UPLC-QTOF-MS analysis

Offline analysis of omeprazole

For the static cell permeability experiments (in transwells), 5 ug/mL omeprazole
was suspended in HBSS (without phenol red) containing 25 mM HEPES and 0.35
g/L NaHCO, as the donor solution. At day 21 of culture, the donor solution was
directly applied to the apical side of the cells (400 pL/insert). The basolateral
side was filled with 600 uL of HBSS per insert. Samples were taken (100 L)
from the basolateral side at 15, 30, 45, 60, 120 and 180 minutes, after which the
sampled medium was replenished with 100 uL fresh medium. At t=0and t=180
minutes apical samples were taken. For dynamic experiments (in the flow-
through device) including the complete integrated modular gastrointestinal
tract (Fig. 5.1a+b), omeprazole was introduced into the digestion-on-a-chip
at a concentration of 1 mg/mL in DMSO (1 yL/min). When intestinal digestion
only was desired, omeprazole was dissolved in the combined digestive juices
from the mouth, stomach and intestine at a concentration of 40 ug/mL before
introduction to the micromixer in which chyme was diluted with HBSS. In both
cases, the final omeprazole concentration on the apical side of the flow-through
transwell was 5 pg/mL. The apical and basolateral effluent flows of the flow-
through transwell were directed to a Gilson 234 autosampler (Villiers-le-Bel,
France), which was used as a fraction collector in this case to collect samples
every minute in a 96-well plate. All samples were analysed undiluted by UPLC-
QTOF-MS, using the procedure that is described next. One 2-position/10-port
Ultralife switching valve (IDEX Health & Science, Oak Harbor, Washington, USA)
with 1/16" fittings was used to incorporate online sample preparation with the
microfluidic chip UPLC-QTOF-MS. A nano Acquity autosampler (Waters) set at
10°C and with a 2 pL injector was used. The sample loop was flushed for 4 min
with mobile phase A (water with 1% acetonitrile and 0.1% formic acid) at a flow
rate of 3 uL/min towards a C8 nanotrap column (Optimize Technologies) (180
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pm I.D. x 5 mm, 2.7 um particles). Following the clean-up, the nanotrap column
was eluted towards a microfluidic chip-based iKey BEH C18 analytical column
(150 pm 1.D. x 50 mm, particle size 1.7 um) (Waters) by switching the valve. The 3
pL/min microflow gradient elution consisted of mobile phase A (cf. above) and
mobile phase B consisting of acetonitrile with 1% water and 0.1% formic acid.
The gradient started at 0% B and after 1 min was increased to 50% B in 0.1 min.
This composition was maintained for 3.9 minutes, and then increased to 90%
in 0.1 min, to be kept constant for 3.9 min. The composition was returned to 0%
in 0.1 min and an equilibration time of 3.9 min was allowed prior to the next
injection. MS detection was performed with a Waters Xevo QTOF MS equipped
with an iKey nano electrospray ionisation source operated in the positive ion
mode, with a capillary voltage of 3.9 kV, desolvation temperature of 350 °C, gas
flow rate 400 L/h, source temperature of 80 °C and cone gas flow rate of 10 L/h.
Data were acquired and processed using MassLynx v4.1 (Waters) software.

Online analysis of verapamil

Verapamil was introduced into the integrated, modular, microfluidic-
gastrointestinal-tract total- analysis system at a concentration of 1 mg/mL (Fig.
5.1a) in either ultrapure water or apple juice sample matrices (1 uL/min). Final
concentration of verapamil on the apical side of the flow-through transwell was
5 ng/mL. The automated sample clean-up and trapping was described above
in the section “Modular system design and operation”. In the case of verapamil
analysis, the C8 nanotrap column is eluted towards a microfluidic chip-based
iKey BEH C18 analytical column using the following gradient. The 3 pL/min
microflow gradient consisted of mobile phase A (water with 1% acetonitrile)
and mobile phase B (acetonitrile with 1% water), both containing 0.1% formic
acid. The gradient started at 10% B and, after 4 min, was linearly increased
to 100% B in 4 min. This composition was kept constant for 3 min, and then
reverted to 10% B in 0.1 min. An equilibration time of 3.9 min was allowed
prior to the next injection. Mass spectrometric detection was performed with
a Waters Xevo QTOF mass spectrometer with the same settings as for the
offline analysis of omeprazole. Data were collected using MassLynx, yielding a
separate data file for each trap-column analysis.
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5.2.8 Permeability calculations
The apparent permeability coefficient (P,,» cM/s) was calculated as described
by Yeon and Park [30], according to the following equation:

, _dQ 1
PP A4t A Cy

In this equation, dQ/dt is the transport rate into the basolateral compartment
(umol/s), A is the surface area of the cell layer (0.6 cm?) and C is the initial
concentration of the compounds in the apical compartment (umol/cm?3).

5.3 Results and Discussion

5.3.1 General considerations

Our aim in this study was to develop a modular in vitro model of the
gastrointestinal tract to investigate the oral bioavailability of orally consumed
compounds. Our system is unique as it combines a microfluidic digestion-on-a-
chip, aninvitrointestinal barrier model and online MS analysis in one automated
total analysis system. In the past, these processes have been performed singly
and offline, even if they were employed in a combined fashion to carry out
digestion and absorption studies. Moreover, static cell culture systems have
generally been applied for absorption studies, which may not always be
optimal for predicting in vivo absorption behaviour [8, 11]. We faced three
challenges in the construction and demonstration of our system, namely: 1)
the coupling of the different modules to one another, with particular attention
needed to design around the significant differences in internal volumes and
required flow rates in the different modules. 2) Analysis of solutions that have
been processed in the digestion-on-a-chip by MS requires significant sample
clean-up (removal of proteins and bile salts) before MS analysis. 3) The co-
culture of Caco-2 and HT29-MTX-E12 cells is subjected to damage if exposed to
solutions coming from the digestion module. However, maintaining a relevant
biological barrier is essential for studying the uptake of compounds. How we
addressed these three challenges is described in the next three sections.

In Fig. 5.1, a schematic representation is given of our hyphenated modules.
Figure 5.1a depicts the microfluidic digestion-on-a-chip system, consisting
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of three ‘chaotic’ micromixers representing the three phases of digestion, the
mouth, stomach and intestine. In the first micromixer, the sample containing
the compound of interest (1 uL/min) and the saliva (4 uL/min) were mixed,
resulting in an effluent flow of 5 yL/min from the mouth phase. The mouth
phase was connected to the stomach phase by PFTE tubing, creating an
incubation time in the oral phase of 2 min resulting from the internal volume
of the tubing. In the second micromixer gastric juice (8 uL/min) was mixed with
the 5 uL/min effluent from the mouth, with a gastric incubation time of 120 min
determined by the volume of tubing used. Finally, the 13 pyL/min effluent from
the gastric phase was mixed with the intestinal juices (12 pL/min) in the third
micromixer, resulting in a final chyme flow rate of 25 pL/min from the digestion-
on-a-chip. The incubation time of chyme in the intestinal phase was also 120
min, before reaching the cell culture barrier module. All microfluidic chips were
kept at a constant temperature of 37 °C for optimal enzymatic activity. The
selected flow rates and residence times in the different compartments were
based on average values that are relevant for in vivo human physiology [31,
32]. Also, the ratios between the respective flow rates represent the volumetric
ratios in vivo. Whereas the cells of the intestinal epithelium are exposed to pure
(undiluted) chyme in vivo, this is not possible in our system as the chyme was
toxic to the cells in undiluted form. The chyme from the digestion-on-a-chip
was therefore mixed with transport buffer HBSS (175 pL/min) using a fourth
micromixer, resulting in an eight-fold dilution of the chyme on the apical side of
the cells. Note that at this stage the original sample solution had been diluted
200 times in total, so sufficiently high solubility of the compound of interest
in the sample solution and the detection limit of the final analysis method
must be considered. The effluent from the fourth micromixer was connected
to the apical side of the flow-through transwell (Fig. 5.1b), with a total flow rate
of 200 pL/min, causing a realistic shear stress on the cells in accordance with
the in vivo range (0.002-0.08 dyne/cm?) [19, 28]. Finally, the effluent from the
flow-through transwell was either connected to a fraction collector or to the
automated online analysis system (Fig. 5.1c).

A consideration forespecially the online UPLC-QTOF-MS analysis of the apical
effluent is that through the addition of chyme, the chemical interference will
increase compared to previous studies when the sample was only dissolved in
much cleaner HBSS buffer [24]. However, even though there was an increased
background caused by the increased complexity of the sample matrix, it was
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still possible to record mass spectra and reconstructed ion chromatograms of
characteristic drug ions. Our system is unique in the fact that it combines a
microfluidic digestion-on-a-chip, an in vitro intestinal barrier model and mass
spectrometry analysis in one automated online total analysis system, whereas
in the past these processes were performed offline and using static cell culture
systems [2, 33]. But most importantly, as mentioned above, pure chyme is toxic
to the Caco-2 and HT29-MTX-E12 cells used in our flow-through transwell
model. Therefore, it was crucial to first investigate the effects of chyme on the
barrier integrity of the cell layer, both before and after the experiments.

Ensuring a biologically relevant intestinal cell barrier is vital when
performing in vitro permeability studies. As alluded to above, pure chyme is
toxic to the Caco-2 and HT29-MTX-E12 cells used in our flow-through transwell
model. Therefore, it was crucial to investigate the effects of chyme on the
barrier integrity of the cell layer, both before and after experiments in which
cell layers were exposed to chyme. Therefore, we studied the co-culture of
Caco-2 and HT29-MTX-E12 cells in the presence of chyme using three different
techniques. First, to determine the toxicity of the digestive juices coming from
the digestion-on-a-chip, we used a WST-1 viability assay on proliferating cells,
to assess the mitochondrial activity as a measure of cell viability. The combined
digestive juices from the mouth, stomach and intestine (chyme) did not affect
the cell viability up to a concentration of 62.5% (v/v) in cell culture medium
after 24 h exposure (Fig. 5.2a). These results are comparable with a previous in
vitro study in the literature [34], suggesting that the living cells in the modular
system can be exposed to a mixture containing chyme.

For experiments with the digestion-on-a-chip connected to the flow-through
transwell, we used 12.5% chyme in HBSS in the apical compartment as it is
compatible with the desired flow rate (200 uL/min) for the apical compartment.
This yielded a 12.5% chyme solution in HBSS, which is well below the upper
acceptable concentration of 62.5% reported above to maintain proper cell
viability during experiments. For our second series of experiments, then, we
statically exposed a 21-day old co-culture of Caco-2 and HT29-MTX-E12 cells
to 12.5% chyme for 24 hours and subsequently stained the tight junction
protein ZO-1/TJP1. Co-cultured cells were exposed to 0% chyme (control,
Fig. 5.2b) and to 12.5% chyme (Fig. 5.2c), and an interconnecting network
of tight junction proteins is shown in red. No differences in the quality of
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the tight junctions were observed for the two co-cultures, indicating good
barrier integrity. Moreover, cell barrier integrity was also confirmed after each
permeability experiment using the fluorescent marker, lucifer yellow, which
is not transported by the cells. Any translocation of this compound to the
basolateral compartment amounting to more than 5% of the total amount
present in the apical compartment thus indicates leakiness of the barrier. Cell
layers were exposed to 500 pg/mL lucifer yellow in HBSS for 30 min after every
permeability experiment. Cell layers translocating more than 5% of lucifer
yellow to the basolateral side were judged as leaking, and data from these
cultures were discarded. The cell barriers used for calculating permeability
showed 0.9 +0.4 % lucifer yellow transport, confirming that the biointegrity of
living cells can be fully maintained in the presence of chyme.

a 120

x3 [

100+

=<
(=]
1

Cell viability (%)
3

40-

20

0 ; ; . o7
0 20 40 60 80 100

% of chyme

Figure 5.2: a) Cell viability of Caco-2/HT29-MTX-E12 co-culture after 24 h exposure to increasing
concentrations of chyme using the WST-1 mitochondrial activity assay. Viability is given as a percentage
of the control (% + standard error of the mean (SEM); triplicates). A nonlinear curve was fitted through
the points for clarity using GraphPad Prism. b) Confocal image of Caco-2/HT29-MTX-E12 cells cultured
in a transwell for 21 days (control). ¢) Confocal image of Caco-2/HT29-MTX-E12 cells cultured in a
transwell for 21 days (exposed to 12.5% chyme for 24 hours). All exposures under static conditions. Cells
were stained for tight junction protein ZO-1/TJP1 (red). Scale bar: 20 um.
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5.3.2 In vitro digestion and intestinal permeability of omeprazole

To evaluate digestion-on-a-chip in combination with our dynamic model
of the intestinal barrier, we used the model drug compound, omeprazole
(molecular structure, Fig. S5.1, SI). Omeprazole is a proton pump inhibitor
that irreversibly blocks the last step of acid production in the stomach wall,
thereby increasing the gastric pH [35]. Omeprazole is preferably administrated
orally via a suspension, tablet or capsule. As omeprazole itself is acid-labile,
these drug formulations contain an enteric coating to protect omeprazole
from acid degradation in the stomach [36]. Omeprazole is then released in
the small intestine and absorbed. Prior to evaluation of the combined set-up
comprising digestion and cellular uptake of omeprazole, we determined a 5
Mg/mL concentration of this drug to be non-toxic to the cell coculture, using
the WST-1 assay (Fig. $5.2, Sl). Static co-cultures of Caco-2 and HT29-MTX-E12
cells were then exposed to omeprazole at 5 pg/mL for 3 hours. In Figure 5.3,
the cumulative percentage of omeprazole that has crossed the cell barrier to
the basolateral side is given at different time points, reaching 36.1% of the
apical concentration after 3 h. The apparent permeability coefficient (P,,) was
calculated to be 54.9 + 12.9 x 10°cm/s, which is in the same range as P data
found for omeprazole in literature (13.4-53.2 x 10%cm/s) [37, 38].
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Figure 5.3: Permeability of omeprazole across a monolayer of Caco-2/HT29-MTX-E12 cells in a static
transwell, without digestive juices in the apical matric. Permeability is given as a percentage of the initial
apical concentration (% + SEM; n=3).
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Next, we coupled digestion-on-a-chip to the dynamic model of the intestine,
using two different set-ups. In the first set-up, all three chaotic micromixers
simulating the mouth, stomach and intestine were implemented, and connected
via a fourth micromixer to the flow-through transwell, using the modular set-
up depicted in Fig. 5.1a+b. Every minute, apical and basolateral samples were
collected in two separate 96-well plates using two fraction collectors. In the
second set-up, we emulated the working mechanism of an enteric-coated tablet
of omeprazole, which only releases omeprazole in the intestinal compartment
to prevent exposure to gastric acid. This was done by excluding the mixers for
the mouth and stomach compartments to realize a simplified version of chip-
based digestion. Only one micromixer was used to mix the sample (omeprazole)
and the pre-mixed digestive juices (saliva, gastric juice, and intestinal juice). After
dilution in the fourth mixer and perfusion of the dynamic cell coculture, samples
were collected from the apical and basolateral side in two separate 96-well
plates. In Fig. 5.4, the reconstructed ion currents of the [M+H]" ion of omeprazole
at m/z 346 are given for both complete digestion and exposure to only intestinal
digestion after 90 minutes. The figure clearly shows that the unprotected
omeprazole is fully degraded in the total digestion system, in accordance with
expectations; no signal remains for the m/z 346 ion (in grey). We did not observe
any clear degradation products of omeprazole in the MS data [39].

In the second experiment mimicking the ingestion of enteric-coated
omeprazole, we clearly observed the omeprazole ion in the apical effluent (Fig.
5.4, in black), as expected. However, we did not observe any translocation of
omeprazole to the basolateral site. This is in contrast to the static permeability
data for omeprazole (Fig. 5.3), and in vivo data which predict that uptake of
omeprazole could be expected in the dynamic flow-through system [37,
38]. From the literature, it is known that omeprazole heavily binds to plasma
proteins [40]. A control experiment was conducted to examine the effect of
digestive juices (chyme) on the translocation of omeprazole in a static transwell
(Fig. S5.3, SI). It was found that the uptake of omeprazole in the presence of
digestive juices was about three times lower compared to omeprazole dissolved
in only HBSS buffer. This may explain why no omeprazole was detected in
the basolateral compartment of the flow-through transwell after fraction
collection and offline analysis. Translocation appears to have been lowered
due to binding with proteins in the chyme matrix. Moreover, omeprazole will
generally be more difficult to detect in the flow-through case than in the static
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case, as in a dynamic system no accumulation of the translocated compound
occurs due to the collection of samples every minute.
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Figure 5.4: Reconstructed-ion chromatogram of m/z 346 ([M+H]*) at time point 90 minutes on the apical
side after only intestinal digestion (black) or full digestion (grey). The latter used the set-up of Fig. 5.1b
and Fig. 5.1a+b, respectively. Samples were collected by a fraction collector followed by offline analysis
using chip-based UPLC-QTOF-MS.

5.3.3 Integrated modular microfluidic in vitro gastrointestinal tract with
online analysis: proof of principle with and without co-exposure to a food
matrix

All the elements of our system: digestion-on-a-chip, flow-through transwell
with co-cultured intestinal cells, and MS analysis were combined in one
hyphenated, online system (Fig. 5.1a+b+c), creating a multi-module
gastrointestinal tract with automated online analysis to monitor in vitro oral
bioavailability over time. In a previous study, [24] the flow-through transwell
was combined with online MS analysis. In this study, we further challenged
the system by including microfluidic digestion-on-a-chip (Fig. 5.1a), allowing
pre-treatment of samples with digestive juices before studying translocation
through a model of the gut wall. We used the model compound, verapamil, a
drug for treatment of high blood pressure and other conditions, for evaluation
of the modular in vitro gastrointestinal tract. Verapamil has the advantage
that there are plenty of data available in the literature for both static and
dynamic transwell systems, making it possible to benchmark our system [24,
41, 42]. First, we examined if verapamil is affected by digestion in the different
phases by performing a test tube digestion. As can be seen in Fig. S5.4 in the
supplementary information, verapamil is not affected by digestion. Therefore,
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it was hypothesized that verapamil would exhibit similar behaviour in our
modaular in vitro gastrointestinal tract compared to its behaviour in the earlier
flow-through set-up reported previously [24]. Figure 5.5 shows the cumulative
permeability of verapamil over 195 minutes measured in the entire system
shown in Fig. 5.1a+b+c (in white). The results are very similar to the data from
Santbergen et al. indicating that including the additional digestion-on-a-
chip functionality affects neither the biointegrity of the co-culture of Caco-2
and HT29-MTX-E12 cell model, nor the overall analytical performance [24]. In
contrast to the reduced absorption of omeprazole in the presence of digestive
juices, the translocation of verapamil is not affected at all.

To emulate the functions of the gastrointestinal tract even further, a final
experiment was performed in which verapamil was not administered in
ultrapure water, but in apple juice as a simplified food matrix. In Fig. 5.5, the
uptake of verapamil dissolved in apple juice (black) is depicted versus the
control (white). As mentioned above, the data in the absence of apple juice
are very similar to Santbergen et al. [24]. Moreover, it can be clearly observed
that the absorption of verapamil is much slower in the presence of an apple
juice matrix compared to the control. It is well known that food (or certain
food ingredients) alter the bioavailability of drugs, for example by binding to
proteins, fats, or calcium ions contained in food [43, 44]. Fruit juices have been
shown to inhibit the transport of organic anion-transporting polypeptides
[45]. The latter however is believed to be irrelevant since verapamil is mainly
transported via passive diffusion [46]. Nevertheless, the uptake of verapamil
seems to be affected by apple juice in this proof-of-principle experiment, but
of course more experiments with different sample matrices are required in a
follow-up study to confirm this hypothesis.
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Figure 5.5: Permeability of verapamil in apple juice matrix (black) or no food matrix (ultra-pure water,
white) across a monolayer of Caco-2/HT29-MTX-E12 cells, measured in the integrated gastrointestinal
tract with online analysis set-up of Figure 5.1a-c. Permeability is given as a calculated cumulative
percentage of the starting apical concentration (% + SEM; n=1)

Conclusions

The integrated modular model of the gastrointestinal tract described in this
paper comprises pre-treatment of samples with digestive juices, followed by
translocation of sample molecules and their possible metabolites through
an in vitro intestinal barrier. Online coupling to UPLC-QTOF-MS resulted in an
automated online read-out of oral bioavailability. This system encompasses
the two-key processes of the human intestinal tract, namely digestion and
absorption. The hyphenation of these miniaturized model systems into one
multi-modular system makes it perfectly suited to replace separate in vitro
digestions and uptake studies in the fields of pharmacology, toxicology, and
the nutritional sciences in the future. Systems like ours have a bright future for
the automation of oral bioavailability testing in novel drug development and
next generation risk assessment.
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Supplementary information

Table S5.1 Optimized composition of the artificial digestive juices, dissolved in ultrapure water (De
Haan et al. [13])

Compound Saliva (mg/L) Gastric Juice (mg/L) Duodenal Bile (mg/L)
juice (mg/L)

CaCIZ 302 151 167.5

Glucosamine HCI 330

Glucose 650

Glucuronic acid 20

KCl 896 824 564 376

KH,PO, 80

KSCN 200

MgCl,.6H,0 50

Na,SO, 570

Nacl 298 2752 7012 5259

NaH,PO,.H,0 1021 306

NaHCO, 3388 5785

NH,CI 306

Urea 200 85 100 250

Uric acid 15

HCl 4.16 mM 557 mM 6.17 mM

NaOH 29 mM

a-Amylase (Bacillus sp.) 145

Bile (bovine) 6000

Lipase (porcine pancreas) 500

Pancreatin (porcine pancreas) 3000

Pepsin (porcine gastric mucosa) 1000

~o

Figure S5.1: Molecular structure omeprazole
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Figure S5.2: Cell viability of a Caco-2/HT29-MTX-E12 co-culture after 24 h exposure to increasing
concentrations of omeprazole using the WST-1 mitochondrial activity assay. Viability is given as a
percentage of the control (% + SEM; n=3).
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Figure S5.3: Permeability of omeprazole in the absence and presence of 12.5% chyme (composition as
mentioned in table S1) across a monolayer of Caco-2/HT29-MTX-E12 cells in a static transwell after 30
minutes. Permeability is given as a percentage of the apical concentration (% + SEM; triplicates).
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Figure S5.4: Reconstructed-ion chromatogram of m/z 455 [M+H]* ion of verapamil after digestion
(conditions as mentioned in table S5.1) in a test tube (black) or no digestion (grey).
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Abstract

Nanoparticles (NPs) can be found in a variety of food products, which has led to
concerns about their potential adverse effects for consumers upon ingestion.
Currently, staticinvitro cell culture models of the intestine are used to predict the
uptake and translocation of NPs in the human gastrointestinal tract. However, in
a static environment NP sedimentation or flotation can cause altered exposure
levels on the cells. By including flow into the cell model these problems might
be solved. Nevertheless, the effect of flow on the translocation of NP across the
in vitro intestinal barrier is largely unknown. In this study, we compared the cell
associated fraction and translocation of gold nanoparticles (AuNPs) between a
static in vitro cell culture system and a dynamic flow-through transwell system
using single particle inductively coupled plasma mass spectrometry (sp-ICP-
MS). The translocation of three sizes of AuNPs was examined in the static
system (15,30 and 70 nm). Only the smallest particles translocated through the
static in vitro cell layer. For the dynamic experiments only, the smallest particles
were used. The translocation and cell associated fraction of the 15 nm AuNPs in
the flow-through transwell was increased compared to the static system. This
is most likely due to the higher total amount of particles that the cell layer was
exposed to in the flow-through transwell and the flow directing the particles
towards the cell layer. Even though, the inclusion of flow might solve NP
sedimentation/flotation problems present in static barrier models. The results
show that accurate measurements of the number of particles that reaches the
cells is of great importance to determine the (apparent) bioavailability of NPs
for both the static and dynamic model. It is therefore recommended that in
future studies the effect of flow on nanoparticle deposition on the cell layer
and subsequent translocation should be carefully considered when using a
dynamic cell culture model to study NP translocation.

keywords: gold nanoparticles, translocation, transwell, gut-on-a-chip, sp-ICP-
MS
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6.1 Introduction

Nanoparticles (NPs) can be found in a variety of food products serving multiple
applications, like increasing shelf life, improving microbiological safety or
altering sensory attributes (e.g. appearance, flavour, odour) [1, 2]. Silica and
titanium dioxide NPs have been found in several organs throughout the human
body, such as the liver and the intestinal tract [3]. Because of their large surface-
to-volume ratio, NPs are strongly reactive and may cause adverse effects in the
body [4]. Examining the absorption, distribution, and excretion profiles of NPs
and their effects on human health is thus imperative [5]. Animal models are
still the golden standard to predict the uptake and biodistribution of NPs in
humans [4]. However, due to physiological and anatomical differences between
the animal model and the human body, results derived from animal data have
shown to not always give an accurate prediction [6]. Furthermore, studying
molecular mechanisms underlying cellular uptake of NPs in a spatiotemporal
controlled manner in animals is difficult.

Currently, as an alternative for animal models, static in vitro human intestinal
cell barrier models are used to assess the cellular uptake and translocation of
NPs [7-9]. Generally, a monolayer of one or more intestinal cell types is grown
on a transwell insert and exposed to the NPs for several hours [9, 10]. One of the
most commonly used cell models, mimicking the intestinal epithelial barrier,
is a combination of Caco-2 cells (representing the enterocytes) and HT29-MTX
cells (representing the goblet cells). Incorporation of the mucus secreting
goblet cells in the in vitro model is especially important when examining NP
translocation as mucus may have an impact on their permeability due to the
gel-like properties and negative charge of the mucus [4].

Depending on the physical chemical properties of the particle, translocation
across the intestinal epithelial barrier can be measured using different
techniques. When particles are labelled with a fluorescent dye a simple
fluorescence plate reader can be used [8]. Disadvantage of this system is that
nothing can be said about the particle size distribution and it is less sensitive,
also there may be leaching of the label into the matrix. Other techniques
like atomic absorption spectroscopy and inductively coupled plasma mass
spectrometry (ICP-MS) are more sensitive, but are only applicable for inorganic
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materials and cannot distinguish between particles and ions as the entire
solution is treated before measurement to convert all material into ions [11].
So, nothing can be said about the particle concentration or size distribution
only the total concentration of ions. With the development of single particle
(sp) ICP-MS it became possible to analyse the concentration, size and size
distribution of metal NPs with high sensitivity [9, 12, 13].

Static intestinal cell barrier systems fail to represent the dynamic conditions
that intestinal cells experience due to the presence of flow in the gut. The
development of dynamic in vitro models based on microfluidic technology
allows for the inclusion of in vivo relevant shear stresses on the cells, mimicking
intestinal fluid flow [14]. Furthermore, a drawback of using static cell culture
models for nanoparticle research is the effect of NP sedimentation/flotation
on cellular exposure levels. The inclusion of flow might solve these problems.
Currently, several microfluidic devices for in vitro intestinal barrier models
exist [15-17]. In a microfluidic system mimicking a blood vessel by culturing
endothelial cells it has been shown that upon exposure to gold NPs the cell
viability in the dynamic system was less affected compared to the effects
on cells grown in its static counterpart [18]. Esch and colleagues studied the
uptake of carboxylated polystyrene NPs in a body-on-a-chip system, which
included an intestinal and liver compartment. They found that most particles
did not cross the intestinal epithelial barrier, however at very high exposure
concentrations the liver cells showed increased expression of an intracellular
enzyme indicating liver cell injury [19]. Yet, further research investigating the
effect of flow on cellular uptake and translocation of NPs in the gastrointestinal
tract is limited.

Therefore, in this chapter we aimed to investigate the effect of flow by
comparing the cellular association and translocation of gold (Au) NPs across a
co-culture of Caco-2 and HT29-MTX-E12 cells grown in a static transwell and a
dynamic flow-through transwell system. For this purpose, cells in both systems
were exposed to gold particles. These were chosen as a model particle as they
do not dissolve or aggregate in biological fluids. Furthermore, AuNPs can be
detected with high sensitivity and with low size detection limits (i.e. ~10 nm)
using single particle (sp) ICP-MS analysis. To the best of our knowledge, this work
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represents the first attempt of using a dynamic in vitro system in combination
with sp-ICP-MS detection to study the translocation of nanoparticles.

6.2 Material and Methods

6.2.1 Nanoparticles and chemicals

Gold nanoparticles were purchased from Nanocomposix Inc. (San Diego, CA,
USA) in different sizes, 15, 30, 60 and 70 nm (Citrate, BioPure). The particles
were suspended in Milli-Q water at a gold mass concentration of 1 mg/mL. lonic
standard solution for gold was purchased from Merck (Darmstadt, Germany).
Penicillin-streptomycin, sodium bicarbonate (NaHCO,), 4-(2-hydroxyethyl)-1-
piperazineethanesulfonic acid (HEPES), lucifer yellow, triton-X100 and Hank'’s
balanced salt solution (HBSS), were purchased from Sigma-Aldrich/Merck
(Zwijndrecht, the Netherlands). Dulbecco’s Modified Eagle Medium (DMEM)
with 4.5 g/L glucose and I-glutamine with and without phenol red and heat-
inactivated fetal bovine serum (FBS) were purchased from Gibco (Bleiswijk,
the Netherlands). Trace analysis grade nitric acid and non-essential amino
acids (NEAA) were obtained from Thermo Fisher Scientific (Landsmeer, the
Netherlands). WST-1 reagent from Roche Diagnostics GmbH (Mannheim,
Germany) and water was prepared daily using a Milli-Q Reference Water
Purification System from Millipore (Burlington, MA, USA).

6.2.2 Cell viability assay

The cytotoxic effects of the AuNPs were assessed using the WST-1 cell viability
assay. Caco-2 (American Type Culture Collection, USA) and HT29-MTX-E12
(European Collection of Authenticated Cell Culture, Salisbury, UK) cells were
seeded in a 3:1 ratio in 96-well plate, each well containing 100 pL of a 1x10°
cells/mL suspension. Plates were incubated for 24 hours, at 37°C under 5%
CO, After 24 hours cells were exposed to 0-100 pg/mL of the different sizes of
gold particles in cell culture medium, for 24 hours at 37°C. Subsequently, the
exposure medium was discarded, and cells were washed with pre-heated HBSS
followed by an incubation of the cells with 100 uL WST-1 reagent in cell culture
medium (without phenol red) at a 1:10 ratio. After 90 minutes of incubation
at 37°C, plates were centrifuged for 5 min at 200xg, to settle particles at the
bottom of the well and avoid particle interference as suggested by Kong et

141




Chapter 6

al. [20]. Supernatant (50 uL) was transferred to a new plate and absorbance
was measured at 440nm using a Bio-Tek (Winooski, VT, USA) Synergy HT Multi-
Mode microplate reader. Cell viability was expressed as a percentage of the
negative control consisting of cell culture medium. Triton-X100 (0.25%, v/v)
was used as a positive control and decreased the cell viability to 0.1%+0.2%.

6.2.3 NP transport exposure

A co-culture of Caco-2 and HT29-MTX-E12 was used for all experiments in a 3:1
ratio. Caco-2 cells were used at passage numbers 29-40 and HT29-MTX-E12 cells
were used at passage numbers 52-70 for all experiments. Cells were cultured
in DMEM containing 10% FBS, 1% NEAA and 1% penicillin-streptomycin and
maintained at 37°C in a 5% CO,-humidified air atmosphere and subcultured
every 2 to 3 days. For permeability experiments cells were seeded at a density
of 40,000 cells/cm? on the apical side of a polycarbonate transwell insert (area:
0.6 cm?, 0.4 um pore size, Millipore). Cell culture medium was refreshed every
2-3 days. Transwells were used for permeability experiments after 21 days of
culturing. For the static transwell experiments, the cells were exposed to 400
pL/insert of 25 pg/mL of 15 nm AuNPs in cell culture medium for 24 hours
at 37°C, 5% CO,. After 24 hours the medium from the apical and basolateral
chamber was collected. The cell layer was washed 3 times with HBSS to remove
the NPs that were loosely attached to the cell layer. These wash solutions were
added to the apical samples of the respected inserts. Subsequently, the cells
were removed from the insert by trypsinization and sonication (40 kHz for 15
min). For the dynamic flow-through transwell experiments the transwell inserts
were placed in the Kirkstall QV600 system (York, UK) at day 20 of culture and
exposed to an apical flow of cell culture medium containing 25 mM of HEPES
of 200 uL/min and a basolateral flow of 100 uL/min as suggested by Giusti et al.
[21] at 37°C for 24 hours. For the permeability experiments the apical syringe
was replaced with a syringe containing 25 pg/mL 15 nm AuNPs. Apical and
basolateral samples were collected continuously for 60 minutes. The apical
sample was collected in a 50 mL tube for the full 60 minutes, the basolateral
samples were collected in 15 mL tubes which were changed every 10 minutes.
The cell fraction was collected in the same fashion as for the static experiments.
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6.2.4 Single particle ICP-MS analysis

Prior to analysis the samples were sonicated for 10 minutes and diluted to a
concentration suitable for single particle ICP-MS analysis (i.e. concentration of
15 nm AuNPs between 0.2 - 20 ng/L). Samples were analysed using a Thermo
Scientific iCAP Q equipped with a MicroFlow 54 PFA_ST nebulizer and a quartz
cyclonic spray chamber with baffle. The ICP-MS was operated at a forward power
of 1550 W with the following settings: plasma (cool flow), 14 L/min; nebulizer,
1.1 L/min; and auxiliary, 0.8 L/min (all argon gas). The peristaltic pump was set
at 40 rpm resulting in a flow speed of 0.2 mL/min. Data acquisition was done
in time resolved mode with a dwell time of 3 ms and a total acquisition time
of 60 s per analysis. With rinse steps in between each sample (3% nitric acid in
water). To determine nebulizer transport efficiency a concentration of 25 ng/L
60 nm AuNPs was used [12]. For gold the following isotope was monitored
’Au. The particle sizes and amount together with the mass concentrations
in the samples were calculated using a single particle calculation tool [22].
This calculation tool has been validated and described in detail by Peters and
colleagues [12, 13].

6.2.5 In vitro sedimentation, diffusion and dosimetry model for 15 nm AuNPs
The deposited fraction of the 25 ug/mL 15 nm AuNPs in the two systems was
calculated using the in vitro sedimentation, diffusion and dosimetry (ISDD)
model [23]. The parameters listed in table 6.1 were used.

Table 6.1: Parameters used in the in vitro sedimentation, diffusion and dosimetry model

Particle characteristics

Particle diameter 15 nm
Particle density 19.3 g/mL
Particle concentration 25 pg/mL
Liquid conditions
Temperature 310°K
Cell culture medium density 1g/mL
Cell culture medium viscosity 0.0009 N s/m?[24]
Transwell FTTW
Hight liquid column 0.0105m 0.0165m
Volume 0.4 mL 2mL
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6.3 Results and Discussion

6.3.1 Cytotoxicity of AUNPs

To determine a non-toxic concentration of the AuNPs for the translocation
experiments the cell viability assay WST-1 was used. The AuNPs, all three sizes
(15,30and 70 nm), were exposed to proliferating cells and did not affect the cell
viability up to a concentration of 75 pg/mL (Fig. 6.1) after 24 h of exposure. By
using proliferating cells likely an overestimation of the cytotoxic effects is made
as proliferating cells are more sensitive than differentiated cells, which were
used for translocation experiments [25]. For all sizes, the highest concentration
of 100 pg/mL resulted in a decrease in cell viability compared to the control
namely; 79 £ 4% (15 nm), 80 = 8% (30 nm) and 68 + 6% (70 nm). A non-toxic, a
concentration of 25 ug/mL was chosen for translocation experiments.

a b
140+ 140+
1204 ~ 1204
= 1004 ! 3 = 100¥
> 2 >
= 801 ﬂ! = 804
3 g
S 60' S 60'
T 40- T 40+
© 20+ © 204
0 T T T 0 T T T
0.1 1 10 100 0.1 1 10 100
Concentration (ug/mL) Concentration (ug/mL)
140+
1204
< 100
>
= 804
8
S 60"
D 404
© 20
C T T 1
0.1 1 10 100

Concentration (ug/mL)

Figure 6.1: Cell viability after 24 h exposure to increasing concentrations of a) 15 nm, b) 30 nm and c) 70
nm AuNPs. Viability is given as a percentage of the control (% + standard error of the mean (SEM); n=3).
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6.3.2 Comparison of AuNP translocation characteristics in the static versus
dynamic intestinal barrier model

Fully differentiated co-cultures of Caco-2 and HT29-MTX-E12 cells were exposed
to three different sizes (15, 30 and 70 nm) of AuNPs at 25 pug/mL for 24 h, in a
static environment. For the 15 nm AuNPs, translocation of 2.03 x 107 particles/
mL was measured using sp-ICP-MS, which corresponds to 0.003% of the apical
concentration. For the larger sizes, 30 and 70 nm, no translocation of particles
was observed after 24 hours of exposure. These results correlate to previous
findings, were 15 nm AuNPs were more rapidly absorbed by a monolayer of
Caco-2 cells, compared to 50 and 100 nm AuNPs [26]. Furthermore, Walczak
et al. investigated the difference between 50 and 100 nm polystyrene NP
translocation in different static in vitro models and also found a significant
decrease in translocation of the larger size particles [8]. Additionally, a study
examining the translocation of 5, 10 and 20 nm polymer coated AuNPs again
showed the highest translocation for the smallest (5nm) particles[27]. Therefore,
for the translocation experiments in the dynamic system we focussed on the 15
nm AuNPs only. For the dynamic experiments investigating the effect of flow
on AuNP translocation, transwell inserts with a fully differentiated cell layer
of Caco-2 and HT29-MTX-E12 cells were placed in the flow-through transwell
device and exposed for 24 hours to flow before starting exposure to the AuNPs.
On the day of the translocation experiments the apical side of the flow-through
transwell device was exposed to 25 pg/mL of 15 nm AuNPs at a flow speed of
200 pL/min for 60 minutes. In figure 6.2a the cumulative translocation of the 15
nm AuNPs is shown. After 60 min 0.006+0.004% (triplicates) of the apical AUNP
exposure concentration crossed the cell barrier, corresponding to a particle
concentration of 4.2 + 3.2 x 107 particles/mL. Variation among the individual
experiments is large, this has been observed more frequently for intestinal
barrier models including flow [28-30]. However, in figure 6.2b, the translocation
measurements of the individual flow-through transwells (FTTW) show that the
variation within each replicate was stable over time. Comparison of the results
of the static model with the dynamic model shows that, the dynamic model
already had a higher number of particles translocate after 1 hour than the static
model after 24 hours. This most likely is related to the flow and its influence
on particle exposure to the cells, which will be discussed in more detailed in
section 6.3.3.
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Figure 6.2: a) Translocation of 15 nm AuNPs across a monolayer of Caco-2/HT29-MTX-E12 cells in the
dynamic flow-through transwell (FTTW). Translocation is given as a calculated cumulative percentage of
the apical concentration (% =+ SEM; triplicates). b) Translocation of 15 nm AuNPs for the individual
dynamic FTTWs. Uptake is given as the number of particles per mL.

Overall, translocation of 15 nm AuNPs is low, nevertheless due to the
high sensitivity of the sp-ICP-MS method it is possible to detect such low
concentrations of particles in a sample. Figure 6.3 shows the time scan of the
sp-ICP-MS analysis of a blank sample (Fig. 6.3a) and of the 15 nm AuNPs in the
basolateral sample of the third flow-through transwell sample at timepoint
t=60 min (Fig. 6.3b). Each peak above the background represents a particle,
meaning the number of peaksis directly correlated to the particle concentration.
The height of the peak is proportional to the mass of the particle that can be
translated into the diameter of the particle (assuming spherical particles).
Ideally, we would also want to investigate even smaller particles as they might
have a higher translocation rate [27]. However, the size limit of detection of sp-
ICP-MS is approximately 10 nm, so single particle peaks for AUNPs smaller than
15 nm wouldn’t be distinguishable from the background.

6.3.3 Comparison of the cell associated fraction of 15 nm AuNP in the static
versus dynamic intestinal barrier model

Besides analysing particle translocation across the cell barrier, the number
of particles in or on the cell layer itself was also analysed using sp-ICP-MS by
collection of the cells from the membrane. Before cell trypsinization the cell layer
was washed three times with HBSS to remove any loosely bound nanoparticles
from the cell layer. Figure 6.4a shows the total number of 15 nm gold
nanoparticles associated with the cell layer for the static transwell experiments
(black) and the dynamic flow-through transwell experiment (grey). The term
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Figure 6.3: Time scan of the sp-ICP-MS analyses of a) a blank sample and b) a 15 nm AuNP basolateral
flow-through transwell sample at t=60 min.

associated is used as it cannot be confirmed if the nanoparticles are present
in the cells or surface bound using this technique. For the static experiment
5.6 x 10" AuNPs were detected in the cell associated fraction, however for the
dynamic experiments this was 10-fold higher, being 6.0 x 10"" AuNPs. This is
a striking difference as the static transwell was exposed for 24 hours and the
dynamic FTTW only for 1 hour. If we would correlate these results to the total
amount of AuNPs the cell layer was exposed to in the static experiment this
would mean a fraction of 19% of the total amount of AuNPs was associated
with the cell layer (after 24 h). For the dynamic experiments using the flow-
through transwell the fraction of AuNPs associated with the cell layer of the
total amount of AuNPs it was exposed to was 7% (after 1 h). Clearly there is a
large difference in translocation of the AuNPs between both systems. In order
to gain insight in what is causing this difference we calculated the deposited
dose for both systems assuming static conditions as the in vitro sedimentation,
diffusion and dosimetry (ISDD) model cannot account for flow. The deposited
dose indicates the amount of AuNPs that actually is in contact with the cells.
Differences in deposited dose are due to varying volumes in the two systems
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(Fig. 6.4b), as the same particles and cell surface was used. The deposited dose,
without flow, was lower in the FTTW, especially considering a 1 h exposure
(Fig. 6.4c and d). So, based on the deposited dose under static conditions
translocation would likely be highest in the static system. This means that
another factor besides the geometry of the FTTW (Fig. 6.4b) affects cellular
association of particles. Due to the design of the model unequal flow speeds
in the apical (200 uL/min) and basolateral (100 uL/min) compartment are used.
This is necessary in order for the flow to reach the cells, as modelled previously
[21], and results in a flow that is directed towards the cell culture membrane.
This downward flow most likely forces the particles into contact with the cells
to a much higher extent than deposition takes place in a static environment.
Furthermore, in absolute numbers the cell layer in the FTTW is exposed to
much higher numbers of particles (8.8 x 10'%) than the static transwell (2.9 x
10"), even though the concentration of the exposure suspension was the same
(25 pg/mL or 7.3 x 10" NPs/mL). Taken together, this is probably the reason for
the increased cell associated fraction. Furthermore, the flow dynamics and its
influence on particle exposure to the cells likely also account for the differences
in translocation of AuNPs through the cell layer as discussed above.

This raises the question whether the dynamic flow-through transwell, as
used in this chapter, is suited for nanoparticle research. A dynamic in vitro
cell culture device containing a straight channel or tube would probably be
better suited for investigation of nanoparticle translocation, as an equilibrium
in flow, and thus pressure, will likely affect the particle exposure to the cells
less. Clearly, particle sedimentation under flow [31], which will change
depending on the geometry and flow speeds used in the device, needs to
be considered in future research. An adapted ISDD model that can account
for the effect of flow on particle sedimentation would be a helpful tool for
predicting nanoparticle behaviour in a dynamic system. Literature addressing
nanoparticle translocation using an in vitro dynamic intestinal cell culture
system is extremely limited. Nevertheless, a dynamic environment has the
potential to solve NP sedimentation and flotation issues currently present in
static in vitro cell culture systems. Translocation of nanoparticles in the intestine
is a complex question with parameters like shape/size, material, surface charge,
sedimentation and protein corona all affecting particle uptake resulting in
diverse outcomes between studies [32, 33]. However, for future studies the
effect of flow on nanoparticle translocation should not be overlooked.
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Figure 6.4: a) 15 nm AuNPs associated with the monolayer of Caco-2/HT29-MTX-E12 cells in the static
transwell and the dynamic flow-through transwell (FTTW) (total number of AuNPs + SEM; triplicates). b)
Schematic representation flow-through transwell. ¢) ISDD calculated fraction of 15 nm AuNPs deposited
on the cell layer in the static transwell and d) the flow-through transwell (assuming static conditions)

6.4 Conclusions

In this chapter, we aimed to investigate the effect of flow on the uptake and
translocation of nanoparticles across an in vitro intestinal barrier model by
comparing a static transwell system with a dynamic flow-through transwell
system. The translocation of gold nanoparticles in the static transwell
depends on the size of the particles, as only the smallest (15 nm) particle
translocated through the cell layer after 24-hour exposure in our experiments.
The introduction of flow into the in vitro cell culture system increased the
translocation and cell associated fraction of 15 nm AuNPs. The higher absolute
number of particles on the apical side of the cell layer in the dynamic culture
system in combination with the downward flow, influencing nanoparticle
exposure to the cells, are presumably the reason for this increase. The flow
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dynamics of the flow-through transwell, as used in this chapter, therefore
render this system less suitable as a model to study nanoparticle translocation
in vitro. Other flow systems consisting of a straight channel or tube appear to
be better suited for that purpose, but more research on this topic is needed.
Nevertheless, the incorporation of flow to better mimic in vivo physiology of
the intestine is essential for studies examining NP translocation in the future as
it can help solve NP sedimentation/flotation issues.
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General discussion and future perspectives

7.1 General discussion

The use of animals for the development of novel drugs or the risk assessment
of hazardous chemicals has been under pressure by society. Besides the ethical
issues performing animal tests, the high costs and lack of predictive power for
the human situation has prompted researcher to develop a better alternative for
animal testing than current in vitro cell culture models. By combing microfluidic
lab-on-a-chip technology with advanced cell biology techniques researcher
created the organ-on-a-chip, an in vitro cell culture system that is subjected to
a dynamic physiological microenvironment. Aiming towards better mimicking
the in vivo microenvironment. Organ-on-a-chip technology has quickly
expanded over the last decade, where both the biological and technological
aspects increased in complexity [1]. Dynamic in vitro intestinal barrier models
were introduced and provided a more realistic dynamic microenvironment,
compared to current static in vitro cell culture systems [2]. The technological
advancement of integrating these models with high-end analytical equipment
is the next step. The main aim of this thesis was to integrate a dynamic intestinal
cell culture device with advanced mass spectrometry equipment for automated
and online analysis of oral bioavailability for an array of compounds. In this
chapter, the potential and limitations of the developed system are discussed,
and recommendations are given for future research.

7.1.1 Biological quality of the in vitro intestinal barrier model

Many aspects need to be considered when integrating a dynamic in vitro
cell culture system with analytical equipment. Therefore, in Chapter 2, the
literature was reviewed for online and in situ analysis of organ-on-a-chip models
focussing on biological relevance of the model, analytical compatibility, system
integration and final applicability. One of the conclusions of this chapter
was that the bio-integrity of models integrated with sensors and analytical
equipment is largely overlooked or underreported. Hence, in our studies we
assured good integrity of our in vitro barrier model.

In Chapter 3, the key parameters involved in permeability experiments
were assessed, including barrier integrity and cell viability. Furthermore, when
integrating the dynamic model with analytical equipment the cell model was
placed outside a temperature and CO, controlled incubator, adjustments to
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assure stable temperature and CO, levels were examined as well. The barrier
integrity of the co-culture of Caco-2 and HT29-MTX-E12 cells was evaluated both
by visualizing the tight junction protein ZO-1 using an antibody staining and
by assessing the permeability of lucifer yellow. Tight junctions were unaffected
by the introduction of flow as no clear differences were observed between a
static culture and one exposed to flow according to confocal imaging (Chapter
3). Furthermore, after every permeability experiment in this thesis (except
for chapter 6) the cell layer was exposed to lucifer yellow to check if the cell
layer showed any sign of paracellular transport, which would indicate barrier
leakage. Including a barrier integrity check after a permeability experiment is
essential to ensure a relevant biological barrier transport experiment. Trans
epithelial electrical resistance (TEER) measurements are also considered a
good barrier check after permeability experiments as they are easy and non-
toxic for the cells (long-term lucifer yellow exposure can cause toxicity to the
cells). However, TEER values might vary between laboratories using the same
cell line as parameters like, type of cell culture medium, membrane material
and passage number of the cells can already influence the measurement [3].
Furthermore, incorporating a TEER sensor in a dynamic cell culture system
brings along its own challenges [4]. Therefore, lucifer yellow permeability
evaluation is easier to perform and yields more stable results throughout
literature.

A second approach to ensure the quality of the in vitro intestinal barrier
model is to exclude any cytotoxic effects of the compound of interest or
digestive juices, for this a WST-1 cell viability test was used. Experiments were
performed on two-day old proliferating cells and exposed to the compound for
24 hours. Two-day old cells are more sensitive for potential cytotoxic effects that
fully differentiated 21-day old cells as used in the permeability experiments. In
Chapter 3, no comparison was made between the static and dynamic culture
system in terms of toxicity. The literature on this topic is non-conclusive where
some have found no difference between a static and dynamic culture [5], while
others report lower sensitivity in the dynamic system [6]. Nevertheless, using
the concentrations as determined by the static toxicity test for the permeability
experiments in the dynamic system, we did not observe loss of barrier function
as found by the lucifer yellow experiments, indicating absence of cytotoxicity.
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The main aim of this thesis is the integration of a dynamic in vitro model
system of the intestine with mass spectrometry analysis, this requires the cell
model to be located outside of a CO, and temperature-controlled incubator.
With current technology it is easier to bring the cell model to the mass
spectrometer than the other way around. However, this does require some
adaptations to provide a physiological environment suitable for cell growth. As
discussed in Chapter 3 the cell culture medium in conventional static systems
uses a sodium bicarbonate buffering system to keep a stable pH of 7. However,
this also requires access to the surrounding air containing stable level of 5%
CO,. The dynamic system is a closed system, so the sodium bicarbonate was
replaced with a HEPES buffer. HEPES is already commonly used within the
field of intestinal cell culture and does not require CO, [7]. Placement outside
of a temperature-controlled incubator means that the temperature needs to
be controlled by other means. Therefore, the cell culture medium was heated
using a syringe heater system prior to entering the cell model. The syringe
heater system consisted of a thermo-kinetic heater control unit, a primary
heating pad with a thermocouple temperature sensor and a secondary heating
pad. A benefit is that the syringe heaters are easy to use and nearly take up
any extra space. However, ideally the cell model and the incoming cell culture
medium would be directly heated by being in some sort of small incubator as
the cell culture medium cools down on its way to the flow-through transwell
when using a syringe heating system. This is less stable, also increasing or
decreasing the tubing length towards the flow-through transwell will require
re-optimization of the temperature settings. Having a stable temperature of
37°C is essential, as too high temperatures results in cell death and too low
temperatures downregulate the energy metabolismin the cell [7]. Furthermore,
stability of the compound of interest at higher temperatures is also something
to keep in mind when using a syringe heater.

With the adaptations and evaluations discussed above a biologically
relevant in vitro barrier model of the intestine was established. Ideally, this is
further verified and characterized by measuring the presence and functionality
of different transporters and metabolic enzymes under flow conditions, as
others have shown differences in the expression of these proteins between a
static and dynamic culture [8-10].
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7.1.2 Evaluation of fluid dynamics and geometry for the dynamic in vitro
model

Besides assuring that the biology within the dynamic in vitro model is relevant
the geometry of the device together with the applied flow speed are of great
influence on the integration with mass spectrometry. Initially, the organ-on-
a-chip system from Micronit Microtechnologies was used for the integration.
This technologically advanced system consisted of three glass slides stacked
on top of each other with the middle slide containing the porous membrane
creating an apical and basolateral chamber [9]. However, when integrating this
system with mass spectrometry more frequently than not the system started
leaking at the tubing in/outlet or the cell culture membrane ruptured during
the experiment, resulting in unreliable permeability data. Due to the lack of
robustness for routine analysis using the Micronit system we decided to use
a more reliable but less advanced set-up throughout this thesis. The dynamic
in vitro intestinal barrier model used was the QV600 system from Kirkstall,
further referred to in this chapter as flow-through transwell. The initial design
and use of Caco-2 cells in this system were modelled and evaluated by Guisti
etal. [11]. They calculated the shear force on the cell layer and modelled the
flow, in figure 7.1 the flow lines are depicted for different flow speeds. Figure
7.1b shows the flow lines for the flow speeds used throughout this thesis,
showing a downward trajectory for the apical flow reaching the cell layer. For
the other flow speeds modelled by Guisti and colleagues, the flow lines either
did not reach the cells (Fig. 7.1a) or resulted into vortices (Fig. 7.1c). Using a
higher flow velocity for the top than the bottom compartment in dynamic in
vitro intestinal barrier models is rarely seen in microfluidic barrier models as it
can cause a pressure difference between the top and bottom compartment.
However, due to the design of the flow-through transwell the cell layer would
only be slightly exposed to the compound of interest when using equal flows.
This raises another question, to which extent do more physiologically relevant
parameters enhance the in vitro model system. Literature has shown that fluid
shear stress on the cells influences the cell layer, increasing the presence of
transporter proteins and affecting the shape and differentiation of the cells and
cell layer [8]. However, minor changes in fluid shear stress already altered the
cytoskeleton (F-actin levels), expression of tight junction, microvilli formation
and the expression of cytochrome P450 of the Caco-2 monolayer, as studied by
Delon et al. [12]. Therefore, optimization of the cellular model system should
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aim for a functionally relevant microenvironment within the dynamic model
instead of recapitulating an in vivo accurate fluid shear stress as this might not
result in a functional cellular model system. Furthermore, due to the complex
structure of the intestine and the non-constant exposure to flow extrapolating
an in vivo accurate fluid shear stress is difficult.

Figure 7.1: Flow line evaluation with different inlet velocities of a) 100 puL/min (apical) and 100 pL/min
(basolateral), b) 200 uL/min (apical) and 100 uL/min (basolateral) and c) 400 uL/min (apical) and 200 uL/
min (basolateral) reproduced from [11] with permission of John Wiley & Sons

In the flow-through transwell both the apical and basolateral compartment
have an internal volume of 2 mL. Due to this rather large geometry, relative
high flow speeds, and thus amount of media, are necessary. The advantage
of the setup was that in Chapter 5 diluting the digestive juices coming from
the digestion-on-a-chip was easily managed. However, the disadvantage of
the setup was that high amounts of the compound of interest were needed to
result in a significant concentration at the cell culture system. Smaller devices
use less media and the compound of interest, however resulting in smaller
sample sizes as well which in term affects the analysis.

When comparing the flow-through transwell system used in this thesis
with other organ-on-a-chip systems developed for barrier models, a few things
stand out. Firstly, commercially available transwell inserts can be used in the
flow-through transwell system, which is beneficial in many aspects. Cell layers
can be grown in series in standard well plates before they are transferred to the
flow-through transwell system, allowing for higher throughput of experiments
compared to systems that require the growth of the cell layer already in the chip
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system [9, 13, 14]. Another benefit is that the porous membrane material and
surface area of the insert are identical for the static and dynamic experiments, in
other words there is no need for normalization of these parameters. Especially
membrane material has been proposed as a possible cause for differences in
uptake between a static and dynamic culture system [9]. Additionally, the flow-
through transwell is cheap for initial purchase and doesn’t require any special
equipment to operate besides a syringe- or peristaltic pump. Lastly, the system
is easy to use. The porous membrane insert is placed inside the QV600 system
using an O-ring which seals of the top and bottom chamber. Another platform
with a high throughput is the Organoplate system from Mimetas, which has a
total of 40 units on one plate, however this is not a full perfusion system and
can therefore not be online connected to analytical detection equipment as
used in our studies [15].

7.1.3 Integration of the in vitro model with mass spectrometry

Sample collection

The integration of in vitro models of the digestive tract with mass spectrometry,
as used in this thesis, came with several challenges related to sample collection,
sample preparation and analysis. Three methods of sample collection for the
dynamic cell culture system have been used for various reasons throughout this
thesis. The first method used two fraction collectors (one for the apical and one
for the basolateral flow) and collected samples in two 96-well plates (Chapter
3 and 5). This method allowed for samples to be collected every minute, which
for fast permeating compounds is highly desirable. Furthermore, sample
preparation steps like dilutions or sample clean-up using Zip tips can be easily
performed using a multichannel pipet. Zip tips are pipette tips containing a
chromatography bed, which can bind the analyte of interest, subsequently
any contaminants (like salts) can be washed away using a wash solution.
Disadvantage of this method is that sample sizes per well can slightly vary and
the samples are exposed to the ambient environment for the duration of the
experiment, which might affect the stability of certain compounds.

The second method eliminated manual handling all together (Chapter
4 and 5), samples from the apical and basolateral flow were collected for
20 minutes in a 5 yL sample loop and alternatingly measured. This method
gives high control over the sample size and removes the risk of human error.
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However, something to consider with this type of sample collection is that due
to the narrowing of the outlet in the sample loop a backpressure builds up in
the system. If not balanced on the apical and basolateral sides, this pressure
can negatively impact the biological cell barrier or result in leakage of the
model. This phenomenon was observed when trying to integrate the Micronit
system with the automated sample collection system (data not shown).
Another key concern is the risk of carry-over between apical and basolateral
samples when interface valves and/or capillaries are alternatingly in contact
with high and low levels of analytes of interest. Therefore, the integrated
design developed in Chapter 4 has separate valves and capillaries for the apical
and basolateral effluent to prevent carry-over between the two streams. This
however compromises the continuous online analysis of the two sides of the
flow-through transwell. Others have collected sample from their microfluidic
chip onto a solid phase extraction (SPE) column directly [16, 17], mostly using
(non-commercial) on chip SPE columns which adds to the variability between
chips.The last method used for sample collection was used in Chapter 6 for the
nanoparticle sample collection. Apical samples were continuously collected in
a 50 mL tube and basolateral samples were collected every 10 minutes in a
15 mL tube by manually changing the collection tube. As the samples were
analysed with single particle inductively coupled plasma mass spectrometry
(sp-ICP-MS) extensive dilution of mainly the apical sample was required before
analysis, which adds complexity to automated collection and online analysis
of the sample. The use of a fraction collector in this case was also undesirable
as this would increase the volume to surface area per sample and for example
titanium dioxide nanoparticles tend to stick heavily to the plastic of a 96-well
plate. In literature, an integrated online analysis system for the detection of
nanoparticles using ICP-MS has yet to be described. In figure 7.2 a proposed
online coupling scheme for the flow-through transwell to ICP-MS is visualised.
A single micromixer is connected to the basolateral outlet of the flow-through
transwell to dilute the sample with an aqueous eluent which can contain
a percentage of nitric acid to prevent sticking of particles to the wall of the
micromixer. Followed by a switching valve containing a sample loop to collect
the diluted sample. When the sample loop is filled it can be flushed towards the
ICP-MS with an aqueous eluent for analysis. Apical samples would be collected
separately to determine the exposure concentration.
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Figure 7.2: Schematic overview of proposed online coupling of the flow-through transwell to ICP-MS.

Sample clean-up

A reliable in vitro cell model starts with providing the cells with the right
nutrients to grow and keep a stable energy balance. In Chapter 2, a list of
common ingredients in cell culture medium was provided to emphasize the
complexity of the sample matrix. This complex matrix will induce problems
during analytical measurements, indicating the need for sample preparation.
For Chapters 3-5, when performing permeability experiments the compound
of interest was dissolved in Hank’s balanced salt solution (HBSS). As the name
already suggests high levels of salts are present in this mixture. In Chapter 5
the matrix was even more complex due to the addition of digestive juices. Salts
can heavily interfere with the electrospray ionization (ESI) process and cause
ion suppression in the MS analysis [18]. Therefore, it is of great importance to
get rid of these salts before introducing the sample to the electrospray. In this
thesis, a C8 (nano) trap column was used to retain the compounds of interest
and wash away the salts present in the mixture (Chapter 4). A disadvantage
of this method is that the compound of interest needs to be sufficiently
retained, furthermore if a more hydrophilic metabolite is formed it will most
likely not be fully retained on the C8 (nano) trap column and thus not detected
during the final measurement. However, the trap column (and the analytical
column) can be easily adapted to suite the physicochemical characteristics
of the analytes of interest. For example, a C4 trap column with a larger pore
size can be used for the analysis of proteins. However, it should always be
considered that other components of the sample matrix might be retained as
well. In Chapter 6, nanoparticles were suspended in cell culture medium, this
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was important as the proteins in the medium form a protein corona around
the particles hereby affecting the interacting the cells and uptake, which also
occurs in vivo [19]. For the analysis of gold particles, the high content of salts
and sugars did not interfere with the ICP-MS analysis. However, when looking
at a more food relevant particle like titanium dioxide particles for example the
presence of high levels of calcium can pose a problem for ICP-MS analysis. The
most abundant isotope for titanium is *Ti, which experiences interference of
isobaric *Ca. With a quadrupole ICP-MS instrument no distinction can be made
between calcium and titanium, however this problem can be resolved when
moving towards the high resolution ICP-MS measuring the less abundant *'Ti
isotope. Other solutions to remove the interference of calcium from the matrix
are incorporating an ion exchange column or membrane in order to remove
the Ca?t ions from the Ti particles, or reacting the titanium with an ammonia
reaction gas [20].

7.1.4 Advances in online and in situ analysis platforms for organ-on-a-chip
devices

Chapter 2 was published mid-2019 and since then a few interesting papers
have been published on the integration of organ-on-a-chip models with
high-end analytical equipment. In this paragraph, selected newly emerged
literature is highlighted. In Chapter 2, one of the drawbacks of integrated
electrochemical sensors in organ-on-a-chip systems was discussed being
that only one or two analytes could be measured at the same time. Recently,
Giménez-Gémez and colleagues developed a multiplexed electrochemical
lab-on-a-chip device, they were able to measure four different parameters
in parallel namely, glucose, hydrogen peroxide, cell conductivity and the
oxidation reduction potential. They showed the applicability of the system by
exposing human lung fibroblast cells to hydrogen peroxide inducing oxidative
stress. Another great feature of this system is that the cell culture chamber is
upstream from the sensor chambers, so the reactions taking place at the sensor
surface are separate from the cell model [21]. This also allows for regeneration
of the sensors without compromising the cell model, reducing the effect of
biofouling on the integrated sensor. New studies on the integration of an
organ-on-a-chip system with mass spectrometry are limited. However, one
nice example was developed by Cahill et al. They designed a chip that allowed
for liquid microjunction surface sampling probe mass spectrometry (LMJ-SSP
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MS). The microfluidic device consisted of a porous membrane top section
through which sampling of the chip below could occur. With this technique a
spatial distribution of chemicals along the microfluidic channel was visualized
[22]. Even though the authors did not show a biological application for this
technique, it is easy to imagine that this type of mass spectrometry imaging
would be well suited for the analysis of the digestion-on-a-chip used in
Chapter 5. This would allow for direct analysis of digestion products in the
different compartments (e.g. mouth, stomach and intestine), without the need
for manual sampling.

7.2 Future perspectives

The possibilities of integrating microfluidic cell culture and analysis techniques
seem almost endless, ranging from single organ-on-a-chip devices with manual
sample collection to multi-organ systems with integrated sensor platforms
and analytical detection techniques [23]. For intestinal models mechanical and
biological parameters, like peristaltic motion, fluid shear stress, presences of
all cell types, 3D crypt/villi structure and the incorporation of the microbiome
have all been realised, separately. It is nearly impossible to recapitulate all these
factors in one in vitro intestinal barrier system. Furthermore, depending on
the scientific question addressed not all factors have to be included in future
integrated designs to establish a functional in vitro model. A critical look at
which factors will contribute to an in vitro intestinal barrier model suited for
predicting oral bioavailability of chemicals in humans is highly desirable. In the
section ‘future biology’ these factors are discussed. AlImost the same goes for
the integration of analytical read-out system, Chapter 2 already explored the
current in situ and online integration systems for organ-on-a-chip models, in
the paragraph ‘future integration’ suggestions are given for future integration
platforms and which aspects to consider.

7.2.1 Future biology

In this thesis and throughout literature most dynamic in vitro intestinal models
have incorporated the cancer cell line Caco-2 as a mimic for the enterocytes
present in the small intestine. Sometimes a combination with the mucus
producing cell line HT29-MTX representing the goblet cells is also described.
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The simple culturing methods, widespread availability and the large data sets
available for these cell lines as reference make them an attractive cell model
system for the intestinal barrier. Nevertheless, these cancerous cell lines do
not fully recapitulate the intestinal tissue (cellular and molecular machinery)
and environment in vivo, as they fail to express important transporter and
metabolic proteins and do not represent cellular diversity [24]. Since the
discovery of mouse small intestinal organoids in 2009 [25], the ability to
culture human small intestinal organoids containing all the cell types present
in the human gut soon followed [26]. The benefit of an organoid culture lies
in the cells ability to mimic in vivo cellular programming and a higher order
of tissue organization. Furthermore, organoid cultures can be set-up from
induced pluripotent stem cells or biopsies getting a step closer to personalized
medicine. The one downside of small intestinal organoid cultures is that they
grow in an extracellular matrix and form a closed sphere with the lumen on
the inside making it difficult to expose the intestinal cells to a compound of
interest. Researchers have been successful in growing the organoids as a flat
2D culture making it more accessible for permeability experiments [27] and the
first studies incorporating these 2D cultures in a microfluidic chip have been
established as well [10, 28, 29].

With the rise of microfluidic technology, dynamic intestinal barrier
models were one of the first flow based cell culture models developed and
flow has since been included in many devise [2, 8, 9, 13]. Inducing fluid
shear stress on an intestinal cell layer is achieved relatively easy with current
microfluidic engineering techniques and has a high impact on the biological
microenvironment [12]. The inclusion of flow was followed by the incorporation
of peristaltic motion by stretching and releasing the cell culture membrane,
resulting in cyclic strain on the cells. Results on how this affects the properties of
the cell barrier are mixed. Kim et al. has shown that peristaltic motion together
with applying flow results in increased permeability and aminopeptidase
activity of the Caco-2 monolayer [13]. However, other studies have presented
that only applying flow is enough to modulate these properties [30, 31].
According to this, including peristaltic motion as a parameter in a dynamic
intestinal barrier model might unnecessarily complicate the model, without
much added benefit. This is also backed up by the limited number of studies
incorporating peristaltic motion in the model.
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Another aspect that highly influences the behaviour of chemicals and cells
in the gastrointestinal tract is the intestinal microbiome. The potential impact
of microbes on immune regulation, compound metabolism, nutrition and
infection in the gut is starting to be revealed and would be a valuable addition
to a dynamic in vitro cell culture model of the intestine. However, incorporating
aspects of the microbiome on a microfluidic chip is tricky. Several studies have
incorporated commensal or pathogenic bacteria, however growing under
aerobic circumstances [32-34], this only partly represents the wide variety
of microorganisms present in the gut as several species require anaerobic
conditions to grow. The HuMix (human-microbial crosstalk) model does
provide microbial exposure under anaerobic conditions, by incorporating the
bacteria via a separate channel allowing oxygen free conditions [35, 36], yet
making the model as a whole more complex. In the case of incorporating the
microbiome on chip the balance between added biological effects and the
increased complexity of the system itself largely depends on the biological
questions asked. For research into the uptake of nutrients, especially complex
carbohydrates that are metabolised by gut microbes the addition of the
microbiome in the in vitro model is essential.

Lastly, one of the striking features of the intestinal epitheliumis its 3D structures
of crypts and villi. The 3D structure increases the absorptive surface area and
affects the differentiation of the epithelial cells. This notion has resulted in
the development of 3D scaffolds that can be placed inside dynamic intestinal
barrier models mimicking the crypt/villi structure [14, 37, 38]. Selecting the right
material for the scaffold is essential for permeability experiments, for example
the use of a collagen hydrogel negatively impacted the transport of lipophilic
drug antipyrine in a study by Yu et al. [37]. Limited research has been performed
examining the effect of 3D scaffolds in combination with microfluidic intestinal
chips and to which extent it improves the biological model. Therefore, future
developments of the biological model within a dynamic cell culture device
should aim for a basic system including all relevant cell types and flow with the
option to include the microbiome if the application calls for it.

7.2.2 Future integrations

Current integrated platforms with online or in situ analysis of the organ-on-a-
chip system consist of individual cellular units mimicking one or two organs
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and only a few parameters are monitored at the same time. Furthermore, the
integrated chip systems are often fabricated using PDMS, as it is biocompatible
and easy for rapid prototyping. However, adsorption of analytes and
nanoparticles [39] and limited possibilities in upscaling the fabrication process
make it a material unsuited for future integrations. The organ-on-a-chip field
is highly diverse with bioengineers, cell biologists and analytical chemists all
contributing to novel integrated systems. However, for future integrations the
biological questions that we want answered need to lead the engineering
process and not the other way around. As presented in this thesis and other
literature, organ-on-a-chip systems can be integrated with multiple sensors
and high-end analytical equipment providing a lot of information for one
individual biological experiment [40-42]. Figure 2.6 (Chapter 2), depicts a
total analysis system for a single chip device envisioning a self-regulating
organ-on-a-chip system with sensors for active feedback control of the
microenvironment (oxygen, glucose). The theoretical system also includes a
sensor for continuous read-out of the barrier integrity via TEER measurements.
Furthermore, the system is coupled to miniaturized analytical equipment for
the analysis of target analytes and metabolites thereof. This will eventually
lead to an online analysis system that provides continuous data to uphold a
stable microenvironment needed for relevant biological experiments. This,
however, makes the integrated system highly complex and will affect user
friendliness and throughput. Therefore, besides developing vastly integrated
systems, increasing the throughput and user friendliness of the systems
is desired as well. Meaning the number of biological replicates per system
needs to be increased, but also the automated online analysis system needs
to match the upscaling process. Throughout this thesis the focus was on the
analysis of intestinal permeability in the flow-through transwell by measuring
the compound of interest in the effluent. Besides examining permeability, the
accumulation within the cell layer itself is highly important for toxicity and
overall bioavailability. Analytical techniques incorporating laser ablation (LA),
like LA-ICP-MS and LAESI-MS would be well equipped to analyse the uptake of
molecules or metal nanoparticles by the cell layer in a spatial manner [43-46].

7.2.3 Benchmarking in vitro dynamic models

The multidisciplinary field of organ-on-a-chip technology has for a long
time focussed on technological development, pushing the boundaries of
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microfluidic in vitro cell culture systems. This has resulted in an array of different
designs and integrations each with its own advantages and disadvantages.
However, the use of organ-on-a-chip technology in drug development trials or
for regulatory purposes is non-existent. Going forward more attention needs
to be given towards validation and improvement of current model systems
and user friendliness, to realize the end goal of organ-on-a-chip technology as
alternative to animal testing. To reach that goal first large-scale studies need to
be performed comparing the different dynamic in vitro model systems amongst
each other and to the current experimental models used. Aspects to consider
are predictability of in vivo, throughput, user friendliness, compatibility with
analysis and costs.
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Currently, animals are used for the risk assessment of hazardous chemicals
and the development of novel drugs. Apart from the ethical issues when using
animals, the lack of predicative power for the human body has stimulated
researchers to develop an intricate in vitro cell culture models that better mimic
the human situation. The combination of microfluidic lab-on-a-chip technology
with cell biology techniques resulted in the organ-on-a-chip, an in vitro cell
culture system that is subjected to a dynamic physiological microenvironment.
For almost every organ in the human body a chip equivalent was created, as
was for the intestine. The main aim of this thesis was to integrate a dynamic in
vitro intestinal barrier model with advanced mass spectrometry equipment for
automated and online analysis of oral bioavailability for an array of compounds.

In chapter 2, the literature was reviewed for online and in situ analytical
techniques integrated with organ-on-a-chip devices with special emphasis
on maintaining the biological relevance, achieving analytical compatibility,
system integration and final applicability. It was found that in situ optical
and electrochemical sensors, when integrated, were easy to use and
could be placed inside a gas and temperature-controlled incubator aiding
biological compatibility. However, lower sensitivity compared to its benchtop
counterparts and susceptibility to biofouling were the major issues for these
integrations. Online coupling of an organ-on-a-chip to a mass spectrometer was
also discussed in chapter 2. Continuous online mass spectrometric detection
of organ-on-a-chip systems is currently not feasible, due to the high levels of
sugars, salts and antibiotics in the cell culture medium. A sample preparation
step was required usually by incorporation of SPE columns and a wash step to
prevent ionization suppression. In recent interfacing designs, the organ-on-a-
chip device was generally placed outside the gas and temperature-controlled
incubator to allow interfacing with a mass spectrometer. Obviously, this is still a
serious drawback as it compromises a biological accurate environment.

In this thesis oral bioavailability of chemicals was studied as this is essential
information for novel drug development and in the field of toxicology.
Intestinal uptake of the chemical is a crucial factor in oral bioavailability,
highlighting the importance of in vitro intestinal models that correctly predict
this phenomenon. In chapter 3a, a dynamic in vitro model of the intestine for
permeability studies of chemicals was developed and evaluated. A co-culture
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of Caco-2 and HT29-MTX-E12 cells was grown in a flow-through transwell
system. Proper gut barrier function was assessed by showing absence of
Lucifer yellow permeability, and examination of the morphology of the cell
barrier using confocal microscopy. The permeability of the model compound
verapamil was determined and showed similar permeability compared to
the traditional static transwells. Furthermore, the system was benchmarked
against in vitro and in vivo permeability data found in literature. In chapter
3b the permeability of the mycotoxin ergotamine(in)e was evaluated in the
static and dynamic in vitro intestinal model systems. A higher permeability of
the epimer ergotaminine was observed compared to ergotamine in the static
in vitro model. This difference was lost in the dynamic model experiments.
Highlighting the importance of flow and flow induced shear stress on the cell
monolayer and subsequently on permeability of a compound.

Despite a few recent integration attempts, ensuring a biological relevant
microenvironment while coupling with a fully online detection system
still represents a major challenge. Herein, in chapter 4 an online technique
to measure drug permeability and analyse (un)known product formation
across an intestinal epithelial layer was designed, while ensuring the quality
and relevance of the biological model. Chip-based ultra-performance liquid
chromatography quadrupole time-of-flight mass spectrometry (UPLC-QTOF-
MS) was coupled to the dynamic flow-through transwell via a series of switching
valves, thus allowing alternating measurements of the apical and basolateral
side of the in vitro model. Two trap columns were integrated for online
sample pre-treatment and compatibility enhancement. Temporal analysis of
the intestinal permeability was successfully demonstrated using verapamil
as a model drug and ergotamine epimers as a model for natural mycotoxins
present in foods. Evidence was obtained that the newly developed dynamic
online analysis system provides reliable results versus offline analysis. Finally,
initial experiments with the drug granisetron suggest that metabolic activity
can be studied as well, thus highlighting the versatility of the bio-integrated
online analysis system developed.

In chapter 5, a novel, integrated, in vitro gastrointestinal system was presented

including three hyphenated modules for digestion, intestinal absorption and
analysis. In the first module, a compound was exposed dynamically to enzymatic
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digestioninthree consecutive microreactors, mimicking the processes ofthe mouth,
stomach, and intestine. The resulting solution (chyme), continued to the second
module, a flow-through barrier model of the intestine allowing translocation of the
compound and metabolites thereof. The final module analysed the composition
of both effluents from the barrier model by chip-based electrospray ionization
mass spectrometry. Apart from technical challenges interfacing the modules, a
key challenge is ensuring proper barrier integrity of the intestinal layer under these
hyphenated conditions. Two model drugs were used to test the integrated model,
omeprazole and verapamil. Omeprazole was shown to be broken down upon
treatment with gastric acid but reached the cell barrier unharmed when emulating
an enteric-coated formulation. In contrast, verapamil was unaffected by digestion.
Finally, a simple food matrix, apple juice, was introduced into the system resulting
in a reduced uptake of verapamil.

For chapter 6, the effect of flow on gold nanoparticle (AuNP) uptake and
translocation was studied in a flow-through transwell. NPs can be found in
a variety of food products, which has led to concerns about their potential
adverse effects for consumers upon ingestion. Currently, static in vitro cell
culture models of the intestine are used to predict the uptake and translocation
of NPs in the human gastrointestinal tract. However, in a static environment
NP sedimentation or flotation can cause altered exposure levels on the
cells. By including flow into the cell model these problems might be solved.
Nevertheless, the effect of flow on the translocation of NP across the in vitro
intestinal barrier is largely unknown. In chapter 6, the cell associated fraction
and translocation of gold nanoparticles (AuNPs) between a static in vitro cell
culture system and a dynamic flow-through transwell system were compared
using single particle inductively coupled plasma mass spectrometry (sp-ICP-
MS). The translocation of 15, 30 and 70 nm AuNPs was examined in the static
system. Only the smallest particles translocated through the static in vitro cell
layer. For the dynamic experiments only, the smallest particles were used.
The translocation and cell associated fraction of the 15 nm AuNPs in the flow-
through transwell was increased compared to the static system. This is most
likely due to the higher total amount of particles that the cell layer was exposed
to in the flow-through transwell and the flow directing the particles towards
the cell layer. Even though, the inclusion of flow might solve NP sedimentation/
flotation problems present in static barrier models. The results show that
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accurate measurements of the number of particles that reaches the cells is of
great importance to determine the (apparent) bioavailability of NPs for both
the static and dynamic model.

In this thesis, in vitro models of the digestive tract were integrated with
advanced mass spectrometry equipment to study the oral bioavailability of
small drug compounds, toxins and nanoparticles. In chapter 7, the potential
and limitations of the developed system were discussed, and recommendations
were given for future research.
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Hedendaags, worden voor de ontwikkeling van nieuwe medicijnen en de risico
beoordeling van gevaarlijke stoffen proefdieren gebruikt. Buiten de ethische
aspecten omtrent proefdieren geven ze ook niet genoeg voorspellende
informatie over wat er daadwerkelijk gebeurt in het menselijk lichaam. Dit heeft
onderzoekers gestimuleerd om een beter alternatief te gaan ontwikkelen in
de vorm van een complex in vitro cel model. De combinatie van lab-on-a-chip
technologie en cel biologie technieken heeft geleidt tot de ontwikkeling van
het organ-on-a-chip systeem. Dit is een in vitro cel model dat word blootgesteld
aan een dynamisch fysiologisch micro-omgeving. Voor bijna ieder orgaan in
het menselijk lichaam is er een chip variant ontwikkeld zo ook voor de darmen.
Het doel van dit proefschrift is het integreren van een dynamisch in vitro darm
model met geavanceerde massa spectrometers voor geautomatiseerde en
online analyse van biologische beschikbaarheid voor een verscheidenheid aan
stoffen.

In hoofdstuk 2, is er in de literatuur gekeken naar huidige online en in situ
analytische technieken die zijn geintegreerd met organ-on-a-chip systemen
met de nadruk op biologische relevantie, analytische compatibiliteit,
systeem integratie en toepasbaarheid. Geintegreerde in situ optische en
electrochemische sensoren konden makkelijke in een gas en temperatuur
gecontroleerde incubator worden geplaatst, wat de biologische compatibiliteit
aanzienlijk verhoogde. Echter, deze geintegreerde sensoren konden minder
gevoelig metenin vergelijking met de standaard meet system en waren vatbaar
voor biofouling. Verder werd in hoofdstuk 2 ook de online koppeling van een
massa spectrometer aan de organ-on-a-chip besproken. Op het moment is
het niet mogelijk om voortdurend een organ-on-a-chip systeem te analyseren
met gebruik van een massa spectrometer. Dit komt door het hoge gehalte
aan suikers, zouten en antibiotica in het te analyseren celkweek medium. Het
gebruik van een SPE kolom en was stappen is nodig als een voorbereidingsstap,
dit om ion onderdrukking in de massa spectrometer te voorkomen. Voor
recente integraties word het organ-on-a-chip system buiten een incubator
geplaats om het te kunnen koppelen aan de massa spectrometer. Logischer
wijs is dit een nadeel aangezien dit niet een biologische relevante omgeving
is voor cellen.
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In dit proefschrift is er gekeken naar de orale biologische beschikbaarheid
van stoffen, dit is essentiéle informatie voor de ontwikkeling van nieuwe
medicijnen en toxicologisch onderzoek. Doorgifte van een chemische stof
door de darm is een cruciaal onderdeel van orale bio-beschikbaarheid. Het
gebruik van in vitro darm modellen is daarom ook van belang om de opname
van stoffen te kunnen voorspellen. In hoofdstuk 3a, is er een dynamisch in
vitro darm model ontwikkeld om de doorgifte van stoffen te evalueren. In
een doorstroom transwell systeem werd een co-culture van Caco-2 en HT29-
MTX-E12 cellen gegroeid. Vervolgens werd er vastgesteld dat de in vitro darm
cellaag niet lekte, door de afwezigheid van lucifer yellow opname en de
visuele beoordeling van de morfologie van de cellaag door het gebruik van
een confocale microscoop. De doorgifte van de model stof verapamil werd
vastgesteld in de doorstroom transwell en was vergelijkbaar aan de opname in
de traditionele statische transwell. Verder, is het systeem ook nog vergeleken
met in vitro en in vivo data vanuit de literatuur. In hoofdstuk 3b, werd er
gekeken naar de opname van de mycotoxine ergotamin(in)e in het statische
en doorstroom darm model. Een hogere doorgifte werd gevonden voor de
ergotaminine epimeer in vergelijking met ergotamine in het statische model.
Het verschil tussen de doorgifte van de twee epimeren was verdwenen in de
experimenten met het dynamische model. Dit laat zien dat de vloeistof stroom
in het dynamische model en de kracht die dat uitoefent op de cellaag invloed
heeft op de doorgifte van stoffen door de cellaag.

Ondanks meerdere pogingen om een organ-on-a-chip systeem te
koppelen aan een online detectie systeem blijft het garanderen van een
biologische relevant omgeving de grootste uitdaging. In hoofdstuk 4 werd een
online analyse techniek ontwikkeld voor de detectie van medicijn doorgifte
in het dynamische celsyteem, terwijl tegelijkertijd de biologische omgeving
werd behouden. Een ultra-performance liquid chromatography quadrupole
time-of-flight massa spectrometer (UPLC-QTOF-MS) werd gekoppeld aan de
doorstroom transwell via een serie van schakelkranen. Dit zorgde ervoor dat
de apicale en basolaterale kant van het in vitro model afwisselend konden
worden gemeten. Twee trap kolommen werden geintegreerd als monster
voorbewerkingsstap. De doorgifte van verapamil en ergotamine kon worden
vastgesteld in detijd. Als laatste experiment voor dit hoofdstuk werd er gekeken
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naar het medicijn granisetron, wat suggereerde dat metaboliet formatie ook
kan worden gemeten met het huidige geintegreerde systeem.

Hoofdstuk 5 beschrijft de integratie van een in vitro mond, maag, darm
systeem dat bestaat uit drie digestie modules, een darm cellaag en online
analyse. In het eerste deel werd een stof blootgesteld aan drie enzymatische
digestie modules die de processen in de mond, maag en darm nabootste.
Na de digestie werd de stof geintroduceerd aan de doorstroom transwell
en vervolgens werd de doorgifte door de cellaag gemeten met de massa
spectrometer. Buiten de technische uitdagingen om alle systemen aan elkaar
te koppelen, was de integriteit van de cellaag van cruciaal belang. Twee model
stoffen werden gekozen om het integratie model te testen, omeprazol en
verapamil. Puur omeprazol degradeerde wanneer het in aanraking kwam met
de maagsappen. Maar wanneer gecoat omeprazol werd nagebootst bereikte
omeprazol de cellaag intact. In tegenstelling tot omeprazol was verapamil
onaangetast na digestie. Tenslotte, werd een simpele voedsel matrix (appelsap)
geintroduceerd in het systeem tegelijkertijd met verapamil, dit zorgde voor
verminderde doorgifte van verapamil door de cellaag.

Voor hoofdstuk 6, werd de opname en doorgifte van goud nanodeeltjes
bestudeerd in het doorstroom transwell systeem. Nanodeeltjes kunnen in
allerlei soorten voedsel worden gevonden, wat soms kan leiden tot schadelijke
effecten wanneer ze worden ingeslikt. In huidige statische in vitro cel systemen
sedimenteren of drijven de nanodeeltjes in het systeem, wat de uiteindelijke
concentratie op de cellen beinvloed. Een dynamisch doorstroom cel system
zou dit probleem kunnen verhelpen. Maar het effect van een vloeistof stroom
op de opname en doorgifte van nanodeeltjes in in vitro modellen is tot op
heden nooit onderzocht. In hoofdstuk 6, werd de opname en doorgifte van
goud nanodeeltjes vergeleken tussen een statisch en dynamisch transwell
systeem. De goud deeltjes werden gemeten met behulp van single particle
inductively coupled plasma massa spectrometrie. De doorgifte van 15, 30 en
70 nanometer goud deeltjes werd gemeten in het statische systeem. Alleen
het allerkleinste deeltje werd terug gevonden aan de basolaterale kant van de
cellaag. Hogere opname en doorgifte werd gevonden voor het 15 nm goud
deeltje in de doorstroom transwell. Dit kwam waarschijnlijk doordat de cellen
aan een hogere concentratie deeltjes werden blootgesteld in verhouding tot
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het statische systeem. De hypothese is dat de vloeistof stroom de deeltjes naar
de cellaag toe drukt. Hoewel, een vloeistof stroom misschien het probleem van
sedimentatie/drijven kan oplossen zijn er ook beperkingen aan het dynamische
systeem. Voor de toekomst zijn accurate metingen van het aantal deeltjes in
het statische en dynamische model en het effect daarvan van groot belang om
de biologische beschikbaarheid van deeltjes te kunnen bestuderen.

In dit proefschrift zijn in vitro modellen van het spijsverteringsysteem
geintegreerd met geavanceerde massa spectrometers om de orale bio
beschikbaarheid van medicijnen, toxine en deeltjes te kunnen bepalen. In
hoofdstuk 7 zijn de mogelijkheden en beperkingen van het ontwikkelde
systeem besproken en aanbevelingen voor toekomstig onderzoek werden
gegeven.
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Dan mijn ouders, woorden schieten te kort hoeveel jullie voor mij betekenen.
Bedankt voor jullie steun en vertrouwen in mij. Studeren in Wageningen, half
jaar in Engeland wonen en dan nog die PhD jullie waren er voor mij iedere dag,
wanneer maar nodig. Lydia, het beste zusje dat ik maar kan wensen, jou deur
(en die van Jeroen) staat altijd open en niks is te gek. Bedankt voor alles wat je
bent en doet. Ik hou zoveel van jullie.

Lieve Rob, toen ik het wilde idee kreeg om te gaan promoveren ben jij met me
mee verhuisd naar Wageningen. De afgelopen jaren heb jij mij gesteund, voor
me gezorgd en me afgeleid wanneer dat nodig was. [k mag je ondertussen al
een tijdje mijn man noemen en we hebben eindelijk ons eerste huis samen
gekocht. Ik kijk uit naar de rest van onze toekomst samen. Ik hou van je.

Milou

p.s. Mariska, Roelof en Machteld jullie ook bedankt
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Discipline specific activities

Organizing institute year

COAST meeting ® COAST 2016
Advanced Food Analysis ? VLAG 2017
Dutch Society of Mass Spectrometry Spring meeting ? NVMS 2017
Forum for Analytical Science and Technology conference *° COAST 2017
Chemistry as Innovating Science conference @ NWO 2017
MicroNano conference ? MinacNED 2017
Forum for Analytical Science and Technology conference @ COAST 2018
Forum for Analytical Science and Technology conference ° COAST 2019
General courses

VLAG PhD week VLAG 2016
Effective Behaviour in your Professional surrounding WGS 2016
Efficient Writing Strategies WGS 2017
Presenting with Impact WGS 2018
Interpersonal communication for PhD students WGS 2018
Brain training WGS 2018
Other activities

Preparation of PhD research proposal 2016
Analytical Methods in Organic Chemistry WUR 2016
Project meetings 2016-19
Weekly group meetings 2016-19
PhD study tour to Denmark and Sweden 2017
VLAG PhD council member 2017-19
PhD study tour to Israel 2019
Organizing committee PhD study tour to Israel 2019

2 Poster; ® Oral presentation
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