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Abstract
The liver is the most important site of drug metabolism in the human body. During drug
development, it is therefore of high importance to employ a robust in vitro model that
resembles the in vivo microenvironment, and is able to accurately predict the metabolism
and disposition of compounds. This thesis is divided into two major parts. First, the
metabolism of a set of compounds was characterized qualitatively in spheroids made from
primary human hepatocytes (PHH), and the resulting data was compared to previous data
from hepatocyte suspension culture and human in vivo data. The metabolites formed dur-
ing a 72 hour incubation period was analyzed by LC-MS. Second, a co-culture between
human liver spheroids, made from HepaRG cells and primary hepatic stellate cells, and
primary human pancreatic islets in microfluidic 2-organ-chips was established, and the
liver spheroids were functionally characterized. A total of 5 chip experiments were per-
formed, where each chip experiment lasted for 7 days, and different conditions such as
medium composition where examined. Various staining techniques and measurements of
secreted albumin and LDH were used to assess long-term sustainability, function and vi-
ability of the spheroids.

Some of the metabolites seen in humans were also formed in PHH spheroids, but the
spheroid model was not able to fully predict the human in vivo metabolism. Spheroids were
not shown to be a significantly better model to use compared to suspension cultures during
these experiments. CYP activity analysis showed that decreasing metabolic function after
a change in medium composition might be a factor. HepaRG spheroids were able to display
several liver-like functions when cultured in the multi-organ chips, but the large size of the
spheroids led to the formation of necrotic cores. Overall, while certain parameters need
to be improved, the liver spheroids are promising models for studying several different
aspects of liver functions as well as for establishing organ system models.

Keywords: Liver, 3D in vitro model, spheroids, HepaRG, primary human hepatocytes,
stellate cells, co-culture, MetID, microfluidics, organs-on-chips
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1. Introduction
The process of developing new drugs is highly expensive and time-consuming, and only
a few substances are taken through all the phases of the lengthy development procedure.
To help ensure human safety and the efficacy of drug candidates, new pharmaceuticals are
often tested in vitro or in animals. However, the in vitro systems currently used often fail
to imitate the intrinsic organ complexity of the human body and thereby fail to predict
the effects of new drugs in humans. Even experiments performed in vivo are not fully
reliable, since the phylogenetic distance between humans and laboratory animals is too
large [1]. It is therefore of high importance to develop new technologies to overcome these
discrepancies and limitations.

1.1 Background
The human body is exposed to a variety of chemicals each day, of which many can be
extremely toxic. The primary defense mechanism in the body against these xenobiotics
are the drug metabolizing enzymes present in the liver [2][3]. The liver is an immensely
complex organ capable of performing numerous functions in the body, including protein
synthesis and secretion, nutrient metabolism, and detoxification of xenobiotics. It is made
from several different cell types with different phenotypes and functions highly dependent
on their physical location and coordination within the intricate tissue architecture [2]. Un-
derstanding and studying the biology and functions of the liver is therefore a difficult task.

Because the liver is the most important site of drug metabolism, several in vitro models,
mimicking key aspects of the in vivo biotransformation of the human liver, have been
developed. In order to assess drug uptake and metabolism, enzyme induction, and drug
interactions possibly affecting metabolism and hepatotoxicity, these in vitro models are
used during drug development. By screening lead candidates in in vitro models of the
liver, nearly all potentially harmful compounds are identified and rejected. In fact, almost
90% of all lead candidates fail to proceed to clinical trials after screening through liver in
vitro models [4]. However, of those that do continue on to Phase I clinical trails, more
than 50% fail during clinical trials due to unforeseen human liver toxicity or bioavailability
issues [4][5]. There is therefore an urgent need for improved methods to predict human
liver metabolism of drugs already at an in vitro stage.

The main issue lies within the most common models used. As mentioned above, results
from animal testing cannot be fully extrapolated to humans. These types of experiments
are also expensive, lengthy and subject to ethical issues [6]. The most commonly used in
vitro models are either suspension or 2D cell culture models using hepatocytes, which fail
to recreate the in vivo cellular microenvironment and are unable to maintain their differ-
entiated functions [7]. In order to overcome these limitations, 3D cell culture models were
developed. This approach improves tissue organization, enhancing natural cell-cell and
cell-matrix interactions, and improves the maintenance of differentiated functions [7][8].
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One such cell culture model that has received a lot of attention lately is the liver spheroid
model. These have been shown to behave more natively compared to cells in 2D or sus-
pension cultures [9]. They are also able to maintain their viability and functions for weeks
in culture and have been extensively characterized [8].

Nevertheless, 3D culture systems also have certain restraints. For instance, many sys-
tems lack tissue-tissue interfaces and signaling, as well as mechanical cues such as fluid
shear stress, which influence cell differentiation and function in vivo. Culturing cells on
microfluidic devices offers a possibility to overcome these limations [7][10]. These systems
combine human microtissues in an organ-like arrangement at a homeostatic steady state.
Previously generated multi-channel 3D microfludic cell culture systems are able to sup-
port the molecular interplay between different tissue culture compartments through media
re-circulation [11]. The advantage of using such a system is the ability to adjust the fluid
flow to provide proper dynamic mechanical and chemical signals to the microtissues, as
well as the ability to control the local tissue-to-fluid ratios, imitating the in vivo microen-
vironment.

A multi-organ chip was recently developed by TissUse GmbH and the Technical Univer-
sity of Berlin with an integrated peristaltic micropump and separate culture compartments
interconnected with microfluidic channels, minimizing the fluid-to-tissue ratio within the
system [12]. This setup provides a more lifelike behavior and ensures crosstalk between
the integrated tissues. The system supports co-cultures of three-dimensional organ equiv-
alents 1/100000 of the biomass in vivo, and has been shown to maintain the functionality
and viability of the organoids for up to 28 days, as well as inducing substance sensitiv-
ity different from single-tissue cultures due to the enhanced cross-talk between tissues
[12][13][14][15]. There are two types of chips available, capable of co-culturing either two
or four organ equivalents, of which the two-organ-chip has been used for this thesis. They
are highly suitable for microfluidic administration, distribution, metabolism and excretion
(ADME) studies, as well as systemic toxicity analysis. These microfluidic systems also
offer a unique possibility to create and study miniaturized human disease models, and
convey a significant step towards creating a human-on-a-chip [10][14].

1.2 Aim
This project is divided into two major parts. The aim of the first part was to character-
ize the metabolites formed in spheroids made from primary human hepatocytes from a
set of compounds, and evaluate whether they are able to sufficiently predict the in vivo
metabolism in humans compared to hepatocyte suspension cultures. The set of com-
pounds for these experiments was selected based on a previous report, for which there
is already in vitro (hepatocyte suspension) data, as well as human in vivo data available
[16]. Spheroids were incubated with the selected compounds for a total of 72 hours. The
supernatant and the cells were sampled at 0, 4, 8, 24, 48, and 72 hours after addition of
the compounds and the samples were analyzed via mass spectrometry. The functionality
of the main drug metabolizing enzymes in spheroids was assessed by characterizing the
activity of 4 cytochrome P450s.

The second component of this thesis is part of a larger ongoing project at AstraZeneca.
The aim of this part was to establish and characterize a co-culture between human liver
spheroids, made from HepaRG cells and primary hepatic stellate cells, and primary hu-
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man pancreatic islets in microfluidic 2-organ-chips. Liver spheroids were manufactured
from freshly thawed cryopreserved cells, or pre-cultured cryopreserved cells. Spheroids
and pancreatic islets were co-cultured in separate compartments for 7 days in 2-organ-
chips provided by TissUse. The supernatant was sampled for further analysis of liver and
islet functionality. At the end of the experiment, spheroids and islets were fixated for
histological analysis. As other scientist were responsible for some of the analyses, such as
those regarding the pancreatic islets, not all experiments involved in this project will be
part of this thesis.

For this thesis, the expression of albumin from the liver spheroids was characterized by
immunofluorescent staining and by measuring the levels of albumin secreted into the su-
pernatant. The expression of the major metabolizing enzyme CYP3A4, the cytoskeletal
protein vimentin present in stellate cells, and the protein α-SMA present in differentiated
stellate cells were also characterized through immunofluorescent staining. The viability
of the liver spheroids was determined by measuring the levels of lactacte dehydrogenase
in the supernatant, an enzyme expressed intracellularly in the spheroids. Spheroids were
also stained with hematoxylin and eosin to assess the possible formation of necrotic cores,
as well as with periodic acid/Schiff staining to qualitatively evaluate the accumulation or
possible depletion of glycogen storages.

1.3 Limitations
The size of the liver spheroids and the cellular fractions used to manufacture them have
been determined in beforehand and will not be evaluated. The chips themselves will also
not be evaluated. Since this thesis is part of a larger project, the section regarding the
microfluidic devices has been restricted to focus on the functionality and characteristics of
the liver spheroids. Suitable protocols for the culturing of spheroids and stellate cells, as
well as for some of the analyses, will be created and optimized. All work on the 2-organ-
chips will be performed in collaboration with other scientist at AstraZeneca. Analysis
of pancreatic islets, as well as some analyses regarding the liver spheroids, such as gene
expression, will be administered by another department at AstraZeneca and will not be
part of this thesis. Furthermore, this thesis is restricted to only performing a semi-targeted
analysis of the metabolites formed from the set of compounds from Iegre et al. [16], and
will only include the Phase I metabolizing enzymes CYP1A2, CYP2C9, CYP2D6 and
CYP3A4 for the separate metabolic activity analysis.
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2. Theory
This chapter will introduce the theoretical framework for this thesis and provide an
overview of some of the previous work within this area of research.

2.1 General anatomy and functions of the liver
The liver is one of the most complex and versatile organs in the body, with an extraordi-
nary spectrum of functions. It is the second largest organ in the body, located beneath the
diaphragm and weighs between 1200 to 1500 grams [2][17]. One of the main vital functions
of the liver is to secrete bile and bile salts. Bile is a complex alkaline fluid that aids in
the digestion and absorption of lipids and lipid-soluble vitamins and helps eliminate waste
products (e.g. cholesterol).

Due to its location in the body, the liver is directly connected to the digestive system,
supporting its crucial role in the processing of absorbed nutrients and xenobiotics. It
is responsible for the synthesis of serum proteins (e.g. globulins, albumin, prothrombin,
fibrinogen), intermediary metabolism of carbohydrates, lipids, proteins and amino acids,
and detoxification of xenobiotic compounds. When blood glucose levels are high, the liver
can convert glucose into glycogen and triglycerides for storage. Similarly, when blood
glucose levels are low, the liver can break down the stored glycogen to glucose, which is
released into the blood stream. Ammonia, a toxic side product from protein metabolism,
is converted in the liver to urea, which is extrected in urine. Other vital functions of the
liver include processing of hormones, excretion of bilirubin, storage of vitamins and min-
erals, and activation of vitamin D [18]. The liver also has a unique ability to regenerate
after injury, inflammation and surgical resection compared to other organs, and is able to
restore its original mass, cellular structure and function [2].

The liver is traditionally divided into two parts called the right and left lobes, separated
by the falciforn ligament (Figure 2.1). Two different blood vessels provide the liver with
a dual blood supply. The hepatic artery delivers oxygenated blood from the heart and
provides approximately 25% of the liver’s total blood supply. The portal vein delivers
partially deoxygenated and nutrient-rich blood from the small intestine, which stands for
about 75% of the total blood supply to the liver [19]. Throughout the liver, branches
of the portal vein, hepatic artery and the bile ducts form structures called portal triads,
consisting of one portal vein, hepatic artery and bile duct branch each. The liver can be
further divided into functional units called lobules. These have three to six portal triads
arranged around the perimeter and a central vein in the middle (Figure 2.2). The direction
of the blood flow within the lobules is from the periphery to the center [2].

On histological sections, the liver appears as a homogenous and richly vascularized tissue
[17]. However, on a microscopic level, it can be seen that the liver consists of a number
of different cell types, which can be divided into parenchymal cells, or hepatocytes, and
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Figure 2.1: Antero-visceral view of the liver.

non-parenchymal cells. The latter include Kupffer cells (resident macrophages), sinusoidal
endothelial cells, periportal fibroblasts, hepatic dendritic cells and stellate cells [2].

2.1.1 Hepatocytes

Hepatocytes are large polygonal cells making up approximately 60% of the total cell pop-
ulation and 80% of the total volume of the liver [17]. They are often seen as the functional
units of the liver performing many of the functions associated with the liver. Normally,
hepatocytes are structurally and functionally polarized, and have three distinct membrane
domians known as the sinusoidal (basal), lateral, and canalicular (apical) domains. Basal
surfaces form the sinusoidal blood vessels that branch between the portal vein and hepatic
artery to the central vein. These are lined with endothelial cells, Kupffer cells and fat
cells. Canalicular surfaces form the bile canalicular network that transports bile to the
bile ducts. The lateral membranes form tight junctions with the bile canaliculi, occluding
the apical domain and blood-bile barrier from the basolateral surface. Other connections,
such as desmosomes, as well as intermediate and gap junctions, provide cohesive strength
and functional communication between hepatocytes [2].

Within the liver lobules, hepatocytes are arranged in unicellular plates of about 20 cells
with sinusoids separating each individual plate [17]. Every hepatocyte is in contact with
the sinusoid walls through surrouding hepatocytes and through the perisinusoidal space
(space of Disse), a space that separates the fenestrated endothelial cells present in the
sinusoids from the hepatocytes, allowing for the hepatocytes to extend microvilli towards
the blood vessels. This allows for bi-directional permeability and exchange of materials
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from both hepatocytes and blood [2]. Depending on their physical location along the
porto-central axis of the liver cell plate, the hepatocytes have been demonstrated to be
specialized and perform different functions, despite being histologically indistinguishable
[20].

2.1.2 Stellate cells

Non-parenchymal cells only comprise about 6% of the total liver volume, but almost 35%
of the total cell number. Of these, 40% are fenestrated endothelial cells. Stellate cells
constitute about 22% of the remainder of these cells. They are the main fat-storing cells
in the liver and can be identified by the presence of intracellular vitamin A droplets
(retinoids) and filamentous material. Stellate cells are normally situated around the si-
nusoids between endothelial cells and hepatocytes, or intercalated between hepatocytes [2].

Under normal physiological conditions, stellate cells are quiescent and long-lived, with
spindle-shaped bodies. However, upon liver injury, stellate cells tend to become activated
as a primary tissue repair response. The process of activation involves the cells disposing
of their vitamin A storages while transdifferentiating to a more myofibroblast-like phe-
notype. The same type of phenotypical transformation and activation can be seen when
stellate cells are grown on tissue culture plastics. Activated stellate cells are the major
cause of liver fibrosis due to their excessive synthesis and release of extracellular matrix
components [2][21]. Although activation of stellate cells often lead to perpetuation of their
activated state through changes in cell behavior, the reversion of activated stellate cells to
a more quiescent phenotype has been observed. In vitro, this can be achieved by trans-
ferring activated stellate cells to a basement membrane matrix. The mechanisms behind
the reversion in vivo are still unclear [21].

Due to their ability to contract and relax in response to vasoactive mediators, stellate
cells have an important role in sinusoidal blood flow regulation. This is particularly
important during inflammation, when the sinusoids are narrowed to allow for longer in-
teraction of microbes present in the blood with the innate immune cells (Kupffer cells),
due to slower movement of the blood through the capillaries. Stellate cells are also able to
produce a number of cytokines, chemokines, lipoproteins, and growth factors, as well as
antigen-presenting and co-stimulatory molecules, giving them an important role not only
in inflammation response and immunity, but also in hepatic growth [2][21].

2.1.3 Liver zonation

Based on oxygen and nutrient supply, the liver lobule can be divided into three zones.
The area where the blood from hepatic arterioles and portal venules enter the lobule is
zone 1, or the periportal area. Zone 3 is the area located around the central vein, known
as the perivenous area, and zone 2 is located in between zones 1 and 3. Through this
arrangement, blood rich in oxygen and nutrients reaches the cells in the periportal area first
and then the cells located in the center of the lobule [2]. As mentioned above, hepatocytes
are functionally different depending on their location along the portocentral axis, which
is accounted for by this structural arrangement. Not all hepatic functions are strictly
zonal, the synthesis of certain serum proteins such as transferrin appear to occur in all
hepatocytes, with occasional preferences for certain zones. This functional zonation mainly
affects glucose metabolism, ammonia detoxification, and xenobiotic metabolism. Some
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Figure 2.2: Illustration of a liver lobule.

other zonated processes include lipid metabolism, synthesis of bile acids, and metabolism
of amino acids [2].

2.2 Drug metabolism
The body is exposed to a vast amount of chemicals every day, including drugs and phar-
maceutical agents, household chemicals, and pollutants. Many of these chemicals can be
directly harmful, while others need to be enzymatically processed to be effective. The
liver is the main organ hosting the body’s primary response against xenobiotics and other
molecules, namely the drug metabolizing enzymes. The role of these enzymes is to modify
the foreign compounds so that they can be excreted from the body more easily, typically
by making them more hydrophilic [2][22].

The major chemical reactions involved in drug metabolism can be divided into hydrol-
ysis reactions, reductions, oxidations, and conjugations. Traditionally, drug metabolism
is divided into phases, where Phase I and Phase II are the major parts. Phase I re-
actions generally involve oxidations, reductions and hydrolysis to make the compounds
more polar. These reactions are normally carried out by cytochrome P450 enzymes, flavin
containing monooxygenases, and aldehyde and alcohol dehydrogenases, which are often
classified as Phase I enzymes [22]. Phase II reactions mainly concern conjugations such
as glucoronidations, glutathione conjugations, sulfations, methylations and acetylations,
as well as amino acid conjugations. Examples of some Phase II enzymes include sul-
fotransferases, glucoronosyltransferases, acetyltransferases, and glutathione-S-transferase
[23]. Lately, however, research has shown that in some cases, compounds are conjugated
before becoming substrates for Phase I enzymes, or are excreted immediately after initial
conjugation [2].
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2.2.1 CYP450 enzymes

Cytochrome P450 enzymes (CYPs) function as monooxygenases and constitute the major
enzyme family in the Phase I metabolism of xenobiotics and other lipophilic compounds.
The oxidative metabolism executed by these enzymes can result in inactivation of drugs
and facilitated elimination or metabolic activation of pro-drugs. The liver is the major site
of CYP expression and the enzymes of greatest importance for drug metabolism belong
to the familes 1-3, with CYP3A4 as the most abundant isozyme. These are responsible
for 70-80% of all Phase I dependent metabolism of clinically relevant drugs [2]. Certain
intrinsic and extrinsic factors can influence the expression and function of these enzymes,
including genetic polymorphism, epigenetic influences and additional host factors such
as sex, age and disease states [24]. Evaluation of CYP activity for measuring Phase I
metabolism capacity in hepatocytes may include CYPs 1A2, 2A6, 2C8, 2C9, 2C19, 2D6,
2E1 and 3A4. This thesis will consider CYPs 1A2, 2C9, 2D6 and 3A4.

CYP1A2 is involved in the metabolism of xenobiotics through hydroxylations and other
oxidative transformations. It has a preference for planar, aromatic, polyaromatic and
heterocyclic amides and amines. The enzyme is expressed at relatively high levels in the
liver and plays an important role in the metabolism and bioactivation of clinically impor-
tant drugs. These include analgesics and antipyretics, antipsychotics, anti-inflammatory
drugs, and cardiovascular drugs, such as omeprazol and carbamazepine. Endogenous sub-
strates include arachidonic acid, prostaglandins, estrogens, melatonin and retinoic acid
[24]. CYP1A2 has also been found to be involved in the bioactivation of certain procar-
cinogens present in charbroiled food and industrial combustion products, resulting carcino-
genic intermediates able to cause DNA damage. It is therefore considered an important
enzyme to test and evaluate [2][24]. CYP1A2 is sensitive to interactions from several small
molecule inhibitors that fit the active site, capable of both reversible and irreversible in-
hibition, which can affect any drug treatment with CYP1A2 substrates [24].

CYP2C9 is the highest expressed member of the CYP2C family, which represents a
significant fraction of the total P450s [24][25]. It accepts weakly acidic molecules with
a hydrogen bond acceptor, which includes most non-steroidal anti-inflammatory drugs
(NSAIDs). Endogenous substrates include arachidonic acid and certain steroids. Di-
clofenac and tolbutamide are the most common substrates used for CYP2C9 phenotyping
and activity assays [24]. Genetic variation in the CYP2C9 gene is a major cause of adverse
drug reactions, since many of its substrates have a narrow therapeutic index [26].

CYP2D6 is expressed at relatively low levels in the liver, but is involved in the metabolism
of a substantial amount of drugs from nearly all therapeutic classes, including antiar-
rhythmics, antidepressants, antipsychotics, β-blockers, and anti-cancer drugs. CYP2D6 is
therefore considered to have a deep impact on human health in general [24][27]. Due to
its extensive genetic polymorphism, the enzyme shows a very high degree of interindivid-
ual variability in its expression and function. The different resulting phenotypes can be
divided into four groups based on metabolic activity, classified as either poor, intermedi-
ate, extensive, or ultra-rapid metabolizers. The consequences of the different phenotypes
range from increased risk of adverse drug reactions for the poor metabolizers, to a lack of
response for the ultra-rapid metabolizers [27].

CYP3A4 is the most abundantly expressed enzyme in the CYP3A subfamily, which plays
a major role in the metabolism of almost 30% of clinically used drugs from all therapeutic
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classes [24]. Its substrates consist of many large and lipophilic molecules of very diverse
structures, including immunosuppressants, antibiotics, and anti-cancer drugs, as well as
a range of smaller molecules. CYP3A4 is also involved in the hydroxylation of several
steroids in the body, such as testosterone, progesterone, androstenedione, cortisol and bile
acids [24].

2.3 Analysis of drug metabolism
Drug discovery and development typically involves screening and evaluating potential drug
candidates to convert them to successful drugs. In order to spend minimal resources on
poor candidates, early evaluation of these chemicals is crucial. Drug metabolism is there-
fore of great importance in medicinal chemistry and clinical pharmacology, due to the
major impact of biotransformations and the resulting metabolites on the success or fail-
ure of drug candidates [28][29]. Some common aspects investigated include metabolic
stability, CYP-reaction phenotyping, CYP inhibition and induction assays, detection of
reactive metabolites, metabolite identification (MetID), determination of in vitro perme-
ability, and estimation of plasma-protein binding [29]. This thesis will focus on metabolite
identification.

2.3.1 MetID

Metabolite identification studies are relevant throughout the entire drug development pro-
cess. At the discovery stage, MetID data can be used to identify sites on the compound
that need to be modified or blocked, and eliminate those compounds that produce reactive
or toxic metabolites. At a pre-clinical stage, MetID studies are used to help select animal
species for toxicological and safety assessments. They also assist in the understanding of
the mechanisms of action of the drug. Later in clinical trials, MetID is used for complete
characterization of in vivo human metabolites [29][30]. During the early stages of drug
development, however, one of the most important aspects of MetID studies is to identify
the metabolites generated in different in vitro models, in order to predict what is likely to
happen in the in vivo clinical trials [29].

The metabolism of a drug can be very complex; multiple enzymatic pathways involved
can each produce different metabolites. Due to their chemical and physical diversity,
MetID studies is an intrinsically difficult task. As a compound proceeds from discovery to
pre-clinical (in vitro) to clinical (human in vivo) investigations, metabolite identification
becomes even more challenging due to the complexity of the matrices (e.g. hepatocytes
vs. blood plasma). Consequently, great efforts have been deployed over the past decade
towards making metabolite identification better, faster and cheaper [30][31]. Mass spec-
trometry (MS) has thereby emerged as an optimal technique for the identification of the
structurally diverse metabolites, greatly improving MetID studies through its high reso-
lution and accurate mass determination capabilities [31][32].

2.3.2 LC-MS in drug metabolism analysis

Throughout the entire drug discovery and development process, mass spectrometry has
become an essential tool for detecting and characterizing metabolites. Generally, MS is
coupled to a separation system such as high-performance or ultra-high-performance liq-
uid chromatography (HPLC or UPLC), generating a highly robust, rapid and sensitive
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method for separating, detecting and structurally determining single molecules in com-
plex mixtures [28][32]. The most time-consuming step in mass spectrometry, however, is
interpreting the data generated to establish plausible molecular structures, which both
requires an extensive library of experimental data, as well as previous experience, for effi-
ciency [32][33].

Liquid chromatography allows for the separation of compounds with a wide range of po-
larity, and thereby facilitates metabolite identification when coupled to MS by reducing
the sample complexity prior to detection [34][35]. Of the various types of chromatogra-
phy available, reversed-phase liquid chromatography (RPLC) is the most commonly used
method for metabolite profiling. For this method, a relatively non-polar stationary phase
is used, such as C18-derived silica, along with a more polar mobile phase [28][36]. When
separating mixtures of compounds with diverse properties, a gradient elution is most often
applied, where the organic composition of the solvent is gradually increased. HPLC uses
high pressure to force the solvent through a column containing a stationary phase made
of very fine particles, which increases the efficiency and resolution of the separations [36].

The coupling of LC to MS tools utilizing atmospheric pressure ionization and electrospray
ionization (ESI) has been a major step forward in MetID strategies, and are now the
methods of choice for most studies detecting metabolites in complex biological samples
[29][35]. Charged particles exhibit very precise dynamics when subjected to electrical and
magnetic fields in a vacuum. This principle is taken advantage of in mass spectrometry,
where particles are separated according to their mass-to-charge ratio (m/z), from which
the mass can then be deduced [36][37]. Certain types of mass spectrometers, such as time-
of-flight (TOF) MS or Fourier transform ion cyclotron resonance (FT-ICR) instruments
are accurate enough to be able to derive empirical atomic formulas for the compounds
detected. To further analyze ions of interest, tandem mass spectrometry (MS/MS) can be
performed, from which further structural information can be obtained from the resulting
fragmentation patterns of the metabolite(s) [28][32].

Depending on whether a study to identify metabolites can be classified as targeted, semi-
targeted, or untargeted, different analysis strategies might be applied. Unlike untargeted
analysis, during targeted and semi-targeted analyses, the chemical identities of all or most
metabolites to be assayed are known in beforehand, and common structures are already
collected in online databases [33][38]. The data from any LC-MS study is often generated
as concentration versus time, and the masses deducted from the m/z ratios detected
are compared to the available data in the metabolite libraries. Nevertheless, verifying
structures and identifying metabolites is yet a time-consuming process that often requires
previous experience, and is the typically the largest bottleneck in metabolite identification
[32].

2.4 In vitro liver models
Tissue engineering in general aims to provide novel therapies for certain organ diseases
and create models for understanding fundamental aspects of human biology and diseases.
One important aspect is the development of in vitro liver culture platforms. Such models
can be used to study fundamental hepatocyte biology, understand and develop solutions
for liver pathophysiology, and evaluate the metabolism and toxicity of pharmaceutical
compounds [2]. The latter is of high importance to the pharmaceutical industry, where
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drug-induced liver injury (DILI) at later stages is a major problem.

Current techniques used to evalute the aforementioned parameters prior to pre-clinical
trials, such as animal models, do not detect all potentially harmful compounds. These dis-
crepancies can often be explained by differences in metabolism or host-specific responses,
or that the animal models cannot reflect human cell interactions. Also, in vivo studies
performed in animal models typically use very high doses of compounds, and normally do
not test mixtures of compounds, whereas humans are often subjected to complex cocktails
of substances [39][40][41]. The inability of the models to predict drug toxicity at an early
stage leads to huge financial losses, as well as retractions of certain drugs from the market.
By developing and improving the abilities of these models to more accurately simulate the
human in vivo metabolism and liver biology, the drug development process could become
more cost-effective as well as reducing the need for animal testing [39][42].

An optimal cell model should have an in vivo-like phenotype and be able to mimic a mul-
ticellular tissue in culture. It should also be suitable for high-throughput screening and
generate quantitative, reliable data for in vivo predictions of human pharmacodynamics
and pharmacokinetics as well as toxicology [43]. No such model currently exists, rather,
different cell models have different benefits and limitations depending on the type of analy-
sis and what data is required. Current models mostly consist of immortalized cell lines and
primary hepatic cells, isolated microsomes, and liver slices [41]. Lately, several strategies
for three-dimensional cell cultures have been developed as well, including growing cells
between ECM-like matrices, spheroid formation, bioreactors, and multi-organ chips [42].

2.4.1 Cell lines and primary cells

For all liver models that currently exists, multiple cell sources are available. The most
common cell types are polarized hepatoma cell lines and primary cells. Primary human
hepatocytes (PHH) are generally considered as the most relevant system for in vitro liver
enzyme function, drug metabolism and toxicity assays [2][43]. They are functionally more
representative of the liver than cell lines, for instance since they express all endogenous
hepatic transporters, and can be cryopreserved to overcome inter-donor variablility. How-
ever, PHH are notoriously difficult to maintain in culture due to their rapid decline in
viability, dedifferentiation, and the decrease in liver-specific functions in conventional sus-
pension and 2D-cultures [2][39][43].

Hepatoma-derived cell lines are valuable alternatives for PHHs in many functional and
metabolic studies. One of the most commonly used liver cell lines is HepaRG, estab-
lished from a liver tumor of a female suffering from hepatitis C and hepatocarcinoma [44].
Hepatoma-derived cells often display irregular levels of certain hepatic functions, or lack
them completely. However, they are also to a high degree reproducible and affordable
models of hepatic tissues [43]. The HepaRG cell line is able to differentiate into two differ-
ent cell types; hepatocytes or biliary epithelial cells. Under optimal conditions, HepaRG
cells are able to express various types of metabolizing enzymes at levels comparable to
PHH. They also express several drug transporters, nuclear receptors and membrane trans-
porters, and are able to maintain a stable phenotype in culture for weeks [41][43][45].

The simplest approaches to create an in vitro liver model using either PHH or a cell line
are suspension and monolayer cultures. Suspension cultures are mainly used with PHH,
which are useful for estimating the rate of internal clearance of compounds, and normally
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has a high throughput. However, the lack of cell-cell and cell-matrix contact quickly
results in loss of cell polarity, integrity and differentiation after just a few hours [41][42].
Monolayer cultures are instead the most frequent method for short-term drug screening
and enzyme induction assays. Cells are normally grow on ECM- or polymer-coated dishes,
where collagen type I is the most common choice. This normally influences the phenotype
of the cells more positively compared to suspension cultures, and can induce cell polarity
and more stable mRNA expression. However, dedifferentiation usually occurs within 24-72
hours, leading to drastic decreases in cell functionality [2][42].

2.4.2 Three-dimensional liver models

The microenvironment of the hepatocytes in vivo can be complex to imitate. However,
the maintenance of normal cell function and phenotype strongly depends on the cell-cell
and cell-matrix interactions in the 3-dimensional tissue. Therefore, various attempts to
create more complex culture systems better mimicking the native microenvironment of the
hepatocytes have been developed. These include sandwich cultures on ECM or ECM-like
polymers, scaffold-based systems and bioreactors [41]. All these models aim at recreating
the correct cell phenotype, which should ideally include functional cell polarization, nor-
mal metabolic and transporter activity, as well as correct cell morphology. Nevertheless,
these systems suffer from drawbacks such as lack of scalability, difficulties in manufactur-
ing and handling, and lack of reproducibility [8][43].

To circumvent some of these problems, a 3D liver spheroid model has been developed.
These microtissues closely resemble the ultra-structure of the in vivo liver lobule, and
have been shown to be able to be maintained for longer periods of time with stable viabil-
ity and functional cell polarity [8][42]. Spheroids are normally formed either by culturing
the cells on a polymer-coated surface that induces spontaneous spheroid formation, or
increasing cell-cell interactions by physical means and thereby inducing cell aggregation.
The latter method includes techniques such as the hanging drop method, rotational agi-
tation, or gel entrapment [42][43].

Another important aspect to consider is the fact that the liver functions by complex in-
teractions and signaling from many different types of cells. Hepatocytes by themselves
do not fully represent the functionality seen in vivo. Therefore, co-cultures with non-
parenchymal cells is one of the most common methods to improve the in vitro microen-
vironment [41][43]. Studies have shown that three-dimensional co-cultures of hepatocytes
and stellate cells are able to preserve certain aspects of hepatocyte function such as albu-
min and CYP450 expression, as well as improving the spheroid architecture, creating bile
canaliculi, desmosomes, and tight junctions [46][47].

2.5 Microfluidic organs-on-chips
Understanding human pathophysiology and the tissue-specific, differentiated functions of
cells, as well as accurately predicting in vivo tissue functions and drug metabolism, re-
quires insight into how cells and tissues function in the context of whole living organs
and organ systems. To better represent the tissue heterogeneity and 3D architecture of
organs, increased efforts towards developing cell culture models including multiple cell
types, 3D structures and extracellular-like matrices, as described above, have been made.
Despite these considerable technological advances, however, current cell culture models
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still fail to fully simulate the in vivo microenvironment. Difficulties to quantify tran-
scellular transport, absorption and secretion often occurs due to issues sampling luminal
contents and the variability in size and cellular positions of 3D models. Although being
much more analogous to normal tissue architecture, many 3D models still lack certain
tissue-tissue interfaces, such as the interfaces between vascular endothelium, connective
tissue and parenchymal cells. Also, cells normally experience mechanical cues such as
fluid shear stress, tension and compression, influencing organ development and function,
an important aspect which is usually missing in current cell culture models.

The concept of organs-on-chips offers a possibility to overcome these limitations. Organs-
on-chips are microfluidic cell culture devices created using a modified form of photolithog-
raphy etching commonly used to manufacture computer chips, hence the word "chip".
Microfludic culture systems are typically constructed by pouring a liquid polymer, prefer-
ably with a high gas permeability when solid such as polydimethylsiloxane (PDMS), onto
an etched silicon base. The PDMS is then allowed to polymerize into an optically clear,
rubber-like material, replicating the patterns on the silicon chip. [7][10][12][48]. This mode
of fabrication allows for intricate control of surface feature shapes and sizes, on the same
scale that is sensed by cells in their natural environment. Cells cultured in the chips can
then be arranged in the continuously perfused chambers to simulate tissue- and organ-level
functions. The goal is to synthesize minimal functional organ units rather than building
whole living organs.

2.5.1 Control over parameters

Microfluidic chips can provide control over many parameters not easily controlled in static
cultures or bioreactors by the integration of microsensors [49][50][51]. These microsensors
can report on the cultured cells or microenvironmental conditions, such as fluid pressure,
cell migration and barrier integrity. Control over fluid flow is enormously useful in many
aspects. Due to the small size of the chambers and channels, and the fact that viscous
forces dominate over inertial ones at small length scales, the flow in the chips is most often
laminar, allowing for the generation of physical and chemical gradients [7][10]. Fluid shear
stresses can even be controlled independently of these gradients by altering the flow rate
or channel dimensions,or the overall channel or chip design.

Cells can also be plated in distinct patterns between porous substrates acting as barriers,
allowing for the study of barrier function and transcellular transport, absorption and se-
cretion. This is useful for mimicking certain tissue-tissue interfaces such as the interactions
between vascular endothelium and parenchymal tissues. Chips can further be constructed
to allow for mechanical environmental cues such as cyclic strain to be produced as well
[52]. Other conditions that could be monitored with the development of more sensors
include glucose, lactate and oxygen levels, and pH.

2.5.2 Modeling organ-level functions and disease

Microfluidic organs-on-chips are exceptionally relevant for studying basic mechanisms
and biological phenomena of organ physiology and disease that depend on tissue mi-
croarchitecture and perfusion. However, since organs are normally composed of several
different tissues, which are themselves constructed of various cell types, the combina-
tion of two or more cell or tissue types is often necessary to maintain crucial cell-cell
interactions. Several devices have been developed over the past decades for the liver
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[5][53][54][55][56][57][58][59][60][61][62][63][64][65][66][67][68], as well as other organs, such
as the lung, the kidney, and even the brain [52][69][70]. Some of these are not as adequate
organ models than others, since they only include one cell type in a 2-dimensional layer,
but rather revealed important information regarding the effects of fluid flow and shear
stress on cellular form and function. The studies performed on these devices have shown
that gradients of oxygen and growth factors caused by fluid flow are the major sources
of zonation, that the heterotypic cell-cell interactions stabilize hepatocyte function and
metabolism, improving the predictivity of drug metabolism and toxicity assays, and that
flow-based chips are superior for dynamic monitoring of metabolite production, to high-
light some examples.

Due to the phylogenetic distance between animals used in laboratory testing and humans,
it is very difficult to assess whether there are meaningful differences in drug uptake and
metabolism between the animal model and humans. This is why the development of
new solutions such as organs-on-chips has been of such great importance for studying the
administration, distribution, metabolism, elimination, and toxicity (ADMET), as well as
pharmacokinetics and pharmacodynamics. Nevertheless, these studies are still limited by
the lack of organ cross-talk, failing to emulate the systemic organ complexity in vivo. This
gave rise to the formation of multi-organ-chips, introducing the intriguing possibility to
eventually create a "human-on-a-chip" [12][13][14][15][68]. These systems have reported on
long-term co-cultures displaying tissue crosstalk, oral and systemic administration of drugs
as well as systemic sensitivity to substances different from single-tissue cultures. The four-
organ-chip developed by Maschmeyer et al. [14] with both a flow circuit interconnecting
all four tissue compartments containing a skin, liver, gut, and kidney model, as well as a
second circuit mimicking excretion through the kidney epithelial cells, is a first approach
to establish a microfluidic system for in vitro long-term ADME profiling and systemic
toxicity testing.
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3. Materials and methods
The two parts of this thesis both consist of several individual experiments. These will be
described in more detail in this chapter.

3.1 Materials
Cryopreserved differentiated HepaRG cells, ADD670 thawing and seeding additive and
ADD620 maintenance additive were purchased from Biopredic International (Saint Gré-
goire, France). Cryopreserved primary human hepatocytes (PHH) and primary human
hepatic stellate cells (SteC), as well as InVitroGRO CP medium and Torpedo antibiotics
mix were purchased from Bioreclamation IVT (Westbury NY, USA). Ultra-low attachment
(ULA), round bottom 96- and 384-well plates and ULA flat bottom 24-well plates, as well
as tissue culture treated T75 cell culture flasks and non-treated T25 cell culture flasks were
purchased from Corning (Flintshire, UK). Human hepatic stellate cell growth medium
(HSGM) was obtained from ZenBio (Research Triangle Park NC, USA). Conical and flat
bottom 96-well polystyrene Nunc plates, William’s Medium E (WME), fetal bovine serum
(FBS), phosphate buffered saline (PBS) pH 7.4 (-CaCl2/-MgCl2), GlutaMAX, HEPES
(2-[4-(2-hydroxyethyl)piperazin-1-yl]ethanesulfonic acid) buffer solution, TrypLE Select,
human recombinant insulin zinc solution, insulin-transferrin-selenium (ITS), gentamicin,
penicillin-streptomycin (10 000 U/mL), Hoechst trihydrochloride, trihydrate 10 mg/mL
solution, mouse monoclonal anti-human serum albumin antibody and Pierce LDH cy-
totoxicity assay kit were purchased from ThermoFisher Scientific (Uppsala, Sweden).
Dexamethasone, L-glutamine, Trypan Blue solution (0.4%), hydrocortisone hemisuccinate
(HC/HS), poly-L-lysine (PLL) solution, Triton-X, bovine serum albumin (BSA), Fluoro-
mount aqueous mounting medium and 4’-hydroxydiclofenac were purchased from Sigma
Aldrich (Stockholm, Sweden). Acetonitrile (ACN) and formic acid (FA) (Optima LC-MS-
grade) were obtained from Fisher Scientific (Gothenburg, Sweden). Stellate cell medium
and supplements were purchased from ScienCell (Carlsbad CA, USA). Human albumin
ELISA kit, rabbit polyclonal anti-human cytochrome P450 3A4 anitbody, rabbit poly-
clonal anti-human alpha smooth muscle actin antibody and mouse monoclonal anti-human
vimentin antibody were purchased from Abcam (Cambridge, UK). Paraformaldehyde (4%
in PBS) was obtained from VWR (Gothenburg, Sweden). Glass coverslips were purchased
from HistoCenter (Gothenburg, Sweden). Phenacetin, midazolam, bufuralol, diclofenac,
paracetamol, 1’-hydroxymidazolam, 1’-hydroxybufuralol, as well as the compounds used
for all MetID experiments were obtained from Compound Management at Astra Zeneca,
Mölndal. Microfluidic 2-organ-chips and corresponding external pumps were purchased
from TissUse GmbH (Berlin, Germany).
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3.2 MetID experiments
This section will further explain the experimental procedures regarding the MetID exper-
iments, including spheroid culturing, sampling and analysis.

3.2.1 PHH spheroid cultures

Cryopreserved PHH were used for the formation of spheroid cultures for these experiments.
Cells were thawed in a 37 ◦C waterbath and immediately transferred to 5 mL PHH thawing
medium (Table 3.1). The cells were then centrifuged at 80 x g for 5 minutes, after which
the supernatant was removed and the cell pellet was dissolved in a small volume of PHH
seeding medium. Cells were counted in a Bürker chamber and their viability was assessed
using the Trypan Blue exclusion method. The cells were subsequently diluted in PHH
seeding medium to a concentration of 20 000 cells/mL. The diluted cell suspension was
thereafter seeded into ULA round bottom 96-well plates; 100 µL was transferred to each
well equal to 2000 cells per well. Plates were centrifuged at 100 x g for 5 minutes and
incubated at 37 ◦C, 5% CO2. On day 4 after seeding, when the spheroids were sufficiently
compact, 50% of the medium was exchanged for fresh PHH culturing medium. Spheroids
were thereafter maintained in the serum-free culturing medium until further use, with a
medium change every 48-72 hours.

Table 3.1: Different media used and their compositions.
Name Base Supplements Supplement conc.

PHH thawing InVitroGRO CP Torpedo antibiotics 2.2%
medium

PHH seeding WME FBS 10%
medium L-glutamine 2 mM

ITS 1%
Pen-Strep 1%

Dexamethasone 100 nM
PHH culturing WME L-glutamine 2 mM

medium ITS 1%
Pen-Strep 1%

Dexamethasone 100 nM
MetID incubation WME HEPES 25 mM

medium GlutaMAX 1%
Pen-Strep 0.1%

Stellate cell medium SteC FBS 2%
basal medium Pen-Strep 1%

SteC growth suppl. 1%
HepaRG thawing WME GlutaMAX 1%

medium ADD670 1 vial/
100 ml

Chip medium WME FBS 10%
L-glutamine 2 mM

Insulin 5 µg/ml
HC/HS 50 µM

Gentamicin 1%
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3.2.2 Compound incubation and sampling

On day 7 after seeding, spheroids were pooled 10 by 10 into the wells of an ULA round
bottom 96-well plate, one well for each compound and sampling time point. The substrate
compound stocks were available dissolved in DMSO at a concentration of 10 mM. These
were diluted in MetID incubation medium (Table 3.1) in separate vials to a concentration
of 4 µM. All of the residual medium was removed from the pooled spheroids, upon which
they were washed once with PBS. Subsequently, all of the remaining PBS was removed
and 100 µL of the compound solutions were added to their corresponding wells. MetID
incubation medium without any compounds was also added to some wells to serve as a
blank. The supernatants and the spheroids were sampled at 6 different time points; 0,
4, 8, 24, 48 and 72 hours after addition of the compounds. At each timepoint, 50 µL of
the supernatants were sampled and quenched in 100 µL STOP solution (100% ACN with
0.8% FA) for each sample in a separate plate on dry ice. The remaining supernatants
were removed, after which spheroids were washed in PBS, sampled in 50 µL fresh MetID
incubation medium without any added compounds, and quenched in 100 µL STOP solution
in another plate on dry ice. The plate with the remaining spheroids was incubated at 37
◦C, 5% CO2 along with the remaining compound dilutions. These remaining dilutions were
also sampled as described above alongside the cell incubations, either at time points 0 and
72 hours, or at all time points, to verify whether the original compound contained any
impurities and if it was unstable in the cell medium at 37 ◦C. Sample plates were covered
with rubber lids and stored at -80 ◦C in between sampling time points and analysis.

3.2.3 Sample analysis

The cell sample plate was freeze/thawed for 2-3 cycles with vigorous shaking in between
each cycle to disrupt the cells and release any internal compounds. Afterwards, both
plates were thawed and centrifuged at 4000 rpm and 4 ◦C for 20 minutes to allow for all
cell debris to sediment. The supernatants in both plates were then diluted 1:1 in dH2O
in two separate conical bottom 96-well Nunc plates. The plates were covered with rubber
lids and analyzed by LC-MS.

3.2.4 CYP activity

Alongside one of the MetID experiments, a CYP activity assay was performed on cell
suspension and spheroids from the same batch of cells. On the same day as the cells were
thawed and seeded (day 0), some of the cell suspension was seeded into a flat bottomed
96-well plate. Each well contained 50 µL cell suspension at a concentration of 200 000
cells per mL, equal to 10 000 cells per well, in 5 replicates. A CYP cocktail was prepared
according to Table 3.2 in WME. Each well was incubated with 50 µL of the cocktail at
37 ◦C, 5% CO2. After incubating the samples for 4 hours, the activity was quenched by
transferring 50 µL of the supernatant of each sample into 100 µL STOP solution contain-
ing 4 nM of internal standard #39 (5,5-dimethyl-1,3-diphenyl-2-iminobarbituric acid) on
a separate 96 well plate on dry ice. The plate was covered with a rubber lid and stored at
-20 ◦C until analysis.

On day 7 (start of the MetID experiment) and day 10 (end of the MetID experiment),
spheroids were pooled 5 by 5, in 5 and 2 replicates respectively, in separate plates. The
spheroids picked on day 7 had been maintained as described in section 3.2.1, and the
spheroids picked on day 10 had also been maintained in MetID incubation medium with-
out any added compounds (similar to the blank MetID samples) between days 7-10. All
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Table 3.2: CYP cocktail composition and targets.
Substance CYP ligand Cocktail conc. (µM) Final conc. (µM)
Phenacetin CYP1A2 52 26
Midazolam CYP3A4 6 3
Bufuralol CYP2D6 40 20
Diclofenac CYP2C9 18 9

excess medium was removed from the spheroids and 50 µL WME without any additional
substances was added to each well. CYP cocktail was subseqently added to each well, and
the samples were treated as described above. Before analysis, all samples were diluted 1:2
in dH2O in a conical bottom 96 well Nunc plate. A standard curve of the primary metabo-
lites paracetamol, 1’-OH-midazolam, 1’-OH-bufuralol, and 4’-OH-diclofenac was added to
the plate as well, and the samples were analyzed by LC-MS/MS (Triple Quadrupole).

3.3 Chip experiments
This section will further explain the experimental procedures concerning the 2-organ chip
experiments, including stellate cell culturing, spheroid formation, chip culturing and man-
agement, and sample analysis.

3.3.1 Stellate cell culturing

Stellate cells were cultured in two sessions to establish a proper culturing protocol. For the
first session, PLL coated and non-coated T25 culture flasks were used, as well as HSGM
and PHH thawing medium (Table 3.1). To manufacture the PLL-coated cell culture flasks,
poly-L-lysine was dissolved in sterile tissue culture grade water to a concentration of 0.1
mg/ml. Non-coated T25 cell culture flasks were then coated with 1 mL PLL per 25 cm2.
The coating was allowed to set for 5 minutes, after which the flasks were washed with
sterile water and allowed to dry for 2 hours.

Cryopreserved human hepatic stellate cells were thawed in a 37 ◦C water bath and im-
mediately transferred to 5 mL PHH thawing medium. The cells were centrifuged at 80 x
g for 5 minutes, the resulting supernatant was removed and the cell pellet was dissolved
in a small volume of PHH thawing medium. Cells were counted in a Bürker chamber
and their viability was assessed using the Trypan Blue exclusion method. Half the cell
suspension was then further diluted in PHH thawing medium, while the other half was
diluted in HSGM. The cells diluted in PHH thawing medium were seeded at a density
of 4000 cells/cm2 in both non-coated and PLL-coated T25 cell culture flasks. The cells
diluted in HSGM were seeded in the same type of flasks at the same density. The flasks
were incubated at 37 ◦C, 5% CO2 for 12 hours. The next day, the medium in all flasks
were exchanged for fresh PHH thawing medium or HSGM to remove any residual DMSO
and unattached cells. The cells were monitored every 24-48 hours under a bright-field mi-
croscope to evaluate their viability and proliferation, and the medium was changed every
48-72 hours.

Since only the cells cultured in HSGM were able to survive and proliferate, all further
experiments were conducted on these cells. After reaching a confluency of approximately
90%, the cells were trypsinized and subcultured in new flasks. When subculturing the
cells, all culture medium was removed from the flasks and the cells were washed gently

19



in PBS to remove any traces of serum, calcium, and magnesium that could inhibit the
action of the dissociation reagent. After discarding the PBS, 0.5 mL TrypLE was added
per 10 cm2 and the flasks were incubated at 37 ◦C for 2 minutes. Afterwards, the cells
were observed under a microscope. When more than 90% of the cells had detached, twice
the volume used for the dissociation agent of HSGM was added to the flasks, the liquid
was transferred to a Falcon tube, and the cells were centrifuged at 80 x g for 5 minutes.
The resulting supernatant was removed and the cell pellet was dissolved in a small volume
of HSGM. The cells were counted in a Bürker chamber and their viability was assessed
using the Trypan Blue exclusion method. Afterwards, the cells were further diluted in
HSGM, the cells were seeded into new flasks, either PLL-coated or non-coated T25 cell
culture flasks, at a density of 4000 cells/cm2, and the flasks were incubated at 37 ◦C, 5%
CO2. The next day, the medium was exchanged to fresh HSGM, after which the medium
was changed every 48-72 hours.

For the second culture occasion, tissue culture-treated T75 culture flasks were used, as
well as stellate cell medium (Table 3.1). Cryopreserved human hepatic stellate cells were
thawed as described above, except that stellate cell medium was used to dissolve the pellet
after centrifugation instead of PHH thawing medium. After counting the cells, the cell
suspension was further diluted in stellate cell medium, and the cells were seeded into tissue
culture-treated T75 culture flasks at a density of approximately 13 000 cells/cm2 in 10
mL medium. The cells were thereafter incubated at 37 ◦C, 5% CO2 and maintained by
changing the medium the day after seeding and consequently every 48-72 hours. Cells were
also monitored daily under a microscope to examine their proliferation. After reaching
a confluency of roughly 80%, the cells were subcultured as described above, except that
stellate cell medium was used instead of HSGM. After centrifugation, the cells were counted
and split 1:4 into new tissue culture-treated T75 culture flasks.

3.3.1.1 Stellate cell immunocytochemistry

During the first culturing occasion, some cells cultured in HSGM were stained via ICC for
two protein markers. When passaging the cells, some of the cell suspensions from both
types of flasks were seeded into separate wells of a black-walled flat bottomed 96-well plate
at a concentration of roughly 20 000 cells per well. The cells were incubated overnight at
37 ◦C, 5% CO2 to allow for them to attach to the plate. Afterwards, the cells were washed
with PBS and fixated by incubating them in 4% paraformaldehyde in PBS at room tem-
perature for 20 minutes. The cells were then washed twice with PBS and permeabilized
by incubating the samples with 0.5% Triton-X in PBS for approximately 30 minutes.

After permeabilizing the cell membranes, the cells were incubated with a blocking buffer,
consisting of 10% BSA dissolved in PBS for 45 minutes. The blocking buffer was then
removed, and without washing in between, the samples were incubated with primary
antibodies for vimentin and α-SMA diluted in blocking buffer according to Table 3.8 for 3
hours at room temperature. The samples were subsequently washed 3 times in PBS for 5
minutes each and incubated with the respective secondary antibodies (Table 3.8) diluted in
PBS for 45 minutes at room temperature in the dark. Since the secondary antibodies were
conjugated to fluorescent markers, all subsequent steps were also performed in the dark.
The cells were washed 3 times in PBS for 15 minutes each, after which cell nuclei were
counterstained by incubating the samples with Hoechst diluted in PBS to a concentration
of 0.625 µg/mL for 1 minute. The samples were washed once more in PBS for 5 minutes
and the plate was stored wrapped in aluminum foil at 4 ◦C until visualization under a
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confocal microscope.

3.3.2 HepaRG/SteC co-culture spheroids

In total, 5 chip experiments using HepaRG/stellate cell co-culture spheroids were per-
formed. Four of these experiments used spheroids made only from freshly thawed cry-
opreserved cells, while one of them used both freshly thawed cryopreserved cells and
cryopreserved cells that had been precultured.

For the first 4 experiments, cryopreserved differentiated HepaRG cells and cryopreserved
primary human stellate cells were thawed in a 37 ◦C waterbath on the same day as they
were seeded into aggregates. The HepaRG cells were then immediately transferred to 10
ml HepaRG thawing medium (Table 3.1) per vial thawed, while the stellate cells were
immediately transferred to 5 mL PHH thawing medium. The HepaRG cells were cen-
trifuged for 3 minutes at 500 x g and the stellate cells were centrifuged for 5 minutes at
80 x g. The resulting supernatants were removed and the cell pellets were resuspended in
small volumes of chip medium (Table 3.1). The HepaRG cells and the stellate cells were
counted separately in Bürker chambers and the viability of the cells were assessed using
the Trypan Blue exclusion method.

A joint dilution in chip medium of the two cell types was then created. For the first 3
experiments, the suspension contained HepaRG cells at a concentration of 240 000 cell-
s/mL and stellate cells at a concentration of 10 000 cells/mL. The cell suspension was
seeded into ULA round bottom 96-well plates; 100 µL was transferred to each well equal
to 25 000 cells per well. Plates were centrifuged at 100 x g for 5 minutes and incubated
at 37 ◦C, 5% CO2 without shaking. For the 4th experiment, a dilution with HepaRG
cells at a concentration of 480 000 cells/mL and stellate cells at a concentration of 20
000 cells/mL was prepared. The cell suspension was seeded into ULA round bottom
384-well plates; 50 µL was transferred to each well equal to 25 000 cells per well. The
plates were centrifuged at 100 g for 5 minutes and incubated at 37◦C, 5% CO2 without
shaking for three days and were thereafter placed on an orbital or wave shaker for one day.

For the 5th experiment, two types of spheroids were prepared; one type consisting of cells
that had been thawed on the same day as they were seeded, and one type consisting of
cells that had been precultured prior to seeding them into aggregates. For the precultured
cells, stellate cells had previously been thawed and cultured in tissue culture-treated T75
cell culture flasks as described in section 3.3.1. Four days prior to seeding the aggregates,
HepaRG cells were thawed as described above, except that the cell pellet was resuspended
in HepaRG thawing medium (Table 3.1). Approximately 15 million cells were then seeded
in 12 mL medium into a T75 collagen I-coated cell culture flask, which was incubated
at 37 ◦C, 5% CO2. The next day the medium in the flask was exchanged for HepaRG
maintenance medium, which is similar to HepaRG thawing medium except that it contains
ADD620 supplement instead of ADD670.

On the day when the cells were seeded into spheroids, the precultured HepaRG cells as
well as precultured stellate cells of passage 4 were trypsinized as described for subculturing
stellate cells in section 3.3.1. After the cells had detached, chip medium was added to the
flasks and the cells were collected in separate Falcon tubes. Cryopreserved differentiated
HepaRG cells and human primary stellate cells were thawed as described above. All cells
were thereafter counted in Bürker chambers and their viability was assessed using the
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Trypan Blue method. Two separate dilutions were prepared, one with the precultured cells
and one with the freshly thawed cells. In both cell suspensions, HepaRG cells were added
to a concentration of 480 000 cells/ml and stellate cells were added to a concentration of
20 000 cells/mL. The two cell suspensions were seeded into separate ULA round bottom
384-well plates, equal to 25 000 cells per well. The plates were centrifuged at 100 x g for 5
minutes and incubated at 37 ◦C, 5% CO2 without shaking for 2 days, and then on a wave
shaker for an additional 2 days.

(a) Outline of a circuit on the 2-organ chip.
(b) Illustration of a 2-organ chip as
seen from below.

Figure 3.1: Images of circuits on a 2-organ chip seen from above and below. (a) Outlined
is one circuit with its respective organ chambers indicated, classified as one replicate in the chip
experiments. One chip is able to contain two separate replicates. (b) Outlined are the microfluidic
channels connecting the culture compartments in the circuits. Image courtesy of TissUse GmbH.

3.3.3 Multi-organ chip culturing

A general protocol for conducting experiments using the 2-organ chips was provided by
TissUse GmbH. The protocol was altered slightly for each run to fit the purpose of the
individual experiment. Once the liver spheroids, and for 3 of the experiments pancreatic
islets, had been inserted into the chips, each experiment (labeled Chip 1-5) lasted for 7
days.

In general, 4 days after seeding the liver spheroids, the aggregates were pooled 40 by 40 in
low insulin chip medium in ULA flat bottom 24 well plates and incubated overnight at 37
◦C, 5% CO2. The chambers of the chips were washed twice with PBS, after which they
were each filled with 300 µL chip medium without insulin. The chips were attached to
the pumps, and the medium was allowed to circulate through the circuits overnight. The
next day, the liver aggregates were washed with insulin-free chip medium and incubated
in the insulin-free medium for 2 hours at 37 ◦C, 5% CO2. The chips were disconnected
from the pumps, and the medium in the chambers was replaced with fresh insulin-free
chip medium with any relevant additions. Forty liver spheroids, equivalent to 1 000 000
cells, and 10 pancreatic islets were added to each relevant chamber, and the chips were
reattached to the pumps and incubated at 37 ◦C, 5% CO2. Media samples were typically
taken from the chips at 0, 4 and 24 hours from day 0 and day 6. The media in the chips
were exchanged every 24-48 hours as specified for each experiment. On day 7, after fin-
ishing the experiment, the liver spheroids were taken out of the chambers, fixated in 4%
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paraformaldehyde in PBS and sent off to HistoCenter for sectioning.

The purpose of the first chip experiment was to test the effect of different glucose con-
centrations on liver spheroids and pancreatic islets. For this experiment, chip media with
3 different glucose concentrations (1, 1.5 and 2 g/L) were prepared. The experiment was
conducted according to the general protocol with some exceptions. After washing the
chips, the chambers were filled with medium containing the relevant glucose concentra-
tion. Spheroids were picked and pooled 3 days after seeding the aggregates, and were
washed in the medium they were to be incubated in without further incubation before
seeding them into the chips. The different media in the chambers were exchanged every
48 hours.

Table 3.3: Chip 1 experimental setup.
Chip no. Circuit Treatment Cell culture

1 A 2 g/L glucose Liver and pancreas
1 B 2 g/L glucose Liver and pancreas
2 A 2 g/L glucose Liver and pancreas
2 B 2 g/L glucose Liver and pancreas
3 A 1.5 g/L glucose Liver and pancreas
3 B 1.5 g/L glucose Liver and pancreas
4 A 1.5 g/L glucose Liver and pancreas
4 B 1.5 g/L glucose Liver and pancreas
5 A 1 g/L glucose Liver and pancreas
5 B 1 g/L glucose Liver and pancreas
6 A 1 g/L glucose Liver and pancreas
6 B 1 g/L glucose Liver and pancreas

The purpose of second chip experiment was to test the effects of S961, a peptide known
to induce insulin resistance in rats [71], as well as Exenatide-4 (Ex-4, a GLP-1 receptor
agonist) on liver spheroids and pancreatic islets. All of the following experiments used
chip medium with a 2 g/L glucose concentration. The experiment was conducted accord-
ing to the general protocol with some exceptions. Spheroids were pooled in regular chip
medium and incubated overnight. 50% of the media were exchanged every day, except
for on day 6, when 100% of the media were exchanged. Since S961 levels were estimated
to deplete significantly over 24 hours, each time 50% of the media were exchanged, the
fresh media contained twice the final desired concentration of S961. Ex-4 was only added
to the chips on days 0 and 6, when 100% of the media were renewed. Between days 3-6,
5-ethynyl-2’-deoxyuridine (EdU) was added at a concentration of 10 µM to the designated
circuits to stain the pancreatic islets.
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Table 3.4: Chip 2 experimental setup.
Chip no. Circuit Treatment Cell culture

1 A 200 nM S961 Liver and pancreas
1 B 200 nM S961 Liver and pancreas
2 A 200 nM S961 Liver and pancreas
2 B 200 nM S961 Liver and pancreas
3 A 200 nM S961 + 10 µM EdU Liver and pancreas
3 B 200 nM S961 + 10 µM EdU Liver and pancreas
4 A 200 nM S961 + 10 µM EdU Liver and pancreas
4 B 200 nM S961 + 10 µM EdU Liver and pancreas
5 A 100 nM S961 Liver and pancreas
5 B 100 nM S961 Liver and pancreas
6 A 100 nM S961 Liver and pancreas
6 B 100 nM S961 Liver and pancreas
7 A 0 nM S961 Liver and pancreas
7 B 0 nM S961 Liver and pancreas
8 A 0 nM S961 Liver and pancreas
8 B 0 nM S961 Liver and pancreas
9 A 0 nM S961 + 10 µM EdU Liver and pancreas
9 B 0 nM S961 + 10 µM EdU Liver and pancreas
10 A 0 nM S961 + 10 µM EdU Liver and pancreas
10 B 0 nM S961 + 10 µM EdU Liver and pancreas
11 A 10 nM Ex-4 Liver and pancreas
11 B 10 nM Ex-4 Liver and pancreas
12 A 10 nM Ex-4 Liver and pancreas
12 B 10 nM Ex-4 Liver and pancreas

The purpose of the third chip experiment was to perform a general functionality test of
co-cultures and single cultures of liver spheroids and pancreatic islets. The experiment
was conducted according to the general protocol with some exceptions. Spheroids were
pooled in insulin-free chip medium and incubated overnight. Chambers were filled with
320 µL medium. 100% of the medium in the chambers was exchanged every 48 hours. 5
µM EdU was added to the chips on days 2, 4 and 6 when the medium was changed.

Table 3.5: Chip 3 experimental setup.
Chip no. Circuit Treatment Cell culture

1 A Regular chip medium Liver and pancreas
1 B Regular chip medium Liver and pancreas
2 A Regular chip medium Liver and pancreas
2 B Regular chip medium Liver and pancreas
3 A Regular chip medium Liver only
3 B Regular chip medium Liver only
4 A Regular chip medium Liver only
4 B Regular chip medium Pancreas only
5 A Regular chip medium Pancreas only
5 B Regular chip medium Pancreas only

The purpose of the fourth chip experiment was to examine the insulin and glucagon re-
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sponsiveness of liver spheroids. The experiment was conducted according to the general
protocol with some exceptions. 5 days after seeding the liver spheroids, the aggregates
were picked and pooled 40 by 40. During the 2 hour incubation in insulin-free medium,
liver spheroids were placed on a wave shaker. 100 % of the media were exchanged every
24 hours. The insulin-containing media were replaced with fresh insulin-containing media
during all media changes. However, glucagon was only added to the medium on days 0,
2, 4 and 6 during the media changes. On days 1, 3, and 5, the medium in these chips was
replaced with regular insulin-free chip medium without any added insulin. Media samples
were taken at 0 and 24 hours every day from each media change. As soon as new medium
was added, 0 hour samples were taken, and the media removed during media changes were
taken as 24 hour samples.

Table 3.6: Chip 4 experimental setup.
Chip no. Circuit Treatment Cell culture

1 A 1000 mU/L insulin Liver only
1 B 1000 mU/L insulin Liver only
2 A 1000 mU/L insulin Liver only
2 B 1000 mU/L insulin Liver only
3 A 150 mU/L insulin Liver only
3 B 150 mU/L insulin Liver only
4 A 150 mU/L insulin Liver only
4 B 150 mU/L insulin Liver only
5 A 1000 mU/L insulin No cells
5 B 1000 mU/L insulin No cells
6 A Insulin-free (IF) chip medium Liver only
6 B IF chip medium Liver only
7 A IF chip medium Liver only
7 B IF chip medium Liver only
8 A 350 pM glucagon Liver only
8 B 350 pM glucagon Liver only
9 A 350 pM glucagon Liver only
9 B 350 pM glucagon Liver only
10 A 350 pM glucagon No cells
10 B 350 pM glucagon No cells

The purpose of the fifth chip experiment was to analyze the insulin responsiveness of liver
spheroids made from either freshly thawed cells or precultured cells. The experiment was
conducted according to the general protocol with some exceptions. During the 2 hour
incubation in insulin-free medium, liver spheroids were placed on a wave shaker. Some of
the spheroids were fixated in 4% paraformaldehyde in PBS and then stored in ethanol at
4◦C until the end of the experiment. 100 % of the media were exchanged every 24 hours
as described for chip 4.
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Table 3.7: Chip 5 experimental setup.
Chip no. Circuit Treatment Cell culture

1 A No insulin Precultured cells
1 B No insulin Precultured cells
2 A No insulin Precultured cells
2 B No insulin Precultured cells
3 A 150 mU/L insulin Precultured cells
3 B 150 mU/L insulin Precultured cells
4 A 150 mU/L insulin Precultured cells
4 B 150 mU/L insulin Precultured cells
5 A No insulin Freshly thawed cells
5 B No insulin Freshly thawed cells
6 A No insulin Freshly thawed cells
6 B No insulin Freshly thawed cells
7 A 150 mU/L insulin Freshly thawed cells
7 B 150 mU/L insulin Freshly thawed cells
8 A 150 mU/L insulin Freshly thawed cells
8 B 150 mU/L insulin Freshly thawed cells

3.3.4 Sample analysis

For chip experiments 1 and 2, media sampled during the media changes was analyzed
to evaluate the level of cytotoxicity among the liver spheroids by measuring the levels of
LDH in the media. The media samples taken during chip experiment 2 were also used
to analyze the functionality of the liver cells by measuring the levels of albumin secreted
into the medium. The spheroid samples that had been fixated and sectioned were stained
with Hematoxylin and Eosin (H&E), as well as via immunohistochemistry (IHC) for the
presence of CYP3A4, albumin, vimentin and α-SMA. Samples from chip experiments 4
and 5 were also stained with periodic acid staining to analyze the spheroids’ abilities to
store glycogen.

3.3.4.1 Cytotoxicity evaluation

On the same day as the samples were taken, the levels of LDH present in the medium
was analyzed using the Pierce LDH Cytotoxicity Assay Kit. The reaction mixture for the
analysis was prepared according to the manual. Media samples were diluted 1:5 in cell
culture grade water, and 50 µL from each sample was transferred to a flat bottom 96-well
plate in duplicates. For the blank, cell culture medium diluted 1:5 in water was used.
Fifty µL reaction mixture was then added to each well containing a sample/blank, and
the plate was incubated in the dark at room temperature for 30 minutes. Afterwards, the
reaction was stopped by adding Stop Solution to all wells and the samples were mixed
by gently tapping the plate. The absorbance at 490 nm and 680 nm (background) was
measured in a spectrophotometer, after which the background values were subtracted from
the 490 nm absorbance values. Since the shelf-life of the standard is very short, a standard
curve was prepared and analyzed in a spectrophotometer as soon as the kit arrived. These
values were then used to determine the levels of LDH present in the media from both chip
experiments 1 and 2.
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3.3.4.2 Albumin secretion

Samples from the second chip experiment were centrifuged at 3000 x g for 10 minutes
to remove any cell debris. The concentration of secreted albumin in the media samples
were analyzed using the Human Albumin ELISA kit from Abcam. Reagents including
diluent, wash buffer, biotinylated albumin detector antibody, streptavidin (SP) conjugate,
and albumin standard were prepared according to the manual. Samples were diluted 1:150
in diluent, and all reagents, samples and standards were allowed to equilibriate to room
temperature. 50 µL of the albumin standards and samples were added in duplicates to
the wells of the ELISA plate. The plate was covered with sealing tape and incubated
overnight at 4 ◦C.

The next day, the plate was equilibriated to room temperature and washed manually ac-
cording to the protocol. Fifty µL biotinylated antibody solution was added to each well
and the plate was incubated at room temperature for 30 minutes. Afterwards, the plate
was washed again, and 50 µL SP conjugate was added to each well. The plate was incu-
bated for another 30 minutes at room temperature and washed again. Fifty µL chromogen
solution was then added to each well, and the plate was incubated at room temperature
for 20 minutes until a blue color developed. The reaction was quenched by adding stop
solution to each well and the absorbance was read immediately in a spectrophotometer
at 450 nm and 570 nm (background). The background values were subtracted from the
absorbance values, and a standard curve was generated by regression analysis using four-
parameter logistic curve-fit. The mean of the sample absorbances was calculated and the
concentration of albumin present in the samples was determined from the standard curve.

3.3.4.3 Spheroid staining and immunohistochemistry

Spheroids from each chip experiment had been sent to HistoCenter for embedding in paraf-
fin and sectioning. HistoCenter also stained sections from each experiment with H&E, and
sections from experiments 3, 4 and 5 with PAS (glycogen staining). These samples were
visualized under a bright-field microscope.

Table 3.8: Details of the primary and secondary antibodies used for ICC and IHC.
1◦ AB Dilution Function 2◦ AB Dilution
CYP3A4 1/100 Phase I Alexa Fluor 488 1/400

metabolizing enzyme
Albumin 5 mg/mL Plasma protein, regulates Alexa Fluor 555 1/500

osmotic pressure
Vimentin 5 mg/mL Cytoskeletal Alexa Fluor 488 1/400

protein
α-SMA 1/50 Myofibroblast Alexa Fluor 555 1/500

marker

The remaining sections were stained with antibodies for 4 different protein markers. Sam-
ples were deparaffinzied and epitopes were retrieved by immersing the sample slides in
DIVA decloaking agent in a cuvette, and placing the cuvette in a steamer for 40 minutes
(20 minutes heating + 20 minutes cool down). Afterwards the slides were washed twice
in Hot Rinse and then in dH2O. The samples were placed briefly in PBS before incu-
bating them in blocking buffer (10% BSA in PBS) for 45 minutes. Afterwards, samples
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were stained with primary and secondary antibodies as described in section 3.3.1.1 for
staining stellate cells. The samples on each slide were stained for two proteins. CYP3A4
was co-stained with albumin, and vimentin was co-stained with α-SMA (Table 3.8). After
counterstaining with Hoechst and washing in PBS, a drop of mounting medium was placed
onto each slide and a coverslip was placed on top of the sections. Slides were wrapped in
aluminum foil and stored at 4 ◦C until visualization under a confocal microscope.
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4. Results and discussion
In this chapter, data obtained from the various analyses are presented in the form of
graphs and figures. The results are also evaluated and discussed.

4.1 MetID results
In this sections, results obtained from the MetID experiments using 2000 cell PHH spheroids
will be presented and discussed, including results from a pilot study to determine in-
cubation parameters, LC-MS data of the metabolite formation in PHH spheroids from
AZ-compounds, and a CYP activity analysis.

4.1.1 Pilot study

Before initiating the MetID experiments, a pilot study using five commercially available
substances and one internal AZ-compound was conducted. This experiment was run in
order to determine the time points for sampling, the number of spheroids needed for
each sampling, and whether the spheroids would show any difference in metabolism com-
pared to previous results from hepatocyte suspension cultures. For this study, 10 PHH
spheroids consisting of 2000 cells each were used for each sampling instance, and super-
natants and spheroids were continually sampled during 72 hours. The 5 commercially
available compounds used were benzbromarone, chlorpromazine, diclofenac, imipramine
and ticlopidine. Biotransformation of the 6 compounds was investigated by analyzing the
metabolites formed via LC-MS. The data obtained was compared to previous results seen
both in hepatocyte suspension incubations as well as in humans during clinical trials (data
not published).

The results indicated that 20 000 cells, or 10 spheroids, was enough to yield substantial
levels of metabolites. The most critical sampling time points were 0, 4, 8, 24, 48 and
72 hours. Overall, certain discrepancies were seen between the spheroid data and the
hepatocyte suspension data, as well as between the spheroid and human data. Various
metabolites were detected in the spheroid samples for all compounds that had not been
detected in the hepatocyte suspension cultures. These metabolites had, however, been
detected in humans, indicating that PHH spheroids might at a certain level be able to
better predict the metabolism of compounds in humans compared to PHH suspensions.

For instance diclofenac, a substrate of CYP2C9, was converted to hydroxyl-diclofenac
early during the experiment (data not published). There was also evidence for glu-
curonosyltransferase (GT) activity as diclofenac acyl glucuronide and what might have
been hydroxy diclofenac acyl glucuronide were seen. The acyl glucuronide conjugation of
hydroxyl-diclofenac by the GT enzyme, has been seen to occur after the initial oxidiation
of diclofenac by CYP2C9 in clinical studies [72], but not in cell suspension [73]. These
results suggest the presence of sequential metabolism in the spheroids, something that
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is hardly seen in suspension incubations. For the AZ-compound, there was evidence of
CYP, epoxide hydrolase, glucuronosyltransferase and sulfotransferase activty, as well as
glutathione conjugation (data not published). This further indicates the presence of se-
quential metabolism in the liver spheroids. Nevertheless, spheroids were not able to fully
simulate the metabolism seen in humans for any of the compounds. For the 6 compounds
included in this study, no differences between the medium and cell samples were detected.

4.1.2 Metabolite formation in PHH spheroids

Selected data from the metabolite formation of certain compounds in PHH spheroids de-
tected by LC-MS is presented below in Tables 4.1 to 4.8. Since the compounds owned by
Astra Zeneca are not officially available on the market, names and structures have been
omitted. The type of metabolism seen to occur is therefore presented in the first column
of the tables below. The cells for the corresponding systems (human in vivo, PHH sus-
pension or PHH spheroids) where the individual metabolites were seen have been colored
green. PHH suspensions are normally incubated with a compound for 4 hours. Spheroids
were incubated with the compounds for 72 hours.

Table 4.1: Metabolism of AZD1.
Metabolism In vivo PHH suspension PHH spheroids
Hydroxylation

Amide hydrolysis
Ring opening
Oxidation

Demethylation
Glucoronidation

Sulfation
Conjugation of oxygen

Table 4.2: Metabolism of AZD8.
Metabolism In vivo PHH suspension PHH spheroids
Oxidation

Glucoronidation
Carboxylation
Hydroxylation

Sulfation
Methoxylation

Table 4.3: Metabolism of AZD9.
Metabolism In vivo PHH suspension PHH spheroids
Hydroxylation
Glucoronidation

Oxiadation
Dealkylation

Chain shortening
Conjugation of oxygen
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Table 4.4: Metabolism of AZD11.
Metabolism In vivo PHH suspension PHH spheroids

Amide hydrolysis
Dealkylation

Glucoronidation
Demethylation

Oxidation
Hydroxylation

Table 4.5: Metabolism of AZD15.
Metabolism In vivo PHH suspension PHH spheroids
Dealkylation

Glucoronidation
Desulfation
Methylation
Hydroxylation

Conjugation of oxygen
Reduction

Table 4.6: Metabolism of AZD16. No data was found for microsomes or PHH suspensions.
Metabolism In vivo Microsomes/ PHH spheroids

PHH suspension
Glucoronidation

Sulfation
Demethylation
Hydroxylation

Amide hydroxylation
Methylation

Ring deethylation
Dealkylation

Table 4.7: Metabolism of AZD17.
Metabolism In vivo PHH suspension PHH spheroids

Ring deethylation
Glucoronidation
Hydroxylation

Uncommon metabolites Fewer than in vivo Fewer than in vivo
Dealkylation
Methylation
Oxidation

Conjugation of nitrogen
Conjugation of oxygen

31



Table 4.8: Metabolism of AZD23.
Metabolism In vivo Microsomes/ PHH spheroids

PHH suspension
Hydroxylation
Oxidation

Glucoronidation
Nucleophilic aromatic Microsomes Defluorination

substitution only
Sulfation

Conjugation of oxygen

Of all the compounds tested in the PHH spheroids, not all had any PHH suspension data
available. Also, some compounds were either unstable in DMSO at room temperature or
contained impurities prior to the experiments. Data from these compounds have there-
fore not been published in this thesis. As can be seen from the tables above, there is
not a perfect overlap in the metabolism seen between either the spheroids and humans,
or the suspension cultures and humans. CYP activity was prominent in the spheroids,
since all compounds that were hydroxylated in humans were also hydroxylated in the
spheroids, unlike the PHH suspensions (Tables 4.1 and 4.7). For some compounds, sec-
ondary metabolism seen in humans, but not the suspension cultures, was also present in
the spheroids, such as some of the glucoronidations. Overall for all compounds though,
more metabolites variations of the same type of biotransformation were found in vivo. For
instance, some compounds were glucuronidated on various different sites on the molecules
in vivo, whereas the same compounds were glucuronidated on only one or two sites on the
molecules in the spheroids and in PHH suspensions (data not shown).

The overlap between human metabolism and PHH spheroids was not as large as expected.
In these experiments, spheroids did not prove to be a significantly better model for in-
vestigating the metabolism of compounds in vitro compared to suspension cultures. This
could be due to a number of reasons. The medium used during the incubation of the
MetID compounds was not optimized for long-term cultivation of the hepatocytes, and
might have affected their metabolic functions negatively. While hepatocytes are the major
metabolizing cells in the liver, incorporation of other cells into the spheroids might also
have an effect on the overall metabolism. In humans, other other organs capable of metab-
olizing xenobiotics and other substances are present, such as the kidneys. Co-cultures of
different organ models might thereby increase the similarities between in vivo and in vitro
metabolism. Also, some of the compounds such as AZD8 and AZD9 (Tables 4.2 and 4.3)
were small and polar. This shortens the retention time of the metabolites on the column,
and any eluted compounds are difficult to separate. Other methods should therefore be
used to separate the metabolites formed from these compounds.

It should also be noted that this has been a qualitative comparison between quantitative
in vivo data from human plasma with radiolabeled drugs and data from PHH spheroids
incubated with unlabeled compounds. This type of analysis is therefore only valid to
investigate whether the metabolism seen in humans occurred in spheroids or not, but
to compare the levels of metabolites formed in humans and PHH spheroids, quantita-
tive analysis of spheroid metabolism needs to be conducted. To be able to rule out any
metabolic varieties between different donors, compounds should also be tested in spheroids
and suspensions of cells from the same donor and batch. Overall, spheroids are probably
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a promising substitute for suspension cultures in MetID analyses, since they are capable
of both primary and secondary metabolism and can be maintained in cultures for longer
periods of time. For any future studies, however, parameters such as medium composition
need to be optimized to be able to conclude whether spheroids are able to better mimic
human metabolism in vivo compared to suspension cultures.

4.1.3 CYP1A2, 2C9, 2D6 and 3A4 enzyme activity

Along one of the MetID experiments, the activity of CYP1A2, 2C9, 2D6 and 3A4 in the
same batch of PHH was followed over the course of 10 days. Spheroids were incubated with
one substrate for each enzyme, and the concentration of each corresponding metabolite
formed was measured. Figure 4.1 illustrate the enzyme activity of the four CYPs on three
instances over the 10 days. On day 0, when the cells were thawed, cells in suspension were
incubated with the four CYP substrates. On days 7 and 10, 2000 cell spheroids where
pooled and incubated with the substrates. As can be seen in the figure, between days 0
and 7, the activities of CYP1A2 and 2D6 decline as the levels of paracetamol and 1’-OH-
bufuralol formed decreases. In the same time span, the activity of CYP3A4 increases as
the levels of 1’-OH-midazolam formed increases, while the activity of CYP2C9 remains
stable. However, between days 7 and 10, the activities of all CYPs decrease significantly.

Figure 4.1: Enzyme activity of CYP1A2, 2D6, 2C9 and 3A4 over the course of 10 days. CYP1A2
metabolizes phenacitin into paracetamol, 2D6 metabolizes bufuralol into OH-bufuralol, 2C9 me-
tabolizes diclofenac into OH-diclofenac, and 3A4 metabolizes midazolam into OH-midazolam. On
day 0, CYP activity was measured in cells in suspension, on days 7 and 10 CYP activity was
measured in spheroids formed from the same batch of cells.

During the first 7 days, cells were seeded and cultured in complex media (PHH seeding
and culturing media, Table 3.1). The seeding medium contains 10% serum (FBS), which
is quite high, and this might have affected the activities of CYPs 1A2 and 2D6. Previous
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studies have shown that high serum concentrations (>1%) lead to a significant decrease
in CYP1A activity [74]. However, when maintained in PHH culturing medium, the ac-
tivities of all 4 CYPs remain stable in PHH spheroids over the course of 35 days [8]. At
the start of the MetID experiment on day 7, the culturing medium was exchanged for
MetID incubation medium. The spheroids used for the CYP activity were therefore also
cultured in the same type of medium (without any added MetID-specific compounds) for
the remaining 3 days.

Since the drop in activity for all CYPs investigated is large over the last 3 days, especially
for CYPs 3A4 and 2C9 compared to the first 7 days in PHH culturing medium, the
most likely explanation to this behavior is the medium change. The PHH medium is
more complex than the MetID incubation medium which, based on current results, is not
sufficient for the spheroids to survivie for longer culture times. However, even though the
medium was changed, some activity was still detected, and positive results were obtained
from the MetID experiments as well. Nevertheless, since the MetID incubation medium
seems to have affected the CYP activity in the spheroids negatively, other enzymes involved
in the metabolism of the compounds used in the MetID experiments might have been
affected as well. If cultured in PHH culturing medium throughout the entire experiment,
the outcome may have been different, which is something that should be investigated in
the future.

4.2 Chip results

In this section, results from the chip experiments using 25 000 cell HepaRG/stellate cell
spheroids will be presented and discussed, including results from stellate cell culturing,
LDH and albumin analyses, and stainings of the spheroids used in the 2-organ chips.

4.2.1 Stellate cell culturing and staining

During the chip experiments, cryopreserved primary human stellate cells were cultured
in cell culture flasks in order to develop a protocol for preculturing the cells before seed-
ing them with HepaRG cells into spheroids. By preculturing cells, non-viable cells are
effectively removed, improving the viability and quality of cells in co-culture spheroids.
Preculturing stellate cells is also an efficient way of activating the cells, which have been
shown to aid the formation of spheroids [47]. During the first attempt, stellate cells were
cultured in non-treated cell culture flasks and PLL-coated cell culture flasks. Two different
types of media were initially used, one for hepatic cells in general (PHH thawing medium,
Table 3.1) and one specifically developed for stellate cells (HSGM). Since the cells were
not able to proliferate in the general medium, this medium was not used for later analysis.

When viewed under a bright-field microscope, cells appeared to grow in patches in both
types of flasks rather than over the entire surface. However, while cells in the non-treated
flasks appeared small and striated (Figure 4.2), cells in the PLL-cultured flasks were able
to extend cell membrane protrusion and cover a larger surface area of the flasks (Figure
4.3). When subculturing the cells, it also became apparent that cells cultured in the PLL-
coated flasks were able to increase in number more efficiently than the cells cultured in
non-treated flasks. Stellate cells also seemed to rely a lot on being in close contact with
other cells to be able to proliferate, since any cells that were not in close enough contact
with the more dense patches quickly died. Also, rather than extending further over the
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surface of the flasks, the patches quickly became overconfluent. This instigated the cells
to start excreting extensive amounts of extracellular matrix proteins, which formed a large
sheet around the cells that was near impossible to break apart, neither enzymatically nor
with physical force. These results indicate that it is important to initially seed cells at a
high density, and to rather subculture the cells at a lower confluency to avoid overconflu-
ency.

Cells cultured in the two types of flasks were also immunofluorescently stained for vi-
mentin, a cytoskeletal protein found in human stellate cells, and α-SMA, a myofibroblast
marker which would indicate whether the cells were starting to differentiate. When ac-
tivated, stellate cells are able to proliferate and increase in number, but there is also a
risk that they might differentiate into myofibroblasts. As seen in Figure 4.2, a lot of
α-SMA is present, indicating that the cells are indeed differentiating into myofibroblasts
when cultured on a non-treated surface. Cells cultured on PLL on the other hand (Figure
4.3) are expressing lower levels of α-SMA, but are rather spreading over the surface with
long processes. This indicates that culturing cells in stellate cell-specific medium on a
PLL-coated surface might improve their ability to maintain an activated and proliferative
phenotype without differentiating into myofibroblasts.

Figure 4.2: Stellate cells cultured in non-treated cell culture flasks, stained for vimentin (green)
and α-SMA (red). Cell nuclei appear in blue. Images taken at 40X magnification.
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Figure 4.3: Stellate cells cultured in PLL-coated cell culture flasks, stained for vimentin (green)
and α-SMA (red). Cell nuclei appear in blue. Images taken at 40X magnification.

During the second attempt, stellate cells were cultured in stellate cells medium (Table 3.1)
in tissue culture-treated flasks. The new stellate cell medium was used since it has been
shown to be effective when culturing stellate cells [14][12]. The tissue culture-treated flasks
were used to investigate whether they could replace the PLL-coated flasks, which would
reduce cost as well as labor intensity, since these flasks did not need to be manually coated.

After thawing the cells, they were seeded at a density more than 3 times higher than during
the first attempt. This proved to be beneficial as the cells were able to properly coat the
surface of the flask and start proliferating. Cells were also subcultured at a confluency
of no more than 80%, and after the first passage, cells could be seeded into new flasks
at a lower cell density. After 1-2 passages, cells started to expand rapidly and needed to
be subcultured more often, indicating that all cells were properly activated. Stellate cells
of passage 4 were later used to form spheroids with HepaRG cells for a chip experiment,
and spheroids were stained before and after being used in the chips (Section 4.2.4.4). As
the cells were able to grow and expand easily and were successfully incorporated into co-
culture spheroids with HepaRG cells, the new stellate cell culturing protocol was deemed
successful.

4.2.2 Cytotoxicity of liver spheroids in 2-organ chips

To evaluate the systemic viability of the co-cultures in the 2-organ chips, the levels of
LDH in the chip medium were measured during chip experiments 1 and 2. LDH, or
lactate dehydrogenase, is a cytosolic enzyme present in the hepatic cells catalyzing the
conversion of L-lactate and NAD to pyruvate and NADH during glycolysis [14]. When the
plasma membranes of the cells are damaged, LDH is released into the surrounding medium.

As can be seen in Figure 4.4, the LDH levels from the first chip experiment are initially
very high and steadily decreasing up until day 7, except for in the liver only circuit where
the LDH levels remain high until day 4 before decreasing. Since the HepaRG cells are
immortalized cells, they might express higher levels of LDH compared to PHH [75]. How-
ever, for this experiment, the initial concentrations of LDH are almost 10 times as high
compared to previous studies performed in multi-organ chips [13][14][15]. This probably
results from spheroids disintegrating early in the experiment. Figure 4.5 presents a rep-
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Figure 4.4: Cytotoxicity assessment of the liver spheroids used in the first chip experiment. The
vertical axis presents the LDH concentration in mU/mL, the horizontal axis presents the different
groups from the media tests (the different glucose concentrations) sampled during days 2, 4 and 7

resentation of the spheroids while in the 2-organ chips during the first and second chip
experiments. The images clearly show disrupted spheroids and cell debris, which would
lead to the release of large quantities of LDH into the chip medium.

Figure 4.5: Live images of liver spheroids in the 2-organ chips. Some of the spheroids appear
to be disintegrating while others remain intact. A hollow core can also be seen in a few of the
spheriods. Images taken at 5X magnification.

On day 1 during the second chip experiment, the concentration of LDH averaged around
50 mU/mL for all different settings (Figure 4.6). These results are consistent with pre-
vious studies, which found that the artificial culturing conditions and shear stress might
initially lead to an increased cell turnover rate [13][15]. However, unlike previous findings
where the conditions and cell turnover rate stabilized over time, LDH levels for the second
chip expeirment continued to rise. On day 7, the concentration of LDH started to decrease
again.

The decreasing levels of LDH seen towards the end of the experiments is likely due to many
spheroids having disintegrated by the end of the experiments. For the first chip experiment,
co-cultures of livers and islets incubated in chip medium with either 1 g/L or 2 g/L glucose
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Figure 4.6: Cytotoxicity assessment of the liver spheroids used in the second chip experiment.
The vertical axis presents the LDH concentration in mU/mL, the horizontal axis presents the
different groups sampled during days 1 through 7

initially appeared to be more viable compared to co-cultures in 0.5 g/L glucose, since the
concentrations of LDH in these cultures on day 2 were significantly lower than those in
the 0.5 g/L glucose medium. However, since the concentration of LDH was elevated for
all conditions during the two experiments, it is difficult to tell whether the different media
and peptide concentrations had significantly different effects on cell viability. A possible
explanation for the increased release of LDH could be that the spheroids used for these
two experiments were made entirely from freshly thawed cryopreserved cells rather than
precultured cells. This can lead to a higher incorporation of damaged or non-viable cells
in the spheroids, which could trigger apoptosis or necrosis in the surrounding cells. The
large size of the spheroids (25 000 cells) might also lead to insufficient diffusion of nutrients
to the inner cells, which could also trigger apoptosis in the spheroids. Another possible
explanation for the disintegration of spheroids might be increased shear stress from the
circulating fluid. There were some issues with one of the pumps used during the first chip
experiments, which lead to increased pressure in the units. This pump was later replaced
for the final chip experiments.

4.2.3 Secretion of synthesized albumin

As a way to monitor liver-like activity in the 2-organ chip co-cultures, the levels of se-
creted albumin synthesized by the liver spheroids were measured during the second chip
experiment. On day 1, the amount of albumin secreted into the medium averaged around
7 µg/mL/circuit (Figure 4.7), except for the cultures incubated with Ex-4 (a GLP-1 re-
ceptor agonist), which correlates well with previous studies conducted on HepaRG cells
[12][76]. On day 4 of the experiment, the albumin present in the medium seems to have
increased for most conditions. Since only 50% of the medium had been exchanged every
24 hours between days 1 and 4, albumin secreted between these time points might have
accumulated slightly, which could explain the increase in albumin concentration. Also,
as indicated above for the release of LDH into the medium, cells were suffering from de-
creasing viability. The lysis of cells could have caused release of intracellular storages of
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albumin as well.

Figure 4.7: Excreted albumin synthesized by liver spheroids during the second chip experiment.
The vertical axis represents the albumin concentration in µg/mL/circuit and the horizontal axis
represents the different co-culture conditions. The colors of the bars represent the time points
when the samples were taken.

On day 6, 100% of the medium was exchanged. The samples taken on day 7 had therefore
been incubated in chip medium for the same amount of time as the samples taken on
day 1. The samples taken from the co-cultures incubated with S961 without EdU were
all elevated compared to day 1, while the samples from the remaining three conditions
were almost the same as on day 1. This indicates that while cells were dying during the
experiment, spheroids were still functional and able to display liver-like activity somewhat
consistent to previous studies throughout the experiment for all conditions tested.

4.2.4 H&E, PAS and immunofluorescent stainings of liver spheroids

After finishing all chip experiments spheroids were collected and stained using several
different assays. Spheroids from all experiments were stained with H&E as well as for 4
different protein markers via IF staining. The glycogen storages in spheroids from chip
experiments 3, 4 and 5 were stained via PAS as well.

4.2.4.1 H&E

H&E color the nuclei of the cells and cytoplasmic components respectively. While hema-
toxylin develops a dark blue or purple color, eosin appears in red and pink hues. Figure 4.8
presents images of spheroids stained with H&E from different chip experiments and condi-
tions that visually represent the majority of all spheroids from all chip experiments. Many
of the spheroids from all chip experiments and conditions displayed an almost "doughnut-
like" shape with a hollow core. This structure might be due to spheroids forming a cavity
similar to a central vein (Figure 2.2). In future experiment, it might therefore be of
interest to include endothelial cells in the spheroids and investigate whether they line
this type of cavity, which would be a sign that the spheroids are actively trying to form
parts of a vascular system. It might also be a prominent example of the formation of a
necrotic core. Since the spheroids are completely avascular, they are analogous to other
similar tissues, such as tumors, with diffusion limitations of about 150-200 µm in regard
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to many molecules, including oxygen [77][78]. This inefficient mass transport also leads to
metabolic waste accumulation inside the spheroids. Spheroids with a size above 500 µm
in diameter, much like the spheroids used in the chip experiments, have been shown to
display a layer-like structure with a necrotic core surrounded by a viable rim [78]. This
is clearly illustrated in the images in Figure 4.8 (especially the top left and bottom left
images) were the hollow core and outer rim of the spheroid sections have a higher density
of cell nuclei.

Figure 4.8: Spheroids from different chip experiments stained with H&E. Top left: Chip 1,
2g/L glucose medium; Top right: Chip 4, liver only culture treated with glucagon; Bottom left:
Chip 6, spheroids from freshly thawed cells, incubated with regular chip medium; Bottom right:
Chip 6, spheroids from precultured cells treated with insulin. All images were taken at a 20X
magnification, except the images from chip 6, which were taken at a 10X magnification.

As can be seen in all images, there are also cytoplasmic areas inside the spheroids that
completely lack cell nuclei, so called ghost cells, indicating that the cells in these areas have
died. In addition, some of the images do not display a hollow core at all, but since these
appear smaller in size it can be speculated that these sections do not originate from the
middle of the spheroids but rather the top or bottom, where the diffusion rate of oxygen
and nutrients is higher.

During chip experiment 6, some spheroids were fixated and sectioned before the initiation
of the experiment. Figure 4.9 shows one image each for the two types of spheroids used.
The spheroids made from freshly thawed cells were already starting to show signs of the
formation of necrotic cores and ghost cells, as can be seen in the corresponding image.
While the spheroids made from precultured cells appeared healthier, probably due to a
higher initial cell viability, these do also start to show signs of the formation of ghost cells
in certain areas, clearly indicating that the large spheroid size is indeed a problem.
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Figure 4.9: Spheroids from chip experiment 6 stained with H&E, prior to seeding spheroids into
the chips. Left: Spheroids made from freshly thawed cells. Image taken at 20X magnification.
Right: Spheroids made from precultured cells. Image taken at 10X magnification.

Despite being incubated in a microfluidic environment, spheroids are clearly too large for
proper mass transport to occur through the spheroids. To ensure that appropriate oxygen
and nutrient diffusion can take place in the spheroids, spheroid size needs to be decreased
drastically. Otherwise, some form of vascularization within the spheroids needs to be
constructed.

4.2.4.2 Periodic acid-Schiff stain

PAS is a type of assay used to detect polysaccharides, such as glycogen, but also glycopro-
teins and glycolipids, in tissues. It is useful as an aid in the diagnosis of glycogen storage
disease. Upon staining, glycogen storages will appear in a dark magenta color. PAS is
often used together with hematoxylin, which will stain cell nuclei in a dark blue or purple
color.

In the human body, the pancreas is responsible for the secretion of insulin and glucagon,
which regulate the hepatic glucose metabolism and production depending on the blood
glucose concentration [79]. Insulin acts by stimulating glycogen storage in the hepatocytes
and inhibits glucose production through glycogenolysis. Glucagon on the other hand is a
positive regulator of hepatic glucose production, and opposes insulin actions by inducing
the hepatocytes to convert glycogen storages into glucose. Abnormal levels of glucagon
can cause a depletion of the liver’s glycogen storages. It is therefore important to monitor
the maintenance of glycogen in the liver spheroids.

Figure 4.10 presents images of spheroids stained by PAS from different chip experiments
and conditions that visually represent the majority of all spheroids from all chip exper-
iments. As can be seen from these images, all spheroids appear to have been able to
maintain some glycogen storages, as seen by the areas in magenta . Since no major dif-
ference can be seen from different conditions, such as co-cultures with pancreatic islets,
or addition of insulin or glucagon to the medium, neither of these conditions appear to
deplete nor significantly increase glycogen storages.
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Figure 4.10: PAS staining of spheroids from different chip experiment. Top left: Chip 3,
liver-pancreas co-culture; Top right: Chip 4, liver only culture treated with glucagon; Bottom
left: Chip 5, freshly thawed cells in regular chip medium; Bottom right: Chip 5, precultured
cells treated with insulin (low concentration). Top pictures were taken at a 20X magnification,
bottom pictures were taken at a 10X magnification.

Figure 4.11: PAS staining of spheroids from chip experiment 6 prior to seeding spheroids
into the chips. Left: Spheroids made from freshly thawed cells. Right: Spheroids made from
precultured cells. Images were taken at 10X magnification.

Figure 4.11 presents one image each of the two types of spheroids used in chip experiment
6 that were sectioned and stained prior to seeding spheroids into the chips. While the
precultured cells seem to prefer to store glycogen closer to the edges of the spheroids
rather than the center, this might also be the result of the formation of a necrotic core
and not storage location preference. Nevertheless, since PAS staining is a qualitative
rather than quantitative assay, staining images will only provide an indication whether
conditions are highly affecting glycogen storages in any way. A quantitative assay will be
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able to provide a more detailed view of the differences in glycogen levels between different
conditions.

4.2.4.3 CYP3A4 and albumin

Albumin, one of the most abundant blood plasma proteins produced by the liver, and
CYP3A4, one of the major metabolizing enzymes in the liver, are both markers of normal
liver function. Figure 4.12 shows images from different chip experiments and conditions
visually representing most spheroids from all experiments.

Figure 4.12: Spheroids from different chip experiments and conditions stained for albumin (red)
and CYP3A4 (green). Cell nuclei are stained with Hoechst (blue). Top left: Chip 3, liver only
culture; Top right: Chip 2, spheroids incubated in regular chip medium with EdU; Bottom left:
Chip 2, spheroids incubated with 200 nM S961; Bottom right: Chip 2, spheroids incubated with
EdU and 200 nM S961. Images taken at 20X magnification.

As can be seen from all images, CYP3A4 is expressed in large amounts in all spheroids.
Some albumin can also been seen in most spheroids. Interestingly, albumin is mostly
expressed around the outer edges of the spheroids, while CYP3A4, although present in
most parts of the tissues, is expressed closer to the middle of the spheroids. These results
correspond to the functions of a human liver, where albumin is expressed periportally and
CYP3A4 is mainly expressed periveinously [2]. This shows that cells in the spheroids are
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able to gain a certain phenotype depending on their physical location within the spheroids.
The reason why CYP3A4 is produced throughout the spheroids might be due to the lack
of diffusion within the spheroids, leading to a more periveinous-like environment closer to
the surface of the spheroids compared to a human liver.

4.2.4.4 Vimentin and α-SMA

Spheroids were also stained for vimentin, a cytoskeletal protein expressed by stellate cells,
and α-SMA, a protein expressed by myofibroblasts, in order to localize the stellate cells
and evaluate whether they seemed to be proliferating or differentiating into myofibrob-
lasts. Figure 4.13 shows images from different chip experiments and conditions visually
representing most spheroids from all experiments. As can be seen from the images the
stellate cells can easily be located by staining them for vimentin, and the lack of α-SMA
indicates that they have not started to differentiate into myofibroblasts. Also, the fact
that most stellate cells are located towards the middle of the spheroids rather than aroudn
the edges indicate that they appear to be intercalated between the hepatcoytes, much like
in the human liver [2]. For most experiments and conditions, stellate cells did not seem
to proliferate. However, during chip experiment 4, as can be seen in the bottom left im-
age, stellate cells appeared to have increased significantly in number in some conditions
compared to other experiments. Stellate cells had also lined the necrotic core of certain
spheroids, as seen in the bottom right image, something that was not observed during any
other experiments.

During chip experiment 4, the type of culturing plates used when forming the spheroids
was changed. For this experiment, spheroids were cultured in 384-well plates rather than
96-well plates. The switch to new plates initially led to the formation of slightly irregular
aggregates rather than round spheroids, which might be the cause as to why stellate cells
became activated and started to proliferate. For chip experiment 5, however, the protocol
for culturing spheroids in 384-well plates had been improved, and increased stellate cell
proliferation was not observed. The consistency in appearance and expression of α-SMA
indicates that the different conditions (for instance co-culture with pancreatic islets, or
addition of glucagon or S961 to the medium), does not significantly affect the viability or
phenotype of the stellate cells.
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Figure 4.13: Spheroids from different chip experiments and conditions stained for vimentin
(green) and α-SMA (red). Cell nuclei are stained with Hoechst (blue). Top left: Chip 1, spheroids
incubated in chip medium with 0.5 g/l glucose ; Top right: Chip 1, spheroids incubated in chip
medium with 1 g/l glucose; Middle left: Chip 1, spheroids incubated in chip medium with 2 g/l
glucose; Middle right: Chip 1, liver only culture in chip medium with 2 g/l glucose; Bottom
left: Chip 4, spheroids treated with glucagon; Bottom right: Chip 4, spheroids treated with
insulin. Images taken at 20X magnification.

45



5. Conclusion
This thesis has had two focal points. One regarding the characterization of the formation
of metabolites from a certain set of compounds in primary human hepatocyte spheroids.
The other regarding the establishment and characterization of a co-culture between human
liver spheroids, made from HepaRG cells and primary hepatic stellate cells, and primary
human pancreatic islets in microfluidic 2-organ-chips, as well as the development of a pro-
tocol for preculturing the stellate cells used in the spheroids.

PHH spheroids were successfully seeded into spheroids and incubated with a set of differ-
ent compounds. Qualitative LC-MS analysis showed that some of the metabolism seen
in humans did also occur in the spheroids, however, there was not a perfect overlap be-
tween the two data sets. The use of PHH spheroids did not significantly improve the
prediction of human metabolism compared to suspension cultures. Activity analysis of
CYP1A2, 2D6, 2C9 and 3A4 indicated that a change of medium before the start of the
experiments might have negatively affected the overall metabolic capacity of the spheroids.

Stellate cells were successfully precultured and incorporated into spheroids together with
HepaRG cells. Co-cultures of the liver spheroids and pancreatic islets were maintained
for 7 days in the microfluidic multi-organ chip devices. Spheroids successfully displayed
some liver-like activity by synthesizing and secreting albumin at levels corresponding to
previous studies on the same type of cells. Cells in the spheroids also started to de-
velop different phenotypes depending on their physical location within the aggregates, as
seen from staining sections of the spheroids for albumin and CYP3A4. PAS stainings of
the liver spheroids confirmed that the spheroids were able to maintain glycogen storages
throughout the entire culturing process in the chips, during both liver only-cultures as
well as co-cultures with pancreatic islets. Stainings of spheroid sections for vimentin and
α-SMA showed that stellate cells were easily detectable and neither proliferating nor dif-
ferentiating into myofibroblast. However, H&E stainings as well as measurements of LDH
levels in the culture medium indicated that cells in the spheroids were forming necrotic
cores due to the large size of the aggregates.

In summary, liver spheroids, made from HepaRG cells and primary stellate cells, cultured
in microfluidic 2-organ chips with or without pancreatic islets were able to display liver-
like functions, but were most likely too large to maintain cell viability. PHH spheroids
were able to partially predict the metabolism seen in humans in vivo, but suffered from
decreased metabolic capabilities at the start of the experiment. Further experiments need
to be conducted to optimize culturing conditions for both systems in order to establish
proper microfluidic co-cultures as well as an improved in vitro model for predicting human
in vivo metabolism.
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6. Future studies
In future studies, a complex medium such as the suggested PHH culturing medium for
spheroids should be used during MetID experiments. This might improve the metabolic
function of the spheroids, possibly allowing for better prediction of human in vivo metabolism
of compounds. CYP activity of at least the 4 CYPs analyzed in this thesis should be
monitored throughout the entire experiment. Suspension cultures using the cells from the
same donor and batch should be used as well to eliminate donor variations from the results.

Since the liver is constructed from more cell types than just hepatocytes, incorporating
other hepatic cell types into the spheroids will further improve the in vitro microenviron-
ment and make it more in vivo-like. Incorporation of cells such as Kupffer cells, which are
the innate immune cells in the liver, and endothelial cells, which line the sinusoids and
biliary ducts in the liver, would be of high interest to examine. Since many metabolites are
excreted through the bile in the human liver, epithelial cells might aid in the formation of
proper bile canaliculi in the spheroids. Of the same reason, the development of a protocol
for establishing bile duct formation and measuring bile excretion is equally important.

The large size of the spheroids used in the chip experiments turned out to be rather dis-
advantageous. However, handling large quantities of smaller sized spheroids might also
produce a large inconvenience. Solutions as to how spheroids might be vascularized, to
allow for proper oxygen and nutrient diffusion, should therefore be investigated. Incorpora-
tion of endothelial cells into the spheroids, and possibly culturing the cells on a degradable
polymeric scaffold, might be a solution. Lastly, co-culturing different types of organ mod-
els, such as liver spheroids and pancreatic islets, enables the investigation of organ system
functionality. Therefore, by including other organs, such as the kidney or the skin, into
the multi-organ chips, other systems and aspects can be examined. For instance, a liver-
kidney co-culture could improve the metabolic and excretory predictions of new drugs.
Also, including more organs at a time in the microfluidic environment will better simulate
the functions of the human body, and can be used to study specific functions in both
healthy and diseased models of a human.
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[79] I Quesada, E Tudurí, C Ripoll, and Á Nadal. Physiology of the pancreatic α-cell and glucagon
secretion: role in glucose homeostasis and diabetes. Journal of Endocrinology, 199(1):5–19, 2008.

52


	List of abbreviations
	Introduction
	Background
	Aim
	Limitations

	Theory
	General anatomy and functions of the liver
	Hepatocytes
	Stellate cells
	Liver zonation

	Drug metabolism
	CYP450 enzymes

	Analysis of drug metabolism
	MetID
	LC-MS in drug metabolism analysis

	In vitro liver models
	Cell lines and primary cells
	Three-dimensional liver models

	Microfluidic organs-on-chips
	Control over parameters
	Modeling organ-level functions and disease


	Materials and methods
	Materials
	MetID experiments
	PHH spheroid cultures
	Compound incubation and sampling
	Sample analysis
	CYP activity

	Chip experiments
	Stellate cell culturing
	Stellate cell immunocytochemistry

	HepaRG/SteC co-culture spheroids
	Multi-organ chip culturing
	Sample analysis
	Cytotoxicity evaluation
	Albumin secretion
	Spheroid staining and immunohistochemistry



	Results and discussion
	MetID results
	Pilot study
	Metabolite formation in PHH spheroids
	CYP1A2, 2C9, 2D6 and 3A4 enzyme activity

	Chip results
	Stellate cell culturing and staining
	Cytotoxicity of liver spheroids in 2-organ chips
	Secretion of synthesized albumin
	H&E, PAS and immunofluorescent stainings of liver spheroids
	H&E
	Periodic acid-Schiff stain
	CYP3A4 and albumin
	Vimentin and a-SMA



	Conclusion
	Future studies
	Bibliography

