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Abstract 

Drug-induced injury and especially drug-induced liver injury (DILI) are a big health 

concern. One reason for this is that preclinical models currently in use fail to predict 

substance effects in humans reliably. Organ-on-chip models are promising systems to 

improve these effects. The HepaChip-MP is such an organ-on-chip system modelling 

the liver sinusoid. The aim of this thesis was to demonstrate usability of this chip 

system by culturing primary human hepatocytes in it and showing liver-specific cell 

function as well as detecting substance-induced cell damage. 

In this thesis, cell culture processes were established to assemble, culture, and 

analyze primary human hepatocytes. Handling of the HepaChip-MP with a pipetting 

robot was optimized to improve repeatability of experiments and ease-of-use for 

non-expert end-users. After optimizing the process to prepare and fill the cell culture 

chambers, on average more than 18 of the 24 chambers of the chip could be used per 

experiment. Also, the process for cell assembly was optimized which led to mostly 

complete coverage of the cell culture areas with cells at the start of the culture. After 

optimizing the technical aspects of chip handling, different media compositions were 

investigated in order to improve long-term stability of cell culture in the HepaChip-MP. 

A medium was identified which supports dense cell aggregates for at least 12 days in 

the chip. Assays were established to analyze cell vitality and function. A resazurine 

assay and an ATP-assay were adapted to the HepaChip-MP and used to detect 

diclofenac- and acetaminophen-induced cell damage. Function and induction of 

cytochrome P450 (CYP) enzymes was demonstrated via substance turnover (mass 

spectrometry analysis conducted by A & M Labor fuer Analytik und 

Metabolismusforschung Service GmbH Bergheim, Germany). Also, a coculture of 

human primary hepatocytes and human primary liver endothelial cells was established. 

The different cell types were stained with cell type specific antibodies which 

demonstrated the possibility to assemble different cell types in the HepaChip-MP. 

Oxygen sensors were introduced in the HepaChip-MP in collaboration with colleagues 

from Graz University of Technology (Graz, Austria) and Pyroscience AT GmbH 

(Aachen, Germany) allowing online measurement of oxygen consumption. This allows 

for a detailed analysis of substance-induced effects on cellular respiration.  

In conclusion, procedures have been established to analyze cell vitality and function 

after substance treatment in an innovative parallelized organ-on-chip system of the 
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liver allowing for automated handling with a pipetting robot. Liver specific cell function 

was shown and especially, online measurement of oxygen consumption under 

continuous flow conditions after substance treatment has been established. 
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Zusammenfassung 

Durch Medikamente hervorgerufene Schädigungen und insbesondere 

medikamenteninduzierte Leberschäden (DILI, drug-induced liver injury) stellen ein 

großes gesundheitliches Problem dar. Ein Grund dafür ist, dass die derzeit 

verwendeten präklinischen Modelle die Wirkungen von Substanzen auf Menschen 

nicht zuverlässig vorhersagen können. Organ-on-Chip-Modelle sind 

vielversprechende Systeme um verbesserte Vorhersagen tätigen zu können. Der 

HepaChip-MP ist ein solches Organ-on-Chip-System. Er modelliert die kleinste Einheit 

der Leber, den Lebersinusoid. Ziel dieser Arbeit war es, die Anwendbarkeit dieses 

Chipsystems zu demonstrieren, indem primäre humane Hepatozyten darin kultiviert 

und leberspezifische Zellfunktionen untersucht sowie substanzinduzierte Zellschäden 

nachgewiesen werden. 

In dieser Arbeit wurden Zellkulturprozesse etabliert, um primäre humane Hepatozyten 

zu assemblieren, zu kultivieren und zu analysieren. Die Handhabung des 

HepaChip-MP mit einem Pipettierroboter wurde optimiert, um die Wiederholbarkeit von 

Experimenten und die Benutzerfreundlichkeit für nicht erfahrene Endanwender zu 

verbessern. Nach der Optimierung der Prozesse konnten im Durchschnitt mehr als 18 

der 24 Kammern des Chips pro Experiment verwendet werden. Außerdem konnte 

erreicht werden, dass die Zellen die Zellkulturbereiche bedecken. Nach der 

Optimierung der technischen Aspekte der Chip-Handhabung wurden verschiedene 

Medien zur Unterstützung der Langzeitkultur getestet. Es wurde ein Medium gefunden, 

das die Kultivierung dichter Zellaggregate für mindestens 12 Tage auf dem Chip 

unterstützt. Es wurden Assays zur Analyse der Zellvitalität und -funktion entwickelt. Ein 

Resazurin-Assay und ein ATP-Assay wurden an den HepaChip-MP angepasst und 

anschließend zum Nachweis von Diclofenac- und Acetaminophen-induzierten 

Zellschäden eingesetzt. Die Funktion und Induktion von Cytochrom P450 (CYP)-

Enzymen wurde über den Nachweis der Produkte der Metaboliserung von bestimmten 

Substraten nachgewiesen (mittels Massenspektrometrie durchgeführt von A & M 

Labor für Analytik und Metabolismusforschung Service GmbH Bergheim, 

Deutschland). Außerdem wurde eine Kokultur aus humanen primären Hepatozyten 

und humanen primären Leberendothelzellen etabliert. Die verschiedenen Zelltypen 

wurden mit zelltypspezifischen Antikörpern angefärbt. Dadurch konnte gezeigt warden, 

dass es möglich ist verschiedene Zelltypen im HepaChip-MP zu kultivieren. In 
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Zusammenarbeit mit Kollegen der Technischen Universität Graz (Graz, Österreich) 

und der Pyroscience AT GmbH (Aachen, Deutschland) wurden Sauerstoffsensoren in 

den HepaChip-MP eingebaut, die eine Online-Messung des Sauerstoffverbrauchs 

ermöglichen. Dies ermöglichte eine detaillierte Analyse der substanzinduzierten 

Auswirkungen auf die Zellatmung.  

Zusammenfassend wurden Verfahren zur Analyse der Zellvitalität und -funktion nach 

Substanzbehandlung in einem innovativen parallelisierten Organ-on-Chip-System des 

Lebersinusoids etabliert. Die Handhabung des Chip-Systems ist automatisiert mit 

einem Pipettierroboter möglich. Es wurde leberspezifische Zellfunktion gezeigt und 

insbesondere die Online-Messung des Sauerstoffverbrauchs unter kontinuierlichen 

Flussbedingungen nach Behandlung mit verschiedenen Substanzen etabliert. Dies 

zeigt das große Potenzial für weitere detailierte Untersuchungen mit der 

HepaChip-MP. 
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1 Introduction 

 

1.1 Adverse drug reactions and drug-induced liver injury 

Lacoste-Roussillon et al. extrapolated that 123,000 adverse drug reactions (ADRs) 

occur in France per year [1]. This demonstrates that drug-induced injury is big health 

concern. Drugs with a higher incidence of ADRs are generally withdrawn from the 

market due to health concerns while drugs with low risk-benefit-ratio stay in the market. 

But even still used drugs can cause ADRs which can lead to serious health problems. 

Between 2002 and 2011, 19 drugs have been withdrawn in the EU member states due 

to safety issues. Nine of them were withdrawn because they induced cardiovascular 

events or disorders and four were withdrawn due to case reports of liver damage [2]. 

Hence, cardiovascular and hepatic toxicity are responsible for more than 65% of drug 

withdrawals. Other implications are neurological and psychiatric disorders [2]. Drugs 

are metabolized by specific enzymes of the liver. In some cases, these liver enzymes 

even activate the drugs by metabolizing them to substances which can lead to organ 

damage. Often, genetic differences in drug-metabolizing liver enzymes lead to differing 

drug concentrations in individual patients. This can lead to ADRs in especially the 

cardiovascular system [3]. As the liver plays a critical role in drug metabolism (and 

even activation), it is in the focus of research on drug-induced organ damage and 

preclinical drug testing.  

As mentioned above, the liver itself suffers from ADRs as well. Next to viral infections, 

drugs are the most common cause for acute liver failure (ALF) and fulminant 

hepatitis (FH) [4]. Due to vaccination and improved treatment options, viral infections 

become less relevant in the etiology of ALF while the incidence of drug-induced liver 

injury (DILI) increases especially in western countries [4, 5]. Björnsson reviewed 

several studies from different countries to evaluate the global epidemiology of DILI. He 

found that up to approx. 24 in 100,000 hospitalized patients suffer from DILI [6]. 

Considering that drugs are supposed to improve the patient’s health, this number is 

too high. In conclusion, ADRs are a health concern of high relevance and the liver is 

one of the main organs contributing to as well as suffering from ADR. 

Improving preclinical testing strategies may prevent potential harmful drugs to reach 

the market. Consequently, there is a need for optimization of preclinical testing in 

pharmaceutical research and development (R&D). This hypothesis is also supported 
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by economic considerations. Scannel et al. reported that the number of approved drugs 

per billion US dollars spent on R&D has halved roughly every nine years since 1950 [7]. 

Drug development gets more expensive because it becomes harder to beat the gold 

standard and regulators developed higher standards for a drug to reach the market [7]. 

Often, drugs fail to reach the market due to efficacy or safety issues in clinical trials [8]. 

Clinical trials belong to the most expensive parts in the drug development pipeline [9]. 

Hence, by sorting out failing drugs earlier in the pipeline (e.g. during preclinical testing), 

R&D costs could be decreased substantially. Hence, improving preclinical testing with 

e.g. innovative cell culture models is a promising approach to both improve drug safety 

and reduce R&D costs [10]. As discussed above, the liver is one of the organs in the 

focus of currently ongoing development of new and innovative cell culture models to 

improve the drug development pipeline. 

 

1.2 Liver physiology 

The liver is located in the upper part of the abdominal cavity below the diaphragm. 

Beneath the liver are the stomach, the right kidney and the intestines. The livers blood 

supply is secured by the hepatic artery (25-30%) and the portal vein (70-75%) [11]. 

The blood mixes in the hepatic sinusoids and is collected first in the central vein and 

later in the liver vein. Finally, it reaches the vena cava inferior which flows into the right 

atrium of the heart. The portal vein contains nutrient-rich blood from the gastrointestinal 

tract. Hence, all substances taken orally are passing the liver before entering the 

human circulation. The portal veins blood is low in oxygen. The hepatic artery, 

however, provides arterial and, thus, oxygen-rich blood. The liver has various 

functions, which ensure human survival and are described below. [12] 

 

1.2.1 Function of the liver 

The liver produces blood proteins like albumin, coagulation proteins and acute phase 

proteins. It also secretes bile acids, which are important for digestive functions and 

waste removal. The liver is next to the skeletal muscles the biggest glycogen storage 

in the human body and communicates with adipose tissue to balance the lipid 

metabolism. Hence, it plays an important role in human energy metabolism. As an 

organ involved in lipid metabolism, the liver also stores lipids and fat-soluable vitamins. 

One of the most prominent function of the liver is the detoxification of xenobiotic 
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substances. The detoxification reactions in the liver are mainly catalyzed by 

cytochrome P450 (CYP) enzymes. These enzymes metabolize 70-80% of the drugs in 

clinical use and therefore, are very important enzymes in relation to clinical 

pharmacology and the above mentioned ADR [13]. CYP enzymes catalyze the 

so-called Phase I metabolism, which represents oxidation, reduction and hydrolysis 

reactions. CYP3A4/5 is responsible for the metabolism of approx. 30%-40% of drugs 

in clinical use and is by that the most important enzyme in terms of drug 

metabolism [14]. In Phase II metabolism, small substances like glucuronic 

acid (glucuronidation) or gluthathion are conjugated to the metabolized substance. 

This results in a more hydrophilic molecule, which can more easily be excreted by the 

kidneys. One example for a Phase II enzyme is UGT1A1, which is responsible for 

bilirubin glucuronidation [15]. Hence, in liver failure, bilirubin is not prepared for 

excretion anymore and it accumulates in the plasma. This leads to the famous icterus 

which is known as a common symptom of liver disfunction.  

 

1.2.2 Intrahepatic anatomical structure  

The liver is built out of 1-1.5 mio small units called lobules (Figure 1). They are 

hexagonal-like structures, which have a size of 0.7-2 mm. Each lobule inhabits up to 

six so-called portal triads, located at the corners of the lobule. Portal triads consist out 

of the portal vein, hepatic artery and bile duct. The bile duct transports the 

liver-secreted bile to the gastrointestinal tract. The portal vein contains nutrient-rich 

blood from the gastrointestinal tract and is low in oxygen. The hepatic artery provides 

arterial blood, which is rich in oxygen. The blood from the portal vein and the hepatic 

artery is mixed and flows through so called sinusoids to the center of the lobule. Here, 

the central vein is located which transports the venous blood to the liver vein and vena 

cava inferior. The sinusoid is lined with different hepatic cell types. [16] 

The parenchymal cells of the liver are the hepatocytes. They comprise 60% of the cells 

in the liver and 80% of total liver mass. Most of the liver functions described above 

(see 1.2.1) are carried out by the hepatocytes. They are arranged radially in the lobule 

and build the matrix for the sinusoids. Cell sheets of hepatocytes are one to two cells 

thick. Hepatocytes are polarized cells and may be polyploid. Between hepatocytes and 

the blood, liver sinusoidal endothelial cells (LSEC) are located. They build a 

fenestrated barrier, participate in the regulation of blood flow and have a very high 
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endocytosis activity. LSECs also have immunologic functions. They play an important 

role in antigen presentation, leucocyte recruitment and they secrete cytokines after 

activation [17, 18]. The liver inhabits a variety of cells actively contributing to the 

immune system including different lymphocytes like T-cells and natural killer cells. In 

addition, 80% of all macrophages in the human body are located in the liver. Resident 

macrophages of the liver are called Kupffer cells. Together with the LSECs, the Kupffer 

cells are the main cells responsible for keeping up liver homeostasis by removing 

damaged cells and proteins. Hepatic stellate cells (HSC) are also resident cells in the 

liver and store fat-soluable vitamins, e.g. vitamin A. After injury, HSCs are activated 

and produce extracellular matrix to support regeneration. All cell types of the liver 

communicate with each other and influence their respective behavior. [19] 

 

 

Figure 1: Schematic representation of the hepatic lobule. Each lobule inhabits up to six portal triads. It shows the 
portal triad with the hepatic artery, portal vein and bile ducts. The parenchymal cells (hepatocytes) are radial 
arranged. Blood flows from the portal triads through sinusoids to the central vein.  

  

1.3 Cell culture models of the liver 

Animal models currently fail to reliably predict human hepatotoxicity of substances [20, 

21]. Hence, other model systems for translation to human are needed. One system 

with high potential are innovative in vitro systems inhabiting human cells. While 
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establishing an in vitro test system, it is important to consider which question the 

system should answer. For academic use, this can be any question of interest in basic 

or application-oriented research and there are countless possibilities for systems fitting 

to different topics. For model systems used in pharmaceutical industry, there are a few 

aspects, which are more important and should be reproduced. Baudy et al. discussed 

these specifications for liver models for safety risk assessments in the pharmaceutical 

industry in detail [22]. Briefly, these requirements include the production of different 

substances like albumin and urea, metabolic function of the cells and reproducing 

known cell responses after challenge with substances. Concerning metabolic function 

of the cells, especially cytochrome P450 (CYP) activity and induction is an important 

measure. For substance-challenging of the cells, substances should be used, which 

cover different mechanisms to cause DILI in human. A list of such substances is 

provided in [22]. 

For setting up an in vitro system, the choice of cells to be employed is critical. Since 

animal models lack correlation to the situation in human, animal cells are not perfectly 

suited to predict toxicity in human as well. Differentiating of human stem cells is one 

possible source of hepatocytes. Unfortunately, and despite great efforts in using 

soluable molecules and different matrices, there is currently no protocol available to 

produce fully mature hepatocytes [23-25]. Hence, primary human hepatocytes (PHH) 

and human-derived hepatic cell lines are often used in in vitro systems and will be 

briefly discussed here. HepG2 and HepaRG cells are the most frequently used cell 

lines. HepG2 cells are known to have low CYP activity in comparison to HepaRG cells 

[26]. Also, physiologic CYP induction is better preserved in HepaRG cells than in 

HepG2 [27]. Nevertheless, PHH show even higher CYP expression, activity and 

inducibility. In addition, PHH have higher sensitivity to predict hepatotoxicity of 

substances than HepaRG which in turn have a higher sensitivity than HepG2 cells [27]. 

Hence, PHH are the gold standard to be utilized to set up a physiologic in vitro model 

of the liver. Unfortunately, continuous and low-cost supply of PHH cannot always be 

assured. Consequently, the respective cell source to be used has to be selected in the 

scope of the question of interest and other experimental factors [24]. 

Cells can be cultured in different microenvironments ranging from simple 

2D monolayers to complex 3D cell structures in microfluidic systems. These diverse 
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systems are discussed in several reviews [28-33] and are described in the following 

sections. 

 

1.3.1 Non-perfused models to model liver function 

Human liver microsomes are subcellular fractions derived from hepatic cells. They 

inhabit enzymes of Phase I and Phase II metabolism and are used to analyze the 

xenobiotic metabolism of substances. Since microsomes are only representing a 

subcellular fraction, they do not function autonomously and need cofactors. Also, they 

do not cover the whole range of liver functions. For this, whole cell systems are 

needed.[33] 

Hepatocytes can be cultured in 2D monolayers or in 3D cell aggregates. For 

2D monolayers, PHH are cultured on culture plates coated with proteins supporting the 

adhesion. Mostly, Collagen I is used. In this culture system, PHH are known to quickly 

dedifferentiate which results in a decrease in hepatocyte-specific function and changes 

in metabolism. Liver-specific function can be maintained for approximately one week 

[34]. By using growth factors, chemical substances, genetic modifications or co-culture 

with non-parenchymal cells, the time window can be enhanced to culture functional 

hepatocytes for up to 90 days [35-43]. Khetani et al. developed micropatterned 

cocultures, where 2D islets of PHH are surrounded by fibroblast feeder cells. Amongst 

other things, the authors demonstrated improved albumin synthesis, urea syntheses, 

CYP expression as well as CYP activity in comparison to monocultures of 

PHH [44, 45]. 

Another approach is to seed the cells on collagen and coat them with another layer of 

collagen. This system was developed by Dunn et al. and is called collagen-

sandwich [46]. Cells cultured in the collagen-sandwich have prolonged secretion of 

albumin, transferrin, fibrinogen, bile acids and urea [46, 47]. In addition, this system 

supports polarization of hepatocytes, formation of bile canaliculi, physiologic 

transporter activity as well as activity of phase I and phase II enzymes [48-52]. 

The next level of complexity is to culture hepatocytes in 3-dimensional systems like 

spheroids or in hydrogels. Culturing primary rat hepatocytes in an alginate hydrogel 

leads to increased albumin and urea production as well as improved xenobiotic 

metabolism [53, 54]. To produce three-dimensional structures without a hydrogel as a 

matrix, there are mainly two different possibilities. These are the hanging drop system 
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and ultra-low attachment (ULA) plates. In general, spheroids of hepatocytes show 

higher liver-specific function like, but not limited to, CYP activity and albumin production 

than 2D monolayer cultures [55, 56]. As discussed, PHH are the most suitable cells to 

produce a liver-mimicking system. Hence, spheroid systems of PHH will be briefly 

discussed here. For spheroid systems of stem-cell derived, HepG2 and HepaRG cells, 

the reader is referred to Lauschke et al. [31]. 

PHH spheroids are often prepared in co-culture with other cell types. Generally, and 

as described above for 2D cultures, the coculture with other cell types is supportive to 

keep up hepatocyte-specific cell function. Likewise, No et al. demonstrated that 

spheroids out of PHH and human adipose-derived stem cells show higher albumin 

production and CYP activity than monocultured PHH spheroids [57]. Spheroid cultures 

of PHH and non-parenchymal cells (NPC) as well show stable viability, CYP activity 

and albumin production over 5 weeks [58, 59]. In addition, Bell et al. demonstrated the 

toxicity of fialuridine on PHH-NPC spheroids for the first time in vitro [58]. Proctor et al. 

showed that spheroids out of PHH and NPC show higher sensitivity than monolayers 

of PHH to detect hepatotoxicants out of 110 substances [60]. Likewise, Vorrink et al. 

and Li et al. demonstrated superior sensitivity of PHH spheroids without NPCs to PHH 

in monolayers to detect hepatotoxicity of more than 100 substances [61, 62]. Bell et al. 

demonstrated higher sensitivity of spheroids than sandwich-cultured monolayers of 

PHH to five different hepatotoxicants in different laboratories [63]. 

There are also different approaches emerging to use bioprinting to set up in vitro 

models of the liver. The authors try to reproduce anatomical dimensions of the liver or 

enable automated patterned co-culture with feeder cells to establish systems for drug 

testing [64-67]. For a recent review, the reader is referred to Ma et al. [68].  

 

1.3.2 Microfluidic models 

Dash et al. demonstrated that primary rat hepatocytes cultured under dynamic 

conditions show e.g. higher albumin and urea production as well as higher gene 

expression and activity of CYP enzymes compared to static conditions [69]. Novik et al. 

reported similar CYP activity for monocultures of PHH under both, static and flow 

conditions [70]. However, when cocultured with NPC, flow conditions significantly 

increased CYP activity [70]. This demonstrates the importance of shear stress and 

coculture with NPC for liver-specific function of hepatocytes. Consequently, different 
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perfused organ-on-chip systems have been developed aiming at improved physiology 

of in vitro liver models. These systems realize perfusion by pumps or gravitational 

driven flow and inhabit mono- or cocultures of liver cells in either 2- or 3-dimensional 

cell aggregates. 

One approach is to use a membrane to separate two different areas in a microfluidic 

chip [71, 72]. One side of the membrane inhabits macrophages and endothelial cells. 

On this side, also the medium is perfused. On the other side of the membrane, 

hepatocytes and stellate cells are seeded. Rennert et al. confirmed increased albumin 

and urea production in this system in comparison to static conditions and conventional 

2D monocultures [72]. Prodanov et al. demonstrated stable albumin and urea 

production as well as CYP3A4 activity over 28 days [71]. In a recent publication, 

Ewart et al. used such a system to demonstrate toxicity out of a blinded set of 27 known 

hepatotoxicants with a sensitivity of 80% [73]. Some of these hepatotoxicants had, 

earlier, already passed preclinical toxicology assessment and only showed 

hepatoxicity in the clinic.  

In another chip system inhabiting endothelial cells, macrophages, stellate cells and 

hepatocytes embedded in a collagen hydrogel, Vernetti et al. demonstrated stable 

albumin and urea production under perfusion for over 28 days as well [74]. In a chip 

established by Toh et al., no extracellular matrix is used, but the cells are caught by a 

pillar structure [75]. Toh et al. showed higher sensitivity to detect toxicity of some 

substances (e.g. acetaminophen and rifampin) of cells cultured in this system 

compared to cells cultured in a multiwellplate [75]. Ong et al. used the system of 

Toh et al. to demonstrate improved differentiation of progenitor cells to hepatocyte-like 

cells under flow conditions compared to static cultures. Cells differentiated in the chip 

system showed increased albumin and urea production [76].  

There are also approaches to culture 3-dimensional liver spheroids under perfusion 

[77, 78]. Tostoes et al. demonstrated viability and activity of phase I and phase II 

enzymes over a period of 3-4 weeks in spheroids under perfusion [77]. Kim et al. 

cultured liver spheroids and colorectal tumor microtissues in one perfused system and 

replicated the liver-induced activation of the predrug cyclophosphamide [79]. Plenty of 

systems have been developed to model organ-organ-interactions involving a liver 

compartment [80-88]. Since this thesis focuses on a single-organ-chip of the liver, 

these systems are not described in detail. One other upside of perfusion is that it 
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enables the establishment of physiological gradients inside the culture chamber. In the 

liver, especially the oxygen gradient is important for the liver-specific zonation [89]. 

Zonation-specific protein expression and hepatocyte-function was reproduced in 

microfluidic chips by induction with exogenous hormones or modulating of oxygen 

concentration [90-92]. 

Most of the mentioned systems are single-compartment chip systems and have only 

low throughput. However, there are a few platforms, which enable parallelized 

experiments [78, 93-98]. These platforms are mainly designed in multiwellplate format 

and have 11 to 96 independent cell culture chambers [78, 93-97]. If not designed in 

multiwellplate format, a custom build periphery system enables parallelization [98, 99]. 

 

As described, microfluidic systems show improved hepatocyte-function in comparison 

to conventional in vitro systems and some systems even enable parallelization. Still, a 

broad use of organ-on-chip systems by non-expert end-users has not yet been 

established. This is due to different drawbacks in chip material, laborious setting up of 

perfusion, no in vivo-like medium flow and non-favorable dimensions of cell aggregates 

as well as tedious handling. Many devices are manufactured from polydimethyl 

siloxane (PDMS) which is known to absorb hydrophobic substances like small 

molecule drugs [100-102]. Complex tubing makes handling complicated while tubeless 

perfusion on rocker-platforms only enables unphysiological bidirectional medium flow. 

In addition, cell aggregates in many organ-on-chip systems do not replicate the 

physiological dimensions. Last but not least, the handling of most chip systems is not 

automatable and requires a high expertise of the respective end-user. To tackle these 

challenges, the HepaChip multiwellplate (HepaChip-MP) was developed. 

 

1.3.3 HepaChip-MP 

The HepaChip-MP has been developed to meet features an adequate organ-on-chip 

system of the liver should have to be routinely used. These features include 

liver-specific dimensions of cell aggregates and undisturbed mass transfer of 

substances in the cellular microenvironment. Cellular gene expression, function and 

cell responses after challenges with substances should be comparable to cells in vivo 

for a few weeks of culture. This feature probably can be supported by co-culturing the 

different cell types of the liver (as already described). Medium flow should mimic 
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physiologic flow conditions to enable the development of physiologic gradients. Last 

but not least, the chip handling should be easily integrated in common workflows and 

allow for parallelized experiments.[31, 103] 

To develop an organ-on-chip system to be used by pharmaceutical industry and 

academic non-expert end-users, a microfluidic platform in 96-wellplate format with 

24 independent chambers was designed – the HepaChip-MP [104-106]. It consists of 

a cyclic olefin polymer (COP) which shows low adsorbance of compounds. By 

additionally coating the channels and cell culture chamber with pluronic F-127, the 

adsorbance of compounds is further lowered [105, 107]. Patterned Collagen I coating 

enables specific seeding of cells [105]. Integrated electrodes and the dimensions of 

the chamber enable cell assembly by dielectrophoresis [108]. The cell culture areas 

are 850 µm long and 60 µm wide and thus, per design, enable an automated assembly 

of cell aggregates in similar dimensions to the liver sinusoid in vivo. Since there is no 

membrane or hydrogel needed for the cell assembly, cells are in direct contact to the 

medium, allowing for undisturbed mass transfer. Shear forces at the cell culture areas 

are low to protect hepatocytes from unphysiological mechanical stress [109]. Capillary 

stop valves enable reproducible filling of the cell culture chambers [110]. Priming of the 

chip and cell assembly is performed with a pipetting robot. This increases 

reproducibility as well as ease of handling and thus, supports the adaptation by 

non-expert end-users. 
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2 Objective of the thesis 

The overall aim of this thesis was to establish the HepaChip-MP as an easy-to-use 

microfluidic platform to mimic liver specific behavior and by this, to provide a 

convenient tool to assess cell metabolism as well as toxicity after substance treatment.  

To reach this aim, the thesis was divided in three objectives:  

1. Optimize and establish easy-to-perform procedures to handle the HepaChip-MP 

2. Demonstrate cell vitality and liver-specific cell function of cells cultured in the 

HepaChip-MP 

3. Establish a read-out method focusing on oxygen consumption to enable the 

analysis of substance-induced changes in cell metabolism 

Based on proof-of-concept experiments [104, 106, 111], this work aimed to establish, 

optimize and adapt robust cell culture procedures in the HepaChip-MP to subsequently 

make use of them to analyze cell function. 

In a first step, it was intended to improve cell culture chamber filling as well as cell 

assembly to optimize chip performance. Aspects to be optimized were the occurrence 

of air bubbles in the channels and the full coverage of the cell culture ridges with cells. 

The protocols were performed with a common pipetting robot to enable the integration 

in common workflows. 

In the next step, it was attempted to establish read-out methods specifically adapted 

to the chip system to enable the analysis of cell vitality and cell function, especially 

focusing on CYP activity and induction as one of the most important liver function in 

relation to drug metabolism. As a proof-of-concept, cells cultured on the HepaChip-MP 

were treated with substances known to induce an effect, e.g. loss in cell vitality to 

demonstrate adequate performance of the assays. To increase physiologic relevance, 

a co-culture with primarly human liver endothelial cells was investigated. This included 

optimization of cell assembly and immunocytochemistry experiments. 

To more deeply analyze cell responses after substance treatment, oxygen sensors 

were implemented in the HepaChip-MP. The goal was to first use them to demonstrate 

known effects of substance-treatment on the electron transport chain. By this, it should 

be demonstrated that the oxygen sensors are functional and the PHH cultured in the 

HepaChip-MP show physiologic cellular respiration. Finally, oxygen consumption of 
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cultured cells treated with different substances was analyzed to get more detailed 

insights into their mechanisms of action. 
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3 Results I: Cell culture and assay development in the 

HepaChip-MP 

To enable reproducible cell culture experiments in the HepaChip-MP, the automated 

processes to prepare the chip and to assemble the cells were optimized. Primary 

human hepatocytes (PHH) and primary human liver endothelial cells were used in the 

HepaChip-MP to establish a co-culture. Commonly used assays to measure cell vitality 

(calcein staining, resazurine assay and ATP assay), protein expression 

(immunocytochemistry) and cell function (CYP-activity) were adapted to the 

HepaChip-MP and used, e.g. after substance treatment. In addition, different cell 

culture media were tested to support long-term cell culture.  

For assays which lyse the cells (BCA assay and ATP assay), scripts were written to 

being able to perform this experiments automated and parallelized with the pipetting 

robot under pressure driven flow (for scripts, see Suppl.Fig. 1 and Suppl.Fig. 2). Online 

assays or assays which require unchanged cell morphology (e.g. calcein staining or 

immunostaining) were carried out with gravitational driven flow. This ensures that the 

cells are not exposed to more shear stress than during routine culture, which may 

change their morphology. 

 

3.1 Priming of HepaChip-MP and routine culture 

Starting this thesis, automated and parallelized processes to fill the chambers of the 

HepaChip-MP and to assemble the cells were optimized. The main objectives were to 

prevent the formation of air bubbles while filling and to cover the cell culture ridges with 

cells as completely as possible. After optimization of the initial filling process, the 

average yield of bubble free chambers was 77% for all chips prepared during the time 

of this thesis (see Appendix I, Appendix Table 1). This equals more than 18 chambers 

per chip to perform experiments. Next, the cell assembly was optimized to reach 

compact elongated cell aggregates on the assembly ridges. The developed process is 

described in detail in Busche et al., Appendix II. Busche et al., Appendix II, Suppl.Fig. 5 

examplarily shows endothelial cells which were assembled with different frequencies 

(Busche et al., Appendix II, Suppl.Fig. 5). This demonstrates that the frequency for 

assembling new cell types in the HepaChip-MP has to be evaluated before using them 

routinely. Also, the used volume of the cell suspension and the waiting period between  
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Figure 2: Represenative microscopic pictures of primary human hepatocytes cultured on the middle ridges in two 
different media on day 12 after cell assembly. Cells cultured in Medium1 appear to be black aggregates of cells (top 
panel). Cells cultured in Medium2 build a dense structure with observable borders at the interface to the 
medium (bottom panel). Also, cells cultured in Medium2 seem to show more adherent cell morphology than cells 
cultured in Medium1 on day 12 of culture (observable by the more transparent appearance) (scale bar equals 
200 µm). 

 

two pumping steps were optimized. By repeating cycles of setting up the pressure for 

pumping 1 µl and waiting for 15 sec, the flow velocity during the waiting period between 

two pumps decreases. Hence, the flow includes perfusion velocities, which are high 

enough to push all the non-adherent cells through the chamber, so they do not clog 

the channels. Likewise, the flow includes perfusion velocities which are low enough to 

enable efficient cell assembly by electrophoresis. After improving the technical aspects 

of the cell assembly, different media were tested to enable long-term culture of the 

cells. Medium1 denotes Williams E supplemented with 10% FBS, 15 mM HEPES, 

1 mM Na-pyruvate, 1% non-essential amino acids, 1 μg/mL dexamethasone, 1 μg/mL 

human insulin and primocin. Medium2 was composed of Medium1 plus 0.55 μg/mL 

human transferrin, 0.5 ng/mL Na-selen and 5.35 μg/mL linoleic acid. Medium2 

preserved better cell morphology over a culture period of 12 days (Figure 2). In 
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addition, Medium2 tended to support CYP2C9 and CYP3A4 activity over time better 

than Medium1 (Busche et al., Appendix II, Table 2). Thus, all future experiments were 

carried out with Medium2 if not stated differently. 

At the beginning of the culture, cells built elongated structures over almost the whole 

cell culture ridges. Over time, the cells on the middle cell culture ridge built more 

contracted structures (Busche et al., Appendix II, Fig. 4). This might be due to stronger 

cell-cell-interactions than cell-substrate-interaction. Cells on the outer ridges tended to 

migrate towards the periphery (Busche et al., Appendix II, Fig. 4). This demonstrates 

that the cells are sensitive to minute hydrodynamic forces which are caused by a slight 

lateral flow (Busche et al., Appendix II, Suppl. Fig. 4; Busche et al., Appendix III, Fig. 2).  

 

3.2 Cell vitality 

For assessing the cell vitality of PHH cultured in the HepaChip-MP a resazurine assay 

and an ATP assay were established. The cell vitality in the HepaChip-MP was analyzed 

over the first six days of culture and after substance treatment. A resazurine assay 

performed on day 1, 3 and 6 of culture showed no changes over time in signal for non-

treated cells while the signal for cells treated with 2 mM diclofenac at day 2 decreased 

to 40-70% of the value at day 1 (Busche et al., Appendix II, Fig. 3). This demonstrates 

that non-treated cells do not loose vitality over the first six days of culture. If not 

depicted differently, the analyses in this thesis were performed in the first six days of 

culture. 

To enable testing of drugs or other substances for toxicity, different vitality tests are 

needed. Vitality tests generally measure one cell function, but different substances can 

cause non-identical cell response and some assays may be more sensitive for 

detecting the effect of a specific substance. That is why in general, to assess the 

influence of the substance of interest in detail, more than one vitality assay should be 

performed. The resazurine assay measures the redox potential while the ATP assay 

measures the concentration of ATP. The performed ATP assay showed higher 

sensitivity than the resazurine assay to detect diclofenac toxicity (see Figure 3). 

Toxicity of acetaminophen was demonstrated with the ATP assay as well. Diclofenac 

and acetaminophen toxicity was measured to exemplarily demonstrate the possibility 

to analyze dose-dependent influences on cell vitality and function on one single 

HepaChip-MP (see Figure 3 and Busche et al., Appendix II, Fig. 6). 
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Figure 3: Assessment of dose-dependent effects of diclofenac (A, B) and acetaminophen (C) analyzed with a 
resazurine assay (A) and an ATP-assay (B, C). Significances were calculated by one-way ANOVA and posthoc 

Tukey test (significances: * equals p<0.05, ** equals p>0.01). 

 

3.3 Hepatocyte-specific function 

Next to cell vitality, cell specific function is an important marker to be analyzed. By 

demonstrating cell type-specific function, the relevance of the respective in vitro model 

can be verified. For hepatocytes, cytochrome P450 (CYP) activity is a very important 
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function to be evaluated in a cell model (see 1.2.1). CYP2C9 and CYP3A4 belong to 

the three CYP enzymes which are responsible for modifications of 63% of clinical used 

drugs [13]. Hence, the activity of these enzymes was evaluated in the HepaChip-MP. 

Basal activity of CYP2C9 and CYP3A4 was preserved over at least six days of culture 

(Busche et al., Appendix II, Fig. 4, Table 2). Also, induction with rifampicin showed the 

expected upregulation of enzyme activity (Busche et al., Appendix II, Fig. 5). Induced 

activity was 3.4-higher for CYP3A4 and 3.3-fold higher for CYP2C9. This demonstrates 

that basal as well as regulation of CYP activity after substance treatment can be 

analyzed in the HepaChip-MP.  

 

3.4 Co-culture 

Endothelial cells were introduced to the model system to add complexity and improve 

in vitro – in vivo correlation (see also 1.2.2 ‘Intrahepatic anatomical structure’). 

Endothelial cells make up 15-20% of the cells of the liver and are after hepatocytes the 

most prevalent cells in this organ [112]. Liver sinusoidal endothelial cells have a very 

high endocytosis capacity and a plethora of different functions in liver disease, liver 

regeneration, inflammation and infection [18, 112]. Amongst other things, they secrete 

paracrine factors, sense shear stress and present antigens to immune cells. 

To add primary human liver endothelial cells (HuLEC) to the system, the adequate 

frequency for the assembly via DEP had to be determined. It was found that they need 

a higher frequency than PHH to be assembled efficiently (HuLEC: 620 kHz; PHH: 

360 kHz; Busche et al., Appendix II, Suppl. Fig. 5). If non-optimal frequencies were 

used, the respective cells were diverted to the cell culture ridges less efficiently. A 

process was established to assemble primary human liver endothelial cells and 

primary human hepatocytes in one HepaChip-MP (see Busche et al., Appendix II). 

After assembling both cell types in the HepaChip-MP, cell type specific protein markers 

were stained by immunocytochemistry. Hepatocytes were stained for 

cytokeratin (CK18) and endothelial cells were stained for Cluster of 

Differentiation 31 (CD31) [113]. Cells positive for CK18 as well as cells positive for 

CD31 were found in the cell culture chamber at day 3 of culture (Busche et al., 

Appendix II, Fig. 7). This demonstrates that the HepaChip-MP is suitable for 

assembling and co-culturing different cell types to improve complexity and thus 
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relevance of the model. To support cell vitality and function of both cell types, a 

50/50 mixture of the respective cell-type specific media was used.  
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4 Results II: Continuous, non-invasive monitoring of 

oxygen consumption in the HepaChip-MP provides 

novel insight into the response to nutrients and 

drugs of primary human hepatocytes 

Molecular oxygen plays a pivotal role in the metabolism of mammalian cells. In the 

respiratory chain, it is used as an electron acceptor to oxidize NADH. The released 

energy is used to pump protons from the mitochondrial matrix into the intermembrane 

space. Thus, a concentration gradient of protons is built at the inner mitochondrial 

membrane. This gradient is utilized to produce ATP by oxidative phosphorylation. 

Thus, measuring the oxygen consumption (OC) of cells can give insights in cell vitality 

and mitochondrial (dis)function. Oxygen sensors were integrated into the 

HepaChip-MP at the inlet and the outlet of each cell culture chamber by colleagues of 

Associate Professor Torsten Mayr at the Graz University of Technology (Busche et al., 

Appendix III, Fig. 1). The chip material (COP) has low oxygen permeability [114]. Thus, 

by calculating the difference between inlet and outlet sensor, respectively, the 

consumed oxygen in the chamber can be determined.  

It was demonstrated that the OC decreases with slower perfusion rates (Busche et al., 

Appendix III, Fig. 2; Busche et al., Appendix III, Suppl. Fig.1). Non-cellular effects to 

explain this finding like oxygen loss through the plastic ware or a flow-dependence of 

the sensors were ruled out by comparing chambers inhabiting cells to chambers 

without assembled cells. Chambers without assembled cells show negligible and 

unchanged OC over time (Busche et al., Appendix III, Suppl. Fig. 2). This demonstrates 

the applicability to use the integrated oxygen sensors to measure cellular OC.  

 

4.1 Fructose 

To test the acute cell response in OC on challenge with substances, fructose was used 

to treat PHH. Fructose treatment resulted in an immediate decrease of OC to less than 

50% and a subsequent increase of OC to nearly initial levels after approx. 

120 minutes (Busche et al., Appendix III, Fig. 3). This effect was not observed for cells 

treated with glucose, lactate or glycerol as control substances. Glucose is a 

C6-carbohydrate like fructose and consists of the same atoms with only small 

differences in the molecular structure. Lactate and glycerol are C3-carbohydrates and 
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products of the metabolism of fructose. Since neither lactate or glycerol showed the 

observed effect of fructose on OC, this suggests a fructose-specific effect in OC after 

treatment. Fructose is known to be phosphorylated by hepatocytes very fast and 

thereby intracellular concentration of ATP decreases [115]. As expected, in the 

HepaChip-MP, the ATP concentration of PHH was significantly lower 20 min after the 

start of fructose treatment compared to non-treated cells (Busche et al., Appendix III, 

Fig. 3). However, even after the apparent equilibration of OC close to initial levels, the 

ATP concentration of fructose-treated cells did not increase. Instead, it stayed at the 

same level as measured 20 minutes after fructose-application. This was an 

unexpected finding. The assumption was that when OC levels are reaching close to 

initial levels, also ATP levels should have been increased again to restore the initial 

equilibrium (see also 5.3). 

 

4.2 System stability 

The robustness and repeatability of measured responses is an important aspect to 

verify for in vitro systems. By demonstrating this, treatments and readouts have not 

necessarily to be carried out at exactly the same time point after starting the experiment 

to be able to compare cell responses. In addition, repeated-dose experiments can be 

carried out if the system is stable over a period of time.  

The stability of oxygen sensing in the HepaChip-MP was evaluated by repeatedly 

treating PHH with fructose on day in vitro (DIV) 2 and DIV 3. The fructose-specific 

change in OC described above was reproduced on the same day with two hours break 

in between and on subsequent days (Busche et al., Appendix III, Fig. 4). This 

demonstrates the robustness of the readout system and the cellular regeneration of 

the cultured PHH. All described experiments in this thesis involving measurement of 

OC were carried out on DIV 2 or DIV 3. 

 

4.3 Mitochondrial respiration 

Known effects on OC are observed after subsequent dosing of oligomycin A, FCCP 

and rotenone/antimycin A [116]. The treatment with those substances gives a deeper 

insight into mitochondrial respiration and function. In the HepaChip-MP, the effect of 

oligomycin A, FCCP and rotenone/antimycin A were reproduced as expected 
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(Busche et al., Appendix III, Fig. 5). Oligomycin inhibits the ATP synthase and 

treatment lowered the OC under the basal level. FCCP is an uncoupling agent and OC 

rapidly rose to a plateau after treatment. Rotenone/antimycin A inhibits the electron 

transfer chain and the treatment led to a decrease of the OC under the level of the 

oligomycin A-treated cells. This allows for further experiments, which analyze 

differences in cell responses to the above mentioned substances after pretreatment 

with various other substrates. Differences in cell responses could then give insights 

into the mechanism of action of the substance of the pretreatment. 

 

4.4 Getting insights into toxicity of ammonium chloride and 

diclofenac 

To demonstrate the usability of our system to get deeper insights into substance effects 

on cellular OC and metabolic equilibrium, we treated PHH with ammonium chloride 

and diclofenac. Neither ammonium chloride nor diclofenac treatment showed an 

immediate effect on the OC of cultured cells like observed for fructose (data not 

shown). Although the specific mechanism of action is still unclear, ammonium chloride 

is known to have toxic effects on different tissues and cells including hepatic 

mitochondria [117, 118]. In the HepaChip-MP, PHH pretreated with 80 mM ammonium 

chloride showed the same cell response as untreated cells on treatment with 

oligomycin A and rotenone+antimycin A (Busche et al., Appendix III, Fig. 5). However, 

FCCP treatment resulted in different cell responses. While the OC of untreated cells 

immediately increases quickly to reach a plateau, the OC of ammonium chloride 

treated cells rose in a sigmoidal-shaped curve (Busche et al., Appendix III, Fig. 5). The 

level of the plateau did not differ, though. This effect on OC after FCCP treatment was 

not observed for other substances tested in this thesis. Thus, the described effect of 

ammonium chloride may be a substance-specific disturbance of the cellular equilibrium 

and might act as a starting point for further analyses of the mechanism of action of 

ammonium toxicity. 

Next, the influence of diclofenac on OC of PHH was analyzed. Diclofenac is known to 

be associated with DILI and damage of mitochondria [119]. Syed et al. also 

demonstrated that diclofenac inhibits oxidative phosphorylation in isolated rat liver 

mitochondria [120]. In the HepaChip-MP, pretreating of PHH with 450 µM diclofenac 

resulted in a significant reduction of maximal respiration and reserve 
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capacity (Busche et al., Appendix III, Fig. 6). Treatment with 50 µM and 150 µM did 

not cause differences in OC in comparison to non-treated cells. Cells pretreated with 

1500 µM diclofenac did not show any response to the treatment with oligomycin A, 

FCCP and rotenone+antimycin A (Busche et al., Appendix III, Suppl. Fig. 5). This 

suggests that the cells are dead after treatment with 1500 µM diclofenac, as described 

previously (Busche et al., Appendix III, Fig. 6). In conclusion, the system can be used 

to detect substance-induced toxicity and get insights into mechanisms of action. 
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5 General Discussion & Outlook 

In this thesis, a parallelized and perfused in vitro system of the liver sinusoid was 

established and used to analyze the effect of different substances on primary human 

liver cells. For this, processes for chip filling, cell assembly, routine culture and 

analyzing cell function were optimized, applied and partly automatized. Assays to 

evaluate cell function include vitality assays, activity and induction of cytochrome P450 

enzymes, immunocytochemistry and measuring oxygen consumption.  

 

5.1 Parallelization and handling of the HepaChip-MP in 

comparison to other commercialized systems 

As described in the introduction, one aspect that hinders broad adaption of organ-on-

chip systems is the usability by non-expert end-users and lack of parallelization. With 

24 independently usable cell culture chambers on one microwellplate, the 

HepaChip-MP enables parallelization and the execution of e.g. a dose-response curve 

on one chip (see Figure 3). In addition, various required controls can be used with the 

same cell preparation on the same chip. In comparison to other commercialized 

system, the degree of parallelization of the HepaChip-MP settles somewhere in the 

middle. It comprises more chambers than InSpheros (11 chambers; [78]) and 

CNBios (12 chambers; [94, 97]) platform, but fewer chambers than 

Emulates (48 chambers; [98, 99]) and Mimetas’ (96 chambers; [95]) platforms. Often, 

chambers are not usable due to air bubbles or clogged channels and the vendors of 

the commercialized systems do not mention the actually usable chambers per chip and 

cell preparation. Nevertheless, Emulates and Mimetas’ platform probably allow for 

more experiments in parallel than the HepaChip-MP. One drawback of Mimetas’ 

platform is that it uses a rocker platform to establish the perfusion. By this, a 

bidirectional flow is initiated. In contrast to the unidirectional flow in the HepaChip-MP, 

bidirectional flow does not lead to more physiologic homogenous shear forces, 

constant delivery of nutrients or removal of waste products. Emulates platform enables 

parallelization by using a combination of periphery systems where single chips can be 

inserted. This is a great feature for routine culture, but for performing experiments with 

different treatments etc. each single chip has to be handled by itself which prolongs 

manual handling procedures. The HepaChip-MP, however, employs 24 chambers on 
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one single chip whose medium reservoirs are easily accessible by conventional 

pipetting processes like in commonly used well plates. In addition, assays in the 

HepaChip-MP can be performed by conventional automation systems like pipetting 

robots. This decreases manual handling steps and thus eases the handling. Hence, 

the HepaChip-MP combines various advantages of currently commercialized 

organ-on-chip systems in terms of parallelization, ease-of-use and mode of perfusion. 

 

5.2 General aspects of cell culture in the HepaChip-MP 

One important aspect of organ-on-chip systems is to sustain organ-specific cell 

function over a sufficient long time. For this, coculture with non-parenchymal cells and 

the supply with an appropriate medium to support cell vitality and function may be 

advantageous (see 1.3.1 and 1.3.2). In this thesis, it was demonstrated that the usage 

of medium2 leads to a better cell morphology on day 12 of culture than 

medium1 (Figure 2). Medium2 additionally includes human transferrin, Na-selen and 

linoleic acid in comparison to Medium1. These are supplements often used in 

literature [45, 66, 92, 121, 122]. Transferrin is a transporter for Fe3+-ions and an 

antioxidant. Thus, it contributes to the equilibrium of iron metabolism and supports the 

detoxification of reactive oxygen species (ROS). Selen is an essential trace element, 

which is rarely supplemented in common cell culture media. It is an important part of 

enzymes contributing to the detoxification of ROS. ROS production is known to be 

elevated during and after surgery and hepatocyte isolation [123]. Miller et al. reported 

that moderate ROS production during and shortly after isolation can be beneficial for 

cell survival [123]. But Miller et al. are using healthy rodent livers for isolating 

hepatocytes, while in the existing study hepatocytes of diseased human livers are 

used. Boghal et al. demonstrated that hepatocytes isolated from diseased human liver 

tissue show higher ROS production than hepatocytes isolated from healthy livers [124]. 

Hence, the hepatocytes used in the present thesis are assumed to produce more ROS 

than the amount which would be beneficial for cell survival as reported by 

Miller et al [123]. Thus, the usage of transferrin and selen as medium supplements 

supports the vitality of cells by inhibiting negative effects of ROS. Linoleic acid is an 

essential ω-6 fatty acids and by supporting membrane integrity, it shields cells against 

shear forces [125]. This effect of linoleic acid may especially be advantageous in 

perfused culture systems. 
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In general, further development of media for perfused systems is postulated to improve 

organ-specific cell function [122]. Currently used media are optimized for proliferation 

of cells. Hence, the media comprise a surplus of nutrients and nutrient concentrations 

decline between two medium exchanges in static cell culture systems. However, in 

organ-on-chip systems with unidirectional perfusion, medium in the cell 

microenvironment is constantly exchanged. In addition, the medium-to-cell ratio is 

often higher in organ-on-chip systems than e.g. in 2D culture systems. Hence, the cells 

are constantly experiencing a high concentration of nutrients. This does not reflect the 

in vivo situation and to emulate physiological conditions better, the medium should be 

adapted to this new situation. One further development would be a blood surrogate, 

which can be used for different organ systems cultivated in a row in one system. Media 

generally support proliferation and function of a specific cell type and comprise certain 

nutrients and growth factors. However, a medium for a multi-organ chip should support 

all the different organ-function and thus, has other demands for medium supplements. 

If the respective multi-organ chip has sufficient hormone and growth factor producing 

organs implemented, it can also be assumed that a very basic medium would be suited. 

In such a system, it could be possible that an equilibrium is developing between 

production and usage of hormones and growth factors which leads to physiologic 

organ function. In such a system the relation of organs in terms of cell number and 

position in the circulatory system has to be taken into account.  

It was demonstrated that cells on the outer cell culture ridges of the Hepachip-MP 

migrate to the periphery of the chamber (Busche et al., Appendix II, Fig. 4). This 

possibly is due to minute medium flow over the outer cell culture ridges (Busche et al., 

Appendix II, Suppl. Fig. 4). This is in line with investigations by Polacheck et al., who 

demonstrated that minute medium flow induces directed cell migration [126]. 

Polacheck et al. showed in a 3D collagen matrix system that cells seeded in high 

density migrate with the flow and that cells seeded in low density migrate against the 

flow direction. In the HepaChip-MP, the density of the cell aggregates is probably more 

similar to the high density situation investigated by Polacheck et al and hence, the cells 

migrate with the flow. This unintentional and lateral medium flow could be prevented 

by slightly changing the design of the cell culture chambers in future projects. Another 

observation was that cells on the cell culture ridges tend to contract to form a more 

spheroid-like structure (Busche et al., Appendix II, Fig. 4). One possible reason for that 
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is that the cell-cell-interaction becomes stronger than the cell-surface-interaction. 

Maybe, cells even build proteinases which destroy the collagen on the surface and 

therefore, the interaction with the surface is decreasung. This could possibly either be 

counteracted by using other molecules, proteins or protein-combinations to mediate 

stronger and more durable adhesion or by inhibiting the proteinases.  

In this work, the co-culture of PHH and HuLEC was established (Busche et al., 

Appendix II, Fig. 7) to demonstrate the possibility to assemble different cell types in 

one cell culture chamber of the HepaChip-MP. In future projects, this enables the 

setting up of a system which inhabits the required cell types for a specific question of 

interest. It has to be taken into consideration though that due to differences in the 

dielectrophoretic properties of different cell types, different cell types might need 

different frequencies to be assembled efficiently in the HepaChip-MP (see also 3.4). 

 

5.3 Cell function and effect of substances 

Due to the low cell number per chamber, sensitive assays are required to quantify cell 

function in the HepaChip-MP. Nevertheless, readouts like cell vitality after substance 

treatment as well as analyses of enzyme regulation can be performed in this 

system (see 3.2 and 3.3). 

It was demonstrated that CYP2C9 as well as CYP3A4 can be induced in the 

HepaChip-MP (Busche et al., Appendix II, Fig. 5). This is an important aspect to be 

shown in liver models and indicates physiologic enzyme regulation [22]. In the 

following, the basal CYP activity will be compared to results from other labs. The PHH 

used in this study were purchased from CYTES Biotechnologies S.L. (Barcelona, 

Spain). CYTES tests all the PHH they sell in-house in a sandwich culture built out of 

collagen I and matrigel. Unfortunately, they did not provide any information about 

CYP2C9 activity. Our project partner Primacyt GmbH (Schwerin, Germany) used cells 

from the same donor as utilized in this thesis in a spheroid model to test CYP2C9 

activity as well as CYP3A4 activity. They found a very similar basal activity of 

CYP2C9 (Busche et al., Appendix III, Fig. 5; Table 1). Since CYP3A4 is the most 

important CYP enzyme in terms of drug metabolism [13], the activity data for this 

enzyme is compared in more detail to other studies in the following. For the donor used 

in this thesis, CYTES found a basal CYP3A4 activity approximately 12 times higher in 

their sandwich culture than in the HepaChip-MP (Table 1). Our project partner Primacyt 
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GmbH (Schwerin, Germany) found activities approximately 10 times higher than in the 

HepaChip-MP in their spheroid model (Busche et al., Appendix III, Fig. 5; Table 1). In 

line with these findings, Foster et al. found approximately 60 times higher CYP3A4 

activity in spheroids compared to an organ-on-chip system [127]. On the other hand, 

Vinci et al. showed a roughly 20 times higher CYP3A4 activity in a perfused system 

compared to a static system [128]. In general, reported values for CYP3A4 activity 

show high variability of about 5 times in magnitude (Table 1). The values are often 

normalized to cell count. Since this type of normalization is not easily executed in our 

chip system, we normalized on mg protein per chamber. To compare values 

normalized on cell number and total protein amount, cell numbers were converted to 

total protein amount (Table 1). CYP3A4 activities in the HepaChip-MP are one to six 

orders of magnitude higher than in the cited literature (Table 1). In general, CYP activity 

depends on many factors like the donor, the culture system, co-cultured cell types, day 

of measurement, media supplements as well as the incubation time of the substrate 

may influence the determined activity. This various interdependencies may explain the 

high variability in reported values for CYP3A4 activity in literature. To be able to better 

compare studies in the future, standardized assay protocols should be established and 

used by scientists (if applicable in the respective system). 

Three different assays to evaluate diclofenac toxicity were performed in this thesis: a 

resazurine assay (Figure 3, Busche et al., Appendix II, Fig. 6), an ATP-assay (Figure 

3) and measuring mitochondrial respiration after substance treatment (Busche et al., 

Appendix III, Fig. 3-6). While the resazurine assay demonstrates significant cell 

damage only after treatment with 1500 µM diclofenac, the other two assays already 

show diminished cell vitality/activity after treatment with 450 µM. This demonstrates 

that different assays may have varying sensitivity to detect toxicity of a substance. In 

general, assays may interfere with the compound, measure different cell functions and 

should be chosen based on the design of the study [132]. Syed et al. found an IC50 

value of 19.5 µM for diclofenac in isolated rat mitochondria [120]. Additionally, they 

demonstrated the protective effect of GSH. While isolated rat mitochondria do not 

contain GSH, PHH do. This may explain the higher doses of diclofenac needed to 

induce cell damage in PHH as demonstrated in this study. 
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Table 1: Basal CYP3A4 activity for different culture systems from literature. The first three lines correspond to 
experiments performed with the same donor. To compare values normalized on cell number and total protein 
amount, cell number was converted to total protein amount. For this, it was assumed that the concentration of 
proteins is 0.2 g/ml in cells [129] and that PHH roughly have an average volume of 8000 µm³ [130]. This leads to a 
total protein content of 1.6 ng per primary human hepatocyte. 

 culture system 
cell 

types 
day of 
culture 

Basal activity 
(pmol/min/mg 

protein) 
original unit 

this work HepaChip-MP PHH 5 0.532 
ng/min/ 

mg protein 

Primacyt spheroid PHH 9 5.165 
ng/min/ 

mg protein 

CYTES 
Biotechnologi

es 

Collagen I-
Matrigel 
sandwich 

PHH 4 6.42 
pmol/min/ 
mg protein 

      

Bell, 2018 
[63] 

spheroid PHH 5 0.016 
pmol/h/ 
106 cells 

Collagen I-
Matrigel 
sandwich 

PHH 5 4.688*10-3 
pmol/h/ 
106 cells 

Foster, 2019 
[127] 

Spheroid 
PHH + 
NPC 

4 0.016 
pmol/min/ 

106 cells 

Organ-on-chip 
PHH + 
LSEC 

3 2.5*10-4 
pmol/min/ 

106 cells 

Vinci, 2011 
[128] 

Organ-on-chip 
dynamic 

PHH 7 4.688*10-3 
nmol/h/ 
106 cells 

Organ-on-chip 
static 

PHH 7 2.083*10-4 
nmol/h/ 
106 cells 

Novik, 2010 
[70]  

Organ-on-chip 
PHH + 
NPC 

1 1.125*10-3 
pmol/min/ 

106 cells 

Prodanov, 
2016 [71] 

Organ-on-chip 
PHH + 
NPC 

7 1.736*10-5 
pmol/d/ 

10000 cells 

Zeilinger, 
2011 [131] 

hollow fiber 
bioreactor 

PHH + 
NPC 

5 6.51 * 10-7 
µmol/d/  
107 cells 

 
 

We demonstrated significant lower ATP concentration in cell cultures after treatment 

with 31.5 mM acetaminophen (Figure 3). Minsart et al. detected a decrease to over 

50% of cell viability after treatment with concentrations higher than 10 mM 

acetaminophen in HepaRG cells [133]. Xie et al. demonstrated cell damage of primary 

human hepatocytes after treatment with 5 mM acetaminophen and higher [134]. 

Hence, the concentrations for acetaminophen-induced cell damage found in this study 

stand in line with literature data. 
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Measuring cellular oxygen consumption after treatment with oligomcyin, FCCP and 

R/A is known to give insight into mitochondrial function and disfunction [116]. The 

expected cell response after challenge with these substances was demonstrated in the 

HepaChip-MP in this thesis (Busche et al., Appendix III, Fig. 5). This indicates 

physiologic regulation of oxygen usage and enables in depth analysis of substances 

impeding mitochondrial respiration. Analysis of mitochondrial respiration by PHH 

pretreated with ammonium chloride and diclofenac demonstrated the feasibility to get 

more insights into mechanism of action (Busche et al., Appendix III, Fig. 5+6). The 

main differences in cell responses in oxygen consumption of pretreated PHH 

compared to control cells were found after treatment with FCCP. Cell response on 

FCCP treatment is dependent on nutrient supply and metabolic status of the cell [135]. 

Thus, FCCP-treatment in combination with changing the microenvironment of the cell 

(by e.g. challenge with substances) supports deeper analysis of equilibrium changes 

inside the cell. The demonstrated effects of ammonium chloride and diclofenac may 

serve as starting points to better understand the mechanism of action of these 

substances.  

In this thesis, a very specific acute effect of fructose on cellular respiration of PHH was 

demonstrated (Busche et al., Appendix III, Fig. 3). The oxygen consumption initially 

drops after starting the fructose-treatment and rises again to basal levels within 

approximately two hours. This effect was not observed for glucose, lactate and 

glycerol. This effect of fructose has also not been described in recent literature. 

Though, Ylikahri et al. demonstrated the biphasic effect of fructose in 1971 in perfused 

rat livers [136]. These authors proposed that the oxygen consumption initially drops 

due to a depletion of Pi followed by inhibition of oxidative phosphorylation. When the 

Pi concentration increases again, oxidative phosphorylation is induced and ATP 

regenerated. However, in our experiments, we found that the ATP concentration 

stayed low even though the cellular oxygen consumption reached initial levels after 

two hours of fructose-treatment (Busche et al., Appendix III, Fig. 3). One explanation 

for this observation could be that the regenerated ATP is immediately used to 

phosphorylate the fructose. Another explanation could be that this suggests a different 

mechanism than ATP and Pi depletion for the fructose-induced effect on oxygen 

consumption. In future experiments, these mechanisms should be analyzed in 

combination with the metabolization of fructose. 
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5.4 Potential future use of HepaChip-MP system 

In general, the use of organ-on-chip systems and the HepaChip-MP depends on the 

question of interest. A perfused system which is more expensive and more complicated 

to handle than simple 2D monolayers is not needed to find out that high concentrations 

of a toxic agent may damage cells. But when it comes to the more detailed analysis of 

mechanisms of action, a perfused and more physiologic system in terms of dimensions 

can be of big advantage. In addition, it has been demonstrated, that results generated 

in organ-on-chip systems may be better translatable to human than results from animal 

studies (for a review, see [137]). Nevertheless, not all relevant parameters for 

preclinical research can currently be reproduced in an organ-on-chip system (e.g. 

cognition or behavior). Hence, organ-on-chip systems may serve as preclinical model 

systems which will reduce animal studies in some extend, but might not fully replace 

them. 

The HepaChip-MP especially has the advantages over other perfused systems that it 

does not need a hydrogel or a membrane to assemble the cells. Hence, the cells are 

in direct contact to the medium and delivery of nutrients/substances as well as removal 

of waste products is not hindered by diffusion through physical hurdles. Also, the fact 

that the cell culture ridges in the HepaChip-MP have the same dimensions like the cell 

sheets in the acinus of the liver may be an important feature for some applications. 

However, long-term and stable adhesion of cell aggregates on the cell culture ridges 

still has to be optimized (see 5.5).  

The integrated oxygen sensors are a special feature of the HepaChip-MP. The two 

commercialized benchmark systems to measure respiration rates in vitro are the 

MitoXpress platform and the seahorse XF analyser [138, 139], both from 

Agilent (Santa Clara, CA, United States). These systems enable measurement of 

oxygen concentration in closed and static chambers. Thus, they measure the depletion 

of oxygen in the medium and at the end of the measurement, the cellular 

microenvironment may be hypoxic. This is an artificial and non-physiologic situation. 

The HepaChip-MP, however, enables online measurements of oxygen concentration 

under the same perfusion conditions as employed during routine culture. Hence, the 

cells and the cellular microenvironment is not disturbed because of the measurement. 

In addition, exchange of medium is not possible in the MitoXpress. The seahorse XF 

analyser enables up to four consecutive substance injections without exchanging the 
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medium. In the HepaChip-MP, the continuous perfusion removes the tested 

substances and easily enables numerous consecutive treatments. Hence, for 

measuring oxygen consumption, the HepaChip-MP has several advantages over 

currently commercialized systems. 

 

5.5 Further chip and process development 

To enable convenient usage of the HepaChip-MP and adoption by other labs, cellular 

function and handling processes should be optimized further. Concerning processes 

of chip priming, the occurrence of air bubbles in the chamber still has to be reduced. 

This would enable reliable design of experiments and improve the costs/data point 

relation. The cell assembly process may further be optimized to waste less cells which 

do not attach on the ridges, but flow through the chamber without being used 

afterwards. Since primary cells may be a limiting factor when in vitro systems are used 

even more extensively, saving cells would be of advantage and reduce costs. To 

enable repeated dosing experiments or simply analyze cells over a longer period of 

time, a long-term culture has to be established. This may be realized by media 

optimization, co-culture with e.g. non-parenchymal or feeder cells or modified coating 

of the cell culture ridges. The modified coating may counteract the tendency to build 

more spheroid-like structures on the cell culture ridges and lead to stable elongated 

cell aggregates on the cell culture ridges mimicking the cell sheets in the liver sinusoid. 

In addition, the minute flow over the cell culture ridges (see Busche et al., Appendix II, 

Fig. 4 + Discussion) has to be prevented by changing the chamber design. By this, 

cells may stay longer especially on the outer cell culture ridges. 

To lay the foundation for a broad adoption of new systems, validation experiments 

have to be carried out. In this thesis, proof-of-concept experiments have been carried 

out and they show promising results. In the next steps, results should be reproduced 

with different donors and in different laboratories. This would demonstrate the 

robustness of the system. One step in this direction has already been executed during 

the time of this thesis by setting up a pipetting robot to handle the HepaChip-MP in the 

laboratories of the cooperation partner Primacyt GmbH (Schwerin, Germany). Also, 

more experiments to compare cell behavior in the HepaChip-MP with other in vitro 

systems like 2D monolayers and spheroids should be carried out to be able to better 

compare the different systems. 



 
32 

 

More detailed further developments have to be focused on the application of interest. 

In general, normalization should be taken into consideration. Chambers of 

organ-on-chip systems are mostly closed and not all cells put into the systems adhere 

and stay there over the culture time. Since it is also difficult to count cells in 

three-dimensional constructs, the exact cell count is not determined reliably and easily. 

One possible normalization procedure is to measure the total protein amount per 

chamber. This normalization was carried out in this thesis. However, every tiny residue 

of medium disturbs the determination of protein concentration and it is tedious to wash 

the chambers and channels adequately. For future applications, integrated sensors or 

algorithm-based normalization procedures may facilitate the normalization. 

 

5.6 Conclusion 

Current preclinical model systems of the liver sinusoid fail to predict substance effects 

in humans reliably. Organ-on-chip systems are a promising technology addressing 

current drawbacks of preclinical model systems, however, still pose challenges in 

terms of their scalability, low parallelization and automation of work processes as well 

as fit for purpose analysis methods.  

In this thesis, the HepaChip-MP was established as a parallelized microfluidic platform 

to mimic liver specific cell behaviour and substance-induced toxicity. This was reached 

by a) optimizing and establishing easy-to-perform and partly automated procedures to 

handle the HepaChip-MP, b) demonstrating cell viability and liver-specific cell function 

of cells cultured in it and c) establishing oxygen sensors and analyzing oxygen 

consumption of cells treated with different substances. 

The parallelization and automation of filling and cell assembly processes with a 

pipetting robot enables broad usage of the HepaChip-MP by non-expert end-users. 

Optimization of cell culture processes, including media composition, enabled the 

prolonged culture periods necessary to establish processes to study cell vitality and 

function. After validating established handling and cell culture processes with different 

donors and in other laboratories, the HepaChip-MP can readily be used for various 

applications in academia and industry, like substance testing.  

In pharmaceutical industry, especially CYP activity and its physiological regulation is 

an important function to be emulated. Basal CYP activity and induction has 

successfully been demonstrated in this thesis (see 3.3). In addition, substance-induced 



 
33 

 

toxicity is an important aspect to be evaluated in pharmaceutical research. With the 

resazurine assay, the ATP-assay and the measurement of cellular oxygen 

consumption, three assays have been established in the HepaChip-MP to analyze the 

toxicity of a substance (see 3.2 and 4.4). The oxygen sensors also enable more 

detailed analysis of mitochondrial respiration and oxidative phosphorylation which 

opens possibilities to get a deeper insight into the mechanism of action of substances. 

For example, the effect detected for fructose on cellular ATP concentration and cellular 

respiration indicates a new finding in relation to ATP production for metabolism of 

fructose other than via oxidative phosphorylation (see 4.1 and 5.3). In addition, the 

different cell responses after FCCP treatment of PHH pretreated with diclofenac and 

ammonium chloride may be a starting point to better understand the mechanisms of 

action of these substances. Future experiments should analyze the substance-induced 

changes in mitochondrial oxygen usage in more detail. 

To summarize, the results of this thesis provide the basis and the proof-of-concept for 

various future applications of the HepaChip-MP in academia and industry. In addition, 

exciting substance-induced effects were demonstrated with integrated oxygen sensors 

which have not been described in literature, yet.   
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Appendices 

Appendix I: Supplementary Information 

Appendix Table 1: Air-bubble free chambers, total chambers and consequent percentage of air-bubble free 
chambers of the chips used during the thesis. 

Chip 
Nr.  

Air-bubble free 
chambers 

chambers total Percentage 

1 19 24 79,1666667 

2 11 12 91,6666667 

3 11 24 45,8333333 

4 22 24 91,6666667 

5 14 24 58,3333333 

6 14 24 58,3333333 

7 22 24 91,6666667 

8 24 24 100 

9 22 24 91,6666667 

10 21 24 87,5 

11 16 16 100 

12 23 24 95,8333333 

13 19 24 79,1666667 

14 16 18 88,8888889 

15 22 24 91,6666667 

16 22 24 91,6666667 

17 18 24 75 

18 20 24 83,3333333 

19 22 24 91,6666667 

20 22 24 91,6666667 

21 20 24 83,3333333 

22 17 24 70,8333333 

23 19 24 79,1666667 

24 17 24 70,8333333 

25 14 24 58,3333333 

26 19 24 79,1666667 

27 21 24 87,5 

28 13 24 54,1666667 

29 16 24 66,6666667 

30 14 24 58,3333333 

31 20 24 83,3333333 

32 21 24 87,5 

33 12 24 50 

34 19 24 79,1666667 

35 11 24 45,8333333 

36 18 24 75 

37 20 24 83,3333333 

38 12 24 50 

39 21 24 87,5 

40 17 23 73,9130435 

41 18 24 75 

42 17 24 70,8333333 

43 20 24 83,3333333 

44 19 24 79,1666667 

45 21 24 87,5 

46 16 24 66,6666667 

47 14 24 58,3333333 

48 11 24 45,8333333 

49 15 24 62,5 

50 19 24 79,1666667 

51 18 24 75 

52 23 24 95,8333333 

53 21 24 87,5 

54 21 24 87,5 

55 19 24 79,1666667 

56 19 24 79,1666667 

57 16 24 66,6666667 

58 16 24 66,6666667 

59 17 24 70,8333333 

60 14 18 77,7777778 

61 22 24 91,6666667 
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Suppl.Fig. 1: Script to perform the cell lysis for the BCA assay in the HepaChip-MP with the FeliX pipetting robot. 
First NaOH is pipetted in the chamber to induce cell lysis (NaOH Pos2 → Organpolate 4channel). After one hour of 
incubation (Wait 3600 second(s)), the lysate is pushed out of the chamber with PBS (PBS → Organplate (Outlet)). 
In the figure, one folder of PBS pipetting is opened exemplarily. The other folders to pipet PBS contain the same 
steps. 
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Suppl.Fig. 2: Script to perform the cell lysis for the ATP-assay in the HepaChip-MP with the FeliX pipetting robot. 
First the assay reagent is pipetted into the chamber (ATP-reagent Pos2 → Organplate 4channel). After one hour 
incubation time (Wait 3600 second(s)), medium is used to flush the lysate out of the chamber (Medium → 
Organplate). In the figure, one folder of medium pipetting is opened exemplarily. The other folders to pipet medium 
contain the same steps. 
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Appendix II: Busche M, et al., HepaChip-MP - a twenty-four chamber 

microplate for a continuously perfused liver coculture model. Lab Chip. 

2020;20:2911-26. doi: 10.1039/d0lc00357c 
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Appendix III: Busche M, et al., Continous, non-invasive monitoring of 

oxygen consumption in a parallelized microfluidic in vitro system provides 

novel insight into the response to nutrients and drugs of primary human 

hepatocytes. EXCLI J, 2022; 21: 144–161. doi: 10.17179/excli2021-4351 
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