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Abstract 

During drugs development programs, animal models are commonly used for the assessment 

of the metabolism and toxicity of drug candidates. Several legal frameworks are being settled 

to promote the replacement, the reduction, and the refinement of these experiments. The 

liver is a central organ involved in the detoxification of exogenous molecules. Accordingly, 

the development of models mimicking the functions of the liver remain a challenging 

objective. Conventionally, liver cells are cultured in vitro in 2D Petri dishes but this 

conformation leads to a rapid loss of their functions. In recent years, the association between 

tissue engineering and organ-on-chip technology led to the development of more accurate 

alternative models that mimic the liver functions. The aim of this thesis is to develop a 

biomimetic liver-on-chip platform by coupling a hepatocyte biochip and an endothelial-like 

barrier. The goal is to mimic the passage of molecules through the liver sinusoid endothelial 

barrier and then their metabolism with the hepatocytes.  

In the first part, we used organ-on-chip technology and ECM-based hydroscaffold to organise 

the cells in 3D structures. The potential of our model was compared with static Petri dishes 

and the spheroids formed were characterised structurally and functionally. In the second 

part, we characterized the formation of an endothelial barrier and identified specific markers 

indicating the conservation of the phenotype of endothelial cells. We established the 

coculture conditions and analysed the potential of coupling the endothelial barrier with the 

hepatocyte-on-chip to metabolize the APAP as a candidate molecule. Finally, we analysed 

the metabolomic signature of each condition, crosstalk between the cells, and identified the 

metabolic signature of APAP injury and described the reactions happening at metabolic level. 

In the last part, we proposed tracks of improvement by using primary hepatocytes or by 

integrating the endothelial barrier and the hepatocytes in the same bi-compartmentalized 

biochip. 
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General introduction 

The screening of newly discovered molecules must undergo a long process of preclinical 

trials to ensure their efficacity, safety and innocuity. During these trials, animal testing has 

been used by pharmaceutical companies as the reference method to identify the potential 

effect of these molecules. Nonetheless, these experiments require a significant economic 

investment and raises ethical problems. To set up a framework to supervise these 

experiments, European directives require the integration of the 3R guidelines (replace, 

reduce, refine) and welfare standards for the treatment of animals in the different steps of 

drug discovery process. In order to follow these directives, several research projects are 

trying to develop relevant in vitro models that will come in place or in addition to animal 

models. The liver, a central organ, involved in the metabolism of exogenous molecules, is the 

subject of different alternative models aiming for the recreation of its functions. 

Conventionally, liver models consist of a static monolayered culture of hepatocytes on which 

hepatotoxicity and metabolic assays are implemented. However, the loss of metabolic 

functionalities and the hepatocyte dedifferentiation create a disparity between these models 

and the in vivo situation. In addition, by only using hepatocytes, these models do not capture 

the complexity of the liver micro architecture and only partially mimick liver functions. In vivo, 

drug molecules are distributed through the blood circulation system until arrival to the liver. 

Once in the liver, a bidirectional mass transfer occurs through the liver sinusoid endothelial 

cells, between the mixture of arterial and venous blood and the hepatocytes. Hence, 

advanced in vitro models need to be developed to better predict the liver behaviour. 

Accordingly, the association between 3D organization of the cells and organ-on-chip 

technology is emerging as a relevant tool for the recreation of physiological relevant in vitro 

responses. 

It is in this context that the ANR project Mimliveronchip (ANR-19-CE19-0020) was launched 

to develop a fully integrated platform for cell culture and the high-throughput assay for drug 

screening. This PhD thesis is funded by the ANR project and aims at developing an 

advanced liver-on-chip model for drug toxicity screening applications. The model consists of 

an LSEC barrier coupled with hepatocytes cultured into an advanced biochip integrating a 

hyaluronic acid based hydroscaffold. The achievement of this project required several steps 

which will be presented in the following chapters.  

Firstly, we presented the state of art for the usage of liver-on-chip devices for the risk 

assessment of drugs and pollutants (chapter 1). In this first chapter, we contextualized the 

thesis project by describing the liver physiology, the need of relevant models to mimic its 
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behaviour and the different tools needed for the development of liver on chip models. Then 

we described different applications that were developed using the liver-on-chip and multi 

organ-on-chip models for the risk assessment of chemicals. 

Then, in order to develop our advanced liver-on-chip model, we used the HepG2/Ca cell line 

for the proof of concept of the 3D organization of the hepatocytes into spheroids using a HA-

based hydroscaffold integrated in our biochip. Results obtained in the microfluidic device 

were compared with the same hydroscaffold integrated into conventional Petri dishes 

(chapter 3). The biochip was connected in our parallelization platform Integrated Dynamic 

Cell Cultures in Microsystems (IDCCM) and the structures and functions of the in situ formed 

spheroids was analysed. 

In order to integrate an endothelial barrier into our model, we used the SK-HEP-1 cell line 

and the parallelization device Integrated Insert in a Dynamic Microfluidic Platform (IIDMP) 

developed in our laboratory. The device allowed us to cultivate hepatocytes in our advanced 

biochip and couple it with an endothelial barrier consisting of a confluent monolayer of SK-

HEP-1 cells cultivated on culture insert (chapter 4). The parameters of coculture were set 

up, and the different parameters were analysed to study the cell-to-cell communication 

between the two compartments. Then as a concrete application we used APAP as a 

candidate molecule to demonstrate the potential of our model to mimic the hepatic first 

passage. 

In order to deepen our understanding in our developed model, we used a metabolomic on 

chip approach to analyse each type of cultures and conditions (chapter 5). The metabolomic 

profiles of the different conditions were analysed and associated with the different metabolic 

pathways involved. Then, mechanistic hypothesis was proposed to the response of our 

model to APAP injury. 

Finally, we presented preliminary results of the in situ 3D organization of primary human 

hepatocytes into spheroids in our advanced liver-on-chip model (chapter 6). The spheroid 

functions and organization were analysed, and the model was tested with two candidate 

molecules: phenacetin and omeprazole. Then we proposed a new design for a bi-

compartmentalized biochip including a thin permeable membrane (chapter 6). Preliminary 

characterization was achieved to demonstrate its potential as a replacement for the usage of 

the IIDMP. 

In summary, the core of this thesis is to investigate the importance of integrating endothelial 

barrier for the recreation of a more relevant liver-on-chip models for drug screening 

applications. We successfully combined microfluidic systems, 3D spheroid organization and 

multi-cellular culture to biomimetically reproduce the xenobiotics first pass.  
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Chapter 1: General context 

In this chapter, we discuss the development of liver organ-on-chip technology and its use in 

toxicity studies. First, we introduce the physiology of the liver and summarize the traditional 

experimental models for toxicity studies. We then present liver OoC technology, including 

the general concept, materials used, cell sources, and different approaches. We review the 

prominent liver OoC and multi-OoC integrating the liver for drug and chemical toxicity 

studies. Finally, we conclude with the future challenges and directions for developing or 

improving liver OoC models. The first sections of this chapter are literally extracted from our 

critical review: “Liver organ-on-chip models for toxicity studies and risk assessment”1.  

Additional sections 1.8.1 and 1.8.2 further present the role of the liver sinusoidal endothelial 

cells in the liver physiology, review existing different liver-on-chip models integrating an 

LSEC or an LSEC-like barrier and introduce the objectives of the thesis. 

                                                           
1 Messelmani T, Morisseau L, Sakai Y, Legallais C, Le Goff A, Leclerc E, Jellali R. Liver organ-on-
chip models for toxicity studies and risk assessment, Lab on a Chip, 2022, 22, 2423-2450, Review 
DOI:10.1039/D2LC00307D 
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1.1. Xenobiotics, pollutants and toxicity 

From the early to mid-1990s, a traditional method was established for the search of new 

organic molecules with biological activity. This method consisted of identifying an untreated 

disease or a clinical case, and then generating hypotheses of inhibition or activation of 

proteins, involved in a metabolic pathway, to induce a therapeutic effect. Nowadays, the fully 

automated systems are being used for high-throughput screening of tens of thousands to 

hundreds of thousands of molecules per day on a purified target protein (Hughes et al., 

2011). In general, from the identification of a potentially active molecule until its 

commercialization, there is a minimum of 11.5 years and on average more than 1 billion 

dollars of investment (Wouters et al., 2020). 

In addition to the economic impact these drug discovery programs cause; the considered 

molecules pass through a long process of trials in order to ensure their therapeutical effect 

and their safety. The first preclinical phase consists of 6 major steps: an optimization of the 

manufacturing and the formulation of the drug substance called scale-up, the design of 

dosage, development and validation of analytical and bioanalytical methods, metabolism and 

pharmacokinetics, toxicology and safety and finally documentation of good manufacturing 

practices (GMP) of the medicinal product (Steinmetz et al., 2009). In several of these steps, 

rodent and non-rodent mammalian models are used to define the pharmacokinetic profile 

and general safety, as well as to identify toxicity profiles. For these models, a group of 

animals, usually dogs and rats, is selected and made up of a few animals of the same sex in 

order to establish the dose intervals to be administered. Once the interval has been 

identified, the group size is multiplied by 3 for gender and for dose to obtain statistically 

comparable data (McGonigle et al., 2010). The preclinical phase is followed by the clinical 

first phase which is devoted to the study of the pharmacology of the molecule on humans. 

Evaluations of pharmacokinetic parameters and tolerances on healthy volunteers by varying 

the number of doses and their intensity. Followed by the phase II of clinical development, 

which consists of exploring the therapeutic effect of the drug, including between 100 to 250 

patients and deepening the studies of safety and pharmacological effect. And finally, the last 

phase which aims to confirm the therapeutic effect and consists in carrying out the safety 

and efficacy tests on a large population of patients and in parallel the preparation of the 

marketing authorization file (MA) for validation by the competent authorities (Schultz et al., 

2019). 

In addition to the toxicity risks encountered when taking drugs, the human body is exposed 

daily to a mixture of numerous chemicals. These chemicals mixtures constitute a major 

challenge for the risk assessment (Valdiviezo   et al., 2022). Indeed, the safety evaluation is 
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based on the assessments of individual substances. However, in nature, humans are 

exposed to a full mixture of chemicals through numerous pathways creating combined 

effects that could be greater than those of individual components. To better evaluate the 

toxicity of these molecules, different research programs were launched in Europe such as 

the EU research consortia SOLUTIONS, EuroMix, HBM4EU, EDC-MixRisk and EUToxRisk 

and the powering research through innovative methods for mixtures in epidemiology 

(PRIME) program at the United States (Luo et al., 2022). The approach used in these 

programs to evaluate the chemical mixture’s toxicity is to search for individual known 

toxicological signatures for known chemicals such as pesticides, heavy metals and 

persistent organic pollutants (POPs) in the chemical mixtures. However, the lack of toxicity 

data for the other emerging chemicals limits this approach for the study of environmental 

toxicant mixtures (Hammel et al., 2020). To better understand the mechanism of action of 

these newly discovered pollutants, data needs to be generated using conventional animal 

testing. 

To deal with the expansion of the number of newly discovered potential drugs and pollutants 

and to better supervise the experiments involved in the drug discovery process, several legal 

texts have looked into the subject to create a legislative framework that regulates these 

uses. In the European Union, the regulations in force since June 1, 2007 are the REACH 

law. To this is added the 3R rule adopted in France under decree no. 2013-118 which sets 

up guidelines to reduce, refine and replace the use of animal testing (Aske et al., 2017). 

The liver, the centre of metabolism of exogenous molecules to which humans are exposed, 

is the subject of various research projects. These models aim to replace the use of animals 

testing. 

1.2. Physiology of the liver  

The liver is subdivided into 2 parts, a left and a right lobe. It is connected to the portal vein 

and the hepatic artery, which ensure respectively 75% and 25% of the blood supply, and the 

hepatic veins, which provide drainage. In addition, the bile ducts ensure the evacuation of 

exocrine secretions toward the intestine. The liver is constituted of approximatively 1 million 

lobules which are its constitutional units. These lobules, most of the time, are hexagonal in 

shape, at each corner of the hexagon is a portal triad which consists of a hepatic artery, a 

portal vein and a bile duct. The central vein on the other hand crosses the centre of the 

lobular structure (Figure 1.1, Si-Tayeb et al., 2010). The hepatic acinus is considered the 

functional unit of the liver and defined by the surface between two neighbouring central veins 

and two neighbouring portal triads (overlapping between two lobules, Figure 1.1, Gu and 

Manautou 2012; Usta et al., 2015). The liver is composed of at least 15 different types of 
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cells. Hepatocytes (parenchymal cells) represent approximately 60% of the total cells and 

80% of the total volume of the liver, and are responsible for its metabolic activity. The non-

parenchymal cells (NPC) represent 40% of the total liver cells and are comprised of 

sinusoidal endothelial cells (LSECs, ~16%), Kupffer cells (15%), hepatic stellate cells 

(HSCs, 5%) and biliary epithelial cells (Malarkey et al., 2005). The LSEC are specialized 

endothelial cells forming the primary barrier between the blood and hepatocytes, and play 

the role of filter for fluids and particles passing through the blood and the space of Disse. 

They are characterized by their high potential for endocytosis and the presence of fenestrae, 

which is a unique characteristic among other Endothelial cells. The local immune cells of the 

liver are the Kupffer cells, which are derived from monocytes and characterized by a high 

phagocytic potential. They produce cytokines that induce the inflammatory reaction and 

ensure the crosstalk between the other cells. Hepatic stellate cells store vitamins and lipids, 

and produce the extracellular matrix (Malarkey et al., 2005).  The liver’s ECM is composed of 

5 to 10% of collagen in addition to glycoproteins, laminin, vitronectin, fibronectin and 

proteoglycans (Bykov et al. 2004). 

The liver is considered as a unique organ due to its irrigation by both arterial (hepatic artery, 

~25%) and venous (portal circulation, ~ 75%) blood through the liver sinusoid (Figure 1.1). 

This irrigation creates a temporal and zonal distribution of oxygen, nutrient and hormone 

concentrations in the various zones of the liver lobules (Bale and Borenstein 2018; Beckwitt 

et al., 2018). The variation of these components, especially the oxygen tension, regulates 

the liver zonation and functionality. Indeed, the segregation of the liver into different zones 

creates different hepatocytes functions depending on their location in the different zones of 

the lobule. The zones can be divided following the oxygen and glucose gradient resulting in 

a high albumin and urea synthesis for the hepatocytes exposed to relatively rich oxygen and 

glucose at the periphery of the lobules and an increased glycolysis for the internal cells 

(Deng et al., 2019; Kietzmann 2017; Lee et al., 2021, Figure 1.1). The hepatotoxicity of 

exogenous molecules is also directly affected by the zonation phenomena. The zones with a 

rich oxygen tension correspond to the region where the CYP activity and the cells are less 

damaged and vice versa which leads to differences in hepatotoxicity. Such heterogeneity 

and specificity are considered as a survival strategy for each cell to perform simultaneously, 

independently and using the resources efficiently (Kietzmann 2017; Lee et al., 2021; 

Malarkey et al., 2005).  
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Figure 1.1. Liver anatomy and schematic representation of hepatic acinus and zonation in hepatic 
sinusoid (reproduced with permission from Deng et al., 2019 and Ma et al., 2018). 

 

1.2.1. Liver metabolic activity 

More than 500 vital functions have been identified and associated with the liver. It plays an 

important role in glucose homeostasis by transforming excess circulating glucose into 

glycogen (glycogenesis), or by degrading stored glycogen into glucose (glycolysis). In the 

absence of glycogen, the liver synthesizes glucose from lactate, glycerol, or amino acids 

(gluconeogenesis, Gebhardt et al. 1992). The liver is involved in the digestive system by 

secreting bile, a fluid produced by hepatocytes, secreted into bile ducts through bile 

canaliculi, and excreted into the duodenum. Bile emulsifies non-soluble compounds such as 

lipids, cholesterol and vitamins, and facilitates their absorption and digestion (Dosch et al., 

2019). In addition to bile, the liver synthesizes many proteins and amino acids and plays a 

key role in lipid metabolism. Liver hepatocytes are the only cell type producing albumin, 

which is a carrier protein for hydrophobic substances such as hormones, vitamins, and 

enzymes. Albumin helps maintain the volume balance between blood plasma and interstitial 

fluid (Yuwen et al., 2017). 

Another major role played by the liver is the storage and metabolism of fat-soluble vitamins. 

Vitamins are essential constituents that play an important role in catalyzing metabolic 

reactions to produce energy (Semba et al. 2012). They are provided mainly by external 

contributions such as food as only a few are synthesized by the body, but they remain in 

insufficient quantity to allow its metabolic reactions to function properly. Most vitamins are 
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not presented as a single specific molecule, but rather as a group of related compounds that 

provide the essential molecular ingredient. Many of these vitamins are concentrated, 

metabolized in active molecules, and stored in the liver, especially the fat-soluble vitamins 

(Almazroo et al., 2017). They reach the liver through the intestines via absorption as 

chylomicrons or very low-density lipoproteins (VLDL). Of these vitamins, vitamin A is stored 

in stellate cells and can be oxidized to retinoic acid and then to retina for phototransduction. 

It can also be conjugated into glucuronide to be secreted in the bile. Vitamin D3 for its part, 

and regardless of its source, must undergo 25-hydroxylation by the CYP-450 system in the 

liver followed by hydroxylation in the kidneys for it to be functional (Almazroo et al., 2017). 

1.2.3. Metabolism of xenobiotics 

In addition to the numerous metabolic activities, the liver ensures the metabolism of 

xenobiotics. Xenobiotics are natural or synthetic substances which occur in the living 

organism, but which are foreign to it. They can come from drug use, auto-intoxication, or the 

chemical industry via environmental, food and water pollution. Such molecules can cause 

acute or subacute, chronic, or repeated toxicity, depending on the dose. Deactivating and 

eliminating xenobiotics usually takes place in the liver. By carrying out biotransformation, the 

liver’s hepatocytes transform the xenobiotics, from being mainly lipophilic, to mainly 

hydrophilic, thus facilitating their elimination (Gu and J. E. Manautou et al. 2012). This is 

done by a succession of enzymatic reactions (oxidation, reduction, hydrolysis, etc.) via the 

enzymatic complex of cytochromes P450. Their metabolisms go through two reactions, 

Phase I and Phase II. Although most drug metabolism reactions in the liver aim to break 

xenobiotics down, for some drugs during the first hepatic passage, the pharmacologically 

inactive molecule may become active to overcome problems related to bioavailability and 

adsorption. The drug is introduced into the body in an inactive form and is activated by the 

liver, which we generally refer to as a prodrug (Omiecinski et al., 2011). 

Phase I metabolic reactions are characterized by enzymes from the cytochrome P450 

superfamily (CYP450). These enzymes were discovered in the late 1980s and encompass 

more than 115 genes and pseudogenes. They are labelled with CYP1A1 up to CYP51P3 

and are distributed in different proportions. By analyzing the total protein quantity of 

CYP450, we find mainly CYP3A4 at 22.1%, CYP2E1 at 15.3% and CYP2C9 at 14.6% 

(Almazroo et al., 2017). CYP450 enzymes can be classified according to their substrates 

(xenobiotics, fatty acids, vitamins, eicosanoids, sterols, etc.). The main role of these 

enzymes is to modify the foreign substances (mainly lipophilic products) to facilitate their 

excretion by the liver and kidneys. They catalyse a series of reactions, mainly oxidation, by 

adding one or more oxygen atoms to the foreign substance. However, they can also catalyse 
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other reactions, such as sulfoxidation, aromatic hydroxylation, aliphatic hydroxylation, N-

dealkylation, O-dealkylation and desamination (Sandson et al. 2015). The xenobiotics 

metabolized in phase I are conjugated enzymatically, in phase II, with a hydrophilic 

compound by a transferase enzyme such as glucuronyltransferase, sulfotransferase and 

glutathione S-transferase. These reactions aim to transform the molecules into soluble 

substances to facilitate their elimination through the bile and urine (Lewis and Kleiner et al. 

2012), although the phase I and II metabolic reactions mainly contribute to the elimination of 

the most pharmacologically-active compound. They can also bioactivate prodrugs into their 

active metabolite. These reactions promote the appearance of new substances (metabolized 

or bioactivated), and their accumulation in the liver causes a disruption in intracellular 

homeostasis, inducing toxicity or an idiosyncratic cascade leading to apoptosis or necrosis 

(Lewis and Kleiner 2012). 

1.3. Current experimental liver models for toxicity studies 

Considering the role of the liver in the metabolism of exogenous molecules, plus its 

exposure to a variety of potentially toxic compounds, it is important to use experimental 

models to anticipate hepatotoxicity. A successful model should sustain liver-specific function 

and accurately predict human in vivo responses to exogenous toxicants (Soldatow et al., 

2013). To perform toxicological studies and pharmacological tests, several experimental 

models are used in laboratories. They can be classified as in vivo (animal experimentation), 

ex vivo, and in vitro tests. 

1.3.1. Animal experimentation  

Animal models are of undeniable value in medical research, and murine models have been 

playing an essential role in studies on both xenobiotic toxicity and liver pathologies. Rodent 

models (mice, rats, and guinea pigs) are used in the first line to study hepatotoxic damage. 

The mechanisms of toxicity appear to be the same in rodents and humans for certain drugs, 

like acetaminophen (APAP). Mice remain the preferred model for APAP overdose studies 

due to the similarity in the toxic doses in both species (McGill and Jaeschke 2019). 

Nonetheless, species-specific differences in characteristics between rodents and humans 

have become apparent as research progresses. Thus, to bridge this gap, chimeric mice with 

livers repopulated by human hepatocytes have been developed. The livers of these chimeric 

mice express human drug-metabolizing enzymes, making it possible to better predict human 

disposition of drugs with a human-specific metabolism (Bateman et al., 2014; Foster et al., 

2014). 
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Current regulatory guidelines usually require safety and tolerability data from two species: a 

rodent and a non-rodent, before administering potential new medicines to humans in the first 

clinical trials (Prior et al., 2018; Son et al., 2020). Dogs are the default non-rodent used in 

toxicology studies with multiple scientific advantages, including similarity in the organs and 

physiology, adequate background data and availability (Son et al., 2020). Rabbits are mostly 

used to evaluate reproductive and developmental toxicity as they are phylogenetically close 

to humans (Barrow 2016). Moreover, they are relevant models for safety and pharmacology 

studies as their cardiovascular system has structural similarities with that of humans (Schmitt 

et al., 2015). Recently, minipigs have increasingly replaced dogs and rabbits in toxicology 

studies (particularly in the EU) due to ethical and scientific advantages. Minipigs effectively 

exhibit relevant similarity to humans: skin, cardiovascular system, gastrointestinal tract 

anatomy, and breeding habits (Schmitt et al., 2015; Son et al., 2020).  

Significant interspecies differences in metabolism exist that confound the direct extrapolation 

of data from laboratory animal species into man in the development of pharmaceuticals 

(Martignoni et al., 2006; Son et al., 2020). Non-Human Primates (NHPs), composed of 

monkeys and apes, are phylogenetically closer to humans than other species but involve 

high study costs associated with ethical issues (Nakamura et al., 2021).  Although animal 

models have significantly contributed to medical research, drug screening, and toxicity 

studies, they present two major disadvantages: significant interspecies differences with 

humans, and ethical considerations. 

1.3.2. Human ex vivo models  

Many commonly used ex vivo hepatotoxicity assays rely on liver slices, and whole perfused 

livers. Liver slices consist of maintaining the viability of all the cell types of the liver, as well 

as the multicellular histoarchitecture of the hepatic environment (Vickers and Fisher 2018). 

Human precision-cut liver slices (PCLS) are usually obtained from partial hepatectomies, 

surgical waste to be discarded, explanted tissue, or non-transplantable tissue. Cell viability 

can be maintained for up to 5 days in standard cultures (van Delft et al., 2014) and recent 

reports suggest that this may be extended to 15 to 21 days under precise conditions 

(Kartasheva-Ebertz et al., 2021).   

Preserving the complex cellular interactions, the original 3D architecture, and the lobular 

structure of the liver in human PCLS provide the essential requirement for a good model, 

increasing the investigation of xenobiotic toxicity and our understanding of the 

pathophysiology of different liver diseases. Despite many similarities, it is important to notice 

altered gene expression between liver slices and the liver. During PCLS culture, 

inflammatory genes are upregulated and, in contrast, genes involved in xenobiotics and lipid 
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metabolism are significantly downregulated. This contrast in gene expression between ex 

vivo and in vivo conditions is mostly explained by the activation of several adaptation and 

stress responses to the new environmental condition of PCLS (van Delft et al., 2014). 

Another disadvantage of using PCLS in toxicology is the laborious preparation and culture 

procedure that may differ from operator to operator. Moreover, the short lifespan of PCLS 

can be an obstacle to studying the chronic effects of drug and chemical exposure. In 

addition, poor penetration of compounds into the inner cell layers of slices and inter-assay 

variability due to different preservation of cells in different slices have been reported 

(Guillouzo, 1998; Li, 2011). On the other hand, it is important to specify that PCLS are 

mostly prepared from rat livers and are used in comparison and extrapolation to the human 

situation. 

1.3.3. 2D in vitro models  

Today, due to the aim of replacing animal experiments whenever possible (3R), most liver 

hepatotoxicity studies rely on in vitro experimental models (Díaz et al., 2020). In the last 60 

years, hepatocyte in vitro assays have focused on evaluating ADMET (Absorption, 

Distribution, Metabolism, Excretion and Toxicology) of new drugs using 2D cell cultures (de 

Angelis et al., 2019; Jaroch et al., 2018). Thus, there are several in vitro liver models that 

differ depending on their culture conditions and conformations, cell types used and other 

additional culture parameters (Godoy et al., 2013).  

Primary hepatocyte suspensions are an easy method for performing high-throughput toxicity 

studies (Elaut et al., 2006). Some studies demonstrated that hepatocyte suspension 

provides a more accurate estimate of internal clearance rates and retains a higher level of 

functionality when compared to conventional monolayer culture (Griffin and Sul 2004; Jouin 

et al., 2006; Shaw et al., 1988). However, isolation protocols and the lack of cell-matrix/cell-

cell contact leads to a loss of cell polarity, integrity, and dedifferentiation. Thus, hepatocytes 

in suspension have a short life-span (often a few hours) which is insufficient for developing 

and studying toxicity (Soldatow et al., 2013).  

Static monolayer culture is the conventional 2D cellular model (Andria et al., 2010; Soldatow 

et al., 2013). Animal or human hepatocytes are grown in plastic Petri dishes and are 

exposed to changes in nutrient concentrations and catabolite accumulation over time. 

Periodically refreshing culture medium is necessary to remove accumulated catabolites and 

renew nutrients. Under standard culture conditions, hepatocytes can preserve cell-cell 

interactions and liver specific function, making possible a wide range of applications: short-

term hepatotoxicity, cytochrome P450 induction and inhibition, drug interactions, 

pharmacokinetics, and pharmaco-dynamics. Furthermore, this 2D cellular model system is 
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easier to manipulate in the laboratory, is low cost, and is much more widely accepted 

ethically than the use of animal models (Duval et al., 2017; Milner et al., 2020). Although 2D 

cell culture models basically have some advantages, they are limited in their applications. 

Current mainstream 2D models fail either to capture the complexities of multicellularity or to 

maintain cell phenotypic characteristics for long cultivation. On the other hand, when using 

animal cells similar to in vivo animal experiments, it is difficult to obtain an accurate in vitro-in 

vivo extrapolation in humans using in vitro models based on animal cells (Kyffin et al., 2018). 

Sandwich-cultured hepatocytes (SCH) are a powerful in vitro tool that can be used to study 

hepatobiliary drug transport, species differences in drug transport, transport protein 

regulation, drug-drug interactions, and hepatotoxicity (Andria et al., 2010). This model is 

composed of primary hepatocytes cultured between two layers of extracellular matrix, 

traditionally collagen type I or Matrigel®. Maintaining hepatocytes in a sandwich-cultured 

configuration increases and maintains albumin secretion, cell morphology and polarized 

architecture, cell viability, basal and induced enzyme activities, and mimics in vivo biliary 

excretion rates (Duval et al., 2017; Kyffin et al., 2018; Milner et al., 2020; Soldatow et al., 

2013). For these reasons, sandwich-cultured hepatocytes are a pertinent in vitro model for 

investigating drug-drug interactions, clearance predictions and the mechanisms underlying 

hepatotoxicity, such as cholestasis (Dunn et al., 1989; Keemink et al., 2015; Liu et al., 1999; 

Mingoia et al., 2007).  Despite the great potential attributed to this culture technique, 

expression of the genes responsible for the detoxification function of the liver decreases over 

time due to cell dedifferentiation. However, gene expression of phase II enzymes remains at 

a relatively high level in comparison with monolayer hepatocyte culture (de Bruyn et al., 

2013; Kimoto et al., 2011; Norikazu et al., 2018; Soldatow et al., 2013). Another limitation of 

the sandwich-cultured hepatocytes model is the batch-to-batch variation in extracellular 

matrix substrates. Therefore, several approaches to overcome the limitations of the in vitro 

liver models have been proposed, including adjusting components of the culture medium 

and extracellular matrix, changing the cell culture format from monolayer to 3D organization, 

adding flow to the culture system, and culturing hepatocytes with non-parenchymal cells. 

1.3.4. 3D in vitro models 

In recent decades, there has been much evidence indicating that 3D cell culture more 

accurately reflects in vivo physiology by mimicking the architecture and cell-cell contacts 

found in intact tissue (Chatterjee et al., 2014). Thus, more and more research has focused 

on developing and optimizing various liver 3D culture strategies as superior tools for a 

multitude of applications in drug development (Mathijs et al., 2009). 
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One strategy for 3D hepatic tissues is to cultivate cells within scaffolds. These scaffolds are 

composed of natural or synthetic materials such as alginate, Matrigel®, loofa sponge or 

poly(lactic-co-glycolic) acid (PLGA), and allowed to mimic in vivo conditions thanks to their 

macroporous (>100µm) structure and native representation of ECM, as well as their capacity 

to transport nutrients and waste during cell cultivation (Hosseini et al., 2019; Pampaloni et 

al., 2009, 2007; Schaefer et al., 2012). Furthermore, the specific functions of hepatocytes, 

such as albumin synthesis, urea secretion, and CYP activity, are sustained (Chen et al., 

2003; Makadia and Siegel 2011). Despite the advantages of scaffold-based culture, 

problems with controlling pore size and porosity, large batch-to-batch variations upon 

isolation from biological tissues and poor biomechanical strength have been observed (Han 

et al., 2019; Schaefer et al., 2012).  

Hepatic spheroids were constructed with the assumption that cellular aggregates better 

mimic liver tissue characteristics. These spheroids can be generated from primary 

hepatocytes, cell lines or stem cell-derived hepatocyte-like cells by using different methods, 

such as hanging drop or culture plastic dishes with a non-adhesive surface. Establishing 3D 

cell-cell contacts and the secretion of ECM proteins within hepatic spheroids ensures the 

maintenance of differentiated liver functions such as albumin production and metabolic 

activity (Godoy et al., 2013; Skardal et al., 2012). Moreover, liver spheroids have been 

shown to be viable, functional, and stable in extended cultures of up to 4 to 5 weeks, unlike 

conventional hepatocyte 2D cultures (dedifferentiation after 2-3 days, Kazemnejad 2009). 

Nevertheless, hepatic spheroids have limited applications because of the presence of a 

hypoxic/necrotic core within the spheroid due to low oxygen diffusion or accumulated bile 

acids (Bell et al., 2016; Lauschke et al., 2016).  Hepatic spheroids can also be encapsulated 

inside semi-permeable beads composed of biomaterials, such as alginate, and packed into a 

column to be perfused (Hendriks et al., 2016; Štampar et al., 2020). These systems preserve 

cell viability and functionality, as well as protecting cells from shear stress. Disadvantages 

include poor stability of the hepatocyte suspension, mass transfer problems, degradation of 

the microcapsules over time, and difficulties for cell retrieval (Lauschke et al., 2016; Makadia 

and S. J. Siegel 2011).  

Progress in 3D bioprinting technology has led to the development of 3D liver bioprinting 

technology. This culture system consists in the fabrication of complex 3D biomimetic 

architectures using precise layer-by-layer deposits of biological materials with spatial control 

thanks to a computer (Selden et al., 2013). The three major bioprinting techniques are inkjet, 

laser-assisted, and extrusion bioprinting. Biological materials, called bio-inks, are composed 

of synthetic or natural hydrogel pre-polymer solution with encapsulated cells (Guo et al., 

2003). More recently, decellularized extracellular matrices have been used as bio-ink 
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allowing the retention of a composition and relevant cues for cells (Pati and Cho 2017). Cells 

within 3D liver printing are in close proximity to each other, and rapidly form tight junctions 

and deposit their own ECM, yielding solid microtissues that resemble native liver in cellular 

density. This cell organization led to an increase in liver‐specific gene expression, metabolic 

product secretion and CYP450 induction (Matai et al., 2020; Schaefer et al., 2012). 

Furthermore, 3D liver printing has advantages in terms of precise control, repeatability, 

scalability, and individual design. Nevertheless, printing techniques may reduce cell viability 

or induce other unknown consequences (Guo et al., 2003). 

1.4. Liver organ-on-chip 

As described above, several approaches have been developed in recent years to build an 

appropriate physiological micro-environment for liver tissue maintenance, and to improve the 

metabolic function of hepatocytes in vitro, including 3D cultures on scaffolds/hydrogels, 

spheroids, organoids and co-culture models (Polidoro et al., 2021; Ruoß et al., 2020). These 

approaches improve liver tissue organization, cell-cell and cell-ECM interactions, cell 

polarization, and maintenance of the liver functions (Polidoro et al., 2021). Nevertheless, 

despite their considerable advantages over traditional 2D culture models in Petri dishes, 

static 3D cultures still lack several key features essential for reproducing a physiologically 

relevant environment for liver cells. This is due to the absence of flow which is a key feature 

for the reproduction of mechanical cues (shear stress), zonation and multiple cell/organ co-

cultures (Bovard et al., 2017; Moradi et al., 2020). The integration of dynamic culture 

presents several advantages regarding to the cell’s metabolism via the constant renewal of 

the culture medium by supplying nutrients and the evacuating the cumulative toxins. In 

addition, the multi-organ coupling associated with biological barriers allows a better 

understanding of the ADMET profile of newly discovered molecules (Redaelli and Long 

2022). In the last decade, organ-on-chip (OoC) technology has emerged as a promising 

alternative for overcoming these limitations by reproducing a more physiological 

microenvironment that reproduces the key biological features of cells and organs in vivo 

(Bovard et al., 2017; Moradi et al., 2020). Thus, OoC technology appears to be a powerful 

tool for replacing the traditional paradigms based on animal experiments and 2D/3D in vitro 

static cell culture methods (Ingber 2020). Figure 1.2. illustrate and compare liver OoC 

technology with the different experimental liver model for toxicity studies.  
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Figure 1. 2. Current liver experimental models for toxicity studies. The schematic representation of in 
vitro models highlights the throughput and physiological relevance of each model (reproduced with 
permission from Moradi et al., 2020). 

 

1.4.1. OoC technology 

OoC technology refers to a class of microfluidic devices that make possible the culture of 

cells or tissues in a dynamic environment engineered to reproduce the physiological 

architecture and function, and the associated in vivo microenvironment (Bhatia and Ingber 

2014). These devices that mimic the functions of organs in vitro are also called 

microphysiological systems (MPS, Piergiovanni et al., 2021). An OoC consists of three 

principal elements: i) a microfluidic device, most commonly based on glass or polymeric 

material, with microchannels for medium perfusion and microchambers for cell culture; ii) 

living cells or tissues; iii) microfluidic flow (generated by a pump or pressure controller) 

through the device’s inlet/outlet providing culture medium for the cells/tissues (van Berlo et 

al., 2021). The cell culture in microfluidic biochips allows precise control of the cell micro-

environment and can faithfully emulate multiple characteristics of native cells/organs: 3D 

architectures, cell-cell and cell-ECM interactions, continuous nutrient exchange and waste 

removing, zonation, physiological shear stress, and chemical gradients (Akarapipad et al., 

2021; Bhatia and Ingber 2014; Moradi et al., 2020). Using microfluidic devices can also 

efficiently reproduce physiological multiorgan interactions, where the multiple organ models 

cultured in separate biochips or multi-OoC platform are connected together through 

microfluidic tubing or microchannels (Essaouiba et al., 2020. Malik et al., 2021; Picollet-

D'hahan et al., 2021). Moreover, microfluidic technology offers the advantages of 

incorporating biosensors and bio-actuators to control the cultures, provide rapid analysis, 

and apply electrical or mechanical stimuli (Akarapipad et al., 2021; Malik et al., 2021; van 

Berlo et al., 2021). 
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Selecting appropriate materials for the microfluidic device is one of the fundamental steps in 

OoC development. As the devices are used for biological applications and cultures of living 

cells, there are several parameters to consider regarding the choice of the material: 

biocompatibility, optical transparency for microscopic imaging, robust and tunable 

mechanical properties, ease of sterilization, chemical inertness and gas permeability 

(Campbell et al., 2020; Kurth et al., 2020; Malik et al., 2021). The cost and ease of 

fabrication are also important factors when considering large-scale production and OoC 

standardization (Campbell et al., 2020; Kurth et al., 2020). Due to its distinctive properties, 

including biocompatibility, good transparency, and permeability to oxygen, 

polydimethylsiloxane (PDMS) remains the most frequently used materiel for OoC devices 

(Ahadian et al., 2018; Campbell et al., 2020; Picollet-D'hahan et al., 2021). In addition, 

PDMS is inexpensive, easily processable with soft lithography for prototyping, and its 

elasticity makes it possible to replicate complex 3D microstructures with regular and precise 

patterns (Ahadian et al., 2018; Suzuki et al., 2017). Nevertheless, PDMS also has several 

limitations, particularly strong absorption of hydrophobic molecules and incompatibility with 

mass production (Campbell et al., 2020; Toepke and Beebe 2006). To overcome the 

drawbacks associated with PDMS-based OoC, glass can be used due to its outstanding 

properties, especially low drug absorptivity, transparency, and biocompatibility. However, 

glass remains costly and not gas permeable (Campbell et al., 2020; Ding et al., 2020). In the 

last decade, several alternative materials have been used for OoC applications. These 

alternatives include mainly elastomers and thermoplastic polymers: thermoset polyester 

(TPE), polyurethane (PU), styrene-(ethylene/butylene)-styrene (SEBS) copolymer, 

tetrafluoroethylene-propylene (FEPM), perfluoropolyether (PFPE), poly (methyl 

methacrylate) (PMMA), cyclic olefin copolymer (COC), polycarbonate (PC), polystyrene 

(PS), poly (vinyl chloride) (PVC), polysulfone, poly (lactic acid) and polytetrafluoroethylene 

(PTFE) (Campbell et al., 2020; Ding et al., 2020; Gencturk et al., 2017; Jellali et al., 2016a; 

Ren et al., 2013; Sollier et al., 2011). Of the polymeric materials, thermoplastics are 

excellent candidates for large-scale production and commercialization as they are low-cost 

and can be processed by injection molding (Ren et al., 2013). Combining two or more 

materials is another promising approach for developing hybrid devices drawing benefits from 

different substrates while avoiding their limitations. In recent years, several hybrid 

microfluidic devices combining PDMS with PC, glass and COC or fluorinated ethylene 

propylene (FEP) with COC have been reported in the literature (Chang et al., 2014; 

Kulsharova et al., 2021; Tan et al., 2019; Tonin et al., 2016). Recently, progress in 3D 

bioprinting has offered the opportunity to introduce new materials, such as hydrogels (naturel 

or synthetic): collagen, alginate, gelatine, hyaluronic acid, polyethylene glycol (PEG), 
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polylactic acid (PLA), polylactic-co-glycolic acid (PLGA) and polycaprolactone (PCL) 

(Bhattacharjee et al., 2016; Campbell et al., 2020; Yi et al., 2017). 

Microfluidic devices can be manufactured using various microfabrication methods, including 

photolithography, soft lithography, laser and chemical etching, micromilling, hot embossing, 

injection moulding and 3D printing (Kurth et al., 2020; Puryear et al., 2020). The choice of 

manufacturing process depends on the material. As PDMS is the preferred OoC substrate, 

soft lithography or replica moulding remains the most common microfabrication technique for 

OoC (Puryear et al., 2020). Soft lithography implies the casting of a mixture of liquid PDMS 

and a curing agent on a mould previously manufactured by lithography or etching. After 

curing by heating, the micro-structured PDMS layer is peeled from the mould and sealed to a 

glass cover or another PDMS layer using plasma treatment to form the microfluidic device 

(Bhatia and Ingber 2014; Tsao 2016). Hot embossing and injection moulding, two processes 

suitable for industrial production, are the methods of choice to process thermoplastics (Ren 

et al., 2013; Tsao 2016). In both processes,  materials are heated above their glass-

transition temperature (Tg) (under high pressure). The reshapable materials are then 

brought into contact with the mould and the patterned device is obtained after cooling (Tsao 

2016; Waldbaur et al., 2011). The bonding of such thermoplastic devices can be achieved 

using thermal fusion, solvents, surface modification and adhesives (Tsao 2016). Of the new 

technologies, 3D printing has emerged in recent years as a promising tool for microfluidic 

biochip manufacturing. 3D bioprinting, or additive manufacturing, is a process of creating 

layer-by-layer a 3D object through the selective application of materials (Bhattacharjee et al., 

2016; Waldbaur et al., 2011). There are three main 3D printing techniques suitable for 

microfluidic biochip manufacturing: stereolithography (SL), fused deposition modelling (FDM) 

and photopolymer jetting (multi-jet modelling, MJM) (Bhattacharjee et al., 2016; Puryear et 

al., 2020; Weisgrab et al., 2019). The use of 3D printing offers several advantages, including 

the rapid and cost-effective production of devices with highly complex architectures and 

shapes, and the possibility of easily integrating various elements into the microfluidic device, 

such as sensors, connectors and valves (Ho et al., 2015; Weisgrab et al., 2019; Zhou 2017). 

The major limitations of 3D printing technologies remain their lack of biocompatibility, the 

insufficient patterning resolution and the non-transparency of the materials, which excludes 

microscopic imaging (necessary in microfluidic applications) (Bhattacharjee et al., 2016; 

Picollet-D'hahan et al., 2021).   

1.4.2. Cell sources for liver OoC 

In addition to the microfluidic biochip design and material, the choice of cell types and 

sources is crucial for building correct and physiologically relevant in vitro liver models and 
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particularly OoC models. Hepatocytes represent approximately 60% of the total liver cells 

and are responsible for most hepatic functions. Thus, hepatocytes are the major/unique cell 

type in a liver OoC. The potential hepatocyte sources for liver OoC can be divided into three 

main groups: primary cells (animal and human), immortalized cells, and induced pluripotent 

stem cells (iPSCs) (Beckwitt et al., 2018; Moradi et al., 2020). The advantages and 

limitations of the different types of hepatocytes are presented in Figure 1.3. To construct liver 

OoC models that adequately reflect the complexity and functionalities of the liver, 

hepatocytes can be cultured with non-parenchymal cells (NPCs): liver sinusoidal endothelial 

cells (LSECs), Kupffer cells (KCs), hepatic stellate cells (HSCs) and cholangiocytes. 

 

Figure 1.3. A summary of advantages and limitations of the potential cell sources of hepatocytes for 
in vitro liver OoC models. 

 

1.4.2.1. Primary hepatocytes 

Primary human hepatocytes (PHH) obtained from liver biopsies or non-transplantable livers 

are still considered to be the gold standard for developing human-relevant in vitro liver 

models. Due to their origin, they accurately reflect the physiology and functionality of the liver 

and represent an invaluable model for in vitro drug metabolism and toxicity studies (Beckwitt 

et al., 2018; Donato and Tolosa 2019; Zeilinger et al., 2016). Moreover, the development of 

cryopreservation protocols has facilitated access to PHHs and their use for in vitro models 

(Khetani et al., 2015; Zeilinger et al., 2016). PHHs lose their phenotypes and functionalities 

after two/three days when cultured in a 2D static environment (LeCluyse et al. 2005). 

Nowadays, progress in tissue engineering and microfabrication (3D spheroids and 
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hydroscaffold culture, and OoC) makes it possible to maintain functional PHH cultures for 

several weeks (Bell et al., 2016; Hegde et al., 2014; Jellali et al., 2016b; Moradi et al., 2020; 

Zeilinger et al., 2016). However, despite the progress in hepatocyte extraction, 

cryopreservation and culture, the use of PHHs remains limited by several factors, including 

the inability to proliferate, high costs, limited availability, and batch-to-batch variability. 

Primary hepatocytes from animals can be also used for in vitro liver models. These 

hepatocytes, especially from rats and mice, are widely used because of their attractivity. 

They represent an abundant source of fresh primary cells and exhibit good stability and 

hepatic functionality in culture (Beckwitt et al., 2018). However, there are considerable 

limitations for the use of animal hepatocytes: functional differences between animal and 

human hepatocytes (differential cytochrome activity), inter-species variability and ethical 

concerns (Beckwitt et al., 2018; Khetani et al., 2015; Olson et al., 2000). In recent years, the 

use of Upcyte hepatocytes for drug metabolism and toxicity studies has been reported in 

several works (Burkard et al., 2012; Ramachandran et al., 2015; Tolosa et al., 2016). Upcyte 

hepatocytes are PHHs genetically modified to acquire proliferative capacity without being 

immortalized and retaining the phenotype of primary cells (Burkard et al., 2012). 

Nevertheless, although these cells present several interesting properties, there is a 

considerable lack of information regarding their phenotypic stability and performance 

(compared to other cell sources, Lauschke et al., 2016). 

1.4.2.2. Hepatic cell lines 

The alternative choices to PHHs are immortalized hepatic cell lines, such as HepaRG, 

Fa2N-4, HepG2/C3a, Hep3B, Huh7 (Donato et al., 2013). Cell lines are derived from tumour 

tissue (hepatocellular carcinoma) or generated by immortalization of primary hepatocytes 

(Donato et al., 2013). These cells are widely used in drug metabolism and toxicology studies 

due to their many advantages, including the unlimited propagation potential, ease of use, 

good availability, stable phenotype, lack of inter-donor variability, and low costs (Gomez-

Lechon et al., 2008; Zeilinger et al., 2016). However, they present limited performances and 

functionalities regarding metabolic activity and sensitivity to hepatotoxins and are only 

suitable for the early stages of drug or chemical evaluations (Beckwitt et al., 2018; Deng al, 

2019; Kuna et al., 2018). Among immortalized cells, the human hepatocellular carcinoma-

derived HepG2/C3a line is one of the most commonly used for in vitro liver models (Gómez-

Lechón et al., 2014). Although HepG2/C3a exhibit several hepatic characteristics (albumin 

secretion, metabolism of several xenobiotics), they lack relevance for drug screening and 

toxicity studies because of their low and variable levels of CYP450 enzymatic activity and 

poor expression of transporters (Gómez-Lechón et al., 2014; Khetani et al., 2015; Moradi et 



Chapter 1. General context 

 

20 | P a g e  
 

al., 2020). HepaRG cells, human bipotent progenitor cells, are an interesting alternative to 

PHHs for preclinical drug metabolism and hepatotoxicity assessments. Altogether, HepaRG 

present similar features to those of PHHs, including high expression of phase I and II drug 

metabolizing enzymes, secretion of liver plasma proteins and of hepatobiliary transporters 

(Fernandez-Checa et al., 2021; Zeilinger et al., 2016). The major drawbacks of these cells 

are the use of DMSO for differentiation, and the long culture process. 

1.4.2.3. Human induced pluripotent stem cells (hiPSCs) 

In recent decades, human hepatocyte-like cells (HLCs) derived from stem cells (adult stem 

cells and pluripotent stem cells PSCs) have emerged as an attractive cell source for in vitro 

liver models, with the potential for large-scale production. Stem cells are capable of self-

renewing and differentiating into mature cells of a particular tissue type, allowing the 

generation of all cell types from the human body (Coll et al., 2018; Zeilinger et al., 2016). Of 

these stem cells, PSCs, i.e. embryonic stem cells (ESCs) and induced pluripotent stem cells 

(iPSCs), are the most commonly studied for differentiation in HLCs (Boeri et al., 2019). The 

use of human embryonic stem cells (hESCs) raises ethical problems and is strictly regulated, 

or even prohibited in many countries (Volarevic et al., 2018). iPSCs can be obtained from 

somatic cells following the reprogramming technology developed by Yamanaka's team 

(Takahashi et al., 2007). Contrary to ESCs, hiPSCs raise fewer ethical problems and can be 

easily established from abundant cell sources such as skin fibroblasts, blood cells, and renal 

epithelial cells in urine samples (Karagiannis et al., 2019). Currently, it is assumed that 

hiPSCs can be differentiated using several protocols and generate HLCs reproducing many 

hepatic features, including morphology, albumin and urea secretion, glycogen storage, and 

drug metabolism (Beckwitt et al., 2018; Si-Tayebet al., 2010; Takayama al., 2012; Zeilinger 

et al., 2016). In addition to availability, the advantages of hiPSCs include minor batch 

variability and good sensitivity (comparable to PHHs) for detecting drugs causing 

hepatotoxicity (Gómez-Lechón et al., 2014; Ware et al., 2015). Therefore, hiPSCs could 

provide a limitless supply of hepatocytes for drug/chemical hepatotoxicity assessments. 

However, there are still some limitations to the widespread use of hiPSCs: incomplete 

maturation of hepatocytes, epigenetic memory, and high cost and experimentation time 

(Beckwitt et al., 2018). 

1.4.2.4. Non-parenchymal cells (NPCs) 

As for PHHs, there are three main sources of NPCs for liver OoC development: primary 

cells, hepatic cell lines, and hiPSCs (Beckwitt et al., 2018; Gough et al., 2020). Human 

primary LSECs, KCs and HSCs can be isolated, separately or simultaneously, from the liver 
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using the same protocol as hepatocytes (enzymatic digestion, Zeilinger et al., 2016). 

Although primary NPCs are the best choice for reproducing the in vivo microenvironment, 

their use is limited due to scarce availability, low yield and the presence of impurities during 

the isolation process, high costs and rapid loss of functions in in vitro culture (such as loss of 

fenestration for LSECs and non-specific activation for HSCs and KCs, Beckwitt et al., 2018; 

Khazali et al., 2017; Xu et al., 2005). As an alternative to primary NPCs, several 

immortalized cell lines have been developed and used in co-culture with hepatocytes: 

TMNK-1, TRP3 and SKHEP-1 for LSECs; hTERT-HSC, GREF-X, LI90, TWNT-1, LX-1 and 

LX-2 for HSCs; THP-1 and U-937 for KCs, and MMNK and HepaRG for cholangiocytes 

(Beckwitt et al., 2018; Gough et al., 2020; Khazali et al., 2017; Maepa and Ndlovu 2020; Xu 

et al., 2005). However, immortalized NPCs lack the main features of primary cells and do not 

emulate in vivo physiology (Beckwitt et al., 2018; Gough et al., 2020). In recent years, 

several protocols have been proposed for iPSC differentiation into LSECs (Danoy et l., 2021; 

Koui t al.,2017), HSCs (Coll et al., 2018; Koui t al.,2017; Vallverdú et al., 2021), KCs (Tasnim 

et a., 2019) and cholangiocytes (de Assuncao et al., 2015; Sampaziotis et al., 2015). 

Nevertheless, contrary to the abundance of studies related to HLC generation, only a few 

protocols have aimed to differentiate iPSCs into NPCs. Moreover, the cells obtained are only 

partially mature and the protocols used still need to be improved by optimizing culture 

medium (small molecules and growth factors concentrations), supports of culture (3D, ECM 

and dynamic microfluidic cultures) and coculture of different liver cell types (Tricot et al., 

2022).  

1.4.3. Different liver OoC approaches  

1.4.3.1. 2D monolayer culture  

The most common approach when developing microfluidic systems for the monolayer 

culture of cells is based on lithography patterned substrates. It has been proven that 

culturing hepatocytes on these substrates enhances the hepatic functionalities by precisely 

and reproducibly controlling the distribution of the different cell types and providing 

biochemical cues for both parenchymal and non-parenchymal cells (Kidambi et al., 2007). 

The pioneers of the liver-on-chip models were Allen & Bhatia, who developed a polysulfone-

based perfusable flat-plate bioreactor and used it to co-culture primary rat hepatocytes with 

fibroblasts from the cell line J2-3T3 (Allen and Bhatia, 2003; Allen et al., 2005). Comparing 

their developed model with conventional static 6-well plates, they demonstrated that the 

oxygen gradients produced by the flow circulation recreated regional compartmentalization, 

which mimics the liver zonation which cannot be observed in static plates. 
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Depending on the applications and the cell's preferences, different substrates and 

coatings can be used to enhance adhesion and proliferation. Jellali et al. proved that, 

depending on the substrates (PFPE or PDMS) and the coatings (fibronectin or collagen), the 

behaviour of the cells differed (Jellali et al., 2016a). Schoenenberger et al. reported similar 

findings, demonstrating that cell (Madin-Darby canine kidney cell line, MDCK) adherence to 

fibronectin-coated surfaces was less effective than other proteins, such as collagen IV, 

collagen I, laminin and vitronectin (Schoenenberger et al., 1994). To investigate the potential 

of liver biochips compared to conventional Petri dishes, Jellali et al. developed a microfluidic 

bioreactor for human hepatocyte culture (Jellali et al., 2016b). The biochip was composed of 

microchambers connected by microchannels, allowing the circulation of culture medium 

inside the network, and was coated with collagen for hepatocyte adhesion. The hepatocytes 

retained their activity while showing increased expression of major cytochrome P450 genes 

and higher urea and albumin production in comparison with Petri dishes. In addition, when 

exposed to midazolam and phenacetin, the hepatocytes maintained their metabolic activity. 

This was confirmed by measuring CY3A4 and CYP1A2 activity which was 5000 and 100 

times higher, respectively, in biochips than in Petri dishes. The authors successfully 

maintained the culture of functional hepatocytes in biochips for 13 days (Jellali et al., 2016b). 

In the natural liver, hepatocytes are shielded by a layer of sinusoidal endothelial cells, which 

protects them from the direct shear of blood flow and influences mass transport consistency 

(Ng et al., 2006). Xia et al. developed a laminar-flow perfusion bioreactor for immediate-

overlay sandwich culture of hepatocytes. The bioreactor consists of an acrylic body and top 

sealed with an O-ring (Figure 1.4A). First, the hepatocytes are extracted and seeded on a 

collagen-coated membrane and overlaid with collagen-coated inserts. Then, the system is 

secured with the O-rings. The sandwich cassette is then deposed in the cellular 

compartment of the bioreactor. The culture chamber is connected by two channels linked to 

a peristaltic pump for flow circulation. They successfully maintained liver specific functions 

for two weeks, with hepatocytes exhibiting restored polarity and biliary excretion. In addition, 

the cells produced sensitive and consistent drug toxicity responses (Xia et al., 2009). 

1.4.3.2. Matrix-free liver spheroids/organoids-on-chip 

The previously described two-dimensional (2D) monolayer culture does not reflect in vivo 

physiology where the tissues are in 3D with different topographical organization that affects 

cell responses (Lee et al., 2014). Different approaches have been used to construct such a 

3D communication network, like hanging drop, spinner flask, cells cultured on non-adherent 

surfaces, and micromoulding (Ma et al., 2018). The principle of these methods consists of 

reassembling the cells by applying an external force or by conditioning the cells to self-
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assemble. The cells re-created in suspension pass through an aggregation step, followed by 

a compaction phenomenon to form compact 3D structures (spheroids or organoids). Weng 

et al. worked on developing a scaffold-free liver-on-chip mimicking the liver lobule (Weng et 

al., 2017). This was achieved by cultivating primary hepatocytes and hepatic stellate cells 

(HSCs) on a micropatterned PDMS biochip. To obtain the 3D structure, the cells were 

deposited on the multi-layered collagen coated PDMS to form the 3D biological template. 

The system was enclosed with a hydrophilic flow diverter making possible vertical cell 

anchorage and connected to a peristaltic pump circulating the culture medium. The system 

was designed in a hexagonal form with six inlets and one central outlet mimicking the flow 

arriving from the portal vein and evacuated from the central vein. Following the flow 

diversion, the F-actin polarized to the peripheral cortex of the cells and developed a 3D 

intracellular skeletal network which formed a hierarchical tissue. Building the hepatic 

hierarchical organization mimicking in vivo conditions demonstrated the potential of the 

model in recreating hepatic zonation, which is a key feature for predicting hepatotoxicity. 

Another approach is commonly used to form scaffold-free spheroids by cultivating cells in 

concave microwells. Ma et al. developed a concave microwell based on PDMS-membrane-

PDMS sandwich multilayer chips for hepatocyte culture (Figure 1.4B, Ma et al., 2018). The 

system integrated the possibility of forming scaffold-free spheroids using a V-shape structure 

and the mimicking of hepatic sinusoidal endothelial cells. The cells are seeded in PDMS V-

shaped microwells for spheroid formation, then a perfusion system is mounted using a 

transwell-based microporous membrane on top of which the culture medium circulates. This 

model demonstrated high cell viability and maintenance of hepatic polarity, liver-specific 

functions and improved metabolic activity compared to conventional perfusion methods. 

 
Figure 1.4. Examples of liver OoC platforms with different approaches. (A) laminar-flow perfusion 
bioreactor for sandwich culture of monolayer of rat hepatocytes (reproduced with permission from Xia 
et al., 2009); (B) biomimetic liver-on-a-chip platform with V-shape microwells (3D-LOC) allowing 
HepG2/C3a spheroids formation and long-term culture (reproduced with permission from Ma et 
al.,2018) 
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1.4.3.3. Scaffold/hydrogel-based 3D liver OoC 

One of the main focuses of liver research and development is the 3D organization of cells to 

obtain relevant liver phenotypes and functionalities. In addition to the cell self-assembly 

methods cited above, 3D organization of cells can be obtained using a hydrogel/scaffold 

matrix (alginate, hyaluronic acid, gelatine, collagen, Matrigel) integrated within the biochip 

(Deng et al., 2019). Using hydrogel and scaffold reproduces ECM behaviour and offers the 

possibility of tuning the cells’ microenvironment by modifying the composition of the matrix 

and/or the mechanical properties (Cui et al., 2017; Fang and Eglen, 2017). Toh et al. 

developed a 3D hepatocyte chip (3D HepaTox Chip) based on a multiplex microfluidic 

channel allowing the 3D culture and maintenance of hepatocyte functions (Toh et al., 2009). 

The biochip consists of a central culture compartment where cell suspension of hepatocytes 

is loaded using a single inlet. The cells were cultured in a methylated collagen and 

negatively-charged HEMA-MMA-MAA terpolymer, which is a matrix favouring the 3D 

organization of hepatocytes. The central chamber is flanked by 2 side perfusion 

compartments with elliptical micropillars through which the culture medium and drug solution 

pass by diffusion to the hepatocytes, generating a gradient of concentration. The 

hepatocytes cultured in the biochip showed cell-cell and cell-ECM interactions, maintained 

their metabolic functions, and made it possible to assess the hepatotoxicity of 5 model drugs 

(acetaminophen, diclofenac, quinidine, rifampicin and ketoconazole). 

Considering that the elastic properties of the liver depend on its physiological state, Boulais 

et al. integrated an alginate-based cryogel with controlled stiffness into a hepatic biochip 

(Boulais et al., 2021). They successfully managed to obtain a fine-tuned Young’s modulus 

between that of relatively soft, healthy tissue (~4 kPa) and that of a cirrhotic tissue 

associated with greater stiffness (~ 15 kPa). The hydrogel made it possible to create a 3D 

microenvironment which, associated with the perfusable culture system, represents a 

promising tool for reliable in vitro model for drug toxicity and efficacy studies (Boulais et al., 

2021). 

Hydrogels containing cells can even be shaped to form larger structures. For instance, 

Massa et al. encapsulated the HepG2/C3a cell line in a gelatine methacryloyl (GelMA) 

hydrogel and constructed a central vessel using a sacrificial agarose fibre (Figure 1.5A, 

Massa et al., 2017). The central vessel was used as a hollow capillary where endothelial 

cells were seeded and cultured to form a perfusable monolayer. Through this monolayer, 

nutrients, oxygen media and drugs could diffuse to reach the 3D organized hepatocytes. 

This vascularized liver tissue model was subsequently used for continuous perfusing flow 

and the authors assessed the metabolic activity and viability of the cells after being treated 
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with APAP. They found that incorporating vascular components led to an increase in viability 

of the hepatocytes compared to those that were directly exposed. This can be explained by 

the delay in the drugs’ diffusion due to their passage through the barrier or their 

metabolization, which may lower their concentration. Massa et al. thus reproduced in vivo 

vascularization which created a more realistic drug response in vitro (Massa et al., 2017). 

1.4.3.4. 3D liver OoC using bioprinting 

Recently, 3D bioprinting has been used to manufacture organ-on-chip models. Bioprinting is 

based on using a bio-ink (composed of cells, matrix, and nutrients) which is precisely 

deposited on a scaffold layer-by-layer to generate a tissue. Thanks to its ability to print 

multiple materials and cell types simultaneously, with good spatial resolution, and obtain the 

desired 3D cellular arrangement, bioprinting can facilitate the creation of a biomimetic 

environment with the biochip. Thus, the combination of bioprinting and organ-on-chip makes 

it possible to create complex and biomimetic in vitro models for simulation, mechanistic and 

pharmacological modulation (Yu and Choudhury, 2019).  

Organ-on-a-chip models often consist of 3D complex structures composed of microchannels, 

allowing them to replicate the architecture of native tissue and organs. However, it is hard to 

control the property and microstructure of soft scaffolds. Bioprinting bypasses this drawback 

by allowing fine-tuning of the mechanical properties, porosity, micro-structure, and 

polymerization mechanisms of the hydrogel scaffolds (Lee and D. W. Cho, 2016).  

In the last decade, several 3D-printed liver-on-chip models have been developed. Snyder et 

al. studied the effectiveness of a radioprotective pro-drug by integrating cell printing into a 

microfluidic device (Snyder al., 2011). The printed biochip was composed of a PDMS 

substrate and a glass cover. Hepatocytes (HepG2) and epithelial cells (M10) were 

individually embedded in a Matrigel solution then printed within the PDMS substrate into 

separate chambers and the whole system was then dynamically perfused with a syringe 

pump. The authors highlighted that their printed microfluidic device was able to maintain the 

metabolism activities of both cell types (Snyder al., 2011). 

Recently, another liver-on-a-chip platform has been developed by Bhise et al., with hepatic 

spheroids (HepG2/C3a cells) fabricated via direct bioprinting in a microfluidic bioreactor 

device (Figure 1.5B, Bhise et al., 2016). This model consists of liver tissue printed directly 

into a microfluidic device which is then assembled around the bioprinted tissue, and serves 

as a bioreactor to maintain long-term viability (30-day culture period). During the 30 days of 

culture, the HepG2/C3a spheroids remained functional (albumin, alpha-1 Antitrypsin and 

transferrin secretions) and exhibited major hepatocyte markers (cytokeratin 18, MRP2 bile 

canalicular protein and tight junction protein ZO-1). Further, this device bypasses a major 
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drawback of microfluidics by being easily disassembled and reassembled, thus allowing 

access to the cells over the course of the experiment (Bhise et al., 2016; Knowlton and 

Tasoglu 2016)1,2.  

 

Figure 1.5. Examples of liver OoC platforms with different approaches. (A) 3D vascularized liver OoC 
model created with HepG2/C3a cells encapsulated in a gelatin methacryloyl hydrogel and HUVECs 
cells into a central microchannel (reproduced with permission from Massa et al. 2017): (B) microfluidic 
liver-on-a-chip model with direct bioprinting approach for the formation of 3D hepatic cell line 
(HepG2/C3a) spheroids (reproduced with permission from Bhise et al., 2016). 

 

1.4.4. Contribution of OoC technology to the improvement of in vitro liver models  

The zonation of the hepatocytes in the liver sinusoid is a key feature of the liver 

characterized by a gradient of activities and functions along the lobule. This gradient remains 

rarely if ever reproduced in conventional in vitro static cultures (Lee et al., 2021). In contrast, 

microfluidic systems offer the ability to achieve a stable gradient mimicking liver zonation, 

especially for oxygen which play a key role in metabolic zonation (Kietzmann 2017). The 

dynamic flow allows the delivery of oxygen throughout culture medium perfusion and the 

diffusion (under laminar flow) creates the oxygen gradient (Lee et al., 2021). To improve and 

accurately control oxygen supply and diffusion in a microfluidic device, two main approaches 

are used: engineering and chemical approaches (Palacio-Castañeda et al., 2022). In 

engineering approach, the oxygen diffusion is controlled by combining oxygen-permeable 

(PDMS) and -impermeable (e.g., glass, PMMA, PS and PC) materials to build the 

microfluidic device (Funamoto et al., 2012; Palacio-Castañeda et al., 2022; Sleeboom et al., 

2018). The chemical approach involves adding oxygen or oxygen scavenging/generating 

chemicals to the perfused fluid (Lee-Montiel et al., 2017; Palacio-Castañeda et al., 2022). 

OoC technology allows also the control of chemicals and hormones gradients to generate 

metabolic zonation (Lee et al., 2021; McCarty et al., 2016). Other advantages of the dynamic 

flow in OoC include the ability to provide controlled shear stress emulating the in vivo 



Chapter 1. General context 

 

27 | P a g e  
 

mechanical stimulus applied by blood flow on cells and the regulation of drugs/metabolites 

concentrations, which facilitated drug screening (Lee et al., 2021). 

The liver is composed of several cell types that interact with each other to maintain 

physiological functions. Therefore, coculture approaches are recommended to build relevant 

liver models. Unlike conventional culture methods, the advances in microfabrication 

techniques make the OoC technology suitable for co- or multi-culture of several cell types, 

while maintaining cell-cell interactions via the fluid perfusion (Lee et al., 2019). Among the 

relevant models, several groups have developed liver OoC devices integrating porous 

membrane hosting LSECs and mimicking endothelial barrier (Du et al., 2017; Hegde et al., 

2014. Prodanov et al., 2016). These devices consist of two compartments separated by the 

porous membrane. The hepatocytes are generally hosted in the bottom chamber, whereas 

LSECs are cultivated in the perfused top chamber (upon the membrane) and allow the 

diffusion of nutrients and chemicals to hepatocytes. 

In drug development and chemical risk assessment, the reproduction of ADMET (absorption, 

distribution, metabolism, excretion and toxicity) process is crucial to validate the safety 

and/or efficacy of the target molecule (Cheng et al., 2012). This process (ADMET) cannot be 

recreated with the conventional in vitro screening tools such as Petri dish and multi-well 

plate. Thanks to the fluidic flow, OoC technology allows the recreation of multiorgan 

interactions. In such multi-OoC platform, the different organs are cultured in separate 

biochips/compartment and connected together through microfluidic tubing or microchannels 

(Picollet-D'hahan et al., 2021). As the centre of chemicals/drug metabolism, the liver is 

present in the majority of multi-OoC reported in the literature (Lee et al., 2021; Picollet-

D'hahan et al., 2021; van Berlo et al., 2021). 

1.5. Liver OoC for toxicity studies  

Several research works have been carried out on establishing liver-on-chip models to predict 

chemical toxicity. The main challenge encountered when developing these models is to 

recreate the in vivo microenvironment of the cells. Knowing that hepatocytes rapidly 

dedifferentiate when cultured in vitro, optimizations have been proposed to maintain their 

differentiation state and the maintenance of their functions, especially the metabolization of 

drugs/xenobiotics in an in vivo-like situation. Several parameters should be taken in 

consideration when developing a microfluidic system for hepatocyte culture (Brandon et al., 

2003). The microfluidic system should be adapted for 3D cultures due to the advantages it 

confers in the promotion of cell-cell and cell-matrix interactions. In addition, the system 

should be suitable for the co-culture of different cell types, such as fibroblasts and 

endothelial cells which enhance hepatocyte functions (Sivaraman et al., 2005). A non-
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exhaustive list of measurements has been assessed by Baudy et al., to build a relevant liver 

in vitro model (Baudy et al., 2020). The aim is to set up fundamental target thresholds to 

ensure that adequate quantities of metabolites are generated during drug testing. The first 

stage of the model validation process consists of characterizing performances by measuring 

albumin, urea and gene expression of the key metabolizing phase I/II enzymes and 

transporters over 14 days. Once the model passes this step it undergoes the second stage, 

which consists of assessing the predominant metabolizing enzymes and transporter 

functions, morphology, cytokine stability and the integrity of hepatobiliary networks. The 

result of these evaluations then either supports or rejects proceeding to the third stage 

where different compounds are tested to evaluate the sensitivity of the model for detecting 

major mechanistic categories of human hepatotoxicity (Baudy et al., 2020).  

1.5.1. Drug toxicity studies 

1.5.1.1. Drug-induced liver Injury (DILI)  

DILI is a common cause of liver injury and accounts for approximately 50% of cases of acute 

liver failure (Donato and Tolosa, 2019). It occurs with an incidence ranging from 1 in 10 000 

to 1 in 100 000 people, and it is the most common cause for drugs being withdrawn from the 

market and restricted for use (Kuna et al., 2018). The severity to DILI depends on the 

duration of exposure and the histological location of the injury. Depending on these factors, 

DILI can be considered acute or chronic, and manifests as hepatitis, cholestasis, or a mixed 

injury. The most important event in hepatitis is necrosis of the hepatocyte.  

The first event occurring in DILI consists of inhibition of the mitochondrial respiratory chain. 

This inhibition causes an accumulation of the reactive oxygen species (ROS) and decreases 

adenosine triphosphate (ATP). In addition, the damage caused by toxic drugs inhibits the 

oxidation of fatty acids, which may cause steatosis or steatohepatitis (Fromenty and 

Pessayre, 1995). The association between these 3 events induces intracellular damage and 

leads to hepatocyte apoptosis. As apoptosis requires ATP, which is depleted because of the 

mitochondrial dysfunction, hepatocyte death follows a necrotic pathway, leading to hepatic 

inflammation (Leist et al., 1997).  

The severity of DILI cases depends on the pathologies the liver is predisposed to and its 

sensitivity to the drugs that are metabolized. For example, hepatitis B, C, and non-alcoholic 

fatty liver disease (NAFLD) have been associated with increased susceptibility to the 

inflammatory reactions to the medication (Lee et al., 2005; Seeff et al., 1986). In addition, 

genetic factors predisposing patients to DILI have been identified as affecting 

polymorphisms on the cytochrome P450 enzymes which slow down either the metabolism of 
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toxic drugs or increase the generation of bioactive metabolites. Every class of medication 

can cause acute DILI that can be resolved by withdrawing the offending agent (Zafrani et al., 

1979). 

The failure to detect DILI during the drug development process can be attributed to the poor 

predictability of the screening methods (in vitro, in vivo, ex vivo and in silico) used in the 

preclinical phase (Donato and Tolosa, 2019). Current models are unreliable for detecting 

DILI due to the complex interactions involved in the genesis of DILI itself. In addition, these 

interactions imply genetic, non-genetic, and environmental factors that most of these models 

fail to recreate. The liver organ-on-chip models are emerging as an alternative solution for 

predicting hepatotoxicity thanks to the flexibility they confer (possibility of recreating a 

controlled cellular microenvironment) and the possibility of studying acute and chronic 

exposure to toxicants while maintaining cellular functionalities (Kuna et al., 2018). 

1.5.1.2. Liver organ-on-chip model for drug toxicity 

The pharmaceutical development of drugs is considered very costly ($2.6 billion per 

marketed drug) and inefficient (94% of drugs fail clinical trials, Knowlton and Tasoglu 2016). 

The most common cause of drug withdrawal during the clinical phase is drug-induced 

toxicity, caused by the low predictability of human liver toxicity. The battery of tests used for 

the marketing of potentially bioactive molecules requires the use of animal models for drug 

toxicity assays. As an alternative, researchers are starting to promote the potential of organ-

on-chip-based platforms, essentially liver-on-chip due to the correlation between drug toxicity 

and hepatotoxicity, as an in vitro model for drug toxicity studies (Knowlton and Tasoglu 

2016). In past decades, a variety of liver OoCs have emerged for different applications, 

including toxicity studies, studying metabolism, and disease modelling. Below, we review the 

applications of liver OoC in drug toxicity studies. We have also summarized in Table 1.1 the 

main liver OoC models reported for drug toxicity studies. 

Snouber et al. investigated the toxicity of flutamide, an anticancer prodrug, and its toxic 

metabolite hydroxyflutamide on the HepG2/C3a cell line cultured in a PDMS biochip coated 

with fibronectin (Snouber et al., 2013). The metabolic activity of HepG2/C3a has been 

analysed by full metabolomic profiling. They observed a hepatotoxic reaction for the exposed 

group, illustrated by disrupted glucose homeostasis and mitochondrial dysfunctions 

compared to the non-exposed control group. In addition, the production of the toxic 

metabolite (hydroxyflutamide) led to specific mechanistic toxic signatures correlated with 

hepatotoxicity. Using the model designed, Snouber et al., proposed a list of biomarkers 

describing glutathione depletion, caused by both molecules’ hepatotoxicity, which is followed 

by the death of the HepG2/C3a cells. Using the same liver biochip, Prot et al. investigated 
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acetaminophen (APAP) toxicity on HepG2/C3a cells using a proteomic and transcriptomic 

approach (Prot et al., 2011). They observed an induced NRF2 pathway and enhanced drug-

related metabolism pathways. In addition, exposure to APAP provoked inhibited cell growth 

and a metabolic signature of APAP toxicity correlated with in vivo situations, such as 

modulated calcium homeostasis, lipid metabolism, and reorganization of the cytoskeleton. 

On the other hand, omics profiling revealed disturbances in DNA replication and the cell 

cycle in both the biochip and Petri dishes when exposed to APAP. Their research 

demonstrated the potential of microfluidic biochips as a tool for investigating drug toxicity 

studies. 

To improve prediction of human hepatotoxicity, it is important to take into consideration in 

vivo-like hepatocyte organization and cell-matrix interactions. As described in Section 1.3.4, 

different approaches have been used to promote the 3D organization of the cells inside 

microfluidic systems. Zuchowska et al. investigated the effect of 5-fluorouracil (5-FU, an 

anticancer drug) on HepG2 spheroids formed in a microfluidic system integrating U-shaped 

designs (Figure 1.6A, Zuchowska et al., 2017). The intention to work with spheroids comes 

from their similarity to an early, vascular stage of tumours, which makes them an appropriate 

model for evaluating the cytotoxic properties of compounds. To obtain the HepG2 spheroid, 

the cells were seeded in a PDMS-based biochip composed of concave chambers and 

channels and, depending on the number of cells seeded, different spheroid diameters were 

obtained. They then correlated between the cross-sectional spheroid areas, which indicated 

the death or proliferation rate of the cells, and the cytotoxic effect of 5-FU. They observed a 

decrease in the cross-sectional area when the cells were treated with different 

concentrations of 5-FU. In addition, by evaluating the effect of the drug for 10 days, starting 

on the 8th day of exposure, the HepG2 spheroids acquired drug resistance for 5-fluorouracil. 

This phenomenon can only be noticed in the microfluidic systems, demonstrating the 

potential of the model designed by Zuchowska et al. for predicting drug resistance. Another 

application of the HepG2 spheroid-on-chip model for drug toxicity is the work by Knowlton et 

al., (Knowlton and S. Tasoglu, 2016) and Bhise et al., (Bhise et al., 2016) who developed a 

liver tissue model using a bioprinting approach for hepatic spheroids encapsulated in a 

hydrogel scaffold. The HepG2/C3a spheroids were assembled using a microwell technique 

then suspended in a gelatine methacryloyl (GelMA) hydrogel scaffold. Then, using a 

bioprinter, the spheroids were directly injected into the microfluidic device, forming liver 

tissue. By exposing these spheroids to an acute, toxic dose of APAP, they observed a 

significant decrease in both metabolic activity and cell density. The results obtained from this 

acute toxic exposure were correlated with similar animal and in vitro exposure models, 

confirming the potential for applying the model developed in drug toxicity analyses. 
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Hepatocyte cell lines have limited metabolic activity, which is a crucial feature when 

developing hepatic models for drug toxicity assessment. To overcome this limitation, Yu et 

al. used rat hepatocyte spheroids to evaluate the chronic drug response to diclofenac and 

acetaminophen in a liver-on-chip bioreactor (Figure 1.6B, Yu et al., 2017). The pre-formed 

hepatocyte spheroids were introduced into the biochip and compared with a collagen 

sandwich culture as the standard. By measuring the metabolism of phenacetin, bupropion, 

and midazolam, and the production of their metabolites: acetaminophen, OH-bupropion and 

OH-midazolam respectively, they observed enhanced hepatic functions that were correlated 

with the activity of CYP1A2, CYP2B1/2 and CYP3A2. In addition, the model was used to test 

the acute and chronic toxicity of diclofenac and APAP, and was found to be more sensitive in 

testing the chronic drug response. The toxic effect was only observed after 14 days of 

exposure and viability was significantly reduced compared to the collagen sandwich control.  

One of the main challenges when developing a biomimetic liver model is ensuring its 

accuracy in predicting the toxicity of candidate drugs. Using rodent and non-rodent toxicity 

models may produce discordant results or fail to predict toxicity in humans. In the same 

context, Jang et al. designed a liver-chip containing species-specific rat, dog, and human 

primary hepatocytes co-cultured with liver sinusoidal endothelial cells, with and without 

Kupffer and hepatic stellate cells (Jang et al., 2019). The biochip was composed of 2 

channels separated by a porous membrane. The upper channel hosted rat, dog, and human 

hepatocytes within an ECM-coated sandwich, and the lower channel contained species-

specific liver endothelial cells, with or without Kupffer cells and/or stellate cells. By testing the 

toxicity of bosentan, a drug known to provoke DILI in humans but not in rats or dogs, they 

observed a hepatotoxic effect in the human liver-chip corresponding to the toxic plasmatic 

concentration which correlated the liver-chip response with the clinical response. In addition, 

the toxic concentration affected albumin secretion in humans and dogs, but not rats, which 

correlated with in vivo findings. Using the multispecies liver-chip detected the hepatotoxicity 

of bosentan more accurately than conventional sandwich monoculture plates. In addition to 

bosentan, after integrating species-specific nonparenchymal cells (NPC), hepatic stellate 

and Kupffer cells into the vascular channel, they tested the hepatotoxic effect of 

acetaminophen. They observed depletion of glutathione (GSH) and adenosine 5’-

triphosphate (ATP) preceded by a decline in hepatocyte morphology and function. These 

results were confirmed by the decrease in albumin synthesis and the increase in oxidative 

stress-related markers.  

Massa et al. successfully incorporated an engineered endothelial cell layer using human 

umbilical vein endothelial cells (HUVEC) in a 3D liver construct created with HepG2/C3a 

cells encapsulated in gelatine methacryloyl (GelMA) hydrogel (Figure 1.5A, Massa et al., 
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2017). By continuously perfusing the vessel construct with APAP mixed with HUVEC culture 

media, they observed a decrease in HUVEC metabolic activity, viability, and damage 

disturbing confluency and the endothelial monolayer. In addition, when integrating the 

HepG2/C3a liver tissue, the APAP treatment resulted in cell death near the channel and 

higher viability in the vicinity of the channel. These results were correlated with those 

obtained when working with ex vivo models.  

The integration of the HUVEC layer makes the model suitable for drug testing and promote 

the role of integrating vascularisation for their role in delaying the diffusion of drugs. Indeed, 

the HUVEC layer formed a barrier mimicking the in vivo drug administration process. in 

addition to their potential metabolic role for some drugs. 

 

Figure 1.6. Liver-on-a-chip models for drug toxicity assessment. (A) liver OoC microfluidic system 
integrating U-shaped designs for HepG2/C3a 3D spheroids formation and culture. The device enables 
long-term toxicity study of anticancer drug 5-fluorouracil with with simple and quick analysis 
(reproduced with permission from Zuchowska et al., 2017); (B) perfusion-incubator-liver-chip (PIC) for 
3D culture of rat hepatocytes. The PIC integrates heater and CO2 system supply, and used for study 
of acute and chronic toxicity of APAP and diclofenac (reproduced with permission from Yu et al., 
2017). 

 

1.5.2. Liver OoC for environmental and other toxicant studies 

An environmental toxicant is any molecule produced by humans or introduced into the 

environment by human action. Toxicants represent a threat to human health, especially after 

long-term exposure (Mostafalou and Abdollahi, 2017). They can attain the human body 

through the skin, inhalation or ingestion, and be translocated to other organs by diffusion or 

transportation via the blood and lymph. Environmental toxicants can be classified into four 

major groups: natural toxins, heavy metals, endocrine-disrupting chemicals (EDCs), and 

nanomaterials (Akarapipad et al., 2021; Maqbool et al., 2016). Human exposure to 

environmental toxicants is mainly chronic through daily exposure to low doses (residues) of 

complex cocktails of toxicants present in the food supply, soil, water, atmosphere and 
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agricultural products (Jellali et al., 2018a). In risk assessment, most commonly, animal 

models or in vitro 2D cell cultures in Petri dishes are used. However, animal models lose 

their relevance when extrapolating the results to humans, and static cultures using 

conventional Petri dishes are poorly predictive and not suitable for long-term cultures 

(chronic studies). Due to their inherent advantages, such as a relevant physiological 

microenvironment and maintenance of long-term functionality, liver OoC systems offer a 

powerful approach for risk assessment of environmental toxicants. However, although liver 

OoC technology has been widely used for drug toxicity screening, only a few works have 

reported their use in environmental toxicology assays (Akarapipad et al., 2021) (summarized 

in Table 1.1).   

Endocrine-disrupting chemicals (EDCs) are exogenous chemicals, such as pesticides and 

herbicides, that mimic, block, or interfere with endogenous hormones and other signalling 

chemicals in the endocrine system (Diamanti-Kandarakis et al., 2009). The widespread 

application of pesticides in the farming sector has contributed to the pollution of drinking 

water sources, vegetables, cattle food, milk, and fish. Dichlorodiphenyl‐ trichloroethane 

(DDT) and permethrin (PMT) are among the most prevalent pesticides in the environment 

and have been implicated in the development of different chronic diseases. DDT and PMT 

have been associated with dysregulation of liver lipids and glucose metabolism, and non-

alcoholic fatty liver disease (NAFLD) (Mérida-Ortega et al., 2019; Rodríguez-Alcalá et al., 

2015). Jellali et al. used a rat liver organ-on-chip model coupled to multi-omics to investigate 

the liver damage induced by DDT, PMT and their combination (Figure 1.7A). The 

transcriptome and metabolome analysis highlighted a dose-dependent effect for all 

conditions, with a profile close to the control condition for low doses of pesticides. 

Furthermore, transcriptome modulation reflected liver inflammation, steatosis, necrosis, 

PPAR signalling and fatty acid metabolism (Jellali et al., 2018a; 2018b; 2021).  Rotenone is 

a widely used organic pesticide known to induce oxidative stress and the mitochondrial 

dysfunction involved in the pathogenesis of Parkinson’s disease (Katila et al., 2021; Radad 

et al., 2019). Bavli et al. developed a liver-on-chip model capable of maintaining 3D 

aggregates of HepG2/C3a cells for 28 days while monitoring oxygen uptake, glucose uptake, 

and lactate production rates over the same period. They noticed damage to respiratory cells 

directly after exposure to rotenone, in addition to an increase in cellular death and a drop in 

glucose uptake after 6h. Thus, their platform was able to monitor metabolic changes 

indicating mitochondrial and metabolic dysfunction after exposure to pesticides (Bavli et al., 

2016). 

Nanomaterials are very small materials that are 10000 times smaller than the thickness of a 

human hair. This small size gives them physical and chemical properties different from those 
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of “traditional” materials. Despite the widespread use of these nanomaterials in cell/tissue 

engineering and pharmacological/medical device development, knowledge of the toxicity and 

potential health risks associated with using nanomaterials remains extremely limited. 

Superparamagnetic iron oxide nanoparticles (SPION) are currently the only clinically 

approved metal oxide nanoparticles and the most used superparamagnetic nanoparticles 

(Singh et al., 2010; Vangijzegem et al., 2019). A microfluidic 3D liver-on-chip with three 

material layers, which contains primary rat hepatocytes, has been fabricated and tested 

using different concentrations (50, 100 and 200 μg/ml) of SPION for 3-day (short-term) and 

1-week (long-term) cultures. Compared to static culture, the liver-on-chip with flow provided 

comparable viability and significantly higher liver-specific functions, up to 1-week. Moreover, 

the dynamic culture made it possible to mimic real cumulative exposure to SPION by 

minimizing possible agglomeration of the molecule, which caused more harmful effects in 

liver-specific functions (albumin and urea secretion) and viability, in a dose- and time-

dependent manner (Figure 1.7B, Li et al., 2019). Recently, another study explored the 

hepatotoxicity of copper sulphide nanoparticles (CuSNPs) using hepatocyte spheroids in a 

multi-concave agarose chip. Exposure to CuSNPs caused a decrease in spheroid viability 

and hepatocyte-specific functions, such as albumin/urea production, glycogen deposits, and 

hepatobiliary transport. Moreover, alteration to mitochondrial membrane potential and 

increased production of reactive oxygen species demonstrated hepatocyte damage (Jiang et 

al., 2021).  

Some molecules, although not toxic to humans in moderate quantities, can become so when 

overexposed. For instance, ethanol, which is the main component of alcoholic beverages 

and also present in many pharmaceuticals and cosmetic products, has become a target for 

toxicologists. Alcohol is the main cause of liver diseases as it is metabolized in the liver. 

Thus, developing in vitro models mimicking in vivo liver physiology is essential for 

understanding the mechanisms of alcoholic liver disease (ALD) and implementing treatment 

method. For this purpose, spheroids composed of rat primary hepatocytes and hepatic 

stellate cells (HSCs) were cultured in a fluidic chip to investigate the role of HSCs in livers 

with ALD, and an interstitial level of flow was applied to the chip to provide in vivo mimicking 

fluid activity (Lee et al., 2016). Hepatic function assessment showed lower albumin secretion 

and enzyme activity in the ethanol-treated group than in the control. Outcomes also 

demonstrated that HSCs were activated and contributed to the ALD process. 
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Figure 1.7. Liver-on-a-chip models for chemical toxicity assessment. (A) PDMS biochip and platform 
for 12 biochip parallelization coupled to omics analysis for pesticides (permethrin and DDT) toxicity 
assessment on rat hepatocytes (reproduced with permission from-term toxicity of superparamagnetic 
iron oxide nanoparticles (SPION, reproduced with permission from Li et al., 2019) 
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Table 1.1. Overview of main liver OoC models used for drug and chemical toxicity studies 

 Cell model Cell 
organizations/configuration Drugs / Toxicans Assays Outcomes Ref 

D
ru

g 
to

xi
ci

ty
 

Primary Rat hepatocytes 
Fibroblasts: J2-3T3 cell 

line 
2D planar culture Acetaminophen 

Viability, O2 
distribution, 
CYP3B and 

CYP3A production 

Recreation of the 
liver zonation 

Model adapted for 
the investigation of 

the spatial and 
temporal dynamics of 

hepatotoxicity 

Allen 
et al., 2005 

HepG2 cell line 3D spheroids (bioprinted in 
GelMa) Acetaminophen 

Viability, bile 
canalicular 

development, 
albumin, A1AT 

expression, 
transferrin, 

ceruloplasmin 

Maintenance of the 
hepatic functions for 
30 days of culture 

Hepatotoxicity 
observed in the 

developed model 
correlated with the in 

vivo results 

Bhise 
et al., 2016 

HepG2 cell line 3D spheroids (U-shape wells) 5-fluorouracil 
Cross-sectional 
spheroids area, 

viability 

Model for long-term 
3D spheroids culture 

Simple and quick 
analysis 

Correlation between 
the spheroids size 

and the development 
of a resistance to 
anti-cancer drug 

Zuchowska 
et al., 
2017 

HepG2 cell line 2D (patterned biochip) Flutamide  
Hydroxyflutamide 

Proliferation, 
viability 

metabolic profiling 

Demonstration of the 
potential of 

metabolomic-on-chip 

Choucha-
Snouber 

et al., 2013 
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approach for 
predictive toxicology 
Correlation between 

the flutamide 
exposure and the 

mitochondrial 
disruption 

Extraction of the 
toxic metabolic 

signature of 
flutamide 

HepG2 cell line 2D (patterned biochip) Acetaminophen (APAP) 

Proliferation, 
albumin, APAP 

metabolism, 
proteomic and 
transcriptomic 

analysis 

Enhanced drug 
metabolism 

pathways compared 
to Petri dishes 

Extraction of the 
toxic metabolic 

signature of APAP 
Toxic metabolic 

signature similar to in 
vivo condition 

 

Prot 
et al., 
2011 

Primary human 
hepatocytes & dog & rat  
Co-cultured with LSEC, 
Kupffer and stellate cells  

3D in Matrigel Bosentan  
Acetaminophen 

Viability, total 
glutathione, total 

ATP, 
albimin secretion, 
cytokines, gene 

expression 
CYP450 enzyme 

activity, 
AST, ALT and 

GDH 

Creation of species-
specific liver-chip 
models for drug 
toxicity assays 
Highlight of the 
potential of the 
model for the 

relevant detection of 
species-specific 

toxicity 

Jang 
et al., 
2019 
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Primary rat hepatocytes 
3D spheroids (agregated using 

PET-PAA-AHG and glass-
PEG-AHG wells) 

Diclofenac  
Acetaminophen 

Viability, urea and 
albumin secretion, 

CYP1A2, 
CYP2B1/2 and 

CYP3A2 
expression 

Successfully 
maintained 

spheroids functions 
for 2-3 weeks 

Model supported 
repeated chronic and 
sub-acute drug tests 
The model integrated 

a heater, a 
temperature 

controller and active 
debubbler on chip 

Yu et al., 
2017 

HepG2 cell line 
Co-cultured with 

HUVEC  

3D spheroids in GelMa Acetaminophen Viability, cellular 
metabolic activity 

Integration of 
vascularization into 
the liver model for 

toxicity study 
Recreation of the 
endothelial barrier 
which delayed the 
passage of drugs 
Development of a 

model that recreate a 
more relevant in vivo 

drug response 

Massa et 
al., 2017 

HepG2 cell line 
Endothelial cells: 

HUVEC Stellate cells: 
LX-2 

Monocytes: U937 cell 
line 

2D using materixgel Acetaminophen 

Viability, albumin 
and urea 
secretion, 

cytochrome P450 
enzyme activities 

Integration of the 
four hepatic cells 

layer in the liver-chip 
Maintenance of cell 
viability above 70% 

at day 15 
Construction of a 

Deng et al., 
2020 
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dose-and time-
dependant APAP-
induced disease 

model 

Primary human 
hepatocytes and iPS 

differenciated into iHeps 
Fibroblasts: 3T3-J2 
murine fibroblasts 

3D encapsulated in PEG-DA 
hydrogel 

Omeprazol 
Rifampin 

Albumin 
production, 

Viability, CYP450 
expression 

Maintenance of a 
stable hepatic 

function for 
hepatocytes 

encapsulated in 
hydrogel droplets 

Perfusion 
successfully 

maintained the 
albumin secretion for 

28 days 
The use of IPS cells 
promote the potential 

of using the model 
for patient-specific 

drug screening 

Schepers 
et al., 2016 

HepaRG cell line 
Co-cultured with 

HUVEC 

3D spheroids using wells 
inside the biochip 

Methotrexate 
Cis-Diamineplatinum (II) 

dichloride 
Acetaminophen 

Cyclosporin   
Mitomycin C 

Viability, 
expression of the 
phase I metabolic 
enzyme CYP450, 
albumin and urea 

secretion  

The integration of 
endotheliocytes with 

hepatocytes 
improved hepatic 

functions 
Albumin, urea, 

CYP450 and polarity 
are better expressed 
in the liver-on-chip 

model than those in 
static condition 

Demonstration of the 

bo Zheng 
et al., 2022 
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toxicity of clinical 
drugs and heavy 
metal ions with 

higher sensitivity 
than traditional static 

3D or 2D culture 

En
vi

ro
nm

en
ta

l t
ox

ic
ity

 

Primary rat hepatocytes 2D (patterned biochip) 
Dichlorodiphenyl‐trichloroethane 

(DDT)  
Permethrin (PMT) 

Viability, albumin 
and urea 

secretion, glucose 
consumption, 

ROS 
quantification, 
omics analysis 

Used omics-on-chip 
approach to study 

the toxicity of 
pesticide 

The combination of 
different low doses of 

pesticides induce 
oxidative stress and 

cell death 
Pesticides at high 

doses provoke 
hepatotoxicity, 

perturbation of lipid 
metabolism and 

steatose 

Jellali et al., 
2018a; 

2018b; 2021  

HepG2 cell line 3D spheroids using wells 
inside the biochip Rotenone (R8875) 

Viability, real-Time 
oxygen 

Measurement, bile 
canaliculi activity, 

mitochondrial 
activity, 
glucose 

consumption, 
lactate production, 

ATP/ADP ratio 

Cells maintained for 
28 days of culture 
Model capable of 
monitor real-time 

changes of metabolic 
pathways 

The metabolic shifts 
demonstrated the 

toxicity Of Retenone 
at concentrations 
considered safe 

Bavli et al., 
2016 
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previously 

Primary rat hepatocytes 2D (fibronectin coated biochip) Superparamagnetic iron oxide 
nanoparticles (SPION) 

Viability, albumin 
and urea 
synthesis  

Maintenance of 
hepatocytes 

functions for up to 1 
week 

The biochip is more 
sensible to the 

deleterious effect of 
SPION than static 

condition 
Results consistent 

with the responses of 
perfused 

hepatocytes to 
xenobiotics 

compared with static 
models 

Li et al., 
2019 

Primary human 
hepatocytes 

3D spheroids (concave 
agarose chip) 

Copper sulfide nanoparticles 
(CuSNP) 

Viability, 
albumin and 

urea secretion, 
glycogen 

deposition, 
mitochondrial 

membrane 
potential, ROS 

Successfully 
obtained spheroid 
in the agarose chip 
Hepatotoxic effect 

of CuSNP 
observed in the 

biochip 
Association of the 
mechanism with 

the hepatotoxicity 

Jiang et 
al., 2021 

Primary human 
hepatocytes 

human primary 

2D using extracellular 
matrix sandwich Ethanol 

Viability, 
albumin 

secretion, 

The Liver chip 
detected the early 
critical events of 

Nawroth et 
al., 2021 
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LSECs  
Kupffer cells  

cholesterol 
production, 
glycogen 
storage, 
cytokine, 

metabolomic 
analysis 

ALD 
Modelling of the 

circulating 
endotoxins 

Modelling of the 
injury recover after 

abstinence from 
alcohol 

primary rat 
hepatocytes 

Hepatic stellate cells 

3D spheroids (concave 
microwells) Ethanol 

Viability, 
albumin and 

urea secretion 
 

Viability of 
spheroids is 

sensible to the 
ethanol flow rate 
Development of a 
fibrosis structure in 
the exposed model 

to ethanol 
Model suitable to 
study reversible 
and irreversible 

alcohol liver 
disease 

Lee et al., 
2016 

ALT: alanine aminotransferase, AST: aspartate aminotransferase, GDH: glutamate dehydrogenase ATP: adenosine triphosphate, ADP: adenosine diphosphate, A1AT: alpha-
1-Antitrypsin, ROS: reactive oxygen species, GelMa :gGelatin methacryloyl, PET-PAA-AHG: Polyethylene terephthalate - polyacrylic acid - 1-O-(6′-aminohexyl)-D-
galactopyranoside, PEG-AHG: poly(ethylene glycol)  -  1-O-(6′-aminohexyl)-D-galactopyranoside 
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1.6. Multi-organ-on-chip model integrating liver for chemical-induced toxicity 

The liver is interconnected to other organs or tissues by means of complex biological 

mechanisms that cause a complex global response upon exposure to xenobiotics.  

Traditional cell culture models mainly target a single organ or tissue and do not reproduce 

this level of complexity. Microphysiological system technology, which relies heavily on 

microfabrication and microfluidics, is ideal for mimicking such interactions in a reductionist 

way, by connecting and integrating multiple organs in a unique system. These multi-organ 

systems, termed as multi-organ-on-chip (multi-OoC), have emerged as potential tools for 

studying the toxicity of both drugs and environmental pollutants (Bhatia and Ingber 2014). 

Table 1.2 summarizes various multi-organ-on-chip systems integrating the liver and used for 

toxicity studies. 

Drug-induced hepatotoxicity and nephrotoxicity are two major risks for human health. 

Theobald et al. designed a microsystem device composed of two interconnected chambers, 

for hepatic (HepG2) and kidney (Hek293) cells, making it possible to study both organs after 

exposure to toxins and drug (aflatoxin B1 (AFB1), benzo-alpha-pyrene (BαP) and 

rifampicin). AFB1 and BαP are known to induce primary toxicity in the liver leading to the 

production of epoxide, which is responsible for toxicity in other tissues and organs. The 

authors highlighted that xenobiotic metabolism-associated biomarkers of hepatic cells 

including albumin, urea, and CYPs were more stably and highly expressed under fluidic 

conditions. They also demonstrated the ability of this liver-kidney-on-chip device to support 

liver-kidney communication and reproduce the bioactivation, metabolism and clearance of 

both toxins and drugs (Theobaldet al., 2018). 

The first pass metabolism illustrating the passage of chemicals/drugs through the intestines 

to the liver is important in determining the effects of xenobiotics and understanding their 

mechanism of action (Lee et al., 2021). Marin et al. developed a two-organ-chip platform to 

culture the intestines and liver for studying the absorption and metabolism of APAP (Marin et 

al., 2019). The intestinal barrier was produced by Caco-2 and HT-29 cells on a culture insert 

and the liver spheroids were produced with HepaRG and HHSTeC cells using the hanging 

drop technique and cultivated in the hepatic compartment. To mimic APAP absorption 

through the intestinal barrier, Marin et al. used two concentrations of APAP corresponding to 

oral and intravenous administration in the apical side and measured its passage through the 

barrier. In vivo, APAP is largely absorbed through the intestines but its toxic metabolites are 

only generated in the liver. The same phenomenon was observed with the model by Marin et 

al. when measuring the production of N-acetyl-p-benzo-quinone, a hepatotoxic metabolite of 

APAP. In addition, they obtained a similar absorption curve and metabolism phases to the 
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classic bioavailability curve obtained in vivo for most drugs. Intestine-liver microsystems can 

also be used for environmental toxicity assessment. Esch et al. simulated the oral uptake of 

a 50 nm carboxylated polystyrene nanoparticle with a gastrointestinal tract-liver-other tissue 

microsystem (Esch et al., 2014). They determined that ingestion of carboxylated polystyrene 

nanoparticles, even in low concentrations, cross the GI tract epithelium and affect liver 

tissue. They noticed an increase in aspartate aminotransferase (AST) levels in the culture 

medium despite the absence of a significant decrease in cell viability, suggesting transient 

and sublethal cell injury.  

MOC may also improve the toxicological assessment of aerosols that have been implicated 

in the development of chronic obstructive pulmonary disease, asthma, or lung cancer. For 

this reason, Bovard et al. designed an acute and chronic toxicity study on a lung/liver 

biochip. The microsystem was composed of an air-liquid interface (ALI), where normal 

human bronchial epithelial (NHBE) cells were cultured, and a liver compartment with 

HepaRG™ spheroids. The capacity of liver cells to metabolize and regulate toxicity was 

assessed using AFB1. Outcomes showed that after 48 hours of exposure, AFB1 toxicity on 

NHBE ALI tissues decreased in co-culture conditions, proving that the HepaRG™-mediated 

detoxification protected/decreased from AFB1-mediated cytotoxicity (Bovard e al., 2018).  In 

this same approach, Schimek et al. designed a HUMIMIC Chip3plus which included a large 

medium reservoir, an air-permeable membrane above the lung culture compartment to 

ensure optimal air circulation, and a liver compartment composed of HepaRG and primary 

human hepatic stellate cell (HHSteCs) spheroids (Figure 1.8A, Schimek et al., 2020). 

Thanks to the AFB1 treatment, they demonstrated crosstalk in the lung-liver coculture. After 

24h of exposure, they observed a slight decrease in cell functionality and viability in the co-

culture system in comparison to monoculture bronchial MucilAir. These results suggest a 

protective role for the liver spheroids which decreased AFB1 toxicity by metabolizing it. 

Moreover, a decrease in albumin production was observed, indicating hepatocyte alteration. 

This study thus reproduces and corroborates the findings reported by Bovard et al. (Bovard 

e al., 2018). Naphthalene, a pesticide used as an insecticide and repellent, has also been 

studied. Viravaidya et al. described the application of a two-cell system, four-chamber µCCA 

(Cell Culture Analogue) device composed of lung, liver, fat and other tissue for an in vitro 

ADMET study of naphthalene (Viravaidya et al., 2004). The study highlighted that 

naphthalene is metabolized by the liver into reactive metabolites which then circulate to the 

lung, causing glutathione depletion leading to oxidative stress and lung cell death (Esch et 

al., 2011; Viravaidya et al., 2004). These studies illustrate the potential of organ-on-chip 

models for pesticide toxicological studies and provide new tools for chemical risk 

assessment. Therefore, the lung/liver-on-a-chip platform presented here offers new 
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opportunities for studying the toxicity of inhaled aerosols, such as toxins or pesticides, and/or 

new drug candidates targeting the lungs. 

Although drug toxicity mainly causes acute liver failure, it can also induce alterations in the 

brain as secondary effects. Studies have been conducted to determine drug-metabolized 

response in the brain. Materne et al. developed an MOC capable of maintaining in culture 

3D spheroids of neurospheres derived from undifferentiated NT2 cells and liver cells 

(HepaRG and primary human hepatic stellate cells, Materne et al., 2015). They observed 

that exposure to the neurotoxic 2,5-hexanedione induced higher apoptosis rates within 

neurospheres and liver tissues in monoculture, when compared with the neurosphere-liver 

co-culture. Therefore, these outcomes suggest that single-tissue organ-on-chips are less 

predictive and accurate than multi-organ-on-chips. The liver-brain chip may also be useful 

for assessing the metabolism of drug candidates for certain neuropathologies. Li et al. 

designed a multi-interface liver-brain chip composed of three microchannels separated by a 

porous membrane and collagen to assess hepatic metabolism-dependent cytotoxicity of anti-

brain-tumour drugs (Li et al., 2021). HepG2 and U87 cells were cultured in separate 

channels to mimic the liver and glioblastoma, while brain microvascular endothelial cells 

(BMECS) and cerebral astrocytes were co-cultured on collagen to mimic the blood-brain-

barrier (BBB). They evaluated the physiological process of three common anti-tumour drugs: 

paclitaxel (PTX), capecitabine (CAP) and temozolomide (TMZ). Their results highlighted that 

the liver compartment enhanced the cytotoxicity of CAP on U87 cells but had no significant 

effect on TMZ. On the other hand, the BBB decreased the cytotoxicity of PTX, while no 

significant effects were observed on TMZ and CAP. These results demonstrated the 

importance of liver metabolism and the blood–brain barrier for evaluating anti-brain-tumour 

drugs and the potential of liver-brain-chips for evaluating anti-brain-tumour drugs in a more 

accurate manner (Li et al., 2021). 

One of the most important targets of the toxic metabolites produced by the liver is the heart. 

To understand the dynamic interactions between these two organs, liver-heart models have 

been developed to predict off-target cardiac toxicity on liver metabolism. Soltantabar et al. 

2021 developed a heart-liver-chip using HepG2 cells and H9c2 rat cardiomyocytes to test 

the toxicity effect of doxorubicin (Figure 1.8B, Soltantabar et al., 2021). The cardiotoxic effect 

of doxorubicin is due to its primary metabolite, doxorubicinol. The PDMS biochip was 

composed of 2 culture chambers interconnected by fluidic channels. After drug treatment, 

they observed the appearance of the cardiotoxic metabolite, doxorubicinol, and its toxic 

effect was confirmed by quantifying the viability of the cardiac cells within the model. They 

observed a significant difference in the apoptotic cells in the device compared to static 

culture. The model by Soltantabar et al. promotes the potential of multi-organ-on-chip 
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models for evaluating the toxicity of both the parent drug and its metabolites and the effect 

on both organs (Soltantabar et al., 2021). 

 

Figure 1.8. Multi-organ platforms integrating liver OoC for toxicity studies. (A) liver-lung OoC platform 
to investigate organ crosstalk and assess the toxicity of inhaled substances, example of aflatoxin B1 
(reproduced with permission from Schimek et al., 2020); (B) liver-heart-on-chip device to study the 
cardiotoxicity induced by doxorubicin and its metabolite (Doxorubicinol) produced by liver 
compartment (HepG2/C3a cell line, reproduced with permission from Soltantabar et al., 2021). 
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Table 1.2. Examples of multiorgan-on-chip platforms integrating liver used for drug and chemical toxicity studies. 

Culture model Cell organizations/configuration Drugs / Toxicans Assays Outcomes Ref 

Liver: HepG2 cell line 
Kidney: Hek293 cell 
line 

2D monolayer (collagen coating) 

Aflatoxin B1 (AFB1) 
Benzo-alpha-pyrene 
(BαP)  
Rifampicin 

Viability, cytotoxicity, 
albumin and urea secretion, 
CYPs expression 

Efficient toxins and drugs 
metabolization 
Multi-faceted physiological 
phenomena modelling 

Theobald 
et al., 2018 

Liver: HepaRG and 
Human primary 
hepatic stellate cells 
(HHSTeC) 
Intestine: Caco-2 and 
HT-29 cell lines 

Intestine barrier using permeable 
membrane  
Liver spheroids using Hanging 
Drop Plates 

Acetaminophen 

Viability, Na-K-ATPase, 
MDR1, GSTA2, CYP3A4 
and UGT1A1 expression, 
APAP uptake, 
albumin secretion  

Maintenance of co-cultured 
spheroids 
Formation of a functional 
intestine barrier cell 
Low cytotoxicity on the 
intestine barrier cell even after 
24h of treatment 

Marin 
Et al., 2019 

Liver: HepG2 cell line 
Intestine: Caco-
2/HT29-MTX cell lines 

Intestine barrier using permeable 
membrane  
2D liver monolayer on poly-D-
lysine and fibronectin coated 
surface 

Carboxylated 
polystyrene 
nanoparticles 

Viability, enzyme activity of 
ALT, AST, GDH and GGT, 
pH variation  

Model demonstrated that 
nanoparticles traversed the 
intestinal barrier and reached 
the liver compartment 
The interaction between the 
two organs increased the toxic 
effect of nanoparticles 
Model suitable for assessing 
toxicities of environmental 
toxicants 

Esch 
et al., 2014 
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Liver: HepaRG cell line 
Lung: NHBE cell line 

Human 3D bronchial epithelial 
barrier 
Liver spheroids using ultra-low 
adhesion well plate 

Aflatoxin B1 (AFB1) 

Permeability, albumin and 
lactate production, glucose 
consumption, ATP, 
CYP1A1/1B1 expression of 
phase 1 metabolism 
associated genes 

Maintenance of cell functions 
and viability during 28 days 
Suitable for testing drug 
efficacy and safety 

Bovard 
et al., 2018 

Liver: HepaRG cell line 
and HHSteC 
Lung: bronchial 
MucilAir culture 

Spheroids using ultra-low-
attachment microplate 
MUCILAIR™ for the branchial 
barrier 

Aflatoxin B1 (AFB1) 

Viability, barrier permeability 
albumin production, ATP 
content, tdT-mediated 
dUTP-digoxigenin nick-end 
labelling (TUNEL)/Ki67 
staining, LDH release, ATP 

Culture for 14 days with 
maintenance of cells 
functionalities and viability 
Organs interactions 
demonstrated using the toxicity 
of aflatoxin B1 
Model suitable to evaluate the 
toxicity of inhaled substances 

Schimek et 
al., 2020 

Liver: HepG2 (human) 
and H4IIE (rat) cell 
lines 
Lung: L2 lung type II 
epithelial cells 

2D monolayer: cells cultivated on 
matrigel Naphthalene 

CYP450 1A activity, MTS 
assay, naphthalene 
metabolites toxicity, 
intracellular GSH, hydrogen 
peroxide (H2O2) production 

Mode suitable to study the 
ADME of naphthalene 
Naphthalene reactive 
metabolites are produced by 
the liver but the lung is more 
sensitive for their effect 

Viravaidya 
et al., 2004 

Liver: HepaRG cell line 
and HHSteC 
Neural system: NTera-
2/cl.D1 (NT2) cell line 

hanging drop for liver spheroids 
Spinner vessel for neurospheres 2,5-hexanedione 

Viability, glucose 
consumption, lactate and 
LDH production, gene 
expression 

Maintenance of cell functions 
and viability during 14 days 
Correlation between drug 
toxicity and tissue-tissue 
communication 

Materne et 
al., 2015 

Liver: HepG2 cell line  
BBB barrier:  primary 
BMECS and cerebral 
astrocytes  
Brain: U87 cell line 

2D monolayer: cells cultivated on 
collagen coating 

Paclitaxel (PTX) 
Capecitabine (CAP)  
Temozolomide 
(TMZ) 

Barrier permeability, 
viability, drug metabolites 
detection by mass 
spectrometry, TEER 
measurement 

 
Design of an efficient multi 
interfaces device 
Evaluation of anti-brain tumor 
drugs 
Correlation between drug 
response and properties 

Li et al., 
2021 
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Liver: HepG2 cell line 
Heart: H9c2 cell line 

3D using PepGel™ PGmatrix-
Spheroid Doxorubicin (DOX) Viability, urea production 

DOX metabolism 

 
Device allowing to evaluate 
both parent drug and its 
metabolites 
Toxicity of metabolites 
produced by liver on heart 
cells 
 

Soltantabar 
et al., 
2021 

Heart:  iPSc derived 
cardiomyocytes 
Liver: Cryopreserved 
human primary 
hepatocytes (PHH) 

2D using fibronectin (iPSc) and 
collagen (PHH) coating 

Diclofenac sodium 
Ketoconazole 
Hydrocortisone  
Acetaminophen 

Viability, albumin and LDH 
production, CYP expression 
Cardiac function 

Model suitable for acute and 
chronic drug exposure 
associated with transdermal 
drug delivery 

Pires De 
Mello 
et al., 
2020 

Liver: HepG2 and 
HepaRG cell line 
Kidney: MDCK cell line 

2D using a fibronectin coating Ifosfamide 
chloroacetaldehyde 

Proliferation, cell cycle 
repartition, CYP expression 

Organs interactions observed 
through the toxicity of the 
ifosfamide and its nephrotoxic 
metabolite produced by the 
liver 
The nephrotoxicity of 
ifosfamide is only observed 
when associated with its 
metabolite the 
chloroacetaldehyde 
The chloroacetaldehyde 
decrease viability and causes 
perturbations of the 
intracellular calcium release 

Choucha-
Snouber et 
al., 
2013 
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1.7. Conclusion and future challenges 

Over the past few decades, liver OoC technology has undergone significant progress and 

has now become a promising in vitro test system for different applications, especially in drug 

toxicity screening and environmental risk assessment. The significant advancements in 

tissue engineering, biomaterials, design and microfabrication, stem cell technologies and 

knowledge of the liver microenvironment make it possible to build liver OoC with highly 

complex and specific cellular architectures. Thanks to the use of bioprinting, organoid 

technology and hydrogels/hydroscaffolds, it is possible to construct vasculature and 3D 

architecture, as well as to model mechanical properties, cell-cell and cell-ECM interactions. 

The evolution in perfusion systems makes possible precise control of media flow 

reproducing flow, mechanical stimuli and dilutions of metabolites and paracrine signals 

similar to those in physiological situations. Currently, liver OoC benefits from the iPSC 

technology that provides a readily-available human cell source and makes it possible to 

develop multicellular liver OoC (hepatocytes + NPCs) using cells from the same donor 

(same genetic background). Such developments, coupled with easy imaging and the 

possibility of incorporating biosensors and connecting OoC to analytical tools, make liver 

OoC technology a powerful tool for both replacing the traditional “black box” of animal-based 

and conventional 2D in vitro-based paradigms, and promoting the implementation of the 

'3Rs' (replacement, reduction, and refinement of animal models).   

Although it is recognized today that the liver OoC models will replace many animal 

experiments, many obstacles still need to be addressed in the future. PDMS is the most 

widely used material for constructing liver OoC. PDMS absorbs hydrophobic molecules and 

is not suitable for tests using drugs/chemicals. With the progress made in microfabrication 

techniques, a variety of devices with new materials have been proposed. However, detailed 

comparisons of these devices with PDMS-based biochips, including biological 

performances/functions, long-term cultures, interactions with cells and molecules, and utility 

as pharmacokinetic models are needed to validate their use in toxicology studies and drug 

screening. Cell sourcing is one of the keys to the development of relevant liver OoC models. 

Human iPSC-derived hepatocytes provide great cell sources for liver OoC. Nevertheless, the 

protocols for hiPSC differentiation lead to immature and heterogeneous hepatocytes. 

Furthermore, only very few protocols are available for iPSC differentiation into NPCs, which 

are essential for construction of relevant multicellular liver OoC. The protocols for iPSC 

differentiation into hepatocytes and NPCs need to be further explored to obtain highly 

mature hepatic cells. The other major challenges for OoC technology are standardization 

and compatibility with standard laboratory equipment. To address these issues, several 
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initiatives and consortia involving the OoC community, pharmaceutical companies, academic 

researchers, and standards development organisations (SDOs) have emerged in recent 

years. These actions have been reinforced by recognition of the potential for OoC 

technology and increasing financial support from the European Union (EU), the United 

States, and the Japanese government for project relate to OoC. 

1.8. Objectives and approach of the thesis 

Most of the liver-on-chip models presented above are based on the culture of hepatocytes in 

microstructured designs in order enhance their metabolic activity and extend their lifespan. 

This approach does not fully take in consideration the complex physiology of the liver. 

Indeed, in addition to the hepatocytes, the liver is composed of 40% of NPCs which play 

important roles in the liver functions and homeostasis.  

1.8.1. Non-parenchymal cells: LSEC barrier and support functions  

Liver sinusoids are blood vessels with a diameter of 5 to 10 µm which delimit the interface 

between the circulating blood cells on one side and the hepatocytes on the other side. The 

sinusoid is composed of LSECs (15-20%) and Kupffer cells (15%) from the luminal side and 

hepatic stellate cells (5%) in the space of Disse side. Kupffer cells are derived from 

monocytes and characterized by a high phagocytic potential. They produce cytokines that 

induce the inflammatory reaction and ensure the crosstalk between the other resident cells. 

Hepatic stellate cells also known as fat-storing cells are a major storage site for vitamins and 

lipids (Lefkowitch et al., 2016). In addition, they produce the liver extracellular matrix which is 

composed of 5 to 10% of collagen in addition to glycoproteins, laminin, vitronectin, 

fibronectin and proteoglycans (Bykov et al., 2004). Finally, the LSEC contribute to different 

physiological processes such as the adjustment of the homeostasis balance, intervene in 

pathological processes, inflammation, angiogenesis and in vascular tone by vasodilation or 

vasoconstriction to regulate venous hepatic pressure (Poisson et al., 2017). LSECs have a 

discontinuous architecture: their membranes are not connected at the level of cell junctions 

but rather at the level of a region called fenestration. The endocytic power of LSEC is 

considered the highest among all endothelial cells. These fenestrations, a unique feature of 

LSECs, associated with the absence of a basal membrane, constitute the permeable and 

selective barrier of the liver. The size and number of fenestrations depend on the region and 

the physiological condition of the liver, it varies between 50 and 150 nm and between a 

hundred to several thousand per cell. There are more fenestrations in the centrilobular 

region than in the periportal region of the hepatic lobule (Szafranska et al., 2021).  
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In a healthy liver, LSECs are in contact on the one hand with arterial blood rich in O2 and on 

the other hand with blood derived from the intestine and pancreas, rich in bile acid, nutrients, 

insulin, glucagon and hormones. On the abluminal side, they interact with stellate cells and 

hepatocytes, which defines their nature as a bidirectional exchange region. Molecules such 

as metabolites, plasma proteins, drugs and lipoproteins cross LSECs to the Disse space and 

subsequently to hepatocytes for their metabolisms. As for larger molecules, capable of 

deforming through the pores of the membranes, they can go through the phenomenon of 

selective permeability (Poisson et al., 2017).  During embryogenesis, LSECs gradually lose 

continuous endothelial cell markers such as CD31 also known as platelet endothelial 

adhesion molecule (PCAM-1) and CD34 to acquire adult sinusoidal cell markers such as 

CD4, CD32 and intracellular adhesion molecule 1 (ICAM-1). In adults, the markers 

expressed in LSECs are heterogeneous, depending on the markers observed, the origin of 

LSECs may differ between stemming from a common progenitor of endothelial and blood 

cells called "hemangioblast" and stemming from the endocardium of the sinus. This 

difference in embryological origins could explain the heterogeneity of the markers expressed 

(Gage et al., 2020).  

Under normal physiological conditions, the liver has a tolerance towards circulating antigens 

since it receives all kinds of molecules from the intestine and the general blood circulation, 

making a classic immune response devastating. Knowing that LSECs play a major role in 

the reception of a large panoply of circulating molecules from the blood, its role has been 

reported in the generation of immune tolerance. Indeed, LSECs may be classified as non-

myelogenic antigen-presenting cells and may express MHC type II which presents 

exogenous antigens. Or, by a cross-presentation phenomenon, the LSECs present 

exogenous Ag via MHC type I to a CD8+ helper T cell, which leads to a kind of immune 

tolerance (Berg et al., 2006). Otherwise, the inflammation is initiated after the presentation of 

the antigens by the LSEC to the local immune system of the liver also called Kupffer cells 

(Shetty et al., 2018).  

1.8.2. Integration of LSEC barrier in liver OoC 

The integration of endothelial cells into organs-on-chip and especially liver-on-chip models 

remain a challenging objective for the recreation of physiological relevant in vitro systems. 

LSECs, lining the blood vessels, are presented as the last barrier separating the hepatocytes 

from the blood flow circulation. In addition, cultivating primary rat LSEC and hepatocytes in 

collagen gel sandwich showed a higher albumin production, an increase of native CYP 

activity compared to mono cultivated hepatocytes (Bale et al., 2014).  
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In this context, (Nakao et al., 2011) tried to recreate an endothelial-like barrier. The 

microsystem is divided into 2 independent circuits, cell culture area and culture medium 

circulation circuit, separated by endothelial-like barrier consisting of 2 µm pillars. Despite the 

LSEC acellular approach used in this barrier model, the hepatocytes cultivated under 

perfusion without shear stress aligned into a hepatic cord and more in vivo bile canaliculi 

network were developed, in comparison with the random alignments observed when 

hepatocytes are cultivated in well plates. This alignement has been demonstrated to 

promote the formation of bile canaliculi along the cord-like structure. The model developed 

by Nakao et al. 2011 highlights the importance of integrating an endothelial-like barrier for 

the recreation of a more in vivo-like model. 

In order to study cell-cell interactions and the role of the secretion factors produced by the 

LSEC and the NPC, Du et al., 2017 and Nawroth et al., 2021 used Emulate, inc Liver chip. 

The chip is bi-compartmented and the two culture chambers are separated by thin 

permeable membrane. (Du et al., 2017) studied the interaction between primary murine 

hepatic cells cultivated in the lower chamber, the hepatic stellate cells cultivated in the 

basolateral surface of the porous membrane and the Kupffer cells and the LSEC both 

cultivated in the upper chamber. They concluded that the shear stress and the integration of 

NPC enhanced the albumin and HGF secretion and increased the neutrophil recruitment 

recreating. The liver model developed by Du et al., 2017 has the potential for the 

understanding of the paracrine communications and the molecular mechanisms among the 

distinct hepatic cells. On the other hand, (Nawroth et al., 2021) used the same microfluidic 

system to model alcohol-associated liver disease. To do so, they injected primary human 

hepatocytes embed into an ECM scaffold in the upper chamber and human primary LSEC 

and Kupffer cells in the lower chamber. The liver-chip developed by Nawroth et al. 2021 

recapitulated the established markers to ethanol exposure such as an increase of oxidative 

stress and a remodelling of the bile canalicular network compared to untreated condition.   

Despite the difficulties in maintaining NPC functionalities over extended period of time, their 

integration especially the LSEC barrier in liver-chip models remain an important objective for 

the understanding of the liver physiology and disease processes (Nawroth et al., 2021). 

1.8.3. Objectives of the thesis 

Following the approaches exposed above, we propose in this thesis project to develop an 

advanced liver-on-chip model integrating a liver sinusoidal endothelial cell barrier for drug 

screening applications. The model is intended to mimic the two major events encountered by 

xenobiotics in the liver. Firstly, their passage through the endothelial barrier then their 

metabolism by the hepatocytes. The goal with this project is to propose a relevant and 
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reliable model that can be used to predict the toxicity of molecules during the preclinical 

phase. 

The theoretical design of the proposed model is presented in figure 1.9. To achieve this 

project each compartment should be characterized individually. Then, optimizations should 

be considered to ensure the coculture of the different cell populations while maintaining their 

respective phenotypes. To do so : 

- Firstly, the hepatocytes-on-chip compartment should be characterized and the 3D in 

situ organization of the hepatocyte spheroids should be ensured. 

- Then, the permeability of LSEC barrier should be assessed and the coculture 

parameters of the two cell populations should be setup 

- Finally, the communications between the two cell populations should be studied in 

order to better understand the model kinetics and promote the use of our developed 

model. 

 

Figure 1. 9. Illustration of the liver-on-chip model integrating an LSEC barrier. 

 

The project is divided into different chapters corresponding to the different steps leading to 

the development of our model: 

 Development of a liver-on-chip integrating a hydroscaffold mimicking the 
liver’s extracellular matrix 

In this chapter, we integrated an ECM-based hydroscaffold into our liver-chip. The 

HepG2/C3a cell line was then used to proof the concept of the hepatocytes in situ 

organization in a 3D conformation. Then, we followed-up the spheroids formation and 

compared their structure and functions with static hydroscaffold integrated Petri dishes.  

 Coculture model of a liver sinusoidal endothelial cell barrier and hepatocyte 
spheroids-on-chip in an advanced fluidic platform 
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The SK-HEP-1 cell line is used as an LSEC model and cultivated on a culture insert. The 

cells form a confluent monolayer which is used as the LSEC barrier. The barrier is then 

characterized using different tracer molecules and the permeability is assessed. A candidate 

molecule, the acetaminophen, is then used to proof the biotransformation capability of our 

model. 

 Investigation of the metabolomic crosstalks between liver sinusoidal 
endothelial cells and hepatocytes exposed to paracetamol using organ-on-chip 
technology 

In this chapter, we use a gas chromatography mass spectrometry to investigate the 

response of our model to acetaminophen injury.  The metabolomic profiles of each type of 

cultures and conditions are analyzed and acetaminophen-induced toxicity signature 

identified. 

Although we setup culture parameters for the co-culture of the HepG2/C3a and SK-HEP-1 

cell lines, and proved its metabolic potential, the gold standard in pharmaceutical industries 

is the use of primary human hepatocytes. In the last chapter, we present preliminary results 

of using primary human hepatocytes in our ECM-based hydroscaffold. Due to lack of time in 

the analysis we present few preliminary characterizations for their organization and 

functions. 
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Chapter 2: Materials and Methods 

In this chapter we will present all the materials and methods used in this project. They are 

more detailed and precise description of the ones published in our papers in addition to the 

materials and methods used in chapter 6. 

Messelmani T, Le Goff A, Souguir Z, Maes V, Roudaut M, Vandenhaute E, Maubon N, 

Legallais C, Leclerc E, Jellali R. Development of an advanced liver organ-on-chip integrating 

hydroscaffold mimicking cell matrix, Bioengineering, 2022, no. 9: 443 

DOI: 10.3390/bioengineering9090443  

Messelmani T, Le Goff A, Soncin F, Souguir Z, Merlier F, Maubon N, Legallais C, Leclerc E, 

Jellali R. Coculture model of a liver sinusoidal endothelial cell barrier and hepatocyte 

spheroids-on-chip in an advanced fluidic platform, Biotechnology and Bioengineering, 

Preprint,  

DOI: 10.22541/au.167596570.02002054/v1 

Messelmani T, Le Goff A, Soncin F, Gilard F, Souguir Z, Maubon N, Gakière B, Legallais C, 

Leclerc E, Jellali R. Investigation of the metabolomic crosstalks between liver sinusoidal 

endothelial cells and hepatocytes exposed to paracetamol using organ-on-chip technology, 

Toxicology, under review 

 

 

 

 

 

 

 

 



Chapter 2. Materials and methods 

 

77 | P a g e  
 

2.1. Biochip fabrication and characterization 

2.1.1. Mould design 

The hepatic biochip was fabricated using a PDMS moulding technique. First of all, the 

patterns for both the bottom and top layers were created using a design software and an SU-

8 photosensitive resin was used to replicate that design on the mould masters. The top layer 

consists of a culture reservoir of around 100 µm depth with an inlet and an outlet for flow 

circulation. The bottom layer, corresponding to the culture area, is patterned with 15 lines of 

9 culture chambers connected with 8 microchannels each line. The rectangular chambers 

(520 by 510 µm) are the privileged area of culture, and the microchannels 1050 µm are used 

to ensure a uniform flow circulation all along the culture chambers. The bottom layer has a 

height of 100 µm making the total height of the bonded biochip to 200 µm with a theorical 

culture surface of 1.95 cm² and a total volume of 45 µL (Figure 2.1). The design was 

developed and patented by Dr. Eric Leclerc (FR0954288). The master mould was fabricated 

by Laboratoire d’analyse et d’architecture des systèmes (LAAS, Toulouse). Briefly, a liquid 

photoresist (SU-8 serial 2100, microchem) was spin coated on a Silicon (Si) plate to obtain 

the desired height, then the design was printed on a high-precision photomask which will be 

used to UV-insolate the exposed part and generate the shallow structures. the plate was 

then heated to evaporate the solvent and harden the structures then rinsed in an acetate 

solution to eliminate the uncured photoresist. The same process was done to obtain the two 

layers. At this point, the wafers were ready to be used for the fabrication of PDMS biochips.  

2.1.2. Biochip fabrication 

The two layers of the biochip were fabricated separately and then bonded to form a sealed 

system. The polydimethylsiloxane (PDMS) (SYLGRAD 184 kit, Dow Corning) composed of a 

kit of pre-polymer (liquid form) (SYLGRAD 184, silicone elastomer Base, USA) and a curing 

agent (SYLGRAD 184, silicon elastomer curing agent, USA) which were mixed in a 10/1 ratio 

in mass (depending on the ratio, different stiffnesses are obtained) then poured on the 

moulds: 3 g used for the lower side and 5 g for the upper side (Figure 2.1A). The PDMS was 

then degassed using a vacuum bell to eliminate the trapped air bubbles for 30 minutes then 

the PDMS was cured for 2 h at 75°C. The cured PDMS was pealed from the Si wafer, two 2 

mm holes were drilled in the reservoir part as an inlet and an outlet for flow circulation. 

Finally, the two structured surfaces were ionized using reactive air plasma (300 mTorr, 1 min, 

Harrick Scientific) and aligned together to form an irreversible bonding. Silicon tubes were 

then introduced in the inlet and the outlet with two polypropylene connectors (female Luer ID 
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= 0.16 cm, Cole Parmer, France) which will interface with the microfluidic circuit. Finally, the 

biochips were shaped with a puncher for shape standardization. 

 

Figure 2.1.  Different steps for the microfabrication of liver biochip (A) Soft lithography process used 
for biochip fabrication; (B) Biochip design and dimensions. 

2.1.3. Hydroscaffolds integration 

In order to organize the cells in 3D we converged on using a hyaluronic-acid (HA) based 

hydroscaffold. Hyaluronic acid is natural and biologically active polymer produced by the 

mesenchymal cells and liberated in the ECM space to provide mechanical support. We used 

BIOMIMESYS® liver (HCS Pharma, France). It is mainly composed of hyaluronic acid to 

which the tripeptide Arg-Gly-Asp (RGD) was grafted. The RGD motif is usually found within 

the extracellular matrix protein and it mediates cell-substratum and cell-cell interactions. In 

addition, the HA is grafted with galactosamine allowing the binding between the cell surface 

receptors and the other ECM proteins that were added. The hydroscaffold was crosslinked 

with adipic dihydrazide crosslinker (ADH). Rat tail type I and placenta type IV were integrated 

to confer strength stretching mechanics. The hydroscaffold is porous with 117±23 µm pores 

(Figure 2.2C) and a Young modulus of around 0.6 kPa corresponding to the stiffness ranges 

of healthy liver (Desai et al., 2016).  
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Figure 2.2. Organization and structure of the hydroscaffold (A) dehydrated hydroscaffold integrated in 
the liver biochip (B) Hydrated hydroscaffold integrated in the biochip (C) SEM analysis of the 
hydroscaffold structure. 

Once the biochips were fabricated they are sent to HCS pharma for the hydroscaffold 

integration. The prepolymer aqueous solution composed of HA-g-RGDs, HA-g-GalN, 

collagen and ADH were injected in the biochip and the crosslinking was realized in situ. The 

hydroscaffold was then freeze-dried (Figure 2.2A) and the biochip was UV sterilized to allow 

preservation until use. The same hydroscaffold was injected into 48-well plate. Each well 

corresponding to the same culture surface as the biochip was used as 3D static culture 

condition. The hydroscaffold was hydrated using culture prior use (Figure 2.2B). 

2.1.4. Hydrodynamic resistance of the biochip 

In order to characterize the hydrodynamic resistance of the biochip, at different steps, the 

biochip was detached from the peristaltic pump perfusion circuit and introduced into a new 

circuit with pressure-driven flow circulation (Figure 2.3). The circuit was composed of a 

pressure controller (MFCS-EX, Fluigent, France) pressurizing an inlet and outlet tubes 

(corning, centristar, USA), the inlet tube was connected to a flow sensor (flow Unit type M, 

Fluigent, France) which was connected to the biochip and then the outlet tube. The different 

components were interconnected via PEEK tubes (1/32" x 0.25mm x 30 cm, CLUZEAU, 

France). The flow rate was then calculated following the equation ΔP = Rh x Q , where ΔP is 

the pressure differential between the inlet and the outlet of the perfusion circuit,  Rh is the 

sum of the hydrodynamic resistance of the different components of the circuit and Q is the 

flow rate. 
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Figure 2. 3. Pressure controlled microfluidic circuit used to control the flow circulation in the biochip. 

 

The hydrodynamic resistance of the different tubes, caused by the friction loss, was 

measured and subtracted from the total hydrodynamic resistance of the microfluidic circuit to 

characterize the hydrodynamic resistance of the biochip. 

2.2. Cell culture platforms 

2.2.1. Integrated Dynamic Cell Culture Microchip 

In order to parallelize the perfusion circuit and test multiple conditions. Leclerc et al. patented 

(patent n° WO2011107519A2) the integrated dynamic cell culture microchip (IDCCM) 

platform (Figure 2.4A). Inspired from a 24-well plate and fabricated by heat press of 

polycarbonate to form 24 wells, the IDCCM can host 12 independent biochips. The platform 

was composed of 2 parts. The bottom layer was composed of the 24 culture medium 

reservoirs to which the 12 biochips were plugged via two polypropylene connectors at the 

bottom of each couple of reservoirs (2 mL of culture medium volume per well). The top layer 

was the interface with the perfusion circuit, to each couple reservoir a perfusion circuit was 

associated ensuring the culture medium circulation. The perfusion circuit was composed of 

silicone PharMed BTP tubings (ID = 0.089 cm, Cole Parmer) that are squeezed through the 

peristaltic pump (ISM949, ISMATEC) actuators forcing the circulation of the culture medium 

from a reservoir to another through the biochip (Figure 2.4B). The two layers were sealed 

with a silicone gasket and the whole system was quenched with a clamping system. A 

Plexiglas® support was designed to hold the IDCCM on peristaltic pump. The IDCCM 
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ensures the culture of independent biochips (Figure 2.4C), or the culture reservoirs can be 

connected to study the interactions of serial biochips to understand the organs interactions. 

 

Figure 2.4. Design of the IDCCM (A) Different compartments of IDCCM device; (B): IDCCM device 
(with biochip in the bottom) connected to peristaltic pump; (C) principle of the IDCCM device and 
perfusion cultures. 

2.2.2. Integrated Insert in a Dynamic Microfluidic Platform 

We used the previously described coculture system named IIDMP for “Integrated Insert in a 

Dynamic Microfluidic Platform” (Bricks et al., 2014). The system is a polycarbonate fluidic 

platform composed of three subunits (Figure 2.5). Each subunit is composed of the 

association of an insert and a biochip linking two wells. The insert was placed in the first well 

and defined an apical pole (LSECs barrier) and a basal pole allowing the exchange of culture 

medium between the LSECs barrier and the hepatocyte compartment (biochip, Figure 2.5). 

The biochip connected the first and the second well (acting as reservoir). The overall IIDMP 

device consisted of three subunits and allowed the coculture of three inserts and three 

biochips simultaneously. The volume of culture medium was 10 mL: 1 mL placed in the 

apical insert, 5 mL below the insert and 4 ml in the second well. The perfusion was made 

possible by the circulation of culture medium between the basal compartment of the first well 

and the second well. The perfusion fluid was provided by a cover connected to a peristaltic 

pump via PTFE (polytetrafluoroethylene) tubings. This cover allowed to hermetically close 

the IIDMP device. The other components of the IIDMP platform were silicon gaskets sealing 

the device and a bottom layer composed of the wells subunits, allowing the connection of 

biochips (in the bottom, Figure 2.5). 
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Figure 2. 5. Specifications and principle of the IIDMP platform. 

2.3. Cell Culture assessments 

2.3.1. HepG2/C3a cell line 

The HepG2/C3a (ATCC-CRL-10741, France), a clone of the hepG2 line and derived from a 

human hepatocarcinoma was used as hepatocyte model for the proof of concept for the 

hepatocytes compartment of the liver-on-chip model. The cells have the ability to produce 

albumin, alpha fetoprotein (AFP) and the ability to grow in a glucose deficient medium. The 

HepG2/C3a are adherent cells, they are cultivated in a T75 cm² flask with cell culture treated 

surface. Cells were cultured in Minimal Essential Medium with phenol red (MEM, Gibco). The 

culture medium was supplemented with 10% fetal bovine serum, 2 mM L-glutamine, 0.1 mM 

of nonessential amino acids, 1 mM sodium pyruvate and a mix of 100 U/mL penicillin, 100 

μg/mL streptomycin. The supplements were purchased from Pan Biotech, France. The 

culture medium was renewed every 2 days and at confluence the cells were detached using 

0.25% trypsin-EDTA (Gibco) for 5 min at 37°C and the cells were seeded at a density of 

13 000 cell/cm² in the T75 flask or at the corresponding densities if used in the biochips.  

2.3.2. SK-HEP-1 cell line 

The SK-HEP-1 (ATCC-HTB-52, France) is a human cell line derived from an 

adenocarcinoma of the liver. The cell line expresses endothelial-specific markers with the 

capacity to form tubular structures. In addition, they possess numerous pores on surface also 

called fenestrae. The SK-HEP-1 cell line was used as liver sinusoid endothelial cells (LSEC). 

The LSEC form the barrier between the hepatocytes and the sinusoids and play a crucial role 

in the exchanges between the two compartments. The SK-HEP-1 are adherent cells, they 
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were cultivated in a T75 cm² flask with cell culture treated surface. The cells were cultured in 

a mix of Endothelial cell growth Basal Medium-2 (EBM-2TM, Lonza) and Minimal Essential 

Medium with phenol red (MEM, Gibco) at a 1:3 (v/v) ratio. The MEM was supplemented with 

10% foetal bovine serum, 2 mM L-glutamine, 0.1 mM of nonessential amino acids, 1 mM 

sodium pyruvate and a mix of 100 U/mL penicillin, 100 μg/mL streptomycin. The EBM-2TM is 

supplemented with its SingleQuots following the supplier recommendations. The Supplement 

Pack was composed of 2% foetal bovine serum, hydrocortisone, Basic Human Fibroblast 

Growth Factor (hFGF-B), Vascular endothelial growth factor (VEGF), Insulin-like Growth 

Factor (R3-IGF), Ascorbic Acid, human epidermal Growth Factor (hEGF), Gentamicin-

Amphotericin (GA-1000) and Heparin. The culture medium was renewed every 2 days and at 

confluence the cells are detached using 0.25% trypsin-EDTA (Gibco) for 5 min at 37°C and 

the cells were seeded at a density of 3 500 cell/cm² in the T75 flask or in THINCERT® Cell 

Culture Inserts (0.4 µm, Greiner).  

2.3.3. Primary human hepatocytes 

Primary human cryoconserved hepatocytes (Cytes® biotechnology, Spain) were used as 

hepatocytes model in the liver-on-chip. The cells are 3D/spheroids qualified and plateable in 

collagen I coated plates. The cells were directly thawed following the vendor instructions. 

The Hepatocytes Thawing Medium (MHT) (Cytes biotechnology, Spain) was used at the 

thawing step. For the adhesion phase, the Hepatocyte Plating Medium (MHP) (cytes 

biotechnology, Spain) was used and then replaced, at the culture step, by the Hepatocyte 

Basal Medium (HBMTM basal medium, Lonza) completed with Hepatocyte Culture Medium 

supplements (HCMTM Kit SingleQuotsTM, Lonza) containing Bovine Serum Albumin (BSA) 

fatty acid free, hydrocortisone, recombinant human Epidermal Growth Factor (rh EGF), 

transferrin, Ascorbic acid, Insulin, Gentamicin and Amphotericin (GA-1000). The 

concentrations of the supplements of the primary human cryoconserved hepatocytes culture 

medium were not disclosed by the supplier.  

2.4. Experimental setup for the liver-on-chip cultures  

2.4.1. HepG2/C3a culture in the hydroscaffold-integrated biochips 

One day before use, the biochips and the Petri dishes were unsealed from the UV-sterilized 

bags and the hydroscaffold was hydrated by injecting 200 µL of culture medium to each 

well/biochip. 48-well Petri dishes were used as static control since the culture surface area of 

each well was equivalent to the culture surface area of the chambers inside the biochip (2 

cm²). The biochips and Petri dishes were then incubated overnight at 37°C. Once the 

hydroscaffold hydrated, the cells were detached from the T75 flask using 0.25% trypsin-
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EDTA (Gibco) and an appropriate number is injected (20 000, 125 000, 250 000 cell/cm²). 

The biochips and the Petri dishes were then placed in a 5% CO2 and 37°C incubator 

overnight for cell adhesion. The perfusion circuit and the IDCCM were autoclaved before 

use. 

 

Figure 2. 6. Experimental procedures used for HepG2/C3a cell culture in the biochip and Petri 
containing the HA-hydroscaffold. 

Once the cells have adhered, the biochips were plugged into the IDCCM and 2 mL of culture 

medium were injected in every well. The IDCCM was then connected to the peristaltic pump 

through the perfusion circuit and the flow rate was set at 10 µL/min. The culture medium for 

the Petri dishes was renewed and with the IDCCM, they were placed in a humidified 

incubator at 5% CO2 and 37°C. The culture medium was renewed daily for the Petri dish and 

the IDCCM (Figure 2.6). At every culture medium changing, samples were saved for 

quantification analyses and at different endpoints, biochips and Petri dishes wells were 

detached and the cells were fixed for staining. At the 21st day of culture, the perfusion was 

stopped, the biochip detached and the whole system was rinsed in bleach then in Milli-Q® 

water and left to dry until the next use. The same process was repeated for the tubing. 

2.4.2. HepG2/C3a – SK-HEP-1 culture in the IIDMP platform 

2.4.2.1. Optimization of common culture medium for HepG2/C3a and SK-HEP-1 

Culture medium optimization was performed in static conditions, different MEM/EGM-2 ratios 

were tested. The SK-HEP-1 cells were seeded in cell culture inserts (6-well format, 

polyethylene terephthalate membrane, 0.4 µm pore, THINCERT Greiner) at a density of 0.35 
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105 cell/cm2. The culture medium was renewed every 2 days in the apical (1 mL) and basal 

(2 mL) compartments, and the culture was maintained until confluence was reached (6-8 

days). The HepG2/C3a were seeded in the wells of a 6-well plate at a density of of 105 

cell/cm2. The culture was maintained for 4 days and the medium (2 mL) was changed every 

2 days. The cultures were continuously maintained at 37°C in a 5% CO2 supplied incubator 

and the assays were performed at the end of the experiments. 

2.4.2.2. Dynamic monoculture and coculture in the IIDMP device 

Each experiment lasted two days (Figure 2.7). The SK-HEP-1 inserts were maintained in 

culture during 8 days for the formation of a confluent barrier, before performing the dynamic 

experiments, as mentioned in section 2.4.1. In parallel, 24 h before the dynamic experiments, 

HepG2/C3a cells were seeded in the biochips containing the hydroscaffold (4 105 

cell/biochip) and the biochips were incubated overnight at 37°C in a humidified atmosphere 

with 5% of CO2. 

At day 0 of the experiment, the SK-HEP-1 previously grown for 8 days on inserts were 

transferred in the first well of the IIDMP device and the HepG2/C3a biochips were connected 

to the bottom of the device. As shown in Figure 2.7, three conditions were established: SK-

HEP-1 monoculture (IIDMP with insert alone), HepG2/C3a monoculture (IIDMP with biochip 

alone) and coculture (IIDMP containing insert and biochip). Culture medium was added (1 

mL in the apical insert side, 5 mL in the basal side and 4 mL in the reservoir well), the IIDMP 

was closed and connected to the pump. The entire setup was placed in the incubator and 

perfusion started at 10 µL/min for 48 h in a closed loop. For exposures to drugs, 

acetaminophen (APAP, Sigma-Aldrich) was loaded in the apical compartment of the insert at 

1 mM before perfusion starting (an insert without cells was used for HepG2/C3a monoculture 

experiments). After dilution into the total medium in the circuit (10 mL), the systemic 

concentration of APAP was 100 µM. 

For each experiment, three IIDMP devices were used simultaneously, in order to achieve 9 

replicates/condition and per experiment. At the end of the experiment, the pump was stopped 

and the cover removed. The culture media were sampled and the SK-HEP-1 inserts and 

HepG2/C3a biochips were detached from the device to perform the assays. 
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Figure 2. 7. Experimental procedures for SK-HEP-1 and HepG2/C3A monoculture and coculture. 

2.4.3. Primary human hepatocytes in the IDCCM 

The biochips and the Petri dishes were prepared like described in section 4.1. the primary 

human cryopreserved hepatocytes were seeded into the hydroscaffold-integrated biochips 

and Petri dishes at a density of 400 000 cell/cm². The cells were then incubated in a 

humidified incubator overnight at 37°C with 5% of CO2 using the Hepatocytes Plating 

Medium. As shown in figure 2.8, at day 1, the Hepatocytes plating medium in replaced by the 

supplemented hepatocytes basal medium and the 12 biochips were connected to the bottom 

of the IDCCM device and mounted on the peristaltic pump for the dynamic culture. The same 

culture medium exchange is repeated for the Petri dishes. The culture was maintained for 7 

days with culture medium renewal and sampling each 2 days for the biochips and each day 

for the Petri dishes. At day 7, the PHH culture in the Petri dishes is stopped. The culture 

medium sampled and the biochips detached for further analysis. 
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Figure 2. 8. Experimental procedure for the PHH culture in Petri dishes and the IDCCM 

2.5. Biological and imaging assays  

2.5.1. Viability assay 

At the end of the experiments, the viability of the spheroids was assessed using the 

LIVE/DEADTM kit (Thermo Fisher scientific). The kit is composed of a solution of ethidium 

homodimer-1 (excitation peak at 528 nm and emission peak at 617 nm) used to stain the 

dead cells and calcein-AM (excitation peak at 495 nm and emission peak at 520 nm) used to 

stain the living cells. The ethidium homodimer-1 become fluorescent when bonded with DNA 

indicating the cells were dead while the calcein-AM is converted by the living cell through 

non-specific esterase emitting fluorescence indicating the functioning of the cells. The 

biochips were rinsed 3 times with phosphate‐buffered saline (PBS, Gibco) to eliminate the 

exceeding culture medium and the cells were incubated with a mix of ethidium homodiemer-

1 at a concentration of 4 µM and calcein-AM at a concentration of 2 µM in a humidified 

incubator at 37°C and 5% CO2 for 20 minutes. The staining solutions are then washed 3 

times with PBS and the spheroids are mounted on an epifluorescence microscope (Leica 

DMI 6000B, Leica Microsystems). 

2.5.2. Immunohistochemistry staining and confocal microscopy imaging 

Once the biochips or the inserts detached from the culture platform and in order to maintain 

their structure, the cells were fixed with paraformaldehyde (PFA, MP biomedicals). The PFA 
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creates covalent cross-links between the molecules making an insoluble meshwork. The 

culture medium was washed 3 times with PBS then the samples are incubated with 

paraformaldehyde 30 min at room temperature. The PFA was then washed with PBS and the 

samples were stored in PBS until staining.  

In order to perform the immunohistochemistry staining, the samples were permeabilized with 

0.5% Triton X-100 solution for 30 min at room temperature. Then the unspecific binding sites 

were blocked with 1% bovine serum albumin (BSA, Sigma Aldrich in PBS) for 30 min. The 

primary antibodies (table 2.1) were diluted in PBS solution with BSA at 1% following the 

manufacturer recommendations and incubated with the samples overnight at 4°C. 

Table 2.1. Primary and secondary antibodies used to stain the samples 

Immunostaining / Function Primary antibody / Dilution Secondary antibody / Dilution 
E-cadherin 
Mediator for cell-cell adhesion 

Mouse anti-E-cadherin, 

(BDB610181, BD Biosciences) 

1/1000 

Donkey anti-mouse Alexa Fluor 

647 (ab150107, Abcam) 

1/1000 

MRP2 
Polarization of the hepatocytes 

Rabbit anti-MRP2, 

(M8316, Sigma Aldrich) 

1/1000 

Goat anti-rabbit Alexa Fluor 680, 

(A21109, Invitrogen) 

1/1000 

BSEP (ABCB11) 
The ATP-dependent secretion of 

bile salts into the canaliculus of 

hepatocytes 

Rabbit anti-ABCB11/BSEP, 

(ab155421, Abcam) 

1/1000 

Goat anti-rabbit Alexa Fluor 488, 

(A11034, Invitrogen) 

1/1000 

PECAM (CD31) 
Platelet endothelial cell adhesion 

molecule 

Mouse anti- PECAM/CD31, 

(ab24590, Abcam) 

1/1000 

Donkey anti-mouse Alexa Fluor 

647 (ab150107, Abcam) 

1/1000 

Stabilin-2 
Scavenger receptor expressed on 

the sinusoidal endothelial cells of 

the liver 

Rabbit anti-stabilin-2, (ab121893, 

Abcam) 

1/1000 

Goat anti-rabbit Alexa Fluor ® 

680, (A21109, Invitrogen) 

1/1000 

Vimentin 
Maintenance of cellular integrity 

and resistance against stress 

Mouse anti-vimentin,  

(ab8978, Abcam) 

1/1000 

Donkey anti-mouse Alexa Fluor ® 

647 (ab150107, Abcam) 

1/1000 

Albumin 

Specific protein produced by the 

hepatocytes  

Goat anti-human albumin,  

(A80-129A, Bethyl) 

1/1000 

Donkey anti-goat Alexa Fluor ® 

488 (ab150129, abcam) 

1/1000 

CYP3A4 

Important enzyme produced 

mainly in the liver  
Involved in the drug metabolism 

Rabbit anti-CYP3A4 

(ab3572, abcam) 

2/1000 

Donkey anti-Rabbit Alexa Fluor ® 

568 (A10042, Invitrogen)  

1/1000 
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At the end of the primary antibodies’ incubation, the staining solution was washed with PBS 

three times and the secondary antibody’s solution diluted in PBS and BSA at 1% is 

introduced. The samples were then incubated at 4°C overnight. Apart from the 

immunostaining, nuclei were stained to identify the position of the cells using DAPI (4′,6-

diamidino-2-phenylindole, D1306, Invitrogen) at 10 µg/mL and for the F-actin structure, the 

phalloidin (Alexa Fluo 488 Phalloidin, Thermo Fisher) was used as a cytoskeleton marker at 

25 µM. The DAPI and F-actin were introduced in the secondary antibody’s solution. 

Prior confocal microscopy observation (Zeiss LSM 710), the staining solution was washed 

with PBS then the samples are mounted on the observation slide, Mowiol® (81381-50G, 

Sigma Aldrich) was used as mounting medium.  

2.5.3. Scanning electron microscopy (SEM) 

The SEM analysis was used to observe the fenestrae for the SK-HEP-1 cell line and the 

organization of the spheroids in the biochip. At different endpoints, the culture medium was 

eliminated by three PBS washing and the samples were fixed with a mix of Sodium 

cacodylate trihydrate (C0250-25G, Sigma Aldrich) at 0.1 M and glutaraldehyde 25 % 

(1042390250, Sigma Aldrich) at 2.5%. The samples were incubated for 30 min at RT in 

contact with the fixation solution then washed three times with PBS. 

To avoid the alteration of the cellular structures when creating the vaccum with the SEM, and 

prior observation, the samples were dehydrated through a cascade of dehydration. Alcohol 

solutions going from 30% to 100% were prepared and the samples were incubated for 1 hour 

at each step. At the 100% solution step, the samples were left at room temperature to dry. 

Given the poorly conduction of the biological samples, an ultra-thin coating of platinum was 

applied in order to increase their electrical-conductivity. The images were taken using an 

XL30-ESEM FEG (Philips, Eindhoven, The Netherlands). 

2.6. Endothelial barrier permeability assays 

2.6.1. Lucifer yellow  

Lucifer Yellow (LY) is a fluorescent molecule used to test the paracellular transport across 

the endothelial (SK-HEP-1) barrier. The LY (Lucifer Yellow CH dipotassium salt, Sigma-

Aldrich) was diluted in hanks' balanced salt solution (HBSS, with CaCl2 and MgCl2, Gibco) at 

50 µM and deposited in the apical compartment of an empty insert and inserts with cells 

cultured for 4, 8, 12 and 15 days. The basal compartment was only filled with HBSS. The 

inserts were then incubated at 37°C and 5% of CO2. After 90 min, the medium was collected 

from the apical and the basal compartments. The fluorescence intensity (correlated to LY 
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concentration) was measured with a microplate reader (TECAN Spectafluor Plus) using an 

excitation wavelength of 485 nm and an emission wavelength of 530 nm. The flow of LY was 

expressed by the calculation of the apparent permeability (Papp, pm/s) as follows:  

Papp = (dQ/dt) x (1/ACa) 
Where dQ/dt is the amount of LY transported during a given time (mol/s), Ca is the initial 

concentration of LY solution (mol/m3) and A is the surface of the insert (cm2). 

2.6.2. FITC-Dextran 

The SK-HEP-1 barrier permeability to molecules of different molecular weights was assessed 

using fluorescein isothiocyanate-dextrans (FITC-dextran 4, 70 and 150 kDa, Sigma-Aldrich). 

The assays were performed using confluent SK-HEP-1 barriers (8 days of culture) in static 

and dynamic (IIDMP device) conditions. The dextrans were diluted in the culture medium at a 

concentration of 100 µg/mL and deposited in the apical compartment of the culture inserts. 

Then, culture medium was sampled in the apical and basal compartments at different times. 

The FITC-dextran fluorescence intensity was measured using a microplate reader (TECAN 

Spectafluor Plus) at excitation/emission wavelengths of 490/525 nm. 

2.7. Quantification assays 

2.7.1. Albumin 

The albumin, a major protein secreted by the hepatocytes, was quantified through ELISA 

sandwich assay. The human albumin ELISA Quantitation Set (E80-129, Bethyl Laboratories) 

was used following the manufacturer instructions. First of all, the surfaces of a flat-bottom 96 

well microplates were sensitized with a Carbonate-Bicarbonate 1M buffer and 100 µL of goat 

anti human albumin antibody (A80-129A-9, Bethyl Laboratories) was incubated at RT for 1 

hour. The wells were then washed 5 times with a washing buffer (50mM Tris, 0.14M, 0.05% 

tween 20, pH 8, Sigma Aldrich). The unspecific bindings were then blocked with Tris 50mM, 

NaCl 0.14M buffer and 1% BSA solution for 30 min at RT. The exceeding solution was then 

washed 5 times with the washing buffer. 100 µL of the standards, serially diluted from the 

Human reference serum at 22 mg/mL (RS10-100-4, Bethyl Laboratories), and the samples 

were added to each well and incubated 1 h at RT. After the incubation, the exceeding 

solutions were washed 5 times with the washing buffer and 100µL of the HRP conjugated 

Human Albumin Detection Antibody (A80-129P, Bethyl Laboratories) diluted (1/50 000) in 

50mM Tris, 0.14M NaCl, 1% BSA and 0.05% Tween were incubated in each well 1 hour at 

RT. After the incubation, the wells were washed 5 times with the washing buffer and the 

reaction was revealed with o-phenylenediamine dihydrochloride (OPD) (5 mg, Sigma Aldrich) 

and H2O2 (30%, Sigma Aldrich) diluted in citrate buffer (0.05 M, pH 7.4). the plate was 
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protected from light for 20 min then the reaction was stopped by adding 100 µL of sulfuric 

acid at 0.18 M in each well. The absorbance was then measured with a microplate reader at 

492 nm (Spark 10M, TECAN). The measured albumin concentration was normalized with the 

initial volume of culture medium. For the HepG2/C3a, the normalization was done by 

considering the same density of initial seeding in the biochips and the Petri dishes. For the 

Primary human hepatocytes, the concentration was normalized for 1 million cells since the 

PHH do not proliferate when cultivated in vitro. 

2.7.2. Urea 

The urea production, a major chemical compound produced in the liver, was measured 

directly from the culture medium via a colorimetric method using the urea assay kit 

(QuantiChrom DIUR100, BioAssay Systems). The reaction consists of a first step of 

condensation of the ortho-phthaldialdedyde with urea followed by the rapid reaction with 

primaquine diphosphate create a colored product. Prior dosing the two reagent A and B were 

mixed at a 1:1 (v/v) and equilibrated at room temperature. Then, in a clear bottom 96-well 

plate 50 µL of the samples, standard and blank were introduced in duplicate in separate 

wells. To each well was then added 200 µL of the reagent A:B mix and incubated 50 min at 

RT. The optical density was measured at 430 nm with microplate reader (Spark 10M, 

TECAN). The measured Urea concentration was normalized with the initial volume of culture 

medium. For the HepG2/C3a, the normalization was done by considering the same density 

of initial seeding in the biochips and the Petri dishes. For the Primary human hepatocytes, 

the concentration was normalized with for 1 million cells since the PHH do not proliferate 

when cultivated in vitro.  

2.7.3. Interleukin-6 measurement 

ELISA sandwich assays were used to quantify the IL-6 concentration in the culture media 

collected at the end of the experiments. The assay was performed using human IL-6 ELISA 

Kit (ab718013, abcam) following the protocols recommended by the manufacturers. The 

results were acquired using a Spectafluor Plus microplate reader (TECAN) set to a 

wavelength of 450 nm. 

2.7.4. RNA extraction and RTqPCR analysis 

At the end of the experiments, the culture media were removed from biochips and inserts, 

and the cells (HepG2/C3a and SK-HEP-1) were lysed and recovered using 500 µL of TRIzol 

(Thermofischer Scientific) and stored at -80 °C until use. Total RNA was purified by 

phenol/chloroform extraction followed by alcohol precipitation, and RNA concentrations 
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measured using a NanodropOne (Thermofisher Scientific). Reverse transcription reactions 

were performed using a High-capacity cDNA reverse transcription kit with RNase inhibitor 

(Applied Biosystems, ThermoFisher Scientific). Quantitative PCRs were performed using a 

StepOnePlus machine (Applied Biosystems, Thermofisher Scientific) in duplex reactions, 

mixing the cDNA with the TaqMan FAM-labelled probes of the selected gene (Applied 

Biosystems, ThermoFisher Scientific) and a β2-microglobulin-VIC-labeled probe as a 

reference endogenous control (Table 2.2.). The threshold cycle (CT) values were calculated 

at the upper linear range of the logarithm−2 amplification curve using the StepOne v2.3 

software (Thermofisher scientific). The data were then expressed as 2−∆∆C
T with ∆CT is the 

difference between CT of the transcript of interest and CT of the reference, and ∆∆CT is the 

difference between the mean ∆CT of experimental samples the mean ∆CT of control samples 

(Livak & Schmittgen, 2001). The relative quantity (RQ) corresponds to 2−∆∆C
T which 

transforms the logarithmic−2 data into decimal values. 

Table 2. 2. TaqMan probes used for RTqPCR assays 

Gene Probe ID Fluorophore 

B2M Human B2M (beta-2-microglobulin) 
Endogenous Control 

VIC/MGB probe, 
primer limited 

STAB1 Hs01109068_m1 FAM/MGB 

PECAM1 Hs01065279_m1 FAM/MGB 

MRC1 Hs00267207_m1 FAM/MGB 

KDR Hs00911700_m1 FAM/MGB 

CD32b Hs01634996_s1 FAM/MGB 

VCAM1 Hs01003372_m1 FAM/MGB 

ICAM1 Hs00164932_m1 FAM/MGB 

CD45 Hs04189704_m1 FAM/MGB 

CLEC4M Hs03805885_g1 FAM/MGB 

UGT2B7 Hs00426592_m 1 FAM/MGB 

UGT1A1 Hs02511055_s1 FAM/MGB 

SULT1A2 Hs02340929_g1 FAM/MGB 

CYP1A2 Hs00167927 _m1 FAM/MGB 

CYP1A1 Hs01054796_g1 FAM/MGB 

TNFα Hs01113624_g1 FAM/MGB 
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IL-1 Hs01555410_m1 FAM/MGB 

IL-6 Hs00985639_m1 FAM/MGB 

IL-8/ CXCL8 Hs00174103_m1 FAM/MGB 

 

2.7.5. HPLC-HRMS 

APAP and APAP metabolites detection and quantitative evaluation were performed by LC-

HRMS. The HPLC system (Infinity 1290, Agilent Technologies, France) with DAD, was 

connected to a Q-TOF micro hybrid quadrupole time of flight mass spectrometer (Agilent 

6538, Agilent Technologies, France) with electrospray ionization (ESI). HPLC was carried out 

on a Thermo Hypersyl Gold C18 (USP L1) column (150 mm × 4.6 mm ID, 5 µm, 175 A), 

connected to an Agilent Infinity 1290 HPLC at 40°C. The solvent system was A: 0.1% formic 

acid in H2O and B: Acetonitrile. The gradient program began with 5% B, held at 5% for 1 min 

and ramped to 20% B at 5 min and to 95% at 7 min, held at 95% for 3 min, until decreased to 

initial condition and held at 5 % for 1 min. The flow rate was set at 1 mL/min. All compounds 

responses were measured in ESI+ and ESI- alternatively and were calibrated externally. The 

ESI Gas Temp was 350 °C, at electrospray voltage +3800 V or – 3500V. Drying Gaz was set 

at 10 L/min and Nebuliser was at 30 psi. Fragment voltage was set at 110 V. HRMS 

spectrum was registered at 5 Hz in the mass range of 50 to 1200 m/z with internal 

calibration. Software MassHunter (Version B.07.00, Agilent Technologies, Santa Clara, CA 

95051, United States), was used for data processing, quantification and data acquisition. 

APAP and APAP metabolites were validated by the conjunction of exact mass and retention 

time from standards. 

2.7.6. Metabolomics 

The culture medium from the basal compartment was collected for the different conditions 

and the samples were frozen in liquid nitrogen until analysis.  

2.7.6.1. Sample preparation 

The samples were thawed and 250 µL was completed with 500 µL of frozen solution (-20°C) 

of water:acetonitrile:isopropanol (2:3:3) containing 4 mg/L of adonitol, 2.75 mg/L of α-

aminobutyric acid solution (αABA), and placed in an Eppendorf thermomixer for 10 min at 

4°C with shaking at 1500 rpm. Insoluble material was removed during two centrifugation 

steps at 14000 rpm for 10 min. Three aliquots of each extract (200 µL) were dried for 4 h at 

35 °C in a speed-vac and stored at -80°C until analysis. 
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For GC-MS injection, samples were taken out of -80°C, warmed for 15 min and dried again 

for 1.5 h at 35 °C before adding 10 µL of 20 mg/mL methoxyamine in pyridine and the 

reaction was performed for 90 min at 30 °C with shaking. Then, 90 µL of N-methyl-N-

trimethylsilyl-trifluoroacetamide (MSTFA, Regis Technologies) was added and the reaction 

continued for 30 min at 37 °C. After cooling, 100 µL was transferred to an Agilent vial for 

injection. Four hours after derivatization, 1 µL of sample was injected in splitless mode on an 

Agilent 7890B gas chromatograph coupled to an Agilent 5977A mass spectrometer. The 

column was a Rxi-5SilMS from Restek (30 m with 10 m Integra-Guard column - ref 13623-

127). An injection in split mode with a ratio of 1:30 was systematically performed for 

saturated compound quantification. The oven temperature ramp was 60 °C for 1 min then 10 

°C/min to 325 °C for 10 min. Helium constant flow was 1.1 mL/min. Temperatures were the 

following: injector: 250 °C, transfer line: 290 °C, source: 230 °C and quadrupole 150 °C. The 

quadrupole mass spectrometer was switched on after a 5.90 min solvent delay time, 

scanning from 50-600 u. Samples were randomized and a fatty acid methyl ester mix (C8, 

C9, C10, C12, C14, C16, C18, C20, C22, C24, C26, C28, C30) was injected in the middle of 

the queue for external RI calibration. 

Raw Agilent datafiles were analyzed with AMDIS (http://chemdata.nist.gov/mass- 

spc/amdis/). The Agilent Fiehn GC/MS Metabolomics RTL Library (version June 2008) was 

employed for metabolite identifications. Peak areas were determined with the Masshunter 

Quantitative Analysis (Agilent) in splitless and split 30 modes. Because automated peak 

integration was occasionally erroneous, integration was verified manually for each compound 

and peak areas were normalized to ribitol. Metabolite contents are expressed in arbitrary 

units (semi-quantitative determination). 

2.7.6.2. Metabolomic statistical analyses 

The metabolomic multivariate data analyses were performed using MetaboAnalyst 5.0 (Pang 

et al., 2021). Supervised partial least squares-discriminant analysis (PLS-DA, comparison of 

more than two groups) and orthogonal projections to latent structures discriminant analysis 

(OPLS-DA, comparison of two groups) were applied to get the maximum separation between 

control and treated groups, and to explore the variables that contributed to this separation. 

The quality of PLS-DA and OPLS-DA models was evaluated by the R2Y (fitting degree) and 

Q2 (prediction parameter) values. To determine the best discriminators metabolites, the P 

value and fold change were used to build the volcano plot -log10P = f (log2FC). Variables 

with P value < 0.05 and fold change > 1.2 (upregulated) or < 0.8 (down regulated) represent 

possible discriminating metabolites. The significant metabolites were confirmed using 
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variable importance in the projection value (VIP > 1). Finally, pathway enrichment analysis 

was performed with MetaboAnalyst using the selected significant metabolites. 

2.8. Bi-compartmentalized biochip  

2.8.1. Design of the biochip 

In order to mimic the physiological organization of the cells in the liver sinusoid, we proposed 

to design and develop a bicompartimentalized biochip composed of an apical compartment 

hosting the LSEC cells and a basal compartment hosting the hepatocytes. The two PDMS 

compartments were intended to be separated by a porous membrane allowing the 

exchanges (figure 2.9A). The Polyethylene terephthalate (PET) membrane 

(ipCELLCULTURE™ Track-Etched Membrane, it4ip) was chosen with characteristics 

corresponding to the culture insert with pore size of 0.4 µm, a density of 1.60E+06 cm-2, a 

thickness of 23 µm and 2% of porosity. Once the whole system bonded, each compartment 

was intended to be connected to an independent perfusion circuit making the porous 

membrane the only exchange surface between the two circuits (figure 2.9B).  

In order to achieve the bonding between the different materials composing the biochip 

(PDMS-PET-PDMS), two bonding techniques using (3-Aminopropyl)triethoxysilane (APTES) 

and bis(3- (trimethoxysilyl)propyl)amine inspired from (Sip & Folch, 2014) and (Loskill et al., 

2017) protocols were adapted and established.  

 

Figure 2. 9. Design of the bi-compartmentalized biochip (A) 3D design of the biochip (B) schematic 
presentation of the different compartments. 
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2.8.2. Fabrication process 

2.8.2.1. APTES bonding protocol 

The APTES (A3648, Sigma-Aldrich) was used to pre-treat the membrane adding attachment 

sites that can be activated using oxygen plasma. Firstly, as shown in figure 2.10, the 

membrane was cut into a circle with a diameter of 38 mm and cleaned with isopropanol for 

10 minutes. Once dried, the membrane surface is activated with oxygen plasma at 300 

mTorr for 60 seconds. The membranes were then immersed in a mix of 95% of Milli-Q water 

and 5% APTES for 20 minutes at 80°C. The membrane was dried and introduced to oxygen 

plasma with the upper compartment for surface activation for 60 seconds at 300 mTor, the 

two parts were then assembled. The same process was repeated for the lower chamber. 

 

 

Figure 2. 10. Surface activation and bounding using the APTES primer. 

2.8.2.2. Bis(3-(trimethoxysilyl)propyl)amine bonding protocol 

The Bis(3-(trimethoxysilyl)propyl)amine (413356, Sigma-Aldrich) like the APTES was used to 

create covalent bonds. Briefly, as shown in figure 2.11., the membrane was cut into circle 

with a diameter of 38 mm then rinsed with isopropanol for 10 minutes and dried. The 

membrane’s surface was then activated for 60 seconds at 300 mTorr with oxygen plasma. 

Once activated, the membrane was immersed in a mix of 97% isopropanol, 2% bis(3-

(trimethoxysilyl)propyl)amine and 1% Milli-Q water for 20 minutes at 80°C. The membrane 

was then rinsed with isopropanol and dried at 70°C for 30 minutes. Once the membrane has 

dried, it was immersed in 70% ethanol and then air dried. For the bonding with oxygen 

plasma activation, the same steps described in section 2.8.2.1 are repeated. 



Chapter 2. Materials and methods 

 

97 | P a g e  
 

 

Figure 2. 11. Surface activation and bounding using the Bis(3-aminopropyl)amine(BisAmine) primer. 

2.8.3. Characterization of the biochip 

2.8.3.1. FITC-dextran permeability assay 

The permeability of FITC-dextran (4 kDa, Sigma-Aldrich) was assessed. The tracer passage 

from the apical to the basal compartment through the APTES and bis(3- 

(trimethoxysilyl)propyl)amine treated membranes was measured. The FITC-dextran was 

diluted in Milli-Q and at a concentration of 100 µg/mL and introduced in the apical circuit of 

the bi-compartmentalized biochip through the bubble trap. The perfusion was started in both 

circuits independently ensuring that the exchanges only occur through the permeable 

membrane. The circulating liquid from the bubble trap linked to the basal compartment was 

sampled at different times. The FITC-dextran fluorescence intensity was measured using a 

microplate reader (TECAN Spectafluor Plus) at excitation/emission wavelengths of 490/525 

nm. 

2.8.3.2. Shear stress simulations 

The shear stress applied on the cells in the apical compartment was estimated for different 

designs using COMSOL Multiphysics 5.1. The design of the biochip was recreated 

considering a height at the inlet/outlet of 100 µm and 80 µm at the culture chambers level. 

The theoretical shear forces applied on the cells was measured at a flow rate of 10 µL/min in 

the central part of the biochip, at 5 µm above the membrane. The shear stress for the 

condition where the upper part consist of a culture reservoir was compared with the condition 

where the upper part is microstructured. 
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2.8.4. Cell culture 

For cell culture proof of concept, only the APTES bonded biochips and the SK-HEP-1 cell 

line were used. After the fabrication process and for each experiment, 3 biochips were, firstly, 

incubated for 1 hour with a UV sterilizer at 253 and 230 nm to inactivate bacteria, viruses and 

fungi. Then, each compartment of each biochip was linked to a closed perfusion circuit 

including a bubble trap and a peristaltic pump. The bubble traps were used as culture 

medium reservoir. The biochips were subsequently perfused with ethanol 70% and Milli-Q 

water to eliminate the potential residual APTES on the membrane. Then the apical culture 

chambers were filled with EGM-2/MEM (25%/75%) common culture medium for SK-HEP-1 

cells HepG2/C3a. Between the 10th and the 20th passage, the SK-HEP-1 cells were detached 

from the T75 cm² flasks using trypsin-EDTA and injected in the apical compartment. The 

biochips were incubated overnight in a humidified incubator at 37°C and 5% CO2. The 

perfusion at 10 µL/min was launched once the cells have adhered.  

2.9. Statistical analyses 

The experiments are repeated at least three times and a minimum of 2 biochips/conditions 

were used in each experiment (N = 3 experiments and 6 ≤ n (biochip) ≤ 12). The data are 

presented as the mean ± standard deviations (SD) (for RTqPCR assays, only 3 replicates 

from 3 different experiments were used). To determine significant statistical differences, a 

one-way ANOVA test was performed using GraphPad software (Prism 8). Data with P-values 

< 0.05 were identified as statistically significant and highlighted in the figures. 
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Chapter 3: Development of Liver-On-Chip Integrating a 
Hydroscaffold Mimicking the Liver’s Extracellular Matrix 

In this section, we demonstrated the proof of concept of using our hydroscaffold-integrated 

biochip for the 3D organization of the cells. We used the HepG2/C3a cell line as hepatocyte 

model to study their organization into spheroids inside the biochip. The formed spheroids 

were analysed structurally and functionally and compared to spheroids formed in 

hydroscaffold-integrated Petri dishes. Finally, we discussed the advantages of using our 

liver-on-chip model and the potential of using such a model in drug toxicity and metabolism 

applications. The core of the chapter is literally extracted from our article “Development of 

Liver-On-Chip Integrating a Hydroscaffold Mimicking the Liver’s Extracellular Matrix”2. The 

article abstract is presented as a summary of the chapter 3. The material and methods are 

not presented in this chapter, an extended version is described in chapter 2. The 

supplementary files of the article are provided at the end of this chapter. 

 

 

                                                           
2 Messelmani T, Le Goff A, Souguir Z, Maes V, Roudaut M, Vandenhaute E, Maubon N, Legallais C, 
Leclerc E, Jellali R, Development of an advanced liver organ-on-chip integrating hydroscaffold 
mimicking cell matrix, Bioengineering, 2022, 9, 443, Article, DOI:10.3390/bioengineering9090443 
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Summary 

The 3Rs guidelines recommend replacing animal testing with alternative models. One of the 

solutions proposed is organ-on-chip technology in which liver-on-chip is one of the most 

promising alternatives for drug screening and toxicological assays. The main challenge is to 

achieve the relevant in vivo-like functionalities of the liver tissue in an optimized cellular 

microenvironment. Here, we investigated the development of hepatic cells under dynamic 

conditions inside a 3D hydroscaffold embedded in a microfluidic device. The hydroscaffold is 

made of hyaluronic acid and composed of liver extracellular matrix components 

(galactosamine, collagen I/IV) with RGDS (Arg-Gly-Asp-Ser) sites for cell adhesion. The 

HepG2/C3a cell line was cultured under a flow rate of 10 µL/min for 21 days. After seeding, 

the cells formed aggregates and proliferated, forming 3D spheroids. The cell viability, 

functionality, and spheroid integrity were investigated and com-pared to static cultures. The 

results showed a 3D aggregate organization of the cells up to large spheroid formations, high 

viability and albumin production, and an enhancement of HepG2 cell functionalities. Overall, 

these results highlighted the role of the liver-on-chip model coupled with a hydroscaffold in 

the enhancement of cell functions and its potential for engineering a relevant liver model for 

drug screening and disease study. 

 

Keywords: organ-on-chip; liver; extracellular matrix; hydroscaffold; spheroid 

 

 

 

 

 

 

 

 

 

 

 



Chapter 3. Development of Liver-On-Chip integrating a Hydroscaffold Mimicking the Liver’s Extracellular Matrix 

 

102 | P a g e  
 

3.1. Introduction 

Drug discovery and development is a long and complex process involving several steps 

before commercialization. This process, from identifying the potential molecule to its 

commercialization, takes up to 10 to 15 years and costs approximately 3 to 5 billion dollars of 

investment (Hughes et al., 2011; Khetani et al., 2015). Moreover, approximately 90% of drug 

candidates fail to receive approval by the regulatory authorities, mainly due to their lack of 

efficacy or toxic effects (Freyer et al., 2016). Among the key steps in drug development, the 

preclinical trials stage makes it possible to evaluate biological efficacy and potential safety 

problems prior to initiating the clinical phase. This stage involves the use of in vitro models 

followed by extensive animal testing (Sivaraman et al., 2005). However, it is estimated that 

approximately 90% of molecules that successfully pass the preclinical steps fail during 

clinical trials (Khetani et al., 2015). Although useful in preclinical tests, animal models have 

their limitations and fail to mimic complex human biology because of species differences, 

resulting in poor extrapolation of the results obtained from animal to human (Mann, 2015; 

Merlier et al., 2017). In addition, animal experiments pose problems from an ethical and a 

regulatory viewpoint (Mann, 2015). Thus, there is now an increasing need to develop 

relevant in vitro models that can reliably mimic the human response to drugs (Bell et al., 

2017). 

The liver is a major organ that plays an essential role in a variety of functions, such as 

digestion, storage, the production and secretion of plasma, and essentially the de-toxification 

and purification of blood (Polidoro et al., 2021). As the major site of xenobiotic metabolism, 

the liver is one of the organs most affected by drug-induced toxicity. Drug-induced liver injury 

(DILI) is a common cause of liver injury and accounts for approximately 50% of cases of 

acute liver failure in the United States and Western Europe (Bernal and Wendon, 2013; 

Donato and Tolosa, 2019; Ghabril et al., 2010). DILI is also the most common cause of a 

drug’s withdrawal from the market and restriction of use (Kuna et al., 2018). The failure to 

detect DILI during the drug development process is attributable to the poor predictability of 

the screening methods (in vitro, in vivo, ex vivo, and in silico) used in the preclinical phase 

(Chen et al., 2014; Donato and Tolosa, 2019; Ghabril et al., 2010; Segovia-Zafra et al., 

2021). 

In current in vitro preclinical assays, the hepatotoxicity of drug candidates is most commonly 

tested using two dimensional (2D) monolayer cultures (Polidoro et al., 2021). These cultures 

are mainly performed in a static macroscale environment such as Petri dishes or multi-well 

plates. Although 2D static cultures have provided significant contributions to biomedical 

research and the pharmaceutical industry, they fail to both reproduce in vivo physiology and 
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metabolism, and accurately predict cellular responses to drugs (Bhatia and Ingber 2014; 

Chen et al., 2021). These limitations are associated with the lack of specific architecture in 

the tissues, mechanical and biomechanical cues, and cell-cell and cell-matrix interactions 

(Fang and Eglen 2017). Several studies have shown that primary human hepatocytes (PHH), 

which are considered the gold standard for in vitro drug screening, dedifferentiate and rapidly 

lose their key phenotypic and specific detoxification functions, when cultured in 2D static 

conditions (Chen et al., 2021; Gómez-Lechón et al., 2014). Therefore, there is an increasing 

need for the development of reliable in vitro human liver models. These models must 

reproduce as closely as possible the in vivo characteristics of the liver microenvironment. 

In an attempt to improve in vitro liver models, different approaches based on tissue 

engineering, microfabrication, and microfluidics have been proposed during the last decade: 

3D cell culture (spheroids, culture in hydroscaffold/hydrogel, and 3D bi-oprinting), organoids 

derived from stem cells, dynamic organ-on-chip (OoC) culture, coculture models of different 

liver cells and liver coculture with other organs (Fang and Eglen 2017; Lauschke et al., 2016; 

Ruoß et al., 2020). Of those models, dynamic organ-on-chip and 3D spheroids seem to be 

two of the most promising models for hepatic cell cultures (Foster et al., 2019). In particular, 

OoC technology makes it possible to build a well-controlled microenvironment and create 

“physiological-like” situations, such as 3D architectures, cell-cell and cell-matrix interactions, 

continuous nutrient exchange, zonation, physiological shear stress, and chemical gradients 

(Bhatia and Ingber, 2014; Ingber, 2020). Moreover, microfluidic OoC offers the possibility of 

reproducing physiological organ-to-organ interactions, when cells from different organs are 

cultivated in separate biochips and chemical factor exchange is made possible through 

microfluidic tubing (Essaouiba et al., 2020). The culture in 3D spheroids also exhibits several 

features making it possible to both mimic in vivo cell conditions and maintain liver-specific 

functions. It promotes adhesion between cells, their interaction with the extracellular matrix 

(ECM), and the development of gas, nutrients, and metabolite gradients (Cui et al., 2017; 

Fang and Eglen, 2017; Godoy et al., 2013). Spheroids can be produced by self-aggregation 

of cells (non-adhesive surface, bioreactor, hanging drop technique) or using a 

hydrogel/scaffold matrix (Cui et al., 2017; Fu et al., 2020). The use of hydrogel and scaffold 

offers the possibility of tuning the cell microenvironment by modifying the composition of the 

matrix and/or the mechanical properties (Cui et al., 2017; Fang and Eglen 2017). 

In previous works, our group has developed liver-on-chip models with different hepatic cells 

(HepG2/C3a, HepaRG, PHH, primary rat hepatocytes and human induced pluripotent stem 

cells hiPSCs) to investigate liver metabolism (Jellali et al., 2016; Prot et al., 2011), drugs and 

pesticide toxicity (Choucha-Snouber et al., 2013; Jellali et al., 2018; Leclerc et al., 2015), and 

liver regeneration and the development process (Danoy et al., 2021). Recently, we integrated 
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an alginate cryogel into our biochip to promote 3D cell organization. The cells colonize the 

entire surface of the collagen-coated cryogel, forming a thick (200 µm) tissue-like 3D 

structure from the bottom to the top of the biochip (Boulais et al., 2021). In the present study, 

we propose a new liver-on-chip model integrating a hydroscaffold allowing cells to organize 

into a complex 3D spheroid architecture. To promote a more in vivo-like environment for 

cells, we used a hydroscaffold containing the key liver extracellular matrix (ECM) 

components (hyaluronic acid (HA), RGDS, galactosamine, collagen I and IV). We studied the 

behavior and functionalities of HepG2/C3a, a liver cell line often used as an in vitro model for 

human hepatocytes, cultured in dynamic conditions in the biochip integrating the scaffold. 

Different cell densities and times of culture, ranging from 4 days (short-term culture) to 21 

days (long-term culture), were investigated. 

3.2. Integration of the hydroscaffold into the biochip 

The hydroscaffold crosslinking was performed in situ in the biochip. The purified pseudo-

hydrogel was easily injected into the biochip using a syringe and the crosslinking took place 

for 2h. Figure 3.1 A-E shows the pictures and optical microscope observations of the 

biochips without and with the hydroscaffold, respectively. The hydroscaffold is easily 

identifiable both in the picture (Figure 3.1C, white color) and in the microscopic observations 

(Figures 3.1D and 3.1E, dried and hydrated hydroscaffold, respectively). It is well distributed 

and homogenously occupies the entire space of the biochip, from the inlet to the outlet. The 

contrast in color observed in Figure 3.1D is due to the difference in height between the 

bottom of the biochip and the top of the microstructures. The SEM observations of the 

scaffold highlighted a homogeneous porous network with a pore size of approximately 120 ± 

20 µm (Figure 3.1F). 

 
Figure 3.1. Microfluidic devices and hydroscaffold characterization. (A) microfluidic biochip; (B) 
microscopic observation of biochip microstructures; (C) biochip containing the hydroscaffold; (D) 
microscopic observation of dehydrated hydroscaffold inside biochip; (E) microscopic observation of 
hydrated hydroscaffold inside biochip; (F) SEM observation of the hydroscaffold and (G) 
characterization of the pressure variation in the biochip with and without hydroscaffold. 
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Considering the possible additional resistance to flow generated by the scaffold integration, it 

was important to confirm that culture medium can circulate and is distributed evenly inside 

the biochip. To investigate this effect, biochips with and without a hydroscaffold were 

connected to a pressure-controlled circuit and the pressure drop was monitored for flow rates 

relevant for cell culture (Baudoin et al., 2011). The pressure variations plotted against the 

flow rates are presented in Figure 3.1G. We found that the two plots (biochips with and 

without a hydroscaffold) fit well, with no significant difference. Using the equation for 

hydraulic resistance (Rh = ΔP/Q, were Rh is the hydraulic resistance, ΔP the pressure 

variation between the inlet and the outlet of the biochip, and Q the flow rate), we calculated 

hydraulic resistance of 5.9 x 1012 ± 0.4 x 1012 and 5.9 x 1012 ± 1.0 x 1012 kg·m−4·s−1 for the 

biochips without and with a hydroscaffold, respectively. 

3.3. Cell culture in biochip containing the hydroscaffold 

3.3.1. Effect of cell seeding density: morphology 

To evaluate the effect of starting cell density on the formation, size, and organization of 

spheroids, we investigated three different seeding densities: 20.000 (low density), 125.000 

(intermediate density), and 250.000 cells/cm² (high density). For comparison, the high and 

intermediate densities were chosen based on our previous works with a scaffold-free biochip 

and biochip containing alginate cryogel (Baudoin et al., 2011; Boulais et al., 2021). The 

evolution of cell morphologies throughout the 96 h of culture in biochips containing the 

hydroscaffold (including 24 h of adhesion and 72 h of dynamic culture) are illustrated in 

Figure 3.2A. 

24 h after seeding, the cells embedded in the hydroscaffold started to aggregate and create 

spheroids. The number and size of the spheroids were proportional to the starting cell 

density. Furthermore, spheroids created from high and intermediate densities were less 

uniform in size and shape, compared to spheroids resulting from low seeding density. In 

comparison, 24 h after seeding in a scaffold-free biochip, the cells adhered to the bottom of 

the biochip and formed a monolayer (Figure 3.2B). After the medium flow started, the 

spheroids remained embedded in the scaffold and grew continuously, especially for high and 

intermediate starting densities. After 96 h of culture, they created irregular large spheroids or 

cell aggregates (Figure 3.2A). In the case of low density seeding, we obtained uniform 

spheroids with an approximate diameter of 100–200 µm (Figure 3.2A). From 8–10 days of 

culture with high and intermediate seeding densities, the growth of spheroids led to the 

formation of large clusters of spheroids in the whole biochip. These clusters blocked the flow 

as indicated by a significant increase in the pressure drop (detailed in Section 3.4), which 
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played a part in damaging the perfusion circuit (results not shown). Finally, the cultures in a 

well-plate containing a hydroscaffold showed similar results after 96 h of culture: large 

spheroids/aggregates with high and intermediate density and uniform spheroids in the case 

of the low starting density (Figure 3.S1). 

 
Figure 3.2. Morphology of HepG2/C3a cells cultivated in (A) biochip containing the hydroscaffold and 
(B) biochip coated with collagen. 

3.3.2. Cell viability and functionality 

After 96 h of culture (24 h in static and 72 h in dynamic conditions), cell viability was 

evaluated with live/dead staining for the three starting densities (20.000, 125.000 and 

250.000 cells/cm2). As shown in Figure 3.3, all spheroids presented uniform green 

fluorescent intensity (living cells). The red fluorescent signal was very low, indicating a 

negligible number of dead cells in the three conditions (in comparison with the number of 

living cells). However, the red fluorescence intensity in the spheroids obtained from high 

(250.000 cells/cm2) and intermediate (125.000 cells/cm2) starting densities seemed to be 

higher compared to spheroids created with low (20.000 cells/cm2) density. 
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Figure 3.3. Cell viability for different seeding densities after 96h of culture in the biochip containing the 

hydroscaffold: DAPI (nuclei, blue), calcein (living cells, green), and ethidium (dead cells, red). 
 

To evaluate the effect of culture in a biochip containing a scaffold on HepG2/C3a specific 

functions, albumin production was quantified and compared, with results obtained in static 

culture in a well-plate with a hydroscaffold. The results are shown in Figure 5. In both culture 

modes (dynamic and static), albumin production increased from day 2 to day 4 for the three 

starting densities. However, albumin production in biochips containing the scaffold were 

approximately 2, 3 and 10-fold higher than the 3D hydroscaffold in Petri for low, intermediate, 

and high starting densities, respectively. In the biochip, albumin production after 4 days of 

culture reached 25 ± 8 ng/h for low starting density (Figure 3.4A), 91 ± 18 ng/h for 

intermediate starting density (Figure 3.4B) and 132 ± 34 ng/h for high starting density (Figure 

3.4C). 

 
Figure 3.4. Albumin secretion by HepG2/C3a cultivated in a dynamic biochip and static Petri 
containing the hydroscaffold. Starting cell density of 20.000 (A), 125.000 (B) and 250.000 cells/cm² 
(C). The insert in panel (A) is a close-up on the vertical axis (* P <0.005). 
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Table 3.1 summarizes albumin production in the biochip containing the hydroscaffold and in 

two other biochips from our previous works: a biochip containing alginate cryogel and a 

hydroscaffold/cryogel-free biochip (Baudoin et al., 2011; Boulais et al., 2021). For the starting 

density of 250.000 cells/cm2, there was no significant difference between the three types of 

biochips. At 96 h, albumin production was of 132 ± 34 ng/h in the biochip with the 

hydroscaffold, 135 ± 60 ng/h in the biochip with alginate, and 190 ± 85 ng/h in the empty 

biochip. Similar albumin production was also found with a starting density of 125.000 

cells/cm2 in the biochip containing the hydroscaffold and the empty biochip. 

Table 3.1. Albumin production (ng/h) for several seeded cell densities and culture modes. 
 Seeded Cells 48 h 96 h 

Biochip + hydroscaffold 
1.25  105 cells/cm2 66 ± 15 91 ± 18 

2.5  105 cells/cm2 108 ± 13 132 ± 34 

Petri + hydroscaffold 
1.25  105 cells/cm2 20.5 ± 2.55 29.5 ± 5 

2.5  105 cells/cm2 18 ± 1.8 26.5 ± 3.2 

Biochip ** 
1.25  105 cells/cm2 95 ± 5 90 ± 40 

2.5  105 cells/cm2 118 ± 25 190 ± 85 

Biochip + alginate cryogel * 2.5  105 cells/cm2 88 ± 25 135 ± 60 

* Boulais et al., 2021; ** Baudoin et al., 2012; hydroscaffold = BIOMIMESYS® Liver. 
 

3.4. Long-term cell culture in a biochip containing the hydroscaffold 

The longevity of in vitro liver models is a critical parameter. Hepatotoxicity most often 

manifests after a long time and several exposures to drugs. To evaluate our model in long-

term culture, and considering the results obtained in the previous section, we chose to work 

with a low starting density (20,000 cells/cm2) to prevent the formation of large clusters of 

spheroids and create flow blockage. 

3.4.1. Cell proliferation and spheroid formation 
A total of 20.000 HepG2/C3a cells/cm2 (40.000 cells/biochip) were seeded into the biochip 

containing the HA hydroscaffold. After 24 h in static conditions, the pump was started at 10 

µL/min. The flow rate was maintained constant throughout the experiment and the pressure 

was monitored using the setup described in chapter 2 (section 2.8). 
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Figure 3.5. Long-term (21 days) culture of HepG2/C3a cells in a biochip with the hydroscaffold 
(Starting cell density of 20.000 cells/cm²). (A) evolution of the morphology of HepG2/C3a spheroids 
throughout the 21 days of culture; (B) pressure evolution during the first 14 days of culture; (C and D) 
pressure measured inside the biochip on day 14 and 21, respectively. 

 
The evolution of HepG2/C3a spheroids throughout 21 days of culture is presented in Figure 

3.5. From day 1, the cells attached to the hydroscaffold and self-aggregated in small clusters 

of cells. Then, the cell clusters gradually formed spheroids with well-defined shapes 

throughout the first 11 days of culture. The size of the spheroids increased over time to reach 

diameters of between 150 and 450 µm by day 11. The pressure inside the biochips remained 

stable, close to 60 mbar, during this period (first 11 days of culture, Figure 3.5B). From the 

14th day of culture, the cells proliferated strongly, and the spheroids started to overlap and 

occupy most of the biochip area (Figure 3.5A). Nevertheless, as shown in Figure 3.5C, the 

pressure inside the biochip did not increase. Finally, on day 21 of culture, large clusters of 

spheroids were formed in the whole biochip (Figure 3.5A). Consequently, the hydraulic 

resistance of the biochip increased, affecting the circulation of the culture medium. This was 

confirmed by a significant pressure jump, reaching 1.5 bar (Figure 3.5D, the initial pressure 

at 10 µL/min was of 60 mbar). Normal pressure (60 mbar) was restored after detaching a 

spheroid cluster (nb: the same behavior was observed in Section 3.3.1 with a higher density 

inoculation but at an earlier time point due to tissue growth). 
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3.4.2. Spheroid morphology and integrity 

Live/dead assays were performed on the spheroids at the end of the experiments, after the 

21 days of dynamic culture (Figure 3.6A and Figure 3.S2). Despite the large spheroid size 

(diameter ≥ 500 µm), the fluorescence images demonstrated high viability (green fluorescent 

signal) of the cells in the 3D structure. We did not observe any specific necrotic core within 

the spheroids. Only some dead cells (red fluorescent signal) were observed, distributed over 

different areas of the spheroids. 

The internal structure of the spheroids and cell-cell adhesion and interaction were analyzed 

using immunofluorescence with phalloidin for F-actin staining and anti-E-cadherin antibody. 

F-actin plays an important role in the mediation of cell shape and spreading. As shown in 

Figure 3.6B, the actin cytoskeleton of the cells can be seen clearly (intense green 

fluorescence signal) in the whole spheroid. The actin filaments appeared well organized, 

creating a complex network throughout the entirety of the spheroid. In parallel, abundant E-

cadherin expression was observed in the 3D spheroids, as shown by the purple fluorescence 

in Figure 3.6C. The positive staining of E-cadherin confirmed the well-developed adherent 

junctions, the overall cell adhesion integrity within the spheroids and the epithelial status of 

the tissue. In comparison, F-actin and E-cadherin networks seemed to be less developed in 

the spheroids after 21 days of culture in a static well-plate containing the hydroscaffold 

(Figure 3. S3). 

To study the structure and organization of the cells and spheroids inside the biochips 

containing the hydroscaffold, the samples (fixed after 21 days of culture) were observed 

under scanning electron microscope (SEM). SEM imaging was performed on the device’s 

cross-sections and the bottom layer of the biochip (top view) after disbanding the top layer 

(Figure 3.6D and Figure 3.S4). The SEM images in the top view show the formation of large 

3D spheroids surrounded by the hydroscaffold. The cross-section images confirmed the cell 

organization in a tissue-like 3D structure from the bottom to the top of the biochips and the 

cell-scaffold interactions. 
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Figure 3.6. Characterization of HepG2/C3a spheroids after 21 days of dynamic culture in a biochip 
containing the hydroscaffold. (A) cell viability: DAPI (nuclei, blue), calcein (living cells, green) and 
ethidium (dead cells, red); (B) F-actin staining: DAPI (nucle i, blue) and phalloidin (F-actin, green); (C) 
E-cadherin staining: DAPI (nuclei, blue) and E-cadherin (purple); (D) SEM observation (TV: top view 
and CS: cross section). The immunostaining images (B and C) correspond to z-stack projections. 
 

3.4.3. Spheroid functionality 

Cell polarization is one of the key characteristics of hepatocytes. To investigate the polarity of 

the cells within the spheroids and confirm the formation of bile canalicular-like structures, 

MPR2 (coupled to actin) and BSEP stainings, performed on spheroids after 21 days of 

culture, were used as markers. BSEP and MRP2 are two proteins localized at the canalicular 

membrane of the hepatocytes and they normally transport bile acids and drugs from 

hepatocytes to the bile network. Both stainings confirmed the presence of a biliary-like 

network within the spheroids. As shown in Figure 3.7A, the immunofluorescence images 

highlighted the co-localization of the canalicular MRP2 transporter signal (red) with the actin 

fluorescent signal (green) resulting in the yellow overlay signal (merge panel in Figure 3.7A). 

The expression of the BSEP transporter was demonstrated by the intense yellow 

fluorescence in Figure 3.7B. 

Albumin production is one of the main functions of the liver and is often used as a specific 

marker to evaluate hepatocyte functionality. The albumin production from spheroids cultured 

in dynamic biochips containing the hydroscaffold was quantified over the 21 days of culture 

and compared to albumin produced in static cultures in a well-plate with the hydroscaffold 

(Figure 3.7C). In the biochips, the albumin production gradually increased throughout the 21 

days of the experiment. The productions were of 14.49 ± 1.15, 24.79 ± 8.7, 231.25 ± 30, and 
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1066.25 ± 83 ng/h at days 2, 4 10, and 21, respectively. Concerning the static Petri cultures, 

the production of albumin also increased over the 21 days of culture. However, albumin 

levels were significantly lower than the values obtained in the biochip cultures: 2- and 10-

times lower at the beginning (days 2 and 4) and the end (days 10 and 21) of cultures, 

respectively (Figure 3.7C). 

Finally, urea production was analyzed at different time points during the 21 days of culture (in 

biochips and Petri cultures, Figure 3.7D). In biochips, urea synthesis remained at a steady 

approximate level over the 21 days (between 0.55 ± 0.1 and 1.08 ± 0.36 µg/h). On the other 

hand, in the static Petri cultures, urea production gradually decreased over time. Productions 

were of 0.96 ± 0.02, 0.74 ± 0.04, 0.30 ± 0.03, and 0.20 ± 0.01 µg/h at days 3, 7, 14, and 21, 

respectively. 

 
Figure 3.7. Characterization of HepG2/C3a spheroids after 21 days of dynamic culture in a biochip 
containing the hydroscaffold. (A) F-actin and MRP2 staining showing the formation of bile canalicular-
like structures: DAPI (nuclei, blue), phalloidin (F-actin, green); MRP2 (red) and biliary-like network (co-
localization MRP2 and F-actin signals, yellow overlay signal, the two pictures in the bottom correspond 
to an enlargement from the merge picture); (B) BSEP staining: DAPI (nuclei, blue) and BSEP (yellow); 
(C and D) albumin and urea production in the dynamic biochip and static Petri conditions throughout 
21 days of culture (both biochip and Petri contained the hydroscaffold, * P < 0.05). The 
immunostaining images (A and B) correspond to z-stack projections. 

3.5. Discussion 

The literature reports improved liver functions, cellular morphology reorganization, and higher 

metabolic capability in in vitro models thanks to the integration of advanced bioengineering 

and biomaterial techniques. Among them, the liver cultures in 3D configurations 

(spheroids/organoids), coupled or not with the extracellular matrix microenvironment 

reproduction (due to functionalized gels and hydroscaffolds), have played a part in enhancing 
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hepatic functions (Gaskell et al., 2016; Moscato et al., 2015; Ramaiahgari et al., 2014; 

Wrzesinski et al., 2013). In addition, it has been widely reported that liver cell cultures under 

flow reproduce zonation-like patterns and reduce the accumulation of waste and toxic 

compounds (Allen et al., 2004; Baudoin et al., 2007; Danoy et al., 2020; Lee et al., 2007; 

Matsumoto et al., 2019). Furthermore, coupling both flow and 3D cultures appeared to 

promote higher physiological relevance, when compared to 3D static cultures (Yu et al., 

2017). The present work combines the advantages of (i) the 3D configuration cultures using 

a hydroscaffold mimicking the liver’s extracellular matrix, (ii) dynamic cultures and (iii) PDMS 

organ on chip (transparent material, gas permeable).  

The HepG2/C3a cells attached to the scaffold and proliferated, creating spheroids. Over the 

culture time, the spheroids became increasingly larger. Spheroids in the perfusion cultures 

reached a larger size than spheroids in static controls. One specific benefit of the present 

hydroscaffold relied on its composition, that is, a finely-tuned hyaluronic acid scaffold 

including RGDS peptide (Arg-Gly-Asp-Ser), galactosamine, collagen type I, and collagen 

type IV. The choice of extracellular matrix has its importance in epithelial polarization 

including hepatocytes and liver tissues (Gissen and Arias, 2015). The ECM is reported as a 

key regulator for improving hepatic functionality (Bual and Ijima, 2019) and liver regeneration 

(Andez and Amenta 1995), but also regulating the development of liver disorders (Arriazu et 

al., 2014). Furthermore, a complex ECM in hydrogel such as that obtained from the 

decellularized liver confirmed the importance of this environment in an in vitro model and in 

in vivo transplantation applications (Ijima et al., 2019). The BIOMIMESYS® Liver HA-

hydroscaffolds’ ECM proteins were selected according to the liver matrix microenvironment 

(Gressner et al., 1994). More particularly, previous works have shown that the 

BIOMIMESYS® Liver in static Petri made it possible to develop a protocol for differentiating 

human induced pluripotent stem cells (iPSCs) into human liver organoids (including not only 

hepatocytes but also biliary, stellate, and endothelial cell types) suitable for molecular 

screening (patent pending). Furthermore, the manufacturer’s own data reported a higher 

expression of albumin secretion in their 3D Petri culture, when compared to 2D Petri culture 

of HepG2 cells (Figure 3.S5). 

The present study demonstrated that the hydroscaffold allowed higher levels of albumin 

production in dynamic culture, when compared to static 3D Petri. However, we did not detect 

any specific difference in albumin secretion with our other biochip technologies (PDMS 

biochip without gel (Baudoin et al., 2011; 2012) and 3D alginate cryogel biochip (Boulais et 

al., 2021)). We also confirmed that F-actin and E-Cadherin were significantly organized at 

the cell-cell contact throughout the spheroids within the biochip containing the HA-

hydroscaffold. These observations indicated intercellular adhesive interactions in our tissues 
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that was consistent with the literature (Liu et al., 2011). Furthermore, we detected successful 

polarization of the tissue within the hydroscaffold, which is a typical expectation for HepG2 

cell cultures in a 3D configuration and under perfusion in a biochip environment (Deng et al., 

2019; Gaskell et al., 2016). 

The hydroscaffold integrated into the microfluidic biochip contributed to creating large 

spheroids, when compared to BIOMIMESYS® Liver 3D Petri. The HepG2/C3a, a liver cell 

line with a high capacity for proliferation, led to a specific range of uses in the present 

configuration. The spheroids’ over-growth contributed to clogging the biochips and to 

blocking fluid flow, which in turn led to the devices’ failure. This was characterized by the fluid 

leakage that resulted from a significant increase in pressure in the perfusion circuit. This 

behavior was time-dependent, based on cell inoculation density; lower was the inoculation 

density, later was the device failure. This phenomenon was also previously observed with 

our alginate cryogel biochip with HepG2/C3a (Boulais, 2020). Conversely, we never 

observed this situation in the biochips without gel in which cultures of up to 4 weeks were 

successful with HepG2/C3a (Figure 3.S6, Baudoin et al., 2009). In fact, without gel, the cells 

grow layer-by-layer and their over-growth is limited by the height of the microstructure inside 

the biochips. Nevertheless, the hydroscaffold biochips made it possible to increase the cell 

culture density within the biochips, creating a full-scale 3D tissue, concomitantly with a 

healthy culture given low necrotic cores were observed. This was attributed to better nutrient 

and oxygen distributions to the spheroids due to their random location within the biochips. 

Our observations suggested the necessity for a fine balance between the choice of 

applications (chronic vs. acute biological processes), time of culture, cell density, cell 

viability, and the type of 3D biochips. Furthermore, it also demonstrated the importance of 

biochip design and flow perfusion conditions. Additional endothelial cultures may provide an 

alternative solution via the formation of tubular-like tissues within the hydrogel and spheroids, 

thus facilitating the circulation of fluid (Melchiorri et al., 2016; Pauty et al., 2018; Pettinato et 

al., 2019). Finally, cells with a limited proliferation rate, such as primary hepatocytes, will only 

mildly modify flow resistance and thus be fully compatible with those technologies, as already 

demonstrated in our previous works (in Boulais et al., 2020 for alginate cryogel, and by Jellali 

et al., 2016 for a 3D biochip without gel). 

Reconstructing an in vitro liver model that mimics in vivo conditions is very challenging and 

aims to maintain the morphological characteristics and cellular functions of hepatocytes over 

long periods of culture. In past decades, different liver models based on one or more 

advanced technologies, such as OoC, 3D spheroids and cells embedded in hydroscaffolds, 

have been developed (Fang and Eglen, 2017; Messelmani et al., 2022; Ruoß et al., 2020). 

However, to our knowledge, only a few studies have focused on integrating a 
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hydrogel/hydroscaffold into the biochip and there is no system describing a dynamic liver-on-

chip model making hepatocyte cultures possible in spheroids, embedded into a hydroscaffold 

that closely mimics the liver’s ECM. In this proof of concept, we used HepG2/C3a cells, 

which are a good compromise between the ease of use and the expression of certain 

funtions of liver cells (Štampar et al., 2020). Although PHHs are considered the gold 

standard for liver models, their use is not suitable for this first stage of development (high 

costs, complexity of culturing). Overall, our liver-on-chip model made possible the culture of 

HepG2/C3a cells in 3D spheroids embedded into liver-like ECM under dynamic flow for a 

long period (21 days). The cells showed high viability and stable hepatic functions throughout 

the 21 days of culture. However, the use of other cell models, such as PHHs and hiPSCs-

derived hepatocytes, is required to confirm the potential of the device. 

In OoC technology, the small amount of cells and culture medium volume represent a major 

limitation for biological characterization (Freyer et al., 2018). In our device, a significant 

number of cells (up to 2–3 million) can be hosted, and each device is perfused with 4 mL of 

culture medium. Thus, various analyses could be performed with the available biological 

material. Furthermore, a significant number of cells leads to high secretion of metabolites, 

chemicals, and proteins, resulting in easy detection using standard analytic tools. Finally, our 

biochip integrating hydroscaffold was adapted to our OoC fluidic platform allowing middle 

throughput analysis (IDCCM, Baudoin et al., 2012). 

3.6. Conclusions 

In this study, we propose to create a relevant microenvironment for culturing liver cells. The 

technology relied on the combination of a hydroscaffold embedded inside a microfluidic 

device. This combination made it possible to perform the liver HepG2/C3a cell culture in a 

complex 3D dynamic configuration. The HepG2/C3a formed spheroids and then large 

clusters of spheroids in the whole biochip. The live/dead staining revealed a high viability, 

with weak necrotic tissue at the center of the spheroids. Furthermore, tissue polarity was 

demonstrated by the MRP2 and BSEP networks, illustrating ongoing bile-like canicular 

network formation. The functional analysis demonstrated higher levels of albumin and urea 

secretions in the 3D cultures within the dynamic hydroscaffold-biochip conditions, when 

compared to the 3D hydroscaffold Petri controls. These results show the potential of 

combining organ-on-chip technology and hydroscaffold mimicking ECM to build relevant 3D 

liver models in vitro. We believe that the hydroscaffold-based liver-on-chip combined with 

primary hepatocytes or hiPSCs could play a role in producing a promising device for drug 

screening and risk assessment. 
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3.7. Supplementary figures 

 
Figure 3.S1. Morphology of spheroids in well-plates containing hydroscaffold after 96 h of culture: (A) 
low, (B) intermediate and (C) high starting densities. 
 

 
Figure 3.S 2. DAPI (nuclei), calcein (living cells) and ethidium (dead cells) staining of spheroids after 
21 days of culture in a biochip containing a hydroscaffold. 
 

 
Figure 3.S3. DAPI (nuclei), phalloidin (F-actin) and E-cadherin staining of spheroids after 21 days of 
culture in a static well-plate containing a hydroscaffold. 
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Figure 3.S4. SEM images of cell spheroids cultured 21 days in a biochip containing a hydroscaffold. 

 

 
Figure 3.S5. Albumin secreted by HepG2/C3a cells in 2D and 3D (hydroscaffold) static cultures. 

 

 
Figure 3.S6. Morphologies and F-actin staining of HepG2/C3a inside a PDMS biochip (without 
hydrogel/hydroscaffold, Baudoin et al 2009 reprinted with permission). 
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Chapter 4: Coculture model of a liver sinusoidal endothelial 
cell barrier and hepatocyte spheroids-on-chip in an 
advanced fluidic platform 

In this section, we used the IIDMP parallelization platform to coculture the HepG2/C3a and 

SK-HEP-1 cell lines as a biomimetic liver model. Firstly, we characterized the permeability/ 

transport properties of the SK-HEP-1 cell line. Then, we analysed the effect of the coculture 

and a drug exposure on the expression level of specific genes, the LSEC permeability, and 

the drug metabolism. Finally, we discussed the potential of our model to mimic the hepatic 

first pass. The core of the chapter is literally extracted from our article “Coculture model of a 

liver sinusoidal endothelial cell barrier and hepatocyte spheroids-on-chip in an advanced 

fluidic platform”3. The article abstract is presented as a summary of the chapter 3. The 

material and methods are not presented in this chapter, an extended version is described in 

chapter 2. The supplementary files of the article are provided at the end of this chapter. 
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model of a liver sinusoidal endothelial cell barrier and hepatocyte spheroids-on-chip in an advanced 
fluidic platform, Biotechnology & Bioengineering, 2023, Preprint, DOI: 
10.22541/au.167596570.02002054/v1 
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Summary 

The liver is one of the main organs involved in the metabolism of xenobiotics and a key 

organ in toxicity studies. Prior to accessing the hepatocytes, xenobiotics pass through the 

hepatic sinusoid formed by liver sinusoidal endothelial cells (LSECs). The LSECs barrier 

regulates the kinetics (absorption, distribution, metabolism, and excretion) and 

concentrations of the xenobiotics before their metabolic processing by the hepatocytes. To 

mimic this physiological situation, we developed an in vitro model reproducing an LSECs 

barrier in coculture with a hepatocyte biochip, using a fluidic platform. This technology made 

dynamic coculture and tissue crosstalk possible. SK-HEP-1 and HepG2/C3a cells were used 

as LSECs and as hepatocyte models, respectively. We confirmed the LSECs phenotype by 

measuring PECAM-1 and stabilin-2 expression levels and the barrier’s permeability/transport 

properties with various molecules. The tightness of the SK-HEP-1 barrier was enhanced in 

the dynamic coculture. The morphology, albumin secretion, and gene expression levels of 

markers of HepG2/C3a were not modified by coculture with the LSECs barrier. Using 

paracetamol, a well-known hepatotoxic drug, to study tissue crosstalk, there was a reduction 

in the expression levels of the LSECs markers stabilin-2 and PECAM-1, and a modification of 

those of CLEC4M and KDR. No HepG2/C3a toxicity was observed. The metabolisation of 

paracetamol by HepG2/C3a monocultures and cocultures was confirmed. Although primary 

cells are required to propose a fully relevant model, the present approach highlights the 

potential of our system for investigating xenobiotic metabolism and toxicity.  

 

Keywords: Organ-on-chip, Liver, LSECs barrier, HepG2/C3a, coculture, microfluidic 
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4.1. Introduction 

Humans are continuously and increasingly exposed to a variety of xenobiotics such as drugs, 

chemicals, pesticides, and environmental pollutants. Before commercialisation, drugs 

undergo a thorough testing process to evaluate their effects and toxicity (Khetani et al., 

2015). Since 2007, enforcement of the REACH (Registration, Evaluation, Authorisation and 

Restriction of CHemical substances) legislation imposes the evaluation of risks of all 

chemical substances (Zeller et al., 2016). The need for toxicological evaluation is thus 

increasing. Animal models are widely used as reference tools for predictive studies in drug 

development and risk assessment (Messelmani et al., 2022). However, due to differences 

between animal and human metabolism and physiology, animal models fail to accurately 

reproduce the human condition, and this issue challenges the extrapolation of data to 

humans (Son et al., 2020). For example, the predictivity of animal models for chemical-

induced hepatotoxicity is only 50% (Ruoss et al., 2020). Moreover, animal experiments are 

costly, time-consuming, and, most importantly, raise ethical and regulatory issues (Ruoss et 

al., 2020; Soldatow et al., 2013). To decrease the use of laboratory animals, the REACH 

legislation and the 3R rules, recommended to reduce as much as possible the use of animal 

models, have pressed industrial companies and scientists to develop alternative approaches 

to animal testing (Son et al., 2020). Consequently, developing reliable methods not based 

on using animals and in vivo experimentation has become necessary. 

The liver is the main site involved in the metabolism of xenobiotics and is therefore the most 

commonly used organ in toxicological and pharmacological tests. It is a multifunctional and 

complex organ performing a variety of vital functions focused on biotransformation, storage, 

and synthesis (Polidaro et al., 2021; Bale, S. S., & Borenstein, 2018). The liver is composed 

of several cell types, the main ones being hepatocytes (parenchymal cells) and non-

parenchymal cells (NPCs): sinusoidal endothelial cells (LSECs), Kupffer cells (KCs), hepatic 

stellate cells (HSCs), and biliary epithelial cells (LeCluyse et al., 2012, Moradi et al., 2020). 

Hepatocytes represent approximately 60% of the total liver cells, and are the main cell type, 

ensuring most metabolic activities (Beckwitt et al., 2018). The NPCs are involved in several 

key functions, such as the production of growth factors and mediators of cellular functions, 

maintenance of tissue architecture, and regulation of liver response to xenobiotics (LeCluyse 

et al., 2012, Moradi et al., 2020). 

Given that hepatocytes ensure the major functions of the liver, especially xenobiotic 

metabolism, most of the current in vitro liver models are focused on hepatocytes and do not 

include NPCs (Bale et al., 2016). Moreover, the models used for drug screening and risk 

assessment are mainly based on cell culture in static two-dimension (2D) monolayers using 
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conventional Petri dishes (Messelmani et al., 2022). These 2D cultures present some 

advantages, such as allowing high-throughput analyses, ease of manipulation, and a lower 

cost (Milner et al., 2020; Moradi et al., 2020). However, 2D monocultures of hepatocytes or 

of hepatic cell lines suffer from several disadvantages associated with the loss of tissue-

specific architecture, mechanical and biomechanical cues, and cell-cell and cell-matrix 

interactions. Consequently, these models fail to recapitulate the complexity of the in vivo 

physiological environment, show limited prediction capacity for xenobiotics, and cells are 

prone to dedifferentiation within 48-72 h (Messelmani et al., 2022. Milner et al., 2020; Panwar 

et al., 2021). 

Recently, several approaches have been proposed to overcome the drawbacks associated 

with 2D monolayer cultures of hepatocytes. Microfluidic devices, or organ-on-chip (OoC) 

technology, are a promising tool for building more relevant in vitro liver models aimed at 

mimicking the in vivo environment (Merlier et al., 2017). The microfluidic perfusion improves 

the exchanges and transport of nutrients, oxygen, metabolites, and other chemicals, and 

creates a controlled microenvironment and physiological-like features, including the liver 

zonation, cell-cell interactions, shear stress, and chemical concentration gradients (Moradi et 

al., 2020; Messelmani et al., 2022; Lee et al., 2021; Lee et al., 2019). Several studies have 

reported that perfused microfluidic cultures enhance the long-term viability and functionality 

of hepatocytes (Jellali et al., 2016; Schepers et al., 2016; Yu et al., 2017). The three-

dimensional (3D) cell culture (spheroids/organoids), with and without polymer matrix, also 

makes it possible to maintain tissue architecture similar to the in vivo situation and maintains 

liver-specific functions. This organisation enhances cell-cell and cell-matrix interactions and 

the creation of chemical gradients (Polidaro et al., 2021; Fang et al., 2017; Yun et al., 2023). 

Among other approaches used to maintain hepatocyte functions, cocultures with NPCs are 

commonly used strategies (Ruoss et al., 2020). Among NPCs, LSECs participate in liver 

metabolic functions and maintain hepatocyte phenotype and functions through paracrine 

communication (Ortega-Ribera et al., 2018). The benefits of coculturing LSECs and 

hepatocytes have been reported in several works (Ortega-Ribera et al., 2018; Bale et al., 

2015; Xiao et al., 2015). 

Previously, we developed a liver-on-chip model integrating a hydroscaffold containing key 

liver extracellular matrix (ECM) components (Messelmani et al., 2022). This device made 

possible the dynamic culture of HepG2/C3a organised into 3D spheroids for the long-term, 

while maintaining their functionalities. Here, to better reproduce the physiology of the liver, 

our liver-on-chip model was cocultured with liver sinusoidal endothelial cells. The coculture 

was performed using a fluidic platform making it possible to connect the liver biochip 

previously developed by our laboratory (Bricks et al., 2014) to a new LSEC barrier insert. The 
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behaviour and functionalities of the LSECs barrier (SK-HEP-1 cell line) and hepatocyte 

biochip (HepG2/C3a cells) in monoculture and coculture were studied and compared. Then, 

the coculture model was exposed to paracetamol (APAP), and the crosstalk between both 

compartments was studied and compared to monocultures exposed to APAP. 

4.2. Selecting a culture medium for SK-HEP-1 and HepG2/C3a coculture 

The culture of cells of different origin in the same system requires an adapted coculture 

medium capable of maintaining both cell types in good conditions, without impairing their 

characteristics and functionalities. The routine culture medium used in our conditions for SK-

HEP-1 is EGM-2/MEM (75%/25%) and the cells formed a well-structured cell monolayer at 

confluence, as needed for the barrier function (Figure 4.1A, Figure 4.S1). On the other hand, 

when SK-HEP-1 cells were cultured in HepG2/C3a medium, which is based on MEM only, 

the endothelial cell morphology was greatly altered, and the cells failed to form a confluent 

monolayer (Figure 4.S1). In an attempt to, first, create the endothelial barrier, and then to 

switch to a hepatocyte culture medium, SK-HEP-1 cells were cultured in their normal medium 

for 6 days, followed by culture in MEM for 3 days (as the coculture period). In these 

conditions again, the endothelial cells failed to maintain a confluent monolayer (Figure 4.S1). 

Finally, when cells were maintained in EGM-2/MEM (25%/75%) medium for 7 days, the SK-

HEP-1 cells formed a confluent monolayer (Figure 4.1A and Figure 4S.1) and exhibited the 

characteristic morphology of SK-HEP-1, as when cultured in their original medium. The gene 

expression levels of several LSECs markers were investigated. No major differences were 

observed for most of the genes when cells were cultured in EGM-2/MEM (25%/75%) when 

compared to their original medium. A downregulation of CLEC4M and VCAM1 was observed 

when cells were maintained in EGM-2/MEM (25%/75%) in comparison with native medium, 

with fold changes (FC) of 0.25 and 0.48, respectively (Figure 4.1B). 

The EGM-2/MEM (25%/75%) medium was also tested on HepG2/C3a cells and compared to 

culturing in MEM. After 4 days of static culture, the HepG2/C3a presented a typical 

morphology and formed a monolayer in both conditions (Figure 4.1C). Additionally, secretion 

of albumin was measured to assess whether HepG2/C3a cells retained their hepatic 

properties. Similar albumin secretion levels were observed in both conditions. The levels 

were approximately 125 ± 11 and 114 ± 17 ng/h for cells cultured in MEM and EGM-2/MEM 

1/3 mixture, respectively (Figure 4.1D). 

Based on the results obtained with SK-HEP-1 and HepG2/C3a cells, the mixture of EGM-

2/MEM (25%/75%) was chosen for the dynamic coculture experiments. To facilitate the 

comparisons between monoculture and coculture, this medium was also used for SK-HEP-1 

and HepG2/C3a maintenance in monocultures. 
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Figure 4.1. Effect of culture medium composition on SK-HEP-1 and HepG2/C3a cells. (A) morphology 
of SK-HEP-1 after 7 days of culture in different culture media mixtures; (B) gene expression of several 
LSECs markers in SK-HEP-1 cultured in different mixtures of MEM and EGM-2; (C) HepG2/C3a cells 
morphology after 4 days of culture in MEM and MEM/EGM-2 mixture media; (D) albumin secretion by 
HepG2/C3a cultured in MEM and EGM-2/MEM (25%/75%) media, * P < 0.05. 

4.3. Characterisation of the SK-HEP-1 endothelial barrier 

LSECs act as a physical barrier to molecules and play a significant role in transportation from 

circulating blood to the hepatocytes. Therefore, before using SK-HEP-1 to form a liver 

endothelial barrier in our coculture model, it was essential to characterise the formation, 

integrity, and permeability of the barrier. The SK-HEP-1 cells were seeded in static inserts 

using the selected coculture medium and followed over time. The cells proliferated 

continuously to reach full confluence and form homogenous and continuous monolayers from 

Days 7-8 and thereafter (Figure 4.S2). Then, overgrowth could be observed, resulting in the 

formation of a second layer of cells on top of the first one (Day 10, Figure 4.S2). 

Nevertheless, the formation of continuous layers of confluent cells was confirmed by nuclei, 

vimentin, and actin stainings. As shown in Figure 4.2A, the tissue was dense with contiguous 

cells and a well-developed actin network. The LSEC phenotype of the SK-HEP-1 barrier was 

confirmed by the positive staining for LSEC markers PECAM-1 and stabilin-2 (Figure 4.2B). 

The formation of a confluent barrier was associated with major modifications in paracellular 

permeability. The flow through the barrier was directly correlated to the integrity and 

homogeneity of the barrier. To confirm the formation of the barrier, permeability to Lucifer 

Yellow was checked using SK-HEP-1 inserts at different times of culture. PET inserts without 

cells exhibited a permeability value of 177 10-15 ± 9 10-15 m/s (Figure 4.2C). When SK-HEP-1 

cells were added, a significant decrease in Lucifer Yellow paracellular flow from the apical to 

the basal compartment was observed, with apparent permeability values of 98 10-15 ± 10 10-

15 and 35 10-15 ± 10-15 m/s at Days 4 and 8, respectively. This latter value remained stable, at 
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approximately 40 10-15 ± 8 10-15 m/s until Day 15. These results suggested that the SK-HEP-1 

cells were capable of forming a barrier which reached relative stability at Day 8, and could be 

used for coculture with HepG2/C3a and permeability experiments. 

 

Figure 4.2. Characterisation of the SK-HEP-1 endothelial barrier. (A) vimentin, actin, and nuclei 
staining of the SK-HEP-1 cells after 8 days of culture on inserts; (B) PECAM-1, stabilin-2, and nuclei 
staining at Day 8; (C) apparent permeability measured using Luc Lucifer Yellow, * P < 0.05. 

The permeability of the SK-HEP-1 barrier to molecules with different molecular weights was 

also assessed, using FITC-dextran of 4, 70 and 150 kDa. The experiments were performed 

using confluent SK-HEP-1 cultures at Day 8 in static inserts. For comparison, the same 

experiments were performed using inserts without cells. When using each of the different 

molecular weight dextrans, we found that the tracer concentrations decreased from the 

apical compartment and increased in the basal one over time (Figure 4.3). Thus, the tracer 

molecules were able to pass through the insert membranes whether the cells were present 

or not. However, the FITC dextrans diffused at faster rates into the basal compartment when 

the inserts were not seeded with endothelial cells, whereas the presence of a SK-HEP-1 cell 

layer slowed the diffusion process for the three molecular weight markers, confirming that the 

SK-HEP-1 made an efficient diffusion barrier. As expected, the diffusion rates were 

dependent on the FITC-dextran molecular weight and were slower when using FITC-dextran 

of 150 kDa when compared to 4 kDa- dextran.  
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Figure 4.3. Diffusion of FITC-dextran through the SK-HEP-1 barrier and insert without cells: (A) FITC-
dextran 4 kDa; (B) FITC-dextran 70 kDa; (C) FITC-dextran 150 kDa. 

4.4. Dynamic coculture of the SK-HEP-1 barrier and HepG2/C3a biochip  

Following the previous characterisations and optimisations, the coculture of SK-HEP-1 

barrier (LSEC compartment) with HepG2/C3a cells cultured in 3D in the biochip (the 

hepatocyte compartment as previously characterised, Messelmani et al., 2022) was 

assessed. The coculture was performed for 48 h in the IIDMP platform and the 

communication between both compartments was ensured by culture medium circulation. In 

parallel, for comparison, SK-HEP-1 and HepG2/C3a monocultures were also used in the 

IIDMP platform. 

4.4.1. Effect of the dynamic coculture on the SK-HEP-1 barrier 

After 8 days of barrier maturation in static conditions followed by 48 h of dynamic coculture or 

monoculture, the SK-HEP-1 inserts were collected and characterised. Although cells were 

barely distinguishable because of the density at confluence, the morphology of the SK-HEP-

1 tissues appeared similar in coculture and monoculture. In both culture modes, the cells 

formed homogenous and continuous barriers and grew beyond confluence (Figure 4.S3). 

Confocal microscopy imaging of actin, vimentin and nuclei staining confirmed the formation 

of a continuous endothelial barrier, with different cell layers and a developed actin/vimentin 

network (Figure 4.4A). Furthermore, no obvious differences were observed between the 

staining of cocultured and monocultured endothelial barriers. SK-HEP-1 barriers in 

monoculture and coculture expressed typical LSEC markers without any apparent difference 

between the two modes of culture, as illustrated by the detection of PECAM-1 and stabilin-2 

positive SK-HEP-1 cells (Figure 4.4B). 
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Figure 4.4. Characterisation of the SK-HEP-1 endothelial barrier in dynamic monoculture and 
coculture (8 days of maturation followed by 2 days in the IIDMP platform). (A) vimentin, actin and 
nuclei staining; (B) PECAM-1, stabilin-2 and nuclei staining. 

Gene expression level analyses of several LSEC markers revealed the significant 

upregulation of CLEC4M (FC: 2.05) whereas KDR was downregulated (FC: 0.49) in SK-

HEP-1 cocultures (Figure 4.5A). The expression levels of PECAM-1, MRC1 and CD32b were 

similar in SK-HEP-1 monocultures and cocultures. Finally, the diffusion rates of FITC-dextran 

4 kDa through the SK-HEP-1 barrier, in dynamic monoculture and coculture with 

HepG2/C3a, were compared. The changes in FITC-dextran concentrations in the apical 

(decrease) and basal (increase) compartments confirmed the permeability of the barrier and 

the communication between the apical side of the barrier and the HepG2/C3a biochip (Figure 

4.5B). The variations in FITC-dextran concentrations in the apical compartment revealed a 

lower diffusion rate through the barrier in coculture when compared to that in monoculture, 

notably after 24 h. 
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Figure 4.5. Comparison of the SK-HEP-1 barrier in dynamic monoculture and coculture. (A) gene 
expression of LSEC markers in SK-HEP-1 monoculture and coculture; (B) FITC-dextran 4 kDa 
diffusion through SK-HEP-1 barriers in dynamic monoculture and coculture. 

4.4.2. Behaviour and functionality of HepG2/C3a in coculture with SK-HEP-1 barrier 

The day before starting the dynamic monocultures or cocultures in the IIDMP devices, 

HepG2/C3a cells were seeded into the biochips containing the hydroscaffold and incubated 

for 24 h in static conditions (adhesion phase). Twenty-four hours after seeding, the cells were 

embedded in/adhered to the hydroscaffold and started to create spheroid-like aggregates 

(Figure 4.6A). Then, the biochips were connected to the IIDMP device, with and without an 

SK-HEP-1 barrier, and perfusion was started. The hepatocytes maintained in coculture with 

an endothelial barrier had a similar morphology to cells maintained in monoculture. In both 

conditions, the HepG2/C3a formed a dense tissue, organised in 3D spheroids ranging 

between 200 and 500 µm in diameter, similar in both monoculture and coculture (Figure 

4.6A). 

To evaluate the effects of coculture on the specific functions of HepG2/C3a, albumin 

secretion rates were quantified and found to be similar to those in monoculture (Figure 4.6B). 

After 48 h of culture, the albumin secretion levels were 127 ± 24 and 134 ± 28 ng/h in 

monoculture and coculture, respectively. The expression levels of several specific marker 

genes of HepG2/C3a cells (UGT2B7, UGT1A1, SULT1A2, CYP1A2 and CYP1A1) were also 

evaluated to determine whether the SK-HEP-1 barrier influenced the HepG2/C3a cultures. 

As shown in Figure 4.6C, there were no differences in expression levels in the selected 

genes between HepG2/C3a maintained as a monoculture and HepG2/C3a in coculture with 

SK-HEP-1. 
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Figure 4. 6. Characterisation of HepG2/C3a cells cultured in the biochip, in monoculture, and 
coculture with the SK-HEP-1 endothelial barrier. (A) Cell morphology after seeding, 24 h of adhesion 
in static conditions, 48 h of dynamic monoculture, and 48 h of dynamic coculture in the presence of 
SK-HEP-1; (B) albumin secretion by HepG2/C3a after 48 h of monoculture and coculture with SK-
HEP-1; (C) gene expression levels of markers in HepG2/C3a monocultures and cocultures. 

4.5. Exposure of the coculture and monoculture models to acetaminophen (APAP) 

To test the coculture model and demonstrate the crosstalk between the HepG2/C3a biochips 

and SK-HEP-1 barrier in the configuration of a drug study, we exposed the SK-HEP-1 barrier 

to APAP with and without coculture with the HepG2/C3a biochip. APAP was chosen because 

it is i) metabolised by HepG2/C3a cells, ii) widely studied with liver in vitro models and iii) not 

adsorbed onto the PDMS biochip (Bricks et al., 2015). APAP was introduced into the apical 

side of the SK-HEP-1 barrier at 1 mM, leading to a systemic theorical concentration of 100 

µM after diffusion in the total circuit. For comparative purposes, a HepG2/C3a monoculture in 

the IIDMP was also performed and the APAP was deposited into the insert without SK-HEP-

1. 

SK-HEP-1 cells exposed to APAP for 48 h in coculture or in monoculture exhibited a 

confluent and continuous barrier composed of several cell layers, forming a dense tissue. 

The cell morphologies between the treated SK-HEP-1 barrier in coculture and in monoculture 

showed no significant differences (Figure 4.S4). Moreover, the SK-HEP-1 cells exposed to 

APAP were similar to those without APAP (monoculture and coculture, Figure 4.S3). As 

shown in Figure 4.7A, APAP treatment appeared to affect the actin cytoskeleton of the 

barrier. Compared to barrier monoculture and coculture without APAP (Figure 4.4A), the 

actin network was disordered and composed of more elongated filaments. The 

immunostaining of specific LSEC markers showed weaker expression levels of PECAM-1 
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and stabilin-2 in SK-HEP-1 exposed to APAP (Figure 4.7B), when compared to monoculture 

and coculture without APAP (Figure 4.4B). This effect was more striking in the coculture. 

Gene expression levels analyses of cultures treated or not with APAP showed an 

upregulation of KDR (FC: 1:8) after APAP exposure in coculture (Figure 4.8A). Conversely, 

both this gene and CLEC4M were downregulated in the monoculture exposed to APAP (FC: 

0.54 and 0.49 for CLEC4M and KDR, respectively). APAP treatment of the monoculture also 

led to the upregulation of MRC1 (FC 1.4). 

 
Figure 4. 7. Characterisation of the SK-HEP-1 endothelial barrier exposed to APAP in dynamic 
monoculture and coculture (8 days of maturation followed by 2 days in the IIDMP platform with APAP 
exposure). (A) vimentin, actin, and nuclei staining; (B) PECAM-1, stabilin-2 and nuclei staining. 

Regarding the HepG2/C3a compartment, the cells exposed to APAP (coculture and 

monoculture) maintained their organisation in 3D spheroids up until the end of the culture 

(Figure 4.S4). The cells formed dense tissues, without any apparent difference compared to 

non-treated cultures. Analysis of gene expression levels showed no differences between the 

biochip monocultures treated or not with APAP (Figure 4.8B). In HepG2/C3a cocultured with 

the SK-HEP-1 barrier, UGT2B7 expression levels were downregulated (FC: 0.7). In addition, 

the ratios of albumin secretion (culture with APAP versus without APAP) were 0.92 ± 0.25 

and 0.95 ± 0.09 for monoculture and coculture, respectively (Figure 4.8C). 
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Figure 4. 8. Characterization of monocultures and cocultures with and without APAP treatment. (A) 
mRNA ratio (APAP+/APAP-) of selected markers in SK-HEP-1 monoculture and coculture (* P < 0.05, 
comparison APAP+ versus APAP-); (B) mRNA ratio (APAP+/APAP-) of selected markers in 
HepG2/C3a monoculture and coculture (* P < 0.05, comparison APAP+ versus APAP-); (C) ratio 
(APAP+/APAP-) of albumin secreted by HepG2/C3a monoculture and coculture; (D)  ratio of APAP 
recovered at the end of the experiments for HepG2/C3a monoculture, SK-HEP-1 monoculture and 
coculture; (E) expression of inflammatory genes in SK-HEP-1 monoculture and coculture, with and 
without APAP; (F) expression of inflammatory genes in HepG2/C3a monoculture and coculture, with 
and without APAP; (G) IL-6 secreted in different culture conditions.  

 

The metabolism of APAP was then investigated in SK-HEP-1 and HepG2/C3a cocultures, or 

monocultures using HPLC coupled to MS. We used the culture medium collected in the basal 

compartment to confirm the passage of APAP through the SK-HEP-1 barrier. The ratios of 

APAP (compared to the initial systemic concentration of 100 µM) recovered at the end of the 

experiment are provided in Figure 4.8D. For the SK-HEP-1 monoculture, the APAP ratio at 

the end of the experiment was 1.02 ± 0.07, indicating that SK-HEP-1 did not metabolise 

APAP. The recovered ratio, corresponding to a concentration of 100 µM, confirmed the 
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passage of APAP through the barrier, allowing the equilibrium of APAP concentration 

between the apical and basal sides. In the HepG2/C3a monoculture and SK-HEP-

1/HepG2/C3a coculture, the APAP ratios were 0.83 ± 0.05 and 0.87 ± 0.08, respectively, 

illustrating the metabolism (Figure 4.8D). However, for both conditions, the paracetamol 

sulfate and paracetamol glucuronide concentrations were below detection limits.  

4.6. Expression of inflammatory cytokines 

The expression of inflammatory cytokines was evaluated in all culture conditions (with and 

without APAP) by analysing mRNA levels for TNFα, IL-1, IL-6 and IL-8 genes, and by 

quantifying IL-6 secretion in the culture medium. SK-HEP-1 cells expressed the four genes in 

all culture conditions (monoculture/coculture and APAP+/APAP-). Gene expression levels of 

IL8, IL6 and IL1 were similar, regardless of the culture conditions. There was a noticeable 

significant upregulation of TNFα in SK-HEP-1 cocultured with APAP (Figure 4.8E). 

Regarding HepG2C3a cells, there were no significant differences in expression levels of IL-8 

in the conditions tested. On the other hand, there was a slight but significant overexpression 

of TNFα in HepG2/C3a cocultured without APAP when compared to monocultures (Figure 

4.8F). IL-6 protein quantification in culture medium showed that it was only expressed by SK-

HEP-1 cells and that HepG2/C3a monocultures with and without APAP did not produce 

detectable amounts of IL-6 (Figure 4.8G).  

4.7. Discussion 

Classic 2D in vitro coculture models consist of cells randomly mixed and heterogeneously 

distributed at the bottom of well-plates and dishes. However, in vivo, LSECs and hepatocytes 

are separated by the space of Disse which, in 3D models, is generally mimicked by a gel or 

collagen matrix which physically separates LSECs and hepatocytes (Bale et al., 2015). 

Furthermore, the controlling of the homotypic and heterotypic cell-to-cell interactions appears 

to be a key feature for maintaining and enhancing the hepatocyte phenotype (Bhatia et al., 

1999; Bhatia 1997). In the present work, we have established a coculture model of liver 

sinusoidal endothelial cells with liver hepatocytes. Thanks to our platform which integrates a 

liver-on-chip solution and a barrier insert, we were able to propose technology that physically 

separated both cell types. In this model, cell-to-cell paracrine-like communication was made 

possible by exchanges through the insert membrane, as this model did not allow direct 

contact between LSECs and hepatocytes. Although this type of technology has already been 

presented for organ-to-organ models such as the intestine barrier–liver (Bricks et al., 2014), 

to our knowledge, only two other such dynamic LSEC barrier-hepatocyte coculture models 

have previously been described (van Grunsven 2017; Lauschke et al., 2019).  
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We demonstrated the functionality of the coculture model using two human cell lines, SK-

HEP-1 and HepG2/C3a. For this purpose, we optimised the culture medium, confirmed the 

innocuity of the fluid flow and coculture on the LSECs barriers, and characterised the 

cytokine crosstalk between cells. Establishing a coculture medium that is healthy for two or 

more types of cells is a critical step in in vitro physiological models (Vis et al., 2020), 

including liver cells (Lauschke et al., 2019). Similarly, it was reported that LSECs are 

sensitive to serum components (Elvevold, et al., 2008). Our data demonstrated that the 

HepG2/C3a MEM-based medium which contained serum contributed to damaging the LSEC 

layer, whereas the conventional LSEC medium (also containing serum) did not. Interestingly 

a mixture of the HepG2/C3a and SK-HEP-1 media led to both healthy LSECs and 

HepG2/C3a. Although we did not identify the specific factors leading to this result, we 

postulate that the presence of pro-angiogenic factors in EGM-2 medium played a part in 

stabilising the LSEC cultures. Interestingly, the present dynamic conditions did not affect the 

cell junctions or the expression levels of LSEC markers.  

Endothelial cells are normally exposed to flow, and dynamic in vitro models have largely 

been reported as regulating their functions and physiology (Akbari et al., 2018, van Duinen et 

al, 2017). However, a decrease in endothelial barrier permeability was only reported in 

dynamic cultures coupled to high shear stress (0.7-1 Pa, van Duinen et al, 2017). In the 

present work, we did not observe significant variations in barrier permeability functions 

between static and dynamic SK-HEP-1 monocultures (Figure 4.3A and 6.6B). Conversely, 

the permeability was reduced in dynamic LSEC cocultures (Figure 4.6B), illustrating stronger 

cell junctions in the presence of HepG2/C3a, and suggesting that there is a synergistic effect 

of coculturing cells in our conditions. Furthermore, we found that the LSECs produced basal 

levels of the pro inflammatory cytokines IL6 and TNF without any significant morphology 

damage. The dynamic coculture also did not play a part in significantly increasing cytokine 

levels in LSECs. As high levels of production of pro inflammatory cytokines in the liver by 

LSECs leads to fibrosis (DeLeve et al., 2015), our result illustrated the fact that the basal 

dynamic cocultures of LSECs were not pro-inflammatory. 

Previous works reported an improved hepatocyte phenotype when cocultured with 

endothelial cells (Gugen Guillouzo et al., 2010; Xiao et al., 2015; Bale et al., 2015; 

Ortega‐Ribera et al., 2018). In the present model, we did not detect any striking benefit of the 

presence of LSECs on the HepG2/C3a phenotype (no albumin increase, no mRNA gene 

metabolism upregulation, no clear cytokine over secretion). In fact, the enhanced maturation 

of hepatocytes was mainly reported on primary hepatocytes that tend to rapidly 

dedifferentiate (Gugen Guillouzo et al., 2010). It is clear that the hepatocarcinoma 

HepG2/C3a cell line is probably not an ideal model for liver-on-chip approaches. Although it 



Chapter 4. Coculture model of a liver sinusoidal endothelial cell barrier and hepatocyte spheroids-on-chip in an advanced fluidic 
platform 

139 | P a g e  
 

has been widely used in works related to cancer and liver disease (Donato et al., 2015), and 

shown that interactions between the liver endothelium (include SK-HEP-1) and this liver 

carcinoma were reported in studies investigating liver disorders (Thomann et al., 2020; Lee 

et al., 2022), it has a weak maturation profile. It is certainly a robust model for proof-of-

principle studies, but the present on-chip approach would clearly benefit from being extended 

and refined using normal human primary hepatocytes. 

Regarding liver toxicology, the liver’s in vivo features, suggest that xenobiotics must first 

pass the endothelial barrier before accessing the hepatocytes. Analysing kinetics and toxicity 

of APAP via the LSEC barrier and its subsequent metabolism inside the liver compartment 

was presented as a proof of concept of our technology. APAP toxicity directly on LSEC has 

already been reported in the literature (Badmann et al., 2012; Holt et al., 2010). The 

presence of APAP contributed to modifying the expression of LSEC markers in this work. 

This was illustrated by degradation of the actin and vimentin network, and the reduction of 

the PECAM-1 and STAB2 expression levels as shown in the immunostaining images. We 

also confirmed APAP metabolism in the presence of the HepG2/C3a cells. The barrier led to 

modulation of the concentration of APAP reaching the liver cells and we did not detect any 

particular sign of HepG2/C3a toxicity in our experiments. Consistently with the literature, the 

100 µM concentration of APAP on HepG2 is not a toxic concentration, as most studies 

reported effects between 1 to 2 mM (Gonzales et al., 2017; Prot et al., 2012; Odeyemi et al., 

2019). 

The development of in vitro liver models that mimic the key elements of the in vivo liver 

environment is very challenging due to the complexity of liver architecture and physiology. 

With progress made in tissue engineering, bioprinting and microfluidics, several microfluidic-

based in vitro liver models that reproduce a physiologically relevant microenvironment have 

been developed in recent years (Lee et al., 2021; Moradi et al., 2021). Although most of 

these models are based on hepatocyte monoculture, a growing number of groups are 

interested in developing microfluidic cocultures of different liver cells, especially hepatocytes 

and LSECs, to reproduce liver sinusoid and cell-cell interactions (Kang et al., 2015; 

Prodanov et al., 2016; Ortega‐Ribera et al., 2018; Du et al., 2017; Lee et al., 2021; Moradi et 

al., 2021). In these models, the different cell types are randomly mixed or organized in layers 

separated by a porous membrane, collagen layer or microstructures (Bale et al., 2015; Lee et 

al., 2021). The present model combines the advantages of the LSEC barrier and hepatocytes 

cultured in 3D spheroids thanks to the hyaluronic acid hydroscaffold functionalised with ECM 

components. A critical issue in microfluidic culture development is the balance between 

model relevance, complexity and practicality. For liver cell cocultures, all cell types are 

usually seeded in the same irreversibly sealed microfluidic device/membrane, which makes it 
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extremely difficult to analyse the different cell types separately (Ma et al., 2018). Our model 

consists of two separate compartments easily assembled in IIDMP devices: hepatocytes in 

PDMS biochips and the LSEC barrier in commercially standard inserts. Each cell type can be 

cultured and characterised separately before being connected to an IIDMP device for 

coculture. At the end of the experiments, the inserts and biochips can also be easily removed 

for separate external analyses.  

4.8. Conclusion 

In conclusion, we present here a new in vitro coculture model for LSEC and hepatocytes 

using two human cell lines. The coculture was performed inside a platform integrating a cell 

culture insert to build the endothelial barrier, and liver organ-on-chip technology. The 

platform made dynamic perfusion possible and reproduced cell-to-cell communications. The 

biological characterisation confirmed that the integrity and functionality of the LSECs were 

not altered by either the perfusion or the coculture conditions. Furthermore, the model 

showed lower LSEC permeability that increased the barrier functions. However, we did not 

detect any particular effects of the LSECs on the HepG2/C3a phenotypes. Finally, we 

successfully demonstrated APAP modulation on the LSEC phenotype, its transit to the liver 

compartment and its metabolism, as an example of a liver first pass metabolism. We believe 

that our model could be used as a relevant model for investigating drug kinetics and 

subsequent physio pathological hepatotoxicity.  
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4.9. Supplementary figures 

 

Figure 4.S1. Morphologies of SK-HEP-1 cells cultured in different culture media mixtures. 

 

 

Figure 4.S 2. Morphologies of SK-HEP-1 cells cultured on static inserts at days 4, 8 and 10. 

 

Figure 4.S 3. Morphologies of SK-HEP-1 cells monoculture and coculture after 10 days of culture (8 
days of maturation in static inserts and 2 days of dynamic culture in IIDMP platform). 
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Figure 4.S 4. Morphologies of SK-HEP-1 and HepG2/C3a cells monoculture and coculture after 
exposure to APAP for 2 days. 
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Chapitre 5: Investigation of the metabolomic crosstalk 
between liver sinusoidal endothelial cells and hepatocytes 
exposed to paracetamol using organ-on-chip technology 

 

In this section, we used a metabolomic-on-chip approach to study the effect of the different 

cell culture conditions on the metabolomic profiles. Firstly, we identified the metabolomic 

signatures of each cell individually. Then we studied the coculture and APAP synergy effect 

on the metabolic signatures. Finally, we discussed the correlation between the specific 

metabolomic partterns and the culture conditions. The core of the chapter is literally 

extracted from our article “Investigation of the metabolomic crosstalks between liver 

sinusoidal endothelial cells and hepatocytes exposed to paracetamol using organ-on-chip 

technology”4. The article abstract is presented as a summary of the chapter 5. The material 

and methods are not presented in this chapter, an extended version is described in chapter 

2. The supplementary files of the article are provided at the end of this chapter. 

 

 

 

 

 

 

 

 

 

 

                                                           
4 Messelmani T, Le Goff A, Soncin F, Gilard F, Souguir Z, Maubon N, Garière B, Legallais C, Leclerc 
E, Jellali R. Investigation of the metabolomic crosstalks between liver sinusoidal endothelial cells and 
hepatocytes exposed to paracetamol using organ-on-chip technology, 2023, Submitted to 
Toxicology 
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Abstract 

Organ-on-chip technology represents is a in vitro approach summarizing human physiology 

for the study of responses to drug exposure. Organs-on-chip cell cultures have paved new 

grounds for testing and understand metabolic dose-responses when evaluating 

pharmaceutical and environmental toxicity. Here, we present a metabolomic investigation of 

a coculture of liver sinusoidal endothelial cells (LSECs, SK-HEP-1) with hepatocytes 

(HepG2/C3a) using advanced organ-on-chip technology. To reproduce the physiology of the 

sinusoidal barrier, LSECs were separated from hepatocytes by a membrane (culture insert 

integrated organ-on-chip platform). The tissues were exposed to the analgesic drug 

acetaminophen (APAP) used as a model compound. The differences between the SK-HEP-

1, HepG2/C3a monocultures and SK-HEP-1/HepG2/C3a cocultures, treated or not with 

APAP, were identified from metabolomic profiles using supervised multivariate analysis. The 

pathway enrichment coupled with metabolite analysis of the corresponding metabolic 

fingerprints contributed to extracting the specificity of each type of culture and condition. In 

addition, we analysed the response to APAP’s treatmentby mapping  the signatures with 

significant modulation of the biological processes of the SK-HEP-1 APAP, HepG2/C3a APAP 

and SK-HEP-1/HepG2/C3a APAP conditions. Furthermore, our model shows how the 

presence of LSEC barrier and APAP first pass can modify the metabolism  of the 

HepG2/C3a. Altogether, this study demonstrates the potential of a “metabolomics-on-a-chip” 

strategy for pharmaco-metabolomic applications predicting individual response to drugs. 

 

 

Keywords: organ-on-chip, LSECs, Hepatocytes, coculture, metabolomic, acetaminophen 
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5.1. Introduction 

Toxicological evaluation of a substance is usually achieved through the combined use of 

several types of experimental models, including in vitro cell culture models, in vivo animal 

models, and in silico computer simulations which  make it possible to predict biochemical 

interactions between the organism and a chemical substance (Guillouzo, 1998; Bhushan et 

al., 2016; Caloni et al., 2022). However, animal models display different responses compared 

to humans and raise ethical issues, while conventional in vitro culture are poorly 

representative of human in vivo physiology, metabolism and toxicity (Ruoß et al., 

2020).Therefore,the development of novel in vitro methodologies, including fast and effective 

screening tools to predict individual toxicity of chemical compounds, is of prime interest in the 

context of international regulations, such as the European registration, evaluation, 

authorization and restriction of chemical substances (REACH) which requires any substance 

to be evaluated for possible risks to humans, animals, or the environment (Caloni et al., 

2022; Rim, 2020; Tsaioun et al., 2016).  

Among the advanced in vitro methods, organs-on-chip is a technology that has emerged 

from the combination of microelectronics, tissue engineering and biomaterial sciences 

(Messelmani et al., 2022a). An organ-on-chip consists in a miniaturized tissue culture system 

that makes it possible to create and maintain 3D organs on a small scale, as well as 

engineering dynamic conditions, and which reproduces some of the key in vivo features 

within a well-controlled environment (see example for liver in Messelmani et al., 2022a; 

Moradi et al 2020; Dalsbecker et al., 2022). In this context, our team has built an organ-on-chip 

platform for the coculture in 3D of liver tissues with barrier models to investigate organ-to-

organ interactions (intestine-liver, Bricks et al., 2014; liver- testis, Zeller et al., 2017), and first 

pass metabolism of drugs (Bricks et al., 2015). The platform was recently used to investigate 

the coculture of a liver sinusoidal endothelial cell barrier with hepatocyte biochip. Then, the 

technology was applied to the acetaminophen passage through the sinusoidal-like barrier 

and the subsequent metabolism by the hepatic cells (Messelmani et al., 2023). 

In parallel to these technological developments, our group propose a “metabolomics-on-a-

chip” approach combining organ-on-chip technologies with metabolomic analyses. 

Metabolomic analyses relate to the untargeted identification of low-molecular weight 

compounds (metabolites < 1500 Da) present in a biological system and variations in 

concentrations in response to a pathophysiological perturbation or genetic modifications 

(Canzler et al., 2020; Dufour-Rainfray et al., 2020; Jellali et al., 2021). Metabolic phenotyping 

studies can be used as a tool understanding the metabolic modifications after exposure to a 

substance (Song et al., 2016). Analytical spectroscopic methods, such as NMR spectroscopy 
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and mass spectrometry (MS), make it possible to detect and quantify metabolites in various 

samples from biofluids such as serum or urine, as well as cells and tissues (Duarte and Gil 

2012; Agin et al., 2016). We previously characterized organ-to-organ communications (such 

as liver and testis, Zeller et al., 2017, liver-kidney, Shintu et al., 2012) and the effects of 

several molecules (including drugs, solvents, pesticides) in liver organ-on-chip models 

populated with HepG2/C3A cells (Shintu et al., 2012), with rat primary hepatocytes (Jelalli et 

al., 2018) and islets of Langerhans (Essaouiba et al., 2022). 

To improve knowledge on the interactions between liver sinusoids and hepatocytes, we 

suggested characterizing their crosstalk using the metabolomics-on-a-chip approach in our 

coculture platform using LSECs-HepG2/C3A. Then, we extended the analysis to the tissue 

crosstalk during an acetaminophen treatment. Acetaminophen was selected as the primary 

model compound because it is a widely used antipyretic and analgesic treatment which has 

also been studied extensively. Furthermore, APAP overdose is a well-recognized cause of 

hepatotoxicity (Shen at al., 2006) and cytotoxicity (Milam and Byard 1985). APAP is 

essentially metabolized in the liver, and major phase 2 detoxification pathways are sulphate 

and glucuronic acid conjugations. Acetaminophen is mainly excreted in urine as glucuronide 

(APAP-G) and sulphate (APAP-S) metabolites in humans and rats. However, a minor phase 

1 metabolic pathway leads to the formation of a toxic intermediary, N-acetyl-p-benzoquinone-

imine (NAPQI, Dahlin et al., 1984). This intermediary can cause delayed and irreversible liver 

lesions (Reid et al., 2005). NAPQI can be retro-converted to the APAP glutathione conjugate 

(APAP-GSH) through glutathione-S-transferase activity, which can later produce cysteine 

and N-acetylcysteine conjugates (APAP-CYS and APAP-NAC, respectively). APAP 

metabolism in HepG2/C3A liver on chip, and the APAP overdose metabolomic profile in our 

liver-on-chip have been characterized previously (Prot et al., 2012). 

In the present study we extended this analysis using SK-HEP-1 cells as a LSEC barrier to 

reproduce a more physiological situation mimicking liver APAP penetration from the 

sinusoids to the hepatocytes. For this purpose, we firstly investigated the crosstalk between 

the HepG2/C3a and SK-HEP-1 tissues. Then, we exposed the SK-HEP-1 to APAP to 

investigate the changes in the metabolome illustrating HepG2/C3A and SK-HEP-1 tissue 

interactions. 

5.2. Morphology and functional characterization of the tissues  

The SK-HEP-1 cells were cultured in static inserts until the formation of a confluent and 

homogenous LSECs barrier (8 days). Then, they were cultured in dynamic conditions for two 

days, with or without APAP exposure. The SK-HEP-1 morphology at the end of the 

experiments, in monoculture and coculture (control and exposed to APAP), is presented in 
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Figure 5.1A. SK-HEP-1 cells were able to form and maintain a confluent and continuous 

barrier constituted of several cell layers. No obvious differences in morphology were 

observed between monoculture and coculture samples. Furthermore, APAP did not seem to 

impact morphology at the tissue level. Actin staining confirmed the development of the 

microfilament cytoskeleton in all cells across the whole insert surface, and the formation of 

different cell layers (Figure 5.1B and 5.1C, examples of z-stack performed using confocal 

microscopy in Figure 5.S1). Finally, SK-HEP-1 monocultures with and without APAP and in 

coculture without APAP were positive to the LSEC specific marker PECAM-1 (Figure 2B and 

2C). Conversely, PECAM-1 signal intensity was strongly reduced in SK-HEP-1 cocultures 

exposed to APAP (Figure 5.1C). 

 

Figure 5.1. Characterisation of the SK-HEP-1 endothelial barrier in dynamic monoculture and 
coculture (with and without APAP, 8 days of maturation followed by 2 days in the IIDMP platform). (A) 
cell morphologies; (B) actin, nuclei (DAPI) and PECAM-1 staining. 

In the biochips, the HepG2/C3a cells attached to the hydroscaffold and aggregated in small 

clusters of cells after 24 h in static conditions (Figure 5.2A). Then, the biochips were 

connected to the fluidic platform and monocultured or cocultured with SK-HEP-1 barrier for 

48h. As for SK-HEP-1 cells, we did not detect any difference in the HepG2/C3a 

morphologies at the end of the experiments, when compared to the HepG2/C3a 
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monocultures, the SK-HEP-1/HepG2/C3A cocultures without or with APAP. After 48 h in 

dynamic cultures, the cells proliferated and formed large aggregates/spheroids in all culture 

conditions (Figure 5.2B). Actin formed a complex filament network across all the spheroids, 

without any significant difference between monocultures and cocultures (with and without 

APAP, Figure 5.2C). The hepatic functionality of the HepG2/C3a was confirmed by 

measuring the secretion of albumin. As shown in Table 5.1, the HepG2/C3a monocultures 

and cocultures treated or not with APAP secreted similar quantities of albumin (secretions 

ranging between 114 ± 16 and 129 ± 27 ng/h).  

Finally, the diffusion of APAP through the SK-HEP-1 barrier and its metabolism by 

HepG2/C3a metabolism were demonstrated by measuring APAP concentrations in the 

basolateral circulating culture medium at the end of the experiments (48 h of exposure). The  

concentrations of APAP measured were 103 ± 7 µM in SK-HEP-1 monocultures, 84 ± 5 µM 

in the HepG2/C3a monocultures and 87 ± 8 µM in the coculture conditions (Table 1). The 

difference between the APAP metabolized (compared to an initial APAP concentration of 100 

µM) by HepG2/C3a monocultures and SK-HEP-1/HepG2/C3a cocultures was non-significant. 

The APAP concentration of 103 ± 7 µM, measured in the basal compartment of the SK-HEP-

1 monoculture confirmed the full passage of APAP from the apical to basal side through the 

barrier and that SK-HEP-1 cells did not metabolize APAP. 

 

Figure 5.2. Characterisation of HepG2/C3a cells cultured in the biochip, in monoculture, and coculture 
(with and without APAP). (A) cell morphology after seeding, 24 h of adhesion in static conditions; (B) 
cell morphology after 48 h of dynamic culture; (C) and (D) actin and nuclei (DAPI) staining after 48 h of 
dynamic coculture. 
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Table 5.1. Albumin secretion in the IIDMP and paracetamol concentration in the basal compartment of 
the IIDMP. 

 Albumin secretion 
(ng/h) 

Basal APAP concentration 
(µM) 

LSEC monoculture without APAP --- --- 

HepG2/C3A monoculture without APAP 114.2 ± 16.6 --- 

LSEC_HepG2/C3A coculture without APAP 129.7 ± 27.6 --- 

LSEC monoculture with APAP --- 107 ± 4 

HepG2/C3A monoculture with APAP 113.4 ± 5.9 84 ± 5 

LSEC_HepG2/C3A coculture with APAP 127.6 ± 21.7 88 ± 12 

 

5.3. Identification of the HepG2/C3a, SK-HEP-1 and SK-HEP-1/HepG2/C3a specific 
metabolomic signatures 

At the end of the experiments, the supernatants from the different culture conditions were 

collected and analysed with gas chromatography coupled to mass spectrometry (GC-MS). 

The analysis led to the identification of 94 metabolites (Table 5.S1, supplementary file 1). To 

identify the metabolomic signature of each culture mode without APAP exposure, we 

performed a multivariate analysis using the metabolomes of SK-HEP-1 monoculture, 

HepG2/C3a monoculture, SK-HEP-1/HepG2/C3a coculture and basal culture medium. The 

PLS-DA score plots showed a clear separation between the three culture modes and basal 

medium, indicating distinct metabolic profiles (Figure 5.3A). The distance between 

HepG2/C3a monoculture and coculture groups was weak due to the closer metabolic profiles 

of these modes compared to the others. The PLS-DA analysis (VIP > 1.0) coupled to the 

ANOVA test (P value < 0.05) identified 58 metabolites. The heatmap of the top 40 significant 

metabolites is given in Figure 5.3B. The detailed heatmap with the 58 metabolites is 

presented in Figure 5.S2 and the full list of the 58 metabolites with the corresponding P value 

in Table 5.S2 (supplementary file 1). 

The specific signature of the HepG2/C3A monoculture was characterized by the high 

production of urea, ornithine, glycine, iminodiacetic acid and glycerol-1-phosphate, and the 

high consumption of glycerol and pantothenic acid. The HepG2/C3A cells displayed 

moderate lipid synthesis including caprylic, capric, hexanoic, oleic and palmitoleic acids, 

when compared to SK-HEP-1 and the cocultures. There was also a weak production of the 

pentose phosphate metabolites (ribose, arabinose) and a moderate consumption of glucose, 

fructose, allose and pyruvic acid, coupled to moderate lactate production, when compared to 

other conditions.  
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The SK-HEP-1 monoculture produced the highest levels of palmitoleic acid, oleic acid, 

ribose, arabinose, galactitol, hypoxanthine and 2,3 butanediol. Overall, the SK-HEP-1 cells 

were characterized by high lipid synthesis (oleic, palmitoleic, capric, caprylic, and hexanoic 

acids), an active pentose phosphate pathway (high ribose and arabinose secretion) and 

intense polyol metabolism highlighted by the high consumption of mannitol, xylitol, sorbitol, 

and threitol, when compared to HepG2/C3a monocultures. The LSECs cultures metabolome 

revealed high consumption of glucose, tagatose, and fructose, associated with lactic acid 

production, suggesting an intense glycolysis activity compared to HepG2/C3a monoculture. 

Finally, there was production of TCA cycle intermediates: succinic, alpha ketoglutaric, malic, 

and citric acids, in comparison with the basal medium.  

The SK-HEP-1/HepG2/C3a coculture presented a signature in synergy with the HepG2/C3a 

and SK-HEP-1 monocultures. The HepG2/C3A monocultures and the cocultures presented a 

common signature, including high levels of alanine, 2-ketoisocaproic acid, benzoic acid, 

glycerol 1 phosphate, and glutamic acid, and low levels of pantothenic acid, succinic acid, 

and glycerol. The common metabolites highlighted by SK-HEP-1 monocultures and SK-HEP-

1/HepG2/C3a cocultures included high levels (production) of oleic acid, palmitoleic acid, 

lactic acid, ribose, arabinose, and asparagine, and low levels (consumption) of myo-inositol, 

citraconic acid, carbohydrates (mannitol, allose, fructose, glucose, sorbitol, threitol, and 

xylitol), threonine, serine, ethanolamine and beta-alanine. 

Finally, all three culture conditions (SK-HEP-1 monocultures, HepG2/C3a monocultures and 

cocultures) presented several common signatures, such as the production of capric acid, 

hexanoic acid, caprylic acid, lactic acid, alpha ketoglutaric acid, malic acid, ornithine, and 3-

methyl-2-oxobutaric acid. In parallel, high consumption of amino acids (isoleucine, 

methionine, threonine, glutamine, citrulline and phenylalanine), pyridoxine, glucose-6 

phosphate, and 4-hydroxyproline was observed. 
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Figure 5.3. Global multivariate statistical analysis of SK-HEP-1 monoculture, HepG2/C3a 
monoculture, SK-HEP-1/HepG2/C3a coculture and basal medium metabolomic profiles. (A) PLS-DA 
scores plot discriminating different culture modes; (B) heatmap of the top 40 metabolites significantly 
modulated. 

5.4. Effect of APAP on the HepG2/C3a monoculture 

To  identify potential biomarkers and the effects of APAP exposure on HepG2/C3a 

monocultures, a supervised OPLS-DA analysis was applied to the metabolomes of 

HepG2/C3a control and APAP-treated HepG2/C3a. As shown in the OPLS-DA score plot 

(Figure 5.4A), the analysis played a part in clearly identifying cultures treated or not with 

APAP, indicating significant differences between the two metabolomes. To extract the 

biomarkers, a volcano plot was drawn using the P value (-log10P) and fold change (log2FC). 

The volcano plot revealed 13 metabolites modulated by APAP exposure (P < 0.05): 2 

downregulated (FC < 0.8) and 11 upregulated (FC > 1.2; Figure 5.4B and 5.4C). When 

considering the P value < 0.1, 26 metabolites were significantly modulated (heatmap in 

Figure 5.S3). 

The effect of APAP on HepG2/C3a cultures was characterized by the specific over 

production of glycolic acid, myristic acid, heptadecanoic acid, ribose, arabinose, 

hypoxanthine, tyrosine, leucine, cystine, pyroglutamic acid, proline and glycerol-1-phosphate, 

when compared to the HepG2/C3a control. APAP increased the consumption of mannitol 

and beta-alanine, and reduced the production of sucrose, galactitol and glycine. 

Finally,stearic acid, palmitic acid, valine levels, and pyruvic acid were higher in cultures 

exposed to APAP when compared to the control, indicating a lower consumption or a change 
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in the production/consumption balance. The pathway enrichment analysis with the 

metabolites discriminating HepG2/C3a control and HepG2/C3a exposed to APAP highlighted 

the ammonia recycling, glycerolipid metabolism, galactose metabolism, glutathione 

metabolism, and glycolysis (Figure 5.4D).  

 

Figure 5.4. Comparison of metabolomic profiles of HepG2/C3a cultured in biochip, with and without APAP 
treatment. (A) OPLS-DA score plot of biochip control culture compared to biochip treated with APAP (B) volcano 
plot (log2 fold change (treated biochip/control biochip) plotted against −log10 P-value) highlighting metabolites 
differentially expressed between HepG2/C3a control and HepG2/C3a treated with APAP (metabolites upregulated 
and downregulated in the treated cultures are labelled in red and blue, respectively); (C) heatmap of the 13 
metabolites significantly modulated (P < 0.05); (D) pathway impact enrichment based on metabolites 
discriminating HepG2/C3a control and HepG2/C3a treated with APAP. 

5.5. Effect of APAP on the SK-HEP-1 monoculture 

The OPLS-DA analysis performed with the SK-HEP-1 control and APAP exposed SK-HEP-1 

samples successfully separated both groups with a high quality of fit and predictability (R2 = 

0.84, Q2 = 0.74; Figure 5.5A). The volcano plot construction made it possible to extract 26 

metabolites (P value < 0.05 and VIP > 1) significantly modulated in SK-HEP-1 exposed to 

APAP: 4 downregulated FC < 0.8 and 22 upregulated FC > 1.2 (Figure 5.5B, 5.5C). The 

heatmap of 38 metabolites with P value < 0.1 and the full statistical analysis (including P 

value, FC and VIP scores) are presented in Figure 5.S4.  
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The VIP plot in Figure 5.5C and the heatmap in Figure 5.S3 show that the APAP treatment 

reduced the consumption of citrulline, fructose, xylitol, tagatose, and pyruvic acid, and the 

production of hexanoic acid and galactitol. In parallel, compared to SK-HEP-1 control 

cultures, APAP treatment increased the production of asparagine, leucine, creatinine, 

ornithine, proline, valine, cysteine, glycolic acid, lipids, and fatty acids (benzoic acid, glycerol, 

glycerol-1-phosphate, myristic acid, palmitic acid, and lauric acid), TCA cycle substrate 

(fumaric acid), xanthine, hypoxanthine and uric acid (purine metabolism). Finally, the pentose 

carbohydrate (arabinose and ribose), hippuric acid, pyroglutamic acid, and glutamic acid 

secretions also increased in SK-HEP-1 exposed to APAP when compared to the SK-HEP-1 

control. The pathway enrichment analysis using the metabolites differentially expressed 

between SK-HEP-1 cultures with and without APAP revealed that urea cycle, aspartate 

metabolism, glycine, and serine metabolism, ammonia recycling and amino sugar 

metabolism were the top 5 enriched pathways. Of the top 10 pathways, we also found fatty 

acid biosynthesis, glutathione metabolism, and glycerolipid metabolism (Figure 5.5D). 

 

Figure 5.5.Comparison of metabolomic profiles of SK-HEP-1 barrier culture, with and without APAP treatment. 
(A) OPLS-DA score plot of SK-HEP-1 control culture compared to SK-HEP-1  treated with APAP (B) volcano plot 
(log2 fold change (treated culture/control culture) plotted against −log10 P-value) highlighting metabolites 
significantly modulated between SK-HEP-1 control and SK-HEP-1 treated with APAP (metabolites upregulated 
and downregulated in the treated cultures are labelled in red and blue, respectively); (C) 26 metabolites 
discriminating both cultures based on VIP scores (variable importance in projection) from OPLS-DA and 
corresponding detection intensity; (D) Pathway impact enrichment extracted from comparison of SK-HEP-1 
culture with and without APAP (* metabolism). 
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5.6. Effect of APAP on the SK-HEP-1/HepG2/C3a cocultures 

Metabolomic profiling was also performed on the SK-HEP-1 barrier cocultured with the 

HepG2/C3a biochip and exposed to APAP. Figures 5.6A shows the OPLS-DA score plot 

from multivariate analysis performed with the metabolome of control and APAP treated 

coculture. Clearly, the OPLS-DA score plot shows significant separation of the two groups in 

distinct clusters (R2 = 0.82, Q2 = 0.7). In total, 27 metabolites were modulated by APAP 

treatment (P < 0.05), with 6 and 21 metabolites downregulated (FC < 0.8) and upregulated 

(FC > 1.2), respectively (volcano plot and heatmap in Figure 5.6B and 5.6C). The extension 

of the analysis to P value < 0.1 highlighted 38 metabolites differentially expressed between 

coculture control and exposed to APAP. The correspondent heatmap and the full statistical 

analysis are provided in Figure 5.S5.  

The coculture exposed to APAP exhibited notable high production levels of oxalic acid, 

proline, ornithine, glutamic acid, TCA cycle intermediates (fumaric acid, citric acid and malic 

acid), alpha ketoglutaric acid, asparagine, threonic acid, urea, cysteine, leucine, and glycerol-

1 phosphate. Compared to the control coculture, APAP exposure increased the consumption 

of phenylalanine, methionine, and cystine. Conversely, the consumption of valine, citrulline, 

and mannitol was reduced by APAP treatment. Finally, APAP contributed to the reduction of 

hexanoic acid. The pathway enrichment analysis highlighted the urea cycle, arginine and 

proline metabolism, Warburg effect, citric acid cycle, and gluconeogenesis among the top 

enriched pathways (P value < 0.05, Figure 5.6D).  
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Figure 5.6. Comparison of metabolomes of HepG2/C3a/SK-HEP-1 coculture, with and without APAP treatment. 
(A) OPLS-DA score plot discriminating both culture conditions; (B) volcano plot (log2 fold change (APAP/control) 
plotted against −log10 P-value) discriminating metabolites differentially expressed between coculture control and 
coculture exposed to APAP (metabolites upregulated and downregulated in the treated cocultures are labelled in 
red and blue, respectively); (C) heatmap of the 27 metabolites significantly modulated (P < 0.05); (D) pathway 
impact enrichment based on 27 metabolites modulated between coculture with and without APAP. 

5.7. Common and specific biomarkers of three cultures exposed to APAP  

To elucidate the common and specific signatures of each culture condition after APAP 

treatment, a Venn diagram was designed using the biomarkers of three cultures conditions: 

SK-HEP-1 monoculture, HepG2/C3a monoculture and SK-HEP-1/HepG2/C3a coculture. As 

shown in Figure 5.7 and Table 5.S3, eight, three biomarkers were common to SK-HEP-1 and 

HepG2/C3a monocultures, ten to the coculture and HepG2/C3a monocultures, coculture and 

SK-HEP-1 monocultures, and the seven to the three conditions. After exposure to APAP, the 

three culture conditions presented a common signature including high production of 

pyroglutamic acid, asparagine, glycerol 1-phosphate, leucine, and valine. Among the 

metabolites common to the SK-HEP-1 monoculture and coculture exposed to APAP, we 

found increased secretion of fumaric acid, glutamic acid, ornithine, and cysteine, and 

consumption of methionine, whereas hexanoic acid production and pantothenic acid 
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consumption decreased. Finally, the common metabolites highlighted by the SK-HEP-1 and 

HepG2/C3a monocultures treated with APAP included higher production of glycolic acid, 

myristic acid, arabinose, ribose when compared to monoculture without APAP. In parallel, a 

change in the production/consumption balance of palmitic acid and glycerol was observed. 

 

 

 

Figure 5.7. Venn diagram showing the specific and common signature between the different culture 
conditions. 

5.8. Discussion 

In this study, metabolomic profiling was used to investigate the effect of APAP on LSEC-

hepatocyte coculture, and the crosstalk between the two cell types. Organ-on-chip 

technology coupled to the use of a hydroscaffold mimicking the liver ECM made it possible to 

culture hepatocytes (HepG2/C3a) in a complex 3D dynamic configuration. To mimic the 

physiology of the liver sinusoid, the HepG2/C3a biochip was cocultured with a LSEC barrier 

(the SK-HEP-1 cell line cultured on a membrane insert). The LSEC-hepatocyte paracrine-like 

communication was made possible by exchanges through the insert membrane and the 

dynamic culture in a microfluidic platform. Characterizing the coculture confirmed that both 

cell types maintained their typical morphologies and functionalities. We also demonstrated 

APAP transit through the LSEC barrier to the liver compartment and its metabolization by 

HepG2/C3a cells. The metabolomic analyses contributed to extracting a common signature 

and specific patterns in culture conditions tested. 
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5.8.1. Identification of the specific metabolic signatures from mono to cocultures 

The metabolomic analyses revealed a synergy in metabolic profiles between the cell types 

when they are cultured together. First, comparing the culture medium of the SK-HEP-1 

monocultures, HepG2/C3a monocultures, SK-HEP-1/HepG2/C3a cocultures and basal 

culture medium illustrated clear differences between the culture conditions. The SK-HEP-1 

monocultures were characterized by cellular activity in the polyol pathway, in the pentose 

phosphate pathway, intense glycolysis and TCA activation, and an intense lipids synthesis. 

In comparison, in the HepG2/C3a monoculture, we found no specific activation of polyol 

pathway, moderate activation of the pentose phosphate pathway (PPP), and glycolysis, and 

consistently of the TCA. We also found moderate lipid synthesis. HepG2/C3a were 

characterized by a high glycerol metabolism. Interestingly, the coculture included a synergy 

of both SK-HEP-1 and HepG2/C3a metabolism. As such, in cocultures, we found activation 

of the polyol pathway, pentose phosphate pathway, and intense glycolysis activation coupled 

with TCA activation, similar to the SK-HEP-1 monocultures. We also detected significant lipid 

synthesis.  

Then, consistently with HepG2/C3a monocultures, the coculture signature included intense 

glycerol metabolism, and alanine, benzoic acid, 2-ketoisocaproic acid and glutamic acid 

productions when compared to SK-HEP-1. Interestingly, 2-ketoisocaproic acid (a degradation 

of leucine) is associated with production of diacyglycerol in hepatocytes (Yagasaki et al., 

2002), which appeared consistent with the glycerol metabolism in our data. In parallel, 

benzoic acid metabolism is reported to reflect the mitochondrial functions in rat hepatocytes 

(Krahenbul et al., 1997), which may reflect oxidative phosphorylation in the HepG2/C3a cells. 

5.8.2. Identification of APAP metabolic perturbation in HepG2/C3a 

In our previous work using a HepG2/C3a liver-on-chip, we identified a toxic metabolomic 

signature of APAP after exposure at 1 mM for 96 h which was associated with cell death. 

Among the metabolites, this toxic signature was characterized by the production of 

pyroglutamic acid, 2-hydroxybutyric acid, 3-hydroxybutyric acid, serine, proline, alanine, and 

lactate (Prot et al., 2012). The kinetics analysis of the exposure of 1 mM of APAP for 24h to 

144 h in a HepG2/C3a liver-on-chip was associated with the induction of reactive oxygen 

species (ROS) at 72h of exposure (Leclerc et al., 2015). This ROS expression was 

correlated with extensive GSH depletion after 48h of culture, reduction of cell proliferation 

after 72h of exposure, and with cell toxicity after 96h of exposure, especially above 0.5 mM 

(Leclerc et al., 2015). 
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 The present exposures were performed at 1 mM in the LSEC insert, resulting a systemic 

APAP concentration of 100 µM (HepG2/C3a exposure for 48h). The condition used here did 

not lead to specific cell death, nor to HepG2/C3a inflammation, consistently with our previous 

work (no IL-6 nor TNFα secretion, Messelmani et al., 2023). Furthermore, in the present 

metabolomic signature, we did not detect the element of the metabolites associated with 

HepG2/C3a cell death in biochips (Choucha Snouber et al., 2013; Prot et al. 2012), nor 

typical APAP toxicity biomarkers such as 5-oxoproline/pyroglutamic acid, a typical drug-

induced liver injury biomarker (Lu 1999; Yang et al., 2012; Lord and Bralley, 2008), hippurate 

(Schnackenberg et al., 2017) and ROS biomarkers (Gall et al. 2010). Nevertheless, the 

present APAP-treated HepG2/C3a signature was characterized by high levels of glycolic 

acid. This compound is a natural antioxidant molecule that reduces reactive oxygen species-

induced cell death (Diez et al., 2021). Detecting this compound may reflect an early response 

to the APAP stress.  

In the present experiments, we detected changes in carbohydrate homeostasis and a 

glycolytic switch, as we detected activation of the pentose phosphate pathway (accumulation 

of ribose and arabinose, low production of sucrose, and consumption of mannitol). As APAP 

disrupts mitochondrial functions and oxidative phosphorylation (Jaeschke et al., 2019), APAP 

poisoning leads to disrupted aerobic respiration (Shah et al, 2011). In parallel, we also 

detected a weak lipid accumulation with the overproduction of myristic, stearic, and palmitic 

acid (Supplementary file 2). Consistently with our observation, APAP was reported to reduce 

fatty acid β-oxidation due to the suppression of the PPAR activation (Chen et al., 2009). 

APAP was also reported to perturbate mitochondrial fatty acid β-oxidation leading to 

steatosis (Fromently, 2019). Overall, we observed the onset of the effects of APAP illustrated 

by the hallmarks of early but weak hepatotoxicity (respiration switch, lipid perturbation), 

however the signature did not present either cell death markers or strong inflammation 

propagation. Furthermore, one natural molecule involved in the cell defense mechanism was 

detected. 

5.8.3. Identification of APAP metabolic perturbation in SK-HEP-1 monocultures 

APAP was reported to induce LSEC death via the TRAIL (TNFα) pathway (Badmann et al., 

2012). It was also reported that TRAIL apoptosis alters lipid mitochondrial homeostasis, 

including the phosphocholine and diacylglycerol (DAG) balance, leading to caspase 8 

activation (Ferry et al., 2005). In our study, APAP did not lead to significant TNFα release in 

LSEC monocultures (Messelmani et al., 2023), but it contributed to increasing the glycerol 

and glycerol-1-phosphate that are metabolites involved in DAG production. We also detected 
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high lipid production, illustrated by the high levels of palmitic, lauric, myristic, and hexanoic 

acids. Interestingly, it was reported that lipids promoted LSEC survival, proliferation, and the 

maintenance of the differentiation in rat in vitro cell cultures (Hang et al., 2012). However, 

high levels of palmitic acid supplementation played a part in damaging LSEC fenestration 

and modifying molecule clearance (Cogger et al. 2016). Furthermore, the excess of palmitic 

acid is widely reported in the literature as a source of cell death, including in LSECs (Geng et 

al., 2020). Although we detected the production of pyroglutamic acid (a ROS production 

biomarker), we did not detect such cell death in our experiments and additional assays are 

required to address this point. 

SK-HEP-1 treatment with APAP increased the accumulation of ornithine, creatinine, citrulline, 

glutamine and glutamic acid in the medium. Arginine is synthetized using glutamic acid as a 

substrate (Li et al., 2022). Then, arginase is a key enzyme degrading arginine to ornithine 

and urea (Li et al., 2022). However, under nitric oxide synthetase (NOS), arginine can also 

be degraded into citrulline and nitric oxide (NO). Urea is excreted as the final product, 

whereas ornithine is recycled for polyamine synthesis (Li et al., 2022). Therefore, we 

observed potential arginine metabolism modulation in our LSEC cultures when treated with 

APAP. Although NO is very important in LSEC function (Xie et al., 2012; Wang and Peng 

2021), an over production of NO (due to NOS) leads to LSEC toxicity and even liver 

disorders (Iwakiri and Kim 2015; Wang and Peng 2021). Interestingly, the increases in fatty 

acid and TNF activation are reported to increase NO activity and then cell stress in liver 

(Stanimirovic et al., 2015). 

Finally, the APAP signature modified carbohydrate metabolism and the TCA cycle in SK-

HEP-1 monocultures. We observed repression of the glycolysis pathway via weaker pyruvate 

and fructose consumptions, and an accumulation of arabinose and melibiose. Furthermore, 

the pentose phosphate pathway (PPP) appeared active, as shown by the production of 

ribose and arabinose, illustrating a glycolysis switch. The switch was concomitant with the 

accumulation of the TCA substrate, fumaric acid. Although excess arabinose is reported to 

open tight-junctions in endothelial brain cells (Dorovini-Zis et al., 1984), it has also been 

reported as repairing tight-junction proteins in the brain and providing protection against 

inflammatory cytokine-induced endothelial permeability by down regulating NF-κB signals (Li 

et al., 2021). Furthermore, low levels of glycolysis in LSECs were associated with the 

inflammation process (IL-6 stimulated inflammation, Dudek et al., 2022). PPP activation with 

a glycolysis switch was reported in neutrophils as a defence mechanism to suppress 

oxidative burst (Britt et al., 2022). In parallel, as in the HepG2/C3a monoculture, SK-HEP-1 

produced glycolic acid, an antioxidant reducing ROS-induced cell death (Diez et al., 2021). 

Interestingly, we detected the secretion of pyroglutamic acid, hippuric acid (P value = 0.08 
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and FC = 1.2) and 2-hydroxybutyric acid (P value = 0.13 and FC = 1.4), that could reinforce 

the biomarker signatures related to ROS responses. Such markers are the hallmarks of an 

oxidative stress, consistent with glutathione pathway enrichment. Overall, the signature 

illustrated disturbance by APAP of the lipids and arginine cell metabolism coupled with only a 

weak oxidative stress response, triggering a concomitant anti-inflammatory response by the 

LSECs to APAP (ie: glycolysis switch and natural anti-oxidant secretion).  

5.8.4. Identification of the APAP metabolic perturbation in synergy with SK-HEP-1 and 

HepG2/C3a cocultures 

The metabolomic profile of cocultures treated with APAP presented a signature similar  to the 

SK-HEP-1 APAP+. One of the common signatures was the perturbation innitrogen 

metabolism, illustrated by the increase in ornithine and glutamic acid secretions. We also 

observed oxalic acid production, similar to the LSECs APAP+ condition. The GSH and 

inflammation marker pyroglutamic acid was particularly over expressed in the APAP 

coculture and similar to SK-HEP-1 monocultures. In fact, APAP was “physiologically” loaded 

into the SK-HEP1 compartment in the coculture and then transferred to the hepatic 

compartment through the endothelial barrier, it was expected that we find similarities in the 

signatures of the LSEC APAP+ and coculture APAP+ conditions. The specific metabolomic 

signature of the coculture consisted of the production of intermediate TCA (citric, malic, alpha 

ketoglutaric and fumaric acids). This could reflect either an APAP detoxification process by 

the liver cells, or an early stage of mitochondrial perturbation either by the NAPQI in 

HepG2/C3a (Moreno Torres et al., 2022; Chen et al., 2021; Cuykx et al., 2018) or by a 

stronger toxicity in the LSECs in response to the accumulation of pro-inflammatory cytokines 

(due to liver cell activity in the presence of APAP) in the medium. The toxicity synergy on 

LSECs is illustrated by the deterioration in PECAM-1 expression. Further investigations are 

required to follow up this observation, such as cytokine assays and transcriptomic profiling.  

5.9. Conclusions 

In summary, we used  organ-on-chip technology to investigate liver tissue crosstalk. Our in 

vitro model was based on an apical SK-HEP-1 insert culture coupled with basal 3D biochips 

in HepG2/C3a cultures, simulating the sinusoid by separating LSECs and hepatocytes. We 

investigated the modifications in the metabolome of SK-HEP-1, and HepG2/C3a 

monocultures, and SK-HEP-1/HepG2/C3a cocultures, in a control and in APAP-treated 

conditions. At the selected concentration, APAP did not present significant hepatoxicity with 

regard to HepG2/C3a cells. In SK-HEP-1, we detected metabolic switches concomitantly with 

the apparition of an anti-oxidant marker, but mild levels of ROS biomarkers. The main 
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characteristics of the LSEC APAP+ signature presented significant similarities with those of 

the SK-HEP-1/HepG2/C3a APAP+ cocultures. These results make it possible to confirm the 

specificity of each type of cells in the overall APAP coculture signature. They also play a part 

in showing the benefits of such an approach for refining knowledge of liver tissues and 

cultures when exposed to drugs. We believe that the combination of a microfluidic coculture, 

3D organization and metabolomic profiling could be a promising tool for chemical risk 

assessment.  
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5.10. Supplementary figures 

 

Figure 5.S1. F-actin (green) and nuclei (blue) stainings of SK-HEP-1 monocultures after 10 days of 
culture (8 days of maturation in static inserts and 2 days of dynamic culture in IIDMP platform). The 
images correspond to different Z positions and the z-stack projections. 

 

Figure 5.S2. Heatmap of the 58 metabolites differentially expressed between SK-HEP-1 monoculture, 
HepG2/C3a monoculture, SK-HEP-1/HepG2/C3a coculture and basal culture medium. 
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Figure 5.S3. Heatmap of the 26 metabolites (P value < 0.1) significantly modulated by APAP 
treatments in HepG2/C3a monocultures. 

 

Figure 5.S4. Heatmap of the 38 metabolites (P value < 0.1) significantly modulated by APAP 
treatments in SK-HEP-1 monocultures. 
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Figure 5.S5. Heatmap of the 38 metabolites (P value < 0.1) significantly modulated by APAP 
treatments in SK-HEP-1/HepG2/C3a cocultures. 

 

Table 5.S1. Metabolites identified in the culture media by GC-MS. 

Metabolite PubChem ID Metabolite PubChem 
ID 

2,3-butanediol  

Pyruvic acid 

Hexanoic acid 

Glycolic acid 

Alanine 

Norvaline 

2-hydroxybutyric acid 

3-methyl-2-oxobutanoic acid 

Isoleucine 

2-ketoisocaproic acid 

Beta-hydroxyisovalerate  

Valine  

Benzoic acid 

Serine 

262 

1060 

8892 

757 

5950 

65098 

11266 

49 

791 

70 

69362 

6287 

243 

5951 

Arabinose 

Asparagine 

Ribose 

Xylitol  

Citrulline  

Glycerol 1-phosphate  

Deoxyglucose  

Azelaic acid 

Hypoxanthine  

Citric acid 

Hippuric acid 

Myristic acid 

Methionine sulfoxide 

Fructose  

66308 

236 

993 

6912 

9750 

754 

439268 

2266 

790 

311 

464 

11005 

158980 

5984 
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Caprylic acid 

Ethanolamine  

Glycerol 

Leucine  

Phosphoric acid 

Threonine 

Proline  

Glycine 

2,3-dihydroxypyridine   

Succinic acid 

Picolonic acid 

Glyceric acid 

Citraconic acid 

Fumaric acid 

Methionine 

Aspartic acid 

Beta- alanine  

Capric acid 

Trans-4-hydroxy-L-proline  

Nicotinamide 

Malic acid 

Threitol 

Pyroglutamic acid 

Iminodiacetic acid 

Phenylalanine 

Cysteine  

Creatinine  

Threonic acid 

Alpha ketoglutaric acid 

Ornithine  

Glutamic acid 

Triethanolamine 

Lauric acid 

379 

700 

753 

6106 

1004 

6288 

145742 

750 

28115 

1110 

1018 

439194 

638129 

444972 

6137 

5960 

239 

2969 

5810 

457 

92824 

169019 

7405 

8897 

994 

594 

588 

5460407 

51 

6262 

33032 

7618 

3893 

Tagatose 

Phenaceturic acid 

Allantoin  

Pyridoxine  

Allose  

Lysine  

Histidine 

Mannitol 

Tyrosine 

Sorbitol  

Galactitol  

Pantothenic acid 

Xanthine  

Palmitoleic acid 

Palmitic acid 

Uric acid 

Myo-inositol 

Heptadecanoic acid 

Tryptophan 

Oleic acid 

Stearic acid 

Cystine  

Glucose-6-phosphate  

Arachidic acid 

n-acetylneuraminic acid 

Sucrose 

Melibiose  

Cholesterol 

Lactic acid 

Oxalic acid 

Urea 

Glutamine  

Glucose 

2724552 

68144 

204 

1054 

448388 

5962 

6274 

6251 

6057 

5780 

11850 

6613 

1188 

445638 

985 

1175 

892 

10465 

6305 

445639 

5281 

67678 

439958 

10467 

445063 

5988 

440658 

304 

107689 

971 

1176 

738 

24749 
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Table 5.S2. Metabolites differentially expressed between the metabolomes of SK-HEP-1 monoculture, 
HepG2/C3a monoculture, coculture and basal culture medium (P < 0.05). 

Metabolite P value Metabolite P value 

Pyridoxine 

Serine 

2-ketoisocaproic ac 

Glucose 

Citraconic ac 

Lactic ac 

Allose ou Talose 

3-methyl-2-oxobutanoic ac 

Hexanoic ac 

Glutamic ac 

Succinic ac 

Glutamine 

Glycerol 

Glucose-6-phosphate 

Alpha ketoglutaric ac 

Threonine 

Alanine 

Benzoic ac 

Ribose 

2,3-butanediol 

Glycerol 1-phosphate 

Isoleucine 

Capric ac 

Arabinose 

Malic ac 

Mannitol 

Oleic ac 

Sorbitol 

Citrulline 

9.42 x 10-13 

1.12 x 10-11 

1.80 x 10-11 

8.08 x 10-11 

2.06 x 10-10 

2.35 x 10-10 

5.69 x 10-10 

1.93 x 10-9 

1.28 x 10-7 

2.11 x 10-7 

5.21 x 10-7 

7.12 x 10-7 

8.07 x 10-7 

1.02 x 10-6 

1.87 x 10-6 

2.68 x 10-6 

6.83 x 10-6 

2.42 x 10-6 

9.62 x 10-5 

9.94 x 10-5 

0.00010663 

0.00011265 

0.00011508 

0.00012185 

0.00019163 

0.00026276 

0.00064287 

0.00070114 

0.0019525 

Pyruvic ac 

Methionine 

Iminodiacetic ac 

Uric ac 

Fructose 

Caprylic ac 

Glycine 

Myo-inositol 

2,3-dihydroxypyridine 

Palmitoleic ac 

Deoxyglucose 

Ethanolamine 

Threitol 

Citric ac 

Ornithine 

Galactitol 

Tagatose 

Trans-4-hydroxy-L-proline 

Melibiose ou isomaltose 

Asparagine 

Beta- alanine 

Hypoxanthine 

Sucrose 

Xylitol 

Urea 

Phenylalanine 

Proline 

Pantothenic ac 

Allantoin 

0.0021824 

0.0021941 

0.0022303 

0.0022773 

0.0023906 

0.0025456 

0.0027968 

0.0037971 

0.0041371 

0.0053894 

0.0063703 

0.0077109 

0.0088146 

0.0089642 

0.0090054 

0.0092401 

0.0093014 

0.009467 

0.010826 

0.014874 

0.020132 

0.025501 

0.025737 

0.026976 

0.031863 

0.034987 

0.041313 

0.046041 

0.047924 
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Table 5.S3. Common and specific metabolites of different cultures exposed to APAP (extracted from Venn’s 
diagram analysis). 

Groups Metabolites 
Coculture; HepG2/C3a; SK-
HEP-1 

 

Asparagine, valine, proline, pyroglutamic ac, pyruvic ac, glycerol 
1-phosphate, leucine 

HepG2/C3a; SK-HEP-1 Glycolic ac, palmitic ac, ribose, threonine, arabinose, myristic ac, 
glycerol, galactitol 

Coculture; HepG2/C3a Sucrose, cystine, mannitol 

Coculture; SK-HEP-1 Cysteine, glutamic ac, fumaric ac, ornithine, citrulline, methionine, 
hexanoic ac, deoxyglucose, oxalic ac, pantothenic ac 

HepG2/C3a Glycine, heptadecanoic ac, tyrosine, histidine, stearic ac, 
hypoxanthine, glucose-6-phosphate, beta- alanine 

SK-HEP-1 Xanthine, creatinine, xylitol, uric ac, benzoic ac, lauric ac, 
melibiose, tagatose, glutamine, trans-4-hydroxy-L-proline, hippuric 
ac, citraconic ac, fructose 

Coculture Allose, threitol, triethanolamine, nicotinamide, lactic ac, glucose, 
alpha ketoglutaric ac, 2-ketoisocaproic ac, pyridoxine, 
iminodiacetic ac, citric ac, threonic ac, succinic ac, 3-methyl-2-
oxobutanoic ac, malic ac, urea, isoleucine, phenylalanine 
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Chapter 6: Perspectives for the liver-on-chip model 
complexification: preliminary results of the primary human 
hepatocyte culture and the bi-compartmentalized biochip 

In the third chapter, we demonstrated the capability of the HepG2/C3a to form spheroids 

when cultured in the HA-based hydroscaffold under dynamic conditions. In the current 

chapter, we seek to further validate and improve this model.  

First, we explored the potential of using primary human cryopreserved hepatocytes in our 

hydroscaffold-integrated liver-on-chip model. Primary human cryopreserved hepatocytes 

(PHH) are commonly used as gold standard in drug discovery programs by pharmaceutical 

companies. The PHH organization inside the biochip was studied and their metabolic 

functions were measured. 

In the second part, we discuss the potential of a newly developed bi-compartmentalized 

biochip. The biochip is composed of 2 independent culture chambers separated by a thin 

permeable membrane. Each culture chamber is designed to host a specific cell type and 

placed in an independent perfusion circuit. Exchanges between the two compartments take 

place through the permeable membrane. Different parameters in the design were explored to 

ensure the dynamic coculture of HepG2/C3a and SK-Hep1 cells.  
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6.1. Primary human cryopreserved hepatocytes in the hydroscaffold-integrated 
biochip 
6.1.1 Introduction 
Hepatic cell lines such as HepG2, HepaRG and Huh-7 are commonly used for the setup of 

newly developed models. Despite their tumoral origins, these cells present numerous 

advantages thanks to their capacity of self-renewal and the conservation of some hepatic 

functions such as albumin production (Nikolic et al., 2018). They remain of limited use in drug 

discovery process due to their metabolic capacity which is 10 to 1000-fold lower than that of 

primary hepatocytes. The standard gold used by pharmaceutical groups in this case is 

freshly isolated or cryopreserved primary hepatocytes. Their metabolic enzyme activities are 

very similar to that of in vivo hepatocytes, making them the best candidate for following the 

toxicity and metabolism of newly discovered drugs (Fraczek et al., 2013). Primary 

hepatocytes retain some of the structural functional characteristics of the liver but they lose 

their cuboidal morphology and their specific functions once cultivated in the conventional 

Petri dishes. The loss of hepatocyte functions was correlated with the lack of cell-cell 

interactions and cell-matrix interactions when the cells are cultivated on a non-physiological 

substratum (Iredale & Arthur, 1994). To overcome these limitations, we propose to culture 

primary human cryopreserved hepatocytes inside a HA-based hydroscaffold mimicking the 

liver extracellular matrix in our liver chip. 

6.1.2 Preliminary results on spheroid formation 
6.1.2.1. Spheroid formation in Petri dishes and biochips 
Human cryopreserved primary hepatocytes (PHH) were cultivated in the HA-based 

hydroscaffold. Cells were seeded in the biochips and their behaviour was compared with 

cells seeded in 24-well Petri dishes with the same hydroscaffold (the surface culture being 

equivalent in both cases). Cells were seeded at a density of 400 000 cell/cm² (800 000 

cell/biochip) and the biochips were incubated in static condition for the adhesion phase. 24h 

post seeding, the cells start to assemble forming small clusters in the culture channels of the 

biochip and in the Petri wells (figure 6.1). 
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Figure 6. 1. PHH starting to form small clusters in (A) biochip culture chambers (B) Petri dish well. 
Scale bar = 300 µm 

Once the cells have adhere, the biochips are connected to the IDCCM and the whole system 

is mounted on a peristaltic pump to ensure the dynamic culture. The culture medium of the 

static Petri is renewed daily.  At day 4, PHH aggregates observed after the adhesion phase 

start to organize in 3D conformation in both the culture chambers (figure 6.1 a) and the Petri 

dishes (figure 6.1 b) to form spheroids with a mean size of 76 ± 19 µm and 94 ± 28 µm 

respectively. The spheroids seem randomly distributed in the biochip. At day 7, the spheroids 

keep growing reaching a diameter of 124 µm ± 28 µm and 116 ± 29 µm for the biochip and 

Petri dish conditions, respectively. 

Table 6.1. Evolution of spheroid diameter formed in dynamic biochips and static Petri dishes 

 D4 D7 

Biochip 75 ± 19 µm 124 ± 28 µm 

Petri dish 93 ± 27 µm 115 ± 29 µm 

 

6.1.2.2. Albumin and urea production 

In order to assess the functionalities of PHH spheroids, the albumin and urea production, 

which are generic markers of liver functions, were measured and compared between the 

different conditions and at different times of culture. Albumin production increased over time 

when cells were cultivated in dynamic biochips while it remained relatively constant, around 

18 ± 8 ng/h/106 cell, in static Petri dishes (figure 6.2A). Moreover, albumin production in the 
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biochips was 5 to 10-fold higher than in the Petri dishes reaching an average 123 ± 28 

ng/h/106 cell at day 7.  

 

Figure 6.2. Metabolic activity of PHH spheroids analysed in the culture medium supernatant (A) 
albumin production in the biochip and the Petri dish (B) urea production in the biochip and the Petri 
dish (** P < 0.0022; *** P < 0.0001). 

Urea production was measured at different time points and compared between the dynamic 

biochip and the static Petri dish (figure 6.2B). In the Petri dishes, the urea production 

remained in low levels over the 7 days of culture (between 10 ± A and 27 ± 2 µg/day/106 cell). 

For the dynamic biochips the urea production decreased over time from 144 ± 16 to 79 ± 49 

µg/day/106 cell.  

6.1.2.3. Spheroid structural characterisation in the biochips 

The spheroid organization and structure were assessed after 7 days of dynamic culture by 

immunostaining. The same characterization could not be achieved for the spheroids formed 

in the Petri dishes due to the difficulty to adapt the culture well plates installation in our 

confocal microscope. 

The spheroids in the biochips were positive to albumin and CYP3A4, two major markers for 

hepatocyte functionalities (figure 6.3A). CYP3A4 is usually not expressed with HepG2/C3a 

cell line due to its low metabolic activity but is expressed in PHH. Structurally, the actin 

filaments seemed to form a complex network indicating the compaction of the PHH spheroids 

(figure 6.3B). When coupled with MRP2 stain, a transporter located on the apical membrane 

of polarised hepatocytes and involved in the detoxification of a wide range of compounds, the 

colocalization of both stains demonstrated the polarization of the PHH spheroids. In addition, 

spheroids were stained for BSEP which is known to transport the bile salt from the 

intracellular compartment of the hepatocytes into bile flow. The spheroids were positive to 

BSEP which indicates the formation of a bile canalicular-like network corresponding to the 

maturation of these spheroids (figure 6.C). 
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Figure 6.3. Characterization of the spheroids after 7 days of culture in the biochip (A) staining of 
specific functional markers of the hepatocytes : albumin (magenta) , CYP3A4 (yellow) and DAPI 
(nuclei, blue) for cells positions ; (B) formation of bile canalicular-like structures : MRP2 (red), 
phalloidin (F-actin, green), DAPI (nuclei, blue), the overlay of the markers (yellow signal) correspond to 
the polarization of the spheroids; (C) formation of a biliary-like network BSEP (yellow) and DAPI 
(nuclei, blue) (scale bar 100 µm). 

6.1.3. Discussion and conclusions 
The in vitro culture of PHH highly depends on the donor liver condition, the viability of the 

cryopreserved cells and the culture conditions. Indeed, when cultivated in vitro, PHH tend to 

rapidly dedifferentiate, lose their functions and their polarisation. In this work, we used high 

quality PHH which were qualified to be able to form spheroids. The viability post-thawing has 

been calculated to be more than 94% which is in the ranges of the recommendations to 

avoid the induction of apoptosis (Hewitt & Li, 2015). We successfully maintained the culture 

of PHH for up to 7 days in our HA-hydroscaffold integrated biochip while maintaining 

structural and functional activities. We observed a significant increase of the spheroid’s 

diameter during the cultivation period. This can be explained by the merge of different 

smaller spheroids to form bigger aggregates or the ability of the 3D organized PHH to 

proliferate. Further analysis could be done to study this situation. It is possible to use an 

enzyme, the hyaluronidase, which catalyses the degradation of hyaluronic acid. Spheroids 

could be then extracted and the cells detached and counted. Alternatively, a DNA extraction 
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can be performed and the number of cells can be correlated with the quantity of extracted 

DNA.  

Structurally, using the F-actin staining, we observed an organization of the spheroids which 

was reported to enhance the cell-to-cell interactions compared to 2D cultured PHH (Bell et 

al., 2016). In addition, hepatocytes in the spheroids expressed specific functional markers 

even after 7 days of culture. We observed a maturation of the PHH spheroid structure. This 

was demonstrated by the BSEP expression indicating the development of a canalicular-like 

bile salt network and the polarization of the spheroids confirmed by the co-staining of actin 

and MRP2. These functions are quickly lost when PHH are cultivated in 2D plates (Bell et al., 

2018). 

PHH cultured in the hydroscaffold containing biochip demonstrated a higher albumin and 

urea production than in static 3D Petri, highlighting the advantages of the applied shear 

stress and the culture medium renewal in the enhancement of hepatocytes functionalities 

(Duivenvoorde et al. 2021). In addition, albumin production matches with our previously 

published results (Messelmani et al. 2022) when working with the HepG2/C3a cell line for the 

same initial density of seeding. Despite this, a normalization with the number of cells for both 

cell types should be considered in order to highlight the relevance of this comparison. When 

comparing our results with other works from our laboratory, after 2 days of culture, we did not 

detect a significant variation in the albumin production in our model compared with PHH 

cultivated in 2D in the same biochip by Jellali et al., 2016. However, our model produced 

higher albumin compared with (Boulais et al., 2021) who used alginate cryogel integrated 

biochip. This can be explained by the use of non-adherent PHH by Boulais et al. 2021 and 

the variability between the donors and the culture condition. 

When we used the HepG2/C3a cell line in our advanced liver-on-chip model, seeding with 

the lowest density, led to the clogging of the biochips after 21 days of culture. This was 

caused by the continuous growth of the spheroids affecting the culture medium circulation. 

However, when using PHH this phenomenon is not expected to occur due to the low 

proliferating potential of these cells. The PHH were reported to be maintained in HA-based 

hydroscaffold Petri dishes until 21 days (HCS pharma internal data). In our advanced liver-

on-chip, we successfully maintained the culture for up to 10 days with no clogging observed. 

These promising preliminary results opens up the possibility to extend the culture period to 

reach 30 days, in order to achieve chronic drug exposure. It is also important to note the 

limited metabolic activity of the HepG2/C3a. Indeed, when we used the APAP as candidate 

molecule, we observed a poor metabolization of the APAP into APAP-sulf and APAP-glu. 

Hence, the use of PHH is a pertinent choice. Indeed, PHHs are the cell model that recreates 
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the closest physiological responses. In addition, they are commonly used for drug toxicity 

assessment which give a basis for comparisons contrary to HepG2/C3a cell line.  

In this work, we developed an advanced liver in vitro model using the combination of HA-

based hydroscaffold mimicking the liver extracellular matrix, microfluidic device and primary 

human hepatocytes. We successfully organized the cells in 3D structures and highlighted the 

potential of our model compared to conventional static Petri dishes. A preliminary 

characterization was achieved and we observed a conservation of functions and promising 

results compared to our HepG2/C3a model and conventional models.  

6.2. Design and evaluation of a bi-compartmentalized biochip 
6.2.1. Introduction 
In Chapter 4 we successfully developed a coculture model of the hepatic cell line 

HepG2/C3a and the liver sinusoidal endothelial cell line Sk-Hep-1. Despite its potential for 

the recreation of the transport of drugs through the liver endothelial barrier and their 

metabolism by the hepatocytes, this model relies on the IIDMP coculture device where 

hepatocytes are exposed to shear forces while LSEC remain in static conditions, which does 

not reflect the actual physiology of the liver. In the IIDMP, the insert corresponding to the 

LSEC compartment remain in static condition during the system perfusion. In addition, the 

space of Disse is represented by the distance between the culture insert and the biochip. By 

using the IIDMP, we certainly use a biomimetic approach to propose a liver model but we 

reflect an unusual anatomical configuration of the space of Disse. in vivo, LSEC line up to 

form the wall of blood vessels through which the blood circulates. Blood-borne exogenous 

molecules have to cross the endothelial layer to reach the hepatocytes and be metabolized. 

The LSEC and the hepatocytes are separated by a narrow tissue called space of Disse or 

perisinusoidal space. In addition to the separation between the sinusoidal lumen and the 

hepatocytes, the space of Disse is the home of hepatic stellate cells or vitamin A storing 

cells. During hepatic injury, the stellate cells are activated, start secreting extracellular matrix 

proteins which modify the mechanical properties of the space of Disse leading to a loss of 

LSEC phenotype (Sanz-García et al., 2021). Several works focused on the establishment of 

liver-on-chip models integrating an endothelial-like barrier (Hegde et al., 2014; Lu et al., 

2018). This was achieved by integrating a thin permeable membrane separating the hepatic 

compartment from the sinusoidal-like compartment. Hence, the integration of LSEC remain 

challenging due to the rapid loss of their phenotype. 

In order to obtain a more physiological model, in this chapter, we propose to design and 

evaluate a bi-compartmentalized biochip. The biochip is composed of two chambers 

separated by a thin permeable membrane allowing the exchanges of molecules through 4 

µm pores. In the upper chamber, the LSEC can be cultivated on top of the permeable 
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membrane to form a confluent monolayer corresponding to the endothelial barrier while the 

hepatocytes can be cultivated in the micro structured lower chamber. Each chamber can be 

perfused through an independent perfusion circuit. The results obtained with the bi-

compartmentalized biochip is intended to be compared with the ones obtained with the 

IIDMP. This work has been performed during the internship of a master of engineering 

student “Orégane Bajeux” from the institut supérieur de l’electronique et du numérique and 

funded by the MimLiveronChip ANR project.  

6.2.2. Characterization of the bi-compartmentalized biochip 
6.2.2.1 Design proposition  
The PET membrane separating the two compartments was chosen with characteristics 

similar to the membrane of the cell culture insert used in the IIDMP. Polyester (PET) have 

naturally a non-polar structure making its activation with oxygen plasma and the assembling 

of the different parts of the biochip (PDMS-PET-PDMS) impossible. In order to achieve the 

bonding, the surface needs to be pretreated with primers. These primers create attachment 

sites on the surfaces which can be activated later by oxygen plasma. In our case, we chose 

to use two different type of primers: bis(3- (trimethoxysilyl)propyl)amine and APTES. 

 

Figure 6.4. Design of the bi-compartmentalized biochip (A) 3D design of the biochip (B) schematic presentation of 
the biochip (C) prototype of the biochip. 

6.2.2.2 Characterization of the treated membranes  

We compared the surfaces of the untreated membrane (figure 6.6A), with the APTES and 

bis(3-(trimethoxysilyl)propyl)amine treated ones. The APTES treatment did not seem to 

affect the density or the diameter of the pores (figure 6.6B). However, an APTES deposit was 

observed on the surface of the membrane which can be rinsed using 70% ethanol and water. 

On the other hand, the bis(3-(trimethoxysilyl)propyl)amine treatment seemed to decrease the 

density and the diameter of the pores while clogging the remaining pores  (figure 6.6C & D). 
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Figure 6.5. Characterization of the membrane after different treatments (A) SEM analysis of the 
untreated membranes (B) SEM analysis of the APTES treated membrane (C) SEM analysis of the 
bis(3-(trimethoxysilyl)propyl)amine treated membrane (D) close-up look at the pore sizes of the bis(3-
(trimethoxysilyl)propyl)amine treated membranes (E) FITC-dextran 4 KDa passage through the 
APTES and bis(3- (trimethoxysilyl)propyl)amine treated membranes measured in the basal 
compartment. 

When analysing the passage kinetics of the 4 KDa FITC-dextran through the membrane we 

observe that in both conditions, the tracer was detected in the basal compartment implying 

its passage through the membrane (figure 6.6E). However, when comparing the two 

conditions, the tracer passes at faster rates with the APTES treated membranes compared to 

the bis(3- (trimethoxysilyl)propyl)amine treated ones (figure 6.6E). This validates the 

exchanges happening between the two compartments and confirms the previously obtained 

SEM results implying the clogging of the pores for the bis(3- (trimethoxysilyl)propyl)amine 

treated membranes. The pore size decrease may be explained by the fabrication process. 

Indeed, compared with the APTES binding technique, an extra drying at 70°C for 30 minutes 

step is added which may cause the shrinking of the pores.  

6.2.3. SK-HEP-1 culture in the bi-compartmentalized biochip 
We chose to use only the biochips bonded using the APTES activation for cell culture. A total 

of 100 000 cells/cm² (200 000 cells/biochips) were seeded in the apical compartment of the 

biochip. The basal compartment was filled with culture medium and the connectors were 

sealed. After 24h in static condition, the pump was started at 10 µL/min. The perfusion was 

maintained constant for 24h then the adhesion and the morphology of the cells were 

analysed. 

6.2.3.1. Proof of concept of the usage of the bi-compartmentalized biochip 
After the static adhesion phase, the cells seemed to adhere to the surface forming typical 

LSEC morphology (figure 6.7A). Once the perfusion started, the cells detached and were 

evacuated by the flow (figure 6.7B). The remaining cells presented rounded shape 

corresponding to non-adherent cells (figure 6.7B). Different tracks were considered to explain 

the reasons of the cell’s detachment after launching the perfusion.  
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The shear stress applied on the cells was estimated 5 µm above the membrane (Gregg et 

al., 2010), assuming the membrane’s position remained horizontal. Only the shear stress in 

the central chamber is presented in figure 6.8 but the inlet and the outlet of the biochip were 

taken in consideration. The shear stress was simulated at a stable flow rate at 10 µL/min 

which does not take in consideration the flow rate fluctuation caused by the peristaltic pump. 

The shear stress was on average of the order of 21 x 10-3 Pa. The primary human LSEC 

have been previously cultivated under dynamic perfusion with a shear stress of 0.4 x 10-3 Pa 

(Li et al., 2018). Even though, the sensibility of the cells may differ between primary human 

LSEC and cell lines, we assume that the geometry or the flow rate should be adapted to 

decrease the shear stress.  

It is also possible that the pulsatile flow produced by the peristaltic pump caused the 

membrane to oscillate between the upper and lower space of the culture chamber, provoking 

larger-scale flows and disturbing cell adhesion. 

 

Figure 6.6. SK-HEP-1 adhesion on the membrane (A) Cells adhesion after 24h of static adhesion 
phase (B) Cells detachment after 24h of perfusion (C) Simulation of the shear stress applied on the 
cells on the membrane. 

6.2.3.2. Improvement of the design of the bi-compartmentalized biochip 
In order to investigate the reasons behind the SK-HEP-1 detachment from the membrane 

once cultivated under perfusion, we proposed to change the design of the apical culture 

chamber to add microstructures. These microstructures will act like micropillars binding the 

membrane to the chamber, fixing its movement and limiting its oscillation (figure 6.9). 

 

Figure 6.7. Modification of the biochip design in order to avoid the membrane oscillation. 

The cells were seeded at the same density (100 000 cells/cm²) as the first design, and the 

basal compartment was filled with culture medium then the connectors were sealed. After 
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24h in static condition, the perfusion was launched at 10 µL/min. We successfully maintained 

the culture of the SK-HEP-1 cells under perfusion for 48h. 

24h after seeding, the cells adhered to the membrane forming the typical LSEC morphology 

(figure 6.10A). After 48h of dynamic culture, the SK-HEP-1 cells seemed to adhere in certain 

regions especially in the culture chambers while were washed out and evacuated from other 

regions such as the microchannels linking the culture chamber (figure 6.10B). This 

detachment may be caused by the shear stress forces which are not equal in all the 

membrane regions (figure 6.10C). Indeed, for a constant flow rate, the different 

microstructures cause variations of the shear stress. It is also interesting to note that some 

cells adhered between the membrane and the microstructures which imply that the binding 

was not permanent. This was confirmed by the simulation of the shear stress forces applied 

on the cells, the highest values reaching 160. 10-3 Pa were noted in the microchannels while 

they decrease in the culture chambers reaching 100. 10-3 Pa. 

 

Figure 6.8. Analysis of SK-HEP-1 adhesion on the membrane with the new biochip design (A) Cells 
adhesion after 24h of static adhesion phase (B) Cells detachment after 48h of perfusion (C) Simulation 
of the shear stress applied on the cells on the membrane 

6.2.4. Discussion and conclusion 
In the present work, we successfully designed and developed a bi-compartmentalized 

biochip intended for the coculture of LSEC and hepatocytes. The first challenge regarding 

the integration of the permeable membrane was addressed using two different surface 

activation techniques. Following the literature recommendation, we adapted the process to 

increase the success rates of bonding and optimize the different steps. Even though the 

bis(3- (trimethoxysilyl)propyl)amine primer is described as the most stable among the 

different bonding chemical (Sip & Folch, 2014) ensuring the stable bonding for up to 2 weeks 

for static cell culture application, when used, this treatment affected the size and the density 

of the pores making the membrane useless in our intended application. Optimization for the 

binding process may be considered to avoid the material modification. On the other hand, the 

binding technique using APTES primers was successfully implemented and used to obtain 

the desired design while conserving the membrane characteristics. Furthermore, the 

detection of the FITC-dextran in the basal compartment confirms the exchanges happening 
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between the two chambers through the membrane, which validates the intended application 

of the biochip. 

The second challenge was to set up the culture conditions for the endothelial cells in the 

apical compartment. We observed that cell adhesion depends on the structures of the 

biochip. Different hypotheses were made to explain cell detachment and different solutions 

were proposed. Given the sensibility of the endothelial cells to flow rate, pressure variation 

and mechanical stretch and substrate stiffness (Shu et al. 2021), we proposed at first to 

modify the culture chambers structure in order to limit the membrane oscillations and 

modulate the shear stress applied on the cells. We successfully maintained the endothelial 

cells in dynamic culture up to 48h with variations at different regions of the biochips. These 

variations were correlated with shear stress heterogeneity around the culture regions. Based 

on the shear stress simulations and the approach proposed to limit the membrane oscillation, 

a compromise should be considered between the used from rate and the design proposed. 

Indeed, the design should allow the primary application intended for the biochip which is the 

creation of an endothelial barrier, and, the flow rate should be adapted to the ranges 

supported by LSEC while maintaining a sufficient oxygenation, nutrients renewal and 

mechanical stimuli to maintain the LSEC phenotype. 

In this work, we developed an advanced bi-compartmentalized biochip allowing the coculture 

of two or more cell types while ensuring the exchanges through a permeable membrane. The 

protocol for the microfabrication was set up and the different biochips obtained with the 

different techniques were characterized. The exchange happening between the two 

compartments was demonstrated using tracer molecules. We optimized the culture condition 

for the endothelial cells under perfusion in a vision to better mimic the physiological situation. 

Further optimizations are proposed to expand the lifespan of LSECs then a coculture with 

hepatocytes is considered in the basal compartment. The efficiency of using a perfused liver 

sinusoid could be studied later. The effect of the perfusion on the conservation of the LSEC 

phenotype, their actin orientation, and their permeability could be assessed and compared 

with the IIDMP. In addition, the metabolic activity in the hepatic compartment could be 

studied in a more in vivo-like physiology and compared with the biomimetic design developed 

with the IIDMP. 
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General conclusions and future perspectives 

The development of liver-on-chip models as an alternative substitute for animal testing 

remains a challenging goal. Despite the different models proposed in the literature, none, in 

our knowledge, is being effectively used by pharmaceutical companies in drug discovery 

processes. Most of the proposed models are not designed to reproduce in vivo biological 

phenomena nor take in account the complex in vivo microenvironment or physiology. The 

advances in microfluidic devices have been shown to be a powerful tool maintaining cell 

functionalities and expanding of the lifespan of several cellular populations compared to 

conventional models. In addition, it was demonstrated that cells are sensitive to the in vivo 

biomechanical stimuli, making the reproduction of such stimuli a mandatory parameter for the 

recreation of relevant in vitro models. Finally, most of the developed liver models limit the 

cells used to hepatocytes monoculture without considering the rest of the NPC cells. It is in 

this context that this research project positioned combining organ-on-chip technology, ECM-

based hydroscaffold and an organ-barrier biomimetic design to propose an advanced liver-

on-chip model. The model is intended to be integrated in a high-throughput drug screening 

platform. 

The research project focuses on the setup of the coculture conditions and the study of the 

interactions between the two cellular populations. In order to achieve that a full study was 

realized in three steps: 

1. First, we chose the HepG2/C3a cell line as hepatocyte model. The cell line was used 

because of its robustness, low cost and the existence of a basis for comparison in 

our laboratory. This step is considered as mandatory before using the PHH which 

are the gold standard for the pharmaceutical industry. The integration of the 

hydroscaffold was successfully achieved and the behavior of the cells was assessed 

structurally and functionally. We successfully maintained the HepG2/C3a culture until 

up to 21 days in our hydroscaffold integrated biochip in the IDCCM. The formed 

spheroids were characterized and results were compared with the ones obtained 

using conventional Petri dishes. We obtained well compact polarized spheroids with 

a bile salt-like network. By doing so, we demonstrated the potential of our model in 

the recreation of a more in vivo like organization of the hepatocytes in addition to 

enhancement of their functionalities compared to static Petri dishes. 

2. In the second part of this thesis, we focused on the development of a hepatocyte-

endothelial coculture model. We characterized the behavior of the SK-HEP-1 cell line 

when cultivated into a confluent monolayer on a culture insert. The conservation of 
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LSEC markers was verified by immunostainings and by measuring the expression of 

specific LSEC genes, then we used different tracers to follow-up the passage of 

molecules through the barrier and quantify its permeability. In order to achieve the 

coculture, a coculture medium was set up and different characterizations were 

realized to ensure the conservation of the cell’s phenotype in the coculture medium. 

Once all the parameters were set-up, the IIDMP was used to integrate the advanced 

hepatocyte-on-chip and the cell culture insert building the endothelial barrier. The 

model ensured cell-to-cell communications and this was observed by the diminution 

of the barrier permeability. For the hepatocyte compartment, no effect was observed 

on the HepG2/C3a phenotypes. To test our model, we used a candidate molecule 

(APAP) to mimic the hepatic first pass. The LSEC phenotype was modulated by the 

APAP before passing to the hepatocytes for its metabolism. 

3. In order to deepen our understanding of the metabolic reactions taking place in our 

advanced liver-on-chip, we investigated the modification of the metabolome in the 

different culture conditions. First, we identified the specific metabolic signatures for 

each culture condition, then, we identified the APAP metabolic perturbation pathway. 

For the HepG2/C3a APAP-treated condition, despite the use of a non-toxic dose, we 

detected an early but weak hepatotoxicity while for the SK-HEP-1, we observed an 

oxidative stress response coupled to the perturbation of the lipids and arginine cell 

metabolism which may trigger an anti-inflammatory response. The same biomarkers 

were observed in the coculture condition. These results highlight the importance of 

integrating the LSEC barrier in order to obtain a more in vivo-like response for drug 

exposure. 

We established a complete study for the coupling of the HepG2/C3a cells cultivated in an 

advanced liver on chip, with SK-HEP-1 cells as an endothelial barrier in order to mimic the 

hepatic first pass. Our model has the potential to be used as a first tool of selection for drug 

toxicity assessment. And despite the use of a human cell source, the main limitation we 

encountered is the incapability to obtain a realistic in vivo-like metabolic responses. Indeed, 

the use of the HepG2/C3a cell line present a major limitation for our model due to its limited 

metabolic activity. We proposed in the last chapter of this thesis to use primary human 

hepatocytes as hepatocyte model in our advanced liver-on-chip system. As preliminary 

results, we successfully organized the cells in 3D conformation and obtained promising 

results about the spheroids compaction, maturation and the maintaining of their functions. 

These results encourage the exploitation of the PHH into our model by their coupling with the 

SK-Hep-1 endothelial barrier already characterized. It is even considered to use primary 

LSEC in order to obtain a more in vivo like representation of the liver composition. However, 
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the rapid loss of their phenotype by primary LSEC represents a main challenge for this 

approach. Further advances in long-term primary LSEC culture are required prior to the 

inclusion of primary LSEC in coculture devices. 

It is also considered to integrate other non-parenchymal cells to obtain a more in vivo-like 

reaction for drug exposure. Indeed, the integration of Kuppfer and stellate cells has been 

reported to modulate the hepatoxicity reaction after APAP exposure. So, it is interesting to 

study their contribution in our model. 

Once the model is fully developed, candidate reference molecules should be tested and the 

obtained results compared with the preexisting models used by pharmaceutical industries in 

order to justify and validate its usage to reduce animal testing. 

Finally, we also presented in a last chapter a technological solution for the integration of the 

cell culture insert and the liver biochip into a unique advanced bi-compartmentalized biochip. 

We established and optimized the microfabrication process, demonstrated the exchanges 

between the two compartments and established recommendations to improve SK-HEP-1 

culture in the apical compartment. A coupling between the SK-HEP-1 barrier cultivated in the 

apical compartment with the hepatocytes is considered and the metabolic potential of the 

model is supposed to be tested and compared with the results obtained the IIDMP platform. 

In this work, we combined different bioengineering technologies to develop a biomimetic 

liver-on-chip model. We used different approaches for the different application we aimed. 

The use of cell lines was an appropriate choice for the establishment of the culture conditions 

of each cell type separately. As a matter of fact, these cells are easy to maintain and despite 

the loss of some functions they remain an interesting tool for the adjustment of culture 

conditions. The cells were cultivated separately then served as a proof of concept for the 

coculture model. Once the proof of concept established, we considered using primary human 

hepatocytes for the hepatic compartment which can be coupled to primary LSECs for the 

endothelial compartment. By doing so, we obtain relevant in vivo-like responses. In addition, 

in our approach we integrated a permeable membrane, through the use of culture insert and 

the integration of the permeable membrane in the bi-compartmentalized biochip, this allowed 

us to highlight the exchanges happening between the two compartments and study the 

benefit of integrating such physiological barrier.  
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