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Abstract 

The liver is a key organ that plays a pivotal role in metabolism and ensures a variety of 

functions in the body, including homeostasis, synthesis of essential components, nutrient 

storage, and detoxification. As the centre of metabolism for exogenous molecules, the liver is 

continuously exposed to a wide range of compounds, such as drugs, pesticides, and 

environmental pollutants. Most of these compounds can cause hepatotoxicity and lead to 

severe and irreversible liver damage. To study the effects of chemicals and drugs on the liver, 

most commonly, animal models or in vitro 2D cell cultures are used. However, data obtained 

from animal models lose their relevance when extrapolated to the human metabolic situation 

and pose ethical concerns, while 2D static cultures are poorly predictive of human in vivo 

metabolism and toxicity. As a result, there is a widespread need to develop relevant in vitro 

liver models for toxicology studies. In recent years, progress in tissue engineering, 

biomaterials, microfabrication, and cell biology has created opportunities for more relevant in 

vitro models for toxicology studies. Of these models, liver organ-on-chip (OoC) has shown 

promising results by reproducing the in vivo behaviour of the cell/organ or a group of organs, 

the controlled physiological micro-environment, and in vivo cellular metabolic responses. In 

this review, 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. 
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1 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 unit. 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 (Fig. 1) 1. 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, Fig. 1) 2,3. The liver is composed of at least 15 different 

types of cell. Hepatocytes (parenchymal cells) represent approximatively 60% of the total cells 

and 80% of the total volume of the liver 4. Followed by the non-parenchymal cells (NPC, 40% of 

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

cells (HSCs, 5%) and biliary epithelial cells 4. 

The hepatocytes are polarized cells responsible of the major metabolic activities happening 

when an internal or external substance arrives to the liver. Their high metabolic activity is due 

to the large number of organelles each cell has. In addition, hepatocytes are the major cells 

involved in the metabolism of xenobiotics with the implication of the cytochrome P450 enzyme 

complex 5. The LSEC are specialized endothelial cells forming the primary barrier between 

the blood and hepatocytes. These specialized endothelial cells are known to be the most 

permeable endothelial cells of the body due to the presence of fenestrae in their membrane 

and their high endocytosis capacity. The LSECs have vital physiological and immunological 

functions due to their exposition to the major changes happening in the liver during the 

digestion 6. These functions include filtration of fluids and particles passing through the blood 

and the space of Disse, antigen presentation to the immune cells and initiation of liver 

regeneration following an acute liver injury 7. LSECs are also directly implied in the 
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hepatocellular carcinoma development and its progression in addition to the initiation of 

inflammation. 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 7. they 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. 

Finally, the hepatic stellate cells also known as fat-storing cells is a major storage site for 

vitamins and lipids 8. 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 9. 

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 (Fig. 1). This 

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

concentrations in the various zones of the liver lobules 10,11. 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 5,12,13 (Fig. 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 4,12,13.   

Fig. 1 
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1.1 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) 14. 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 15. 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 16. 

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 17. 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 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 18. 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 18. 
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1.2 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 2. 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 

19. 

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% 20. 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 other reactions, such as sulfoxidation, aromatic 
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hydroxylation, aliphatic hydroxylation, N-dealkylation, O-dealkylation and desamination 21. 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 22, 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 22. 

 

2 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 23. 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. 

  

2.1 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 24. Nonetheless, species-specific 

differences in characteristics between rodents and humans have become apparent as 
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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 25,26. 

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 27,28. 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 27,29. Rabbits are mostly used to evaluate reproductive and developmental 

toxicity as they are phylogenetically close to humans 30. Moreover, they are relevant models 

for safety and pharmacology studies as their cardiovascular system has structural similarities 

with that of humans 31. 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 27,31.  

Significant interspecies differences in metabolism exist that confound the direct extrapolation 

of data from laboratory animal species into man in the development of pharmaceuticals 27,32. 

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 33.  

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. 

 

2.2 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 34. Human precision-cut liver 

slices (PCLS) are usually obtained from partial hepatectomies, surgical waste to be discarded, 
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explanted tissue, or non-transplantable tissue. Cell viability can be maintained for up to 5 days 

in standard cultures 35 and recent reports suggest that this may be extended to 15 to 21 days 

under precise conditions 36.   

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 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 35. 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 37,38. 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.  

2.3 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 39. 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 40,41. 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 42.  
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Primary hepatocyte suspensions are an easy method for performing high-throughput toxicity 

studies 43. 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 44–46. 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 23.  

Static monolayer culture is the conventional 2D cellular model 23,47. 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 easier to manipulate in the laboratory, is low cost, and is much 

more widely accepted ethically than the use of animal models 48,49. 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 50. 

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 47. 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 23,48–50. For these reasons, 
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sandwich-cultured hepatocytes are a pertinent in vitro model for investigating drug-drug 

interactions, clearance predictions and the mechanisms underlying hepatotoxicity, such as 

cholestasis 51–54.  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 23,55–57. 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. 

 

2.4 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 58. 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 59. 

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 60–63. Furthermore, the specific functions 

of hepatocytes, such as albumin synthesis, urea secretion, and CYP activity, are sustained 

64,65. 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 60,66.  
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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 42,67. 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) 68. 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 69,70.  Hepatic spheroids can also be encapsulated inside semi-permeable beads 

composed of biomaterials, such as alginate, and packed into a column to be perfused 71,72. 

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 65,70.  

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 73. 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 74. More recently, decellularized 

extracellular matrices have been used as bio-ink allowing the retention of a composition and 

relevant cues for cells 75.   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 60,76. 

Furthermore, 3D liver printing has advantages in terms of precise control, repeatability, 
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scalability, and individual design. Nevertheless, printing techniques may reduce cell viability 

or induce other unknown consequences 74. 

 

3 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 77,78. These approaches improve liver tissue 

organization, cell-cell and cell-ECM interactions, cell polarization, and maintenance of the liver 

functions 78. 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 79,80. 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 allow a better understanding of the ADMET profile 

of newly discovered molecules 81. 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 79,80. 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 82. Fig. 

2 illustrate and compare liver OoC technology with the different experimental liver model for 

toxicity studies.  

Fig. 2 
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3.1 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 83. These devices that mimic the 

functions of organs in vitro are also called microphysiological systems (MPS) 84. 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 85. 

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 80,83,86. 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 87–89. 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 85,86,88. 

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 88,90,91. The cost and 

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

OoC standardization 90,91. Due to its distinctive properties, including biocompatibility, good 

transparency, and permeability to oxygen, polydimethylsiloxane (PDMS) remains the most 

frequently used materiel for OoC devices 89,91,92. In addition, PDMS is inexpensive, easily 
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processable with soft lithography for prototyping, and its elasticity makes it possible to replicate 

complex 3D microstructures with regular and precise patterns 92,93. Nevertheless, PDMS also 

has several limitations, particularly strong absorption of hydrophobic molecules and 

incompatibility with mass production 91,94. 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 (suitable for cell culture) 91,95. 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) 91,95–99. 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 97. 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 100–103. Recently, progress in 3D printing has 

offered the opportunity to introduce new materials, such as hydrogels (naturel or synthetic): 

collagen, alginate, gelatine, hyaluronic acid, polyethylene glycol (PEG), polylactic acid (PLA), 

polylactic-co-glycolic acid (PLGA) and polycaprolactone (PCL) 91,104,105. 

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 90,106. 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  106. Soft lithography implies 

the casting of a mixture of liquid PDMS and a curing agent on a mould previously 
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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 83,107. Hot embossing and injection moulding, 

two processes suitable for industrial production, are the methods of choice to process 

thermoplastics 97,107. In both processes, molten materials (under high pressure and 

temperatures) are brought into contact with the mould and the patterned device is obtained 

after cooling 107,108. The bonding of such thermoplastic devices can be achieved using thermal 

fusion, solvents, surface modification and adhesives 107. Of the new technologies, 3D printing 

has emerged in recent years as a promising tool for microfluidic biochip manufacturing. 3D 

printing, or additive manufacturing, is a process of creating layer-by-layer a 3D object through 

the selective application of materials 104,108. 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) 104,106,109. 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 109–111. The 

major limitation of 3D printing technology is the insufficient patterning resolution and the non-

transparency of the materials, which excludes microscopic imaging (necessary in microfluidic 

applications) 89,104.   

3.2 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 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) 10,80. The 

advantages and limitations of the different types of hepatocyte are presented in Fig. 3. To 
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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. 

Fig. 3 

 

3.2.1 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 10,112,113. 

Moreover, the development of cryopreservation protocols has facilitated access to PHHs and 

their use for in vitro models 112,114. PHHs lose their phenotypes and functionalities after 

two/three days when cultured in a 2D static environment 115. Nowadays, progress in tissue 

engineering and microfabrication (3D spheroids and hydroscaffold culture, and OoC) makes 

it possible to maintain functional PHH cultures for several weeks 69,80,112,116,117. 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 112,113. 

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 10. 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 10,114,118. In recent years, the 

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

several works 119–121. Upcyte hepatocytes are PHHs genetically modified to acquire 
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proliferative capacity without being immortalized and retaining the phenotype of primary cells 

119. 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) 70. 

 

3.2.2 Hepatic cell lines 

The alternative choices to PHHs are immortalized hepatic cell lines, such as HepaRG, Fa2N-

4, HepG2/C3A, Hep3B, Huh7 122. Cell lines are derived from tumour tissue (hepatocellular 

carcinoma) or generated by immortalization of primary hepatocytes 122. 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 112,123. 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 10,124,125. Among immortalized cells, the 

human hepatocellular carcinoma-derived HepG2/C3A line is one of the most commonly used 

for in vitro liver models 126. 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 80,114,126. 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 112,127. The major drawbacks of these cells are the use of 

DMSO for differentiation, and the long culture process. 
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3.2.3 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 112,128. 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 129. The use of human embryonic stem cells 

(hESCs) raises ethical problems and is strictly regulated, or even prohibited in many countries 

130. iPSCs can be obtained from somatic cells following the reprogramming technology 

developed by Yamanaka's team 131. 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 132. 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 

10,112,133,134. In addition to availability, the advantages of hiPSCs include minor batch variability 

and good sensitivity (comparable to PHHs) for detecting drugs causing hepatotoxicity 126,135. 

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 10. 

3.2.4 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 10,136. Human primary LSECs, KCs and HSCs can be isolated, 

separately or simultaneously, from the liver using the same protocol as hepatocytes 

(enzymatic digestion) 112. 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 
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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) 10,137,138. 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 10,136–139. However, immortalized NPCs lack the 

main features of primary cells and do not emulate in vivo physiology 10,136. In recent years, 

several protocols have been proposed for iPSC differentiation into LSECs 140,141, HSCs 

128,140,142, KCs 143 and cholangiocytes 144,145. 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 146.  

3.3 Different liver OoC approaches  

3.3.1 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 147. 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 148,149. 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 98. 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 150. 

To investigate the potential of liver biochips compared to conventional Petri dishes, Jellali et 

al. developed a microfluidic bioreactor for human hepatocyte culture 117. 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 117. 

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 

151. 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 (Fig. 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 152. 
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3.3.2 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 153. 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 154. The principle of these methods consists of reassembling the 

cells by applying an external force or by conditioning the cells to self-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 155. 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 (Fig. 4B) 154. 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 
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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. 

Fig. 4 

 

3.3.3 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 125. Using 

hydrogel and scaffold reproduces ECM behaviour and offers the possibility of tuning the cells’ 

micro-environment by modifying the composition of the matrix and/or the mechanical 

properties 156,157. 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 158. 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 159. 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 
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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 159. 

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 (Fig. 5A) 160. 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 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 160. 

 

3.3.4 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 161.  
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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 162.  

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 163. 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 163. 

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 (Fig. 5B) 164. 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 drawback of microfluidics by 

being easily disassembled and reassembled, thus allowing access to the cells over the course 

of the experiment 164,165.  

Fig. 5 

 

3.4 Contribution of OoC technology to the improvement of in vitro liver models  
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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 13. 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 12. The dynamic flow allows the delivery of oxygen throughout 

culture medium perfusion and the diffusion (under laminar flow) creates the oxygen gradient 

13. To improve and accurately control oxygen supply and diffusion in a microfluidic device, two 

main approaches are used: engineering and chemical approaches 166. 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 166–168. 

The chemical approach involves adding oxygen or oxygen scavenging/generating chemicals 

to the perfused fluid 166,169. OoC technology allows also the control of chemicals and hormones 

gradients to generate metabolic zonation 13,170. Other advantages of the dynamic flow in OoC 

include the ability to provide controlled shear stress emulating the in vivo mechanical stimulus 

applied by blood flow on cells and the regulation of drugs/metabolites concentrations, which 

facilitated drug screening 13. 

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 171. Among the relevant models, 

several groups have developed liver OoC devices integrating porous membrane hosting 

LSECs and mimicking endothelial barrier 172–174. 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 
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efficacy of the target molecule 175. 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 89. As the centre of 

chemicals/drug metabolism, the liver is present in the majority of multi-OoC reported in the 

literature 13,85,89. 

 

4 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 176. 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 177. A non-exhaustive list of measurements has been assessed 

by Baudy et al., to build a relevant liver in vitro model 178. 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 
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different compounds are tested to evaluate the sensitivity of the model for detecting major 

mechanistic categories of human hepatotoxicity 178.  

 

4.1 Drug toxicity studies 

4.1.1 Drug-induced liver Injury (DILI)  

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

liver failure 113. 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 124. 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 179. 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 180.  

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 181,182. 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 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 183. 
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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 113. Current models are unreliable for detecting DILI due to the complex 

interactions implied 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 micro 

environment) and the possibility of studying acute and chronic exposure to toxicants while 

maintaining cellular functionalities 124. 

 

4.1.2 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) 165. 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 165. 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 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 184. 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-



30 
 

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 acetaminophen (APAP) toxicity on 

HepG2/C3a cells using a proteomic and transcriptomic approach 185. 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 3.3, 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 (Fig. 6A) 

186. 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, 



31 
 

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.,165  and Bhise et al.,164 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. 

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 (Fig. 6B) 187. 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 
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cells 188. 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 (Fig. 4C) 160. 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. 

Fig. 6 
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4.2 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 189. 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 86,190. 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 

agricultural products 191. 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 86 (summarized in Table 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 192. 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) 193,194. Jellali et 
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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 (Fig. 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 191,195,196.  

Rotenone is a widely used organic pesticide known to induce oxidative stress and the 

mitochondrial dysfunction involved in the pathogenesis of Parkinson’s disease 197,198. 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 199. 

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 

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 200,201. 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 (Fig. 7B) 202. Recently, another study explored 
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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 203.  

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 204. 

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. 

Fig. 7 

Table 1 

5 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 
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both drugs and environmental pollutants 83. Table 2 summarizes various MOS 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 210. 

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 13. Marin et al. developed a two-organ-chip platform to culture the 

intestines and liver for studying the absorption and metabolism of APAP 211. 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 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 
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carboxylated polystyrene nanoparticle with a gastrointestinal tract-liver-other tissue 

microsystem 212. 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 213.  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 (Fig.8A) 

214. 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. 213. 

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 215. The study highlighted that naphthalene is metabolized by the liver 

into reactive metabolites which then circulate to the lung, causing glutathione depletion leading 
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to oxidative stress and lung cell death 215,216.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 

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) 217. 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 218. 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 218. 
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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 (Fig. 8B) 219. 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 models for evaluating the toxicity of both the 

parent drug and its metabolites and the effect on both organs 219. 

Fig. 8 

Table 2 

6 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 
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(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 and 3D 

printing, a variety of devices with new materials have been proposed 91,97,222. 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. Primary 

human cells have limited availability and display inter-donor variability, whereas lines, used 

for their reproducibility, fail to replicate tissue-specific functions in vivo-like metabolic activity 

82. 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 choice of appropriate culture medium is also crucial factor in liver OoC 

development, especially for coculture of different types of liver cell and multi-OoC integrating 

liver OoC with other organs. Currently, there is no universal medium for culture of multiple 

cells or organs. Most commonly, mixtures of culture media or common media (such as MEM, 

DMEM and William’s medium) supplemented with components specific for each cell types are 
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used 88,89. However, these strategies can lead to strong medium interactions and lower 

concentrations of individual components, and are not suitable for a variety of cells, especially 

primary cells and iPSCs that are sensitive to the culture environment 223. Overall, it is clear 

that complex development including biological optimizations, engineering efforts and 

advanced characterizations are necessary to identify common culture medium for a large 

variety of cells. 

The other major challenges for OoC technology are standardization and compatibility with 

standard laboratory equipment 224. To address these issues, several 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 related to OoC 84,225. 
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Fig.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).Fig.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).  

Fig.3. A summary of advantages and limitations of the potential cell sources of hepatocytes 

for in vitro liver OoC models. 

Fig.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).  

Fig.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). 

Fig.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 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).  



Fig.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 Jellali et al. 2021); (B) 3D liver-on-chip with primary rat hepatocytes for 

study of short- and long-term toxicity of superparamagnetic iron oxide nanoparticles 

(SPION, reproduced with permission from Li et al., 2019). 

Fig.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).  

 



















Table 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
 t

o
x

ic
it

y
 

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 

149 

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  

164 

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 

186 

HepG2 cell line 2D (patterned biochip) Flutamide  
Hydroxyflutamide 

Proliferation, viability 
metabolic profiling 

Demonstration of the potential of metabolomic-on-chip 
approach for predictive toxicology  
Correlation between the flutamide exposure and the 
mitochondrial disruption 
Extraction of the toxic metabolic signature of flutamide 

184 

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 
 

185 



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 
 

188  

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 

187 

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 

160 

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 dose-and time-dependant APAP-
induced disease model  

205 

Primary human 
hepatocytes and 

iPS 
differenciated 

into iHeps 

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 

206  



Fibroblasts: 
3T3-J2 murine 

fibroblasts 

The use of IPS cells promote the potential of using the 
model for patient-specific drug screening 

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 toxicity of clinical drugs and 
heavy metal ions with higher sensitivity than traditional 
static 3D or 2D culture 

207 

E
n

v
ir

o
n

m
e

n
ta

l 
to

x
ic

it
y

 

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 

191 
195 
196 

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 previously 

199  

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  

208  



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  

203 

Primary human 
hepatocytes 

human primary 
LSECs  

Kupffer cells  

2D using extracellular matrix 
sandwich Ethanol 

Viability, albumin 
secretion, cholesterol 
production, glycogen 
storage, cytokine, 
metabolomic analysis 

The Liver chip detected the early critical events of ALD 
Modelling of the circulating endotoxins 
Modelling of the injury recover after abstinence from 
alcohol 

209 

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  

204 

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 



Table 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 

210 

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  

211 

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 

212 

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   

213 



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 

214 

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 

215 

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  

217 

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  

218 

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  
 

219 



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  
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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 
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LDH: lactate dehydrogenase, ALT: alanine aminotransferase, AST: aspartate aminotransferase, GDH: glutamate dehydrogenase, GGT: gamma-glutamyl transpeptidase, TEER: transepithelial 
electrical resistance, ATP: adenosine triphosphate  

 

 
 


