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Abstract

The liver is the central hub of xenobiotic metabolism and consequently the organ most prone to 

cosmetic- and drug-induced toxicity. Failure to detect liver toxicity or to assess compound 

clearance during product development is a major cause of postmarketing product withdrawal, with 

disastrous clinical and financial consequences. While small animals are still the preferred model in 

drug development, the recent ban on animal use in the European Union created a pressing need to 

develop precise and efficient tools to detect human liver toxicity during cosmetic development. 

This article includes a brief review of liver development, organization, and function and focuses on 

the state of the art of long-term cell culture, including hepatocyte cell sources, heterotypic cell–cell 

interactions, oxygen demands, and culture medium formulation. Finally, the article reviews 

emerging liver-on-chip devices and discusses the advantages and pitfalls of individual designs. The 

goal of this review is to provide a framework to design liver-on-chip devices and criteria with 

which to evaluate this emerging technology.
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1 Introduction

The liver is the largest internal organ of the human body, accounting for 2% of the weight of 

an adult and around 5% of the weight of a neonate (1, 2). More than 500 functions are 

ascribed to the liver; it serves as an endocrine organ secreting albumin and urea into the 

blood, an exocrine organ secreting bile into the intestine, and a storage organ for glycogen 

and triglycerides. The liver also serves as a central hub for the regulation of carbohydrate, 

lipid, and amino acid metabolism (3), and this function is strongly affected by circadian 
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rhythm (4). Due to this metabolic capacity, the liver is tasked with inactivating toxins, 

clearing nanoparticles, and removing xenobiotics absorbed by the intestine, skin, or lungs 

(5–8), making it susceptible to acute or accumulative injury due to exposure to 

pharmaceutical or cosmetic ingredients. In fact, more than 900 drugs, chemicals, toxins, and 

herbs have been reported to cause liver injury. Drug-induced liver injury is the most common 

reason cited for withdrawal of an approved drug, costing the pharmaceutical industry an 

estimated US$2 billion annually. Data analysis carried out during the SEURAT-1 Research 

Initiative (9) suggested that cosmetic ingredients can similarly affect the liver, particularly in 

chronic exposure models (10).

Small animal models are the regulatory-accepted method to assess drug-induced injury and 

evaluate pharmacokinetic parameters. However, differences in genetics, metabolic processes, 

and physiological parameters between humans and rodents limit the predictive value of such 

models (11, 12). In addition, the recent introduction of European cosmetics regulation EC 

1223/2009 (13) has banned the marketing of cosmetic products containing ingredients that 

have been tested on animals. Therefore, there is a pressing need to develop in vitro human 

models of liver function and toxicity. In this review, we provide an overview of the state of 

the art of in vitro liver models, describing major advantages and disadvantages of each. We 

discuss liver development, architecture, and function as they relate to these culture 

techniques. Finally, we review current opportunities and major challenges in integrating cell 

culture, bioreactor design, and microtechnology to develop new systems for novel 

applications in cosmetic and pharmaceutical development.

2 Liver Development and Biology

The liver forms as a bud from the thickening of the foregut. As the bud grows, it invades the 

mesenchyme of the septum transversum (14–16). The proliferating endodermal cells of the 

hepatic portion, called hepatoblasts, migrate toward a network of capillaries emanating from 

the umbilical and vitelline veins. In doing so, the hepatic cords envelop the capillaries, 

giving rise to parenchymal plates and liver sinusoids (1, 17). Studies suggest that early 

endothelial cells promote hepatic differentiation and migration in both liver and pancreas 

(18, 19). The liver basic structural unit is the hepatic sinusoid, a specialized capillary of 

fenestrated liver sinusoidal endothelial cells (LSECs) averaging 10 μm in diameter and 275 

μm in length (Figure 1) (2, 20). Blood flows through the sinusoid at an average linear flow 

rate of 144 μm/s for a mean residence time of 1.9 s. Importantly, compounds absorbed by the 

intestine divide through the liver extensive vasculature but encounter only a single sinusoid 

before leaving the liver. Thus, hepatocytes need to carry out more than 500 functions in 

under 2 s, requiring substantial metabolic function and a streamlined processing line. The 

sinusoid delivers approximately 2,000 nmol/mL of oxygen to the surrounding shell of 

hepatocytes as the partial pressure drops from 70 to 25 mm Hg (20). In total, the sinusoids 

deliver oxygen at a rate of 72 nmol/(min·106 cells). Primary hepatocytes, appropriately 

cultured in vitro, consume oxygen at lower rates ranging from 54 to 18 nmol/(min·106 cells) 

(21).

Between the hepatocytes and the LSECs is the space of Disse, a thin, 1.4-μm-wide reticular 

basement membrane composed of fibronectin, laminin, collagen IV, and collagen I (2, 22). 
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The hepatocytes surrounding the sinusoid extend numerous microvilli into the space of 

Disse and beyond and are therefore in direct contact with the blood (1). It is thought that the 

gradient of oxygen, growth factors, and hormones that forms along the sinusoid is 

responsible for the zonation of hepatic function (Table 1), although some studies suggest that 

endothelial-produced Wnt signaling is responsible for metabolic zonation (2, 23, 24).

One example of the zonation of hepatic function is ammonia detoxification (25, 26). 

Ammonia is removed by the urea cycle along the length of the sinusoid, except for the last 

few cells near the central vein (i.e., perivenous cells), which convert ammonia to glutamine 

(25). Glutamine synthesis occurs at much lower ammonia concentrations than urea 

synthesis, allowing the perivenous hepatocytes to remove the remaining molecules of 

ammonia that could not be converted to urea in time. Therefore, perivenous hepatocytes act 

as a scrubber, reducing the amount of ammonia in the circulation. Glutamine eventually 

returns to the liver via the systemic circulation. At this point, periportal hepatocytes 

expressing glutaminase release ammonia from glutamine, leading to more efficient urea 

synthesis (25).

Sinusoid zonation is not limited to the metabolic function of hepatocytes. The sinusoid 

architecture and cellular composition also vary from the periportal to the perivenous region 

(26). Variations include the composition of the extracellular matrix (ECM) along the 

sinusoid (27), cell morphology, gene expression, and cell activity (28). For example, liver 

sinusoidal cells have larger fenestrae in the periportal region, but smaller and more 

numerous fenestrae close to the central vein (29). In addition, the liver’s resident 

macrophages (Kupffer cells) are more concentrated near the portal triads and differ 

metabolically according to their lobular location (30, 31). Table 2 presents the cellular 

composition of the liver.

Liver parenchymal tissue is composed of hepatocytes, which are large (20- to 25-μm-

diameter) cuboidal epithelial cells (2). Hepatocytes are arranged in plates that form tight 

junctions among themselves. Unlike other epithelial cells, hepatocytes do not form a sheet 

bounding a large apical lumen, but rather enclose small tubular apical spaces between 

adjacent hepatocytes, called bile canaliculi. Each hepatocyte features two basal surfaces on 

opposite sides of the cell body, bounding the space of Disse, through which albumin 

secretion and lipoprotein uptake take place (2). Hepatic architecture and sinusoidal 

organization are essential for proper liver function (Figure 1). Loss of liver architecture due 

to trauma or disease, such as fibrosis, leads to loss of tissue function (32).

3 Maintenance of Complex Liver Tissue

The need to preserve relevant tissue organization and function led many research groups to 

develop in situ models of liver function. One example is the isolated perfused rat liver, in 

which the organ remains intact and is nourished by perfusing the portal vein with media 

following ligation of the hepatic artery (33). This technique preserves heterotypic cell–cell 

interactions, as well as the organ’s three-dimensional (3D) architecture and function (33). 

Isolated liver perfusion has been used to study metabolic changes during injury and disease 

(34), protein turnover (35), toxic response (36, 37), and liver synthetic function (38, 39). 
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However, isolated livers perfused in this way can only be maintained for a few hours, and 

only a single experiment can be carried out on each liver, leading to significant variance in 

the results (33).

In an effort to perform multiple experiments on each isolated liver, several groups developed 

precision-cut liver slices (40–42). Such slices can be made as thin as 0.2 mm, corresponding 

to eight cell layers, and can be cultured for up to 72 h in a high-oxygen environment (41, 

43). Recent research integrating liver slices into microfluidic devices demonstrated the 

detection of unstable drug metabolites using high-performance liquid chromatography (44) 

and increased tissue survival to a few days in culture (45). The main advantage of liver slices 

is that they preserve the heterotypic interactions and architecture of the liver, while enabling 

a series of experiments on a single organism, greatly reducing variability (42). However, as 

noted above, liver slices cannot be maintained for more than a few days in culture.

Recent research on 3D bioprinting offers the ability to produce liver-like architecture from 

the ground up. Organovo (San Diego, CA) developed bioprinted cocultures containing 

primary human hepatocytes, stellate cells, and liver endothelial cells in a 24-well plate 

format. The company reported sustained function for 28 to 42 days in vitro, but the reported 

values for albumin production appear to be 30- to 70-fold below what should be expected for 

primary cells, namely 20–30 μg/(day·106 cells) (46, 47). More recently, Ma et al. (48) 

bioprinted human induced pluripotent stem cell (iPSC)-derived hepatocytes, endothelial 

cells, and adipose-derived cells in a hydrogel matrix that mimics the hexagonal architecture 

of the liver. The engineered liver tissue could be maintained for 2 to 8 days, similarly 

showing low values of albumin production of approximately 2–8 μg/(day·106 cells) (48).

4 Hepatocyte Source

The most commonly used hepatocyte isolation technique was introduced in 1976 by Seglen 

(49). The isolation relies on in situ collagenase perfusion, followed by mechanical 

segregation of the tissue and a purification step based on cell density (49). This technique 

allows for high viability (>90%) and, due to the high density of hepatocytes (1.13 g/cm3), a 

relatively pure population (>95%). One can routinely obtain 5–10% of the liver mass in 

hepatocytes, approximately 108 cells for rat livers and more than 109 cells for human livers 

(50). These freshly isolated human hepatocytes maintain a high level of function and gene 

expression when held in suspension for up to 6 h (51). Although it is fairly difficult to obtain 

freshly isolated human hepatocytes, as rejected donor grafts are available only sporadically, 

cells isolated from humanized Fah−/− NOD/SCID mice (52) can now be purchased from 

Yecuris (Portland, OR). However, primary human hepatocytes isolated from such FRG® 

(Fah−/−/Rag2−/−/II2rg−/−) mice have a limited life span in culture, similar to standard 

isolations.

The most common alternative to freshly isolated cells is cryopreserved hepatocytes, which 

are available from multiple vendors. The function of cryopreserved hepatocytes can vary 

widely on the basis of their source material and freezing process, resulting in batches of cells 

with minimal cytochrome P450 (CYP450) functionality or nonadherent populations. 

Vendors label specific batches as adherent (i.e., plateable) and provide information about the 
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cell’s metabolic function. Plating efficiency is critical to function, as it can range from 50% 

to 80%. Low cell density leads to rapid loss of function; therefore, a high initial seeding 

density of approximately 120,000 cells/cm2 is preferred. The most common technique to 

culture primary hepatocytes is to seed the cells on a single layer of collagen I. Standard 

hepatic culture medium contains fetal bovine serum, corticosteroids (i.e., hydrocortisone, 

dexamethasone), and insulin (53). Several serum-free media formulations, such as 

hepatocyte maintenance medium from Lonza (Basel, Switzerland), are available 

commercially and described in detail in the literature (54). Albumin is a major carrier 

protein for xenobiotics and lipids. Thus, appropriate medium formulations must include at 

least 3.75 g/L of the protein, which is found at concentrations ranging from 35 to 50 g/L in 

plasma. Primary hepatocytes cultured in serum-free medium can maintain function for up to 

3 to 5 days in culture. Properly cultured primary hepatocytes should have an oxygen 

consumption rate (OCR) of 20–50 nmol O2/(min·106 cells), CYP450 activity measured by 

7-benzyloxy-4-trifluoromethylcoumarin (BFC) clearance of approximately 10–15 pmol/

(min·mg protein), and an albumin production rate of 20– 30 μg/(day·106 cells) (Table 3).

Unfortunately, the process of immortalizing human hepatocytes rapidly leads to loss of liver-

specific function. A cancer cell line that offers a semblance of function is the HepG2/C3A 

derivative. HepG2/C3A cells rapidly expand in culture, with a doubling time of 18–20 h, and 

can be growth arrested using 1% dimethyl sulfoxide (DMSO) or spheroid formation. The 

resulting cells show measurable CYP450 activity, but two to five orders of magnitude lower 

than that of primary hepatocytes. Furthermore, even under the best conditions, HepG2/C3A 

cells are still primarily glycolytic and dedifferentiated, showing an OCR of 2 nmol O2/

(min·106 cells), CYP450 activity measured by BFC clearance of approximately 0.1–0.3 

pmol/(min·mg protein), and an albumin production rate of 2–3 μg/(day·106 cells) (Table 3). 

HepG2/C3A cells can remove ammonia but do not have a functional urea cycle.

One functional alternative is the HepaRG cell line, derived from a tumor of hepatic 

progenitor cells originating from a patient with hepatitis C viral infection (55). HepaRG 

cells have a doubling time of 24 h and can be induced to differentiate into a mixed 

population of hepatocytes and cholangiocytes following 28-day exposure to 1.7% DMSO 

(56). The resulting hepatocytes show a remarkable level of liver-specific function, on par 

with the lower bound of cryopreserved hepatocytes. The HepaRG cell line can be obtained 

under license or purchased as a mixture of hepatocytes and cholangiocytes from Biopredic 

International (Saint-Grégoire, France). HepaRG cells show an OCR of 4–6 nmol O2/

(min·106 cells), CYP450 activity measured by BFC clearance of approximately 5–9 pmol/

(min·mg protein), and an albumin production rate of 8–12 μg/(day·106 cells) (Table 3).

Recently, Levy et al. (57) introduced a method to conditionally expand human hepatocytes 

using low-level expression of human papillomavirus proteins E6 and E7. The induction 

released hepatocytes from cell cycle arrest, permitting the cells to expand under oncostatin 

M (OSM) stimulation. These Upcyte® hepatocytes showed a doubling time of 33 to 49 h, 

and were induced to differentiate into hepatocytes within 4 days of OSM removal (57). The 

authors generated a diverse library of lines that showed liver-specific function on par with 

that of cryopreserved hepatocytes. Drug toxicity across 18 compounds showed R2 > 0.98. 

Upcyte® hepatocytes can be obtained under license or purchased from Upcyte Technologies 
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(Hamburg, Germany). Upcyte® hepatocytes show an OCR of 7–9 nmol O2/(min·106 cells), 

CYP450 activity measured by BFC clearance of approximately 6–7 pmol/(min·mg protein), 

and an albumin production rate of 6–9 μg/(day·106 cells) (Table 3). Overall, HepaRG and 

Upcyte® hepatocytes show similar levels of function, although the latter enable experiments 

to be conducted with shorter preparation and less variability, whereas the former are rapidly 

becoming the standard for cholestasis. Recently, Corning (Tewksbury, MA) developed a 

similar line of functional hepatocytes, termed HepatoCells, that promise similar levels of 

function.

Human pluripotent stem cell (hPSC)-derived hepatocytes have significant potential to 

replace primary cells with a similar level of metabolic function and lower batch-to-batch 

variability. However, the CYP450 function of commercially available hPSC-derived 

hepatocytes (from, e.g., Cellular Dynamics International, Madison, WI) is often two to five 

orders of magnitude below that of primary cells. Recent research by the Nahmias and Hay 

groups showed hPSC-derived hepatocytes with elevated levels of function (58) using 

microbiome-derived cues and recombinant laminins, respectively (58, 59). The Nahmias 

group (58) showed drug toxicity across nine compounds with R2 > 0.94, as well as accurate 

prediction of steatosis, cholestasis, and apoptosis. The cells can be maintained for 5–7 days 

post differentiation and show an OCR of 3–5 nmol O2/(min·106 cells), CYP450 activity 

measured by BFC clearance of 2–4 pmol/(min·mg protein), and an albumin production rate 

of approximately 12 μg/(day·106 cells) (Table 3). However, fetal properties are maintained, 

as these cells express α-fetoprotein and fetal CYP450 enzymes at much higher levels than 

those of primary hepatocytes.

5 Long-term Culture

Methods to stabilize the metabolic function of hepatocytes have been developed over the 

past 30 years and are in widespread use. One type of 3D support that stabilizes hepatocyte 

polarization and metabolic function is the collagen “sandwich” configuration developed by 

the Yarmush lab (60–63). The addition of heparan sulfate proteoglycan to the top collagen 

layer allows the expression of basal surface markers and gap-junction proteins, which are 

not observed in the standard collagen sandwich configuration (63–65). While the collagen 

sandwich produces a flat morphology, supporting high-content screening, the technique is 

cumbersome to perform, as improper handling or gelation causes the top layer to detach. 

Similarly, shear forces can remove the top gel layer, making the sandwich configuration 

difficult to use in microfluidic devices.

In contrast, hepatocyte spheroid formation is rapidly gaining popularity, as multiple tools to 

standardize size and aggregation kinetics have recently become available. Hepatocytes 

rapidly aggregate when cultured on a soft protein matrix (e.g., Matrigel) or nonadherent 

surfaces, producing spheroids of various sizes (65–68). Hepatocyte spheroids maintain a 

high level of hepatic structural polarity, forming distinct apical, lateral, and basal domains 

(69). The liver-specific function of hepatic spheroids is also enhanced, showing high levels 

of albumin production (67), urea secretion, and CYP450 activity (70, 71). While traditional 

methods to produce spheroids did not allow control over size, producing a mixture of large 

spheroids with necrotic cores, this is no longer the case. GravityPLUS™ (InSphero, 
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Schlieren, Switzerland) is a 96-well plate that streamlines hanging drop aggregation, 

allowing the production of hepatocyte spheroids with 250-μm diameter and 10% variability 

(72). AggreWell™ (Stem Cell Technologies, Vancouver, Canada) is a competing technology 

that produces 4,700 spheroids per well with minimal variability. Liver organoids can be 

considered a heterotypic variant of 3D spheroids. Organoids are composed of both 

parenchymal and nonparenchymal cell types (73). For example, IntestiCult™ (Stem Cell 

Technologies) and MimEX™ (R&D Systems, Minneapolis, MN) could be used to establish 

liver organoids from commercially available fresh, cryopreserved, or iPSC-derived 

parenchymal and nonparenchymal cells.

6 Heterotypic Cell–Cell Interactions

The liver nonparenchymal cell population (see the sidebar) plays an important role in 

supporting hepatocyte function and mediating pathological challenges such as inflammation 

(Figure 2). Kupffer cells are the liver’s resident macrophages, which play an important role 

as scavengers, ingesting aged erythrocytes, bacteria, various endogenous toxins, as well as in 

iron metabolism (1, 6). Kupffer cells have been implicated in drug toxicity and ischemic 

injury, becoming activated in response to a foreign stimulus such as lipopolysaccharide 

(LPS) or protein adducts and secreting reactive oxygen and nitrogen species that aggravate 

hepatic damage (74–76). Cryopreserved Kupffer cells can be purchased directly from 

Thermo Fisher Scientific (Waltham, MA), but they will activate over the first few days of 

culture, producing a mild inflammatory state upon long-term culture. Short-term cocultures 

of hepatocytes and Kupffer cells, in direct contact (77), in spheroids (72), or separated using 

a culture insert (78), can mimic certain aspects of drug toxicity (8). For example, Nguyen et 

al. (79) showed LPS-induced CYP450 inhibition, while Messner et al. (72) showed 

increased sensitivity to trovafloxacin.

Stellate cells are the liver’s resident pericytes, storing vitamin A and controlling sinusoid 

perfusion. Stellate cells are distinctively different from the liver’s resident fibroblasts, which 

decorate the larger blood vessels. Activation of stellate cells during an inflammatory cascade 

leads to a rapid loss of function as the cells differentiate into fibroblasts, leading to increased 

collagen deposition and fibrosis. Unfortunately, stellate cell activation occurs immediately 

upon plating and is driven in part by mechanical stimulus (80). Thus, commercially available 

cryopreserved stellate cells (from, e.g., Zen-Bio, ScienCell, or iXcells Biotechnologies) 

represent liver fibroblasts and cannot be used to study fibrosis. A notable exception is recent 

research by Leite et al. (80), who used a proprietary medium formulation to preserve 

inactivated stellate cells in order to study methotrexate induction of fibrosis. More recently, 

iPSC-derived stellate cells were cocultured and maintained in an inactivated state to study 

fibrosis (81).

Importantly, although fibroblasts cannot be used to study fibrosis, they do support long-term 

hepatocyte function. The mouse 3T3-J2 cell line is notably efficient in maintaining 

hepatocyte liver-specific function through a combination of cell–cell contacts (e.g., T/N-

cadherin, decorin) and short-acting diffusible substances (82, 83). Rodent hepatocytes 

seeded at low densities on fibroblast feeder layers can proliferate in vitro (84), while 

micropatterned human hepatocytes can do so under small-molecular stimulation (85). 
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Notably, other nonparenchymal cells, such as cholangiocytes, can similarly support long-

term function.

Sinusoidal endothelial cells are the liver’s resident microvascular endothelial cells that share 

many functional similarities with macrophages. Sinusoidal endothelial cells are active 

scavengers, secreting cytokines upon inflammatory activation. Unfortunately, sinusoidal cell 

activation occurs rapidly in culture, and the cells dedifferentiate to a CD299−/CD31+ 

microvascular phenotype unless cocultured directly with hepatocytes (86). Cryopreserved 

sinusoidal endothelial cells sold by Creative Bioarray are actually CD31+ endothelial cells 

from larger blood vessels. Pioneering research by Morin & Normand (87) and Goulet et al. 

(88) has shown that liver sinusoidal endothelial cells stabilize hepatic urea and albumin 

secretion for up to a month in culture. Sinusoidal endothelial cells secrete hepatocyte growth 

factor (HGF) and interleukin-6 in response to hepatocyte-secreted vascular endothelial 

growth factor, protecting hepatocytes from toxic damage (Figure 2) (89). Primary 

hepatocytes cultured on soft gels specifically migrate toward endothelial capillaries in 

response to endothelial-secreted HGF (73). Microscale patterning of endothelial cells using 

laser guidance (90, 91) allowed researchers to align hepatocytes in a sinusoid-like structure, 

suggesting that endothelial cells might impart structural information to the developing and 

regenerating liver (92). More recent research showed that liver sinusoidal endothelial cells, 

but not fibroblasts, induce basal surface expression of the low-density lipoprotein receptor in 

hepatocytes (86). While albumin is often considered the ubiquitous carrier of hydrophobic 

drugs, a significant amount of lipid-soluble drug can also be transported in lipoproteins (93, 

94). Thus, hepatocyte basal surface polarity is an important parameter to evaluate in 

emerging in vitro models.

7 Role of Oxygen in Hepatocyte Culture

Oxygen is an important component of the hepatic microenvironment, mediating cellular 

metabolism, differentiation, and growth (23, 95). Energy production in primary hepatocytes 

is highly dependent on oxidative phosphorylation, as each cell contains more than 1,500 

mitochondria, which consume oxygen at a rate of 24 to 72 nmol/(min·106 cells) (96, 97). In 

order to supply hepatocytes with this amount of oxygen in vivo, the liver is connected to the 

highly oxygenated arterial circulation in addition to the portal circulation (98). During in 

vitro culture, oxygen is supplied by diffusion from the air–liquid interface. This oxygen 

diffusion limits the density of hepatocytes that can be seeded in culture or grown in a 

bioreactor (99).

Under ambient conditions, oxygen partial pressure of 21% or 160 mm Hg results in a 

dissolved concentration of 220 nmol/mL oxygen in culture medium or plasma. Therefore, 

without external supply through diffusion or flow, 1 × 106 hepatocytes will consume all 

available oxygen in 1 mL of culture medium within 3 to 9 min. Oxygen transport by 

diffusion across a distance of 1 mm can barely support the OCR of primary hepatocytes, 24 

nmol/(min·106cells), limiting cellular function. A solution reported by Kidambi et al. (51) 

was to increase partial pressure to 95% oxygen, demonstrating a two-fold increase in 

CYP450 activity and albumin production under serum-free conditions. Using this 

configuration, the Nahmias group demonstrated similar clearance rates to in vivo for rapid- 
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and slow-clearing drugs such as antipyrine and carbamazepine with R2 = 0.92 (51). A 

different solution, reported by Khetani & Bhatia (100), was to limit hepatocyte density while 

confining the cells to micropatterns, maintaining local high density of homotypic 

interactions. With hepatocyte absolute density cut by threefold, diffusion can supply a higher 

OCR of up to 72 nmol/(min·106 cells). These solutions to supply oxygen are especially 

important during the initial phase of cellular spreading, when the oxygen uptake rate is 40% 

to 300% higher than the value observed during the stable phase of culture (96, 101). This 

initial demand for oxygen makes seeding of hepatocytes in various bioreactors and 

microfluidic devices very challenging (53, 97). The small liquid volume in which cells are 

seeded stores very little oxygen, while flow cannot be used to deliver more oxygen until the 

cells have adhered. Therefore, many devices and reactors are seeded in a static open 

configuration, which is hermetically closed and perfused only after cellular adhesion (95).

Perfusion offers an alternative solution for oxygen delivery, but the relatively low oxygen-

carrying capacity of culture medium requires relatively high perfusion rates of 0.1 to 0.3 

mL/min to support 1 × 106 primary human hepatocytes or 3–4 × 106 HepaRG cells. At these 

perfusion rates, shear forces can damage hepatocytes, while any metabolite the cells produce 

would be extensively diluted unless the medium is rapidly reoxygenated and recirculated in 

the system. One solution is to add an oxygen carrier. Hepatocytes cultured in a “sandwich” 

of oxygen-carrying collagen showed a significant increase in albumin secretion and CYP450 

activity (102). Oxygen carriers such as emulsified fluorocarbon and red blood cells have also 

been used in a number of bioartificial liver studies and were shown to similarly increase 

hepatic survival and function (103–105).

8 Impact of Culture Medium Formulation

Typical hepatocyte culture media contain much higher levels of hormones compared with 

human plasma. For example, insulin is used at levels approximately 104 times the 

physiological value. These formulations were developed in the early days of hepatocyte 

culture and have not received as much scrutiny as other aspects of hepatic tissue culture 

(106). It is likely that some of the requirements for hormonal and other supplements in the 

culture medium may be relaxed in newer hepatocyte culture systems, which provide more in 

vivo cues from complex ECM and cell–cell interactions. Data from the literature suggest 

that collagen-sandwiched hepatocytes can be placed in media containing physiologically 

relevant hormone levels—at least for a few days—in order to observe metabolic responses to 

stress hormones (107). Supraphysiological levels of hormones can also lead to paradoxical 

responses when cultured hepatocytes are placed in animal or human plasma, which is clearly 

a more physiologically relevant fluid than culture medium. Previous studies showed that rat 

hepatocytes become severely fatty and lose hepatic functions when transferred from culture 

medium to plasma (108) but that plasma-induced intracellular lipid accumulation can be 

eliminated if culture medium containing low insulin levels is used prior to exposure to 

plasma (109).
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9 Dynamic Flow Cultures

Microfluidics is an engineering field that deals with the behavior and manipulation of fluids 

on the small, submillimeter scale that predominates in tissues. This ability allows for the 

fabrication of microdevices that can potentially mimic the physiological microenvironment 

(110). In the liver-on-chip platform, this fluid control should enable the development of 

metabolic zonation, as cells can be exposed to a gradient of oxygen and hormones 

mimicking in vivo conditions. Notably, despite dozens of minor variations, there are only 

three overarching types of bioreactors (Figure 3): a flat-plate design, a packed-bed design, 

and a hollow-fiber design.

The flat-plate bioreactor is a simple design that can be machined without the need for 

microfabrication (95). Using this design, Tilles et al. (95) demonstrated that hepatocyte 

function is significantly reduced when cells are exposed to shear rates exceeding 5 dyn/cm2 

(0.5 Pa). Although reducing shear flow limits mechanical damage, it also reduces oxygen 

delivery, making it difficult to culture a high density of primary hepatocytes in this design 

(95). One strategy is to add an oxygen carrier (e.g., emulsified fluorocarbon) to the medium, 

reducing the overall flow to more physiological rates of approximately 2 dyn/cm2. An 

alternative strategy is to protect hepatocytes from shear forces by seeding cells in 

microfabricated groves (111), microwells (112), or specially designed niches (113). When 

microwell depth is carefully matched to sinusoid length, a consumption gradient can develop 

within, mimicking the environment of metabolic zonation (112). Allen & Bhatia (23) 

showed differential PEPCK (phosphoenolpyruvate carboxykinase) and CYP2B1/2 

expression consistent with metabolic zonation in flat-plate bioreactors. This consumption 

gradient is impossible to achieve in systems that rely on rocking motion to produce gravity-

driven flow because the gradient keeps changing (114, 115).

In packed-bed bioreactors, hepatocyte aggregates are perfused in an environment that 

permits 3D organization (116, 117). Designs include hepatocytes cultured on polyvinyl 

formal resin (118), hepatocytes entrapped in alginate particles (119), or hepatocyte 

aggregates packed between silica beads (120). An interesting design, based on research by 

Linda Griffith’s lab and commercialized by CN Bio Innovations (Garden City, UK), is a 

microfabricated array bioreactor (121). At the heart of the bioreactor is a silicon scaffold 

perforated with a regular array of square holes and seated atop a microporous filter. Wells 

are 300 μm wide and 235 μm high, designed for sinusoid length (121, 122). Primary 

hepatocytes are mixed with nonparenchymal cells (Kupffer cells and sinusoidal 

endothelium) and self-assemble into functional micro-organs that maintain gene expression 

and metabolic function for weeks in culture (118–120, 123). While it is not clear that flow 

through packed-bed bioreactors offers a significant advantage compared with flow over 

microwell bioreactors (112), both designs should support the development of metabolic 

zonation. Unfortunately, the 3D nature of the micro-organ in both designs makes optical 

imaging of the hepatic aggregates difficult. Recent research by Schepers et al. (124) 

overcame this limitation by trapping iPSC-derived liver organoids horizontally in a 500-μm 

design.
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Hollow-fiber bioreactors represent the most complex design, in which cells aggregate around 

fibers delivering oxygen and nutrients, acting as an artificial perfused vasculature. Large 

hollow-fiber cartridges were used in the original bioartificial liver designs (e.g., Algenix, 

HepatAssist, HepaLife). The most advanced cross-flow design, developed by the Gerlach 

group (125, 126), showed 3D organization of mouse and human liver cells. Recently, the 

Andersson group (127) reported a miniaturized version of a similar design. While the 

hollow-fiber design permits the culture of high-density tissue, it requires a significant mass 

of cells for initial seeding (approximately 108), making it a fairly expensive single-use 

device (127).

10 Current Liver-on-Chip Technology

Several liver-on-chip technologies have recently become commercially available and offer 

competing microdevices for the study of drug metabolism and toxicity. Static models focus 

mainly on maintenance of primary hepatocyte cultures, reducing the variability and time 

limitations related with traditional toxicity assays. For example, InSphero offers 3D 

InSight™ 3D spheroids composed of primary hepatocytes and Kupffer cells (80). This 

model allows function to be maintained for more than 28 days in vitro. Similarly, Organovo 

produces ExVive™, a bioprinted liver-like tissue composed of primary hepatocytes and 

nonparenchymal cells. This model also allows function to be maintained for more than 28 

days in vitro (47). In accordance with these models, Ascendance Biotechnology (Medford, 

MA), recently purchased by BioIVT (Boston, MA), licensed micropatterned hepatocyte 

technology developed by Sangeeta Bhatia’s lab. Primary hepatocytes are patterned on 0.5-

mm adhesive islands and cocultured with mouse 3T3-J2 fibroblasts (100). This model allows 

function to be maintained for more than 50 days in vitro.

Perfused liver-on-chip models are also widely available. HμREL (North Brunswick, NJ), 

founded in 2005, licensed the Shuler lab’s original human-on-chip patents as well as the 

Nahmias lab’s tissue culture configurations (128). The HμREL devices offer a simple flat-

plate bioreactor design that uses cryopreserved primary hepatocytes and recirculates flow 

using an external peristaltic pump and polytetrafluoroethylene tubing to minimize 

nonspecific absorption, which is common in reperfusion systems. The configuration enables 

accurate prediction of drug clearance rates, but because of the lack of scaffolds, the 

hepatocytes within this system are subject to high direct shear forces. Using a microfluidic 

gradient generator, Kang et al. (129) extended this flat-plate design to create artificial zone-

specific niches for periportal and perivenous hepatocytes with tangential flow. Emulate 

(Boston, MA), founded in 2013, licensed the organ-on-chip designs developed by Don 

Ingber’s lab and is also working on a liver-on-chip device that will have a flat-bed design in 

which hepatocytes and sinusoidal endothelium are confined to separate channels.

TissUse (Berlin, Germany), founded in 2010 by Uwe Marx, offers devices that support two 

or four different tissues in a closed-circuit perfusion device. TissUse devices circulate 

medium through an integrated silicone peristaltic pump. The flat-plate liver chamber is 

seeded with HepaRG cells (130) or preformed organoids composed of HepaRG and stellate 

cells (131, 132). Cells are perfused at a pumping frequency of 0.3–0.8 Hz, resulting in direct 

shear stress of 2.6–7 dyn/cm2. As shear stress above 2 dyn/cm2 can damage cells, loss of 
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hepatic function is expected. Indeed, the device shows a 10-fold drop in CYP3A4 expression 

upon perfusion (see figure 5d of Reference 131) and albumin production of 4.8 ng/(day·106 

HepaRG cells)—approximately 1,000-fold lower than expected (see figure 4b of Reference 

132). Notably, the high surface area and silicone components of the microfluidic pump layer 

suggest that TissUse could have high levels of nonspecific absorption, making it difficult to 

predict the drug clearance rates of slow-metabolizing compounds such as antipyrine or 

carbamazepine.

CN Bio Innovations, founded in 2009, licensed several technologies, including the seminal 

LiverChip packed-bed design developed by the Griffith lab (133). The current design, named 

PhysioMimix, uses cocultures of primary hepatocytes and nonparenchymal cells in filtered 

microwells. Medium is continuously recirculated between two chambers through an 

integrated silicone peristaltic pump. Oxygen sensors are located above the cells to monitor 

gross changes in cellular viability. While the surface area and silicone components suggest 

significant nonspecific absorption, the high metabolic function and long-term function of the 

primary cells (134) indicate that measurement of drug clearance is possible.

Hesperos (Orlando, FL), founded in 2015 by James Hickman and Mike Shuler, is developing 

a pump-free multiorgan-on-chip device. The liver chamber is a flat-plate design utilizing 

HepG2/C3A cells. Medium is moved back and forth by tilting the device, utilizing gravity to 

create flow. The pump-free technology, also used by the Mimetas OrganoPlate (135), 

reduces operational complexity and cost by eliminating pumps but is inherently limited to 

slow flow rates, with a physiological shear rate of 0.25 dyn/cm2 (114). Unfortunately, 

oscillating flow does not support metabolic zonation, as oxygen and hormone gradients 

fluctuate (114, 115). In addition, low oxygen transport appears to affect HepG2/C3A 

survival, with 29 ± 17% of the cells dying within 14 days (114). Albumin production 

appears stable at approximately 1.6 μg/(day·106 cells) (see figure 2a of Reference 114).

Tissue Dynamics (Jerusalem, Israel) is a recent entry to the field, founded in 2017 by 

Yaakov Nahmias. The company developed a multisensor platform that enables monitoring of 

tissue function and physiological stress by tracking the dynamics of fuel efficiency and rate 

of function changes (112, 136). The current design uses cocultures of E6/E7low Upcyte 

hepatocytes (57) and microvascular endothelial cells in microwells. Medium is perfused on 

top of the wells, which protect the cells from shear forces, creating an oxygen and hormone 

gradient that reportedly leads to the formation of metabolic zonation (112). As medium is 

not recirculated, nonspecific absorption is minimized, and the organoids reach a metabolic 

steady state. This metabolic steady state enabled integration of the system with optical 

lifetime-based oxygen microprobes embedded within the organoids (137), as well as 

electrochemical sensors in the device outflow for glucose, lactate, and glutamine (136). The 

Tissue Dynamics device was first used to reveal new mechanisms of toxicity explaining the 

idiopathic effects of acetaminophen (137) and the idiosyncratic effect of troglitazone (112). 

More recently, the Nahmias group partnered with L’Oréal to show the effects of subtoxic 

long-term exposure to valproate, suggesting a new mechanism of action (136). Other 

research groups have since followed suit, integrating multiple sensors into multiorgan-on-

chip platforms (138).
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11 Minimum Requirements for Liver-on-Chip Microdevices

Given the complexity of the human liver, it should come as no surprise that no commercially 

available liver-on-chip technology can faithfully reproduce liver function. However, several 

companies are coming close to achieving this goal. We propose to define minimum 

requirements for a liver-on-chip model:

1. Metabolic function of source cells. The ability of an organ model to mimic native 

function is only as good as its source. We propose that the liver on chip should 

demonstrate albumin production of at least 7 μg/(day·106 cells), an OCR of at 

least 5 nmol/(min·106 cells), BFC metabolism of at least 5 pmol/(min·mg), and 

CYP3A4 induction of at least fivefold following exposure to 20 μM rifampicin. 

These criteria currently exclude HepG2/C3A and most hPSC-derived 

hepatocytes, as these cells are glycolytic rather than oxidative and show low 

synthetic and metabolic activity. HepaRG and Upcyte hepatocytes currently 

satisfy these criteria, while emerging protocols and cell lines could permit other 

cell populations to do so as well.

2. Physiological design parameters. The ability of the liver module to function 

depends on limiting its exposure to shear forces and on the presence of sufficient 

oxygen and nutrients. In general, unless hepatocytes are protected from shear in 

microwells (112) or traps (124), the device design must show shear forces lower 

than 5 dyn/cm2; setting an upper bound on flow rates. In addition, as the OCR of 

hepatocytes should be at least 5 nmol/(min·106 cells) and the oxygen solubility in 

medium is 220 nmol/mL, the device design must be able to create flow rates 

higher than 22 μL/(min·106 cells) defining the lower bound on flow rates in a 

physiological system. This lower bound to the flow rate can be relaxed if the 

medium contains an oxygen carrier.

3. Nonspecific absorption and drug clearance. Proteins, lipids, and xenobiotics 

adsorb to silicone and plastics, reducing their concentration as a function of time 

by as much as 50% in 24 h, even in the absence of cells (51). The high ratio of 

surface area to volume in microfluidic devices, medium recirculation, and the use 

of integrated silicone peristaltic pumps could rapidly eliminate hydrophobic 

compounds, even in the absence of cells. Thus, the ability to measure drug 

metabolite formation is good, but not sufficient to calculate clearance rates. To 

demonstrate utility in physiologically based pharmacokinetic modeling, liver-on-

chip devices need to demonstrate a measurable difference in the elimination of 

hydrophobic drugs such as carbamazepine and antipyrine in both the presence 

and absence of cells.

4. Toxicological endpoints. Most pharmaceutical and cosmetic compounds have 

toxic effects at high concentration, even in the absence of physiological effect. 

The main question is whether a liver-on-chip device can mimic the in vivo 

response to the drug through similar mechanistic and toxicological endpoints. 

There are four major toxicological endpoints that should be demonstrated: 

apoptosis/necrosis, steatosis/phospholipidosis, cholestasis, and fibrosis. While 
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specificity can vary, acetaminophen is a good model for apoptosis that can be 

evaluated using a terminal TUNEL (deoxynucleotidyl transferase dUTP nick-end 

labeling) assay. Valproate is a good model for steatosis that can be evaluated 

using the LipidTox (Thermo Fisher) assay. Troglitazone is a good model for 

cholestasis that can be evaluated through accumulation of CDFDA [5(6)-

carboxy-2′,7′-dichlorofluorescein diacetate] or similar markers. Finally, 

methotrexate is a useful model for fibrosis induction evaluation through stellate 

cell activation and collagen deposition (81).

12 Conclusions

Many of the insights discussed in this review are the result of efforts to develop bioartificial 

liver systems (BALs) over the past 30 years (99, 139). While knowledge gained from BAL 

development should have been utilized by the organ-on-chip community, a generation gap 

and a lack of communication between clinical and engineering disciplines led to limited 

development (140). In this context, the recent European ban on cosmetic testing in animals 

invigorated the field, driving researchers, industry, and regulatory agencies to invest in the 

development of liver-on-chip devices. However, after studying many of the available 

technologies, we believe that the ability to use data generated from currently available liver-

on-chip microdevices is still in question. It is not clear how reliable the information is, or 

how it should be utilized in physiologically based pharmacokinetic modeling or safety 

assessments. We hope that the protocols and recommendations described above enable 

companies to improve on their devices, leading to results that will allow toxicologists to 

identify and model mechanisms of toxicity.
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Nonparenchymal Cells of the Liver

1. Liver sinusoidal endothelial cells (LSECs). Liver sinusoids are composed of 

highly specialized microvascular endothelial cells, which play an important 

role in lipid metabolism, coagulation, cellular growth, differentiation, 

immunity, and inflammatory response. LSEC membranes contain numerous 

open pores called fenestra, which range from 100 to 1,000 nm in diameter and 

are thought to act as a sieve for blood-borne particles. LSECs are highly 

phagocytic scavenger cells that express major histocompatibility complex 

classes I and II. LSECs are usually purified from the nonparenchymal fraction 

of the liver by centrifugal elutriation or by two-step Percoll gradient 

separation. L-SIGN/CD299 is a specific marker for LSECs. Although LSECs 

do not proliferate in culture, a tumor cell line (SK-HEP-1) and an 

immortalized cell line (TMNK-1) are available. Cryopreserved liver 

endothelial cells are available from Creative Bioarray (Shirley, NY).

2. Kupffer cells. Kupffer cells are the liver-resident macrophages, thought to 

originate from the bone marrow. Kupffer cells ingest and degrade old 

erythrocytes, bacteria, and various endotoxins and play an important role in 

iron metabolism. Due to similarities in density and size, it is difficult to 

distinguish Kupffer cells from LSECs. However, relatively pure populations 

can be purified using centrifugal elutriation. The ED2 antibody is specific for 

Kupffer cells. Kupffer cells do not proliferate, and rapidly activate in culture. 

A mouse Kupffer cell line is available (KC13-2). Cryopreserved Kupffer cells 

are available from Thermo Fisher.

3. Hepatic stellate cells (HSCs). Stellate cells (Ito cells, fat-storing cells) are 

vitamin A–storing pericytes that decorate the liver’s sinusoids. HSCs are the 

main matrix-producing cells in the liver and play an important role in 

regeneration, differentiation, and inflammation. HSCs activate during liver 

fibrosis, increasing collagen and DNA synthesis and acquiring a 

myofibroblast-like phenotype. The low density of the HSCs allows for simple 

purification using density centrifugation. CD95 and Desmin II are specific 

markers for HSCs in the liver. HSCs become rapidly activated in culture. An 

immortalized rat liver stellate cell line (HSC-T6) is commercially available. 

Activated stellate cells proliferate in culture and are offered as cryopreserved 

cells by Zen-Bio (Research Triangle Park, NC), ScienCell (Carlsbad, CA), 

and iXcells Biotechnologies (San Diego, CA).
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Figure 1. 
Schematic of the hepatic sinusoid. The sinusoid is a fenestrated capillary, 275 μm in length, 

composed of sinusoidal endothelial cells (red). The liver-resident pericytes, called stellate 

cells (green), wrap the capillary. Resident macrophages, called Kupffer cells (yellow), and 

natural killer cells, called pit cells (gray), roam the inside of the vessel.
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Figure 2. 
(a) Supportive and (b) inflammatory interactions between hepatocytes and nonparenchymal 

cells in the liver. Abbreviations: ECGF, endothelial cell growth factor; EGF, epidermal 

growth factor; HGF, hepatocyte growth factor; ICAM, intercellular adhesion molecule; IL, 

interleukin; LPS, lipopolysaccharide; RNI, reactive nitrogen intermediates; ROS, reactive 

oxygen species; TGF, transforming growth factor; TNF, tumor necrosis factor; VCAM, 

vascular cell adhesion molecule; VEGF, vascular endothelial growth factor.
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Figure 3. 
Schematic representation of three different bioreactor types and perfusion strategies. (Left) 
In flat-plate bioreactors, flow crosses over cells or microtissues seeded on the bottom plate. 

Cells in a flat-plate design can be exposed to shear forces (e.g., HμREL, TissUSE, Hesperos) 

or protected in microwells (e.g., Tissue Dynamics). (Middle) In packed-bed bioreactors (e.g., 

CN BioInnovation), flow passes through cell aggregates. (Right) In hollow-fiber bioreactors 

(e.g., Charité 3D bioreactor), flow passes through fibers, while the cells are embedded 

between the fibers.
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Table 1
Metabolic zonation of the liver

Periportal Perivenous

Oxygen 60–70 mm Hg 25–35 mm Hg

Hormones High Low

Glucose Gluconeogenesis Glycolysis

CYP450 Low High

Lipid β-Oxidation Liponeogenesis

Nitrogen Ureagenesis Glutamine synthesis
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Table 2
Cellular composition of the liver

Cell type Diameter (μm) Volume (% total) Number (% total) Type Density (g/mL)

Hepatocytes 20–25 77.8% 65% Epithelial 1.10–1.15

Sinusoidal endothelial cells 7–11 2.8% 16% Endothelial 1.061–1.080

Kupffer cells 10–13 2.1% 12% Macrophages 1.076

Stellate cells 11–12 1.4% 8% Fibroblasts 1.05

Pit cells
15–18

a Minor Minor Lymphocytes
1.065–1.070

a

a
Pit cells have not been well characterized, as they are sparsely found, yet these cells are similar in size and characteristics to other large granular 

lymphocytes.
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Table 3
Functional characteristics of common liver cell models

Basal OCR [nmol/(min·106 

cells)]
b

BFC clearance rate [pmol/
(min·mg protein)]

Albumin synthesis rate [μg/
(day·106 cells)]

HepG2/C3A   2      0.2   2

hPSC-derived hepatocytes
a      4.5   3 12

HepaRG   5   7 10

E6/E7low Upcyte hepatocytes   8       6.24   7

Primary hepatocytes 24 12 25

a
hPSCs include embryonic and induced cells.

b
Measured on a SeaHorse FluxAnalyzer.

Abbreviations: BFC, 7-benzyloxy-4-trifluoromethylcoumarin; hPSC, human pluripotent stem cell; OCR, oxygen consumption rate.
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