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ABSTRACT 

 

Metabolism in the liver often determines the overall clearance rates of many pharmaceuticals. 

Furthermore, induction or inhibition of the liver’s drug metabolism enzymes by perpetrator drugs 

can influence the metabolism of victim drugs (drug-drug interactions). Therefore, determining 

liver-drug interactions is critical during preclinical drug development. Unfortunately, studies in 

animals are often of limited value due to significant differences in liver’s metabolic pathways 

across different species. To mitigate such limitations, the pharmaceutical industry employs a 

continuum of human liver models, ranging from microsomes, transfected cell lines, and cultures 

of primary human hepatocytes (PHH). Of these models, PHHs provide a balance of high-

throughput testing capabilities together with a physiologically-relevant cell type that exhibits all 

the characteristic enzymes, co-factors, and transporters. However, PHH monocultures display a 

rapid decline in metabolic capacity. Consequently, bioengineers have developed several tools, 

such as cellular microarrays, micropatterned co-cultures, self-assembled and bioprinted 

spheroids, and perfusion devices to enhance and stabilize PHH functions for 2+ weeks. Many of 

these platforms have been validated for drug studies, while some are being adapted to include 

liver non-parenchymal cells that can influence hepatic drug metabolism in health and disease. 

Here, we focus on the design features of such platforms and their representative drug metabolism 

validation datasets, while discussing emerging trends. Overall, the use of engineered human liver 

platforms in the pharmaceutical industry has been steadily rising over the last 10 years, and we 

anticipate that they will become an integral part of drug development as platforms are 

commercialized and validated for routine use.  
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INTRODUCTION 

 

The pharmaceutical industry utilizes a variety of human liver models to predict the clearance of 

novel compounds, identify their major metabolites, and appraise the potential for drug-drug 

interactions (DDIs) due to multi-drug therapy prior to the initiation of human clinical trials. 

Prediction of drug clearance during preclinical development is important for the selection of the 

proper drug dose in animal studies and then in human clinical trials, while detection of all major 

drug metabolites (greater than or equal to 10% of the drug-related material) in vitro allows for the 

determination of potential metabolite efficacy and/or toxicity in animal studies. Furthermore, 

determining the potential of DDIs during lead optimization can aid in the design of the appropriate 

multi-drug therapy for a disease indication and/or help set use directions for which other available 

drugs to avoid for co-administration. In addition, as part of pre-clinical drug development, live-

animal tests are required by the Food and Drug Administration (FDA) to mitigate the safety risk 

to humans. However, due to species-specific drug metabolism characteristics and the inability of 

animal models to fully recapitulate human genetics and disease phenotypes (Shih et al., 1999; 

Olson et al., 2000), it is now clear that animal studies cannot entirely predict human-specific liver-

drug interactions. As a result, in recent years a greater emphasis has been placed on the 

advancement of complementary in vitro human liver cell culture platforms (Godoy et al., 2013). 

In particular, in order to promote sufficient stability and reproducibility of liver cell functions in 

vitro, the field has turned to the implementation of a number of bioengineering-based culture 

strategies that enable precise control of culture conditions. In this review, we discuss the key design 

parameters and overall strategies for applying bioengineered liver models for drug metabolism and 

disposition studies, as well as highlight pending issues and emerging trends in the field of 
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engineered human liver platforms. Representative drug metabolism/disposition data sets are 

presented from both academic and industrial laboratories towards demonstrating a balanced 

spectrum of model development and commercial potential. While toxicity resulting from the 

metabolism and disposition of drugs is critical to evaluate during preclinical drug development 

and thus represents an important use of human liver culture platforms, we refer the reader to other 

reviews that detail validation datasets in this area (Atienzar et al., 2016; Lin and Khetani, 2016; 

Funk and Roth, 2017); nonetheless, most of the platforms we discuss in this review have been 

additionally utilized for drug toxicity detection. 

 

HIGH-THROUGHPUT CELLULAR MICROARRAYS 

 

During the early stages of the drug development pipeline, the metabolism of thousands of 

compounds is often evaluated as part of screening efforts and requisite follow-up studies. 

Accordingly, this process necessitates human liver platforms that are high-throughput, provide 

actionable data quickly (within 24-48 hours), are relatively low cost, and can be miniaturized since 

the amount of novel compound is often rate-limiting. In this section, we discuss the utility of high-

throughput microplatforms for drug metabolism studies. Notably, these microwell or microarray-

based systems exhibit the dual advantage of supporting efforts aimed at investigating 

microenvironmental signals that stabilize and/or further mature hepatic functions, such as 

metabolic capacity, while also enabling high-throughput drug development studies.  

 

One entry point for the high-throughput examination of drug metabolism is through the use of 

acellular preparations of metabolic enzymes. For example, microsomes are vesicles formed from 
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the endoplasmic reticulum when cells are lysed; these microsomes contain phase I enzymes (e.g. 

cytochrome P450 or CYP450) that enable the determination of which phase I enzymes are 

involved in the metabolism of a particular drug candidate. More recent research has focused on 

creating miniaturized arrays of spotted enzymes in synthetic or natural hydrogels in order to 

increase the throughput of this approach (Lee et al., 2005). However, microsomes and related 

purified enzyme platforms lack the complete repertoire of drug metabolism enzymes and 

transporters required for the accurate prediction of drug metabolism and disposition across all drug 

classes. Accordingly, cell-based models are more appropriate for such applications, though cell 

sourcing and the method of culture are critical factors for evaluation.  

 

As a means to reduce cost compared to primary cell sources, cancerous and immortalized hepatic 

cell lines can be used. However, for physiologically-relevant metabolism, the use of primary 

human hepatocytes (PHHs) becomes important since cell lines display low levels of drug 

metabolism enzymes (Wilkening et al., 2003; Gerets et al., 2012). In a key example, a microchip 

platform was developed that incorporates the parallel transduction of 3-dimensional (3D) liver cell 

cultures with genes encoding drug metabolism enzymes (Kwon et al., 2014). The platform features 

532 distinct reaction vessels within a 75 mm by 25 mm footprint. Cells were suspended within a 

droplet of protein-rich Matrigel™ (~60 nL), which is then spotted onto a micropillar substrate. The 

micropillar was then placed into a corresponding microwell that contained recombinant 

adenoviruses. In this initial series of studies, THLE-2 human liver cells (immortalized via SV40 

large T antigen) were utilized, and through the adenoviral transduction of human drug metabolism 

genes, the effects of individual and combinations of enzymes (84 distinct combinations in this 

work) on cellular phenotypic responses were explored. In other similar efforts, a 3D Hep3B 
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(human hepatoma cell line) microarray was coupled with an adjacent microarray containing 

defined combinations of recombinant drug metabolism enzymes to perform a high-throughput 

examination of the metabolism-mediated effects of drugs on cells (Lee et al., 2014). Three-

dimensional microarrays of Hep3B cells have also been integrated with arrays of purified human 

CYP450 isoforms using an approach based on two complementary fabricated systems (DataChip 

and MetaChip), for studies investigating potential adverse drug reactions (Yu et al., 2018).  

 

In contrast to using cell lines, other studies have employed a microfabricated substrate that allowed 

the immobilization of rat hepatic spheroids (~100 µm) in microwells and the subsequent analysis 

of CYP450 activities following drug treatment (Fukuda and Nakazawa, 2011). In this platform, it 

was further demonstrated that a row of microwells could be partitioned with a microchannel for 

the simultaneous detection of the activities of different CYP450 enzymes. In general, microwell-

based platforms can provide the capability of generating 3D aggregates of controlled size, and the 

effects of 3D culture on hepatocytic functions are discussed in more detail below. Building on 

recent studies utilizing microwell arrays to generate aggregates of rat hepatocyte or human 

hepatoma cell lines (Lee et al., 2016; Lee et al., 2017), current efforts in the field are aimed towards 

the integration of primary human hepatic cell types. 

 

Another method for the high-throughput investigation of the effects of microenvironmental signals 

on cells is the fabrication of cellular microarrays, in which cells are seeded onto printed spots of 

materials or biomolecules (Fig. 1A). In these platforms, the printed spots commonly include 

adhesive components to promote localized cell adhesion, in addition to combinations of other 

factors to stimulate or measure cellular processes (Flaim et al., 2005; Soen et al., 2006; Brafman 
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et al., 2009a; Brafman et al., 2009b; LaBarge et al., 2009). Microarrays of extracellular matrix 

(ECM) proteins have been utilized extensively for cell fate and functional studies, and in the liver 

field, have revealed notable effects of distinct ECM protein combinations on hepatic functions. In 

particular, a number of initial studies focused on the influence of ECM protein combinations on 

the early differentiation of embryonic stem (ES) cells and the adhesion and survival of primary rat 

hepatocytes, while highlighting unexpected synergistic or antagonistic effects of ECM 

components revealed by these high-throughput experimental designs (Flaim et al., 2005; Flaim et 

al., 2008). These experiments, as well as many other studies in both 2D and 3D contexts (Bhatia 

et al., 2014), suggest that ECM can influence hepatocyte functions. In more recent studies, an ECM 

microarray approach was utilized to demonstrate that ECM composition regulates the adhesion 

and differentiation of liver progenitor cells towards the hepatocytic and biliary epithelial cell fates 

(Kaylan et al., 2016). Furthermore, cell microarrays can be fabricated on substrates exhibiting a 

range of stiffness (i.e. elastic modulus). Such platforms can be used to examine the potential 

cooperative effects of substrate stiffness, ECM protein composition, cell-cell contact, and soluble 

factors, and can further support traction force microscopy-based analysis of cell traction stresses 

within the context of distinct microenvironments (Kourouklis et al., 2016). Overall, these high-

throughput microarray/microwell approaches can enable the design of experiments aimed at 

determining combinatorial effects that are difficult to predict or evaluate in standard culture 

settings. As microarray/microwell platforms are adapted to primary human liver cells, we 

anticipate that findings from these systems will be critical for the continual improvement of lower 

throughout culture platforms (as discussed in subsequent sections) towards sustaining 

physiologically relevant functions in multiple liver cell types for several weeks to months in vitro. 
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MICROPATTERNED CO-CULTURES 

 

Heterotypic contact/interactions with both liver- and non-liver-derived non-parenchymal cells 

(NPCs) can induce functions in hepatocytes from animals and humans in vitro (Guillouzo, 1998; 

Bhatia et al., 1999); such an effect likely mimics the physiology of the native liver, which 

contains 3 different liver NPCs known to affect hepatic functions in physiological and disease 

states, namely liver sinusoidal endothelial cells (LSECs), hepatic stellate cells (HSCs), and 

Kupffer cells/macrophages (KCs). However, randomly distributed liver co-cultures typically 

show unstable and lower liver functions due to sub-optimal homotypic and heterotypic cell-cell 

interactions (Khetani and Bhatia, 2008); indeed, such interactions are critical in the native liver. 

In contrast, micropatterned co-cultures (MPCCs) of hepatocytes and NPCs, created using 

semiconductor-based lithographic techniques, allow optimization of cell-cell interactions to 

enhance and stabilize liver functions for 4+ weeks (Fig. 1B) (Khetani and Bhatia, 2008). MPCCs 

have been utilized with primary rat hepatocytes (Ukairo et al., 2013), primary mouse hepatocytes 

(manuscript in preparation), PHHs (Lin et al., 2016), primary monkey (cynomolgus) hepatocytes, 

and primary dog (beagle) hepatocytes (Ballard et al., 2016). In contrast to liver-derived NPCs, 

3T3-J2 murine embryonic fibroblasts can stabilize functions of all the above-mentioned 

hepatocyte cell sources, presumably due to the secretion of molecules, such as T-cadherin 

(Khetani et al., 2008) and decorin (Khetani et al., 2004), that mimic common elements of liver 

physiology across multiple species.  

 

Human MPCCs miniaturized into industry-standard 24-, 96-, and 384-well plates have shown 

robust utility for drug clearance predictions (Chan et al., 2013; Lin et al., 2016; Kratochwil et al., 
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2017), drug-drug interactions (Khetani and Bhatia, 2008; Dixit et al., 2016; Lin et al., 2016; 

Moore et al., 2016), drug metabolite profiling (Wang et al., 2010; Ramsden et al., 2014b; Ballard 

et al., 2016), drug-transporter interactions (Ramsden et al., 2014a; Moore et al., 2016), drug-

induced liver injury prediction (Khetani et al., 2013; Trask et al., 2014), gluconeogenesis 

inhibition (for type 2 diabetes mellitus therapies) (Davidson et al., 2015a), and infection with 

hepatitis B/C viruses (Ploss et al., 2010; Shlomai et al., 2014) and malaria (March et al., 2013; 

Ng et al., 2013; Gural et al., 2018). Within the context of drug metabolism, when MPCCs, 

created using 3 PHH (pooled) donors, were incubated for up to 7 days without a medium change 

with 27 compounds, they generated 82% of the excretory major metabolites that exceed 10% of 

dose and 75% of the circulating metabolites that exceed 10% of total circulating drug-related 

material (Wang et al., 2010); such results exceeded the performance of PHH suspensions and 

microsomes (<50% metabolite generation). Phase 1 and phase 2 metabolites were generated in 

MPCCs, as well as metabolites that arise via two or more sequential reactions (secondary 

metabolites). In a follow-up study, MPCCs created using primary human, monkey, dog, or rat 

hepatocytes were used to study the metabolism of drugs that are known to produce human-

specific metabolites (Ballard et al., 2016). The metabolite profiles of the compounds in PHH-

MPCCs effectively captured the qualitative in vivo metabolite profile, and metabolites unique to 

humans were not detected in MPCCs created using the animal species (typically dog and rat). 

These results showed the utility of multi-species MPCCs for the assessment of preclinical 

species metabolism, which is a critical consideration prior to further investment in specific in 

vivo animal models and related studies.  
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Since PHH metabolism is the rate-limiting step in the overall clearance of approximately 70% of 

drugs on the market, the accurate prediction of human hepatic clearance is crucial during 

preclinical development towards guiding clinical drug dose selection. Suspension PHH cultures 

from single cryopreserved vials do not allow drug incubations beyond ~4-6 hours due to a rapid 

loss in cell viability, while adherent PHH monocultures display a rapid decline in CYP450 

enzyme activities to <10% of those measured in fresh PHHs. The use of multiple thaws of PHH 

vials to create a ‘relay’ of drug incubations from one set of declining PHH cultures onto newly 

prepared cultures can extend the drug incubation time in both suspensions (Di et al., 2013) and 

adherent cultures (Peng et al., 2016); however, PHHs typically do not polarize adequately with a 

stable localization of apical and basolateral transporters, which limits the prediction of clearance 

of drugs that, in addition to being metabolized by phase I and/or II enzymes, are also substrates 

for transporters. Additionally, relays are technically and logistically challenging to execute in a 

rapid drug screening campaign. Thus, the above-mentioned PHH culture models are severely 

restricted for accurately and rapidly predicting clearance rates of compounds of a wide range of 

in vivo turnover rates, especially low turnover compounds that are being developed for desirable 

one-pill-a-day dosing regimens.  

 

In contrast to the limitations of the above-mentioned platforms for drug clearance prediction, 

MPCCs created using cryopreserved PHHs display high levels of CYP450 and phase-II 

conjugation activities for ~4 weeks (Lin et al., 2016). Additionally, several basolateral and 

canalicular drug transporters, such as multidrug resistance-associated protein (MRP2), organic 

anion transporting polypeptide 1B1 (OATP1B1), and sodium/taurocholate cotransporting 

polypeptide (NTCP) exhibit active substrate transport within MPCCs, at levels significantly 
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higher than standard hepatocyte monocultures (Khetani and Bhatia, 2008; Ukairo et al., 2013; 

Ramsden et al., 2014a; Moore et al., 2016). Such enzyme and transporter activities coupled with 

the ability to incubate with drugs for up to 7 days without a culture medium exchange allowed 

for a better overall prediction of drug clearance rates for high, medium and low turnover 

compounds than suspension cultures (Chan et al., 2013). Additionally, the long-term drug 

incubation capability of MPCCs allowed for the formation of major hydroxylated metabolites of 

hepatitis C virus drug, faldaprevir; the extent of metabolite formation was comparable to what 

was observed in vivo. On the other hand, glucuronidation of faldaprevir was a minor pathway of 

metabolism (Ramsden et al., 2014a). Further studies with MPCCs demonstrated that faldaprevir 

interacts with multiple uptake transporters, such as OATP1B1 and Na(+)-dependent transporters, 

to become concentrated in the liver; thus, metabolism and transport in the hepatocyte interact to 

the determine the overall clearance of this drug.  

 

The pioneering results above have been confirmed in several follow-up studies by academic and 

industrial groups. For instance, PHH-MPCCs predicted 77%, 92% and 96% of drug clearance 

values for all 26 tested drugs within 2-fold, 3-fold, and 4-fold of in vivo values (0.05-19.5 

mL/min/kg in vivo clearance rates reported in the literature), respectively (Lin et al., 2016). 

There was a good correlation (R2=0.94, slope=1.05) of predictions between two PHH donors. 

Furthermore, induction and inhibition of CYP3A4 and inhibition of CYP2D6 by perpetrator 

drugs in MPCCs for up to a 7-day incubation led to changes in the predicted clearance of victim 

drugs that were highly correlated with clinical outcomes. Another study showed that the 

determination of intrinsic clearance by nonlinear mixed-effects modeling in PHH-MPCCs 

significantly increased the confidence in the estimation of in vitro pharmacokinetic (PK) 
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parameters and extended the sensitive range towards 3% of liver blood flow (>10-fold lower than 

suspension PHHs) (Kratochwil et al., 2017). Additionally, the presence of more albumin 

molecules per hepatocyte (physiologic) in PHH-MPCCs relative to PHH suspensions and 

monocultures can potentially facilitate the hepatic uptake of several bound drugs because their 

intrinsic clearance was increased instead of being decreased by the albumin binding effect (Da-

Silva et al., 2018). The in vitro-to-in vivo extrapolation (IVIVE) method based on the unbound 

fraction in plasma (fup) value adjusted for the albumin-facilitated uptake gave the lowest 

prediction bias from the statistical analyses. Overall, PHH-MPCCs combined with the adjusted 

value of fup were found to be the most reliable IVIVE method relative to PHH suspension and 

monocultures. 

 

The activities of multiple uptake transporters were characterized in MPCCs and PHH 

monocultures using the same cryopreserved PHH donors (Moore et al., 2016). The higher 

activities of uptake transporters in MPCCs relative to the monocultures led to significantly 

higher intracellular concentrations of rifampicin and bosentan, substrates for uptake transporters, 

in MPCCs. The higher intracellular drug concentrations paralleled lower CYP3A4 EC50 values 

(mRNA and activity) in MPCCs as compared to monocultures. Importantly, the EC50 values 

determined from MPCC experiments correlated better with clinical findings. On the other hand, 

the EC50 values for carbamazepine and phenytoin - not known to be substrates for uptake 

transporters - were similar across the two culture platforms. These datasets suggest that MPCCs 

are useful for the quantitative prediction of DDIs when there is an interplay of uptake transport 

activity and nuclear receptor-mediated induction of drug metabolism enzymes.   
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The MPCC platform has similarly been applied towards the investigation of induced pluripotent 

stem cell-derived human hepatocyte-like (iHep) cell function and maturation (Berger et al., 

2015). In general, the incorporation of iHep cells can specifically enable studies aimed at 

determining hepatocellular responses to drug across distinct genetic backgrounds (Davidson et 

al., 2015b). In a series of experiments using this model, it was demonstrated that MPCCs 

containing iHep cells exhibited increased levels of adult-like hepatic functions and a reduction in 

fetal-like markers (e.g. alpha fetoprotein) as compared to iHep cell monocultures over 4 weeks. 

(Berger et al., 2015). Furthermore, the activities of CYP1A2, CYP2C9, and CYP3A4 enzymes 

were inducible via prototypical drugs (e.g. omeprazole for CYP1A2, and rifampin and 

phenobarbital for CYP2C9 and CYP3A4) in iHep-MPCCs thus suggesting functionality of 

nuclear receptors such as aryl hydrocarbon receptor (AhR) and pregnane X receptor (PXR); 

however, drug-mediated induction of CYP2B6 via constitutive androstane receptor (CAR) is 

pending evaluation in this model.  

 

The integration of liver non-parenchymal cells into micropatterned systems has also been 

explored. In particular, PHH-MPCCs have been augmented with primary human KCs (Nguyen et 

al., 2015), primary human HSCs (Davidson et al., 2017), or primary human LSECs (Ware et al., 

2018) to study how interactions with PHHs affect drug responses. For the studies incorporating 

liver KCs, it has been shown that KC stimulation with the bacterial-derived endotoxin, 

lipopolysaccharide (LPS) can induce the downregulation of CYP450 activity in co-cultured 

PHHs in a cytokine-mediated manner (Nguyen et al., 2015). This alteration in CYP450 activity 

profile can influence drug metabolism and toxicity responses. Furthermore, the inclusion of 

activated (myofibroblastic) HSCs caused a downregulation of CYP2A6 and CYP3A4 enzymes 

This article has not been copyedited and formatted. The final version may differ from this version.
DMD Fast Forward. Published on August 22, 2018 as DOI: 10.1124/dmd.118.083295

 at A
SPE

T
 Journals on M

ay 17, 2023
dm

d.aspetjournals.org
D

ow
nloaded from

 

http://dmd.aspetjournals.org/


	 	 DMD	#	83295	
	

	
	
 

15	

and canalicular transporter activities (Davidson et al., 2017), which can have deleterious 

implications for drug metabolism and disposition in patients suffering from liver fibrosis. The 

MPCC platform is being further developed towards the inclusion of all the liver NPCs into a 

single configuration, which should aid in the determination of how the crosstalk between liver 

cell types affects drug outcomes in health and disease. Overall, precisely controlling cell-cell 

interactions between hepatocytes and between hepatocytes and NPCs has proven to be highly 

useful for stabilizing liver functions for several weeks in vitro; indeed, such control over cell-cell 

interactions is now being exercised in other culture configurations as we detail in subsequent 

sections. 

 

THREE-DIMENSIONAL LIVER SPHEROIDS 

 

Another culture format demonstrated to stabilize hepatocyte functions in vitro is 3D spheroid 

culture. Within this culture configuration, hepatocyte cell-cell interactions are highly prominent 

together with cell-secreted ECM proteins that accumulate within and outside the spheroidal 

aggregates (Godoy et al., 2013). Hepatocyte functions can be further modulated through the 

introduction of NPCs and the establishment of 3D co-cultures. The simplest approach for 

generating hepatocellular spheroids is the plating of cells onto non-treated (i.e. less adhesive) 

polystyrene plates or those coated with polymers that resist protein adsorption and cell adhesion, 

which subsequently leads to the spontaneous formation of 3D cell aggregates (Acikgoz et al., 

2013; Bell et al., 2016). Such spheroidal aggregates have been shown to display high viability 

and some functions  (Fig. 1C) (Bell et al., 2016). However, in standard non-adhesive plates, it is 

difficult to maintain uniform spheroid size, and clusters of spheroids can merge to form larger 
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aggregates that exhibit limitations in nutrient and oxygen diffusion leading to heterogeneous 

decreases in viability.  

 

To address the limitations correlated with spheroid size variability, specialized culture substrates 

and hydrogel scaffolds have been employed towards directing the assembly of spatially separated 

controlled-size spheroids that can then be used in various drug treatment or other assays. For 

example, a platform for the reproducible generation of hanging liquid drops has been developed, 

which can be utilized to facilitate the assembly of spheroids of defined diameters (Messner et al., 

2013), including the generation of hepatocyte-endothelial-KC spheroids that maintain cellular 

viability and the secretion of albumin for approximately 1 month in this culture format.  In other 

studies, a nanopillar plate-based method was used to create iHep or HepG2 spheroids (Takayama 

et al., 2013). However, despite the effective cellular aggregation, iHep spheroids showed reduced 

sensitivity in drug responses as compared to conventional monocultures of primary hepatocytes, 

suggesting that additional iHep maturation is likely required in this culture platform. Lastly, 

microwells can now be seamlessly created inside the wells of standard tissue culture plates using 

a non-adhesive hydrogel such as polyethylene glycol (PEG) and a stamp around which the 

hydrogel polymerizes. Seeding cells (one or more cell types) into these microwells allows the 

spontaneous generation of spheroids that can be retained in the microwells over time (Song et al., 

2015).  

 

Spheroidal culture systems have been explored as potential platforms to examine the genetic and 

other possible predisposing factors that cause inter-patient variability in drug metabolism and 

toxicity. For example, donor-specific characteristics have been demonstrated to be retained in 
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long-term serum-free PHH spheroids (Bell et al., 2016). In particular, cellular processes 

including both endogenous and xenobiotic metabolism, which can vary between donors, have 

been shown to be maintained in 3D spheroid cultures (Vorrink et al., 2017). Broadly, CYP450 

enzyme activity, as well as the expression of proteins involved in drug absorption and excretion, 

were found to be significantly higher in 3D spheroid culture as compared to 2D monocultures 

(Bell et al., 2018).  

 

The spheroid culture systems described above do not incorporate any exogenous matrix proteins 

and rely only on cell-secreted ECM. Although the importance of cell-secreted ECM should not 

be undervalued, such systems do not allow for the controlled modulation of the insoluble 

microenvironment around the cells. In order to better manipulate the biochemical and 

biomechanical microenvironment of cells within 3D spheroid cultures, various biomaterials have 

been employed to generate an engineered polymer matrix for cell encapsulation (Godoy et al., 

2013). These include both naturally-derived (e.g. alginate, chitosan) and synthetic (e.g. PEG) 

biomaterials. In particular, biocompatible PEG hydrogels can provide substantial control of 

mechanical properties through the optimization of chain length and polymer weight percentage 

factors (Lutolf and Hubbell, 2005). Further, these hydrogel networks can facilitate the controlled 

modulation of biochemical properties based on the incorporation of biological moieties including 

cell adhesion peptides and growth factors. Accordingly, a number of studies have utilized 

hydrogel scaffolds for generating hepatocellular culture models. For instance, the co-cultivation 

of PHHs, 3T3-J2s, and LSECs (immortalized line) in PEG hydrogels modified with cell adhesion 

ligands (i.e. arginylglycylaspartic acid or RGD) has been demonstrated to support relatively 

stable hepatic functions for 8+ days in vitro (Chen et al., 2011). In other work using a naturally-
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derived material, iHep cells were encapsulated in galactosylated cellulose sponges, and this 

approach was demonstrated to promote the formation and stability of cellular spheroids (Tasnim 

et al., 2016). In another study, a mechanically tunable biomaterial overlay containing 

polyelectrolyte multilayers of chitosan and hyaluronic acid (HA) was utilized as a space of Disse 

mimic to separate rat hepatocytes from a co-culture of LSECs and KCs (Larkin et al., 2013). 

Higher albumin secretion and CYP1A activity were detected in the hepatocytes when the 

biomaterial was tuned to the stiffness of the liver in this platform.  

 

More recently, microfluidic droplet generators have been used to very rapidly create ECM 

microgels containing cells towards using fewer cells and increasing the throughput for 

downstream screening as compared to macroscale bulk gels (Li et al., 2014; Brett et al., 2016). 

These droplet generators typically use fluorocarbon oil with surfactant to create aqueous 

emulsions containing unpolymerized ECM mixed with cells. The polymerization strategy of the 

aqueous emulsions is then dependent on the chemistry being utilized. For application in liver, 

PEG/RGD-based microgels have been created containing PHHs and 3T3-J2 fibroblasts (Li et al., 

2014). Albumin secretion was higher if the two cell types were first organized in MPCCs into 

circular colonies of empirically optimized dimensions, the colonies were released using 

collagenase, and then these colonies were incorporated into the microgels using the microfluidic 

droplet generator. Microfluidic droplet generators can also be used to encapsulate cells in natural 

ECM such as a collagen (Brett et al., 2016). The use of natural ECM (as opposed to synthetic 

PEG) can allow the cells to interact with in vivo-like biochemical and biomechanical cues. We 

anticipate that the use of such technologies for creating precisely engineered human liver 

cultures/co-cultures will continue to grow in the coming years.  
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One potential limitation of approaches based on randomly distributed cell spheroids is the 

inherent difficulty in defining the spatial arrangement of distinct cell types. In contrast, 3D 

bioprinting methods can enable the positioning of different cell populations in spheroids to more 

closely mimic liver lobule architecture; bioprinting also has the advantage of creating varying 

architectures on-demand as opposed to expensive photomasks required for lithographic 

techniques discussed above. For example, a bioprinted human liver spheroid (centimeter scale) 

has been developed that contains a PHH compartment printed adjacent to an NPC (HSCs and 

endothelial cells) compartment; the printed tissue is then placed on the membrane of a porous 

transwell within a 24-well plate format (Fig. 1D) (Norona et al., 2016). These bioprinted 

spheroids displayed secretion of albumin, basal CYP3A4 activity, and rifampicin-induced 

CYP3A4 activity for up to 28 days in culture. Using a similar strategy, a 3D bioprinting system 

has been used to assemble HepG2 spheroids in alginate, which demonstrated improved growth 

and expression of liver-specific genes relative to 2D monolayers (Jeon et al., 2017). In addition, 

a 3D bioprinting-based approach has been utilized to create hexagonal spheroids containing 

iHeps, endothelia, and stem cells derived from adipose tissue embedded in a hydrogel matrix 

(Ma et al., 2016). Hepatic-specific gene expression and functions, including the activity and 

drug-mediated inducibility of CYP450 enzymes, were detected at significantly higher levels as 

compared to iHep-only spheroids or 2D monocultures for approximately 32 days. In spite of the 

ability to precisely control the architecture of tissues, 3D bioprinting is currently a low-

throughput technique and requires a larger number of cells than other methods (e.g. microfluidic 

droplet generators). However, we anticipate that these limitations will likely be overcome with 

rapid technological advances in this space, which will provide an unprecedented ability to create 

3D culture models on-demand for academic and industrial investigations alike. 
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PERFUSED LIVER DEVICES 

 

Perfusion systems have been explored in order to facilitate automated control of culture 

conditions including culture medium pH, temperature, nutrient supply, waste removal, as well as 

fluid pressures and shear stress. In one platform, termed the ‘LiverChip’, hepatocyte aggregates 

within collagen-coated microchannels (fabricated using silicon or polycarbonate with a multiwell 

footprint) were perfused using an optimized range of flow rates that provided sufficient nutrient 

and oxygen transport while minimizing shear stress exposure (Fig. 2A) (Powers et al., 2002; 

Domansky et al., 2010). The hepatocyte aggregates maintained functions under perfusion that 

were an order of magnitude increased relative to static controls. In addition, PHH-KC aggregates 

in the LiverChip responded appropriately to LPS stimulation by increasing the secretion of 11 

different pro-inflammatory cytokines (e.g.  IL-6, TNFa, RANTES) (Sarkar et al., 2015; 

Tsamandouras et al., 2017). Stimulation of PHH-KC aggregates with IL-6 resulted in a dose-

dependent decrease in hepatocyte CYP3A4 activity (Long et al., 2016), similar to observed 

decreases in vivo. Lastly, in subsequent studies, it was demonstrated that PHH-KC aggregates 

produced major phase I and II metabolites of diclofenac similar to those previously observed in 

humans (Sarkar et al., 2017).  

 

Polydimethylsiloxane (PDMS)-based microfluidic devices have also been utilized to generate 

perfused liver cultures/co-cultures for drug development applications. PDMS offers the ability to 

rapidly prototype different device designs, biocompatibility with cell culture, and transparency 

(optical clarity) for light microscopy. For instance, one early design was based on the 

development of an 8 x 8 element non-addressable (i.e. not individually accessible) array of 
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microfluidic wells containing micropatterned rat hepatocytes surrounded by 3T3-J2 fibroblasts 

(Kane et al., 2006). These co-cultures were perfused independently with both culture medium 

and oxygen. Notably, based on the utilization of microfluidic systems it has been observed that 

perfused hepatocyte-endothelial co-cultures exhibit a greater rate of production of drug 

metabolites relative to static controls (Novik et al., 2010). In addition, increased albumin and 

urea secretions have been measured in perfused co-cultures of PHHs and a mixture of liver non-

parenchymal cells (KCs, HSCs, and fibroblasts) as compared to static conditions (Esch et al., 

2015). In other similar work, human liver co-cultures were generated in a single chamber using a 

commercially available microfluidic device (Vernetti et al., 2016; Lee-Montiel et al., 2017). 

Specifically, PHHs were seeded and allowed to adhere overnight. This was followed by the 

seeding of a mixture of monocytes and endothelial cells directly on top of the adherent PHHs, 

and then this co-culture was overlaid with immortalized HSCs encapsulated within a collagen gel 

(Vernetti et al., 2016) or subsequently within a hydrogel composed of porcine-derived whole 

liver extracellular matrix or P-LECM (Lee-Montiel et al., 2017). In this platform, CYP2C9, 

CYP3A4, and glucuronidation activities were detected via the use of prototypical substrates and 

metabolites. Despite its advantages for cell culture noted above, PDMS is a porous and 

hydrophobic material which can absorb lipophilic drugs. While this issue can be mitigated to 

some extent by pre-soaking the PDMS devices with albumin and/or serum, alternative materials, 

such as micromachined plastics and glass, are beginning to be used for creating microfluidic 

devices that use minimal PDMS and/or entirely eliminate it altogether (Lenguito et al., 2017; Li 

et al., 2018). 
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Building on the previous efforts discussed above, the most recent microfluidic strategies have 

explored the incorporation of multiple chambers as a means to mimic the sinusoidal architecture 

present within the liver. For example, in one device configuration, a polyethylene terephthalate 

(PET) membrane was used to separate adjacent cell culture chambers (Prodanov et al., 2016). 

PHHs were cultured in the bottom chamber together with an overlaid collagen gel containing 

immortalized HSCs. A mixture of monocytes and immortalized endothelial cells was added to 

the top chamber. In another device, primary human LSECs and THP-1 cell line-derived 

macrophages were layered on one side of a porous PET membrane, while PHHs and an HSC line 

(LX-2) were layered on the other side of the membrane (Li et al., 2018). The cell-seeded 

membrane was then sandwiched between two glass layers using polymer gaskets. Both sides of 

the membrane could be independently perfused with tunable flow rates and ensuing shear 

stresses. Lastly, in a cone-and-plate viscometer configuration, PHHs were cultured within a 

collagen-based gel on a polycarbonate transwell membrane, while a co-culture of HSCs and 

macrophages was cultured on the other surface of the membrane (Feaver et al., 2016). The 

HSC+macrophage co-culture was subjected to liver-like hemodynamic flow via the viscometer. 

One key advantage of mimicking the sinusoidal (layered) architecture of the liver is the ability to 

introduce immune cells (e.g. leukocytes) in the endothelial compartment and let them migrate 

into the hepatic compartment towards modeling inflammation and the ensuing effects on hepatic 

functions, including drug metabolism capacities. However, the throughput of such layered 

designs for drug screening with dual microfluidic streams is significantly reduced as compared to 

non-layered static configurations. 
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Perfusion culture configurations can additionally provide a strategy for introducing 

physiologically-relevant gradients of oxygen, hormones, and nutrients. Notably, such gradients 

have been demonstrated to play important roles in the induction of differential functions 

(including distinct CYP450 activities) of hepatocytes along the length of the sinusoid, a 

phenomenon termed zonation (Jungermann and Kietzmann, 1996; Kietzmann, 2017). In the 

initial demonstration of this type of platform, a parallel plate bioreactor with resulting oxygen 

gradients was utilized to induce a zonated pattern of CYP450s in rat hepatocyte cultures (Allen 

and Bhatia, 2003) and hepatocyte/fibroblast co-cultures (Fig. 2B) (Allen et al., 2005). 

Subsequently, using an alternative strategy based on variable culture medium perfusion rates in 

separate devices, human hepatocyte/non-parenchymal co-cultures were subjected to 

characteristic zone 1 oxygen (10-12%) or zone 3 oxygen (3-5%) levels (Fig. 2C), and 

hepatocellular functions were analyzed (Lee-Montiel et al., 2017). Zone 1 co-cultures exhibited 

elevated oxidative phosphorylation, albumin secretion, and urea secretion compared to zone 3 

co-cultures. In contrast, co-cultures in zone 3 demonstrated relative increases in CYP2E1 

activity, glycolysis, alpha-1-antitrypsin activity, and steatosis. Taken together, these functional 

profiles recapitulate aspects of hepatic zonation as observed in rodent studies in vivo.   

 

In addition to oxygen gradients, parallel efforts in the field have explored the integration of 

gradients of other soluble factors, such as physiologic hormones or drugs. For example, rat 

hepatocyte monolayer cultures have been subjected to a microfluidic device gradient of 3-

methylcholanthrene (3-MC), which is an inducer of CYP450 enzymes and glutathione S-

transferase (McCarty et al., 2016). In this device, increased hepatotoxicity in response to allyl 

alcohol was observed in the low 3-MC region, while elevated hepatotoxicity of acetaminophen 
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was observed in the high 3-MC region. A more recent configuration of this device uses a fluidic 

dilution ‘tree’ design to subject primary rat hepatocytes or PHHs in spatially separated chambers 

(with an ability to sample supernatants from each chamber) to different concentrations of 

hormones and drugs towards creating liver-like gradually changing metabolic zones (Kang et al., 

2018) (Fig. 2D); indeed, subjecting the cells to 3-MC led to a dose-dependent and expected 

increase in CYP1A activity. Overall, we anticipate that the next generation microfluidic devices 

will combine fluid flow on an LSEC+KC layer while protecting PHHs and HSCs from shear 

stress and subjected to gradients of oxygen, hormones, and drugs towards fully recapitulating the 

sinusoid-on-a-chip in a parallel multi-chamber design to improve throughput relative to existing 

low-throughput microfluidic platforms. 

 

FUTURE DIRECTIONS AND CONCLUSIONS 

 

Advances in protein micropatterning (Khetani and Bhatia, 2008), microfluidic chips (Sivaraman 

et al., 2005; Vernetti et al., 2016), specialized plates for creating spheroids (Messner et al., 2013; 

Miyamoto et al., 2015), biomaterials scaffolds (Liu Tsang et al., 2007), and 3D bioprinting 

(Norona et al., 2016) have broadly enabled more precise control of in vitro cell 

microenvironments, which in turn have led to culture strategies that support stabilized hepatocyte 

functions for several weeks (Table 1). This stability of hepatocellular functions has proven very 

useful for long-term treatment with drugs (7+ days), which can substantially improve the fidelity 

of drug metabolism outcome studies as compared to short-term (<24 hours) treatment of 

functionally declining hepatocyte monocultures or suspensions (Lin and Khetani, 2016). In 

particular, the most recent human liver models allow for the detection of a greater number of 
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clinically-relevant metabolites in vitro and prediction of the clearance of low turnover drugs (i.e. 

one-pill-a-day dosing regimen) with better IVIVE; such improvements are mediated by the 

higher (more physiologic) activities of drug metabolism enzymes/transporters and the ability to 

treat the cultures for a longer timeframe. Additionally, since hepatocytes become properly 

polarized with the formation of bile canaliculi in advanced human liver platforms, the uptake and 

efflux of drugs and their metabolites via major transporters can be determined along with 

interplay of drug transport with metabolism; indeed, investigation of such an interplay embodies 

an important utility of advanced human liver platforms. Furthermore, while short-term (<4 days) 

CYP450 induction and inhibition via drugs can be carried out using conventional PHH 

monocultures, the most recent human liver models provide the ability to evaluate long-term (>7 

days) CYP450 induction/inhibition and coupling of such outcomes with drug clearance, 

metabolite formation, and toxicity assessments, as occurs in the clinic.  

 

Most of the high-functioning liver models, both animal and human-derived, co-cultivate 

hepatocytes with NPCs. However, it is important to note that even non-liver-derived cell types 

(i.e. 3T3-J2 murine embryonic fibroblasts) can induce increased levels of characteristic markers 

and functions in hepatocytes from multiple species, including human, suggesting that the 

underlying molecular mediators are species-conserved (Bhatia et al., 1999). Interestingly, many 

of the culture platforms utilized in the field, and described here, do not fully recapitulate the in 

vivo liver architecture, but still act to induce robust levels of hepatocyte function and have 

broadly enabled the acquisition of reproducible datasets across many experiments. This 

observation is suggestive of the importance of microenvironmental signals, which may outweigh 

any requirement for mimicking the macro-architecture of the liver. Future studies will 
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undoubtedly explore potential strategies for scaling up liver cell systems, particularly in the 

context of implantable constructs for applications in regenerative medicine.  

 

Despite great and sustained progress in the development of long-term human liver platforms, 

pending issues need to be addressed. First, it is currently difficult to compare the performance of 

different model systems due to the use of different cell donors, end-points, data normalization 

schemes, and drug sets. Some studies by pharmaceutical companies are beginning to emerge that 

compare different engineered platforms using similar parameters (i.e. drugs, donors, end-points) 

(Kratochwil et al., 2017), but further work is needed in this area to determine the most optimal 

human liver platforms and clearly define key criteria for the building of next-generation devices. 

Such unbiased functional comparisons by the end-users will allow the selection of the most 

appropriate human liver platform in a specific part of the drug development pipeline. For 

instance, high-throughput multi-/microwell platforms may be best suited for the early stages of 

drug development (i.e. drug discovery and lead selection). On the other hand, more complex and 

physiologically-relevant, but low-throughput, platforms may be best utilized during lead 

optimization, to accurately determine parameters for drug testing in patients, and towards 

determining mechanisms of liver-drug interactions observed in human populations in clinical 

trials and/or the marketplace.  

 

Second, while some engineered liver platforms have been used to determine the effects of major 

liver diseases on drug metabolism capacities of hepatocytes (Davidson et al., 2017; Kostrzewski 

et al., 2017), further research is needed to more faithfully mimic the disease phenotypes over 

several weeks in vitro and determine the effects of the diseased phenotype on drug metabolism, 
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disposition, and toxicity. Such a direction will allow clear stratification of how specific patient 

populations will respond to drugs across the different phases of clinical trials. Third, while PHHs 

are ideal for drug metabolism studies, the number of donors available is limited, which does not 

allow the determination of how genotype affects drug metabolism outcomes as in the wider 

human population. Hepatocytes derived from iPSCs obtained from many human patients with 

distinct genetic backgrounds can mitigate the above-mentioned limitation with PHHs. However, 

two key issues with iPSC technology need to be addressed that include continued optimization of 

culture protocols to further mature the iHeps towards a PHH (adult) phenotype, and 

differentiation of iPSCs into liver NPCs to adequately model interaction of multiple liver cell 

types with the same donor background (Scott et al., 2013; Davidson et al., 2015b). High-

throughput culture platforms, such as the microarrays discussed here, could help in the progress 

towards these goals given the large space of microenvironmental signals, including 

combinatorial conditions, that will need to be examined. Finally, while many non-parenchymal 

cell types, including LSECs, HSCs, and KCs have been integrated into various liver co-culture 

systems, it remains unclear how to introduce biliary epithelial cells in a functional manner 

consistent with the role of bile canaliculi and bile ducts in the transport of factors such as drug 

metabolites. 

 

In conclusion, engineered human liver platforms with varying throughputs, technological 

complexities, and cell sources (e.g. cell lines and primary animal/human liver cells) are now 

available to the pharmaceutical industry to investigate drug metabolism/disposition (and toxicity) 

at different stages of drug development prior to human clinical trials. These tools are rapidly 

increasing in usage for ‘live’ drug development projects and we anticipate that their use will rise 
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dramatically with continued participation from the pharmaceutical industry and regulatory 

agencies in validating and adopting commercially available platforms. Further, parallel efforts 

will continue to exploit these advances in other industries, including the examination of liver 

cellular responses to exposures to industrial chemicals, as well as basic science studies focused 

on better understanding liver functions and diseases. Overall, we anticipate that the increased use 

of these optimized in vitro platforms should reduce the overall cost of drug development, reduce 

the reliance on in vivo animal studies, and accelerate the market availability of novel drugs. The 

ultimate beneficiaries of such advances will be patients, who will have faster access to novel 

treatment options, and will be subjected to fewer sub-optimal drugs with respect to their 

metabolism and toxicity in the body.  
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FOOTNOTES 

 

This work was funded by the National Institutes of Health [1R01DK115747-01]. 
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FIGURE LEGENDS 

 

Figure 1. Static medium platforms for liver cultures/co-cultures. (A) Cell microarray 

platform for the high-throughput investigation of hepatocellular differentiation and functions 

(Kaylan et al., 2016). Left to right: Schematic representation of a typical cell microarray 

experiment for studying differentiation processes. Biomolecules and extracellular matrix (ECM) 

proteins are spotted onto a dehydrated polyacrylamide hydrogel substrate using contact-based 

microprinting. After hydration and cell seeding, cells are adherent only on the arrayed protein 

domains, allowing for systematic analysis of the effects of the arrayed protein 

microenvironments on cellular responses. Single-cell quantification of staining-based readouts 

(e.g. immunofluorescence) can be obtained for each microenvironmental condition. (B) 

Micropatterned co-cultures (MPCCs) of primary human hepatocytes (PHHs) and 3T3-J2 murine 

embryonic fibroblasts (Khetani and Bhatia, 2008; Ware et al., 2015; Lin et al., 2016). Left to 

right: Relatively uniform PHH islands are stained with a mitochondrial dye in an industry-

standard 96-well plate (127.6 mm length x 85.1 mm width). Phase contrast image of an 

individual PHH island in MPCCs surrounded by 3T3-J2 fibroblasts is shown (scale bar=250 

µm). CYP3A4 activity, as assessed by the conversion of testosterone into 6b-OH-testosterone, 

and CYP2D6 activity, as assessed by the conversion of dextromethorphan into dextrorphan, are 

maintained for several weeks in MPCCs. (C) Self-assembled spheroids of PHHs created on a 

non-adhesive plate stained with either Haemotoxylin and Eosin (top image) or hepatocyte cell 

junction marker, E-cadherin (bottom image, red=E-cadherin, blue=nuclear counterstain) (Bell et 

al., 2016). Images from day 35 of culture are shown but spheroids formed after 5-7 days in 

culture. All scale bars are 100 µm. (D) Liver co-culture spheroids/organoids created using 3D 
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bioprinting (Nguyen et al., 2016; Norona et al., 2016). Left to right: Schematic depicting the 

placement of the 3D bioprinted tissue (created using the proprietary process and instrumentation 

developed by Organovo, Inc.) within a transwell insert in a standard 24-well plate format. Image 

above the schematic is a low magnification view of a single bioprinted liver co-culture 

spheroid/organoid containing PHHs, HSCs, and endothelial cells (diameter = 2.5 mm; thickness 

= 0.5 mm). Comparison of Haemotoxylin and Eosin stained bioprinted hepatic spheroid and 

native human liver. CYP3A4 activity, as assessed by the conversion of midazolam to 4-

hydroxymidazolam, is detected in the bioprinted liver co-cultures over 28 days. Additionally, 

CYP3A4 activity is induced up to 4-fold via treatment of the cultures with 10 µm rifampicin for 

3 days prior to the enzyme activity measurement.  

 

Figure 2. Perfused medium platforms for liver cultures/co-cultures. (A) Perfused spheroidal 

liver co-cultures (Long et al., 2016). Left to right: A plate with 6 cell culture chambers is 

connected to a pneumatic plate to enable independent perfusion across each chamber. The 

schematic shown is that of a single perfused chamber with its own pump and polycarbonate filter 

in which the cell spheroids attach to the walls of the filter’s pores. Fluorescent image illustrating 

the morphology of PHH spheroids (day 7) adhered to the pores of a filter within a single fluidic 

chamber (green=f-actin, blue=nuclei, scale bar=100 µm). (B) Parallel-plate bioreactor for 

subjecting liver cultures/co-cultures to oxygen concentration gradients towards inducing zonated 

hepatic functions (Allen and Bhatia, 2003; Allen et al., 2005). Top to bottom: Design schematic 

for the bioreactor. A 2D plot of computationally-predicted oxygen concentrations the cell 

monolayer is subjected to across the cross-sectional length of the bioreactor. The oxygen 

concentrations are high at the bioreactor inlet as compared to the outlet due to the cell-mediated 
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depletion of the oxygen as medium flow from left to right in the bioreactor. The reducing oxygen 

concentrations from the bioreactor inlet to the outlet lead to higher CYP2B protein expression in 

the cells as measured by Western blotting; this finding is consistent with known zonated 

outcomes in the liver. (C) Layered liver co-cultures housed in a commercially available 

microfluidic device (top drawing) (Vernetti et al., 2016; Lee-Montiel et al., 2017). Schematic 

(bottom) depicts the layering of the cells and materials, while the fluorescent image (right) 

represents an X-Z projection created from stacked images acquired using a confocal microscope. 

Hepatocytes were labeled with a cytochrome c-biosensor; the liver extracellular matrix (LECM) 

was labeled with a rhodamine-labeled fibronectin; endothelial cells were labeled with an 

antibody against CD31 (image scale bar=10 µm). (D) Microfluidic device with fluidic dilution 

‘tree’ to subject hepatocyte cultures in separated chambers to soluble factor gradients (left: 

simulation of a gradient, right: food dye gradient in the actual device) (Kang et al., 2018). 
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Table 1. Benefits, limitations, and validated utility of engineered primary human liver 

platforms for drug metabolism studies. 

Model Benefits Potential Limitations Drug Metabolism Applications  
(Primary Human Liver Cells) 

Cellular Microarrays - Can be used to evaluate the 
metabolism of many drugs 
simultaneously in a small footprint 
- Low novel drug/chemical usage 
- Dual advantage with the ability to 
evaluate the effects of combinatorial 
biochemical and biophysical signals 
on enhancement of liver cell functions.  

- Primarily dependent on imaging-
based readouts when using cells 
- Current array configurations are 
limited in their ability to interrogate 
responses of adhered cells to 
molecular gradients 
 

- These arrays have so far been 
adapted with cancerous hepatic cell 
lines and application to primary liver 
cells is pending (Lee et al., 2005; Lee 
et al., 2008; Yu et al., 2018) 

Conventional co-
cultures (random 
distribution) 

No specialized systems/equipment is 
needed to create randomly distributed 
co-cultures in standard multiwell 
culture plates 
 

- Function of hepatocytes is highly 
dependent on the choice of the non-
parenchymal support cell type 
- Part of the randomly distributed co-
cultures can display morphological 
and functional instability due to sub-
optimal (random) cell-cell 
contact/interactions 
- Typically, have lower activities of 
some drug metabolism enzymes than 
micropatterned co-cultures 

- Measured activities of NAT2, 
UGT1A1, SULT, AKR, AO, FMO, 
CYP1A2, CYP2B6, CYP2C9, CYP2D6, 
CYP3A4 after 8 days of culture 
(Kratochwil et al., 2017) 
- Measured activities of CYP2D6 and 
CYP3A4 for 14 days (Novik et al., 
2017) 
 

Micropatterned co-
cultures (MPCCs) 

- Controlled homotypic hepatocyte 
interactions on micropatterned protein 
domains allow for proper cell polarity 
and higher/stable liver functions in co-
culture with fibroblasts for 4-6 weeks 
- Available in industry standard multi-
well formats (up to 384-well plates) 
- Diverse types of liver non-
parenchymal cells can be cultured in 
MPCCs without significantly affecting 
the homotypic interactions and polarity 
of hepatocytes on the micropatterned 
colonies 

- Specialized masks created using 
lithographic techniques are needed to 
pattern extracellular matrix proteins 
(e.g. collagen) to enable subsequent 
clustering of the hepatocytes 
- A single configuration containing all 
major liver cell types is currently 
lacking 
- Use non-liver fibroblasts for inducing 
optimal functions in hepatocytes 

- Measured activities of NAT2, 
UGT1A1, SULT, AKR, AO, FMO, 
CYP1A2, CYP2B6, CYP2C9, CYP2D6, 
CYP3A4 after 8 days of culture 
(Kratochwil et al., 2017) 
- Measured activities of CYP1A2, 
CYP2A6, CYP2B6, CYP2C8, CYP2C9, 
CYP2C19, CYP2E1, CYP3A4, UGT, 
and SULT for 30 days (Khetani and 
Bhatia, 2008; Lin et al., 2016) 
- Drug metabolite detection (Wang et 
al., 2010; Ballard et al., 2016) 
- Drug clearance prediction (Chan et 
al., 2013; Lin et al., 2016) 
- Drug-drug interactions including 
CYP450 induction and inhibition 
(Khetani and Bhatia, 2008; Lin et al., 
2016; Kratochwil et al., 2018) 
- Transporter, metabolism, and/or 
CYP450 induction interplay on drug 
disposition (Ramsden et al., 2014a; 
Moore et al., 2016) 

Self-assembled 
Spheroids 

- Many off-the-shelf plate formats are 
available for the creation of spheroids 
 

- Cellular necrosis can occur in the 
center of spheroids if their diameter 
exceeds 250-300 µm 
- Some plate formats can cause large 
variations in the sizes of the 
spheroids, which leads to non-uniform 
viability and function  
- Single spheroids may not provide 
enough material for sensitive drug 
metabolite identification 
- Heterogeneous cell distribution 
without any defined architecture 

- Measured activities of CYP1A2, 
CYP2C8, CYP2C9, CYP2D6, and 
CYP3A4 for 35 days (Bell et al., 2016; 
Bell et al., 2018) 
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Bioprinted  
Spheroids/Organoids 

- Printing head allows control over the 
placement of cells in different 
locations/compartments (e.g. hepatic, 
vascular, and other non-parenchymal 
cell compartments)  
- Software programming allows on-
demand 3D architectures to the 
created with same instrumentation 
configuration (i.e. expensive masks 
are not needed as for lithographic 
techniques) 

- Microscale printing resolution for 
control of single cell placement is 
currently lacking  
- Low-throughput creation of the 
cultures 
- The method requires complex and 
often expensive instrumentation with 
the need for well-trained technologists 
- The method requires a larger 
number of cells than microscale 
patterning methods using lithography 
- Printed tissues on the millimeter to 
centimeter scale can potentially 
display necrosis in the core of the 
tissues in the absence of a 
connected/perfused vasculature 

- Measured activity of CYP3A4 for 28 
days (Norona et al., 2016) 
      

Perfused liver 
culture/co-culture 
platforms (some are 
also known as liver-
on-a-chip) 

- Enable fluid flow to allow automated 
nutrient and waste exchange as well 
as the generation of in vivo-like 
molecular gradients (e.g. oxygen), 
which can lead to zonated hepatic 
phenotypes 
- Many microfluidic perfusion devices 
are now commercially available for the 
creation of perfused liver cultures  
 

- Perfusion requires specialized fluid 
pumps and control systems 
- Drugs can potentially bind and be 
sequestered by the tubing and 
materials used in the perfusion 
devices 
- Due to the need for tubing, perfusion 
devices have a large dead volume, 
which can necessitate higher 
quantities of the novel (and often very 
limited) compounds for treating cell 
cultures  
- Most devices are currently low-
throughput, allowing up to 12 devices 
to be perfused at a single time 
 

- Measured activities of CYP2D6 and 
CYP3A4 for 6 days of culture (Novik et 
al., 2010)  
- Measured activities of CYP2C9, 
CYP3A4, and UGT for 14 days 
(Vernetti et al., 2016) 
- Drug clearance prediction (Dash et 
al., 2009; Novik et al., 2010) 
- Drug metabolite identification (Sarkar 
et al., 2017) 
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Trovafloxacin toxicity in 3D Liver Tissues
Trovafloxacin is a third generation anti-infective, which received an adverse drug reaction
(ADR) black box label and was subsequently withdrawn from the market one year following its
approval due to liver failure and death in a small proportion of patients [35]. Interestingly, its
hepatotoxic potential was not identified in pre-clinical models [36]. While the mechanism is
not completely understood, Trovafloxacin toxicity is thought to have an inflammatory compo-
nent [37]. This is largely based on data obtained in rodents after the drug was removed from
the market, where induction of inflammation with lipopolysaccharide (LPS) enabled detection
of toxicity following subsequent Trovafloxacin treatment [38]. The inflammatory component
has been postulated to be mediated by Kupffer cells, the resident macrophages in the liver.
However, multiple other non-parenchymal cell types can also produce inflammatory cytokines,
including endothelial cells and hepatic stellates. Therefore, we investigated whether we could
detect toxicity following treatement of 3D liver tissues withTrovafloxacin at doses previously
shown not to induce toxicity in standard 2D culture [14], and compared these effects to the
related non-toxic compound Levofloxacin. Following 7 days of dosing, Trovafloxacin induced
significant decreases in both albumin (Fig 7A) and ATP (Fig 7B). The effects on albumin were
more pronounced, with inhibition greater than 50% even at sub-micromolar doses. Levofloxa-
cin led to a decrease in albumin only at the top dose tested (100 μM), and showed no effect on
overall tissue ATP levels. In contrast, parallel 2D hepatocyte monocultures exposed to the
same treatment conditions and timecourse only showed effects of Trovafloxacin toxicity at the
highest dose tested (100 μM) regardless of the endpoint investigated (Fig 7C and 7D), further
supporting the superiority of 3D liver tissues in predicting clinical hepatotoxicity. Considering
that the levels of ATP and Albumin remain stable in the 2D hepatocyte cultures at Day 7
(Fig 5C and 5D), the lack of sensitivity of the 2D hepatocytes is likely not a consequence of
decreased primary hepatocyte viability. Because the 3D liver tissues can be assessed histologi-
cally, we investigated the impacts of high dose Trovafloxacin versus vehicle on 3D liver tissues
by histology. When compared to vehicle control, high dose Trovafloxacin decreased overall tis-
sue cohesion and increased hepatocyte necrosis, leading to fragmentation (Fig 8). Notably,

Fig 6. Expression of and function of CYP enzymes in 3D liver tissues. A) Quantitative RT-PCR was used to assess levels of CYPs
1A2, 2B6, 2C9, 2D6, and 3A4 in bioprinted liver tissues at the time points indicated. Data is expressed relative quantity (RQ) * 10000 after
normalization to GAPDH, and is the average of 3 tissues +/- standard deviation. B) Basal and Rifampicin-induced CYP3A4 activity,
measured by the formation of 4-hydroxymidazolam at the timepoints indicated, was determined using mass spectrometry. Data shown is
the average of 3 replicates +/- standard deviation. C) Quantitative RT-PCR was used to assess levels of basal and Rifampicin-induced
CYP3A4 in bioprinted liver tissues at the time points indicated. Data is expressed relative quantity (RQ) after normalization to GAPDH, and
is the average of 3 tissues +/- standard deviation. All statistics (One way ANOVA) and outliers (Grubbs’ test) were calculated using
GraphPad Prism software; * p<0.05, ** p<0.01, ***p<0.001, **** p<0.0001.

doi:10.1371/journal.pone.0158674.g006

3D Bioprinted Liver Tissues Enhance DILI Modeling
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Luminescence was measured using a SpectraMax L plate reader (Molecular
Devices, Sunnyvale, CA).

Imaging. Scaffolds were carefully removed from the LiverChip cell culture
plate andwashedwith phosphate-buffered saline (PBS). Scaffoldswere fixedwith
2% paraformaldehyde (Electron Microscopy Sciences, Hatfield, PA) in PBS for
1 hour at room temperature. After fixation, cells were permeabilized with 0.1%
Triton X-100 (Sigma Aldrich, St. Louis, MO) in PBS then stained with a 1:200
dilution of Alexa488 Phalloidin (Thermo Fisher Scientific) for 30 minutes.
Scaffolds were counterstained with Hoechst’s dye (Sigma-Aldrich) for 5 minutes.
The scaffolds’ confocal reconstructions were acquired on an Olympus Fluoview
1000 scanning confocal microscope (Olympus America, Center Valley, PA),
using the 10! and 20! objective magnifications. Images were processed using
MetaMorph software (Molecular Devices).

Protein Analysis. Human albumin secretion was measured using an enzyme-
linked immunosorbent assay (ELISA) kit purchased from Bethyl Laboratories
(Montgomery, TX). IL-6, CRP, and sIL-6R alpha were measured using human
Quantikine ELISA kits (R&D Systems). The assays were developed according to
manufacturer’s instructions. Absorbance was measured on a SpectraMax M3
plate reader (Molecular Devices).

IL-6 Stimulation Studies. Triplicate wells of hepatocytes andKCs cultured in
the LiverChip were induced with 10mM rifampicin on culture day 5 alongwith 1,
10, 50, 100, 500, 1000, 5000, or 10,000 pg/ml recombinant human IL-6. The
media were collected and refreshed with the same components on culture day 7.
CYP3A4 was measured on culture day 9 after 96 hours of stimulation. CRP and
sIL-6R alpha were measured in exchanged media by ELISA.

Tocilizumab-Simvastatin Hydroxy Acid Interaction Studies. Hepatocytes
and KCs were cultured in the LiverChip for 14 days. Six sample groups were run
in triplicate for each of three hepatocyte lots. All wells were induced with 10 mM
rifampicin starting on culture day 5. During the first treatment period of days 5–9,
sample groups 2, 4, and 6 were stimulated with 1 ng/ml of recombinant human
IL-6. On culture day 7, all wells were treated with 909 ng/ml of SVA in 2.0 ml of
hepatocyte maintenance medium. This SVA concentration was chosen such that
the unbound fraction of drug was set to 10 times human serum Cmax. The final
dimethylsulfoxide medium concentration for wells dosed with rifampicin with or
without SVA was set to 0.1%.We removed 50 ml of medium at 0.5, 1, 4, 6, 8, 10,
24, and 48 hours, which was stored at 280!C for liquid chromatography with
tandem mass spectrometry (LC-MS/MS) analysis of SVA. On culture day 9,
CYP3A4 enzyme activity was measured.

During the second treatment period of days 9–14, groups 1 and 6 received no
treatment, group 2 was treated only with 1 ng/ml IL-6, group 5 was treated only
with 1.6 mM pharmaceutic grade tocilizumab (Actemra; Genentech, South San
Francisco, CA), and groups 3 and 4 were cotreated with both 1 ng/ml IL-6 and 1.6
mM tocilizumab. This tocilizumab concentration was chosen to represent human
serum Cmax. The medium was replaced on culture day 12 to allow for 72 hours of
tocilizumab treatment before SVA addition. SVA was dosed to all groups along
with corresponding IL-6/tocilizumab treatments on day 12 and sampled similarly
to the day-7 dose. The CYP3A4 enzyme activity was measured on culture day 14.

Simvastatin Hydroxy Acid Sample Preparation. We thawed 50-ml media
samples containing SVA and spiked them with 5 ml of 100 ng/ml LV as an
internal standard.We added 200ml of ice cold 50:50methanol/acetonitrile to each
sample, which was then vortexed and placed on ice for 15 minutes. Samples were
then spun down at 2000g at 4!C for 15 minutes. The supernatants were removed

and used for LC-MS/MS analysis. The standards were prepared in a similar
manner, by first spiking SVA and LV into hepatocyte maintenance medium
with final concentrations ranging from 50 to 1200 ng/ml SVA before protein
extraction.

Simvastatin Hydroxy Acid LC-MS/MS Analysis. An UltiMate 3000 LC
system (Thermo Fisher Scientific) was connected to a Hypersil Gold ultra-high-
pressure liquid chromatography column (50 mm! 2.1 mm; 1.9 mm particle size,
Thermo Fisher Scientific) and maintained at ambient temperature (;23!C). The
sample injection volume was 20 ml, and the samples were processed using
isocratic elution for 10minutes with a loading pump flow rate of 150ml/min using
75:25 (% v/v) acetonitrile:100 mM ammonium acetate (adjusted pH to 5.0 with
glacial acetic acid), adapted from the method described by Ahmed et al. (2012).
The autosampler was maintained at 4!C.

Analytes were detected using a Q Exactive Hybrid Quadrupole-Orbitrap Mass
Spectrometer (Thermo Fisher Scientific) equipped with a HESI-II Probe. The
HESI-II probe settings were determined using themanufacturer suggested settings
at a flow rate of 150 ml/min with sheath gas flow rate 40, auxiliary gas flow rate
10, sweep gas flow rate 2, spray voltage3.5 kV, capillary temperature 250!C,
S-lens RF level 65, and heater temperature 300!C. The scan parameters were
optimized with full-scan mass spectrometer data collection from time 0–10 minutes
and MS/MS data also collected from time 1–3 minutes and operating in positive ion
mode.

Full MS-SIM scans were operated in positive ion mode with 70 K resolution,
1.0e6 AGC target, and a scan range of 100–500m/z; while targetedMS/MS scans
operated in positive ion mode with 17.5 K resolution, 1.0e5 AGC target, 4.0 m/z
isolation window, and 10.0 NCE. The analytes were quantitated using selected
reaction monitoring by detecting the [M+H]+ precursor to product ion transitions.
The precursor/product ion transitions were observed at m/z 419.28/199.15 for
SVS, 437.29/303.20 for SVA, and 405.26/199.15 for LV. Quantitation was
performed using Thermo Xcalibur Quan Browser v2.2 using LV as an internal
standard with ICIS peak detection, minimum peak height (S/N) = 3.0, quadratic
curve fitting, and 1/X2 weighting.

Statistical Analyses. Statistical analyses of CYP3A4 activity, SVA half-life,
and SVA area under the curve up to the last measurable concentration (AUClast)
were performed using a one-way analysis of variance (ANOVA) with Dunnett’s
post hoc test in GraphPad Prism software version 7.0 (GraphPad Software, San
Diego, CA).

Results

Hepatocyte/Kupffer Cell Dynamic Coculture Characterization.
Hepatocytes and KCs seeded into LiverChip bioreactors attached to the
collagen-coated polystyrene scaffold inserts, and downward flow after
seeding helped direct them into the scaffold microchannels. Coculture
microtissue morphology is shown in Fig. 2 by confocal reconstruction.
By culture day 7, microtissues several cell layers thick in the radial
direction formed inside the channels, and these tissues extended the
250 mm channel depth. Gaps in the tissue allowed for fluid flow through
the scaffold. Cells were also present on the top surface of the scaffolds.
Kupffer cells cocultured in this format have previously been demon-
strated to be interspersed among the hepatocytes (Wheeler et al., 2014).

Fig. 1. The LiverChip platform. (A) A cell culture plate (yellow) is attached to a pneumatic plate (gray) forming 12 fluidically isolated bioreactors per platform. (B) A
collagen-coated polystyrene scaffold containing microchannels is placed into each bioreactor for cell culture. Scaffold diameter is 1 cm. (C) Bioreactor cross-section
schematic showing a thin membrane separating the lower pneumatic plate and the upper cell culture plate that houses the scaffold. The medium is pumped through the
scaffold and recirculated along a surface channel.
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Thoma et al., 2014), supported on a scaffold (Dash et al., 2009;
Kostadinova et al., 2013), or separated through micropatterning
(Zinchenko et al., 2006). Transwell devices have also been evaluated
(Milosevic et al., 1999). Hoebe et al. (2000, 2001) showed that
direct cell-to-cell contact between porcine hepatocytes and
Kupffer cells increased the inhibitory effects of lipopolysaccharide
(LPS) stimulation on testosterone metabolism. Hepatocyte and
Kupffer cell models have also been applied to the study of Kupffer
cell suppression of cytochrome P450–mediated metabolism in
humans (Sunman et al., 2004) and rat cells (Milosevic et al., 1999).
Models based on hepatocytes and a mixed nonparenchymal cell
fraction system have also been used to explore exaggerated
hepatotoxicity in conjunction with an underlying inflammation
(Dash et al., 2009; Drewitz et al., 2011; Messner et al., 2013;
Thoma et al., 2014).
Cortisol and, more typically the more potent synthetic glucocorticoid,

dexamethasone are used at nanomolar to micromolar concentrations in
cultures of primary hepatocytes to maintain a differentiated state (Hewitt
et al., 2007; Scheving et al., 2007; Godoy et al., 2010). In a coculture of
rat hepatocytes and epithelial cells, cortisol increased albumin secretion
and extracellular matrix production (Baffet et al., 1982; Guillouzo et al.,
1984).
Cortisol, the major glucocorticoid in humans, is produced in the

adrenal cortex, regulated both by diurnal rhythms and in response to
stress (Morse and Davis, 1990). When used as a drug, it is referred to
as hydrocortisone, and it acts in vivo as an anti-inflammatory and
suppresses immune responses (Perogamvros et al., 2012). Most serum
cortisol is bound to proteins, including corticosteroid-binding globulin
and serum albumin (Perogamvros et al., 2011a,b), with both free and
total concentrations varying diurnally. Free concentrations are between
10 and 300 nM (Lewis et al., 2005; Levine et al., 2007). Free cortisol
passes easily through cellular membranes into the cytosol, where it can
be converted to the inactive form—cortisone—or bind to intracellular
cortisol receptors and reach the nucleus (Fig. 1). The anti-inflammatory
effect and metabolism of cortisol on liver have not been studied
extensively in vitro.

Here, we introduce a cryopreserved primary human hepatocyte and
Kupffer cell inflammatory liver model in which the cells are
cultured in direct contact on an engineered scaffold recapitulating
the liver capillary bed under perfusion (Fig. 2) (Powers et al.,
2002a; Domansky et al., 2010). The model is used to examine the
anti-inflammatory effect of glucocorticoids on liver cultures
and, in conjunction with a sensitive and specific reversed-phase
(RP)–ultra high-performance liquid chromatography (UHPLC)–
quadrupole time of flight (QTOF)–mass spectrometry (MS) method,
to study the metabolism of hydrocortisone at near-physiologic
levels. The distribution of metabolites is compared with that in
human urine.

Materials and Methods

Deuterated hydrocortisone (DLM-2218-0), used as an internal standard, was
from Cambridge Isotope Laboratories (Tewksbury, MA). High-performance
liquid chromatography–grade ($99.9%) methanol (Chemical Abstract Ser-
vice (CAS): 67-56-1), chloroform (CAS: 67-66-3), acetonitrile (ACN) (CAS:
75-05-8), formic acid (FA), (CAS: 64-18-6), molecular biology–grade dimeth-
ylsulfoxide (CAS: 67-68-5), dexamethasone (CAS: 50-02-2), hydrocortisone
(CAS: 50-23-7), and 17-a-hydroxy-3,20-dioxopregn-4-en-21-yl-b-D-glucuronide
were purchased from Sigma-Aldrich (St. Louis, MO). Calibration/tuning
standard for the QTOF was from Agilent Technologies (Santa Clara, CA).
The Oasis HLB cartridges were from EMD Millipore Corporation (Billerica,
MA). Distilled water and acetonitrile were prepared in house with double
distillation.

Coculture in the LiverChip. Cryopreserved human hepatocytes and human
Kupffer cells were purchased from Life Technologies (Paisley, UK). Cells were
thawed according to the instructions provided by the supplier. Viability was
assessed using the trypan blue exclusion test (Strober, 2001) and was.85% for
all lots.

Cells were seeded into LiverChip platforms (CNBio Innovations, Welwyn
Garden City, Hertfordshire, UK) (Fig. 2A) housed in a humidified cell culture
incubator at 37!C with 5% CO2. The LiverChip platforms consist of 12
fluidically isolated bioreactors in which fluid is recirculated by a pneumatically
driven micropump controlled by LiverChip hardware (Fig. 2B) through
a scaffold containing cells (Fig. 2C). The scaffold enables the formation of an
array of three-dimensional (3D) microtissues composed of either hepatocytes
alone or hepatocytes in coculture with nonparenchymal cells (Kupffer cells)
(Domansky et al., 2010). The platform is covered with a single loose lid, as per
a standard microtiter plate enabling access to each of the 12 bioreactors for cell

Fig. 1. Diffusion of cortisol to the nucleus. Cortisol is the most common glucocorticoid
and is essential for life. It supports and regulates cardiovascular, metabolic, immunologic,
and homeostatic functions.

Fig. 2. Microfluidic 3D tissue culture system. (A) LiverChip. This device is
a multiwell plate platform that enables maintenance of 3D liver tissue cultures under
perfusion. (B) LiverChip hardware. (C) Scaffold containing 301 channels in which
cells are seeded. Typically 0.6 ! 106 human hepatocytes can be seeded per scaffold.
(D) Schematic of flow through a single LiverChip culture well.
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Figure 3A shows the hepatocyte albumin production profile as a
function of culture time for hepatocyte donor HU8160. Albumin
synthesis is a widely accepted marker of hepatocyte activity for
in vitro cultures. Albumin accumulates between media changes, so the
measured albumin concentrations shown are from the end of those 24- to
48-hour periods of accumulation and are normalized per day. Albumin
production began at low levels before day 3 before subsequently
increasing and stabilizing by 5 days. Figure 3B shows that for hepatocyte
donor HU8160, basal levels of inflammation, as measured by IL-6
concentration, began high with a mean concentration of 96.0 6 46.5

pg/ml before decreasing and stabilizing to healthy human physiologic
serum levels (,10 pg/ml) by 7 days.
IL-6 Stimulation Studies. CYP3A4 activity, CRP secretion, and

levels of sIL-6R all showed a strong dose response to IL-6 for hepatocyte
donor HU8160 (see Fig. 4). CYP3A4 activity decreased with increasing
IL-6 exposure over 96 hours, showing a sigmoidal relationship with an
EC50 of 463 pg/ml IL-6 (Fig. 4A). As a result, for subsequent studies
modulating CYP3A4 with IL-6, an IL-6 concentration of 1 ng/ml was
chosen to saturate the response. CRP, being an acute phase protein,
showed an increase in secretion over 48 hours in response to higher
levels of IL-6, with a sigmoidal relationship and an EC50 of 354 pg/ml
IL-6 (Fig. 4B). The sIL-6R receptor levels showed a first-order decrease
in response to increasing IL-6 concentration over 48 hours (Fig. 4C),
further demonstrating the bioactivity of IL-6 on the cellular system
(Rose-John, 2012).
Tocilizumab Effects on CYP3A4 Activity. To parse the ability of

the in vitro liver microreactor system to capture the crucial features of
known human responses to tocilizumab in patients who also take SVS,
we designed an experiment involving six samples groups with two
sequential periods of treatment, mimicking the inflammation and
resolution of inflammation by tocilizumab treatment, as shown sche-
matically in Fig. 5. For each sample group, the relative CYP3A4
activities for hepatocyte lot HU8160 are represented as a ratio between
the activities measured at the ends of the second treatment period (days
12 to 14) to the first treatment period (days 7 to 9) and are plotted in
Fig. 6.
For hepatocytes not treated throughout the experiment, there was no

change in CYP3A4 activity between these two culture periods. Under
inflammatory conditions of 1 ng/ml IL-6 throughout the experiment,
CYP3A4 activity was depressed (Fig. 4A) but there was no change in the
activity measured between treatment periods, so the activity ratio was
close to 1. Similarly, CYP3A4 activity was unchanged in cultures that
received no treatment in the early period and were subsequently
administered 1 ng/ml IL-6 along with 1.6 mM tocilizumab (anti-IL-6R).
These results indicate that tocilizumab can block IL-6 signaling in this
culture system because the addition of IL-6 as an inflammatory cue
would have otherwise decreased the ratio of CYP3A4 activity for day
14 (inflammation cue + inflammation blocker) relative to day 9 (no
treatment).
A no-treatment phase followed by tocilizumab alone did not impact

CYP3A4, showing that the effect in the presence of IL-6 was specific to
inflammatory cytokine inhibition. Initial treatment with IL-6 followed
by coadministration of tocilizumab with IL-6 resulted in desuppression
of CYP3A4 and a corresponding 2.06 0.5-fold (P , 0.05) increase in

Fig. 2. Representative (A) low-magnification
and (B) high-magnification confocal reconstruc-
tions of hepatocyte microtissue morphology in a
LiverChip scaffold after 7 days of culture stained
for f-actin (green) and Hoechst (blue). Scale bars:
100 mm.

Fig. 3. (A) Albumin production by hepatocytes in the LiverChip over 2 weeks of
culture. (B) Basal IL-6 profile for hepatocyte-KC cocultures in the LiverChip. Data
points represent the mean 6 S.D. for n = 3 technical replicates for hepatocyte donor
HU8160.
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