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Abstract

Establishing the functionality, reproducibility, robustness, and reliability of the microphysiological 

systems is a critical need. A high throughput microphysiological system for liver studies was 

recently proposed in which induced pluripotent stem cell-derived hepatocytes (iHeps) and non-

parenchymal cells (endothelial cells and THP-1 cells differentiated into macrophage-like cells) 

were co-cultured in OrganoPlate® 2-lane 96 plates. The goal of this study was to evaluate this 

platform using additional cell types and conditions and characterize its utility and reproducibility. 

Primary human hepatocytes or iHeps, with and without non-parenchymal cells, were cultured for 

up to 17 days. Image-based cell viability, albumin and urea secretion into culture media, CYP3A4 

activity and drug metabolism were assessed. The iHeps co-cultured with non-parenchymal cells 

demonstrated stable cell viability and function up to 17 days; however, variability was appreciable 

both within and among studies. The iHeps in monoculture did not form clusters and lost viability 

and function over time. The primary human hepatocytes in monoculture also exhibited low cell 

viability and hepatic function. Metabolism of various drugs was most efficient when iHeps were 

co-cultured with non-parenchymal cells. Overall, we found that the OrganoPlate® 2-lane 96 

plate, when used with iHeps and non-parenchymal cells, is a functional liver microphysiological 

model; however, the high-throughput nature of this model is somewhat dampened by the need for 

replicates to compensate for high variability.
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Introduction

Testing for the potential adverse effects of drugs and chemicals on the liver is among 

the most common types of toxicity investigations (LeCluyse et al., 2012; Soldatow et al., 

2013). The liver is a crucial organ for metabolism and performs a wide range of other 

essential physiological functions; it stores and synthesizes proteins, bile acids, hormones and 

other biologically active molecules, and plays a role in immune responses to gut-derived 

pathogens and ammonia detoxification. The liver is also a common target for harmful 

xenobiotics and pathogens, and a source of injurious metabolites. Both drugs and other 

chemicals may target the liver through a variety of mechanisms (Rusyn et al., 2021). Due 

to the liver’s prominent role in both physiology and disease, studies of hepatotoxicity are a 

very active area of research and discovery; however, existing clinical, animal, or cell-based 

model systems have limitations (Kullak-Ublick et al., 2017; Monticello et al., 2017; Sistare 

et al., 2016).

Because of the great need to improve the physiological relevance and reliability of testing 

drug candidates and chemicals for potential adverse liver effects, a variety of novel cell-

based models have been proposed, including microphysiological systems, which include 

“tissue chips” (Collins et al., 2019; Taylor et al., 2019). Liver tissue chip models typically 

include media flow and allow for studies of different cell compartments (Underhill and 

Khetani, 2018). Additional functionalities have also been established to allow for oxygen 

zonation, as well as inclusion of immune components and other cell types (Taylor et al., 

2019). While a number of publications have provided exciting examples for how these 

models can be used in drug safety evaluation, liver disease modeling, and to decipher 

species-specific liabilities (Low et al., 2021), the wider adoption of these approaches 

has been hampered by their relatively low throughput, high complexity and cost. The 

translatability of these models from scholarly publications to regulatory submissions is also 

difficult because there is a general lack of consistency in the characterization of these 

models and examples of how they can deliver value in the context of decision-making 

(Baudy et al., 2020).

A related challenge in the field of in vitro liver models, including microphysiological 

systems, has been the lack of human cells with sufficient metabolic function and quantity. 

Primary human hepatocytes from non-transplant grade post mortem liver tissues are known 

to be highly variable in their functionality and are a finite resource from a particular 

donor (Hewitt et al., 2007). Immortalized cells with some residual liver function are also 

commonly used; these can be cultured in monolayers, sandwich or as spheroids, with 

or without non-parenchymal cells (Godoy et al., 2013). More recently, human induced 

pluripotent stem cell (iPSC)-derived hepatocytes have become a cell source that is gaining 

acceptance for studies that aim to minimize donor variability (Bulutoglu et al., 2020; 

Sirenko et al., 2014). iPSC-derived hepatocytes have been tested in several recent studies of 

liver microphysiological systems. In a study of a human microfluidic four-cell “liver acinus 

microphysiology system” (LAMPS), a comparable performance was achieved when using 

either primary human hepatocytes or iPSC-derived hepatocytes for both basic function of the 

cells and their response to drug-related toxicity (Sakolish et al., 2021b). The LAMPS model 

seeded with iPSC-derived hepatocytes exhibited higher precision for predicting hepatic 
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drug clearance as compared to LAMPS with primary cells, or 2D cultures of either cell 

type (Sakolish et al., 2021a). In addition, a microfluidic high-throughput liver model, the 

OrganoPlate® 2-lane 96 plate, was recently developed based on iPSC-derived hepatocytes 

co-cultured with endothelial cells and macrophages (Bircsak et al., 2021).

This study aimed to determine if the OrganoPlate® 2-lane 96 plate device is a reproducible 

model for studies of the liver and can be replicated in another laboratory. We also compared 

hepatocyte function in this model using human primary and iPSC-derived hepatocytes 

cultured with and without non-parenchymal cells, as well as evaluated the degree of intra-

laboratory reproducibility of the liver model based on the OrganoPlate® 2-lane 96 plate. 

To accomplish these goals, we evaluated basic liver functions, drug metabolism, and drug 

toxicity phenotypes.

Materials and Methods

Chemicals and materials

Phenacetin (77440, CAS#62-44-2), coumarin (C4261, CAS#91-64-5), diclofenac 

(D6899, CAS#15307-79-6), terfenadine (T9652, CAS#50679-08-8), phenolphthalein 

(105945, CAS#77-09-8), acetaminophen (PHR1005, CAS#103-90-2) and 4-hydroxy 

diclofenac (32412, CAS#64118-84-9), fexofenadine (PHR1685, CAS#153439-40-8), 

lipopolysaccharide (LPS; L2630), troglitazone (T2573, CAS#97322-87-7), and 

trovafloxacin (TVX; PZ0015, CAS#147059-75-4) were purchased from Millipore Sigma 

(Burlington, MA). Midazolam (19391, CAS#59467-70-8), 1’-hydroxymidazolam (10385, 

CAS#59468-90-5), and phenolphthalein β-D-glucuronide (30424, CAS#15265-26-6) were 

purchased from Cayman Chemical (Ann Arbor, MI).

The microfluidic tissue chips used in this study were purchased from Mimetas 

(OrganoPlate® 2-lane 96, Leiden, Netherlands). Each chip of this 96-well platform contains 

one gel channel and one perfusion channel. This configuration enables the culture of a 

perfused tubule adjacent to extracellular matrix (ECM) of choice without a membrane 

(Bircsak et al., 2021). Black-walled, clear-bottom, tissue culture-treated 96-well (3603, 

Corning, Corning, NY) and 384-well plates (3765, Corning) were used for 2D cell culture 

experiments.

Cells and reagents

Human induced pluripotent stem cell-derived hepatocytes (iCell Hepatocytes 2.0, 

abbreviated herein as iHeps) were purchased from FujiFilm-Cellular Dynamics International 

(C1023, lot#103934, Santa Ana, CA). iHeps plating media consisted of DMEM/F12 

(21041025, ThermoFisher, Waltham, MA) supplemented with 2% B-27 supplement 

(17504044, ThermoFisher), 100 nM dexamethasone (265005, Millipore Sigma), 25 μg/mL 

gentamicin (15710072, ThermoFisher), and 20 ng/mL oncostatin M (295-OM-010, R&D 

Systems, Minneapolis, MN); it was used for pre-differentiation of iHeps according to the 

manufacturer’s protocol. iHeps maintenance media consisted of DMEM/F12, 2% B-27, 

100 nM dexamethasone, and 25 μg/mL gentamicin; it was used for cell culture in the 

OrganoPlate® 2-lane 96 plates and in the 384-well plates. Primary human hepatocytes 
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(female Caucasian donor, 26 years of age, prior history of alcohol, tobacco and drug use) 

were obtained from ThermoFisher (HMCPIS, lot #HU8373). This lot of cells was selected 

among several available options (Supplemental Figure 1) based on the following criteria: 

sufficient inventory (200 or more vials), cells were verified for plating efficiency, high cell 

viability after thawing (93%), verified for induction of major CYPs (CYP3A4 induction fold 

34.6), and superior function in preliminary experiments in 2D cell culture as detailed below 

(Supplemental Figure 2).

Primary human hepatocyte plating media consisting of William’s E (A1217601, 

ThermoFisher) supplemented with thawing and plating supplements (3.6% cocktail A, 

5% FBS, 10 nM dexamethasone (CM3000, ThermoFisher) was used for spheroid 

formation and seeding into the OrganoPlate 2-lane plates and the 96-well plates. Primary 

human hepatocyte maintenance media consisted of William’s E with primary hepatocyte 

maintenance supplements (4% cocktail B, 1 nM dexamethasone; CM4000, ThermoFisher); 

it was used for cell culture in the OrganoPlate® 2-lane 96 plates and 96-well plates. 

THP-1 monocytes and HMEC-1 endothelial cells were obtained from ATCC (Manassas, 

VA). THP-1 monocytes were cultured in RPMI (30–2001, ATCC) with 10% fetal bovine 

serum (30–2020, ATCC) and 50 nM 2-mercaptoethanol (M3148, Millipore Sigma). THP-1 

monocytes were differentiated (Lee-Montiel et al., 2017) into adherent macrophages via 

treatment with 250 nM phorbol 12-myristate-13-acetate (356150050, ThermoFisher) for 

48 h prior to seeding into OrganoPlate® 2-lane 96 plates or multi-well plates. HMEC-1s 

were cultured in MCDB 131 medium (10372019, ThermoFisher) with 10 % fetal bovine 

serum (30–2020, ATCC), 2 mM L-glutamine (30–2214, ATCC), 100 units/mL penicillin-

streptomycin (P0781, Millipore Sigma), 1 μg/mL hydrocortisone (H0888, Millipore 

Sigma), and 10 ng/mL epidermal growth factor recombinant human protein (PHG0314, 

ThermoFisher).

iHep culture methods in the OrganoPlate® 2-lane 96 plates and 384-well plates

The day when the cells were seeded into OrganoPlate® 2-lane 96 plates and 384-well plates 

was defined as Day 0. iHeps were cultured in OrganoPlate® 2-lane 96 plates using the 

protocol described (Bircsak et al., 2021). Briefly, thawed iHeps were seeded at a density 

2.5×106 cells/well on a 6-well plate pre-coated with type 1 collagen (657950–005, Greiner 

Bio-One North America, Monroe, NC) in iHeps plating media. The cells were cultured for 4 

h and unattached cells were removed when the media were replaced with fresh iHep plating 

media. The cells were differentiated for 5 days with daily changes of plating media. The 

differentiated iHep clusters were collected by centrifugation (200 g, 3 min) and resuspended 

into 3.33 mg/mL collagen (Cultrex 3-D Culture Matrix Rat Collagen-I, 3447-020-01, R&D 

Systems; 5 mg/mL type 1 collagen, 1 M HEPES, 37 g/L sodium bicarbonate at a ratio 

of 4:1:1, respectively) at a density of approximately 8.0×106 cells/mL. The iHep/collagen 

suspension (2.5 μL/device) was subdivided into two aliquots that were kept on ice. Aliquots, 

each sufficient for 48 devices on the plate, were used consecutively whereby the suspension 

was gently injected into the inlet of the gel channels using multi-channel electronic pipettor 

making sure that the time it takes to complete this task is no longer than 3 minutes. After 

both aliquots were injected, the whole plate was placed at 37°C, 5% CO2 for 15 min to allow 

polymerization of the type 1 collagen.
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For co-culture conditions, THP-1 monocytes and HMEC-1 endothelial cells were seeded 

into the perfusion channels of the OrganoPlate® 2-lane 96 plates. A mixture of HMEC-1s 

at 40×106 cells/mL and differentiated THP-1s at 3×106 cells/mL was prepared in iHep 

maintenance media. After that, 2.5 μL HMEC-1/THP-1 cell suspension was injected into 

the inlets of the perfusion channel using multichannel electronic pipettor. The plates were 

incubated elevated at a 70° angle at 37 °C, 5% CO2 to allow HMEC-1s and THP-1s to attach 

to the iHeps/collagen in the gel channel above the Phaseguide, a meniscus-pinning barrier 

that is part of the microfluidic tissue culture plates manufactured by Mimetas (Vulto et al., 

2011). After 15 min incubation, 50 μL iHeps maintenance media was added into medium 

inlets and outlets of the perfusion channel (for both co-cultured and mono-cultured chips) 

and the plates were incubated elevated at a 70° angle at 37 °C, 5% CO2 for an additional 

45 min. The plates were then placed on the perfusion rocker platform (Mimetas) set to cycle 

every 4 min to a maximum angle of approximately 15° to induce gravity-driven media flow 

through the perfusion channel. The media was collected and exchanged every 1–2 days by 

aspirating and replacing media from medium inlets and outlets (50 μL in each).

For the iHep 2D model, differentiated iHeps clusters were collected as previously described 

and resuspended into 3.33 mg/mL collagen at a density of approximately 2.0×106 cells/mL. 

The iHep/collagen suspension (10 μL/well) was pipetted into wells on the 384-well plate 

using multichannel electronic pipettor. The plate was placed at 37°C, 5% CO2 for 15 min 

to allow polymerization of the type 1 collagen gel. After that, 50 μL iHep maintenance 

media was added into each well and plates were incubated at 37°C, 5% CO2. The media was 

exchanged every 1–2 days.

Primary human hepatocyte culture methods in the OrganoPlate® 2-lane 96 plates and 
96-well plates

In these studies, primary human hepatocytes were seeded directly into the individual 

devices of the OrganoPlate® 2-lane 96 plates as follows. Thawed cells were collected 

by centrifugation (100 g, 10 min) and were resuspended into 3.33 mg/mL collagen at a 

density of approximately 8.0×106 cells/mL. The cell/collagen suspension (2.5 μL/device) 

was injected into the inlet of the gel channel using the same procedure as detailed above for 

iHeps. A mixture of HMEC-1s at 40×106 cells/mL and differentiated THP-1s at 3×106 

cells/mL was prepared in the plating media. After that, 2.5 μL HMEC-1/THP-1 cell 

suspension was injected into the medium inlets of the perfusion channel using multichannel 

electronic pipettor. After 15 min incubation under a 70° angle at 37 °C, 5% CO2, 50 μL 

primary human hepatocytes plating media was dispensed into medium inlets and outlets 

including mono-cultured chips and incubated under a 70° angle at a 37 °C, 5% CO2 for an 

additional 45 min. The plates were placed on the perfusion rocker platform set to same cycle 

as iHeps cultures. The media was collected and exchanged every 1–2 days by aspirating and 

replacing with the maintenance media.

For the primary human hepatocyte sandwich culture model, cells were cultured using the 

protocol previously described (Keemink et al., 2015). Briefly, thawed cells were collected 

by centrifugation (100 g, 10 min) and resuspended with the plating media. Cells were plated 

into 96-well plates at a density of 6.0×104 cells/well and incubated for 6 h at 37°C, 5% CO2. 
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Media was replaced with 100 μL of plating media with 0.35 mg/mL matrigel (CB-40234C, 

Corning). After incubation overnight, media were exchanged to the maintenance media. 

Media were collected and exchanged every 1–2 days.

Primary human hepatocyte spheroids culture methods in the OrganoPlate® 2-lane 96 
plates

Thawed primary human hepatocytes were incubated in AggreWell™400 6-well plate (34425, 

Stemcell Technologies, Vancouver, Canada) for 7 days at a cell density of 3.0×105 cells/well 

(approximately 50 cells/microwell) in the plating media. Cells were allowed to aggregate for 

7 days with daily media changes. Spheroidized primary human hepatocytes were harvested 

using 37 μm reversible strainer (27250, Stemcell Technologies) to separate single cells from 

cell aggregates, and the latter were collected from the strainer and centrifuged for 10 min at 

100 g. Spheroids were resuspended into 3.33 mg/mL collagen at a density of approximately 

1.6×105 spheroids/mL to have the match cell density in other culture conditions and were 

injected into OrganoPlate® 2-lane 96 plates using the same procedure as that described 

above for iHeps. For co-culture conditions, THP-1 and HMEC-1 cells were seeded into the 

perfusion channels in the same manner as in primary human hepatocyte cultures detailed 

above.

Biochemical Assays

Cell culture media collected in the experiments was evaluated for a variety of biomarkers. 

The ELISA assays for albumin (E88-129, Bethyl Laboratories, Montgomery, TX), urea 

(EIABUN, ThermoFisher), lactate dehydrogenase (ab102526, abcam, Cambridge, UK), 

and interleukin-6 (IL-6; D6050, R&D Systems) were conducted using manufacturer’s 

instructions. The P450 Glo 3A4 with Luciferin-IPA assay (V9001, ProMega, Madison, WI) 

was conducted using manufacturer’s recommendations with the IPA substrate added to the 

perfusion channels or wells for 1 h prior to luminescence plate reading (SpectraMax iD3, 

Molecular Devices, San Jose, CA).

Cell viability assessment

To evaluate cell viability, iHeps or primary human hepatocyte maintenance media containing 

2 μg/mL propidium iodide (P4864, Millipore-Sigma) and 10 μg/mL Hoechst 33342 (H3570, 

Thermo Fisher) was added to the perfusion channels or wells, respectively, and cells were 

incubated for 3 hrs (30 min for primary human hepatocyte sandwich culture model) before 

confocal imaging in an ImageXpress Micro Confocal (Molecular Devices) using a 10× 

objective. MetaXpress High-Content Image Acquisition and Analysis Software (Molecular 

Devices) was used to acquire a stack of 30 images separated by 5 μm, starting at the 

bottom and covering most hepatocytes. A stack that was well-focused on many hepatocytes 

was selected within the range of the phase-guide location. ImageJ (National Institutes of 

Health, Bethesda, MD) was used to analyze cell viability when comparing culture conditions 

for either liver parenchymal cell type with or without THP-1 and HMEC-1 cells. Images 

containing hepatocytes in gel lane were extracted with the phase-guide as the boundary, and 

the number of viable hepatocytes and other cell types was counted.
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Immunocytochemical staining

Cells in the OrganoPlate® 2-lane 96 plates were fixed by adding 4% neutral buffered 

formalin solution for 10 min. The formalin fixative was removed by rinsing with phosphate-

buffered saline (PBS) and the fixed cultures were treated for 10 min with 0.1% Triton 

X-100 (BP151, ThermoFisher) in PBS to permeabilize cells. Next, cells were washed, 

and incubated for 60 min in a 2 % bovine serum albumin (A8806, Millipore-Sigma) PBS 

solution. Mouse anti-human CD68 antibodies (556059, BD Biosciences, San Jose, CA) were 

added to perfusion channels to label THP-1 monocytes and plates were incubated for 2 days 

at 4°C. Goat anti-mouse IgG secondary antibody (ab150115, AF647, abcam) was added to 

visualize CD68 and plates were incubated overnight at 4°C. All cultures were counterstained 

with Hoechst 33342 and FITC-phalloidin (F432, ThermoFisher) to visualize nuclei and 

cytoskeleton, respectively. Cells were imaged using the ImageXpress microscope.

Drug treatments in the OrganoPlate® 2-lane 96 plates

For evaluation of drug metabolism, iHeps co-cultured with THP-1/HMEC in the 

OrganoPlate® 2-lane 96 plates were exposed on day 6 of culture to either a 5-drug cocktail 

(100 μM phenacetin, 20 μM coumarin, 10 μM diclofenac, 10 μM terfenadine, and 10 μM 

phenolphthalein) or to 5 μM midazolam in iHep maintenance media. Drugs in the cocktail 

solution were first dissolved in in dimethyl sulfoxide (final concentration 0.5%). Midazolam 

was dissolved in methanol (final concentration 0.16%). After drug addition, media was 

collected after 24 hrs and replaced with fresh iHep maintenance media. The same devices 

were re-exposed for 24 hrs on days 12 and 16 of culture. Separate devices were used 

in experiments with troglitazone. Devices were treated on day 7 of culture with either 

vehicle (0.5 % dimethyl sulfoxide) or troglitazone (180 μM) for 24 hrs, media was collected 

and fresh media was added with the same condition (vehicle of drug) for 24 hrs. Three 

treatments were conducted consecutively. In the experiments with trovafloxacin, treatments 

were conducted on day 8 of culture with either vehicle (0.5 % dimethyl sulfoxide), 

trovafloxacin (50 or 150 μM), and/or lipopolysaccharide (LPS, 1 μg/mL). Effects of these 

treatments were evaluated after 48 hrs.

Determination of drug concentrations using liquid chromatography (LC) - tandem mass 
spectrometry (MS/MS) analyses

Media samples (50 μL) were combined with 100 μL of 0.1 μM internal standard 

(Caffeine-13C3) solution in chilled acetonitrile. To allow for protein precipitation, samples 

were vortexed and centrifuged (12,000 g, 10 min, room temperature). The supernatant was 

dried under vacuum, and reconstituted in 50 μL de-ionized water with 0.1 % (v/v) formic 

acid (mobile phase A). Samples were then transferred to autosampler vials with 200 μL 

inserts and stored at −20°C prior to analysis. Samples (8 μL) were automatically injected 

and chromatographed on a ZORBAX SSHD Eclipse Plus C18 column (3.0×50 mm, 1.8 

μm, 959757-302, Agilent, Santa Clara, CA) with a guard column (2.1×5 mm, 1.8 μm, 

821725-901, Agilent) using a 1290 Infinity II LC (Agilent). Column temperature and flow 

rate were set at 40°C and 0.4 mL/min, respectively. Initial chromatographic condition was 

maintained at 90% mobile phase A (water with 0.1% (v/v) formic acid) and 10% mobile 

phase B (acetonitrile with 0.1% (v/v) formic acid) for 1 minute, then increased to 80% B by 
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3 min, then to 95% B by 4 min, and then returned to initial condition at 5 min until 8 min for 

sufficient equilibration prior to next run. MS/MS analyses were performed using an Agilent 

6470 triple quadrupole MS (Agilent) in positive ion mode with an electrospray ionization 

source. Capillary voltage, sheath gas pressure, and sheath gas temperature were set at 3500 

V, 40 psi and 350°C, respectively.

Statistical analyses

General descriptive statistical analyses were conducted using GraphPad Prism 9.0 (San 

Diego, CA). Statistical significance (p<0.05 was selected as a threshold) was tested with 

paired or unpaired t-test with Welch’s correction or one-way ANOVA with Dunnett’s 

multiple-comparisons test as indicated in Figure and Table legends. Power analyses for 

sample size needed to reach statistical significance with 80% statistical power were 

estimated using 1) the two-sided paired t-tests, and 2) two-sided two sample t-tests with 

different variances, for paired and independent samples, respectively. MATLAB, SAS, and 

PASS software packages were used to estimate the effect size and calculate the required 

sample size (Machin et al., 2011; Zar, 1984).

Data availability

Detailed experimental protocols, images and raw data for all experiments included in this 

study can be obtained using hyperlinks included in Supplemental Table 1.

Results

Comparison of liver function by cell source and culture conditions

The originally proposed OrganoPlate® 2-lane 96 plate devices for studies of the liver 

is based on iPSC-derived hepatocytes that are co-cultured with endothelial cells and 

macrophages separated into two compartments (Bircsak et al., 2021). Because a number 

of challenges remain with the metabolic competency of iHeps and their fetal-like 

characteristics (Corbett and Duncan, 2019), we tested if primary human hepatocytes can 

be used in this model. A related research question was the need for inclusion of non-

parenchymal cells in this model to achieve the most optimal performance. To address 

these questions, pre-differentiated iHeps, freshly thawed primary human hepatocytes, or 

primary human hepatocyte spheroids were cultured for up to 17-days in OrganoPlate® 

2-lane 96 plates, with and without THP-1 monocytes and HMEC-1 endothelial cells 

(Figure 1). As previously demonstrated by (Bircsak et al., 2021), under co-culture condition 

with non-parenchymal cells, iHeps remained as cell aggregates in the gel channel while 

HMEC-1 endothelial cells formed and maintained vascular-like structures for up to 17 

days; however, iHeps cultured in the gel lane without non-parenchymal cells retained fewer 

cell clusters. When primary human hepatocytes were seeded into the devices immediately 

after thawing, small cell aggregates formed over time in the gel channel, regardless of 

whether non-parenchymal cells were present. Interestingly, the non-parenchymal cells did 

not remain viable and sloughed off over time and none were present by day 17. When 

primary human hepatocytes were pre-cultured to form spheroids before seeding into the 

devices, they maintained their morphology for up to 14 days, regardless of the presence of 
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non-parenchymal cells. Similarly, non-parenchymal cells were not retained in the perfusion 

channel in this culture condition.

Cell viability of hepatocytes, while variable between the devices, was the highest for 

iHeps co-cultured with non-parenchymal cells (Figure 2A). Primary human hepatocytes 

plated immediately after thawing in presence of non-parenchymal cells were the second-

best condition, albeit only about one quarter viable cells remained as compared to iHeps 

co-cultured with non-parenchymal cells. Under 2D culture conditions, viability of iHeps 

and primary human hepatocytes did not differ (Figure 2B). When iHeps or primary 

human hepatocytes were cultured in the devices in the presence of non-parenchymal cells, 

lactate dehydrogenase leakage was significantly higher in the initial 1–4 days of culture as 

compared to days 7 through 13 (Figure 2C). This marker began to increase for iHeps with 

non-parenchymal cells on day 17. In 2D cultures of either parenchyma cell type, lactate 

dehydrogenase release was low and marginally higher only on day 1 after seeding (Figure 

2D).

Synthetic function of liver parenchymal cells under different culture conditions was 

estimated using production of albumin and urea. In OrganoPlate® 2-lane 96 plate devices, 

the highest albumin production was observed for iHeps in the presence of non-parenchymal 

cells (Figure 2E). Over time, median levels reached up to 20 μg/day/million iHeps, which 

is similar to the report by Bircsak et al (2021) who demonstrated levels between 4 and 

20 μg/day/million iHeps. Other studies with liver tissue chips seeded with primary human 

hepatocytes reported similar values, albeit 2–3-fold variability among donors (Kang et 

al., 2020; Sakolish et al., 2021b; Vernetti et al., 2016). These values are below albumin 

production levels in human liver that is estimated at 37–105 μg/day/million hepatocytes 

(Baudy et al., 2020). Among other conditions tested herein in OrganoPlate® 2-lane 96 plate 

devices, only iHeps cultured without non-parenchymal cells sustained some (~5 μg/day/

million) albumin secretion, comparable to iHeps cultured in 2D condition (Figure 2F). The 

data for urea production in the OrganoPlate® 2-lane 96 plate devices was similar; iHeps 

cultured with non-parenchymal cells showed the highest and upward-trending production 

reaching ~40 μg/day/million iHeps. These values were about 2-fold higher than those 

reported by Bircsak et al (2021) in this device, and comparable to the data in LAMPS 

model with primary human hepatocytes (Sakolish et al., 2021b; Vernetti et al., 2016). 

Human liver urea production is 2–5 times higher (Baudy et al., 2020). iHeps cultured 

alone or freshly-thawed primary human hepatocytes with or without non-parenchymal cells 

exhibited a steady-state urea production of about 15 μg/day/million cells, and spheroidized 

primary human hepatocytes produced negligible amounts (Figure 2G). In 2D cultures, 

typical patterns of urea production were observed with primary human hepatocytes rapidly 

losing their synthetic functions and iHeps maintaining urea production at a low level (Figure 

2H).

Activity of CYP3A4, one of the most important P450 isoforms for drug metabolism, was 

used as a representative marker for the metabolic competency of the cells in different culture 

conditions. CYP3A4-mediated drug metabolism is highly variable (Dorne et al., 2003) and 

wide variability in CYP3A4 activity (from 1 to 600 pmol/million/min) was reported in 

freshly isolated human hepatocytes (Ramaiahgari et al., 2017; Utkarsh et al., 2016). In 
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prolonged culture, primary human hepatocytes show much lower activities of CYP3A4 

(from less than 1 to 10 pmol/million/min) (Lu et al., 2015; Ramaiahgari et al., 2017), unless 

they are maintained as spheroids (Bell et al., 2018). Human iPSC-derived hepatocytes show 

enzyme activity in the range of primary human hepatocytes (Lu et al., 2015). We found 

that iHeps cultured with non-parenchymal cells showed the highest CYP3A4 activity among 

other conditions when cultured in OrganoPlate® 2-lane 96 plate devices (Figures 2I–J); 

however, even the highest activity at day 5 of culture was at the low end of that in primary 

human hepatocytes from different donors (Lu et al., 2015; Ramaiahgari et al., 2017).

Evaluation of reproducibility in the experiments with co-cultured iHeps and non-
parenchymal cells

Because OrganoPlate® 2-lane 96 plate devices seeded with primary human hepatocytes, with 

or without non-parenchymal cells, demonstrated sub-optimal functionality (e.g., CYP3A4 

activity, albumin and urea production), we only used iHeps in all subsequent studies. 

To evaluate the reproducibility of independent experiments, a total of six independent 

studies were performed in OrganoPlate® 2-lane 96 plate devices seeded with iHeps and 

non-parenchymal cells. These studies comprised of a total of 425 individual devices that 

included vehicle controls (0.5% DMSO or 0.16% methanol); thus, these data were used to 

evaluate the reproducibility and robustness of the basal cell function in this platform. First, 

we evaluated the cell seeding success rate in our studies, as suspensions were manually 

loaded using an electronic pipettor. Successful loading was determined by observing under 

a microscope that each chip was correctly filled. In the first step of assembly, where 2.5 

μL iHep/collagen solution is injected into the gel channel, our overall success rate was 

98.6% (419/425 chips, Supplemental Table 2). Following collagen polymerization in the 

gel channel, HMEC-1 and differentiated THP-1 cells were added to the perfusion channel 

with 96.7% (411/425 chips) success. These results were comparable to those achieved with 

automated loading (Bircsak et al., 2021).

Next, we evaluated the overall trends in the basal function of iHeps over time when all 

data were combined and the coefficients of variability within each experiment (Figure 3 and 

Supplemental Tables 3–4). The overall time-related trends in the basal functionality of iHeps 

were similar across independent experiments – we observed gradual decline in cell viability, 

decrease in albumin secretion, and increase in LDH production after 2 weeks in culture, 

while secretion of urea and activity of CYP3A4 remained high. However, the intra-plate 

variability was high in most experiments, generally at 20% or greater, mostly consistent 

with the published expectations for such liver microphysiological systems to be at 30% or 

less (Baudy et al., 2020). We also performed power analysis to determine the number of 

replicates that would be needed to observe significant differences in the basal phenotypes 

over time (Table 1). When using a standard assumption of requiring 80% power and a 5% 

significance level, we found that more than 7 replicates are needed in vehicle control group 

to discern the time-related differences in basal phenotypes. Based on these analyses, it is 

evident that repeated collection of the media from the same devices (paired analyses) results 

in greater reproducibility; however, overall time trends are difficult to ascertain beyond 

pair-wise comparisons between early and later time points.
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Evaluation of metabolic capacity in experiments with co-cultured iHeps and non-
parenchymal cells

Metabolic function of iHeps was evaluated using two approaches, with a 5-drug cocktail 

(phenacetin, 100 μM (CYP1A2); coumarin, 20 μM (CYP2A6); diclofenac, 10 μM 

(CYP2C9); terfenadine, 10 μM (CYP3A4); phenolphthalein, 10 μM (β-glucuronidase)), 

or 5 μM midazolam (CYP3A4). Drugs were added for 24 hrs on days 6, 12, and 

16 of culture. We evaluated both disappearance of the parent compounds as well as 

the formation of primary metabolites (Figure 4). Parent compound concentrations were 

normalized to chips containing the gel without cells (blank chips) to account for non-

specific binding and retention in the gel. Of all compounds tested, terfenadine showed the 

greatest degree of metabolism (Figure 4A), with significant reduction of the parent in at 

least one of the time points was observed for all compounds. However, the reduction in 

midazolam concentration was not significant. Primary metabolites of phenacetin, diclofenac, 

terfenadine, phenolphthalein and midazolam were detected (Figure 4B), most exhibiting a 

significant increase in metabolite formation with time. Next, we used these data to estimate 

the number of replicates that would be necessary to detect the loss of the parent molecule 

in this model at each time point (Table 2). We found that the most optimal time point for 

studies of metabolism is day 12 in culture; 6 to 11 replicates would be needed to detect 

significant change (p<0.05) with 80% power.

Hepatotoxicity studies in experiments with co-cultured iHeps and non-parenchymal cells

Most in vitro models of the liver are used for studies of drug and chemical toxicity. 

Indeed, the model studied herein was proposed for high-throughput compound toxicity 

screening (Bircsak et al., 2021). To evaluate the utility of this model to detect hepatotoxicity, 

iHeps co-cultured with non-parenchymal cells for 7 days were first treated with 180 μM 

troglitazone (about 30× of human Cmax) every 24 hrs for 3 consecutive days. Troglitazone 

treatment significantly reduced cell viability as compared to vehicle controls after 3 days of 

treatment (Figure 5A). When other biomarkers were evaluated from daily media collections, 

we observed clear time-dependent trends in the loss of cell functionality (Figures 5B–D); the 

loss of albumin production was the most robust endpoint with significant effects observed 

after 48 and 72 hrs of treatment (Figure 5C). Overall, the observed effects of troglitazone 

were in accordance with those reported by Bircsak et al (2021). Under conditions of overt 

toxicity as in the case with troglitazone, we found that 4–9 replicates would be sufficient to 

detect adverse effects on cell viability, LDH and albumin production, especially after 48 or 

72 hrs of treatment (Table 3). We found that urea production was highly variable across this 

experiment and would be less preferable biomarker of toxicity in this model.

Because this model contains both iHeps and non-parenchymal cells, we determined whether 

immune-mediated adverse effects of drugs or other molecules could be observed. The 

original study by Bircsak et al (2021) reported that treatment with lipopolysaccharide 

resulted in production of TNFα; in this study we evaluated production of interleukin 

(IL)-6 in addition to other measures of cell functionality (Figure 6). Treatment with 

lipopolysaccharide (1 μg/mL) alone led to significant increases in albumin and urea 

secretion and production of IL-6, as well as a reduction in CYP3A4 activity. Next, we 

used a combined treatment of trovafloxacin and lipopolysaccharide, a classic model of 
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immune-mediated liver toxicity (Beggs et al., 2014; Shaw et al., 2007; Waring et al., 2006). 

We tested trovafloxacin at two concentrations (50 and 150 μM, about 10× and 30× human 

Cmax, respectively), with and without addition of lipopolysaccharide. While expected effects 

were observed such as a decrease in cell viability, production of urea, and loss of CYP3A4 

function, commensurate with known suppression of hepatic metabolic enzymes by cytokines 

(Dickmann et al., 2011); high variability between individual devices (n=4 to 8 for each 

phenotype) resulted in few of these effects reaching statistical significance. In addition, 

effects of lipopolysaccharide on trovafloxacin-mediated toxicity were not evident.

Discussion

It is widely appreciated that microphysiological systems offer a number of advantages 

over traditional in vitro models of the liver; however, their utility to exhibit basic liver 

function, differentiate toxic from non-toxic structural analogues, and determine toxicity 

for new compounds needs to be established (Baudy et al., 2020). In addition, for these 

models to become more routinely used in drug and other chemical safety testing, their 

throughput, functionality and robustness should be characterized. Because of the complexity 

of many liver-focused microphysiological systems and their recent introduction to the fields 

of toxicology and safety pharmacology (Ewart and Roth, 2021), there are few published 

examples of their technology transfer, robustness, and the most suitable contexts of use. 

Most publications of novel liver microphysiological systems present initial case studies by 

their developers. However, only a handful of studies are available that attempted to perform 

independent testing of these devices under more realistic end-user experimental scenarios 

(Rubiano et al., 2021; Sakolish et al., 2021b).

One challenge for testing reproducibility and robustness is the model’s throughput; most 

liver microphysiological systems offer low double-digit throughput (in terms of the number 

of conditions that can be interrogated simultaneously) in an experiment because of the 

need for external device-driven microfluidics (Jang et al., 2019; Sasserath et al., 2020; 

Tsamandouras et al., 2017; Vernetti et al., 2016). By contrast, OrganoPlate® 2-lane 96 plate 

devices offer a potentially greater throughput and lower cost, in terms of both materials 

and personnel time; this model was used to test over 150 compounds for their potential 

hepatotoxicity (Bircsak et al., 2021). The potential utility of the latter model is thus quite 

promising because its throughput may be approaching that of traditional in vitro models of 

hepatotoxicity that utilize 96- or 384-well plates (LeCluyse et al., 2012; Soldatow et al., 

2013). While the throughput is not the only determining factor with respect to the model’s 

usability, the potential utility of liver microphysiological systems for safety testing is likely 

to be as common or greater than that for the mechanistic studies or species comparisons.

Because of the potentially wide application and the higher-throughput nature of 

OrganoPlate® 2-lane 96 plate model, we aimed to compare hepatic functionality of different 

cell types and culture conditions and evaluated the degree of reproducibility of this model 

in independent experiments. The overall rationale for this study was based on a well-

acknowledged challenge with moving promising yet complex microphysiological systems 

from the developer labs to the end-users (Ewart et al., 2017; Livingston et al., 2016). 

Our study was designed to follow as closely as possible the published protocols (Bircsak 
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et al., 2021), but to also evaluate the model under additional conditions that would be 

of interest to the prospective end-users, namely the cell types and sources, replication, 

device handling, and additional treatments. The latter considerations were based on the 

input from a group of prospective end-users who comprise the TEX-VAL Consortium, 

a public-private collaboration with representation from the pharmaceutical and consumer 

goods companies, a trade association, and several US governmental agencies; established for 

evaluation and testing of diverse microphysiological systems (Rusyn et al., 2022). Testing 

of reproducibility of microphysiological systems is needed to ensure the acceptance and use 

of these alternative non-animal testing approaches for basic research and drug or chemical 

safety assessments. As microphysiological systems are transferred from the developers to 

prospective end-users, they need detailed information on their utility and limitations, and 

examples of applications in decision-making. In addition, studies similar to one detailed 

herein are needed for building confidence through standardization and qualification of 

microphysiological systems (Ewart and Roth, 2021).

Based on our experience with OrganoPlate® 2-lane 96 plate model, we conclude that 

it is a robust experimental platform that is fairly straightforward to establish in a new 

laboratory based on the published protocols from the developers (Bircsak et al., 2021). 

This model is most physiological in terms of the basic liver function when seeded with 

both iHeps and non-parenchymal cells, as published (Bircsak et al., 2021). Our data, 

in accord with the original study, show that most optimal time periods for studies of 

metabolism and hepatotoxicity are between days 7 and 13; longer culture conditions may 

be less favored as the function and viability of the hepatocytes begins to fall and few 

non-parenchymal cells remain in the media perfusion channel. Primary human hepatocytes 

appear to be a challenging cell type for this model based on the data we provided herein; 

even though we have selected the most functional lot of primary human hepatocytes for 

these studies, it is possible that donor variability may have contributed to sub-optimal 

performance of these cells in the OrganoPlate® 2-lane 96 plate model. While the use 

of iPSC-derived human hepatocytes is an advantage in terms of future comparisons 

between studies, most publications use commercially-available iHeps (Sirenko et al., 2014). 

Therefore the lack of iPSC-derived hepatocytes from different donors, similar to multi-donor 

iPSC-derived cardiomyocytes (Burnett et al., 2019), is a considerable limitation because 

of the heterogeneity in basic liver function and metabolic capacity of hepatocytes across a 

population that is critical for understanding the inter-individual variability in liver toxicity 

(Ulrich, 2007). In addition, while a number of publications reasoned that iPSC-derived 

hepatocytes may be comparable in their function to primary human hepatocytes in culture 

(Lu et al., 2015; Sirenko et al., 2014), major questions remain about their fetal-like 

characteristics in terms of the metabolic enzyme expression and overall utility in drug 

development (Yamaguchi et al., 2019).

Our data show that OrganoPlate® 2-lane 96 plate model seeded with both iHeps and 

non-parenchymal cells demonstrates higher basic liver function as compared to same 

cells cultured in conventional monolayer constructs. We also obtained comparable data 

on metabolic capacity in this model and replicated the effects of troglitazone and 

lipopolysaccharide. Additionally, we found that manual seeding of the devices can be 

successfully performed, albeit with sufficient training and following the precautions detailed 
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here in the Methods. This finding opens the opportunity for wider adoption of this 

technology by laboratories that may not have access to automated liquid handling that 

can also be used for seeding of the devices. Overall, these data are encouraging as they 

demonstrate a success in technology transfer and the ability to maintain long-term (about 2.5 

weeks) viability and functionality of the cells in this microphysiological system. However, 

there are several limitations and additional considerations as listed below that were identified 

by our study that may serve as additional information for future prospective users of this 

technology.

Our data is informative for future experimental design considerations in this platform, 

especially in terms of the number of replicates that may be needed for studies of different 

“context of use.” We found that 8 or more replicates may be needed to ensure that the 

experiments are sufficiently powered to detect adverse effects in this model. The number of 

replicates should be even greater in studies of basal liver function. This finding is potentially 

counter-balances the prospects of high-throughput studies in this model, albeit comparable 

data from other liver microphysiological systems of the liver are lacking. The original study 

reported robust z’-factors, a measure of experimental reproducibility; however, those values 

were derived from intra-plate reproducibility and no indication of inter-plate reproducibility 

was provided. Our data show that indeed it is replicate studies on different plates, despite 

the use of the same lot of iHeps and other factors that could be reasonably standardized 

(e.g., protocol, operator, media, etc.), that likely contribute to the high variability observed. 

Indirect evidence of high variability between experiments was also presented by Bircsak et 

al (2021), specifically, basal albumin production varied about 10-fold between experiments. 

Experimental variability is a concern not only for this study but for other in vitro studies, or 

studies in animals and humans; still, clarity about the statistical power is needed to increase 

confidence in the model and therefore the data provided here should be useful for designing 

informative studies in the future.

Related to the need for increasing the number of replicates in this model is the consideration 

of its utility for screening of large libraries of compounds. In this regard, the inclusion of a 

screening study in the publication by Bircsak et al (2021) is a major positive development 

in the field of liver microphysiological systems. However, limited replication (n=3) was 

used for concentration-response study of 21 compounds, and no replication was used for 

the study of 159 compounds (all tested at 50 μM). The outcomes of these experiments, as 

reported by Bircsak et al (2021), in comparison to other published in vitro liver model data 

and clinical classification of the compounds with respect to their potential hepatotoxicity 

may be characterized as limited success. For example, the accuracy metrics for the data 

from OrganoPlate® 2-lane 96 plate model (Bircsak et al., 2021) were less favorable than 

the outcomes from studies in spheroids of primary human hepatocytes (Supplemental Figure 

3A), albeit the number of chemicals in these studies varied. Also, the performance of 

the OrganoPlate® 2-lane 96 plate model (Bircsak et al., 2021), as a predictor of human 

drug-induced liver injury, improved (Supplemental Figure 3B) when a dose-response study 

design was used with some replicates (n=3) for each condition. But the generalizability 

of this finding is yet to be tested because a smaller set of compounds was tested in these 

experiments. When these results are interpreted in the context of our study, we found 

that the OrganoPlate® 2-lane 96 plate model could be used to detect compounds that are 
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expected to exhibit key characteristics of hepatotoxicity that originate from hepatocytes 

themselves (Rusyn et al., 2021). For example, in the case of troglitazone, which is known 

to be bioactivated to electrophilic moieties, causing cell death through oxidative stress, 

mitochondria dysfunction and cholestasis (Smith, 2003), we were able to confirm previous 

findings (Bircsak et al., 2021). However, other microphysiological or simpler in vitro liver 

models could also be used for this purpose (Rubiano et al., 2021; Sakolish et al., 2021b; 

Ware et al., 2017; Yokoyama et al., 2018).

For studying hepatotoxicity that involves cytokine-mediated events, another key 

characteristic for hepatotoxic compounds including drugs (Roberts et al., 2007), the 

OrganoPlate® 2-lane 96 plate model may not be the most optimal choice. Even though 

we did observe increase in IL-6 and a decrease in CYP3A4 activity in lipopolysaccharide-

treated devices, indicative of the ability of nonparenchymal cells to be activated, we did 

not observe potentiation of trovafloxacin-mediated toxicity by lipopolysaccharide. Other 

multi-cellular liver microphysiological systems were able to observe the synergistic effects 

(Rubiano et al., 2021; Sakolish et al., 2021b). The discordance in these observation between 

models is likely due to the differences in topology of hepatocytes and non-parenchymal 

cells between the OrganoPlate® 2-lane 96 plate model and other multi-cellular liver 

microphysiological systems, the former encapsulates hepatocytes in the gel creating a 

physical separation between hepatocytes and non-parenchymal cells. This may lead to the 

challenges in establishing microphysiological conditions in the liver acinus that determine 

paracrine actions of the non-parenchymal cells on hepatocytes and vice versa (Kmiec, 2001). 

It is also possible that this was due to the immature state of iHeps, including the lack of adult 

hepatocyte-like expression of TGF-β which is manipulated during cell de-differentiation and 

re-differentiation into hepatocytes (Ang et al., 2018).

In conclusion, we note that while the overall transferability of the OrganoPlate® 2-lane 96 

plate microphysiological system was a success, the reproducibility with the original study 

(Bircsak et al., 2021) was greatly dependent on the number of replicates. The role of the 

differences in the cell source, a typical obstacle to replication of complex cell-based models, 

was minimal in this study because we used iPSC-derived hepatocytes; still, we showed that 

the use of other cells such as primary human hepatocytes would have resulted in the lack 

of reproducibility. Our results will be informative to end-users of this highly promising high-

throughput model; however, we caution that careful consideration of replicates and inclusion 

of dose-response study designs may be needed to increase confidence in interpreting 

the findings. The ability of this model to detect immune-mediated toxicity, especially 

under prolonged culture conditions, may be limited in the current implementation of this 

microphysiological system.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights

• Microphysiological systems are thought to be more human-relevant models 

for toxicology

• Liver microphysiological systems are complex devices that typically have low 

throughput

• This study tested a higher-throughput liver microphysiological system for its 

robustness

• OrganoPlate® 2-lane 96 plates are most functional with iHeps and non-

parenchymal cells

• This model needs high number of replicates to deliver robust results limiting 

throughput
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Figure 1. Bright field and immunocytochemical images in OrganoPlate® 2-lane 96 plate.
OrganoPlate® 2-lane 96 plates consist of the perfusion and organ lanes separated by a phase 

guide. Under all conditions, differentiated iHeps, primary human hepatocytes (PHH), or 

primary human hepatocyte spheroids were cultured in the gel lane with type 1 collagen. 

Under co-culture conditions, HMEC-1 endothelial cells and THP-1 derived macrophages 

were cultured in the perfusion lane. Images are shown for iHeps and primary human 

hepatocytes after 17 days of culture and for primary human hepatocyte spheroids after 

14 days of culture. Some hepatocytes may appear to be on top of the Phaseguide or inside 

the perfusion channel; however, because the gel forms a meniscus they are still trapped in 

the gel. For immunocytochemistry, nuclei were stained with Hoechst-33342, cytoplasm was 

stained with F-actin, and THP-1 monocytes were stained with anti-CD68 antibodies.
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Figure 2. Cell viability, LDH, albumin, urea, and CYP3A4 activity in OrganoPlate® 2-lane 96 
plate (left panels A, C, E, G, and I) and traditional 2D cultures (right panels B, D, F, H, and J).
(A and B) Imaging-based cell viability at the end of cell culture. Data are graphed as box 

(interquartile range) and whiskers (min-max range) with individual data points shown. (C 

and D) LDH leakage, (E and F) albumin secretion, (G and H) urea secretion, and (I and J) 

CYP3A4 activity data are plotted as a function of time. Data are plotted as mean ± standard 

deviation (n = 3–4). For OrganoPlate® 2-lane 96 plate data, asterisks (*) denote statistical 

differences at p < 0.05 (one-way ANOVA with Dunnett’s multiple comparisons test). For 2D 

models, asterisks (#) denote statistical differences at p < 0.05 (unpaired t-test with Welch’s 
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correction). Abbreviations: iHeps, human induced pluripotent stem cell-derived hepatocytes; 

PHH, primary human hepatocytes; NPCs, non-parenchymal cells; Sph., spheroids.
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Figure 3. Time trends and variability in repeat control experiments for cell viability, LDH, 
albumin, urea, and CYP3A4 activity parameters in OrganoPlate® 2-lane 96 plates seeded with 
iHeps and non-parenchymal cells.
(A, C, E, G, I) Variability for each phenotype as indicated in the y-axis. The values were 

graphed as box and whiskers (10–90 percentile) by combining data from all experiments (n 

= 16–31). (B, D, F, H, J) Coefficients of variation and their trends for each phenotype. Data 

were plotted for each experiment (n = 3–8). Data were combined into 5 representative time 

points: days 1–3, 4–6, 7–9, 10–13, and 14–17.
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Figure 4. Drug metabolism in OrganoPlate® 2-lane 96 plate seeded with iHeps and non-
parenchymal cells over time.
(A) A 5-chemical cocktail (phenacetin, 100 μM; coumarin, 20 μM; diclofenac, 10 

μM; terfenadine, 10 μM; phenolphthalein, 10 μM) or 5 μM midazolam were added to 

OrganoPlate® 2-lane 96 plates for 24 h on days 6, 12, and 16 of culture (n = 8). The 

drug probe media were also injected to chips without cells (only gel) for 24 h at the 

same timepoints and these values were used as reference (horizontal dotted lines). Data 

are graphed as box and whiskers (min-max). Asterisks indicate statistical significance as 

follows: (*) is for p < 0.05 by one-way ANOVA with Dunnett’s multiple comparisons 

test within each compound; ($) is for p < 0.05 by unpaired t-test with Welch’s correction 

compared to blank devices at each sampling point. (B) Metabolite formation from each 

parent compound. Data are graphed as box and whiskers (min-max). Asterisks indicate 

statistical significance as follows: (*) is for p < 0.05 by one-way ANOVA with Dunnett’s 

multiple comparisons test within each compound; (#) is for p < 0.05 by paired t-test at each 

sampling point. NA, not available; LLOQ, lower limit of quantification.
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Figure 5. Changes of cell viability, LDH, albumin, and urea after 180 μM troglitazone exposure 
in OrganoPlate® 2-lane 96 plate seeded with iHeps and non-parenchymal cells.
(A) Image-based cell viability, (B) LDH leakage, (C) albumin secretion, (D) urea secretion. 

Except for cell viability, endpoints were normalized to the mean of the data at 0 h. Data are 

plotted as box and whiskers (min-max, n = 8–16). Asterisks indicate statistical significance 

as follows: (*) is for p < 0.05 by one-way ANOVA with Dunnett’s multiple comparisons 

test; (#) is for p < 0.05 by unpaired t-test with Welch’s correction.
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Figure 6. Changes of cell viability, LDH, albumin, urea, CYP3A4, and IL-6 after 48 h 
troglitazone exposure with and without LPS in OrganoPlate® 2-lane 96 plate seeded with iHeps 
and non-parenchymal cells.
(A) Image-based cell viability, (B) LDH leakage, (C) albumin secretion, (D) urea secretion, 

(E) CYP3A4 activity, and (F) IL-6 release. Except for IL-6, endpoints were normalized 

to the mean of the vehicle controls. Data are plotted as box and whiskers (min-max, n = 

4–12). The red dotted line shows 100% (mean of the vehicle samples). Asterisks (*) indicate 
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statistical significance at p < 0.05 by one-way ANOVA with Dunnett’s multiple comparisons 

test as compared to vehicle controls.
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Table 1.

Sample size estimates for observing time-related differences in basic hepatic function in experiments with 

OrganoPlate® 2-lane 96 plates seeded with iHeps and non-parenchymal (vehicle-treated groups). Shown are 

the number of replicate devices needed for detecting significant (p<0.05 with 80% power) differences between 

timepoints or in a trend test.

Endpoint Un-paired samples Paired samples

Lactate dehydrogenase

 Days 1–3 vs Days 14–17 66 (33/group) 28

 Days 7–9 vs Days 14–17 20 (10/group) 9

 Time trend (regression) >100 >100

Albumin

 Days 1–3 vs Days 4–6 26 (13/group) 13

 Days 1–3 vs Days 7–9 20 (10/group) 10

 Time trend (regression) >100 >100

Urea

 Days 1–3 vs Days 4–6 54 (27/group) 20

 Days 1–3 vs Days 14–17 28 (14/group) 14

 Time trend (regression) 33 >100

CYP3A4 activity

 Days 4–6 vs Days 7–9 76 (38/group) 35

 Days 4–6 vs Days 14–17 16 (8/group) 7

 Time trend (regression) 65 >100
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Table 2.

Sample size estimates for observing time-related differences in drug metabolism (disappearance of the 

substrate) in experiments with OrganoPlate® 2-lane 96 plate seeded with iHeps and non-parenchymal cells. 

Shown are the number of replicate devices needed for detecting significant (p<0.05 with 80% power) 

differences at each timepoint.

Drug (Primary metabolic pathway) Day 6 Day 12 Day 16

Phenacetin (CYP1A2) 19 8 16

Coumarin (CYP2A6) 14 11 13

Diclofenac (CYP2C9) >100 8 10

Terfenadine (CYP3A4) 9 7 8

Phenolphthalein (Glucuronidation) 18 6 10

Midazolam (CYP3A4) 12 >100 >100
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Table 3.

Sample size estimates for observing time-related differences in troglitazone (180 μM) toxicity in experiments 

with OrganoPlate® 2-lane 96 plate seeded with iHeps and non-parenchymal cells. Shown are the number of 

paired devices needed for detecting significant (p<0.05 with 80% power) differences at each timepoint.

Endpoint 24 h 48 h 72 h

Live cells (%) 6 (3/group)

Lactate dehydrogenase 8 6 4

Albumin 30 9 5

Urea 41 >100 7
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