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a b s t r a c t 

Human 3D liver microtissues/spheroids are powerful in vitro models to study drug-induced liver injury (DILI) but 
the small number of cells per spheroid limits the models’ usefulness to study drug metabolism. In this work, we 
scale up the number of spheroids on both a plate and a standardized organ-chip platform by factor 100 using 
a basic method which requires only limited technical expertise. We successfully generated up to 100 spheroids 
using polymer-coated microwells in a 96-well plate ( = liver-plate) or organ-chip ( = liver-chip). Liver-chips display 
a comparable cellular CYP3A4 activity, viability, and biomarker expression as liver spheroids for at least one 
week, while liver-plate cultures display an overall reduced hepatic functionality. To prove its applicability to 
drug discovery and development, the liver-chip was used to test selected reference compounds. The test system 

could discriminate toxicity of the DILI-positive compound tolcapone from its less hepatotoxic structural analogue 
entacapone, using biochemical and morphological readouts. Following incubation with diclofenac, the liver- 
chips had an increased metabolite formation compared to standard spheroid cultures. In summary, we generated 
a human liver-chip model using a standardized organ-chip platform which combines up to 100 spheroids and can 
be used for the evaluation of both drug safety and metabolism. 
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. Introduction 

Primary human hepatocytes (PHH) are essential in vitro cultures used
n drug discovery and development to allow a relevant and translatable
ssessment of potential drug candidates for clearance, metabolism, and
otential hepatotoxicity. PHH have mainly been utilized in suspension
r as two-dimensional (2D) monolayer cultures, however, only short-
erm incubations are possible as hepatocytes quickly dedifferentiate in
itro [1] . 

Three-dimensional (3D) cultures of PHH as liver microtissues ( = liver
pheroids) preserve the hepatocyte phenotype and functionality for sev-
ral weeks [ 2 , 3 ]. The longevity of the model allows long-term drug in-
ubations with repeated drug administrations to be performed, mimick-
ng the chronic treatment regimen of many marketed compounds and
chieving a higher relevance to the clinical setting. Such a long-term
rug exposure gives human 3D liver spheroids a superior sensitivity
ompared to 2D cultures to detect the hepatotoxicity of drugs caus-
ng drug-induced liver injury (DILI) in patients ( = DILI-positive com-
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ounds). Both 2D and 3D models show high specificity and limit the
umber of false positive signals for drugs with less or no DILI concerns
n patients ( = DILI-negative compounds) [ 4 , 5 ]. In recent years, human
iver spheroids became an increasingly useful tool for pharma compa-
ies to screen drug candidates for DILI and to gain mechanistic insights
nto toxicity [ 4 , 6 , 7 ]. 

Recently, human liver spheroids were evaluated to predict the in
ivo hepatic clearance of compounds [ 8 , 9 ]. The long-term stability of
pheroids allows these cultures to be incubated with one or more com-
ound(s) for multiple days. However, spheroids contain considerably
ewer cells than a typical suspension model, which again limits the
odel’s sensitivity to detect the clearance of compounds with high
etabolic stabilities. To address this limitation, Kanebratt et al. success-

ully pooled 3 spheroids in one well [9] . Riede et al. also explored this
pproach by pooling 5 spheroids in the same well, however, they ob-
erved aggregation of the spheroids and a decrease of cytochrome P450
CYP) enzyme expression over 7 days, leading to an underprediction of
ntrinsic clearance [8] . While human liver spheroids are highly suitable
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or long-term incubations, multiple spheroids will need to be combined
o increase the total cell number and metabolic capacity in one incuba-
ion. Therefore, the development of a method which allows the pooling
f multiple spheroids whilst preventing aggregation and fusion is highly
esirable. 

One potential solution to overcome this challenge is the use of mi-
rowell arrays with multiple small cavities that can each contain a
pheroid. By introducing a microwell array in the system, spheroids can
e contained in separate microwells, thereby preventing their aggrega-
ion and fusion, whilst still allowing all spheroids to share the same
edium compartment. Recently, microwell plates and inserts became

ommercially available to combine spheroids of the liver and other tis-
ues [10–13] . 

Finally, microphysiological systems (MPS), also known as organ-on-
hips are increasingly being implemented to create more physiological
nd predictive in vitro cultures suitable for long-term culturing experi-
ents. MPS allow circulation of the medium, which emulates the blood
ow. Circulation of the medium leads to an improved exchange of nutri-
nts, gasses, waste products and drugs between the medium and the cells
esulting in improved longevity and physiological relevance [ 14 , 15 ].
ue to medium flow, the culture will also experience shear stress, which

s a key biological signal to some cell types to reach physiological func-
ionality [ 16 , 17 ]. Finally, medium flow allows the interconnection of
ultiple compartments and thus the setup of multi-organ chips. To prop-

rly emulate organ-organ interactions, the cell ratio between organs in
itro must closely approach in vivo values [ 18 , 19 ]. Several liver MPS
ultures have been set up in custom and standardized chip platforms
 14 , 15 , 20 ]. A hepatic compartment is also implemented in most multi-
rgan chips, since the liver is the prime site of drug metabolism and has
hown physiological interplay with several other organs in vitro [ 18 , 21–
4 ]. 

The combination of MPS with PHH-derived liver spheroids has
nly been reported in a limited number of articles to our knowledge
 21 , 23 , 25 , 26 ]. Application of human liver spheroids from primary cells
n organ-chip models has either been in customized systems by pooling
0-50 spheroids in a gel [ 23 , 25 ] or with 10 spheroids in a standard-
zed model combining flow and hanging-drop technology [ 21 , 26 ]. It
ould be useful to have an easy-to-use approach that can combine nu-
erous PHH-derived liver spheroids on a standardized organ-chip plat-

orm to allow the implementation of such a novel model with good re-
roducibility of results across different labs. Such a model could have
n added value over less complex and physiological models to investi-
ate the safety and metabolism of potential drug candidates during drug
iscovery and development. 

In this work, we describe the setup of a simple method using com-
ercially available microwells to simultaneously form and culture 100
uman liver spheroids from primary cells within one system. The model
as set up in a 96-well plate and standardized organ-chip model. We

ermed these models liver-plate and liver-chip, respectively, comparable
o other articles describing similar systems [ 14 , 27 ]. Comparison of both
ystems against conventional liver spheroid cultures demonstrated that
he liver-chip had a comparable hepatic functionality as liver spheroids,
hile the liver-plate did not meet the same standards. Finally, the liver-

hip will be shown to have been successfully applied to study drug safety
nd metabolism profiling, and possesses an added value compared to
iver spheroid cultures to study drug metabolism. 

. Materials and methods 

.1. Microwell insert preparation 

Dynarray microwells (polycarbonate, porous, 500 μm diameter per
icrowell) were obtained from 300MICRONS (Karlsruhe, Germany). Air

ubbles in microwell cavities were removed by immersing the arrays in
n alcohol-water series according to the manufacturer’s instructions and
nally washed in distilled water (Sigma Aldrich). Microwells were sub-
2 
equently made cell-repellent by coating with BIOFLOAT FLEX solution
faCellitate, Mannheim, Germany) for 3 min, followed by airdrying the
olution for at least 30 min under laminar flow. Finally, 96-well inserts
ere cut out using a 6 mm skin biopsy puncher (Acuderm, Ford Laud-

rdale, FL, USA) and transferred to a cell culture plate or chip with the
avities facing upwards. 

.2. Preparation of chips 

Microphysiological 2-organ chips were obtained from TissUse
Berlin, Germany). Every circuit was composed of two 96-well compart-
ents (of which one equipped with a reservoir holder) and 3 on-chip
icropumps. Every compartment was filled with 300 μl of Lonza hep-

tocyte complete medium (HCM) (Lonza, Verviers, Belgium) with 10%
remium-grade FBS (VWR, Radnor, PA, USA). In the experiments using
icrowell arrays, a microwell insert was placed at the bottom of every

eservoir holder. 

.3. Cell sources 

PHH and crude mixed non-parenchymal cells (NPC) were all ob-
ained from BioIVT (Brussels, Belgium). The human biological samples
ere sourced, and their research use was in accord with the terms
f the informed consent. PHH were thawed in human cryopreserved
epatocyte thawing medium (Lonza), NPC were thawed in CP medium
BioIVT). After centrifugation for 10 minutes at 100 g cells were resus-
ended in Lonza HCM + 10% FBS and counted using a hemocytometer
Nano-entek, Waltham, MA, USA). PHH were used for the model setup
 Fig. 1 and 2 ), PHH + NPC were utilized for further characterization
nd drug testing ( Fig. 3 and 4 ). PHH and NPC were mixed in a 2:1 ratio,
hich was previously found as the optimal ratio in spheroids [6] . 

.4. Liver spheroid formation 

Single spheroid culture: 1,500 PHH with or without 750 NPC were
eeded in 100 μl Lonza HCM + 10% FBS per well in BIOFLOAT 96-
ell plates (faCellitate). Plates were centrifuged for 2 min at 100 g and

ncubated at 37 °C. 2–4 days later, each well was supplemented with 100
l of serum-free Lonza HCM, giving a total volume of 200 μl per well.
ext, 50% media changes with serum-free Lonza HCM were performed

or 3 more days. After 7–8 days, spheroids were fully formed and showed
 well-defined edge (as seen in Fig. 2 C and in line with other reports [3] )
nd were used for downstream applications (transfer, maintenance, drug
reatment). 

Loading spheroids in a plate: 16 or 32 fully formed spheroids were
ollected, pooled in 100 μl Lonza HCM using widebore pipette tips
Thermo Fisher, Waltham, MA, USA) and transferred into one well of
 transparent 96-well plate (Corning, Corning, NY, USA) with or with-
ut microwell insert containing 100 μl Lonza HCM. Low-adhesive wells
ere obtained by adding 100 μl BIOFLOAT FLEX solution (faCellitate,
annheim, Germany) for 3 min, followed by airdrying of the solution

or at least 30 min under laminar flow. 
Loading spheroids in a chip: 16 fully formed spheroids were pooled

n 100 μl Lonza HCM using wide-bore pipette tips (Thermo Fisher). In
he 2 organ-chip (TissUse), 100 μl of the medium in the reservoir com-
artment (total volume per circuit: 600 μl) was replaced by 100 μl Lonza
CM containing 16 spheroids. 

Liver-plate formation: 100,000 PHH with or without 50,000 NPC
ere seeded in 100 μl Lonza medium + 10% FBS per well in a transpar-

nt 96-well plate (Corning) previously loaded with Dynarray microwell
nserts (300MICRONS) and pre-wetted with 50 μl Lonza HCM + 10%
BS. The seeding medium was carbogen-saturated unless otherwise
pecified, while the medium for refreshing was not saturated with car-
ogen. The plate was centrifuged for 2 minutes at 100 g. 2-4 days later,
ach well was supplemented with 150 μl of serum-free Lonza HCM, giv-
ng a total volume of 300 μl. The next day, 50% media changes with
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Fig. 1. Pooling human liver spheroids in an organ-chip and plate setup. 
A: overview figure of the culture setup with spheroid formation in an ultra-low attachment plate, and transfer of several spheroids to a 96-well plate or organ-chip. 
B: brightfield pictures showing fully formed spheroids (after 7-8 days) before and after transfer to a plate or organ-chip. Arrowheads indicate spheroids adhering 
to the bottom, red circles indicate fusing spheroids. Scale bar, 400 μm. C: overview figure of the culture setup with spheroid formation in an ultra-low attachment 
plate, and transfer of several spheroids to a 96-well plate or organ-chip containing microwells. D: overview picture of microwells, showing ∼ 100 cavities per array 
and a zoomed-in picture of microwells, showing pores in the material. Scale bar, 2000 μm (top picture), 200 μm (bottom picture). E: pictures of plate and organ-chip 
with microwells after transfer of several spheroids. Red circles indicate fusing spheroids. Scale bar, 400 μm. 
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erum-free Lonza HCM were performed for 3 more days. On day 7-8,
pheroids were fully formed. 

Liver-chip formation: In the 2-organ chip (TissUse), 100 μl of the
edium in the reservoir compartment with microwells was replaced by
00 μl carbogen-saturated Lonza medium + 10% FBS with 100,000 PHH
nd with or without 50,000 NPC, giving a total volume of 600 μl per
ircuit. The chip was centrifuged for 2 min at 100 g. Immediately after-
ards, the medium of the other compartment of the chip was replaced
y carbogen-saturated Lonza HCM + 10% FBS. The chip was connected
o the HUMIMIC starter (TissUse) with a pumping frequency of 0.5 Hz
nd a pressure of ± 200 mbar. After 1 day, 50% of the total medium
as replaced with serum-free Lonza HCM (without carbogen saturation)

n the cell-free compartment. As the cell-containing compartment does
ot have to be disturbed directly, the first media refreshment can be
erformed earlier than for the liver-plate and liver spheroids. Media
hanges with serum-free Lonza HCM were performed for 4 days. Af-
er the last medium refreshment, the pumping parameters were set to
 pumping frequency of 0.75 Hz and a pressure of ± 300 mbar. On day
-8, spheroids were fully formed. 
(  

3 
Images were taken using the EVOS XL or the EVOS M5000 (Thermo
isher). Spheroid dimensions were measured using FIJI (Fiji Is Just Im-
geJ, https://fiji.sc/ , [28] ). 

.5. Culture maintenance and drug treatment 

Following completed spheroid formation, 50% of the culture
edium was refreshed every 2-3 days with serum-free Lonza HCM, on a
onday, Wednesday, or Friday. Diclofenac, entacapone, and tolcapone
ere bought from Merck/Millipore Sigma (Burlington, MA, USA). Drugs
ere either dissolved as powder in medium or diluted from a DMSO

tock to reach a maximal final concentration of 0.1% DMSO. For drug
tudies, the added medium contained the drug at double the intended fi-
al concentration (2X) or vehicle. To study metabolism, diclofenac was
dded at a final concentration of 50 μM and incubated for 3 days. For
afety testing, liver-chips were treated for 7 days with 5X or 20X the
otal clinical Cmax of tolcapone (Cmax = 47.577 μM) and entacapone
Cmax = 3.588 μM) [29] . Tolcapone is a strongly hepatotoxic compound
most DILI), while entacapone is a less hepatotoxic structural analogue

https://fiji.sc/
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Fig. 2. Human liver spheroid formation in a plate and organ-chip using microwells. 
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less DILI) [ 29 , 30 ]. Half of the media was refreshed every 2-3 days (on a
onday, Wednesday, and Friday) with a 2X solution of the drug or vehi-

le in Lonza HCM for a total of 7 days. For liquid chromatography-mass
pectrometry (LC-MS) or biomarker analysis, medium was removed, di-
uted depending on the downstream application, and stored at -80 °C. 

.6. Biomarker assays 

Supernatants (SN) were collected and stored either undiluted (for al-
umin and urea analysis) or diluted 1:50 (for liver-plate and liver-chip
N) or 1:5 (for liver spheroids) in lactate dehydrogenase (LDH) storage
uffer (for LDH analysis, buffer prepared according to manufacturer’s in-
tructions) at -80 °C. Samples diluted in LDH storage buffer were thawed
nce and analyzed for LDH content using the LDH-glo cytotoxicity assay
Promega, Madisone, WI, USA) following the manufacturer’s instruc-
ions. To determine albumin production, thawed supernatant samples
ere diluted 1:500 (for liver-plate and liver-chip SN) or 1:50 (for liver

pheroids) in dilution buffer C and analyzed using the human albumin
LISA kit E88-129 (Bethyl laboratories, Montgomery, TX, USA). Urea
nalysis was performed on 20 μl (for liver-plate and liver-chip or 40 μl
for liver spheroids) of SN using the urea assay kit KA1652 (Abnova, Hei-
elberg, Germany). All assays were read on a Victor Nivo plate reader
Perkin Elmer, Waltham, MA, USA). 

.7. CYP3A4-Glo and viability assay 

Fully formed liver models were maintained for 7 days in the presence
r absence of drug. To determine CYP3A4 activity using a luminescence-
ased assay, 50% of the medium was replaced by the same volume of 2X
YP3A4-Glo probe (Promega) in Lonza HCM. Cultures were incubated

or 2 h and 25 μl samples were taken and processed according to the
anufacturer’s instructions. Raw signals were normalized for volume

nd spheroid number. For viability assessment, liver spheroids were an-
lyzed for ATP content by removing 150 μl of SN and adding 50 μl
ellTiter-Glo® (CTG) 3D assay (Promega) and were processed accord-

ng to manufacturer’s instructions. On the liver-plate and liver-chip, 50%
f the total volume was replaced with an equal volume of CTG 3D assay
nd first put on a shaker for 5 min to lyse the cells. Next, a sample of the
ysate was diluted 1:5 in Lonza HCM and 50 μl was mixed with 50 μl
TG 3D assay in a 96-well plate. Raw signals were normalized to the
umber of seeded cells in each culture. For both the CYP3A4-Glo and
TG 3D assay, luminescence was read using a Victor Nivo plate reader
Perkin Elmer). 

.8. CYP probe cocktail incubation 

To evaluate the metabolic activity of CYP enzymes in liver cul-
ures, 50% of the media was removed and replaced by a cocktail of 4
robe substrates diluted in Lonza HCM. The 4 substrates were bupropion
CYP2B6 substrate, final concentration: 100 μM), phenacetin (CYP1A2
ubstrate, final concentration: 10 μM), diclofenac (CYP2C9 substrate,
nal concentration: 10 μM), midazolam (CYP3A4 substrate, final con-
entration: 3 μM). After 4 h of incubation, 50 μl samples were taken and
rozen until analysis. 
: overview figure of the culture setup showing immediate seeding of PHH in microw
o conventional liver spheroid cultures, formed by seeding cells in low-attachment w
 plate and organ-chip after 7 days of culture. The number of spheroids per system w
 = 6 individual cultures. Scale bar, 2000 μm. C: brightfield pictures of spheroids form

ormation was successful in all three tested PHH lots. Scale bar, 400 μm. D: sphero
-8 of culture) by measuring the x- and y-dimensions of spheroids in individual mic
rom 21-27 individual spheroids within the same microwell array. ∗ ∗ , p < 0.01. E: sp
eeks of culture. The graph shows the mean and individual values expressed as fmo

determined using LC-MS quantification of primary metabolites) in liver-chip, liver-
nd individual values obtained from 3 different donors. G: CYP3A4 activity per sphe
nd single liver spheroid after 2 weeks of culture. The graph shows the mean and in
uminescent units (RLU) and corrected for medium volume and number of spheroids

5 
.9. Non-specific binding of compounds to the chip 

To determine the impact of non-specific binding on the nominal con-
entration of compounds in an empty chip, every compartment of a Tis-
Use 2-organ chip was filled with 300 μl Lonza HCM. Next, 300 μl of
he refresh compartment was replaced with 300 μl Lonza HCM con-
aining either the CYP probe cocktail at 2x the final concentration or
00 μl Lonza HCM containing a mix of entacapone and tolcapone at
0x the clinical Cmax. The pumping parameters were set to a pumping
requency of 0.75 Hz and a pressure of ± 300 mbar. After 4 and 24 h,
0 μl media samples were taken from the receiver compartment and
rozen until LC-MS analysis. 

.10. LC-MS analysis 

CYP enzyme activity and cocktail parent quantification: Frozen media
amples were thawed. A volume of 50 μl of media was mixed with
0 μl of a 70/30 water/acetonitrile mix containing 4 internal standards
0.32 μM 1-OH-midazolam - D4, 0.35 μM 4-OH-diclofenac - 13C6, 0.42
M OH-bupropion - D6, 0.71 μM Acetaminophen - D4) and 50 μl of a
5/5 water/acetonitrile mix. A volume of 4 μl (for metabolite quantifi-
ation) or 0.1–1 μl (for parent quantification) was injected on an API
000 triple quadrupole LC-MS instrument (AB Sciex, Framingham, MA,
SA) coupled to a HP1290 INFINITY II ultra-performance liquid chro-
atography instrument (UPLC; Agilent Technologies, Santa Clara, CA,
SA) with an ZORBAX Eclipse plus XDB C18 50 × 2.1 mm column (Agi-

ent Technologies). The flow rate of the mobile phase was 0.412 ml/min.
he mobile phase was a mix of solvent A (water + 0.1 % trifluoroacetic
cid, pH = 2.4) and solvent B (acetonitrile). The gradient profile was:
–2.16 min 5% B, 2.16–2.4 min 5-25% B, 2.40–3.86 min 25–40% B,
.87–4.34 min 50–80% B, 4.34–4.83 min 80% B, 4.84–5.56 min 90% B,
.57–6.5 min 5% B. Positive electrospray ionization (ESI + ) was used in
ombination with multiple reaction monitoring. Additional instrument
arameters are listed in Supplementary Table 1 . 

Entacapone and tolcapone quantification: Media samples were first di-
uted with Lonza HCM to a concentration < 10 μM and frozen until
urther use. Next, 50 μl of the diluted sample was mixed with 100 μl of
cetonitrile with 0.5 μM dextromethorphan as internal standard. Sam-
les were centrifuged for 5 minutes at 3000 g, 50 μl of the supernatant
as mixed with 150 μl water + 0.1% formic acid. A volume of 5 μl of

ach sample was injected on an API 5000 triple quadrupole LC-MS in-
trument (AB Sciex) coupled to a HP1290 INFINITY II UPLC (Agilent
echnologies) with an ACE Excel 2 C18-AR 150 × 2.1 mm column (Ad-
anced Chromatography Technologies, Aberdeen, UK). The flow rate of
he mobile phase was 0.4 ml/min. The mobile phase was a mix of solvent
 (water + 0.1 % formic acid) and solvent B (acetonitrile + 0.1 % formic
cid). The gradient profile was: 0—0.3 min 10% B, 0.4–4 min 10–70%
, 4.01-5 min 95% B, 5.01—6 min 10% B. Positive electrospray ioniza-
ion (ESI + ) was used in combination with multiple reaction monitoring.
dditional analysis parameters are listed in Supplementary Table 1 . 

Metabolite identification: Supernatants were collected after 72 h of
ncubation with diclofenac and stored undiluted at -80°C. Thawed me-
ia samples (50 μl) were mixed with 1 volume of acetonitrile, vortexed
ells in a 96-well plate and organ-chip. Both models were biologically compared 
ells. B: brightfield pictures showing spheroids formed in a microwell array in 
as shown in the graph below, which represents the mean + individual values. 
ed after 6-10 days of culture in microwells in a plate and organ-chip. Spheroid 

id size and circularity were quantified in fully formed spheroid cultures (day 
rowell array in both the plate and organ-chip. Each box plot summarizes data 
heroid viability of the liver-plate, liver-chip and liver spheroid culture after 2 

l ATP/cell. ∗ ∗ , p < 0.01; n.s., not significant ( p ≥ 0.05). F: CYP enzyme activity 
plate, and liver spheroids after 2 weeks of culture. The graph shows the mean 
roid (as measured by a luminescence-based assay) of the liver-plate, liver-chip 
dividual values per condition. The luminescent signal is expressed in relative 

 per condition. ∗ , p < 0.05; n.s., not significant ( p ≥ 0.05). 
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Fig. 3. Biomarker characterization of the liver-chip over time. 
A: LDH release in the medium of the different cultures over time. The data is shown as the amount of LDH present in the medium (milli-units, mU) normalized to 
the number of cells in each culture. Data represents mean ± standard deviation of the mean. N = 3. B: albumin and urea production in the different cultures over 
time. Data represents mean ± standard deviation. N = 3-4. 
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or 30 s, and centrifuged at 3000 g for 10 min at 4°C. Supernatant was
iluted with 1 volume of water and 100 μl was transferred to an au-
osampler plate on which 5 μl of sample was injected. Metabolite iden-
ification was performed on an Acquity UPLC coupled to a Vion IMS
Tof Mass Spectrometer (MS; Waters, Wilmslow, UK). The mass spec-

rometer was operated in positive and negative mode with electrospray
onization (ESI + and ESI-). The MS source settings were the following:
apillary voltage of 0.5 kV, sample cone voltage of 35 V, source tempera-
ure and desolvation temperature were set at 150°C and 450°C. Nitrogen
as used as the cone gas (6 l/h), desolvation gas (600 l/h) and as the

ollision gas. Diclofenac and its metabolites were separated using an
cquity CSH column (100 × 150μm, particle size 1.7 μm, Waters) main-

ained at 45°C. The flow rate of the mobile phase was 0.4 ml/min. The
obile phase was a mix of solvent A (10 mM ammonium acetate/0.1%

cetic acid/ 5% acetonitrile/water) and solvent B (100% acetonitrile).
he gradient profile was: 0-1 min 10% B, 1–9 min 10–90% B, 9-10.5 min
0% B, 10.5–12 min 10% B. Metabolites were screened by using UNIFI
oftware (Waters) based on accurate mass measurement. The structure
f diclofenac and its metabolites were elucidated by tandem mass spec-
rometry data acquisition using alternating low energy and high energy
ollision-induced dissociation where the former is used to obtain precur-
or ion accurate mass (mass errors less than 5 ppm) and the latter used
o obtain product accurate mass ions (mass errors less than 10 ppm). 

.11. Statistical analysis 

Statistical analysis was performed using GraphPad Prism (version
.1.1). In every analysis, n ≥ 3 with every data point being the average of
ultiple technical replicates unless otherwise indicated. For comparison

f two groups, an unpaired two-tailed t-Student test was applied. In case
f multiple comparisons (more than two groups), one-way analysis of
ariance (ANOVA) was done followed by Tukey’s multiple comparisons
est. Statistical significance was defined as P < 0.05. 

. Results 

.1. Pooling of human liver spheroids using a microwell approach 

To explore upscaling of human liver spheroids in one system,
HH spheroids were first formed by seeding 1500 cells/well in low-
ttachment 96-well plates. Following complete spheroid formation af-
er 7–8 days of culture, multiple spheroids were pooled into a 96-well
late or one 96-well compartment of a TissUse 2-organ-chip circuit
 Fig. 1 A). A total of 16 spheroids were pooled per well as a balance be-
ween upscaling the number of cells/well and minimizing the number
f spheroids in close contact with each other immediately after seeding.
hen pooling 32 spheroids per well, multiple spheroids were already

n very close proximity from the beginning (Suppl. Fig. 1 A), which can
asily lead to spheroid fusion and loss of functionality. Following the
6 
ultures for 2-4 days, spheroids in a regular 96-well attached to the bot-
om and lost their spherical 3D structure ( Fig. 1 B). Spheroid attachment
o the bottom could be prevented by coating wells with a low-adhesive
olution. However, spheroids could freely move within the well dur-
ng plate handling or media refreshment, which inevitably led to phys-
cal contact between spheroids, and eventually spheroid fusion (Suppl.
ig. 1 B). In the chip, several spheroids also attached to the bottom, al-
hough to a lesser extent compared to the uncoated liver-plate. Other
pheroids in the chip gradually moved and aggregated with neighbor-
ng spheroids ( Fig. 1 B). In summary, simply pooling spheroids without
ny restriction led to spheroid attachment to other spheroids or the well
ottom. Therefore, it was concluded that the model in its current form
annot retain its original morphology over time and is not suitable for
ong-term drug exposure experiments. 

To pool spheroids whilst limiting their aggregation and attachment
o the bottom, a microwell array approach was evaluated ( Fig. 1 C). We
sed a commercially available microwell array containing U-shaped cav-
ties. To fit the microwell array into a well of a plate or organ-chip, we
unched out a 96-well-sized array with ∼ 100 cavities (as described in
ection 2 ). The material of the microwell array is porous (as shown in
ig. 1 D) which is expected to facilitate spheroid perfusion in flow con-
itions. Pooling 16 pre-formed spheroids and seeding them in different
avities of a microwell array in a 96-well plate or organ-chip success-
ully separated them. Moreover, spheroids did not appear to attach to
he low-adhesive microwells ( Fig. 1 E). However, when loading multi-
le spheroids simultaneously, they often ended up in adjacent cavities
r even the same cavity. Eventually, spheroids within the same cavity
used ( Fig. 1 E). In conclusion, the use of a microwell array prevents
pheroid aggregation when seeded in separate cavities, but spheroids
asily end up in the same cavity when loading them onto the array.
herefore, we explored immediate formation of spheroids in microw-
lls as an option to combine multiple spheroids in a less labor-intensive
pproach. 

.2. Generation of a functional liver-chip model with 100 human liver 

pheroids 

Spheroid formation in low-adhesive microwells was tested in both a
late setup and an organ-chip setup. Each microwell array (containing ∼
00 cavities) was loaded with 100,000 PHH, followed by centrifugation
 Fig. 2 A). Quantification showed that close to 100 spheroids were gener-
ted in each microwell array, both in the plate setup (hereafter denoted
s ‘liver-plate’; 97 ± 2 spheroids per array) and chip setup (hereafter
eferred to as ‘liver-chip’; 98 ± 1 spheroids per array) ( Fig. 2 B). We
ested spheroid formation in microwells using PHH from three different
onors with spheroid-forming abilities in conventional liver spheroid
ulture (Suppl. Fig. 2 A). All three lots successfully formed spheroids us-
ng the microwell approach (as confirmed by visual inspection under a
icroscope; Fig. 2 C). With each tested PHH lot, spheroids in the liver-
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Fig. 4. Application of the liver-chip to study drug safety and drug metabolism. 
A: media loss in the liver-chip after 2 weeks of culturing. Graph indicates mean with 15 individual data points. B: Liver-chip viability and CYP3A4 activity after 
being treated for 7 days with entacapone (black circles) or tolcapone (red squares) at 5X or 20X the clinical Cmax. Signal was normalized to DMSO-treated controls. 
Data represents the mean with individual data points. N = 3-4. C: brightfield pictures of spheroids in the liver-chip before and after treatment. Scale bar, 400 μm. D: 

metabolite profile following incubation of the liver-chip and single spheroid culture for 72 hours with 50 μM diclofenac. ∗ , p < 0.05 between the liver spheroid and 
liver-chip for all reported metabolites. 
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hip appeared less variable in size and showed a better-defined edge
ersus the liver-plate ( Fig. 2 C). To understand if this difference in mor-
hology is evident from the first days of the culture or only arises later,
e monitored spheroid formation over time in low-attachment plates,

iver-chips, and liver-plates. Following the cultures over time suggests
he fastest spheroid compaction occurred in liver-chips compared to the
iver-plate and the single spheroid cultures (Suppl. Fig. 2 B). To evaluate
he uniformity of spheroid shape and size within one microwell array,
e measured the dimensions of fully formed spheroids on day 7-8 of

ulture ( Fig. 2 D). When comparing both microwell setups, spheroids in
he liver-chip are on average larger with less non-circular outliers ver-

us the liver-plate ( Fig. 2 D). Next, we benchmarked spheroid health and
unctionality in the liver-chip and liver-plate against conventional single
pheroid cultures of 3 different donors after 2 weeks of culture. The cel-
ular ATP content per cell in the liver-plate was lower compared to liver
pheroids, while there was no significant difference between the liver-
hip and single liver spheroids ( Fig. 2 E). Next, we analyzed the activity
f several CYP enzymes in the cultures by quantification of the primary
etabolites of specific CYP substrate compounds by LC-MS. No statisti-

al differences were observed (due to inter-donor variability), however
ome trends are that 1) the liver-plate culture has lower activity of all
nalyzed CYP enzymes compared to liver spheroids and 2) the liver-
hip has comparable CYP1A2 and CYP2C9 activity as liver spheroids,
hile CYP2B6 and CYP3A4 activity seems lower ( Fig. 2 F). However,
ata on the liver-chip for CYP3A4 and CYP2B6 must be interpreted
ith caution, as the probe substrates midazolam (CYP3A4 substrate)
nd bupropion (CYP2B6 substrate) show a poor recovery in empty chips
Suppl. Fig. 2 C) which likely leads to an underestimation of CYP2B6 and
YP3A4 activity in the chip. As an alternative to estimate CYP3A4 ac-
ivity, we deployed a luminescence-based assay. This assay revealed a
imilar CYP3A4 activity/spheroid in the liver-chip and liver spheroids,
hile the liver-plate has a significantly lower CYP3A4 activity ( Fig. 2 G).

n conclusion, we successfully set up a human liver-chip in vitro model
ith a comparable cellular viability and CYP activity as in conventional

pheroid cultures, while liver-plate cultures showed lower viability and
etabolic activity. 

One hypothesis to explain the reduced viability and functionality of
he liver-plate is hypoxia during seeding. Therefore, we tested if there
as a negative impact on spheroid formation in the liver-plate when

he plating medium was not saturated with carbogen before seeding the
ells, and if spheroid formation improved when plating the cells in a
ower total volume to reduce the distance of the cells from the air-liquid
nterface. However, none of the alternative approaches resulted in a sig-
ificant change in viability or CYP3A4 activity of these cultures (Suppl.
ig. 2 D). The liver-chip also did not show any difference in viability or
YP3A4 activity when the plating medium was saturated with carbogen
r not (Suppl. Fig. 2 E). 

We further characterized the liver-chip and liver-plate models and
enchmarked their functionality over time against single liver spheroid
ultures. For this purpose, we included both PHH and NPC in all cell
ystems. First, we measured the release of several biomarkers in the
edium for 7 days following complete spheroid formation. The amount

f LDH released in the medium, indicative of cell lysis, showed a de-
reasing trend in liver-chip and liver spheroid cultures over time, while
he liver-plate showed higher levels over time ( Fig. 3 A). Both albumin
nd urea production rates, typical markers of hepatic health, were main-
ained at stable and physiologically relevant levels in the liver-chip and
ingle liver spheroid cultures for 7 days following complete spheroid
ormation, while the liver-plate showed low production rates ( Fig. 3 B).

e also analyzed the stability of CYP enzyme function over 2 weeks
fter spheroid formation within the same culture. In the liver-chip and
iver spheroids, all analyzed CYP enzymes were still active 2 weeks after
pheroid formation, while we could not detect any CYP activity anymore
n the liver-plate after 2 weeks (Suppl. Fig. 3 ). In conclusion, monitor-
ng biomarker release and CYP activity levels show that hepatocytes in
he liver-chip and liver spheroids remain healthy and functionally ac-
8 
ive throughout the in vitro culturing period, while the liver-plate shows
 poor hepatic phenotype over time. 

.3. Application of the liver-chip for drug safety and metabolism studies 

Following biological characterization, the liver-chip containing PHH
nd NPC was tested for its suitability to be deployed as a drug testing
latform for safety and metabolism studies. First, we estimated the loss
f volume of the liver-chip throughout the culturing period of 2 weeks
e.g. evaporation, frequent opening of the compartments and regularly
efreshing of 50% of the medium). Weighing chips over time showed a
imited weight loss (on average < 5% of the total mass of the medium)
etween the onset and end of the culturing time ( Fig. 4 A). Next, we
ested the toxicity of catechol-O-methyltransferase (COMT) inhibitors
olcapone (most DILI) and entacapone (less DILI) at 5x and/or 20x
he reported clinical Cmax values in human plasma. Recovery of both
ntacapone and tolcapone in empty chips was close to 100% (Suppl.
ig. 4 A), showing that these compounds are not prone to non-specific
inding to the chip housing at the used concentrations. The differ-
nt liver cultures were treated with 3 drug administrations of enta-
apone, tolcapone or vehicle over a total time course of 7 days and
nalyzed for viability and metabolic activity. Liver-chips treated with
olcapone, a known hepatotoxic drug, showed a strongly reduced vi-
bility and CYP3A4 activity, while its structural analogue entacapone
id not provoke a similar response ( Fig. 4 B). This difference in response
as confirmed by monitoring the spheroid morphology at the end of the
rug treatment. Tolcapone-treated spheroids presented as dark micro-
issues with a severely disrupted outer rim whilst both vehicle-treated
nd entacapone-treated spheroids retain their translucent appearance
nd smooth outer rim ( Fig. 4 C). Testing this pair of molecules in liver
pheroids gave similar outcomes on spheroid viability and metabolic ac-
ivity (Suppl. Fig. 4 B). The liver-plate could also correctly flag both com-
ounds using viability as a readout, however tolcapone toxicity was not
etected at 5X the Cmax using metabolic activity as a readout (Suppl.
ig. 4 C). 

Finally, we evaluated the metabolic capacity of the liver-chip and
enchmarked it against single liver spheroid cultures by metabolite
dentification in the supernatant. We incubated 50 μM diclofenac in
he system for 72h, which is the maximal time we currently ap-
lied between 2 media refreshes. Liver-chip cultures showed a higher
etabolic turnover of diclofenac versus single spheroid cultures, result-

ng in a significantly increased signal for nearly all observed metabo-
ites and a lower signal for unconjugated diclofenac and its dehydrated
orm. Both cultures displayed both phase I (hydroxy-metabolite), phase
I (glucuronide- or glucose, or sulphate-conjugated) and glutathione-
onjugated metabolites ( Fig. 4 D). 

In conclusion, we describe the setup and optimization of a function-
lly competent human liver-chip composed of 100 liver microtissues
ultured under flow. This model shows a greatly improved metabolic
apacity compared to single liver spheroids and can be deployed for
oth drug safety and metabolism studies. 

. Discussion 

In vitro models are commonly used in the early stages of drug devel-
pment, to allow simple, cost-effective and high-throughput assays for
ompound screening and selection. However, traditional in vitro mod-
ls lack complexity to confidently answer questions involving intercon-
ected processes. To allow a higher complexity and relevance of in vitro

odels to predict in vivo clinically relevant findings, the development
nd validation of both 3D organ models and organ-on-chip technolo-
ies will be key. The technological improvements in the field allow
he combination of both approaches to study 3D models under flow in
 single- or multi-organ setup [ 23 , 31 , 32 ]. Since many MPS platforms
re still highly customized requiring very specific expertise, their ac-
eptance across laboratories and companies remains limited. Some key
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equirements for the widespread use of this technology are broad com-
ercialization, ease of use and reproducibility of the generated data. 

In this work, we have explored different methods to combine mul-
iple human liver spheroids in a plate and a commercially available
rgan-chip setup. Next, we benchmarked these models against stan-
ard spheroid cultures and applied the appropriate model to study drug
etabolism and safety. When pooling liver spheroids, aggregation of
ultiple 3D structures is undesirable, as it will result in a larger struc-

ure in which the center can turn into a necrotic core due to difficulties
ith nutrient and oxygen supplementation [33] . Recently, Riede et al.

emonstrated that pooling multiple liver spheroids results in one large,
used structure with a decreased expression of various CYP genes, like
YP3A4 and CYP1A2 [8] . Our first attempts of pooling spheroids also
esulted in 1) spheroid fusion and 2) disintegration of the 3D structure
fter adhering to the plastic. Low-adhesive microwells already improved
he model by restricting physical contact between spheroids and with
he plastic of the well. However, when seeding multiple spheroids at
he same time, spheroids often ended up in the same microwell, leading
gain to a large, fused structure. A potential solution could be to load
pheroids individually while monitoring the well under a microscope,
owever, this approach would be labor-intensive and was not further
ursued in this study. Alternatively, the microwells could be resized
ased on the spheroid diameter to only allow one spheroid per cavity. 

Eventually, we utilized the microwell array to simultaneously form
00 spheroids within one culture. The approach of using microwells
o form multiple liver spheroids per well has been described by other
roups [ 11 , 13 , 34 , 35 ]. However, this study differentiates from other
tudies by the combination of 1) using liver spheroids derived from pri-
ary human hepatocytes 2) setting up the model with commercially

vailable and easy-to-use consumables in a standardized MPS platform,
hich facilitates the implementation in other labs and 3) evaluating the
odel from the perspective of drug evaluation. A similar platform is

he liver-chip model developed by the Griffith lab and commercialized
y the company CNBio which has been evaluated for drug safety and
etabolism testing in multiple reports [ 15 , 36 , 37 ]. In this model, hepa-

ocytes are also seeded in a scaffold with multiple porous microchannels
o form a 3D microtissue. The main difference with our described model
s the adherence of cells to the scaffold and the shape of the resulting
D microtissue. The CNBio model uses a collagen-coated scaffold where
ells attach to the scaffold, resulting in an adherent structure which is
ifferent from typically described PHH spheroids [ 3 , 4 ]. In this work, we
imed to develop a system which combines liver spheroids while main-
aining their typical structure and minimizing the interaction with any
caffold, and therefore treated the microwell array with a low-adhesive
oating. The additional advantage of this approach is that spheroids
rom the same system can easily be collected and divided to use for
ultiple purposes. Finally, the spheroids in the microwells can be mon-

tored throughout the experiment. 
This work reveals some remarkable differences between spheroids in

he liver-chip and liver-plate models. While the liver-chip model shows
 similar cellular functionality as conventional liver spheroid cultures,
iver-plate models show diminished hepatic activity. Already during the
rst days of culture, the liver-chip shows a faster spheroid formation
ompared to the liver-plate, suggesting that the culture conditions are
ore optimal in the liver-chip. Once fully formed, the spheroids in the

iver-plate have a lower viability and strongly reduced CYP3A4 activity
ompared to the liver-chip, despite that the same number of cells are
eeded in both systems (i.e. 100,000 PHH per culture or 1,000 PHH per
avity). One hypothesis is that cells in the liver-plate might experience a
 2 -deficient environment when seeding a high number of hepatocytes.
epatocytes have a high oxygen demand, especially during the first 24
ours after seeding [38] . In a static system, oxygen exchanged at the air-
iquid interface might take too long to sufficiently supply a high number
f cells further away from the surface, while oxygen exchange is ex-
ected to be more efficient in organ-chips. The microfluidic channels in
he chips are made from polydimethylsiloxane (PDMS), a gas-permeable
9 
aterial which allows oxygen exchange between the medium and the
ir, thereby chips have a larger surface area where oxygen exchange
an happen. In addition, the medium flow will allow dissolved oxygen
as well as nutrients) to quickly reach the cells [39] . To increase the
xygen supplementation during the seeding step, the plating medium
f the liver-chip and liver-plate was saturated with carbogen before
eeding the cell suspension [40] . However, even with this approach the
YP3A4 activity in liver-plates was still significantly lower than in liver
pheroids and liver-chips. Notably, a very recent publication shows the
etup of a model combining multiple human liver spheroids in a plate
ith microwells [35] . The model shows albumin production rates and
YP activity levels comparable to liver spheroids. Some key differences
re 1) the use of less cells than described in this paper, which likely
educes the total need for oxygen and nutrient supplementation and 2)
he use of a 96-well plate with the microwells integrated in the bottom
35] , which could potentially allow oxygen supplementation from the
ottom of the plate. 

The low CYP3A4 activity in the liver-plate versus the liver-chip can
otentially be linked with other published reports. A significant de-
rease in CYP3A4 protein levels and specific CYP gene expression levels
 CYP3A4, CYP1A2 ) was reported in aggregated liver spheroids, possibly
ue to intra-spheroid hypoxia [8] . Hypoxia might cause a downregula-
ion of specific CYP genes like CYP1A2 and CYP3A4 [38] . 

Finally, the liver-chip model was assessed for use in drug safety test-
ng and metabolism studies. First, empty chips were evaluated for sev-
ral basic properties. The chips show low evaporation rates, which com-
ly with specifications recommended by the International Consortium
or Innovation and Quality in Pharmaceutical Development (IQ) MPS
ffiliate [41] . However, many organ-chips are made from PDMS, a hy-
rophobic material to which several small molecules show non-specific
inding [42] . In this study, we showed that free drug levels of mida-
olam and bupropion rapidly decline in the chip (Suppl. Fig. 2 C). To
educe/slow down non-specific binding, albumin was included in the
edium used in this study [43] . Second, the liver-chip correctly discrim-

nated the hepatotoxic effects of the DILI-positive compound tolcapone
rom the less toxic compound entacapone, which highlights the liver-
hip’s potential applicability to evaluate the safety of a therapy. This
air of structural analogues is often used to evaluate the predictive value
f liver in vitro models [ 4 , 30 ]. Given the high number of liver spheroids
n each liver-chip, the model is amenable to collect enough cells to apply
ifferent endpoint assays to the same system (e.g. immunohistochemi-
al readouts, omics analyses). To further increase the physiological rel-
vance of the model to predict outcomes in human subjects, NPCs were
dded in the culture. Various reports show that adding other liver cell
ypes in liver in vitro models can modulate the metabolism and toxic-
ty of drugs, e.g. through inflammation and fibrosis [ 6 , 44 , 45 ]. Whether
his liver-chip has a higher predictive value to detect DILI than liver
pheroids, needs to be determined by testing an extensive list of known
ILI-positive and DILI-negative compounds on this system. 

Next, the liver-chip model was evaluated for its utility in drug
etabolism studies in comparison to liver spheroid cultures, which have
reviously been evaluated for this purpose in recent studies [ 8 , 9 ]. Here,
e used diclofenac as test compound as it is metabolized in the liver

hrough both phase I and phase II metabolic pathways. We observed an
ncreased metabolic turnover of diclofenac in the liver-chip compared to
he liver spheroids, due to the higher cell density in the liver-chip. When
ooking at the formed metabolites, we detected several in vivo -relevant
etabolites resulting from a phase I and phase II metabolic conversion,

s well as glutathione- and cysteine-conjugated metabolites [46–48] .
he only metabolite that had a higher signal in the liver spheroid versus
he liver-chip was a dehydrated form of diclofenac, potentially resulting
rom an internal cyclisation in equilibrium with the higher remaining
evels of diclofenac in the liver spheroid [48] . The increased metabolic
apacity of the liver-chip and other microwell setups could especially be
n added value to determine the metabolic turnover and metabolite of
ompounds with a low hepatic clearance, where single spheroid assays
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re not sensitive enough [8] . To further build on the liver-chip model as
 metabolically competent system, the utilized MPS platform easily al-
ows the liver model to be interconnected with a second organ model to
tudy the interplay of these organs and to assess potential (side) effects
f drug metabolites on downstream organs [ 18 , 21 , 22 , 24 ]. 

In conclusion, we demonstrate the setup of a human liver-chip model
hich allows the generation of 100 liver spheroids per system using

ommercially available microwell arrays in a standardized chip plat-
orm. This model shows promise to assess drug metabolism and safety
n increasingly complex and physiologically relevant human liver in vitro

odels. 
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