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Abstract. Accurate prediction of human pharmacokinetics using in vitro tools is an
important task during drug development. Albeit, currently used in vitro systems for clearance
extrapolation such as microsomes and primary human hepatocytes in suspension culture
show reproducible turnover, the utility of these systems is limited by a rapid decline of
activity of drug metabolizing enzymes. In this study, a multi-well array culture of primary
human hepatocyte spheroids was compared to suspension and single spheroid cultures from
the same donor. Multi-well spheroids remained viable and functional over the incubation
time of 3 days, showing physiological excretion of albumin and α-AGP. Their metabolic
activity was similar compared to suspension and single spheroid cultures. This physiological
activity, the high cell concentration, and the prolonged incubation time resulted in significant
turnover of all tested low clearance compounds (n = 8). In stark contrast, only one or none of
the compounds showed significant turnover when single spheroid or suspension cultures were
used. Using multi-well spheroids and a regression offset approach (log(CLint) = 1.1 × + 0.85),
clearance was predicted within 3-fold for 93% (13/14) of the tested compounds. Thus, multi-
well spheroids represent a novel and valuable addition to the ADME in vitro tool kit for the
determination of low clearance and overall clearance prediction.

KEY WORDS: 3D cell culture; cytochrome P450; IVIVE; low clearance; pharmacokinetics; primary
human hepatocytes.

INTRODUCTION

High-throughput ADME screening and improved in
silico tools have facilitated the identification of an increasing
number of compounds with low intrinsic clearance (CLint) in
drug discovery (1). However, predicting the clearance of
slowly metabolized compounds is frequently challenging as
microsomes show rapidly declining activity limiting incuba-
tion times to less than 1 h. Functionality of primary human
hepatocytes (PHH) in suspension culture is slightly more
stable and activity of drug metabolizing enzymes declines
within few hours (2–4). Cell lines like HepG2 and HepaRG
cells and induced pluripotent stem cell (iPSC)-derived
hepatocyte-like are viable for extended periods and have
therefore been tested as an alternative for CLint determina-
tions. Drug metabolizing enzymes in HepG2 and iPSC-
derived hepatocyte-like cells have been shown to be less
active compared to suspension cultures and are therefore not
suitable for low clearance determinations (5). Although
HepaRG cells have been shown to be similarly active as
suspension cultured PHH, measured CLint values were lower
(5, 6). Therefore, alternative culture methods like repeated
suspension cultures (relay method) and more advanced cell
culture models using PHH have been suggested to determine
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low CLint compounds (7–10). For the relay method, whole
supernatant from suspension cultures is collected and re-
incubated with fresh suspension cultures thereby extending
the total incubation time. This method is however relatively
laborious and technically challenging. Advanced cell culture
models, such as micropatterned co-cultures (MPCC) and liver
spheroids, provide alternate means to extend the incubation
time as hepatocytes viability and function is preserved. These
methods are less laborious and easier to perform compared to
the relay method and are therefore more widely used.
Kratochwil et al. reported predicted clearance within 2-fold
of in vivo clearance for the majority of nine low clearance
compounds when using MPCCs (5). In contrast, CLint for
only 2 out of 5 low clearance compounds were predicted
within 3-fold using static 2D co-cultures of PHH and stromal
cells (6). In another study by Hultman et al., 50% (7/14) of the
low clearance compounds were predicted within 2-fold when
2D co-cultures were used (11).

Liver spheroid cultures retain their physiological tran-
scriptomic, proteomic, and metabolomic signatures and
remain metabolic active for multiple weeks (12, 13). These
cultures have been successfully used for toxicology studies
and modeling of human liver diseases (14). Furthermore,
their physiologically relevant phenotype has rendered interest
for their use in drug metabolism and pharmacokinetic studies
(15). Due to their functional stability, human liver spheroids
allow for long incubation times. Their use for low clearance
compounds has however been limited by low cell concentra-
tions required in these cultures (16, 17).

Here, we present PHH spheroids in multi-well arrays in
which up to 80 spheroids can be cultured per well as spatially
separated, fully functional units, thus achieving high cell
concentrations while maintaining activity of drug metaboliz-
ing enzymes for extended periods of time. We compared
critical endpoints such as detection limit and extrapolation to
in vivo clearance of PHH spheroid cultures in multi-well
arrays to isogenic single spheroid and suspension cultures
from the same donor, using eight low clearance and six
intermediate to high clearance compounds with different
metabolic routes.

MATERIALS AND METHODS

Materials

William’s E medium, L-glutamine-penicillin-streptomycin
solution, midazolam, 1’OH-midazolam, 4’OH-diclofenac,
dextrorphan, dextromethorphan, amodiaquine, N-desethyl-
amodiaquine, dexamethasone, 7’OH-coumarin, 7’OH-couma-
rin glucuronide, Trypan blue, and acetonitrile were purchased
from Sigma-Aldrich (St. Louis, MO, USA). Elplasia 96-well
round bottom ultra-low attachment (ULA) plates, 96-well
clear round bottom ULA plates, and 96-well white round
bottom polystyrene microplates were purchased from
Corning (Glendale, AZ, USA). Fetal bovine serum was
obtained from Cytiva (Marlborough, MA, USA). The
CellTiter-Glo Luminescent Cell Viability kit was purchased
from Promega (Madison, WI, USA). Insulin-transferrin-
selenium solution and rapid equilibrium dialysis plates were
obtained from Thermo Fisher Scientific (Waltham, MA,
USA). Cryopreserved primary human hepatocytes (Lot

HJK) , INVITROGRO Krebs -Hense le i t Bu f f e r,
INVITROGRO HT medium, INVITROGRO CP medium,
and TORPEDO antibiotic mix were purchased from
BioreclamationIVT (NY, USA). Acetaminophen, phenacetin,
diclofenac, theophylline, metoprolol, etodolac, ondansetron,
ketoprofen, tolbutamide, warfarin, lorazepam, chlorproma-
zine, propranolol, nifedipine, verapamil, metoprolol, nalox-
one, and glipizide were provided by the compound
management department of Merck KGaA (Darmstadt,
Germany).

Cell Culture

All experiments were performed using cryopreserved
PHH from a single donor (lot HJK; BioreclamationIVT).
Specific donor information can be found in Supplemental
Table 1. For suspension culture, PHH were thawed, and
incubations were performed with a total number of 0.5
million cells in 100 μL of Krebs-Henseleit buffer (pH 7.4) as
previously reported (18). Compound concentration of 1 μM
was used and plates were gently agitated during the
incubation.

Single spheroid cultures were formed as previously
described (12). In short, PHH were thawed and seeded in
96-well ULA plates at densities of 1500 cells/well. Subse-
quently, spheroids were cultured in PHH medium (William’s
E medium supplemented with 2 mM L-glutamine, 100 units/
mL penicillin, 100 μg/mL streptomycin, 10 μg/mL insulin, 5.5
μg/mL transferrin, 6.7 ng/mL sodium selenite, and 100 nM
dexamethasone) supplemented with 10% fetal bovine serum
(FBS). After 5 days, the formed spheroids were shifted to
serum-free PHH medium. On day 7, incubation with test
compounds at a concentration of 1 μM was started in 100 μL
of serum-free PHH medium.

For multi-well spheroid cultures, plates with ~ 80
microwells per macrowell were prewetted with 50 μL PHH
medium supplemented with 10% FBS. Subsequently, PHH
were seeded in 100 μL medium at a density of 40,000 cells per
macrowell, resulting in an average cell number of 500 cells
per spheroid. As with single spheroids cultures, formed
spheroids were shifted to serum-free PHH medium after 5
days and incubation with 1 μM of test compound was initiated
on day 7 in 150 μL of serum-free PHH medium.

Probe substrates for metabolic activity measurements
were incubated in a cocktail (Table I). UGT activity was
measured by incubation 100μM of substrate 7’OH-coumarin.
All incubations were carried out in duplicate at 37°C, 5%
CO2 and 100% humidity.

Viability, Albumin, and α-AGP Measurements

Cell viability was assessed by quantification of intracel-
lular ATP levels using the CellTiter-Glo Luminescent Cell
Viability Assay (Promega) at different timepoints as indi-
cated. Spheroids from one macrowell were transferred in 50
μL medium to the measurement plate, mixed 1:1 with ATP
reagent and the solution was agitated at 450 rpm for 30 min at
room temperature before luminescence was measured. Hu-
man albumin and α1-acid glycoprotein (α-AGP) ELISA kits
were purchased from Abcam (Cambridge, UK) and
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measurements were conducted according to the manufactur-
er’s instructions.

LC-MS/MS Analysis

Samples were taken at different time points and stopped
with double the volume of ice-cold acetonitrile containing
3 μM of the internal standard pruvanserin. Samples were kept
at – 80 °C until further use. The plates were centrifuged for
30 min at 3500 g at 4 °C and samples were diluted 1:10 with
66% acetonitrile before LC-MS/MS analysis.

LC-MS/MS analysis was performed with an AB Sciex
API 6500+ triple quadrupole (AB Sciex LLC, MA, USA)
coupled with a Waters Acquity I-Class UPLC (Waters
Corporation, MA, USA). The software Analyst v1.7 (AB
Sciex LLC) was used for control. An Acquity UPLC BEH
C18 1.7 μm, 2.1 mm × 50 mm column (AB Sciex LLC) was
used. Mobile phase A was 70 mM ammonium formate buffer
containing 0.1% (v/v) formic acid and B was acetonitrile.

Aliquots (4 μL) of the centrifuged samples were injected. The
gradient conditions were the following: 0–0.1 min 0% B, 0.1–
0.8 min 0–100% B, 0.8–1.0 min 100% B, 1.0–1.4 min 0% B.
The flow rate was 0.8 mL/min and data collection occurred
between 0.3 and 1.4 min. Electrospray ionization in positive
or negative mode with multiple reaction monitoring was used.
The parameter settings are summarized in Supplemental
Table 2. The formation rate of the respective metabolites
was calculated and corrected for cell concentration. To
compare cytochrome P450 (CYP) activity measurements, a
one-way ANOVA followed by a Tukey-Kramer test was
performed.

Determination of Fraction Unbound in Plasma

The unbound fraction in plasma (fup) was determined by
equilibrium dialysis in the RED device (Thermo Fisher
Scientific) using concentrations of 1 μM. Human plasma was
dialyzed against phosphate buffer at pH 7.4 for 4 h. After

Table I. Probe Substrate Cocktail for CYP Activity Measurements

CYP Probe substrate Concentration in incubation [μM] Metabolite

CYP3A4 Midazolam 10 1-Hydroxy Midazolam
CYP2C8 Amodiaquine 10 N-Desethyl Amodiaquine
CYP1A2 Phenacetin 50 Acetaminophen
CYP2C9 Diclofenac 10 4-Hydroxy Diclofenac
CYP2D6 Dextromethorphan 5 Dextrorphan

Table II. Compound Properties Including Ion Class, Rb, Fraction Unbound in Plasma (fup) and Fraction Unbound in the Incubation (fuinc)

Compound Ion Class Main metabolizing enzymes Rb fup fuinc

Measured fuinc* Suspension Single spheroids Multi-well

low CLintcompounds (In Vivo CLint,obs< 10 mL/min/kg)
Warfarin A CYP2C9 0.55e 0.01 0.94 0.98 1.00 0.97
Theophylline N CYP1A2 0.83b 0.21 0.96 0.99 1.00 0.98
Tolbutamide A CYP2C9, CYP2C19 0.75b 0.02 0.83 0.95 1.00 0.91
Lorazepam N UGT 1.1a 0.08 0.85 0.96 1.00 0.92
Glipizide A CYP2C9 0.55e 0.02 0.96 0.99 1.00 0.98
Etodolac A UGT, CYP2C9 0.60c 0.01 - ¥ 0.97 1.00 0.95
Ketoprofen A UGT 0.55e 0.02 0.96 0.99 1.00 0.98
Ondansetron B CYP3A4 0.83c 0.50 0.88 0.96 1.00 0.94
intermediate to high CLint,obscompounds
Chlorpromazine B CYP2D6 0.78c 0.01 0.07 0.21 0.83 0.13
Propranolol B CYP2D6, CYP1A2 0.83b 0.21 0.63 0.86 0.99 0.77
Nifedipine N CYP3A4 0.59b 0.03 0.79 0.93 1.00 0.88
Verapamil B CYP2C8, CYP3A4 0.84d 0.12 0.52 0.80 0.99 0.68
Metoprolol B CYP2D6 1.13b 0.88 0.90 0.97 1.00 0.95
Naloxone B UGT 1.22b 0.25 0.93 0.98 1.00 0.96

A acid, B base, N neutral
¥ fraction unbound in the incubation calculated according to (28) for etodolac
*Measured fraction unbound in the incubation derived from (25) and corrected for cell concentration according to Eq. 3
aRb values obtained from (34)
bRb values obtained from (35)
cRb values obtained from (36)
dRb values obtained from (37)
eRb values obtained from (38)
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equilibration at 37 °C, the compound concentration was
measured using LC-MS/MS. The fup was determined by
dividing the drug concentration in the dialysate by the
concentration in the plasma. To determine the fraction
unbound in blood (fub), the obtained fup was divided by the
blood-to-plasma ratio (Rb) which was obtained from litera-
ture (Table II).

Data Analysis

An overview of all steps of the in vitro in vivo
extrapolation is shown in Supplemental Fig. 1.

In vitro CLint values were calculated from parent
compound loss using Eq. 1:

Invitro CLint ¼ −ke *
incubation volume
seeded hepatocytes

μL*min−1 * 106cells−1 ð1Þ

where ke is the elimination rate constant representing the
slope of the linear regression of the natural logarithm of the
percentage remaining parent compound versus incubation
time. Deviation of the slope from 0 was tested using a F test
followed by a Bonferroni-Dunn correction. In cases, where
the slope was not significantly different from zero, an
estimated CLint was determined, using the slope calculated.
From the In vitro CLint the scaled In vivo CLint was calculated
by taking physiological scaling factors (25.7 g liver/kg body
weight, 120 × 106cells/g liver), fraction unbound in the
incubation (fuinc), and fub into account (Table II, Eq. 2).

Scaled
Invivo CL int

¼ Invitro CLint *
liver weight

standard body weight
*

hepatocytes
gram of liver

*
fub
fuinc

ð2Þ

The fuinc was calculated from measured binding in
human hepatocytes in suspension and corrected for cell
density according to Eq. 3 (19).

fu2 ¼
1

c1
c2

*
1−fu1
fu1

� �
þ 1

ð3Þ

For in vivo CLint predictions (In vivo CLint,pred), a
regression line correction was used as described previously
(20), using all values obtained, including estimated CLint

values for the suspension and single spheroid cultures.
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Fig. 1. Multi-well spheroids remain viable and functional during the
drug incubation time. a Bright-field images of spheroid formation in
multi-well plates. b Cellular ATP levels of multi-well spheroids over
the drug incubation time. Data points represent the mean of
quadruplicates ± standard deviation. c Albumin concentrations in
the medium secreted by multi-well and single spheroids during the
incubation time. Data points represent the mean of triplicates ±
standard deviation. d α-AGP concentrations in the medium secreted
by multi-well and single spheroids during the incubation time. Data
points represent the mean of triplicates ± standard deviation.
Deviations from linearity were calculated using F test (GraphPad
Prism version 8.2.0, GraphPad Software, San Diego, USA)
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In order to compare the prediction accuracy of CLint for
intermediate to high clearance compounds, a leave one out
cross-validation (LOOCV) was performed for each system.
Here, all compounds but one were used as a training set,
resulting in a specific regression correction factor. With this
factor, the CLint value of the left-out compound was
corrected. This procedure was repeated for each compound
and the resulting absolute fold error was calculated.

Using the well-stirred model (WSM) and the In vivo
CLint,pred, the predicted In vivo clearance (CLb, pred) was
determined (Eq.4) with Qh being the liver blood flow (20 mL/
min/kg).

Invivo CLb;pred ¼ Invivo CLint;pred *Qh

Qh þ Invivo CLint;pred
ð4Þ
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Fig. 2. Comparison of metabolic activities of suspension, single, and multi-well spheroid cultures. a
CYP3A4 activity shown as formation of 1’OH-midazolam after midazolam treatment. b CYP2C9
activity shown as formation of 4’OH-diclofenac after diclofenac treatment. c CYP2D6 activity
shown as formation of dextrorphan after dextromethorphan treatment. d CYP1A2 activity shown
as formation of acetaminophen after phenacetin treatment. e CYP2C8 activity shown as formation
of N-desethyl amodiaquine after amodiaquine treatment. f UGT activity shown as formation of
7’OH-coumarin glucuronide after 7’OH-coumarin treatment. Each datapoint represents an
independent experiment with n = 2 incubations. The bars represent the mean of all datapoints ±
standard deviation. A one-way ANOVA followed by a Tukey-Kramer test was performed
(GraphPad Prism version 8.2.0, GraphPad Software, San Diego, USA). Significant (< 0.05) adj.
p values are reported
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The observed In vivo clearance (In vivo CLb, obs) was
obtained from the In vivo plasma clearance (In vivo CLpl, obs)
as described in Eq. 5.

Invivo CLb;obs ¼ Invivo CLpl;obs

Rb
ð5Þ

The observed In vivo CLint (In vivo CLint, obs) was
derived from the In vivo CLb, obs using the WSM (Eq. 6).

Invivo CLint;obs ¼ Invivo CLb;obs * Qh

Qh−Invivo CLb;obs
ð6Þ

The prediction accuracy for In vivo CLb was calculated
using the absolute average fold error (AAFE) according to
Eq. 7, where N represents the number of compounds.

AAFE ¼ 10
∑ log

CLb;pred
CLb;obs

��� ���
N ð7Þ

The incubation factor of different in vitro models was
calculated as shown in Eq. 8.

Incubation factor ¼ incubation time * cell concentration
min * 106cells

mL
ð8Þ

RESULTS

Spheroids formed in micro-well arrays resulted in
approximately 80 spatially separated spheroids of homoge-
neous size (500 PHH per spheroid) per macrowell. The
kinetics of spheroids formation were similar to those in
conventional single spheroid culture, taking around 6 days
for the aggregation of the seeded cell suspension into
spheroids with well-defined perimeters and stable morphol-
ogy (Fig. 1a). Notably, viability and hepatocyte functionality
as indicated by ATP measurements and albumin and α-AGP
secretion, remained stable over the experimental time (Fig.
1b–d). Albumin and α-AGP secretion per cell and hour were
comparable between multi-well spheroids and single spher-
oids (Fig. 1c, d). Furthermore, suspension, single spheroid,
and multi-well spheroid cultures showed similar metabolic
activity. CYP3A4 and CYP1A2 trended (not statistically
significant) toward higher activities in both spheroid systems
compared to isogenic suspension cultures. Tendencies were
inverted for CYP2C9 with significant differences between
suspension and single spheroid or multi-well cultures (adj. p =

0.03 and 0.04, respectively; Fig. 2). CYP2D6 activity was
slightly reduced in single spheroids but not in multi-well
spheroids compared to suspension cultures (adj. p = 0.02).
For uridine 5′-diphospho-glucuronosyltransferases (UGT)
the activity was similar between the different systems (Fig. 2).

To compare the utility of the different systems for low CLint

measurements, we next measured the clearance of eight slowly
metabolized compounds (Fig. 3). For suspension cultures,
significant turnover could not be measured for any of these
compounds. However, four out of eight compounds showed a
negative slope, which allowed estimation of CLint. In single
spheroids, significant turnover was observed for lorazepam only
(CLint = 4.3 μL/min/106 cells; adj. p = 0.0018) but the resulting
in vivo CLint,pred exceeded the human in vivo CLint,obs by 9-fold
(Table III) and CLb, obs by 7-fold (Table IV). Three additional
compounds (etodolac, ondansetron, and tolbutamide) allowed
CLint estimation, while the remaining four compounds were not
cleared. In stark contrast, spheroids in multi-well arrays resulted
in significant (adj. p < 0.05) turnover of all eight tested low
clearance compounds with the lowest measured CLint being 0.53
μL/min/106cells for theophylline (Fig. 3). A comparison of the
incubation factor of the three tested systems revealed a more
than ten times higher incubation factor for the multi-well system
compared to the single spheroid or suspension cultures. The
single spheroid cultures had an approximately two times higher
incubation factor compared to suspension cultures (Table V).

Next, the accuracy of all systems for predicting intrinsic
clearance was assessed. Direct scaling resulted in
underprediction of most of the high clearance compounds in
all systems. This systematic underprediction was corrected
using a linear regression based on all available CLint values
for each system including those CLint values that could only
be estimated. The accuracy of CLint prediction for the high
CLint compounds, defined as in vivo CLint,obs higher than
10mL/min/kg, was similar for all tested culture systems,
whereas for low CLint compounds, the multi-well spheroids
performed the best (Table III). Since for most of the low
clearance compounds, only an estimated CLint value or no
value could be determined in suspension and single spher-
oids, a set of six intermediate to high clearance compounds
and a LOOCV was used to further compare the prediction
accuracy of the different cultures. The resulting absolute fold
errors for these compounds were similar between all culture
systems (Fig. 4).

Further, the predictions of CLb using the different systems
where compared (Table IV). The CLb prediction of rapidly
metabolized compounds was similar for all systems. Using the
suspension culture and single spheroids, only the clearance of
nifedipine was underpredicted by more than 3-fold. Addition-
ally, the clearance of metoprolol could not be determined using
single spheroids. The CLb of all high CLint compounds were
predicted within 3-fold when using the multi-well system.

For the low CLint compounds, the CLb,obs was
overpredicted for two out of four compounds when suspen-
sion or single spheroids were used. Overall, CLb predictions
using the multi-well system were within 2-fold and 3-fold for
86% (12/14) and 93% (13/14) of all tested compounds,
respectively. Two compounds were predicted outside 2-fold:
the neutral compound theophylline was overpredicted by 3.7-
fold and the basic compound chlorpromazine was
underpredicted by 2.04-fold. This resulted in an AAFE of

Fig. 3 Substrate depletion plots of eight low clearance compounds from
suspension, single and multi-well spheroid cultures. Data points represent
mean of triplicates (suspension, single spheroids) or quadruplicates (multi-
well spheroids) ± standard deviation. CLint values are given as μL/min/106

cells. Dotted lines represent the 95% confidence interval. Deviations from
linearity were calculated using F test (GraphPad Prism version 8.2.0,
GraphPad Software, San Diego, USA) with a post-hoc Bonferroni-Dunn
test. Graphs are highlighted in green when slope was significantly different
from zero

R
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1.24 (Fig. 5, Table IV). Hence, the multi-well system allowed
quantitatively accurate predictions of human in vivo CLb over
two orders of magnitude.

DISCUSSION

Clinical drug candidates with a low metabolic turnover
have become increasingly common in drug discovery. Low
clearance is a desired property as it extends half-life and
overall free exposure, allowing for prolonged target engage-
ment and ultimately lower human doses. However, the
in vitro quantification of slow metabolic hepatic drug turnover
is challenging. The current gold standard method, hepatocyte
suspension culture, shows a rapid loss of CYP activity, which
limits the incubation time to a few hours (2). More
phenotypically stable culture methods, such as spheroids
and MPCCs, allow for extended incubation times but have,
in comparison to suspension cultures, relatively low cell-to-
medium volume ratios which curtails their performance
(Table V). Pooling of spheroids has been suggested to
increase the cell-to-media ratio (17). However, Riede et al.
reported rapid fusing upon pooling, which was paralleled by a
loss of phenotype (16).Thus, in accordance with this study,
while conventional PHH spheroids remain metabolically
active for several days, the cell-to-media ratio is insufficient

for CLint determination of low clearance compounds. Similar
limitations apply to MPCCs. Longer incubations may partially
compensate for the low hepatocyte concentration. Incubation
times exceeding 1 week are however likely to be associated
with practical challenges such as evaporation, nutrient
depletion, and chemical instability of the compounds. Clear-
ance quantifications of MPCC have not been directly
compared to multi-well spheroids in side-by-side experiments.
However, given their ~ 5-fold lower incubation factor, it can
be expected that MPCC will show a higher fraction of low
clearance compounds with non-significant turnover. A similar
incubation factor as in multi-well cultures can be achieved by
using conventional 2D co-cultures but especially the activity
of CYP enzymes has been reported to be lower compared to
suspension cultures (5). However, Hultman et al. reported
similar CLint values for seven intermediate to high clearance
compounds for suspension and co-cultures (11). Hence, a
comparison of the activity of drug metabolizing enzymes
using donor matched cultures appears to be required to draw
further conclusions.

As hepatocyte cultures from different donors differ
metabolic activity, all three systems were tested using cells
from the same donor to allow direct comparison. However, in
order to reflect inter-donor variability in metabolic activity or
to assess population averages, measurements with several

Table III. Scaled Intrinsic Clearance and Predicted In Vivo Intrinsic Clearance (In Vivo CLint,pred) Derived from Suspension, Single Spheroid,
and Multi-Well Cultures and Observed In Vivo Intrinsic Clearance (In Vivo CLint,obs) of All Compounds. In Vivo CLint,obs was calculated from
plasma Clearance (CLpl) values from literature according to Eq. 5 and Eq. 6. Blue and red marked values represent 3-fold under- and

overprediction, respectively

Compound In Vivo CLint, obs [mL/min/kg] Scaled CLint [mL/min/kg] In Vivo CLint,pred [mL/min/kg]

Suspension Single
spheroid

Multi-well
spheroid

Suspensione Single
Spheroidf

Multi-well
Spheroidsg

low CLint

Warfarin 0.30a 0.34# N/A 0.06 3.56# N/A 0.32
Theophylline 0.65b 1.54# N/A 0.41 9.51# N/A 2.63
Tolbutamide 0.46c N/A 0.39# 0.16 N/A 4.81# 0.92
Lorazepam 0.95d N/A 0.97 0.27 N/A 9.28 1.63
Glipizide 1.07d N/A N/A 0.15 N/A N/A 0.87
Etodolac 1.28a 0.06# 0.02# 0.17 1.17# 0.62# 0.97
Ketoprofen 3.40d 0.54# N/A 0.26 4.85# N/A 1.59
Ondansetron 10.7d N/A 3.33# 2.98 N/A 22.6# 22.7
high CLint

Chlorpromazine 24.6a 3.80 1.29 1.05 17.1 11.4 7.41
Propranolol 52.2d 11.8 5.27 3.97 35.7 31.5 32.3
Nifedipine 32.6d 0.11 0.41 2.46 1.76 4.96 19.0
Verapamil 76.0c 7.26# 3.04 2.22 26.0# 21.2 17.0
Metoprolol 28.6c 15.3 N/A 11.2 42.1 N/A 101
Naloxone 79.6a 6.17 14.3 10.2 23.4 64.7 90.9

N/A not applicable as no turnover (positive slope) was measured, marked in grey
a Plasma clearance values obtained from (32)
b Plasma clearance values obtained from (20)
c Plasma clearance values obtained from (39)
d Plasma clearance values obtained from (40)
eRegression correction using log(CLint) = 0.6x + 0.86
fRegression correction using log(CLint) = 0.7x + 0.98
gRegression correction using log(CLint) = 1.1x + 0.85
#Regression slope not significantly different from zero but negative
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donors are needed. This can be accomplished by using
individual donor replicates or by using pooled donor lots for
spheroids formation; however, the latter requires suitable lots
for spheroid formation and monitoring of hepatocyte inte-
gration from all donors. Besides this shortcoming, multi-well
spheroids address several limitations of the other systems
discussed above. Firstly, spheroids remained spatially sepa-
rated, avoiding fusion and dedifferentiation. Spheroids in the
multi-well system consist of approximately 500 cells, whereas
1500 cells were used for single spheroid cultures. Previous
work by us and others indicated that cell number had, if at all,
only marginal impacts on cellular function and metabolic
activity (12, 21). Furthermore, it was shown that per-cell
uptake and metabolism even of polar molecules, such as
glucose does not differ between spheroid sizes of 500 to 1500
cells (22). However, as uptake mechanisms differ between

compounds, effects of spheroid size on drug disposition and
metabolism remain to be determined. Secondly, albumin and
α-AGP secretion remained constant and were similar to
single spheroids. Importantly, the secretion of multi-well
spheroids was comparable to in vivo rates, demonstrating
their phenotypic stability (23, 24). Further, the cell-to-media
ratio was higher than in other systems with unambiguous
stable phenotypic expression of drug metabolizing enzymes.

Importantly, spheroids in multi-well arrays enabled
accurate quantification of turnover of all tested compounds,
including those with low, intermediate, and high clearance. In
line with previous reports, all systems underpredicted the
in vivo CLint when scaled without correction (20, 25, 26). The
underlying root cause of this underestimation, which appears
to be present regardless of the in vitro system used, is
currently a subject to debate (10, 27). Several methods have

Table IV. Observed and Predicted In Vivo Clearance (CLb) for All Three Systems After Linear Regression Correction. red marked values
represent 3-fold under- and overprediction, respectively

Compound CLb, obs [mL/min/kg] CLb, pred [mL/min/kg]

Suspension Single spheroid Multi-well spheroids

low CLint

Warfarin 0.28a 3.02# N/A 0.31
Theophylline 0.63b 6.45# N/A 2.32
Tolbutamide 0.45c N/A 3.87# 0.88
Lorazepam 0.91d N/A 6.34 1.51
Glipizide 1.02d N/A N/A 0.83
Etodolac 1.20a 1.11# 0.61# 0.92
Ketoprofen 2.71d 3.90# N/A 1.48
Ondansetron 6.99d N/A 10.6# 10.6
high CLint

Chlorpromazine 11.0a 9.21 7.26 5.41
Propranolol 14.5d 12.8 12.2 12.4
Nifedipine 12.4d 1.62 3.98 9.75
Verapamil 15.8c 11.3# 10.3 9.18
Metoprolol 11.8c 13.6 N/A 16.7
Naloxone 15.9a 10.8 15.3 16.4

N/A not applicable as no turnover was measured (positive slope), marked in grey
a Plasma clearance values obtained from (32)
b Plasma clearance values obtained from (20)
c Plasma clearance values obtained from (39)
d Plasma clearance values obtained from (40)
#Regression slope not significantly different from zero but negative

Table V. Incubation Time, Cell Concentration and Incubation Factor of Suspension, Single Spheroid, and Multi-Well Spheroid Cultures, as
well as MPCC and 2D Co-Cultures with Information From Literature

Cell system Incubation Time [min] Hepatocyte Concentration [106 cells/mL] Incubation Factor [min*106 cells/mL]

Suspension 90 0.5 45
Single spheroids 4320 0.021 91
Multi-well spheroids 4320 0.27 1166
MPCC* 4740 0.05 237
2D Co-culture# 4320 0.31 1339

*Using culture information from (41)
#Using culture information from (6)
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been suggested to address the systematic underestimation
(28–30). In the current study, we used the purely empirical
regression offset approach similar to other reports focused on
low clearance compounds (6, 17). This resulted in a prediction
within 3-fold for 60%, 56%, and 71% of the measurable
compounds for suspension, single spheroid, and multi-well
cultures, respectively. A prediction within 2-fold was obtained
for 50%, 22%, and 43% of the compounds for suspension,
single spheroid, and multi-well cultures, respectively. Using
the relay method and direct scaling, intrinsic clearance could
be predicted within 2-fold for 64% and within 3-fold for 82%
of the in total eleven tested compounds (4, 31). In 2D co-
cultures, intrinsic clearance was predicted within 3-fold or 2-
fold for 70% and 45% of 20 tested compounds, respectively
(11). Hence, the prediction accuracy of CLint using multi-well

cultures was similar compared to other culture systems
previously used for low clearance compounds.

The extrapolated CLb was predicted within 2-fold and 3-
fold for 86% and 93% of the tested compounds, respectively
when using multi-well cultures. The AAFE was 1.24. Similar
accuracies have been reported using suspension hepatocytes
using a regression correction (20, 26, 32). Also with MPCCs,
CLb was predicted within 2-fold for 70% and within 3-fold for
100% of the 10 tested low clearance drugs (33), while single
spheroids achieved CLb predictions within 3-fold for 86% of
seven tested compounds with an AAFE of 1.74 (16).

Hence, multi-well spheroids present a novel in vitro tool
for measurements and CLb prediction and present an
alternative method for clearance predictions with particular
utility for slowly metabolized compounds.

CONCLUSION

Multi-well spheroids showed a similar metabolic activity
as single spheroids and suspension cultures. This system was
successfully used for long-term intrinsic clearance studies of
slowly metabolized compounds. The high cell concentration
combined with the stable metabolic activity over a long
incubation time resulted in superior detection of CLint

compared to suspension and single spheroid cultures. Predic-
tion of in vivo CLb resulted in overall good accuracy. Thus,
multi-well spheroids present a novel and valuable addition to
the ADME in vitro tool kit.
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