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Exploration and application of a liver-on-a-chip
device in combination with modelling and
simulation for quantitative drug metabolism
studiest

Luca Docci ,1§2° Nicolo Milani, @ §2° Thomas Ramp, @2 Andrea A. Romeo, @2
Patricio Godoy,? Daniela Ortiz Franyuti, @2 Stephan Krahenbiihl,® Michael Gertz,?
Aleksandra Galetin, ©¢< Neil Parrott® and Stephen Fowler @& *@

Microphysiological systems (MPS) are complex and more physiologically realistic cellular in vitro tools that
aim to provide more relevant human in vitro data for quantitative prediction of clinical pharmacokinetics
while also reducing the need for animal testing. The PhysioMimix liver-on-a-chip integrates medium flow
with hepatocyte culture and has the potential to be adopted for in vitro studies investigating the hepatic
disposition characteristics of drug candidates. The current study focusses on liver-on-a-chip system
exploration for multiple drug metabolism applications. Characterization of cytochrome P450 (CYP), UDP-
glucuronosyl transferase (UGT) and aldehyde oxidase (AO) activities was performed using 15 drugs and
in vitro to in vivo extrapolation (IVIVE) was assessed for 12 of them. Next, the utility of the liver-on-a-chip
for estimation of the fraction metabolized (f,,) via specific biotransformation pathways of quinidine and
diclofenac was established. Finally, the metabolite identification opportunities were also explored using
efavirenz as an example drug with complex primary and secondary metabolism involving a combination of
CYP, UGT and sulfotransferase enzymes. A key aspect of these investigations was the application of
mathematical modelling for improved parameter calculation. Such approaches will be required for
quantitative assessment of metabolism and/or transporter processes in systems where medium flow and
system compartments result in non-homogeneous drug concentrations. In particular, modelling was used
to explore the effect of evaporation from the medium and it was found that the intrinsic clearance (CLj.)
might be underestimated by up to 40% for low clearance compounds if evaporation is not accounted for.
Modelling of liver-on-a-chip in vitro data also enhanced the approach to f,, estimation allowing objective
assessment of metabolism models of different complexity. The resultant diclofenac f,ucr of 0.64 was
highly comparable with values reported previously in the literature. The current study demonstrates the
integration of mathematical modelling with experimental liver-on-a-chip studies and illustrates how this
approach supports generation of high quality of data from complex in vitro cellular systems.

1. Introduction

High quality estimates of pharmacokinetic (PK) parameters
are essential during drug discovery for candidate selection
and human dose predictions. Drug absorption, distribution,
metabolism, and excretion (ADME) are the core PK processes
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which need to be optimized to obtain the desired clinical
exposure. Multiple in vitro systems in conjunction with
physiologically based pharmacokinetic (PBPK) modelling are
routinely used for the experimental assessment and
extrapolation of ADME properties. Primary hepatocytes
cultured in either plated or suspension formats are often
employed for the determination of the metabolic and
transporter-mediated clearance, enzyme phenotyping and
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metabolite identification. However, established in vitro assays
still leave gaps in the quantitative translation which can
potentially be addressed by the introduction of novel cell
culture techniques. One limitation of hepatocytes cultured in
a 2D format is the rapid loss of enzyme activity during the
experiment which hinders accurate prediction of metabolic
clearance, especially for metabolically stable drugs."?
Additional limitations include the assessment of other ADME-
related drug properties such as biliary and sinusoidal efflux,
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accurate in vitro to in vivo scaling of active uptake clearance
for substrates of drug transporters, prediction of in vivo
relevant metabolites for metabolically stable drugs, and the
reliable prediction of time-dependent inhibition and
induction.>™ Microphysiological systems (MPS) hold promise
to address more complex in vitro ADME, toxicology and
pharmacology questions in a more physiologically relevant
manner.”” The PhysioMimix liver-on-a-chip is a microfluidic
device that enables continuous perfusion of the hepatocytes
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Fig. 1 Schematic representation of A) picture of the LC12 plate (©CN Bio

Ltd., reproduced with permission); B) representation of the well in the

LC12 plate which highlights the micropump system and the positon of sampling; C) scaffold and seeded hepatocytes: bright field light microscopy
(left), and confocal microscopy (right) (BF, nuclei-DAPI and actin-phalloidin Alexa 488). D) The study outline and E) default procedure of plate

preparation and experimental time course for the evaluation of CP, UGT
pharmacokinetics; M&S: modelling and simulation; MPS: microphysiological

188 | Lab Chip, 2022, 22, 1187-1205

and AO activity in the liver-on-a-chip. DMPK: Drug metabolism and
system; f,,: fraction metabolized by individual enzyme isoforms.

This journal is © The Royal Society of Chemistry 2022
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to provide nutrients, oxygen, and mechanical stimuli through
the shear stress of the media flow (Fig. 1).> The system used
is closely related to the system previously described in a proof
of principle study by Tsamandouras et al. who examined
inter-individual variation in diclofenac metabolism in vitro
and modelled this to the in vivo situation.” Vivares and
colleagues'® demonstrated prolonged maintenance of cell
phenotype and higher metabolic activity in the liver-on-a-chip
compared to 2D-cultured plated hepatocytes by using the
same hepatocyte lot in both in vitro formats. Sarkar and
colleagues'" simultaneously assessed the metabolic profile as
well as complex metabolite toxicity of diclofenac by
combining primary human hepatocytes and Kupffer cells.
Rubiano and colleagues™ tested the ability of the liver-on-a-
chip device to reproduce drug-induced hepatotoxic effects,
metabolism, and intracellular accumulation and, importantly,
demonstrated reproducibility of the experiments. The system
is attractive for ADME applications as it offers the capability
to seed a high number of hepatocytes per incubation
chamber (referred to hereafter as “well”), has substantial
medium volume enabling multiple drug concentration
measurements and a growing body of prior evaluation
data.”'*'* Despite these promising initial efforts, integration
of MPS into pharmaceutical development workflows still
requires verification that the platforms fulfii minimum
requirements for ADME studies. The cells cultured in the
liver-on-a-chip format need to demonstrate a physiologically
relevant and stable phenotype®'® and, in addition, the results
generated in MPS need to be robust and reproducible. Only
after demonstration of these attributes and a broader
validation including diverse molecules, can the systems be
considered for more complex studies and for adoption by
pharmaceutical companies.

The current study aimed to expand the evaluation of
liver-on-a-chip system for applications in the drug
metabolism and pharmacokinetic (DMPK) area, as
illustrated in the framework in Fig. 1D. Firstly, the seeding
efficiency of the system was determined by measuring the
number of active hepatocytes residing in the scaffold. This
evaluation is essential for quantitative translation of data
from in vitro to in vivo, since the assumption that all cells
seeded into a system are retained and active can be highly
inaccurate. To allow this analysis to be performed in a
non-invasive manner, albumin production
established as a surrogate marker for cell number
estimation. Secondly, this study assessed the functional
activity using multiple drug compounds known to be
substrates of important drug metabolizing enzymes such as
cytochromes P450 (CYPs), UDP-glucuronosyltransferases
(UGTs), and aldehyde oxidase (AO). Thirdly, more complex
endpoints  were investigated, namely  metabolite
identification and fraction of drug metabolized via a single
enzyme pathway (f,,), to demonstrate the potential of the
liver-on-a-chip system. Modelling and simulation has been
applied throughout as an essential part of experiment
planning and data evaluation.

rate was

This journal is © The Royal Society of Chemistry 2022
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2. Experimental
2.1 Materials
Ketoprofen, zidovudine, dextromethorphan, dextrorphan,

diclofenac, repaglinide, carbazeran, irinotecan, telmisartan,
and quinidine were purchased from Sigma-Aldrich (St. Louis,
MO, USA). Lorazepam, 4’-hydroxydiclofenac,
diclofenac-glucuronide, 3-hydroxyquinidine,
4-hydroxycarbazeran, naloxone-glucuronide,

7-hydroxyefavirenz, telmisartan-glucuronide,
posaconazole were purchased from Toronto Research
Chemicals (Toronto, Canada). Cryopreserved hepatocyte
recovery medium, William's E medium, primary hepatocyte
plating supplements, primary hepatocyte maintenance
supplements, and human hepatocytes (lot: Hu8264) were
purchased from Thermo Fisher Scientific (Grand Island, NY,
USA). Oxazepam, midazolam, and 1'-hydroxymidazolam were
synthesized at F. Hoffmann-La Roche Ltd. (Basel,
Switzerland). All CN Bio components (controller, docking
station, and drivers) and consumables (LC-12 plates) were
acquired from CN Bio Innovations (Cambridge, UK) (Fig.

S1%).

naloxone,

efavirenz,
and

2.2 Preparation of LC-12 plates and seeding of cryopreserved
human hepatocytes

The diagram in Fig. 1E depicts the time scale of the process
from plate preparation to the experiment. Detailed
descriptions of the priming of the plates, the seeding process
of the hepatocytes, and the media exchange program are
provided in Supplementary Information. Briefly, five days
before the start of the experiment (day - 5), LC-12 plates were
primed by flooding the microchannels with plating medium
(William's E medium containing 5% fetal bovine serum, 1
uM dexamethasone, 100 U mL™" penicillin, 100 pg mL™
streptomycin, 4 ug mL™" human recombinant insulin, 2 mM
GlutaMAX™, 15 mM HEPES). The day after (day - 4),
hepatocytes were seeded on the scaffolds of the LC-12 plates.
Primary cryopreserved human hepatocytes (one vial per LC-12
plate) were thawed and suspended in cryopreserved
hepatocyte recovery medium. Supernatant was aspirated after
centrifugation (100 G for 10 minutes) and hepatocytes were
re-suspended in 3 mL plating medium. Cells were counted
with a hemocytometer (Bioswisstec Ltd., Schaffhausen,
Switzerland) and seeded at between 400000 and 650000
hepatocytes per well, depending upon the individual
experiment (consensus: 600000 cells per well). Plates were
incubated at 37 °C in a 5% CO, atmosphere overnight to
allow for the attachment of hepatocytes. The media was
changed after attachment of the cells to the scaffold (at day -
3) to maintenance medium (William's E medium containing
0.1 uM dexamethasone, 50 U mL™" penicillin, 50 ug mL™"
streptomycin, 6.25 ug mL™" human recombinant insulin, 6.25
ug mL™" human transferrin, 6.25 ng mL™ selenous acid, 1.25
mg mL™" bovine serum albumin, 5.35 ug mL ™" linoleic acid, 2
mM GlutaMAX™, 15 mM HEPES) and cells were pre-
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incubated without media exchange for three days at 37 °C in
a 5% CO, atmosphere until the first treatment day (day 1).

2.3 Quantification of cell number

On day - 4 of each experiment the remaining hepatocyte
suspension not needed for seeding was used to investigate
the total protein content per million hepatocytes. The
hepatocyte suspension was diluted with 20 mL PBS and
centrifuged at 100G for 10 minutes. The supernatant was
aspirated and the hepatocyte pellet was lysed with 5 mL PBS
containing 1% Triton-X for twenty minutes. Total protein
content was measured using the Pierce™ BCA Protein Assay
Kit (Thermo Fisher Scientific).

To relate the total cellular protein to the albumin
production on day 2, three control wells in each experiment
were used to determine the number of hepatocytes via lysis
of the cells, assuming that all attached cells remained viable.
By using the measured albumin concentration in the
medium of the respective wells on day 2 (24 hours after
media exchange at day 1) the normalized albumin production
rate was calculated according to eqn (1):

Caib*Vimed
NH -t

@

Albumin production rate (ug,;; per day per 10° cells) =

where Cyp, is the concentration of albumin (in pg uL™) in the
medium after 24 hours (¢), Vipeq is the volume of medium
(1800 pL) and Ny is the number of hepatocytes (expressed in
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million cells) determined in the lysates from the control wells
by protein concentration. The average albumin production
rate calculated from the control wells was then used to derive
the number of hepatocytes in the remaining wells based on
the measured albumin concentrations in the medium. This
was performed separately for each experiment, compensating
for any changes in albumin generation rate between
experiments performed on different occasions or for different
culture durations.

The albumin concentration was measured using the
human albumin ELISA kit (Immunology Consultants
Laboratory, Inc., Portland, USA) and total protein was
measured using the Pierce™ BCA protein assay kit to assess
the number of cells in the control wells (Thermo Fisher
Scientific, Grand Island, NY, USA). A detailed protocol about
the lysis of the hepatocytes in the scaffolds of the control
wells is provided in the Supplementary Information.

2.4 Assessment of drug metabolism capability

The major enzymes involved in the metabolism of the
selected drug molecules are summarized in Table 1. Drug
concentrations, time points of medium sampling, and
sampling volumes are summarized in ESI} Table S1. On the
first study day (day 1), the maintenance medium was
replaced with a fresh maintenance medium containing the
test drugs with a total volume of 1800 pL (200 pL dead
volume plus 1600 pL added volume). Afterwards, no
additional media exchanges were performed during the time

Table 1 Comparison of unbound hepatic intrinsic clearance values calculated from in vivo studies with extrapolated unbound in vivo intrinsic clearance
from liver-on-a-chip data for 12 compounds. The Rgp, fupiasma and observed in vivo CLi,. were taken from the references provided. The mean in vitro
unbound CL;,; and standard deviation are obtained using the fu;,. which was either measured or calculated as indicated. In vitro data for carbazeran
and irinotecan which were not included in the IVIVE were also reported in the table

In vivo CLip¢y
Predicted Observed

In vitro CLin¢y

Fold
Compound Major metabolic enzymes fupiasma  Rep  fUine pL per min per million cells mL/min/kg error®
Carbazeran AO (ref. 52) 0.74° 12+1°
Dextromethorphan  CYP2D6/3A4 (ref. 53) 0.72 1.5  0.77° 20 +2° 51 576 (ref. 25)  0.089
Diclofenac CYP2C9, UGT2B7 (ref. 17, 54) 0.010  0.55 0.045° 95+ 97 4 561 (ref. 25)  0.43
Irinotecan CES*® 0.76"  0.92 £ 0.04° 2.4
Lorazepam UGT2B7/15 (ref. 55) 0.11 1.0 0.80° 2.1+0.3° 6.5 14 (ref. 25) 0.46
Midazolam CYP3A4/5 (ref. 56) 0.031  0.55 0.10° 219 +23° 579 440 (ref. 21) 1.3
Naloxone UGT2B7 (ref. 37) 0.56 1.22  0.87¢ 65 + 2° 167 200 (ref. 21)  0.84
Oxazepam UGT1A9/2B15 (ref. 57) 0.045 1.1  0.60° 14 +1° 37 34 (ref.25) 1.1
Posaconazole UGT1AA4 (ref. 58) 0.017 1.0 037° 8.0 +2.0° 25 148 (ref. 20)  0.17
Quinidine CYP3A4/5 (ref. 59) 0.13 0.87 0.63" 12 +2¢ 31 61 (ref. 25)  0.50
Repaglinide CYP2C8/3A4 (ref. 39, 60) 0.014 0.60 0.36° 5.5+ 1.7° 14 1380 (ref. 21) 0.010
Telmisartan UGT1A3 (ref. 61) 0.005 1.0 0.15° 64 + 8° 197 4519 (ref. 20) 0.044
Tolbutamide CYP2C9 (ref. 35) 0.024  0.75 0.48°  1.2+0.1° 3.1 3.6 (ref. 25)  0.88
Zidovudine UGT2B7 (ref. 62) 0.74 0.99 0.98°  1.7+0.5 5.2 66 (ref. 20)  0.079

@ Measured data. ? Calculated data from fUplasma, Ka in human serum albumin or bovine serum albumin (ESIt Table S5). © In vitro CLiy,, were
estimated by evaporation model of triplicate measurements with the respective + SD. ¢ In vitro CLi,,, were estimated by modelling of triplicate
measurements with the respective + SD. For quinidine and diclofenac CL;,, from model 4 and 6 were respectively used. * In vitro CLip, were
estimated by mono-exponential decay of the substrate in triplicate measurements with the respective + SD (eqn (3))./ The observed CLiy,, Was
evaluated from oral administration assuming the intestinal availability and fraction absorbed equal to 1.>° The unbound plasma and bold
plasma ratio were taken from Lutz et al.®® and Silva et al.,** respectively. ¢ Fold error was calculated as a ratio between predicted and observed
CLint~

1190 | Lab Chip, 2022, 22, 1187-1205 This journal is © The Royal Society of Chemistry 2022
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course of the experiment. The media was first allowed to
distribute into the whole well for at least half an hour before
the first sample was taken. At different time points, media
samples were removed and quenched in acetonitrile
containing internal standard (128 ng mL ™" Dg-midazolam for
all test compounds), centrifuged at 6200 G for 10 minutes at
4 °C and stored at —20 °C until preparation for measurement
in liquid chromatography tandem mass spectrometry (LC-
MS/MS). Drug concentration was measured in triplicate for
each compound. To determine the depletion of the probe
substrates, the natural logarithm of the drug concentration
in the incubation samples was plotted against time and
linear regression analysis was applied using GraphPad Prism
version 7.04 for Windows (GraphPad Software, La Jolla, CA).
The in vitro intrinsic clearance (CL;,) was calculated from
the depletion rate constant (k) of the linear regression
(min™) for each well individually and assuming a rapid
passive diffusion into the cells:

kx Vined

H

CLin¢ (UL per min per million cells) =

)

where V,.q was 1800 pL, and Ny is the number of cells
estimated from the measured albumin production rate in the
respective wells.
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In order to determine the tolerance of the system to
repeated wash-out and re-use, measurement of compound
depletion was performed repeatedly over four days (i.e. day 1,
day 2, day 3, and day 4) with a washing step after every 24
hours before each incubation. This investigation of the
repeated use activity retention was conducted for midazolam,
diclofenac, repaglinide, carbazeran, quinidine,
dextromethorphan, and naloxone. The retention of metabolic
activity was assessed by comparing the depletion rates for the
drug molecules at the different days (Fig. S27).

2.5 Determination of in vitro intrinsic clearance for drugs
with high metabolic stability

Three compounds with a high metabolic stability
(tolbutamide, irinotecan, and ketoprofen) were selected to
assess the impact of prolonged incubation times on the
determination of the in witro intrinsic clearance.
Concentrations, sampling time points, and sampling volumes
are summarized in ESIf Table S1. Incubations were run for
96 hours without performing media exchange during the
time course of the experiment.

For such prolonged incubations, evaporation from the
medium may have an impact on the calculated intrinsic

B
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Fig. 2 A) Correlation between total protein and number of cells. Data shown as filled circles were used for the correlation. B) Seeding efficiency of the
experiments comparing the initial amount of hepatocytes seeded and the measured total protein amount at day 1 of the experiment in control wells.
Number on the x-axis indicates the experiment number. C) Alboumin production rate measured in three dedicated control wells in five different
experiments as mean * SD. D) Measured (black dots) and interpolated (red squares) number of cells in different wells in an example experiment.

This journal is © The Royal Society of Chemistry 2022
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Fig. 3 Drug concentration in media plotted versus incubation time. A) Midazolam, naloxone, and telmisartan were incubated up to 8 h. The

sample of naloxone after 4 h were not reported sinc
dextromethorphan, oxazepam, and carbazeran were incuba

e it was below the limit of quantification. B) Diclofenac, quinidine, repaglinide,
ted for up to 24 h. C) Lorazepam, zidovudine, and posaconazole were investigated for

more than 24 h and linear regression was applied for the CL;, estimation. D) Low turnover compounds (tolbutamide and irinotecan) were

incubated for 96 h and the evaporation model was used to
mean of triplicates with the respective standard deviation.

estimate CL;,; (model fit reported with red line). All data are shown on a log scale as a
Incubation at day 1 was reported for the compounds tested successively over 4 days

(diclofenac, midazolam, quinidine, dextromethorphan, and carbazeran). The specific sampling points for each compound are reported in the ESLf
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Fig. 4 A) Representation of the effect of evaporation and sampling on the media volume, drug substrate concentration, drug amount and cell to
media ratio over 96 h of incubation with PhysioMimix liver-on-a-chip. Four different k., were evaluated (0, 0.05, 0.07, and 0.1 uL min™%) with a
CLint of 0.5 uL per min per million cells and a sampling volume of 18 puL. B) Representation of the effect of CLin (0, 0.3, 0.5, 1.0 and 1.25 uL min™*
107°) on the same variables reported in panel a with a constant ke, of 0.07 pL min2.

clearance, especially for metabolically stable drugs (Fig. 4A).
The metabolism-driven reduction in drug amount may be
partially masked by media evaporation which concentrates
the remaining drug substance. In contrast, the amount of
compound transformed may be greater in conditions of
higher evaporation of the medium due to the increased drug
concentration and more frequent passage through the cells
(which may be considered as an increase in the number of
cells per unit incubation medium volume, Fig. 4A). Fig. 4B
illustrates the relationship between the CL;,. the volume of
medium, amount, concentration of the substrate, and cells/
volume ratio when k., is maintained (0.07 pL min™"). In
addition, Fig. 4 shows the impact of the sampling volume on
the total media volume, amount, and cells/volume ratio as a
sudden reduction of volume compared to the constant
process of evaporation. The sampling volume does not
immediately impact the concentration vs. time profile but
has an effect over time and affects the number of data points
which may be collected. In order to reduce the impact of the
sampling volume in the actual experiments, it has been
minimised to 18 pL considering the sample preparation and
analysis processes. Therefore, a more complex model
(referred to here as the evaporation model) is proposed to
account for medium evaporation and sampling while
estimating the CL;,.. For comparison, the linear model (eqn
(3) without evaporation) and the evaporation model (eqn (3)
and (4)) were both used to fit the observed concentration-
time profiles and to estimate the in vitro intrinsic clearances.

The evaporation model assumed that the combination of
media circulation and passive diffusion into cells is rapid

This journal is © The Royal Society of Chemistry 2022

and a one-compartment model was sufficient to describe the
concentration of drug in the medium (full model is detailed
in ESL} In silico modelling section). Concentrations of the
drug at different time points were measured and the amount
of drug in the system calculated by multiplying the drug
concentration by the system media volume. For modelling,
the change in amount of drug in the system with time is
described by eqn (3):

dA

— = - CLint'fuinc'NH'C(t)

a (3)

where fu;, is the unbound fraction of drug in the incubation
medium; C and A are the concentration and amount of drug,
respectively, at given time points ¢. Media volume decreased
over time due to evaporation and sampling as described by

eqn (4):

V(t) = Vi = ket = ns(8)-Vs (4)
where V; represents the initial volume (1818 pL) and ¢
represents the time. The evaporation constant k., (in pL
min™') was experimentally determined by measurement of
the volume of the incubation medium in all wells at the final
day of the experiment for the calculation of medium volume
from medium weight. In addition, the sudden removal of
medium and drug amount due to the sampling (18 uL per
time point) was considered with the V, term at the specific
time-dependent sampling points ns (Fig. 4).

The k., was then calculated using eqn (5) by assuming a
volume decrease following zero-order kinetics:
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Vi—V;
oy = 1+ (5)
tg

where V;, V, and ¢, represent the initial, final volumes per
well, and the incubation time, respectively. The loss of
medium due to sampling (V) and the dead volume (200 pL)
remaining in the well after aspirating the medium were taken
into account when deriving V.

2.6 Evaporation model exploration

In addition to their application for CL;,, estimation from the
observed in vitro data, the linear model and the evaporation
model were also used to perform a preliminary in silico
simulation assessment to test the adequacy of the two
analyses. For this assessment, the evaporation model was
applied to generate in vitro concentration-time profiles for a
range of theoretical in vitro CL;,, values from 0.3 to 1.25 pL
per min per million cells and different rates of evaporation
from 0.01 to 0.12 pL min. The model used for all
simulations included a constant number of hepatocytes (Ny
= 275000 cells per well) and random effects (w) for Ny (CV =
20%) and k., (CV = 20%) which were based on our experience
of experimental variability. In addition, the sampling volume
of 18 uL was considered in the simulation in order to take
into account the amount of substrate removed from the
medium at the time of sampling. Moreover, a residual
unexplained variability in the observed data was modelled
with an exponential error of 10% represented by eqn (6).

Ci)bs = Ci)red X egi (6)

where Clyp, represents the observed concentration affected by
& which is the deviation from the population value for each
time point.

In order to assess variability, 1000 concentration-time
profiles were simulated with the evaporation model using the
conditions described above and three replicates were
randomly sampled from the full set of simulated data at time
points up to 96 hours. The random sampling was repeated
100 times. CL;y, values were then estimated by fitting either
with the linear model (eqn (3) only) assuming V(¢) is constant
and equal to V; or with the evaporation model (details about
the fitting procedure are available in Software and libraries
for modelling section). The sampling times used for the
fitting of both models were: 0, 48, 56, 80, and 96 h.

Finally, the accuracy of the estimated mean CLjy
values was computed with the root-mean-square error
(RMSE, eqn (7)) while the absolute average fold error
(AAFE, eqn (8)) was used to evaluate the bias. In
addition, the median of the wuncertainty of 100
experiments were also evaluated. The percentage relative
standard error (RSE) was evaluated and % RSE above
30% was considered as threshold of CL;, uncertainty;
details are summarized in the ESI} (Fig. S4).
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RMSE= '~ 7)
N
AAFE — 10" 71 % (8)

where N is the number of observations, and x; and x; are
the predicted and observed parameters respectively. In
addition for this set of 100 random triplicates, the
median of the distribution of the 100 estimated CLj,
values was also evaluated. Finally, we evaluated in which
experimental conditions of k., and CL;,  the approximated
linear model may be used to estimate CL;, with low
bias.

2.7 Determination of fractions metabolized and metabolite
formation for quinidine and diclofenac

Quinidine and diclofenac were incubated as described above
and samples were taken at specific time points to measure
drug disappearance and metabolite formation. The data for
drugs and metabolites were subsequently analysed with
different in silico models to estimate the fractions
metabolised and rates of metabolite formation. The structure
of the models is displayed in Fig. 7.

Four different in silico models with different levels of
mechanistic detail were used to describe the observed
concentration-time profiles of quinidine and
3-hydroxyquinidine. Model 1 assumed a single metabolic
pathway and that quinidine depletion was solely due to
3-hydroxyquinidine formation. Model 2 considered also
subsequent  3-hydroxyquinidine metabolism. Model 3
assumed that depletion of quinidine is due to the formation
of 3-hydroxyquinidine and one or more additional primary
metabolites'® (e.g. quinidine N-oxide). The latter was also
assumed by model 4 which was a combination of model 2
and 3.

For diclofenac, in silico modelling was applied to estimate
simultaneously CL;,, and contributions from oxidation (by
CYP enzymes such as CYP2C9, CYP2C8 and CYP3A4) and
glucuronidation (e.g. by UGT2B7) to overall metabolism
(fin,cyp and fm,UGT).“‘17 Two models were applied to describe
the concentration-time profiles for diclofenac and its
metabolites at different levels of mechanistic details (Fig. 7).
Model 4 assumed the formation of 4'-hydroxydiclofenac and
diclofenac-glucuronide, whereas model 5 considered also an
additional but not measured primary metabolism pathway
(e.g. 5'-hydroxydiclofenac formation). In order to define the
best model for describing the experimental data, the
Bayesian information criterion (BIC) was used for diclofenac
and quinidine and their respective models 1-6. The model
with the lowest BIC rank and strongest support from current
literature information was selected for parameter estimation.

This journal is © The Royal Society of Chemistry 2022
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Fig. 5 In silico comparison of the estimated CL;,; using the linear (black bars) and the evaporation (grey bars) models. The dashed lines represent
the expected value for CL;,; and the dotted lines its variance of £10%. For CL;, value of 0.3 uL per min per million cells with ke, of 0.12 and 0.10
pL min~! the median of the estimated clearance with the linear model was negative and so the respective bars are not reported.

2.8 Protein binding

Fraction unbound in the incubations (fuj,. values) was
determined in the maintenance medium using equilibrium
dialysis against 133 mM phosphate buffer at pH 7.4, over 5
hours at 37 °C in a 5% CO, atmosphere, using a Teflon
equilibrium dialysis plate (96-well, 150 uL, half-cell capacity)
and cellulose membranes (12-14 kDa molecular weight cut-
off) from HT-dialysis (Gales Ferry, Connecticut). Aliquots
from the donor and receiver compartments were combined
with buffer or blank media to make 10% media (v/v) matrix-
matched samples, which were further prepared by the
addition of acetonitrile-containing internal standard.

2.9 Sample preparation and liquid chromatography-mass
spectrometry analysis

The drug concentration was measured with LC-MS/MS using
the HTS CTC PAL autosampler together with Shimadzu
pumps for the UHPLC system (Nexera X2) and a QTRAP5500
(AB Sciex) equipped with a TurbolonSpray source for the

This journal is © The Royal Society of Chemistry 2022

mass spectrometry. Detections were made in positive or
negative ion MRM mode and data processing was conducted
with Analyst software (version 1.6.2, SCIEX). ESIT Tables S2 and
S3 provides more detailed information about the parameter
settings in the MRM mode, analytical columns, mobile phases,
sampling volumes, flow rates, and retention times.

For the protein binding assessment the samples were
quantified by liquid chromatography coupled with triple
quad mass spectrometry. After correcting for dilution during
sample work-up, peak area ratios of analyte vs. internal
standard were used in the calculation of unbound fraction.
All recovery values were in the range 80-120%. No observable
volume shift was seen over the duration of incubation and
potential volume shifts were therefore not factored into the
free fraction calculations.

2.10 Metabolite identification for efavirenz metabolism

Metabolite identification was performed using the same

experimental conditions reported for low clearance
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compounds. The incubation time was 96 h with sampling
times were 0, 48, 72, 80, 96 h and number of cells around
300000 for the three replicates. Each sample was diluted and
the 10 pL of supernatant was used for LC-MS/MS analysis.
For the instrumental analysis were used: Dionex Ultimate
3000 RS System UHPLC (ThermoFisher), with injection
system a PAL HTC xt Autosampler (CTC), and the column
Waters Acquity UPLC BEH C18 (1.7 um, 2.1 x 100 mm). The
column temperature was maintained at 40 ©°C. As
chromatography solvent A: 0.1% formic acid in water and
solvent B: 0.1% formic acid in acetonitrile with a gradient
and flow rate of 0.4 mL min~'. The mass analyser was a
ThermoFisher Q Exactive hybrid quadropole-orbitrap mass
spectrometer equipped with Xcalibur version 4.2 and the
Tune 2.9 software package. The scan event cycle consisted of
acquisition of one full mass spectrum (m/z 135 to 1200) at a
resolving power of 70000 (@m/z 200), followed by data-
dependent MS/MS scans. The ESI conditions were: spray
voltage: 3500 V, probe heater temperature 300 °C, capillary
temperature 320 °C, sheath gas 35, and auxiliary gas 10. The
measure of the drug compound and its metabolites were
based on the peak area intensity. The % peak area of
metabolites was estimated by comparison of peak areas of
MS ion intensities. This semi-quantitative approach is based
on several simplified assumptions (equimolar response of
different analytes, no matrix effect, etc.) and consequently, it
cannot be excluded that in some cases the semi-quantitative
data will be different to data generated by validated
bioanalytical methods using individual reference compounds
or by structure independent radioactivity measurements.
7-Hydroxyefavirenz (M6) was used as standard to separate it
from the regioisomer metabolite 8-hydroxyefavirenz (M1).

2.11 Prediction of in vivo intrinsic clearance

In vitro to in vivo extrapolation (IVIVE) of the metabolic
clearance was performed for all compounds that were
investigated in this study except irinotecan, ketoprofen and
carbazeran. Ketoprofen was excluded due to poor in vitro PK
profile. Irinotecan was excluded due to the complex
pharmacokinetics involving the lactone and inactive
carboxylate forms, which are dependent on the pH and
albumin concentration.'® Carbazeran was excluded because
of high extrahepatic extraction."® For compounds that were
measured in the repeated incubation experiment, only the
CLi, derived on the first day was used.

The measured in vitro CL;,; values were transformed to
the predicted unbound in vivo CL;y,, using eqn (9):

_ Invitro CLipe HC-LW
fuinc

©

Pred.in vivo CLipey (ML min™ kg™)

where the hepatocellularity (HC) was 120 million hepatocytes
per gram of liver,”® LW was the average weight of the liver
per kg of body weight which was taken as 21.4 g liver per
kg, and fu;,. was the unbound fraction of drugs
investigated in the medium.
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When no measured unbound fractions in the incubation
medium  (fuy,.) were available (zidovudine, lorazepam,
posaconazole, dextromethorphan, repaglinide, and oxazepam),
the values were estimated from reported plasma protein binding
values, albumin unbound fraction or association constant with
BSA (ESIf Table S5). When plasma or human albumin data were
used, the compound was assumed to have the same affinity
between human albumin and BSA. The fujnpreq €Stimated by
the plasma unbound fraction eqn (10) was used:

1
1-fu,
C'alb'fup

fuinc,pred = (10)

1+ BSA

where fu, is the reported unbound fraction of the drug in the
plasma and C,y, the concentration of human albumin in plasma
(42.5 g L™) and Cgg, is the concentration of BSA in the medium.

The compounds were assigned to the ECCS (extended clearance
classification system) using the available literature. Midazolam,
dextropmetorphan,  repagnalide, quinidine,  posaconazole,
tolbutamide, and diclofenac classification were collected from
Umehara et al.?* Naloxone, zidovudine, lorazepam, and oxazepam
from Docci et al.** and telmisartan from Tess et al.**

2.12 Calculation of observed in vivo intrinsic clearance

In vivo hepatic clearance values were collected from
previously published literature reports. Whenever possible,
clearance estimates derived after an
administration used.  One

intravenous
were exception  was
dextromethorphan, where oral clearance was used and the
intestinal availability and fraction absorbed were set equal to
1.%® Metabolic plasma clearance was calculated from total
plasma clearance using eqn (11):

CLy,p (ML min™' kg ") = CLyfimer (11)
where CL;, is the total metabolic plasma clearance and fie is
the fraction metabolized by hepatic metabolism which
considered any extrahepatic or biliary elimination (and assumes
no extrahepatic metabolic clearance) as reported in eqn (12):

fmet =1 _frenal _fbiliary (12)

The in vivo blood clearance was estimated by scaling the

metabolic plasma clearance with the blood-to-plasma
concentration ratio (Rgp):
- - CL
CL, (mL min' kg ) = — ¢ (13)
RBP

The observed hepatic intrinsic clearance was estimated by
assuming the well-stirred model using eqn (14):**
CLy

fu,p (1 _ CLb)
RBP QH
where Qy is the average hepatic blood flow of 20.7 mL min™"
kg*1.21

CLgne (ML min" kg™') = (14)

This journal is © The Royal Society of Chemistry 2022
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2.13 Software and libraries for modelling

The in silico modelling was performed in R using RxODE for
simulations and nimixr for model fitting. These libraries are
open source and available in the R repository CRAN.

The fitting of diclofenac and quinidine data was
performed in Phoenix 64 version 8.2.0.4383 (Certara, New
Jersey, US) using naive pooled as the fitting algorithm.

For models 4, 5, and 6 (Fig. 7) an a priori identifiability
was performed in the REDUCE language using the open
source library DAISY (differential algebra for identifiability of
systems).”>*” The technical application and the codes are
reported in the ESIT (Modelling session).

Analytical graphs were generated with GraphPad Prism
version 7.04 for Windows (GraphPad Software, La Jolla, CA)
and in R using the ggplot and gridExtra libraries.

3. Results and discussion
3.1 Seeding efficacy and hepatocyte number

In vitro drug metabolism studies mainly explore the
biotransformation and transport of drugs by the cells (in
contrast to in vitro pharmacology and toxicology studies that
examine the impact of drug exposure on the cells). In this
context, quantification of the hepatocyte seeding efficiency
and cell number are important assessments to enable
quantitative readouts that are normalized by cell number,
such as drug clearance and metabolite formation rates.
Accurate knowledge of effective cell number is essential for
comparing results between in vitro systems, for selection of
the most suitable system for a given experiment and for the
robustness of the subsequent study design (e.g. selection of
time points, length of experiment, and analysis of cell
lysates). In parallel to seeding the plates (at day - 4), unused
cells were counted and the amount of total hepatocyte
protein was determined on seven separate occasions. Protein
content was consistently between 1.015 and 1.078 mg per
million cells in six occasions with one outlier (1.302 Mgal
protein Per million cells; Z-score = 2.4). Linear regression
showed a strong correlation (R* = 0.995) between the amount
of total protein and the number of cells, with a mean value
of 1.051 + 0.019 Mgl protein Per million cells (after
excluding one outlier Fig. 2A), consistent with other
publications.>® The number of hepatocytes at day 2 (i.e. five
days after seeding) in the control wells (n = 15) from each
experiment (n = 5) was on average 260000 + 25000 (CV:
9.3%) and ranged from 230000 to 310000 hepatocytes.
Comparison of the number of hepatocytes measured in the
control wells at day 2 with the number initially seeded at day
- 4 showed an average seeding efficiency of 52.0 + 7.1% (CV:
14%) with values ranging from 39.0 to 66.5% (Fig. 2B).
Seeding efficiency was more consistent within experiments
than between experiments. Cell number was therefore
determined for each experiment using satellite wells reserved
for this purpose. Reasons for the incomplete seeding
efficiency are unknown, but are thought to be a combination
of partial attachment of hepatocytes to the surface of the

This journal is © The Royal Society of Chemistry 2022
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scaffold and stress to the hepatocytes during medium
exchange. Correction for actual cell number also has
important implications for quantitative translation to in vivo
considering the commonly reported trend of clearance
under-prediction.?”

Production of albumin is frequently used as a marker for
hepatocyte-like activity. It was explored here as a non-invasive
proxy for cell number determination via cell lysis and protein
concentration measurement. The mean albumin amount in
all experiments (n = 5) and wells (n = 120) was 10.3 + 3.7 ug
(CV: 36%) at day 2 of the experiment (24 h after media
exchange). Normalizing the albumin concentration by the
measured number of hepatocytes in the control wells (total n
= 15), allowed the calculation of the average albumin
production rate and was 39 + 8 pg per day per million cells
(CV: 22% with values ranging from 23 to 58 pg per day per
million cells). The mean (7 = 3) albumin production rate in
individual experiments measured in satellite wells was 27 + 3
(CV: 10%), 38 + 3 (CV: 8%), 45 + 9 (CV: 20%), 40 + 3 (CV:
7%), and 37 + 1 (CV: 2.5%) pg per day per million cells in
experiments 1, 2, 3, 4, and 5, respectively (Fig. 2C). This is at
the lower boundary of the estimated albumin output of
human liver in vivo of 37 to 105 ug per day per million cells®
but superior to albumin production rates reported for
hepatocyte spheroids recently.*® The measurement of
hepatocyte number (via hepatocyte protein
determination in the satellite wells of each experiment) and
the albumin production in all wells of an experiment allowed
the hepatocyte number in each test well to be calculated and
used in data processing, to account for any well to well
differences in cell number (Fig. 2D). This approach also
compensated for potential differences in albumin production
over time for the different experiments as albumin amount
per million hepatocytes was calculated in each experiment.

amount

3.2 Assessment of drug metabolizing enzyme activities

At very low drug concentrations the rate of drug metabolism
is typically proportional to drug concentration, which
therefore decreases exponentially with incubation time.
Intrinsic clearance (CLi,) is an absolute measurement
parameter calculated from fitting an exponential decay
function to the drug concentration vs. incubation time data
and the parameter of choice for comparison and
extrapolation of data between different in vitro systems or
between in vitro and in vivo. The intrinsic clearances of four
cytochrome P450 (CYP) substrates, seven UDP-glucuronosyl
transferase (UGT) substrates, and one aldehyde oxidase (AO)
substrate were measured in order to assess the metabolic
capabilities of the hepatocyte cultures in the liver-on-a-chip
system. Fig. 3 shows the media concentration-time profiles of
the drugs. Inter-well variability of the calculated cell number
was low and a mean CV of 12% (range from 2 to 21%) was
attained. Comparison of measured CL;,; from the LoC, and
leading alternative systems (suspended hepatocytes, and

HepatoPac micropatterned cocultured hepatocytes) was
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preformed and reported in ESIf Table S6. The CL;,, values
were within 2-fold between liver-on-a-chip and HepatoPac for
8 compounds out of 13. When compared with suspended
hepatocytes, CL;, values for 11 compounds out of 14 were
within 2-fold. For a new system using single donor
hepatocytes to compare as well as this to highly optimized
pooled hepatocyte test systems indicates the promise of the
LoC. Non-specific binding can also cause loss of drug from
the media onto device surfaces. It was not assessed in detail
in this study since little or no adsorption to the plastic was
reported in the available literature for the system®?> and as
essentially complete recovery of quinidine and diclofenac was
recorded in the quantitative experiments. In addition, the
presence of BSA in the media also reduces the potential for
compound adsorption.****

3.3 Intrinsic clearance determinations for metabolically
stable drugs and application of modelling to control for
media sampling and evaporation

In vitro drug metabolism studies monitor drug and
metabolite concentrations in quenched incubates or media
samples. Multiple samples taken from the media
compartment of the liver-on-a-chip system were used to
create an in vitro PK profile and calculate intrinsic
parameters such as drug clearance. Human hepatocyte CLj¢
values are an important selection criterion for drug
candidates and are used directly in prediction of human PK.
Drugs with low intrinsic clearance (e.g. <3 pL per min per
million hepatocytes) often exhibit moderate-high in vivo
stability. In contrast, drugs with high intrinsic clearances
may have short in vivo halflives and low bioavailability.
Traditional drug metabolism studies using hepatocytes make
use of relatively short incubation times and one experimental
incubation well per time point which is quenched in its
entirety using organic solvent containing internal standard.
This treatment largely compensates for evaporation effects
because the total drug material is recovered from each well at
the end of the experiment. In contrast, organ-on-a-chip
systems are likely to have fewer but larger incubation
chambers from which multiple samples are removed. Greater
consideration of drug amount and concentration within the
experiment then becomes important for drug metabolism
scientists. The metabolic assessment in the liver-on-a-chip
performed here integrates modelling and simulation as a
vital part of the study in order to understand in detail what is
happening within the experiment and to obtain correct
intrinsic clearance estimates. Mathematical modelling was
especially needed for the CL;, estimations for highly
metabolically stable compounds and our study shows the
importance of this approach as well as describing under what
conditions it is necessary. For the CL;, estimation of low
turnover compounds an evaporation model was used, which
took into account media evaporation (drug concentration
and effective cell concentrations increase) and media removal
due to sampling (effective cell concentration increases but
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drug concentration unchanged). The extent of evaporation
was measured for each well separately. The individual well
rate of evaporation (k.,) value was used in determination of
individual well drug intrinsic clearance before mean values
were calculated (eqn (5), for individual well evaporation rates
see ESIT Table S4). Experimental data showed significant
evaporation (>20%) over 4 days of incubation. Having
established the evaporation rate and effect in the liver-on-a-
chip system, in silico modelling was applied to assess the
impact of evaporation on the accuracy of the estimated
in vitro intrinsic clearance using simulated data (Fig. 4). For
the analysis, theoretical concentration-time profiles were
simulated using the evaporation model over a range of CLjy,
and k., values which corresponded to those experimentally
observed. Subsequently, both the linear model and the
evaporation model were used to assess the simulated
concentration-time profiles. Fig. 5 shows the possible bias
tackled by the use of the evaporation model and more
detailed results are reported in the ESIf (Fig. S4). Not
accounting appropriately for evaporation from the media
results in significant underestimation of the CLj,, in
particular for low turnover drugs with CL;,. below 1 pL per
min per million cells and the k., above 0.05 pL min™" (Fig.
S41). With the simulated experiments, we established in
which circumstances of CL;,; and k., the linear model needed
to be replaced with the more realistic, but also more complex
evaporation model (Fig. 5).

In addition, the evaporation model used in the current
study also takes into account the media removal due to
sampling. Although lorazepam and posaconazole were
tested up to 96 h of incubation, the effect of media
evaporation was small compared with the rate of drug
depletion and the evaporation model did not need to be
applied to obtain an accurate CL;, estimation.
Metabolically stable compounds tested over 96 hours
included tolbutamide, irinotecan, and ketoprofen which are
CYP2C9,” carboxylesterase,*® and UGT2B7/UGT1A3 (ref. 37)
substrates, respectively. From the experimental data
reported in Table 2 and the concentration-time profiles
shown in Fig. 3D for tolbutamide and irinotecan the
inclusion of the measured constant of evaporation in each
well and the application of the evaporation model reduced
CLj,¢ underes