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A microfluidic liver biochip was coupled with a mass spectrometer to detect in real time the drug
metabolism of hepatocytes. The hepatocytes were cultivated in the biochip for 35 h. The biochip was
placed in a small-scale incubator in which the temperature and CO, concentration were controlled. The
biochip was connected serially to a mass spectrometer, a peristaltic pump and a culture medium
reservoir. The injection in the mass spectrometer was performed every 10 min for 11 h. The metabolism
of midazolam, phenacetin, omeprazole, dextromethorphan, repaglinide, rosuvastatin, tolbutamide and
caffeine was investigated. We monitored the apparition of omeprazole sulfone, hydroxy omeprazole,
repaglinide glucuronide, rosuvastatin lactone, dextrorphan, 1-hydroxy midazolam, 4-hydroxy midazolam,
1,4-hydroxy midazolam, paracetamol and 1,3-methylxanthine. Although these were observed, hydroxy-
tolbutamide, 3-methoxymorphinan and midazolam glucuronide, hydroxy repaglinide were not detected.
Based on a pharmacokinetic model, we calculated in vitro intrinsic clearances in which adsorption onto
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the perfusion circuit was taken into account. Then, using a liver organ model, we extrapolated the in vitro
intrinsic clearances to the in vivo clearances. The estimated in vivo clearances were in agreement with the
literature data on rats for midazolam, dextromethorphan, phenacetin, tolbutamide and caffeine.

rsc.li/analyst Rosuvastatin, omeprazole and repaglinide prediction underestimated the in vivo data.

in humans. It seems clear today that current static in vitro test
systems (microsomes, hepatocytes, etc.) are poorly predictive of

1. Introduction

The strong contribution of Chemical Reactive Metabolites
(CRMs) in Drug Induce Liver Injury (DILI), including idiosyn-
cratic hepatotoxicity, is acknowledged by the scientific commu-
nity but cannot be detected by conventional animal toxicity
studies. Some compounds have progressed into human trials
and have then caused severe human toxicity and no patterns
existed in the animal studies that signaled these events (inter-
species differences in bioavailability, distribution and metab-
olism may also explain a number of false positives and false
negatives). Moreover, in the new fast-track metabolism strategy
of industries, there are very few in vivo animal metabolism
studies to validate the in vitro-in vivo correlation (IVIV) of bio-
transformation for the early prediction of metabolism in vivo
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human in vivo metabolism and toxicity potentially for three
reasons: (i) physiological gap between the cells currently used
(static mode) and human hepatocytes as they exist in their
native state (dynamic mode), (ii) lack of physiological inte-
gration with other cells and systems within the liver that are
required to amplify the initial toxicological lesion into overt
toxicity; (iii) no way to assess how low level cell damage
induced by a drug may, under certain circumstances, lead
to overt DILI in only a small minority of patients (i.e. idio-
syncratic hepatotoxins).

Microfluidic ~ bioreactors integrating microstructured
topography and dynamic culture conditions have appeared
as a potential alternative for mimicking in vivo-like liver
structures.’™ Cells cultivated in such devices can adhere onto
the walls of microchannels and microchambers placed in bio-
reactors. The perfusion of culture medium inside the cell
culture area improves the metabolic waste removal and conti-
nually renews the nutrient supply. Furthermore, the flow
creates “physiological-like” situations such as liver zonation
or shear stress on the hepatic tissues.”® Finally, a micro-
environment of a few microliters induced by the microchambers
enhances cell-cell interactions, reducing the dilution of the
chemokines or other chemicals, when compared to the volume
of medium involved in plate cultures.”
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With the continuous development of microfabrication and
microfluidic technology, microfluidic bioreactors offer many
perspectives to cell culture and analysis. Microfluidic systems
can be easily automated, allowing the realization of long-term
cell cultures under precise conditions without manual inter-
vention. Continuous perfusion of culture medium is generally
performed by using micropumps or valves integrated in micro-
fluidic bioreactors.'®™** In the last few years, several automatic
cell cultures in microfluidic devices without micropumps have
also been reported in the literature.'*'®> Microfluidic bio-
reactors offer the advantages of incorporating analytical bio-
sensors into the culture platform.'® These sensors can provide
rapid, non-invasive and non-destructive online analyses, such
as temperature, pH, and oxygen, carbon dioxide and glucose
concentrations.'®'” Microbioreactors also allow real time
monitoring by coupling with different analytical techniques
(chemiluminescence, fluorescence, electrochemistry, mass
spectroscopy and chromatography).'®'®° Compared to stan-
dard cultures in Petri dishes, the use of microfluidic devices
provides many possibilities to co-culture cells. Different cell
types can be cultivated in separated microbioreactors or com-
partmented bioreactors, where the cell-cell interactions are
ensured by exchange of soluble factors.'®*'** In other
approaches, cells are cultivated in a single microbioreactor
with a pre-treated surface (micropatterning or chemical treat-
ment), allowing the selective adhesion of various types of
cells.'®*® In addition to the advantages cited above, micro-
fluidic bioreactors make it possible the single cell culture
and analysis, high parallelization of experiments and high
throughput of samples.'®'®*?

Previously, we showed that hepatocytes cultivated in a
microfluidic biochip maintained the activity of their main
enzymes for xenobiotic metabolism (various CYP, several
SULT and UGT subfamilies and some phase 3 transporters
such as MDR1 and MRP2) probably due to a stress response
enhanced in the biochips.**® Furthermore, rat hepatocytes
cultivated in a biochip coupled with a pharmacokinetic
in silico model was used to estimate in vitro hepatic intrinsic
drug clearances. In vivo extrapolation based on the in vitro
biochip data lead to the prediction of in vivo hepatic clear-
ances, consistent with the in vivo literature data on rats.?®
More generally, it is believed that the use of in vitro data in
the in silico model would be an alternative to reduce animal
testing and to predict human pharmacokinetics.**?*' In
parallel, the concept of online monitoring of drug metab-
olism and its kinetics, using a liver biochip culture and a
chromatography method, was illustrated with diclofenac.?®
This direct online analysis can provide accurate kinetics, and
specific metabolism behaviour can be ultimately investigated.
In this paper, we extended these developments with other
drugs. We propose a pharmacokinetic liver biochip strategy
by coupling our liver biochip experimental setup to a real
time and direct mass spectrometry continuous analysis.
Then, the monitored kinetics was simulated using an in silico
model. Finally, the in vivo hepatic clearances were extra-
polated and compared with the literature data.
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2. Materials and methods
2.1. Chemical reagents

To analyze the metabolism of the rat hepatocytes, we used
phenacetin (PHE) and caffeine (CAF) as CYPIA substrates,
midazolam (MDZ) as the CYP3A substrate, dextromethorphan
(DEXTM) as the CYP3A and CYP2D substrate, tolbutamide
(TOLB) as the CYP2C substrate, omeprazole (OME) as the
CYP3A and CYP2C substrate, rosuvastatin (ROV) as the OATP
substrate and repaglinide (REP) for the CYP2C substrate. The
use of drugs such as CAF and TOLB allowed the analysis
of slow metabolism whereas MDZ allowed fast metabolism
analysis.

Acetaminophen (APAP), acetaminophen glucuronide
(APAP-GLU), caffeine (CAF), paraxanthine (PARA), dextro-
methorphan (DEXTM), dextrorphan-p-tartrate (DEX), 3-methoxy-
morphinan hydrochloride (3-MM), midazolam maleate salt
(MDZ), 1-OH midazolam (1-OH-MDZ), 4-OH midazolam
(4-OH-MDZ), omeprazole (OME), repaglinide (REP), tolbut-
amide (TOLB) and rosuvastatin (ROV) were purchased from
Sigma-Aldrich (St Quentin Fallavier, France). 5-OH omeprazole
(5-OH-OME) and 4-OH tolbutamide (4-OH-TOLB) were
obtained from SPI-Bio (Montigny Le Bretonneux, France).
Omeprazole sulfone (OME-SULF) was obtained from
@rtMolecule (Poitiers, France). All solutions were prepared at
10 pM. PHE and MDZ were mixed and analyzed in the same
runs. CAF, REP, DEX, OME, TOLB and ROV were mixed and
analyzed in parallel. Table 1 summarizes the parent drugs and
metabolites studied in this work.

HPLC solvents and atrazine (ATZ) were purchased
from Biosolve Chimie (Dieuze, France) and Sigma-Aldrich
(St Quentin Fallavier, France), respectively.

2.2. Cell culture medium

The seeding medium is composed of William’s E Glutamax
medium (Fisher Scientific) supplemented with 6.25 pug ml™
of Insulin-Transferrin-Selenium (ITS) (Becton Dickinson,
Biosciences), 100 units per mL of penicillin, and 100 mg mL™"

Table 1 Summary of the used drugs and their metabolites

Parent drug Metabolite

Caffeine (CAF) Paraxanthine (PARA)

1,3-Methylxanthine

Dextrorphan (DEX)
3-Methoxymorphinan (3-MM)
1-OH midazolam (1-OH-MDZ)

4-OH midazolam (4-OH-MDZ)
1,4-OH midazolam (1,4-OH-MDZ)

5-OH omeprazole (5-OH-OME)
Omeprazole sulfone (OME-SULF)

Acetaminophen (APAP)
UGT repaglinide (UGT-REP)
Rosuvastatin lactone (ROV-lactone)

4-OH tolbutamide (4-OH-TOLB)
OH tolbutamide (OH-TOLB)

Dextromethorphan (DEXTM)

Midazolam (MDZ)

Omeprazole (OME)

Phenacetin (PHE)
Repaglinide (REP)
Rosuvastatin (ROV)
Tolbutamide (TOLB)

This journal is © The Royal Society of Chemistry 2017
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of streptomycin (Fisher Scientific) and bovine fetal serum
(10%). Culture medium is composed of William’s E Glutamax
medium supplemented with 6.25 pg ml™" of Insulin-
Transferrin-Selenium (ITS) (Becton Dickinson, Biosciences),
100 units per mL of penicillin, and 100 mg mL™" of strepto-
mycin (Fisher Scientific), 5 ng mL™" of dexamethasone (Sigma-
Aldrich) and 3 mg mL™" of bovine serum albumin (Sigma-
Aldrich).

2.3. Rat hepatocyte isolation and cultures

Primary rat hepatocytes were isolated from 5-week-old male
Sprague-Dawley rats (Janvier Labs, France) using the two-step
method of Seglen.”” The rats were housed in ventilated,
humidity- and temperature-controlled rooms with a 12/12 h
light/dark cycle, with food and water ad libitum. All procedures
were performed with the approval of the Veterinary Authorities
of France in accordance with the European Communities
Council Directive of 22" September 2010:63/UE. This study
was specifically approved by the Université de Technologie de
Compiegne ethics committee. After animal anesthesia by injec-
tion of sodium pentobarbital, the liver was perfused with
buffer solution (HEPES/EGTA) and digested using collagenase.
Then, the liver was extracted, deposited in Dulbecco’s
Modified Eagle’s Medium (DMEM, Gibco - Life Technologies)
and the tissue was gently disrupted. The digested tissues were
filtered through 100 pm filters and the liver cell suspensions
were centrifuged (50 g, 5 min, three times). The resulting
pellets were mixed, suspended in an Easycoll separating solu-
tion (Biochrom AG - Merck Millipore) prepared in DMEM
medium with a final density of 36%, and centrifuged (168 g,
20 min). Percoll isogradient centrifugation was performed to
isolate dead cells and a significant portion of the nonparench-
ymal cells in a floating top layer was discarded. Finally, the
obtained cells were suspended in seeding medium. Cell viabil-
ity was assessed by Trypan blue dye exclusion and hepatocyte
culture with a viability of more than 90% was used.

Primary rat hepatocytes were cultivated in microfluidic bio-
chips made of polydimethylsiloxane (PDMS). The design and
dimensions of the biochip have been described in our previous
work.?*?* Biochips were sterilized using an autoclave, coated
with collagen (BD Biosciences) at 300 pg mL ™" and incubated
at 37 °C and 5% CO,. After 1 h, the collagen solution was
washed using the seeding medium and the freshly isolated
hepatocytes (5 x 10> cells per biochip) were loaded into the
microfluidic device via biochip inlet ports using a micropipette
tip. To keep the seeding medium inside the culture chamber,
the biochip inlet ports were closed using two syringes (contain-
ing 500 pL of seeding medium), and the biochips were placed
in an incubator at 37 °C and 5% CO,. After 24 h of static con-
ditions to promote cell adhesion, the seeding medium was
replaced by the culture medium and the biochip was inte-
grated in the experimental setup.

At the end of the experiment (11 h of dynamic culture and
online analysis), the biochip was detached from the experi-
mental setup and double staining using calcein AM and
propidium iodide (PI) was carried out to perform in situ visual-

This journal is © The Royal Society of Chemistry 2017

View Article Online

Paper

izations of live and dead cells. Briefly, a solution of culture
medium containing propidium iodide (50 nM) and calcein AM
(2 pM) was added and the biochip was incubated at 37 °C, 5%
CO,. After 20 min, the biochip was rinsed and observed using
a conventional fluorescence microscope (Leica DMI 6000B).

2.4. Experimental setup: biochip/mass spectrometer coupling

After the cell adhesion step and culture medium change, the
biochips were integrated in a small-scale incubator and serially
connected to the experimental setup (Fig. 1A and B). In
addition to the small-scale incubator, the main equipment of
the experimental setup consists of a peristaltic pump, two
controllers for temperature and CO, concentration, a culture
medium reservoir, two 6-way valves, an HPLC system and a
mass spectrometer. The small-scale incubator was connected
to the controllers (Pecon Gmbh) allowing the control of the
temperature and the CO, concentration around the biochip.
The flow rate was controlled by using a peristaltic pump and
set at 25 pL min~'. The drugs were added into the culture
medium in the reservoir at 10 uM. The culture medium (2 pL)
was injected every 10 min in the mass spectrometer. The ana-
lysis was performed in positive and negative modes alter-
natively, leading to a measure in each mode every 20 min.
Once the mass spectrometry analysis was performed, before
the injection of the next sample, the injection loop was
washed using water and dried by air perfusion.

The biochip was connected to the mass spectrometer by a
system of two 6-way valves (Fig. 1B and Fig. S1f). Every
10 minutes, the valve system undergoes a three-step cycle
(Fig. S17): (1) collection of culture medium via the sampling
loop, (2) injection of the collected culture medium and the
internal standard by using an automatic injector, and start of

Peristaltic
Pump

Filter

c18
column

Culture medium  Temperature and
reservoir [CO;] controllers

MS
QTOF

Fig. 1 Picture (A) and schematic overview (B) of the experimental
set-up allowing microfluidic biochip culture and online injection in a
mass spectrometer: (1) HPLC system; (2) mass spectrometer; (3) valve;
(4) peristaltic pump; (5) temperature controller; (6) CO, controller;
(7) CO, tank; (8) culture medium reservoir and (9) small-scale incubator.
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the chromatographic separation/detection by LC-HR/MS in
positive or negative mode, (3) washing of the injection loop.
During steps 2 and 3, the biochip is isolated from the
LC-HR/MS system. At the end of the cycle, the HPLC system is
reset and the collection cycle is restarted.

2.5 Mass spectrometry analysis

A Dionex HPLC system was used for liquid chromatography.
The system consists of a dual gradient pump (DGP 3000 RS)
with an integrated degasser (U3000 RSLC with a SRD 6
channel), an auto-injector (WPS-3000RS), a column thermostat
(TCC-3000RS) with an external 6-way valve, a FlowManager
(FLM-3000) with an integrated external 10 position valve, and a
UV/VIS detector (DAD-3000RS). The HPLC system was con-
trolled by using Chromeleon 6.8 software.

LC-HRMS was performed using an Agilent 6538 UHR QTOF
mass spectrometer with an electrospray ion source. LC separ-
ation was performed on a Zorbax extend C18 (Agilent) (100 A,
50 x 2.1 mm, 1.8 um) column connected to a DIONEX pump.
Atrazine was used as an internal standard. Mobile phase A
consisted of 100% HPLC grade water with 0.1% formic acid
and mobile phase B consisted of 100% HPLC grade aceto-
nitrile. The gradient program began with 0% B, ramped to
95% B at 5 min, held at 95% for 1 min, returned to the initial
conditions and remained constant for 2.25 min. The flow rate
was 0.5 mL min~". The mass spectrometer was operated alter-
natively in positive and negative ESI modes. Nitrogen was used
as a nebulizer. The capillary voltage was +3500 V and —3500 V,
respectively, and the ion source gas temperature was 350 °C,
with a flow rate of 12 L min™". The fragmentor was set at 130 V
and the nebulizer at 30 psi. The mass range was set from 100
to 1500 m/z. Full scan mode and all ion fragmentation modes
at 20 eV were used at a 2 Hz frequency. The mass detection
was performed using the exact mass of pseudo-molecular ions
(M + H]", [M + Na]" or [M — H]") with a confidence interval of
20 ppm for the automatic search mode, and less than 5 ppm
for manual identification. For the manual identification, the
mass was calculated from the molecular formula (Table S1t)
and confirmed by the retention time and the MS/MS
experiment.

2.6. The kinetic model for drugs in vitro

The model is similar to our previous work describing rat
primary hepatocyte clearance in biochips.>® The drug kinetics
in the perfusion systems was described using a three-compart-
ment model. This model includes one reservoir, the hepatic
biochip and a compartment representing the tubing between
the biochip and the reservoir. Even though serum was not
used in the experiments, we modelled a binding of the drugs
to the proteins of the culture medium via the parameter fucq.
The hepatocytes effectively produced albumin in the biochip
cultures which may contribute to binding of the compounds
(few hundreds ng per h per 10° cells, data not shown). Non-
specific binding to the perfusion system was set via previously
dedicated adsorption experiments and then modelled to occur
in the tube. A first-order relationship rate was assumed for
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metabolism because we expected linear metabolism at the low
doses used in our experiments. The perfusion was recirculat-
ing in the biochips but the volume sampling was not taken
into account. These assumptions led to the derivation of a set
of first-order differential equations:

dQgi(t)

—ar = Fx(Cr(9) = Cr(0)) 1)

(K)H(;il;l;(ﬂ =F % (Cra(t) — Crepn(¢)) — fumed CLint,invitro Crrepn (£)
(2)

deTt(t) = F X (Crepn(t) — Cr(t)) — do%;(t) )

where, the subscripts R1, HepB, and T correspond to the reser-
voir, the hepatic biochip and tubing compartments, respec-
tively, F is the flow rate in the recirculating perfusion system
(25 pL min~"), C; is the concentration in the compartment i,
Q; is the amount in the compartment i, C; and Q; are related
to the volume V; as follows: C; = Q;/V; with Vg = 2 mL, Viepp =
40 pL, Vo = 0.5 mL, CLintin vitro, 1S the in vitro intrinsic clear-
ance (to be estimated by the model), fuyeq is the unbound
drug fraction in the culture medium, Q,qs is the quantity
adsorbed in the tubing circuit. The latter is given by the follow-
ing equation:

Q0 _ 4, 0r0) ~ kuQuas(0) (4)
where, k;, is the adsorption rate for non-specific binding on
the walls (tubes, reservoirs, and biochips) and &, is a dis-
sociation constant. We used the values estimated in our
previous experiments and models (Table 2).

The kinetics of the metabolite(s) was described with a
similar model. For one metabolite (subscript Met), the
model is:

do%l\;et(t) =F X (Cpmet () — Crimet()) (5)
d t
QHepd+Met() =F X (CRl.Met(t) — CHepB,Met(t)) (6)
+ fumedmetCLint,invitrOAmet X CHepB(t)
d t d t
7QT’Met( ) =Fx (CHepB,Met(t) — Crmet(t)) — 7QAdS'Met (©) (7)
de¢ dt
dQAds,Met (t)

dr - kbMet X CT‘Met(t) - kuMetQAdsMet(t) (8)

The metabolite formation and parent drug clearance were
linked by the terms CL,Cyepg in eqn (2) and (6). We calculated
and solved the equations using the concentrations in mol to
respect the stoichiometry. The set of equations was solved
using the “R” software and the “deSolve” package. The clear-
ances CL, were estimated and optimized using the experi-
mental results (Table 2).

This journal is © The Royal Society of Chemistry 2017
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Table 2 Estimated parameters for the kinetic model and comparison with the literature data

CLint, in viero (ML per min per 10°cells)

Estimated from Literature
fumed kp, (L min™?) K/l (RL7) the model data
CAF 0.99%% 0.05° 0° 6 1.4%
0.58%*
1,3-Methylxanthine 0.99” 0° 0° 6 —
OME 0.8* 0.161° 0.17x1073¢ 18 7.4%
OME-SULF 1? 0’ 0® 12 —
OME-SULF-X 1° 0? 0® 5.4 —
OH-OME 1° 0? 0? 6 —
OH-OME-X 1° 0? 0” 180 —
DEXTM 0.85%° 0.033° 0.009 x 1073¢ 180 110°7
1058
7640
DEX — — — ND 5438
28.4*°
54547
MDZ 0.54%48 1.1° 0.15x1073¢ 120 7437
110*
1-OH-MDZ 1 0? 0® 24 16 + 747
1-OH-MDZ-X 1 0’ 0® 30 —
4-OH-MDZ 1 0? 0® 18 12+ 7%
4-OH-MDZ-X 1 0 0’ 36 —
1,4-OH-MDZ 1 0’ 0’ 66 —
1,4-OH-MDZ-X 1 0’ 0’ 600 —
PHE 0.9774¢ 0.2° 1.2x1073¢ 36 78%
APAP 0.93% 0° 0° 36 14.8%
REP 0.94% 0? 0? 6 60-120"
UGT-REP 10 0? 0” 6 0.33-1.4%
TOLB 0.99*° 0° 0° 2.4 1.6%7
OH-TOLB — — — ND 1.14%
ROV 0.83% 0’ 0’ 6 9-36"°

“Denotes data from human sources. ” Parameter set as parent drugs or to 1 and 0, due to the lack of literature information, ND not evaluated/
detected compounds. ¢ Home data and fitted with adsorption experiments from Prot et al.,>® Baudoin et al.,>® Baudoin et al.,”® and Habka®°.

2.7. Prediction of in vivo rat intrinsic hepatic clearances

The in vitro intrinsic clearances expressed per cell estimated
from the in vitro experiments were scaled to correspond to the
in vivo intrinsic clearance. For this purpose, a scaling factor was
applied to express the in vitro intrinsic clearances in ml per min
per kg of body mass. The hepatocellularity was set to 109 x 10°
hepatocytes per gram of liver,” and the liver weight to 40 grams
per kilogram of body mass in the case of rats. The multipli-
cation of these two quantities defines the scaling factor (SF)
equal to 4360 x 10° hepatocytes per kilogram of body mass for
in vitro/in vivo extrapolation of the intrinsic clearance.

CLint,irL viquLint,in vitro X SF (9)

Extrapolation of the hepatic intrinsic clearance to the
in vivo clearance is usually performed via models with a
different degree of complexity that describes blood dispersion
within the liver.”*>® The three typical models (well-stirred, par-
allel tube and dispersion models) have been shown to exhibit
minor differences for a wide range of drugs.’” For this reason,
the well-stirred model was used primarily in this study. The
hepatic clearance is then given as:

fub

QH X fu X CLintﬁinvitru X SF
CLh = med (10)

fub
QH + X CLint jnvitro X SF
fumed

This journal is © The Royal Society of Chemistry 2017

where the liver blood flow, Qy, was set to 86 ml per min per kg
of rat bodyweight’’***> and the unbound fraction of the
drug in blood (fup) was set according to the literature data
(Table 3). The intrinsic clearances estimated under these
experimental conditions were then used to derive the hepatic
clearance.

3. Results

3.1 Experimental analysis

3.1.1 Cell culture during the online integration. The rat
hepatocytes were successfully attached inside the cell culture
chamber of the biochips. The entire surface of the biochips
was covered by the cells. Hepatocytes displayed typical cuboid
shapes (Fig. 2A) after 24 h of rest. After the 48 h perfusion
either in control experiments in a conventional incubator
(Fig. 2B) or in a portable incubator, without online coupling,
we did not detect any morphological difference. We also
did not detect any effect on the cell morphology after the
integration with the mass spectrometer without drug assays
(Fig. 2C). The hepatocyte confluence was still observed in the
biochip. This preliminary analysis demonstrated the potential
of the portable incubator.

However, we found that the integration was only stable for a
few hours when the culture medium samples were injected

Analyst, 2017, 142, 3747-3757 | 3751
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Table 3 Prediction of the in vivo intrinsic and hepatic clearances using a well-stirred model

Selected data from the
literature to run the models

Literature data
(ml per min per kg of BDW)

Biochip model predictions
(ml per min per kg of BDW)

fumed fub CLint, in vivo CLhin vivo CLhin vivo
CAF 0.99*% 137 26 20 1237-13%2
1,3-Methylxanthine 0.99” 0.85°7¢
DEXTM 0.85%° 0.45%8 785 71 807
MDZ 0.54%%4 0.07%7 523 40 44%7-74.3%°-130"
1-OH-MDZ 1° 0.04%° 105 4 62.2°°
4-OH-MDZ 1? 0.04” 78 3 —
1,4-OH-MDZ 1° 0.04° 288 10 —
OME 0.8 0.16%° 75 13 52°9-710%°
OME-SULF 1° 0.02°8 52 1 —
5-OH-OME 1? 0.17°% 26 4 —
PHE 0.977%%¢ 1% 157 56 8437
APAP 0.93% 0.82%° 26 18 23.8%
ROV 0.094°%* 0.83* 26 2.9 50%°
REP 0.0074°%¢ 0.94** 26 0.2 27%°
TOLB 0.99%° 0.08% 10.5 0.84 1.6°5-0.48%

“ Denotes data from human sources. ” Parameter set as parent drugs or metabolites or to 1 due to the lack of literature information. ° Set as para-

xanthine due to the lack of data.

Fig. 2 Hepatocyte morphology (A) before perfusion; (B) after 48 h of
perfusion in the conventional CO, incubator; (C) after 48 h of perfusion
including 24 h within the portable incubator and with the mass spectro-
meter circuit; (D) after 11 h of drug kinetics and online analysis with the
mass spectrometer; (E) and (F) propidium iodide and calcein AM stain-
ings at the end of the drug kinetics experiments.

into the spectrometer. This was due to the blocking of the
filter located at the inlet of the injection loop. When blocked,
the injection sequence created an over pressure in the per-
fusion loop leading to the breakage of the circuit at the mass
spectrometer inlet. As a result, the continuous injection and
analysis, with a frequency of every 10 min, was possible for
only 11 h. Thus the experimental analysis results of the 24 h
adhesion step followed by 11 h of perfusion (leading to 35 h of
culture) were obtained.

When the drug assays were performed, we did not detect
any morphological change. The cells were healthy as demon-
strated by the calcein AM staining. Only a few necrotic cells
were positive to IP for all tested conditions (Fig. 2D-F).

3.1.2 Parent drug kinetics. The drugs were loaded in the
culture medium tank. We observed an increase in the quantity
of the drug in the mass spectrometry injected sample in the

3752 | Analyst, 2017, 142, 3747-3757

first hour of perfusion. This corresponded to the time of
homogeneous mixing of drug in the overall culture medium
loop (2.5 mL culture medium flowed at 25 pL min~' need
100 min for one turn).

Once we reached a peak, we monitored an important
and continuous decrease of MDZ, PHE, OME and DEXTM
(Fig. 3A, E, 4A and 6A, respectively). Concerning CAF, REP,
ROV and TOLB (Fig. 5A, C, E and 6B, respectively), the decrease
of the level of those drugs was very slow but were clearly
observed over the 11 h of monitoring. The chromatograms of
all drugs are shown in Fig. S2.}

3.1.3 Metabolite kinetics. The presence of the metabolites
was detected for 20 min for MDZ, OME, DEXTM, REP, ROV,
CAF and PHE. Fig. S3 and S41 show the typical chromatograms
of MDZ and OME and their metabolites after 200 min.
Although we searched in the samples, we never found OH-TOB
and 3-MM. We measured a continuous increase of the levels of
1,4-OH-MDZ (Fig. 3B) for the first 130 min, 1-OH-MDZ and
4-OH-MDZ (Fig. 3C and D), and 5-OH-OME and OME-SULF
(Fig. 4B and C) for the first 200 min and 1,3-methylxanthine,
UGT-REP and ROV-lactone (Fig. 5B, D and F) for the first
280 min. Then the levels of these molecules tend to stabilise
(such as 1-OH-MDZ, 4-OH-MDZ, OME and OME) or decline con-
tinuously (ROV-lactone). The APAP production followed a global
tendency to increase in the culture medium (Fig. 3F). Although
DEX and PARA were detected, the tendencies of the Kkinetics
were not clear (Fig. S51) due to the too high noise ratio.

3.2 Pharmacokinetic modelling

3.2.1 Hepatic intrinsic in vitro clearances. The experi-
mental values were used to estimate the in vitro hepatic intrin-
sic clearances. To calculate the clearance, we took into account
the parent drug adsorption on the wall and pipes of the
perfusion loop using our previous data (we calibrated this
phenomenon for these drugs in our previous studies). Thus,

This journal is © The Royal Society of Chemistry 2017
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Fig. 3 Comparison of the experimental and modelled kinetics of midazolam (A); 1,4-OH-MDZ (B); 1-OH-MDZ (C); 4-OH-MDZ (D); phenacetin

(E) and APAP(F).

the kinetics of the parent drug was reproduced successfully for
all compounds. In addition, we were also able to fit the metab-
olite kinetics of most of the detected compounds such as 1,4-
OH-MDZ, 1-OH-MDZ, 4-OH-MDZ, 5-OH-OME and OME-SULF
(Fig. 3B-D and 4B, C). However, we were not able to model pre-
cisely the metabolite production of APAP (Fig. 3F), ROV-Lactone
(Fig. 5F), DEX (not shown) and PARA (not shown).

Then, based on these simulations, we calculated the clear-
ance for all parent drugs and for the detected metabolites as
shown in Table 2.

This journal is © The Royal Society of Chemistry 2017

3.2.2 In vivo extrapolation. Finally, using the well-stirred
model, we extrapolated the in vivo intrinsic clearances and the
hepatic clearances for the parent drugs and their metabolites
as shown in Table 3.

4. Discussion

In this paper, we present the result of the integration of a liver
microfluidic biochip directly connected to a mass spectro-

Analyst, 2017, 142, 3747-3757 | 3753


https://doi.org/10.1039/c7an00973a

Published on 23 August 2017. Downloaded by INIST - CNRS on 10/15/2019 10:51:46 AM.

Paper

15

1.0-’ \

Omeprozole kinetic AUC/AUC(t0)

-~
—Model Exp
0.5 4
0.0 T T T T T T
0 100 200 300 400 500 600 700
Time (min)
8.0
_ B 5
g u
[w] [ |
S 6.0 - . ul
< [ui
D B g B gm [ |
=) ] [E]
= ol -
2 o u
S 4.0 4
< |
= |
w ]
g 204 ® - ——Model = Exp
T
Q
wn
0.0 T T T
0 200 400 600 800
Time (min)
25
. Cc
e =
"]
2
o
=
<
=]
2
Q
£
=3
w ——Model m Exp
-
=
»
w 0.5 A
=
o
0 T T T
0 200 400 600 800

Time (min)

Fig. 4 Comparison of the experimental and modelled kinetics of
omeprazole (A); 5-OH-OME (B) and OME-SULF (C).

meter. Thanks to the direct coupling, we were able to monitor
continuously the drug metabolism.

The integration was flexible and we were able to determine
successfully the kinetics of several drugs over 11 h of culture.
At the end of the experiments, the cultures in the control per-
fusion in the conventional incubator and the culture in the
portable set-up display similar viabilities and cell mor-
phologies. The portable cultures were, without injection in the
mass spectrometer, maintained for 72 h (24 h of cell adhesion
and 48 h of perfusion). However, the online monitoring was
successful only for a few hours. The critical point to extend the

3754 | Analyst, 2017, 142, 3747-3757

View Article Online

Analyst

monitoring up to 48 h of perfusion was the injection loop.
A filter should be placed at the entrance to prevent cell dust or
big molecules (such as protein) from entering into the spectro-
meter. This filter induced a limitation for long term kinetics
because of protein accumulation. After 12 h of continuous
sampling, the filter was systematically blocked leading to an
over pressure in the perfusion loop. The pressure contributed
to the opening of the perfusion loop. Although the filter
can be changed, it creates a discontinuity in the kinetics
due to the circuit manipulation and fluid loss (data not
shown). In order to facilitate its replacement, the filter was
placed between the loop and the chromatography column.
Furthermore, it is possible to integrate a bypass system
between two filters using an additional valve. Thus, the filter
can be replaced without interruption of the kinetics. Finally,
we used atrazine as an internal standard. This allowed us to
follow, during the course of 11 hours of injections, ie. 66
injections, the possible reduction of the response of the mass
spectrometer and, if necessary, to normalize the area of the
peaks taking into account this fouling, and the matrix effect.

All tested drugs were successfully detected and their bio-
transformation was confirmed by the detection of several
metabolites. The kinetics of degradation of OME, MDZ and
DEXTM (CYP3A substrates) was faster when compared to the
other studied drugs. In parallel, we found a high continuous
production of midazolam and omeprazole metabolites. These
results illustrate high CYP3A activity in our biochips.
Previously, Baudoin et al.>® and Legendre et al.* evidenced that
the CYP3A gene is the most upregulated gene in rat hepatocyte
cultures in biochips (CYP3A level was increased of 20-fold,
when compared with the post-extraction values). PHE (CYPIA
substrate) and especially CAF (CYP14), TOLB (CYP2C),
ROV (OATP), and REP (CYP2C) exhibit slow degradation kine-
tics. However, their biotransformation and the detection of
their metabolites demonstrate the functionalities of CYP1A,
CYP2C and OATP in our cultures. This result agrees with
Baudoin et al,>®*> who reported an upregulation of these
enzymes in rat and human hepatocyte cultures.

The pharmacokinetic model allowed the extraction of the
intrinsic in vitro clearances. When compared to the literature
using microsomes or plated rat hepatocytes,®”*>***%% e
found higher in vitro intrinsic clearances for MDZ, DEXTM,
CAF, OME and TOLB. In contrast, we found lower in vitro
intrinsic clearances for PHE, REP and ROV. The extrapolations
of the in vivo hepatic clearances were similar to the in vivo data
for DEXTM, MDZ and TOLB. We slightly overestimated the
CAF one whereas we slightly underestimated PHE and APAP
ones. These results reflect the functional CYP450 enzymes of
the hepatocytes in our biochip culture. These results are also
consistent with what we measured and estimated in our pre-
vious work using a similar microfluidic platform allowing 12
biochip cultures in parallel (with sampling and post-treat-
ment with mass spectrometry measurements after the cell
experiment®’).

By following the drug kinetics, we were also able to propose
the kinetics of apparition and the clearance of various

This journal is © The Royal Society of Chemistry 2017
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Fig. 5 Comparison of the experimental and modelled kinetics of caffeine (A); 1,3-methylxanthine (B); repaglinide (C); UGT-REP (D); rosuvastatin

(E) and ROC-lactone (F).

metabolites. The estimation of the metabolite clearance did
not take into account the adsorption phenomena. Although
the metabolites are usually polar and hydrophilic compounds
(thus weakly adsorbed on our pipes), our previous studies have
shown that about 20%-25% of 1-OH-MDZ, 4-OH-MDZ, and
DEX were adsorbed after 4 h of perfusion in our perfusion
circuit.”® In addition, we do not have precise information on
the unbound fraction in plasma/blood and the medium
binding property. As a result, we underestimated the in vitro
intrinsic clearances of these compounds. This also leads to the

This journal is © The Royal Society of Chemistry 2017

underestimation of the hepatic clearance. More precise calcu-
lations of these parameters or additional adsorption experi-
ments will be required to refine our predictions.

Estimated clearances with omeprazole metabolites should
be more accurate because no adsorption of OME-S and
5-OH-OME was detected in our previous tests.”> However, the
prediction of the parent drug metabolism was not properly
estimated when compared to the literature. Although the
intrinsic in vitro hepatic clearance was higher than that in one
of the literature studies with hepatocytes and microsomes,*'
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Fig. 6 Comparison of the experimental and modelled kinetics of
omeprazole (A); 5-OH-OME (B) and OME-SULF (C).

we predicted an in vivo hepatic clearance equal to 13 ml per min
per kg of BDW. This value was about 4-fold lower than that in
a recently reported in vivo study.’® Although we have no clear
explanation for this failure, we can propose several hypotheses.
Rat clearances reported in literature correspond to the total
clearance which includes the first pass intestine metabolism.
In addition, omeprazole follows non-linear metabolism. As a
result, a more complex in vitro culture and in silico model,
such as a PBPK model, would be required for more precise
in vivo extrapolation.

Concerning repaglinide and rosuvastatin, the model predic-
tions were also not accurate. This can be easily understood by
the mechanism of the biotransformation of these compounds.
Both drugs are partially cleared via the bile duct network. This
mechanism is not specifically reproduced in our biochip
because we did not functionalise yet the liver-on-chip approach
up to a bile functional network. In addition, bile metabolism
was not modelled in our pharmacokinetic equations. However,
these drugs show that we can follow their transport into
the hepatocytes (because they are OATP substrates®>®).
Nevertheless, the presence of REP-glucuronide and ROV-
lactone contributed to the illustration of the OATP activity and
then the subsequent phase-I and phase-II biotransformation.

3756 | Analyst, 2017, 142, 3747-3757
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5. Conclusion

In this paper, we present the results of the integration of a
microfluidic culture with a mass spectrometer. The methods
allow the continuous monitoring of drug metabolism in a
microfluidic biochip. The experimental data, when used with
an in silico model, allow the estimation of the in vitro hepatic
intrinsic clearances and the in vivo hepatic clearance extrapol-
ation. The method was accurate to predict the clearance of
PHE, MDZ, DXM, CAF, and TOLB whereas the prediction
remained poor for the REP, ROV and OME. Finally, we continu-
ously follow the kinetics of several metabolites and propose an
estimation of their hepatic clearance.
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