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In this paper, we compare the biotransformation capacities of cryopreserved primary human hepato-
cytes cultivated in a liver microfluidic biochip and in plates. The hepatocytes were exposed to the CIME
cocktail (Carte d’'Identité MEtabolique), a mixture of seven probes (acetaminophen, amodiaquine, caf-
feine, dextromethorphan, midazolam, omeprazole and tolbutamide) for key enzymes involved in the
xenobiotic metabolism and pharmacokinetics. The purpose of the cocktail was to give an overview of
the metabolic profile of the hepatocytes due to concomitant exposure and a simultaneous mass spectro-
metric detection method of the metabolites. The results showed a greater activity for CYP1A2, CYP2C9,
CYP2C19 CYP2D6, CYP3A and UGT1A1 after 4 h of incubation in the microfluidic biochip when compared
to the plate cultures. Furthermore, the metabolic ratio time-course measured at 1 h, 3 h and 4 h indicated
that the enzymatic activity increased when the hepatocytes were cultivated in the microfluidic biochip,
in contrast with their response in the plate cultures. These results illustrated the functional relevance
of liver culture in the PDMS microfluidic biochip. The original method based on a microfluidic culture
coupled with CIME cocktail analysis allowed the maintenance and the evaluation of the metabolic per-
formances of the primary human hepatocytes through a new rapid assay. This metabolic analysis can
thus become the reference situation when parallel studies of drug metabolism and toxicities are planned
with functional hepatocytes in biochips.
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1. Introduction

Metabolism is one of the most important pharmacokinetic
processes affecting the presence and elimination of drugs and xeno-
biotics in the human body. Drugs and xenobiotics are metabolized
by various oxidation and conjugation enzymes to more polar and
soluble metabolites in order to facilitate their excretion from the
body. However, metabolism is not only involved in detoxification.
In some cases, metabolism can also lead to the generation of chemi-

Abbreviations: CIME, carte d’ldentité MEtabolique; CYP450, cytochrome P450;
UGT, uridine diphosphate glucuronosyltransferase; UGT 1A1, uridine diphosphate-
glucuronosyltransferase 1 polypeptide 1A; UGT 2B7, uridine diphosphate-
glucuronosyltransferase 2 polypeptide 7B; SULT, sulfotransferase; MDR1, multi drug
resistance protein 1; MRP2m, ulti drug resistance-associated protein 2; PDMS, poly-
dimethylsiloxane; 10HMDZ, 1-OH-midazolam; 40HMDZ, 4-OH-midazolam; PARA,
paraxanthine; 40HTOLB, 4-OH-tolbutamide; ACEGLU, acetaminophen glucuronide;
DESE, desethylamodiaquine; MEM, 3-methoxymorphinan; DXR, dextorphan;
50HOME, 5-OH-omeprazole; OMESU, omeprazole-sulfone.
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cally reactive metabolites which can potentially induce toxic effects
or be responsible for pharmacological effects, as is the case with
prodrugs. With a possible link between reactive metabolites and
adverse or pharmacological effects, screening for the metabolic
activation of drug candidates has become an essential step in the
drug discovery process (Baillie, 2006; Erve, 2006)

The liver plays a major role in the biotransformation of drugs
and xenobiotics through high levels of metabolizing enzymes
and also the first pass effect for drugs given per os. Hepatocytes
are considered to be one of the best models in in vitro phar-
macological studies (Gomez-Lechon et al., 2007; Guillouzo et al.,
1997; LeCluyse, 2001; Maurel, 1996). Hepatocytes effectively have
the major drug metabolism enzymes devoted to biotransforma-
tion, such as cytochromes P450 (CYPs), glutathione transferases,
sulfotransferases, glucuronosyltransferases and several drug trans-
porters. Many different authors have already investigated the
effects of drugs on the induction or repression of these enzymes,
the kinetics of appearance and depletion of drugs and their reaction
products, and the determination of the intrinsic clearance of each
molecule (Hewitt and Hewitt, 2004; Kedderis and Held, 1996; Lau
et al., 2002; Lipscomb and Poet, 2008; Soars et al., 2007).
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Unfortunately, hepatocytes rapidly lose a wide range of their
specific detoxification functions when they are cultivated in 2D
static conditions or in suspension (Hewitt et al., 2007). Therefore,
new approaches have been proposed to maintain their differentia-
tion status. A collagen gel sandwich, matrige]™ and spheroids have
been widely used to make 3D cell organisation possible (Brandon
et al., 2003; Richert et al., 2010; Kienhuis et al., 2007). Co-cultures
with non-parenchymal cells or dynamic cultures have also been
investigated (Gebhardt et al., 2003). Under these conditions, cells
exhibit a certain stability in their phenotypes. However obtaining
in vitro metabolic activities similar to the situation found in the
body remains a clear target.

In this context, progress in tissue engineering, biomaterial sci-
ence and micro technologies have led to innovative cell culture
conditions. Microfluidic bioreactors integrating microstructured
topography and dynamic culture conditions have appeared as a
potential alternative for mimicking in vivo-like structures (Baudoin
et al, 2007; Leclerc et al., 2004). The cells cultivated in such
devices can adhere to the walls of microchannels and microcham-
bers located in bioreactors. The perfusion of culture medium
inside the cell culture area improves the metabolic waste removal
and continually renews the nutrient supply. Furthermore, the
flow creates physiological like situations such as the liver zona-
tion or shear stress on the hepatic tissues (Allen et al., 2005;
Tilles et al., 2001). Finally, a microenvironment of a few micro
litres induced by the microchambers enhances cell-cell interac-
tions, reducing the dilution of the chemokines or other chemicals,
when compared to the volume of medium involved in plate cul-
tures (Bhatia et al., 1997; Yu et al., 2005; Bhadriraju and Chen,
2002).

In order to assess metabolic activity and/or the stability of
human primary hepatocytes activity in a microfluidic biochip,
the use of simultaneous administration of probes for the main
enzymes responsible for drug metabolism is especially relevant.
The advantages are to be able to monitor phase I (mainly CYPs)
and phase I enzymes simultaneously inside the biochip. For that
purpose, the CIME cocktail (Carte d’Identité MEtabolique) was
designed to address the phase I enzymes CYP1A2, CYP2C8, CYP2C9,
CYP2C19, CYP2D6, CYP3A, and phase Il enzyme UGT 1A1 (UDP-
Glucuronosyltransferase 1 polypeptide 1A). To avoid intensive
biochip manipulation and parallel analysis using the substrates,
a simultaneous LC-MS/MS (liquid chromatography mass spec-
trometry) assay of all substrates and corresponding metabolites
in plasma and culture media has been developed (Videau et al.,
2010). Based on this cocktail, the performances in a microflu-
idic environment of cryopreserved human primary hepatocytes
were assessed and compared to metabolic activities in plate
cultures.

2. Materials and methods
2.1. Manufacturing and preparing the liver microfluidic biochip

The manufacturing process for the liver biochip was described
in detail in our previous work (Baudoin et al., 2007). Briefly, one
layer of PolyDimethylSiloxane (PDMS) containing microstructured
channels interconnected with a larger microchamber is bound to
a second PDMS replica in order to obtain a closed biochip. The
chamber volume is 40 pL and the area available for cell cultures
represents 2 cm?, including the microchannel walls. To enhance
cell attachment, a coating is made by injecting rat tail collagen I
(BD Bioscience) diluted at 300 pg/mL in PBS solution. The colla-
gen was incubated for 2 h in a CO;, incubator, at 37 °C. Before cell
seeding, the liver microfluidic biochips were rinsed with culture
medium.

Table 1
CIME cocktail composition (7 parent substrates and 10 analysed metabolites).

Substrates Enzymes Analysed metabolites
Midazolam CYP3A4 1-OH-midazolam/4-
OH-Midazolam
Dextromethorphan CYP2D6 Dextorphan/3-
and CYP3A methoxymorphinan
Caffeine CYP1A2 Paraxanthine
Tolbutamide CYP2C9 4-OH-Tolbutamide
Acetaminophen UGT Acetaminophen-
glucuronide
Amodiaquine CYP2C8 Desethylamodiaquine
Omeprazole CYP2C19 5-OH-
and CYP3A omeprazole/Omeprazole-
sulfone

2.2. Chemicals and CIME cocktail composition

The Carte d’Identité MEtabolique (CIME) cocktail is composed
of 7 parent substrates and we analysed 10 metabolites (Table 1)
resulting of the biotransformation reactions of the 7 parent sub-
strates.

The following substrates and metabolites used to pre-
pare the standard solutions were obtained from Sigma-Aldrich
(St. Quentin Fallavier, France): acetaminophen (CAS 103-90-2),
acetaminophen glucuronide (CAS 120595-80-4) (ACEGLU), amodi-
aquin dihydrochloride dehydrate (CAS 6398-98-7), caffeine (CAS
58-08-2), paraxanthine (CAS 611-59-6) (PARA), dextromethorphan
(CAS 6700-34-1), dextorphan-D-tartrate (CAS 143-98-6) (DXR),
3-methoxymorphinan hydrochloride (CAS 36397-14-5) (MEM),
midazolam maleate salt (CAS 59467-94-6), 1’-OH midazolam
(CAS 59468-90-5) (10HMD?Z), 4-OH midazolam (CAS 59468-85-
8) (40HMDZ), omeprazole (CAS 73590-58-6), and tolbutamide
(CAS 64-77-7). 5-OH omeprazole (CAS 92340-57-3) (50HOME)
and 4-OH tolbutamide (CAS 5719-85-7) (4OHTOLB) were obtained
from SPI-Bio (Montigny Le Bretonneux, France). Omeprazole sul-
fone (CAS 88546-55-8) (OMESU) was obtained from @rtMolecule
(Poitiers, France), and desethylamodiaquine (CAS 79352-78-6)
(DESE) was obtained from BD Biosciences (Woburn, MA, USA).

2.3. Human hepatocyte preparation

Cryopreserved hepatocytes from 2 human donors (BioPredict,
Rennes, France) were warmed at 37°C and pooled together in a
50mL flask in 40 mL of warmed Leibowitz L15 medium. After a
50 x g centrifugation for 2 min, the cell pellet was suspended in
a 27% percoll solution and centrifuged at 50 x g for 5min. After
removing the supernatant, viable cells were suspended in 2 mL of
seeding medium. The seeding medium is a Williams E Glutamax
medium supplemented with penicillin 100 UI/mL, streptomycin
100 pg/mL, bovine insulin 4 pg/mL and foetal calf serum 10% v/v.
Viability was achieved by means of trypan blue exclusion and cell
number was determined with a Malassez cell. After a final centrifu-
gation at 50 x g for 4 min, was performed in order to adjust the cell
concentration to the desired inoculated cell density.

2.4. Dynamic culture in liver microfluidic biochips

Hepatocytes suspended in the seeding medium were inoculated
into the liver biochip at 1.1 +0.1 x 10° cells/cm? (condition M) and
placed without flow in a CO, incubator at 37°C for the adhesion
period (12 h). After adhesion, the cells were rinsed and connected to
the perfusion circuit composed of a medium reservoir, a peristaltic
pumps and PeekSil tubes (Fig. 1 shows the setup). The reservoir
and the circuit were loaded with 1 mL of an incubation medium
including the CIME cocktail at 20 wM. The incubation medium
is a Williams E Glutamax medium supplemented with penicillin
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Fig. 1. Microfluidic biochip setup and peristaltic pump.

100 Ul/mL, streptomycin 100 pg/mL, bovine insulin 4 wg/mL. The
incubation medium containing the CIME cocktail was incubated
for 1h (n=3), 3h (n=3) and 4h (n=3) in dynamic conditions.
For that purpose a peristaltic pump was started at a flow rate
of 20 pL/min. At the end of the incubation periods, 2 volumes of
cold acetonitrile were introduced to the reservoir medium and
perfusion was continued for one additional hour. All the volume
(1 mL of incubation medium and 2 mL of acetonitrile) were col-
lected. The samples including the intra and extra cellular media
were stored in eppendorf tubes at —80°C until the LC-MS/MS
analysis.

2.5. Static culture in 48 well plates

Hepatocytes were seeded at 100,000 (condition P1)and 200,000
(condition P2) cells per plate in collagen I coated 48-well plates (BD
Biocoat™) with a seeding medium. Cell density corresponded to
1.240.1 x 10° cells/cm? and 2.4 4+ 0.1 x 10° cells/cm?, respectively.
The cells attached overnight (12 h in the seeding medium) in a CO,
incubator at 37 °C before exposure to the CIME cocktail.

The CIME cocktail was diluted in incubation medium at a 20 pM
final concentration. 1mL of this solution was incubated for 1h
(n=3),3h(n=3)and 4 h (n=3)for each cell density. After the incu-
bation period, 2 volumes of cold acetonitrile were added directly
to 1 mL of the cocktail solution and incubated for 1h at 37°C. All
the volume (1 mL of incubation medium and 2 mL of acetonitrile)
were collected. Samples including the intra and extra cellular media
were stored in eppendorf tubes at —80°C until the LC-MS/MS
analysis.

2.6. Live/dead assay

In parallel to the metabolism investigations, the cell viability
was monitored at the end of the perfusion in the liver biochips
(n=2) and at the end of plate cultures (n=2) using separate incu-
bates. Briefly, cells were rinsed in PBS and stained with 2 uM of
calcein-AM and 4 uM of propidium iodide (PI) in PBS solution for
15 min. The liver microfluidic biochip was directly observed using
a conventional fluorescence microscope (Leica, LAS-AF software)
with FITC and Texas red filters. Viable and dead cells appeared green
and red, respectively.

2.7. CIME cocktail analysis
2.7.1. Instrumentation

The method of analysis has been presented in detail by Videau
et al. (2010). Briefly, the samples were evaporated to dryness using

a Turbovap LV evaporator (Zymark, Roissy, France). The dry residue
was reconstituted in 400 L of 2 mM ammonium acetate/methanol,
9/1 v/v. After vortex mixing, 20 wL was injected into the chromato-
graphic system.

Detection and processing was performed using a Waters Acquity
UPLC system that was coupled to a triple quadripole mass spec-
trometer Quattro Premier XE equipped with an electrospray
ionization source (Waters, Saint Quentin en Yvelines, France). Sys-
tem control and data processing were carried out using MassLynx
software, version 4.1. Quantification was performed using the
QuanLynx application.

2.7.2. LC-MS/MS conditions

The peak area of all analytes was determined using a reverse
phase UPLC method with tandem mass spectrometric detection
according to a previously described assay (Videau et al., 2010).
Samples were run on an ACQUITY UPLC® BEH Shield RP18 column
(2.1 mm x 100 mm, 1.7 wM) coupled with an ACQUITY UPLC® BEH
Shield RP18 1.7 wM Van Guard™ Pre-Column (Waters, St. Quentin
en Yvelines, France). Mobile phases were delivered as a gradient of
a first solvent composed of 0.1% formic acid in water and a second
mobile phase solvent of 0.1% formic acid in acetonitrile. The flow
rate was set at 0.4 mL/min. and temperatures were 50°C and 4°C
for the column and autosampler, respectively. Run time was 8 min.

2.8. Data analysis

The metabolic ratio (MR) was defined by the ratio of the area
under the curve (AUC) of the reaction products divided by the sum
of all the AUC of the parent substrate and its metabolites. The equa-
tion is as follows:

B AUC(P),
~ AUC(P), + AUC(S); — MR,

MR¢ x 100

In which MR; is the metabolic ratio at time t, AUC is the area under
the curve of the P product of the enzymatic reaction, the S substrate
and MRy is the initial value of metabolic ratio before the incubation.

The metabolic ratio values were calculated at each sampling
time (1h, 3h and 4h) for all compounds of the cocktail in order
to obtain kinetic curves and illustrate the activity of the targeted
enzymatic reactions. Statistical comparisons of the values of the
metabolic ratio MR in biochip and plate cultures were made using
a one-way ANOVA test at a P value of 0.05 and followed by Bonfer-
roni’s multiple comparison test.

3. Results
3.1. Cell morphology and viability assessment

Cell morphology after 12 h of adhesion inside the liver biochip
is shown in Fig. 2A and B. 85% of the inoculated cells adhered to the
biochip. The cells covered 90% of the microfluidic biochip. The cells
displayed a classical polygonal shape demonstrating successful
adhesion in the PDMS-coated collagen surface of the microflu-
idic biochip. The cell membranes appeared refractive. At the end
of the 4 h perfusion period, the cell monolayer and the polygonal
shapes were maintained (Fig. 2C). A live-dead assay was per-
formed in order to assess the viability of the cells. Fig. 2D shows
the double staining of viable cells (green) and necrotic cells (red)
inside the microfluidic biochip. Green cells were visualized after
4 h of dynamic culture, indicating that the primary human hepato-
cytes were successfully cultivated in a healthy condition inside the
microenvironment and in a dynamic situation.
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Fig. 2. (A and B) Cell morphology after 12 h of adhesion; (C) cell morphology after 16 h of culture including 12 h of adhesion and 4 h of perfusion; (D) live-dead assay after
the 4 h of perfusion (green viable cells stained by Calcein AM and necrotic cells stained in red by PI). No PI positive cells were detected.

3.2. Non-specific adsorption of the cocktail compounds

Before the metabolism investigations, we studied the non-
specific adsorption of the tested substrates and their metabolites
diluted in the culture medium. The 17 molecules circulated in the
perfusion circuit and liver biochip (without cells) for 4 h. Table 2
shows the ratio of each molecule compared to the initial concen-
tration after 4 h of perfusion.

After 4h of perfusion, midazolam, dextromethorphan, amodi-
aquine and desethylamodiaquine showed significant adsorption

Table 2

Non-specific binding of parent substrates and the metabolites after 4h of perfu-
sion inside the perfusion circuit. The results represent the percentage of compound
remaining in the culture medium after the perfusion period reported to the initial
solution (n=3, mean 4+ SD).

Molecules 4h
Midazolam 37.0 £17.7
1-OH-Midazolam 79.1 + 8.7
4-OH-Midazolam 76.6 + 8.8
Dextromethorphan 12.0 £ 224
Dextorphan 763 £7.3
3-Methoxymorphinan 59.2 + 13.7
Caffeine 1012 + 74
Paraxanthine 103.1 + 4.1
Tolbutamide 120.7 + 34
4-OH-Tolbutamide 79.7 £ 34
Acetaminophen 1004 + 8.3
Acetaminophen-glucuronide 71.8 + 244
Amodiaquine 19.3 + 48.7
Desethylamodiaquine 6.9 £ 854
Omeprazole 95.1 £5.8
5-OH-omeprazole 99.0 +4.3
Omeprazole-sulfone 101.7 £ 3.6

rates. Caffeine, acetaminophen, tolbutamide, omeprazole and their
metabolites were not adsorbed over time.

3.3. Metabolic activity in the liver microfluidic biochip and in
plate

The kinetics for the appearance of the metabolites, illustrating
the targeted enzymatic reactions, are shown in Fig. 3. The produc-
tion of the metabolites was measured at 1 h,3 hand 4 h of culture in
the biochip and in both static conditions for the 7 parent substrates.

Among the metabolites of the tested substrates, paraxanthine
(Fig. 3C) and methoxymorphinan (Fig. 3G) production appeared to
be higher in the liver biochip after the first hour of incubation. We
did not distinguish any significant difference after one hour of incu-
bation concerning the production of acetaminophen glucuronide
(Fig. 3E), desethylamodiaquine (Fig. 3F), dextorphan (Fig. 3H), 5-
OH omeprazole (Fig. 31) and omeprazole-sulfone (Fig. 3]) in the
microfluidic biochip when compared to the plate conditions.

Then, after one hour of incubation, stabilized production
was observed for several molecules in the static “P1” condi-
tion (1.2+0.1 x 10° cells/cm?). The appearance of paraxanthine
(Fig. 3C), methoxymorphinan (Fig. 3G), 5-OH omeprazole (Fig. 31)
and omeprazole-sulfone (Fig. 3]) reached a plateau. Thus, the
production appeared constant over time for the whole dura-
tion of the experiment. This phenomenon was not observed
in the liver biochip (1.1+0.1 x 10 cells/cm?) or in the static
“P2” condition (2.4+0.1 x 10° cells/cm?). The metabolite produc-
tion increased in the biochip between 1h and 4h of exposure,
as illustrated by the production of paraxanthine (Fig. 3C), 4-
OH-tolbutamide (Fig. 3D), acetaminophen glucuronide (Fig. 3E),
desethylamodiaquine (Fig. 3F), 3-methoxymorphinan (Fig. 3G),
dextrophan (Fig. 3H), and 5-OH omeprazole (Fig. 3I). As an exam-
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Fig. 3. Kinetics of metabolites appearance illustrating the metabolic activity in the Liver microfluidic biochip (M: 1.1£0.1 x 10° cells/cm?) and plate cultures (P1:
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ple, in the biochip, the metabolic ratio for 5-OH-omeprazole was
multiplied by 2.6 between 1 h and 4 h of incubation.

After 4h of incubation, the metabolite productions reached
in liver biochips were higher than those measured in the
plate P1 and P2 conditions with regard to the production of
acetaminophen glucuronide (Fig. 3E), 4-OH-tolbutamide (Fig. 3D),
3-methoxymorphinan (Fig. 3G), and dextrophan (Fig. 3H). Dextro-
phan production was found to be higher in the biochip despite
significant adsorption of the parent dextromethorphan. Produc-
tions reached in the liver biochip were at comparable levels to
the plate “P2” condition with regard to the production of 5-OH
omeprazole and omeprazole-sulfone (Fig. 31 and ]). Finally, lower
values were observed in the biochip for the production of 1-OH-
midazolam and 4-OH-midazolam when compared to both plate
conditions (Fig. 3A and B).

3.4. Comparison of the metabolic ratio after 4h

Fig. 4 shows the metabolic ratio of all compounds after 4 h of
incubation compared for the 3 conditions tested (biochip “M”, plate
“P1” and “P2"). The results were expressed in terms of metabolic
ratio normalized by the initial cell number. When we compared
the metabolic ratio in the plate conditions, we did not observe
any significant difference between the 2 groups after 4 h of culture.
We could not separate the two plate conditions, as illustrated by
midazolam or omeprazole metabolism (Fig. 4A, B, I and ]). Interest-
ingly, the metabolic ratio appeared to be higher in the liver biochip
when compared to the plate conditions for 5 out of 7 substrates:
dextromethorphan (Fig. 4G and H), caffeine (Fig. 4C), tolbutamide
(Fig. 4D), acetaminophen (Fig. 4E) and omeprazole (Fig. 41 and
J). These results suggest that the enzymatic reactions related to
CYP3A4, CYP2D6, CYP1A2, CYP2C9, UGTs and CYP2C19 activities
were more effective in the liver biochip when compared to the plate
conditions. These results were also in agreement with the signifi-
cant production of the specific metabolites when compared to the
plate conditions.

Midazolam and amodiaquine (Fig. 4A, B and F) were 2 substrates
with high adsorption. They are metabolized by CYP3A4 and CYP2C8
respectively. However, they exhibited two different results. The
production of 1-OH midazolam and 4-OH midazolam was lower in
the liver biochip when compared to the plate cultures (Fig. 4A and
B). On the contrary, despite the high adsorption of amodiaquine and
its metabolite (desethylamodiaquine), the metabolic ratio related
to CYP2C8 via desethylamodiaquine production was similar in the
biochip and plate cultures (Fig. 4F).

4. Discussion

An important issue in toxicity and pharmacology studies is
the development of in vitro tests that may provide an alterna-
tive to animal trials or able to mimic accurately what happens
in Human. The current developments in tissue engineering and
microtechnology fields are making it possible to propose new per-
tinent microtools for in vitro investigation to predict xenobiotic
toxicity and/or metabolism. Microfluidic biochips offer the advan-
tage of including the complete set of these technologies. They
effectively offer the possibility of dynamic cultures and kinetic
studies on microstructured tissues, simulating the cell organiza-
tion found in vivo more closely than conventional plate dishes. In
the present study, we have shown that human primary hepatocytes
were successfully cultivated under flow conditions in the PDMS
collagen-coated biochip developed in our laboratory. Our results
obtained in the PDMS biochip appeared consistent with the litera-
ture reports in which primary hepatocytes were also successfully
cultivated in polystyrene/polycarbonate microfluidic devices. The

adhesion performance of 85% in our PDMS biochip and the result-
ing viability after perfusion appeared to be similar to the results in
the study by (Chao et al., 2009).

Another key point, when developing new devices for cell cul-
ture in toxicology, is the absence or control of the adsorption of
the molecules to be tested especially for pharmaceuticals which
are often lipophilic and/or basic drugs. As the surface of the per-
fusion circuit and the components is larger in biochips than in
classical cultures, this aspect needs to be addressed before perform-
ing the real tests. Midazolam, dextromethorphan and amodiaquine
were the most adsorbed parent substrates in the perfusion system.
The four other parents, caffeine, tolbutamide, acetaminophen and
omeprazole, remained none-adsorbed during the perfusion period.
After 4h circulating in the perfusion circuit, the metabolites had
an adsorption of less than 25%, except for desethylamodiaquine
(more than 80%) and 3-methoxymorphinan (40%). The parame-
ters promoting the molecules’ adsorption are the liposolubility,
polarity and non-ionization of the molecules. To pass through
the cell membrane, most drugs should exhibit some apolar and
lipohilic properties. In addition, ionic forms of molecules cannot
pass through a biological membrane. In xenobiotic biotransforma-
tion, glutathione, glucuronosyl- and sulfotransferases enhance the
molecule’s polarity and solubility by adding functional hydrophilic
compounds to the molecules. When considering each substrate
of the cocktail, it appeared that the most adsorbed molecules
were those that were apolar (i.e. midazolam, dextromethorphan
and amodiaquine). On the contrary, polar molecules such as caf-
feine, acetaminophen, tolbutamide and polar metabolites were not
absorbed. Omeprazole, which is a weakly polar amphoter, showed
little adsorption. In the literature, the high adsorption of molecules
in the perfusion circuit was also illustrated in microfluidic biochip
cultures with other substrates: buspirone (buspirone hydrochlo-
ride, polar), timolol (polar), carbamazedine (polar), imipramine
(imipramine hydrochloride, polar) and sildenafil, when those
molecules where flowing in silicone pipes. The authors reduced
adsorption by using “PeekSil” pipes for the perfusion circuit (Chao
et al,, 2009; Novik et al., 2010). It can be noticed that they pre-
sented the reduction in adsorption with regard to polar molecules.
Our results appeared consistent. Indeed, in our study, perfusion was
also done in “PeekSil” tubes in which any adsorption of the polar
molecules in the CIME cocktail was also found.

To carry out in vitro hepatotoxicity tests or to investigate xeno-
biotic metabolisms, it is necessary to define animal or human cell
models that express hepatic functions similar to in vivo conditions
(Guillouzo, 1998). In this context, primary human hepatocyte co-
cultures with fibroblasts on PDMS micropatterned surfaces have
shown high inductions of phase I and phase Il enzymes involved
in metabolism (Khetani and Bhatia, 2008). Phase I and phase II
enzyme inductions were also observed with rat primary hepato-
cytes cultivated in a Silicon microfluidic biochip (Sivaraman et al.,
2005). Applied to drug metabolism studies, a liver biochip (made
of polystyrene/polycarbonate) using a co-culture of human pri-
mary hepatocytes with non-parenchymal cells displayed higher
metabolite production rates when compared to static co-cultures
and when compared to dynamic primary hepatocyte monocul-
tures (Chao et al., 2009; Novik et al., 2010). The improvement in
the metabolic ratio in such biochips included enzymatic reactions
related to CYP1A2, CYP2C8/9, CYP3A4, CYP2B6, CYP2D6, SULT and
UGT activities caused by the specificity of the substrates. In addi-
tion, in hepatocyte monocultures, their results have shown higher
(or similar) metabolic ratios in static cultures when compared to
dynamic cultures concerning CYP1A2, CYP2C8/9, CYP3A4, CYP2B6,
CYP2DE6 after 24 h of culture (Chao et al., 2009; Novik et al., 2010).
We performed a simpler culture protocol, in which a monocul-
ture of hepatocytes (instead of a co-culture) was cultivated in the
PDMS biochip. In our configuration, we found similar types of per-
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Fig. 4. Metabolic ratio comparison between liver microfluidic biochip (M: 1.1+0.1x 10°cells/cm?) and plate cultures (P1: 1.2=+0.1 x 10° cells/cm?; P2:
2.4+0.1 x 10° cells/cm?). (A) 1-OH-midazolam; (B) 4-OH-midazolam; (C) Paraxanthine; (D) 4-OH-tolbutamide; (E) acetaminophen glucuronide; (F) desethylamodiaquine;
(G) 3-methoxymorphinan; (H) dextorphan; (I) 5-OH-omeprazole; (J) omeprazole-sulfone.
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formance as in their co-culture configuration over the 4 h of culture.
Indeed, we reached a higher activity in our PDMS microfluidic
biochip concerning CYP1A2, CYP2C8/9, CYP3A, CYP2D6, and UGT
activities when compared to plate cultures.

In addition, even if the metabolism of the midazolam was found
to be weaker in the biochip than in plate conditions, omeprazole
sulfone and 3-methoxymorphinan metabolic rates demonstrated
high CYP3A activity in the biochip. This difference between the
CYP3A substrates can be explained by the rapid production of
1-OH midazolam and 4-OH midazolam and the following glu-
curono conjugation (Vossen et al., 2007; Hylan et al., 2009). Indeed,
the over activation of the glucuronidation pathway has been
demonstrated thanks to the acetaminophen glucurono conjugate
appearance that was found higher in biochip when compared
to plates. Similar process occurred after CYP3A biotransforma-
tion of dextromethorphan into 3-Methoxymorphinan that is lately
metabolized by CYP2D6 and by UGT to 3-hydroxymorphinan
and to 3-hydroxymorphinan-O-glucuronide (Kerry et al., 1994;
Strauch et al., 2009). However when compared to midazolam, this
process is slower in the dextromethorphan metabolism and is
characterized by a lower Km values involved in the midazolam
metabolism (namely Km=2 pM and 0.2 uM for the 1-OH mida-
zolam and the 1-OH midazolam-Glu formations, Vossen et al.,
2007, whereas Km=633-977 wM concerning the dextromethor-
phan N-demethylation to 3-methoxymorphinan). Concerning the
omeprazole, the omeprozole sulfone can be lately metabolized in
5 hydroxyomeprazole-sulfone (CYP 2C19) and in pyridine-N-oxide
omeprazole sulfone (CYP 3A4) at high values (ranging from 7.6 to
426 pM and 40 to 620 pM respectively according to the molecule
affinity, Abelo et al., 2000; Andersson et al., 1994). Thus, based on
the Km analysis we can explain partially the resulting higher CYP3A
activity in omeprazole and dextromethorphan metabolism when
compared to midazolam biotransformation.

The global enzyme activities in the biochip appeared consis-
tent with our previous investigations with HepG2/C3a in a PDMS
microfluidic biochip in which the phase I (CYP1A1, 2B6, 3A4, 3A5,
3A7), phase II (SULT1A1, SULT1A2, UGT1A1, UGT2B7) and phase III
(MDR1, MRP2) enzymes involved in xenobiotic metabolism were
found to be up regulated when compared to plate static cultures
(Prot et al., 2011). This thus highlights the fact that primary hep-
atocyte culture in our microfluidic biochip configuration made
it possible to enhance the metabolic activity of the hepatocytes
by maintaining hepatic differentiation without using complex co-
culture systems or spheroid formation. Finally, the potential of high
enzyme induction in microfluidic biochips is illustrated by the func-
tionality of the biotransformation process measured with the CIME
cocktail. The CIME cocktail made it possible to monitor phase |
and phase II enzymes simultaneously inside the biochip in one
set of experiments. Besides the proof of concept for the biochip,
this operation could thus be used as a routine assay for evaluating
microfluidic culture performance before running drug screening
analyses. Furthermore, in vitro exposure to the CIME cocktail can
reproduce the in vivo situation resulting in treatments in which sev-
eral drug substrates from several of these enzymes are often given
to a patient simultaneously.

5. Conclusion

In summary, we successfully performed primary human hepa-
tocyte culture inside a liver microfluidic biochip. The biochip made
healthy dynamic culture conditions possible. We investigated the
production rate of 10 metabolites, resulting in the conversion of
a cocktail of 7 parent substrates. The cocktail made rapid hepato-
cyte profiling possible, as well as metabolic characterisation, using
a single detection technique. Seven of the 10 metabolites tested in

this study showed a higher production rate in the liver microfluidic
biochip than in conventional culture methods. Despite adsorption,
we showed that dynamic culture conditions and the microenviron-
ment of the liver microfluidic biochip resulted in higher activity of
the enzymes involved in xenobiotic metabolism. This led to higher
xenobiotic conversion for 5 of the 7 substrates tested. Thus, the
microfluidic biochip appeared to be a sensitive new culture method
using primary human hepatocytes for future models for pharma-
ceutical drug screening and toxicity analysis of xenobiotics.
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