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Abstract

The development of an in vitro functional liver zonation model is a major issue to
reproduce physiological liver features. Oxygen concentration is one of the potential
explanations of a primary regulating factor of zonation. In this frame, we investigated
the oxygen gradient inside a microfluidic device containing rat hepatocyte cultures.
The device integrated a platinum (Pt) (II) octaethylporphyrin sensor, allowing a 2D
mapping of the oxygen concentration. After 3h of adhesion of the hepatocytes, the
sensor indicated an intense oxygen depletion, leading to an oxygen shortage in the
center of the device. After a 30 min perfusion of the culture medium, we monitored
the formation of the oxygen gradient along the culture due to cellular respiration. The
profile of the oxygen gradient was modulated and controlled by increasing either the
perfusion flow rate or the device thickness. In addition, the oxygen gradient was time
dependent as far as it decreased with the time of culture. Perivenous and periportal
liver patterns were characterized by the immunostaining of the hepatic markers. We
put in evidence a spatio temporal hepatic organization. We observed the
overexpression since 24h of perfusion of the APC and PCK1 proteins upstream in
the oxygen-rich area of the device. The overexpression of GS, GCK, CYP1A, and
HIFo proteins were observed downstream in the oxygen-poor area. Then, CYP3A2
and B-catenin spatial reorganization was achieved after 48h of culture. The results
presented a partial zonation-like pattern that was superimposed with an oxygen

gradient profile.
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1 Introduction

The limited availability of functional liver models for drug testing is a major
bottleneck, forcing pharmaceutical companies to spend $1 billion/year on liver cells
alone'. Simultaneously, there are 6700 persons on the waiting list for liver organ
transplantation (Journalist Workshop on Organ donation and transplantation. Recent
Facts & Figures 26 November 2014 — Brussels). The future ability to produce a
functional liver model will radically change this situation. To reach this goal, complex
bioengineered liver organs are potential new solutions for drug testing or to model
healthy and disordered livers.

Within this framework, the development of microfluidic technologies led to the
achievements of various types of organ models on chips, based on the construction
of microscale bioreactors?, including liver-on-chip®*. Concerning the liver, the
features of those bioreactors mimic the liver physiology as much as possible. Thus,
the additional integration of progress in tissue engineering >°, including liver cell co-

cultures, three dimensional cultures, or organ-to-organ co-cultures’?

(Bauer et al.,
2016; Bricks et al., 2016, Zeller et al., 2017), contribute to propose a wide range of
liver-on-chip devices. The knowledge of liver organ-on-chip contributed to the
proposal of even stem cell-based culture methods'® or complex human primary cell-

based models 11213,
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However, despite significant progress in this field of liver-on-chip, some
challenges still remain. Among them, the development of an in vitro functional liver
zonation model is a major issue to. reproduce physiological liver features. In fact,
along the porto-central axis of the liver lobule, hepatocytes present three different
functional profiles: 1) the periportal area, specializing in glucose metabolism, 2) an
intermediate area, specializing in ammonia detoxification, and 3) the perivenous
area, specializing in xenobiotic detoxification **. Several hypotheses exist to explain
this functional zonation, the common point being the existence of a gradient of
concentration of soluble compounds triggering specific signaling pathways (e.g.,
Whnt/B-catenin and hedgehog pathways *°). These pathways are modulated by the
hypoxia signaling system, thus pointing to oxygen concentration as a potential

explanation of a primary regulating factor of zonation *°*'.

Several studies presented liver zonation approaches using liver biochips #*°.
Based on those works, the oxygen gradient in a flow chamber was correlated with
the CYP450 gradient in rat hepatocytes *?!. In addition, few examples of devices
have integrated oxygen biosensors in the liver culture chamber to couple biological
and mass transport/mechanical phenomena ?*%*2*, In this view, we have proposed a
technology in which an oxygen sensor layer containing Platinium (Il)
octaethylporphyrin (PtOEP) was embedded at the bottom of a liver-on-chip device %.
The originality of our sensor allowed a 2D mapping of the oxygen profile and oxygen
concentration over a large area (about 1cm?). The concentration profile was coupled
with fluid dynamic and mass transport simulations. In addition, as the device is
transparent, the oxygen concentration cartography could be superimposed with
conventional in situ biological assays (such as immunostaining and cell tracking).
The principle and the application of the device were successfully demonstrated with
liver cancer line HepG2 ?°. However, HepG2 are cancerous cell lines that are

2627 \which make those cells not the

reported with abnormal betacatenin regulation
best model to study liver zonation. In addition, HepG2 can adapt their metabolism to
hypoxia environment. In order to propose a relevant zonation tissue model, we have

extended our investigation to rat primary hepatocytes. We will introduce the oxygen
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sensor in the biochip and confirm the best culture condition to achieve healthy
zonation-like culture with primary rat hepatocytes. Then, we will investigate the
spatio-temporal oxygen profiles and the protein patterns in this new dynamic micro-

environment.
2 Material and methods

2.1 Device features

The detailed fabrication process of the device is given in our previous work 2°.
The concept of the device is shown in Figureure 1A. The device is composed of a
hepatocyte culture chamber, which is impermeable to oxygen diffusion, but allows
culture medium perfusion. Therefore, oxygen can only come from the oxygen
dissolved in the culture medium. Between the inlet and outlet of the cell culture
chamber, the perfusion culture creates an oxygen gradient caused by cellular
respiration. Two culture chambers were tested with two heights: 300 and 500 um. At
the bottom of the chamber, there is the oxygen sensor layer. The device consists of
four layers. The bottom layer is a cover glass to prevent oxygen diffusion into the
device from below. The second layer is the integrated oxygen sensor embedded in a
polystyrene layer made of platinum (Pt) (ll) octaethylporphyrin (PtOEP), whose
fluorescent intensity negatively correlates with oxygen concentration®®. The excitation
wavelength of PtOEP is 510-560 nm and the fluorescence wavelength is 650 nm 2.
The third layer is a cell culture chamber (layer made of PDMS), and the fourth layer
is a top slide glass to prevent the oxygen penetration from the top. Finally, an epoxy
polymer is coated around the device to ensure that the entire device is airtight and

secure. The device is presented in Figures 1B to 1D.

2.2 Oxygen sensor calibration

We calibrated the sensor by characterizing the relationship between the
fluorescence intensity of the PtOEP layer and oxygen concentration using the Stern-
Volmer relationship:
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(Eq. 1) Iy/1 =1+ K [0,]
where lp and | are intensity values in the absence and presence of oxygen,
respectively, and K, is the Stern-Volmer constant. The oxygen concentration [O,] is

given for a fluorescence intensity | 2

. The parameters for the Stern-Volmer
relationship, lo and Ks, were determined by calibration using a commercially
available optical oxygen sensor (Flow-Through Cells with Oxygen Sensor, Pyro
Science, Germany). The parameters of Stern-Volmer for our devices were estimated
to be 2.70 x 10 + 6.15 x 107* for Io and to 5.06 x 107} + 2.75 x 10> mmHg™ for Ks,.
The oxygen solubility in the media 1.19 x 10° pmol/mL/mm Hg was used to convert
data in mmHg and mol/L ?°. To convert the unit between ppm and mol/L, we used
the following equation:

(EQ. 2) Cppm) = Cmgikg) = 10° X Cimaiy X Mgimoly / Paegim)

Assuming an Oxygen mass molar equal to 32 g/mol and a culture medium density
equal to 1000kg/m?, the equation was reduced to
(Eq. 3) C(mo|/|_) = C(ppm) / 32 000

This lead to estimate a conversion rate as follow: 1ppm = 31,25umol/L = 26 mmHg

2.3 Cell culture in the device
2.3.1 Rat hepatocytes isolation

Primary hepatocytes were isolated from an 8-weeks-old male Wistar rat
(Sankyo Lab Service Corporation, Inc., Japan), using the two-step standard
collagenase perfusion liver protocols as previously described®® with a minor
modification. The animal experiments were performed in accordance with the
University of Tokyo guidelines for animal experiments, following the guidelines of the
Japanese Ministry of Education. Shortly, after perfusion by the perfusion buffer for 8
min, the liver was disassociated by collagenase for 8—10 min. The dissociated liver

was then minced, strained, collected in a tube, and centrifuged at 600 rpm for 1 min
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in minimum acceleration and deceleration at 4 °C. After 3 cycles of medium washing
and centrifugation at 600 rpm for 1 min 4 °C, 25 ml of hepatocyte suspension was
treated with a 70 ym cell strainer (Corning Inc., USA) to remove any aggregated
hepatocytes. The single hepatocyte suspension was mixed with 22.5 ml Percol (GE
Healthcare, USA) and 2.5 ml HBSS 10X (Thermo Fisher Scientific K. K., USA) and
the total volume was adjusted to 50 ml. Subsequently, the dead cells were removed
after centrifugation at 600 rpm for 10 min at 4 °C. The hepatocyte pellet was washed
with 50 ml culture medium, followed by centrifugation at 600 rpm for 1 min at 4 °C.
Hepatocytes with more than 80% viability were used in the experiments. The isolated
hepatocytes were cultured using William’s E medium (Thermo Fisher Scientific K. K.,
USA) supplemented with nonessential amino acid (1%), amino acid (1%), insulin (0.1
uM), dexamethasone (1 uM), acid ascorbic (250 mM) and epithelial growth factor
(EGF-20 ng/mL).

2.3.2 Rat hepatocyte cell culture in the device

The devices were washed with 70% ethanol for sterilization and treated with
collagen solution. We used a Cellmatrix Type 1-P collagen (Nitta Gelatin Inc, 3.0
mg/mL). A 10% Type I-P collagen solution was prepared by mixing 1 mL of Type I-P
collagen, 9 mL of MilliQ water and 10 pL of 1N HCI. The solution was incubated one
hour in the device at 37 °C in a humidified atmosphere containing 5% CO, and 20%
of O,. The device was washed with culture medium and rat hepatocyte cells were
seeded at a density of 3 + 1 x 10° cells/device (corresponding to 1 x 10° cells/cm?) .
After incubation for 3 h at 37 °C in a humidified atmosphere containing 5% CO, and
20% of O, for adhesion, the perfusion culture was initiated for 30 min at 5, 10, 15 and
20 pL/min for short-term experiments. Long-term perfusion cultures took place for 24
h and 48 h leading to 27 h and 51 h total of culture with the flow rate of 15 pL/min.
Those perfusions were done also in a 5% CO, and 20% of O, incubator. The set-up

is illustrated in Figureure 1E.
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2.3.3 Rat hepatocyte cell cultures in Petri

Control experiments were performed in parallel of the dynamic cultures. 12
polystyrene treated-culture-well plates (1 cm?, Nunc, not permeable bottom) and 12-
PDMS flat-well plates (1cm? Vessel Inc., Japan, permeable bottom) were coated
with the 10% Type I-P collagen for 1 h (similar preparation of section 2.3.2). The
PDMS plates were used as a gas permeable plate model whereas polystyrene ones
were used as non-gas permeable models. The PDMS and polystyrene plates were
washed with culture medium and rat hepatocytes were seeded at a density of 1 x 10°
cellsicm®. Four conditions were investigated to confirm the effect of oxygen
concentration on the cell adhesion and survival. To do so, the cultures were
performed at 37 °C in four humidified atmospheres containing 20%, 10%, 5% and

2,5% of O, respectively.

2.4 Fluorescent immunostaining assays

At the end of the experiment, the biochips are assessed for the expression of
liver-specific markers via immunostaining. We selected the albumin (ALB) because it
is a marker of functional hepatocytes. HIF-1a is a marker of hypoxia. Glutamine
synthetase (GS, glutamine and nitrogen metabolism), glucokinase (GCK, sugar
metabolism), and cytochrome P450, family 3, subfamily a, polypeptide 2 (CYP3A2,
drug metabolism) are markers of typical hepatic cellular functions, which are active in
low oxygen area, while the Adenomatous Polyposis Coli (APC, “zonation keeper”)
and Phosphoenolpyruvate carboxykinase 1 (PCK1, gluconeogenesis) are normally
over expressed active in high oxygen area. Finally, we also targetted the betacatenin

that is reported to be involved in the liver zonation formation *°.

After washing the medium with PBS (Wako 163-25265, Japan), the rat
hepatocytes were fixed with paraformaldehyde (PFA) 4% (Wako 163-20145) and
kept at 4 °C overnight. The next day, PFA was replaced by PBS and samples were

stored at 4 °C until immunostaining.
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Cells were permeabilized with Triton X100 (1/1000 in MilliQ water, plusone 17-
1315-01) for 15 min at room temperature (RT) and washed with PBS. Then, samples
were blocked in a gelatin solution (Na;HPO412H,0, 14.5 g.I"* (Wako 196-02835),
NaH,PO42H,0, 1.48 g.I' (Wako 192-02815), NaCl, 8.8 g.I"* (Wako 191-01665),
gelatin, 1.0 g.I"* (Sigma 4055)) for 30 minutes at RT. Primary antibodies were
incubated overnight at 4 °C in blocking buffer. The next day, secondary antibodies
coupled with fluorochromes were incubated for 2 h at RT in a dark chamber. Finally,
DNA was stained with DAPI (1/1000 in PBS) for 5 minutes at RT in a dark chamber.
Stained tissues were kept in PBS for observation.

The observations were made immediately after staining with an Olympus 1X-81
confocal laser-scanning microscope. The image processing to compare inlet and
outlet signals was performed using image J. We have quantified the total fluorescent
intensity in each image. DAPI values were used to normalize the measures in order
to consider the local cell density into the analysis. The data were characterized by
the Mann and Whitney test to compare the inlet and outlet conditions. The symbol “*”
denotes that the hypothesis of equality of the two tested conditions is rejected with a
risk factor of 5%.

2.5 Oxygen profiling methods

The oxygen concentration was determined using the KEYENCE BZ-X710
fluorescence microscope. The filter used for imaging was a KEYENCE BZ-X filter,
Texas Red, for oxygen concentration. The exposure time was 0,13s.

Gnuplot was used to convert fluorescence intensity to oxygen concentration
using the calibration data®®. Gnuplot data was then post-treated in Image J software.
Image J software was used to evaluate oxygen gradient slope from the 2D image of

oxygen concentration using the Stern-Volner equation.

2.6 Oxygen consumption estimation method
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We estimated that the oxygen consumption flux, OCF (molO,/s), by the 1D-mass
balance equation along the device’s central longitudinal axis:
(Eq. 4): (Co — C(x)) F= OCF, In which
Co is the inlet concentration of dissolved oxygen, equal to 0,2 molOy/m?
C(x) is the concentration of dissolved oxygen at the “x” position of the device
F is the experimental culture medium flow rate
Assuming that all the cells are uniformly attached in the device and that they
consumed uniformly the oxygen between the inlet and at the outlet of the culture
chamber, we estimated that the oxygen consumption rate per cell, OCR
(molOy/s/cell):
(EQ. 5) OCR = OCF/Ncei (X) in which Ncey (X) is the cell number between the inlet

and the “x” position in the device.
3. Results

3.1 Seeding and perfusion conditions

The primary rat hepatocytes were loaded onto the biochip immediately after
extraction. We found that the cell adhesion occurred in the first 2 to 3 hours (Figures
2A). When the adhesion time was extended until 24 hours (without perfusion), we
found that the cells died inside the biochip (data not shown). Thus, a healthy culture
was not possible for long static conditions in the present biochips with rat
hepatocytes. After 3 hours of adhesion, when the perfusion was set at too low a flow
rate (5 uL/min and 10uL/min) or at too high a flow rate (20 uL/min in the 300 um thick
culture chamber), the cells also died or detached from the devices after 24h of
perfusion. Thus, the successful hepatic culture was not possible when the perfusion
lasted for 24 h in those conditions (data not shown). The optimized culture conditions

were found for an adhesion period of 3 hours followed by a flow perfusion of 15
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pL/min. This allowed for 24 hours and 48 hours of dynamic culture in both 300- and
500-um thick flow chamber devices (Figures 2B to 2C).

In these culture conditions, the culture protocol was reproducible. The
hepatocytes were inoculated at a cellular density close to 3 x 10° cells per device,
corresponding to 1 x 10° cells/cm?®. The hepatocytes displayed a typical hepatic
phenotype with a cuboid shape and several binucleated cells were observed.
Conventional Petri control in a 20% O; incubator demonstrated successful
hepatocyte adhesion after 3 hours of culture (Figureure 2D). Furthermore, after 27
and 51 hours of culture, the hepatocytes in plated cultures presented a monolayer
with classical hepatocyte phenotypes (Figures 2E and 2F).

In parallel, we have investigated the effects of oxygen shortage on cellular
adhesion (in polystyrene and PDMS plates) to compare with our device results. A
control experiment in PDMS-plates demonstrated successful cell adhesion and
healthy hepatic culture for 10%, 5% and 2.5% O, conditions after 24 hours of
adhesion (Figure 3A to 3C). However, low oxygen incubator control experiments (5%
and 2,5% O, conditions) have demonstrated that the hepatocytes were not able to
maintain a healthy phenotype after 24 hours of culture inside the polystyrene plates
(no permeable bottom) when compared PDMS-plates cultures, i.e., permeable
bottom (Figure 3D to 3F).

3.2 Oxygen gradient map during the hepatic culture

3.2.1 Oxygen profiles in static conditions after the adhesion in the 300um

height chamber

During the adhesion step, before the perfusion, the large fluorescent red
intensity clearly illustrated the cellular respiration and oxygen consumption during the
hepatocyte adhesion (Figure 4A). Due to static cell adhesion, without flow, the
intensity of fluorescence was very high in the middle of the biochip. On the inlet and

This article is protected by copyright. All rights reserved.



outlet sides, a weaker red intensity was observed, probably due to oxygen diffusion
from inlet and outlet ports (only under static conditions at O ul/min, there is dead end
fluid reservoirs at the inlet and outlet ports leading to this diffusion process).

The conversion using the Stern-Volmer relationship contributed to extract a
measurement and a map of the oxygen concentration profile (Figure 4B). Based on
the image processing done along the central axis of the biochip, we were able to
extract the oxygen gradient along the device (Figure 4K). The tables 1 summarized
the experimental measures. In static conditions, we measured an oxygen
concentration value closed to 1 ppm (corresponding to a partial pressure of 26
mmHg and 31,25umol/L) in the center of the device (Figure 4K). This result
demonstrated that the cellular respiration induced an oxygen shortage after 3 hours
of adhesion. This oxygen shortage was measured starting at 8 mm from the inlet.
This led to estimate a gradient of approximately 0.75 ppm/mm (23,4umol/L/mm and

19,5 mmHg/mm).

3.2.2 Oxygen profiles after 30min of perfusion after the adhesion in the 300um
height chamber

After 3 hours of adhesion, we have tested the effect of a short-term perfusion
(30min) on the oxygen profiles using five flow rate conditions: 0, 5, 10, 15 and 20
uL/min (Figure 4). These tests have illustrated the cellular respiration in the biochip
by the depletion of the oxygen provided by the culture medium thanks to perfusion.
Thus, by increasing the flow rate, several profiles of the oxygen gradient in the
biochip were monitored. The oxygen concentration profile was modified and
characterized by an oxygen shortage moving downstream of the culture chamber as
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the flow rate increased. This was illustrated by a red fluorescence appearing closer to
the outlet when the flow rate increased (Figure 4C to 4J).

After 30 min of perfusion, at 5 and 10 uL/min, the flow did not contribute to
reduce the oxygen shortage when compared to static conditions. Those culture
conditions still lead to a create a sharp oxygen gradient in the 300 um height culture
chamber device (Figure 4K, table 1). In the perfusion experiments at 15 and 20
uL/min, we observed the formation of a weaker oxygen gradient. The quantity of
oxygen provided by the medium at those flow rates contributed to the decrease of the
absolute maximal value of oxygen depletion in the center of the biochip (table 1,
Figure 4K). Thus, at 15 pL/min, we estimated a gradient closer to 0.41 ppm/mm (12,8
pmol/L/mm and 10,7 mmHg/mm). At 20 yL/min, a low oxygen depletion with a high
concentration of oxygen equal to 4 ppm (125umol/L and 114,7mmHg partial
pressure) was measured at the center of the device. The gradient was estimated to
be 0.2 ppm/mm (6,3 umol/L/mm and 5,2 mmHg/mm).

Based on the values of the measured oxygen concentrations in biochip and the
estimation of the cell numbers in the culture chamber (3x10° cells/device), we could
extract an estimation of the oxygen consumption rate of the hepatocyte closed to 2.6

x 1071 molO./s/cell.

3.2.3 Oxygen profiles after 24h and 48h of perfusion after the adhesion in the
300um height chamber

Then, the characterization of the oxygen concentration and the typical profiles

were analyzed in the optimized 15ulL/min flow rate condition after 24h and 48h of

perfusion (n.b. the hepatocytes died in the other conditions after 24h of perfusion).
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We found that the gradient was weaker after 24 h of perfusion when compared
to the ones measured after 3 h of adhesion followed by 30 min of perfusion (Figure
4L). In the 300 um height flow chamber devices, the gradient was estimated to be
0.27 ppm/mm (8,3 umol/L/mm and 7 mmHg/mm) after 24h of perfusion (table 1). As
the gradient was weaker when compared to the 30 min perfusion after the adhesion
step, it also resulted in a smaller oxygen consumption rate. Based on those
experiments, we estimated that the hepatocyte oxygen consumption rate was closed
to 2.1 + 0.1 x 107*® molO./s/cell after 24 h of perfusion.

After 48h of perfusion, the gradient was still observed but became milder than
after 24h of perfusion. We estimated a value equal to 0,13ppm/mm (4.1umol/L/mm
and 3,4 mmHg/mm). As a result, the oxygen consumption in the device was also
lower than the consumption monitored at 24h of perfusion. At 15ulL/min, this led to
estimate an oxygen consumption rate of 1,0 + 0.05 x 10™*® molOy/s/cell after 48h of

perfusion.

3.2.3 Oxygen profiles in the 500um height chamber

The 500 pum height culture chamber modified the oxygen gradient when
compared to the 300um ones. The higher culture chamber device led to the creation
of less sharp gradients (Figure 5). After 30 min of perfusion (after the 3h of
adhesion), at 0 and 5 pL/min, both profiles superimposed, and the oxygen shortage
occurred at 13 mm from the inlet (table 1, Figure 5A). This led to an estimated
gradient value close to 0.54 ppm/mm (17 umol/L/mm and 14 mmHg/mm). Then, the
oxygen profiles clearly showed that, at 10 to 20 puL/min, the tissue was oxygenated
up to the middle of the device. Nevertheless, at 10 uL/min, we still observed a full
oxygen depletion in the after the center of the device. The oxygen concentration in
the center of the biochip was measured to be 1 ppm (31,25 umol/L and 26 mmHg

partial pressure) at 10 pL/min
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At 15 and 20 pL/min, the oxygen profiles superimposed and illustrated
oxygenation gradients all along the entire device. The oxygen concentration in the
center of the biochip was measured to be closed to 4.5 ppm (140 umol/L and 117
mmHg partial pressure, table 1, Figure 5A).

The gradients were estimated equal to 0.46 ppm/mm (26 umol/L/mm and 12
mmHg/mm); 0.26 ppm/mm (8,1 umol/L/mm and 6,8 mmHg/mm) and 0.23 ppm/mm
(7,2 umol/L/mm and 6 mmHg/mm) at 10, 15 and 20 pL/min respectively.

After 24h of perfusion at 15 pL/min, the oxygen gradient was reduced when
compared to the post adhesion situation (Figure 5B), similarly to the observation
made in the 300um height culture chamber. The gradient was estimated to be 0.13
ppm/mm (4,2 umol/L/mm and 3,4 mmHg/mm) in the 500um height flow chamber

devices (table 1).

3.3 Functional gradient in liver biochip

We have investigated the expression of specific liver proteins in the biochips
after 3 h of adhesion followed by 24 h and 48 h of perfusion at 15uL/min. Two areas
of the biochips, corresponding to two oxygen concentrations, were compared. The
first area was located close to the inlet, whereas the second one was located close to
the outlet.

Typical results are presented in Figure 6 and Figure 7 for several devices after
24h of perfusion in the 300 um height flow chamber device. The results revealed
higher fluorescence levels of HIFa, GS, GCK, CYP1A1 (n=3 biochips) at the outlet of
the biochips, corresponding to the low oxygen area conditions. Conversely, higher
fluorescence levels were observed in rat hepatocytes for APC and PCK1 proteins at
the inlet of the biochips, in the area corresponding to high oxygen conditions (n=3

biochips). Additional results revealed that the B-catenin protein was overexpressed at
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the outlet or at the inlet according to the devices. Both albumin and CYP3A2 proteins
were not differentially expressed at the inlet and outlet.

Using the 500um height flow chamber device, we were not able to visualize
specific functional gradient (data not shown) after 24h of perfusion. As a result, we
extended the perfusion culture over 48h of perfusion only in the 300 um height flow
chamber device and to check the zonation marker in those devices. After 48h, the
CYP3A2 and ALB become clearly over expressed at the outlet of the devices, as
illustrated in the Figures 7 and 8. In addition, the B-catenin became over expressed in
the inlet of the device, in the area of high oxygen concentration. Furthermore, when
compared to 24h of perfusion, the B-catenin accumulated in the nucleus. This
accumulation was more largely observed in the outlet than in the intlet (Figure 8).
Finally, other markers such as GS, GCK, PCK1, HIF, APC remained also
differentially over expressed between the inlet and outlet as they were after 24h of

perfusion.

4 Discussion

Reproduction of the liver zonation in vitro is a key issue of pertinent functional
hepatic models. Several in vitro cultures using bioreactors have been reproduced
successfully with a nutrient gradient on hepatocyte cultures and various chemical and
xenobiotics gradients to investigate the liver zonation **. In the present work, we have
incorporated an oxygen sensor to enhance the technological features of the in vitro
models. Based on our oxygen sensor integration, we observed the oxygen gradient
along the cell culture generated by cellular respiration. Furthermore, we were able to
superimpose oxygen-sensing data with an immunostaining dataset of functional liver
markers. Finally, we were able to extract the estimations of the oxygen consumption
along the device.

The oxygen sensor demonstrated the cellular hepatic respiration in the
biochip. Due to the impermeable characteristic of this device, a lack of oxygen
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occurred rapidly inside the chamber. This led to difficult static culture conditions after
3 h of adhesion, when compared to previous rat hepatocyte cultures performed in
PDMS devices, in which overnight static cell adhesion processes were successful *
%2 Thus, the choice of the flow rate and the time to start the dynamic culture
appeared to be critical parameters. Too high flow rate, at 20 uL/min in the 300 um
height flow chamber device, leading to a shear stress value, 1 , of 1.6 x 107 Pa, did
not permit the maintenance of a healthy culture condition (estimated using
conventional parallel plate flow chamber equation, = pQ/(wh?) in which Q is the flow
rate, w is the device width (11 mm), h is the device height (300 pm) and pu is the
viscosity (1.1x107° Pa.s)). This value of critical flow rate was lower than what was
previously reported with rat hepatocyte biochips, in which flow rates up to 40 uL/min
(with shear stress up to 4.5 x 107 Pa) were successfully used for 96 h of culture
perfusion®. In parallel, too low flow rates contributed to provide a too low quantity of
oxygen to the rat hepatocytes, also leading to their deaths. The additional petri
experiments in low oxygen conditions also prove the difficulty of healthy culture under
too important in vitro hypoxia conditions (Figure 3). Based on our protocol, we found
that a flow rate of 15 uL/min resulted to a stable culture condition. This condition led
to an oxygen input of 3 x 10~° molO./s and a shear stress limit of 1.2 x 10~ Pa, for
successful hepatocyte cultures. This shear stress value is lower than the
physiological value of shear stress in hepatic sinusoid 9.7x10" Pa 3. This high
hepatic shear stress is measured in vivo in blood capillaries composed of endothelial
cells that are not involved in our present model. Therefore, a relevant co-culture with
liver sinusoidal cells would be required to enhance the physiology of our tissue

model.

Literature reports primary hepatocyte oxygen consumption ranging from 3 to 9
107*® molO./s/cell in pig ** and 4 x 107*° molO./s/cell in rat *>%. In the present culture
format, the consumption of oxygen by the rat hepatocytes measured after the

adhesion step was estimated about 2.6 x 107'°® molO./s/cell. Our rat oxygen
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consumption estimated value appeared in the same range but was nevertheless
lower than those literature data. Although we did not identify the reason of this
difference, several hypotheses can be formulated such as the levels of the sensors
sensibilities, some device imperfection (residual oxygen leakage through PDMS due
to unperfect hermetic closure) or hepatocytes protocol preparation (type of rats, cell
isolation and culture modes). In addition, the oxygen available in static conditions,
either in 300 or 500 um height flow chamber devices, contributed to provide a
critically low amount of oxygen to the hepatocytes during the adhesion step. In fact,
we estimated that a cell type requiring only 0.5 — 1 x 10" molO./s/cell could be able
to attach in the present device (based on the dissolved quantity of oxygen inside the
culture medium remaining at rest in the device during the adhesion step). In addition,
the adhesion phase probably required a lot of oxygen and energy. This phenomenon
was also observed in the PDMS biochip culture with HepG2 cells in which a high
energy request, via a high glucose consumption, was monitored in the first hours of
culture®. As a result, the balance between the time for cell attachment and the flow
required to provide oxygen in sufficient amount and with an appropriately low shear
stress (to avoid cell detachment) was a key adjustment to successfully use our new
device.

In the 15uL/min flow condition, the oxygen gradient was estimated to be 0.41
and 0.27 ppm/mm in 300um and 500um height flow chamber devices after the 3 h of
adhesion, respectively. This gradient led to partial pressures ranging from 200 mmHg
in the inlet and close to few mmHg in the outlet in the early time of the perfusion after
the adhesion. However, after the 24 h and 48 h of perfusion, we measured weaker
oxygen gradients and cell oxygen consumption rates. The reduction of oxygen
consumptions in hepatocyte long-term cultures were already reported in rat and
porcine primary cells**®. Our results appeared in agreement with those
observations. Nevertheless, a longer-term experiment (up to one week) would be
necessary to confirm how would stabilize the oxygen concentration and respiration in

the present biochip.
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In vivo, the oxygen concentration gradient contributes to create oxygen-rich areas
with a partial pressure of 60—65 mmHg in the periportal zone and oxygen-poor areas
with a partial pressure of 30—35 mmHg in the perivenous zone. We were not able to
completely reproduce this gradient. In fact, in the incubator, the culture medium is
entering the biochip with a partial pressure close to 200 mmHg, which contributes to
an over-oxygenated condition. In addition, at 15 uL/min, at the outlet of the device,
we measured a value of oxygen concentration closed to 10 mmHg (after 30min of
perfusion) and closed to 100 mmHg (after 48h of perfusion). As a result, the
physiological area in the biochip is limited, both in time and in space to a specific part
of the device. Thus, to be able to move to a more relevant gradient, the oxygen
partial pressure needs to be equilibrated before the culture medium arrives to the
cells (by integrating gas exchange module prior the cell culture chamber for

instance).

The oxygen gradient is thought to be one of the causes of heterogeneity in
hepatocytes’ functions, depending on the positions in the liver'®. This heterogeneity is
called liver zonation. That is one reason why several approaches to build functional
bioartificial livers are trying to take into account zonation-like patterns®. In vivo, it is
reported that gluconeogenesis, urea synthesis, and fatty acid § oxidization are mainly
taking place in the periportal zone of the lobule, where the concentration of oxygen is
high. Detoxification processes (such as drug metabolism), glycolysis signaling, and
alcohol metabolism are reportedly processed in the perivenous part of the lobule,
which is in a hypoxic state. Therefore, reproducing this liver oxygen gradient in an in
vitro device would provide a useful physiological liver model. In our work, typical
periportal markers such as PCK1 and APC were overexpressed at the entrance of
the biochip, where the oxygen concentration was the highest in the biochip after 24 h
of perfusion. Simultaneously, perivenous markers, such as HIF, GS, GCK, and
CYP1A1, were overexpressed in the low oxygen concentration area since 24 h of
perfusion. We observed a clear CYP3A2 and (-catenin spatial specific expression in
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our device after 48 h of perfusion. The CYP3A2 spatial distribution in a flow chamber
with rat hepatocytes has been mapped along an oxygen gradient after 5 days of
culture ?* . Similarly, the expression of our selected set of markers contributed to
show a partial zonation-like behavior after 48 h of perfusion. Furthermore, nucleus
accumulation at the outlet of the device, after 48h of culture was consistent with
literature report of B-catenin accumulation in the nucleus of hepatocytes in the

pericentral vein (low oxygen area *®).

However longer culture experiments will be
required to confirm these results regarding the oxygen profile evolution that we
monitored (lower gradient with time) because of the modulation of the oxygen
gradient in our experiment when culture time increased. Additional analysis in our
device, including zonation markers and functional assays (such as CYP3A2
metabolism assays, -catenin signaling), will be necessary, especially on longer-term

experiments to confirm if our zonation profile can be enhanced and functional.

Conclusions

We have proposed a rat hepatocyte culture protocol in a microscale device with an
integrated oxygen sensor. The sensor was able to monitor the hepatocytes’
respiration. The oxygen concentration gradient was measured during the hepatocyte
culture. The oxygen consumption rate displayed a reduction of the oxygen
consumption between the cell adhesion phase, 24 h and 48 h of perfusion.
Functional zonation markers were specifically spatially expressed along the device.
This led to the achievement of a partial liver-like zonation in the device after 48h of
culture. The device showed that it successfully allowed the experimental analysis of

liver-specific functions in correlation with oxygen profiles.
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Table 1: Oxygen concentrations and gradients in the 300 and 500um height flow
chambers for various flow rates and time of perfusion.

Flow Concentration | Abscise used to Gradient Flow Time of
rates in the center of | calculate the (ppm/mm) chamber perfusion
(uL/min) | device (ppm) gradient (mm) height (um) (hours)
0 1 8* 0,75 300 0,5

5 1 8* 0,75 300 0,5

10 1 9* 0,66 300 0,5

15 2 12* 0,41 300 0,5

20 4 15** 0,2 300 0,5

15 4 15** 0,27 300 24

15 6 15** 0,13 300 48

0 1 13* 0,54 500 0,5

5 1 13* 0,54 500 0,5

10 1 15** 0,46 500 0,5

15 4 15** 0,27 500 0,5

20 4.5 15 ** 0,23 500 0,5

15 6 15 ** 0,13 500 24

*correspond to the location where the minimum value of oxygen is reached; ** center
of the device; 1ppm=31,25umol/L =26mmHg
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Figure 1: Device concept, geometrical characteristics and perfusion set up
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Figure 2: Rat hepatocyte morphologies in biochips after 3h at rest for adhesion (A)
3h at rest followed by 24h of perfusion at 15uL/min (B); 3h at rest followed by 48h of
perfusion at 15uL/min (C); control hepatocytes in Petri after 3h (D) after 27h (E) and

48h (F) of culture. The cultures are performed in a 20% 0, incubators.
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Figure 3: Morphologies of rat hepatocytes (A, B, C) PDMS plates (gas permeable
bottom) after 24h of adhesion in 10; 5 and 2,5 % O, oxygen incubators; (D, E, F)
polystyrene plates (no gas permeable bottom) cultures after 24h of adhesion in 10; 5
and 2,5 % O, oxygen incubators
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Figure 4: Fluorescent images of the PtOEP containing the oxygen sensor layer after
3h of adhesion (A) and 3h of adhesion + 30min of perfusion for 5, 10, 15 and 20
uL/min (C, E, G, I) and the 2D Profile extracted from the fluorescent conversion (B,
D, F, H, J) using the Volmer equation and the image processing treatment (image
processing is described in Matsumoto et al., 2018); (K) Central profile of the oxygen
gradient along the longitudinal axis of the biochips at various flow rates after the 3h of
adhesion and 30 min of perfusion; (L) at 15uL/min rate after the 3h of adhesion at
rest, 30min (DO) 24h of perfusion (D1) and 48h of perfusion (D2) .
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Figure 5: Central profile of the oxygen gradient along the longitudinal axis of the
biochips (A) for 500 um height culture device and various flow rates after the 3h of
adhesion and 30min of perfusion (B) at 15uL/min rate after the 3h of adhesion at rest,
30min of perfusion 30min (D0O) and 24h of perfusion (D1) .
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Figure 6: Fluorescent images of liver proteins immunostaining in the devices after 3h
of adhesion followed by 24h of perfusion. Comparison of inlet versus outlet levels of
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Figure 7: Fluorescent images processing comparing the inlet and outlet levels of
fluorescence intensity inside the biochips. Data are normalised by the DAPI images. *
reflects risk factor equality below 5% (comparison between inlet and outlet levels).
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Figure 8: Fluorescent images of liver proteins immunostaining in the devices after 3h
of adhesion followed by 48h of perfusion. Comparison of inlet versus outlet levels of
albumin, GS, HIFa; CYP3A2 and GCK; PCK1, Betacatenin and APC and CYP1A1l
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