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Abstract
Early detection of kinetic, metabolic, and toxicity (ADME-Tox) profiles for new drug

candidates is of crucial importance during drug development. This article  describes

a novel in vitro system for the incubation of precision-cut liver slices (PCLS) under

flow conditions, based on a polydimethylsiloxane (PDMS) device  containing 25-µL

microchambers for integration of the slices. The microdevice is coupled to a

 perifusion system, which enables a constant delivery of nutrients and oxygen and a

continuous removal of waste products. Both a highly controlled  incubation

 environment and high metabolite detection sensitivity could be achieved using

 microfluidics. Liver slices were viable for at least 24 h in the microdevice. The

 compound, 7-ethoxycoumarin (7-EC), was chosen to test metabolism, since its

 metabolism includes both phase I and phase II metabolism and when tested in the

conventional well plate system, correlates well with the in vivo situation. The

 metabolic rate of 7-EC was found to be 214 ± 5 pmol/min/mg protein in the micro-

device, comparable to well plates, and was constant over time for at least 3 hours.

This perifusion system better mimics the in vivo situation, and has the potential to

 significantly contribute to drug metabolism and toxicology studies of novel  chemical

entities.
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Introduction
In vitro methods are widely used to predict the pharmacokinetics and toxicity of drugs

for risk assessment. Such methods contribute to a reduction in costs and  animal use,

and to a better prediction of the human in vivo situation when human tissue or cells

are applied. As a result, the attrition rate for new drugs due to pharmacokinetic

 problems has declined greatly during the past 10 years.1 However, there is an

 incessant drive for developing new in vitro systems, as the currently applied systems

are not fully predictive of the in vivo situation. Primary human hepatocytes are  widely

available nowadays, though it remains difficult to maintain metabolic capacity in

 cultures of these cells beyond 24 h.2 New approaches in culturing techniques such as

that recently presented by Khetani and Bhatia3 do offer possible solutions to this issue.

These researchers developed a microscale multiwell co-culture system of human

 hepatocytes with fibroblasts in which phenotypic functions were maintained for

 several weeks in micropatterned co-cultures. However, primary hepatocytes  cultured

alone cannot be a model for those toxicity phenomena that are mediated via
 multicellular processes, for instance when Kupffer cells play a role in mediating

 hepatic toxicity.4 Likewise, stellate cells are key players in the development of liver

fibrosis.5 Precision-cut liver slices (PCLS) represent an established alternative, since

they closely resemble the intact architecture of the organ, with all cell types present

and in their natural tissue-matrix configuration. Consequently, they are an  appropriate

tool for the prediction of multicellular processes. However, PCLS also lose  metabolic

capacity during culturing, albeit at a slower rate than hepatocytes alone.6 Continuous

perfusion culture of liver slices with medium has been demonstrated to slow the rate

of loss of metabolic activity and maintain protein expression, as demonstrated by

Khong et al.7 and Schumacher et al.8 respectively. Khong et al. perfused thick liver

slices using an intra-tissue approach, using a microneedle array inserted into the slice

to deliver medium through the tissue. Schumacher et al. adopted a different approach,

choosing instead to study slices in a flow-through device which was continuously

perfused with fresh medium. We thus hypothesize that both the depletion of

 substrates, as mentioned by Schumacher et al.,8 and the accumulation of waste

 products, as occurs in the medium of conventional cell cultures, may contribute to the

observed decrease.

We therefore set out to develop a new in vitro system with continuous medium

flow for absorption, distribution, metabolism, excretion, and toxicity studies (ADME-

Tox) in liver slices. By making use of microfluidic technologies, both the delivery and

removal of soluble factors becomes possible, so that precise control of the slice

 microenvironment can be achieved. Additional advantages of microfluidic systems

 include an increased flexibility of experimental control, allowing medium

 composition to be easily altered during an experiment. It also becomes conceivable

to perform interorgan studies with minimal residence times, simply by investigating



the response of cells or tissue from different organs in connected chambers under

flow conditions. Solution volumes are kept small in microfluidic devices, enabling

increased sensitivity of metabolite detection with the possibility to perform in-line

analysis. For all these reasons, various researchers have integrated primary

 hepatocytes in microfluidic devices.9-11 The integration of cell lines from multiple

 organs into a single microfluidic device has already been shown by several

 researchers. Viravaidya et al.12, for instance, describe a microsystem with connected

microchambers containing animal lung and liver cells to probe interorgan  naphthalene

toxicity. However, as mentioned before, hepatocytes cultured alone do not resemble

the complex architecture of the intact organ and cannot fully reproduce all liver

 functions. Several attempts have been made to co-culture hepatocytes with other cells,

like Kupffer cells, in microfluidic systems to mimic the cell-cell  interactions present

in the liver.13-15 We have chosen an alternative approach based on the integration of

PCLS into microfluidic devices, to combine the advantages of both microfluidics and

slices. To the best of our knowledge, there has been only one previous example

 published of the integration of liver tissue explants into a  microfluidic device.16

 However, the tissue in this device exhibited very limited  viability.

The aim of this paper is to describe the design and realization of a polymer

 microfluidic biochip for the incubation and metabolic study of live tissue slices. This

is the first example of the integration of PCLS into a microfluidic device. The

 requirements for this low-cost microfluidic device are biocompatibility and the

 maintenance of constant oxygen concentration, pH, medium composition, and

 temperature conditions over time. In addition, flow conditions within the device

should facilitate the fast diffusion of nutrients toward the inner cells of the slice.

Hence, a well-defined microenvironment around the liver slice should be created,

with a continuous supply of nutrients and oxygen and removal of waste products, in

contrast to the conventional well plate system, where the medium usually is only

 refreshed every 24 hours. In well plates, medium parameters like pH, temperature, and

oxygen are optimized by a continuous flow of carbogen gas (95% O2 and 5% CO2)

into the wells plates. In a biochip, this requires a technically different approach, since

a continuous supply of medium is applied at low flow rate. Moreover, though medium

flow should be high enough to efficiently refresh the medium, it should not be too

high because this could damage the tissue. To minimize the possibility of damage, the

flow should be evenly distributed toward the liver slice. The dimensions should be

kept small to minimize dilution in the chip due to the flow and thus achieve high

 sensitivity for analysis. 

To address all the above-mentioned device criteria, we developed a flow-through

polydimethylsiloxane (PDMS) microdevice for the perifusion of liver slices with

 polycarbonate membranes integrated to realize a well-characterized medium flow.

The term “perifusion” is used here instead of “perfusion” since the medium flows
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around the tissue slice rather than perfusing through it. The microdevice also

 incorporates PDMS membranes to act as “breathing” membranes. One of the

 advantages of using PDMS is its permeability to gasses.17 However, this  permeability

is  limited by the thickness of the PDMS. Therefore, a device was designed with a

thin PDMS membrane to obtain sufficient oxygen and carbon dioxide supply while

at the same time providing adequate pressure resistance to the flow. Thin, precision-

cut rat liver slices were incubated in the new device, and their viability and  metabolic

 capacity were compared with those in the conventional well plate system. The well

plate system provides an excellent benchmark, as it has been shown that slices

 cultured in wells reflect the metabolic capacity of the liver very well over periods of

at least 8 hours.18 To test metabolic capacity, we chose to study the metabolism of 7-

ethoxycoumarin. This compound is metabolized by cytochrome P450-mediated phase

I metabolism to 7-hydroxycoumarin, which is then further metabolized by phase II

enzymes to a sulfate and glucuronide conjugate (Figure 1).

Figure 1. Metabolic pathway of 7-ethoxycoumarin (7-EC).

Materials and Methods
Animals

Male Wistar rats (HsdCpb:WU) weighing ca. 350 g were obtained from Harlan

(Horst, The Netherlands). The rats were maintained under a 12-h light/dark cycle in

cages in a temperature- and humidity-controlled room with free access to food  (Harlan

chow no. 2018, Horst, The Netherlands) and tap water. The use of animals for these

experiments was approved by the Animal Ethics Committee of the  University of

 Groningen.
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Preparation of precision-cut liver slices

After anaesthetizing the rat with isoflurane/O2, the liver was excised and placed in ice-

cold Viaspan organ preservation solution (University of Wisconsin (UW)  solution, Du

Pont Critical Care, Waukegab, IL, USA). A 5-mm-diameter hollow drill bit was

 utilized to obtain cylindrical samples of liver tissue (cores). These cores were sliced

with a Krumdieck tissue slicer (Alabama R&D, Munford, AL, USA) in  oxygenated

ice-cold (0-4°C) Krebs–Henseleit buffer. Liver slices were stored in ice-cold UW

 solution until incubation. The slices were approximately 4 mm in diameter, 100 µm

thick (~6 cell layers), and had a wet weight of about 3.0 mg.

Microdevice fabrication

Figure 2 shows a schematic view of the microdevice, consisting of 10 layers of

 PDMS. All PDMS layers were made by thoroughly mixing Sylgard 184 prepolymer

with the curing agent (Dow Corning, Mavom BV, The  Netherlands) at a 10:1 mass

ratio. All bonding steps between PDMS layers were  performed using a UV ozone

cleaning system (UVOCS, Montgomeryville, PA, USA). One slab of PDMS was

 placed in the UV ozone apparatus for one hour to make the surface glassy. After

 cooling down this PDMS slab, it was again placed in the UV ozone system together

with a new, untreated PDMS slab for 15 minutes to activate (oxidize) the surfaces of

both. The slabs were then removed from the system,  immediately brought into  contact

with each other and left to react with each other. An irreversible bond between the two

PDMS pieces was formed after approximately three hours. 

The device consists of ten layers of PDMS, with two polycarbonate membranes

inserted in the microchamber, one just after the inlet, the other before the outlet.

 Starting from the bottom of the microdevice, the first layer is 2-3 mm thick and

 ensures leakage-free connection of the tubing to the inlet of the chip. The inlets were

made by pouring PDMS into a Petri dish with Ø1.5 mm stainless steel rods placed at

the inlet positions. To form the aeration window of the microchamber, a 4-mm-

diameter hole was punched with a biopsy puncher (D-Care BV, Houten, The

 Netherlands). On top of this first layer, a thin, 250 µm PDMS membrane was placed

to act as the “breathing” layer forming the bottom of the chamber. The PDMS

 membrane was  fabricated by spin-coating 6 grams of a PDMS prepolymer mixture

on a 4″ bare  silicon wafer at 600 rpm for 20 seconds. After these two layers were

bonded, the 250-µm-thick membrane covering the inlet for the medium flow was

 perforated with a 1.5-mm-diameter biopsy punch. The third layer is the microfluidic

channel connecting the inlet to the microchamber. This channel is 3 mm long, 500 µm

wide and 100 µm deep, and was produced using a standard soft lithography procedure

which we have adapted from Duffy et al.19, 20 The end of the channel widens into a

chamber with a diameter of 4 mm having a droplet shape (see Figure 2b). In earlier

versions of the device, the 500-µm-wide channel was directly connected to a  circular

Chapter 3

50



Figure 2. Schematic diagrams ((a) cross-sectional view and (b) top view) and (c)
photograph of the PDMS biochip with integrated membranes. The microchamber
 dimensions are Ø4 mm x 2 mm. The dimensions of one chip, containing four micro-
chambers, are 20 mm x 20 mm x 12 mm (L x W x H).

4-mm-diameter chamber. This geometry is problematic, however, as medium flow

fails to follow the walls of the chamber as it enters this element, separating instead

from the walls at the chamber entrance and flowing initially through the center. When

filling an empty chamber with liquid for the first time, this flow separation results in

air being trapped between solution flow and wall. This leads to the formation of air

 pockets or bubbles in the regions directly to the left and right of the entrance; once

formed, these are extremely difficult to remove. The droplet-shaped structure  ensures

an even, more gradual flow of medium into the chamber underneath the inlet filter,

without the occurrence of flow separation. The formation of air bubbles just beyond

the chamber entrance can be overcome in this way. Sugiura et al. observed the same

air bubble problem in their perfusion device, and were also able to solve it by

 changing the in- and outlet chamber geometries to cone-shaped channels to ensure

 liquid flows were guided along chamber walls.21

The fourth, very thin PDMS layer fixes the polycarbonate filter within the device,

while the fifth layer contains the microchamber in which the liver slice is perifused.

The filter ensures an equal distribution of medium to the entire liver slice, to suspend

it horizontally in the flow in the chamber. The 1.5-mm-thick microchamber (Layer 5)

was made by pouring a PDMS prepolymer solution into a Petri dish with 4-mm-
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diameter stainless-steel rods placed at the location of the microchambers. During the

curing process, PDMS crept up around the stainless-steel rods to produce a raised

edge upon removal of the pins. This PDMS ridge around the chamber proved to be

an advantageous feature in this layer, as it functions as an O-ring to ensure a leakage-

free reversible assembly with the other half of the chamber device formed in Layers

6 through 10 (see Figure 2a). A 10-µm-thick polycarbonate membrane (Millipore,

Amsterdam, The Netherlands) was bonded to the microchamber as described by

Chueh et al.22 Briefly, a 50-µm-thick PDMS layer was spin-coated on a bare silicon

wafer, and the bottom of the PDMS microchamber layer was placed on this uncured

PDMS layer for 30 seconds to generate a “mortar” layer (Layer 4). The  microchamber

layer was then removed from the wafer and a polycarbonate membrane with the

 desired size (Ø6 mm, 10 µm thick) was placed on top of it. The uncured PDMS then

served as glue, penetrating into the pores of the membrane and creating a stable and

leakage-free bond. The microchamber with polycarbonate filter was bonded to the

other three PDMS layers described above using UV ozone activation. 

To create a reversibly bonded microchamber, the stack comprising Layers 1 to 5

was closed with a similar 5-layer PDMS stack. The only difference is that the 1.5-mm-

thick microchamber layer (Layer 5) is replaced by a 0.5-mm-thick PDMS layer (Layer

6). The openings for the chambers in this layer were punched with a Ø4 mm puncher

rather than molded using pins. The resulting holes therefore were not surrounded by

a built-in O-ring-like structure. Assembly of the two stacks resulted in a

 microchamber having a volume of 25 µL. It should be noted that each chip  contained

4 microchambers, each perfused separately with medium.

During incubation experiments, the assembled chip was held in a polycarbonate

clamp to realize a closed, leakage-free seal (see Figure 2c). The polycarbonate clamp

was fabricated in-house with a Sherline CNC milling system (Vista, CA, USA).

 Windows were drilled in the polycarbonate layers to align with the microchambers,

to give direct access of the “breathing” layers to the surrounding environment. These

windows ensured efficient diffusion of oxygen and carbon dioxide through the PDMS

membrane into the microchamber. Four screws with wing-nuts at the corners of the

clamp were tightened carefully to fix the microchamber device in the clamp without

deforming it. 

Incubation system

Well plates
Incubation of liver slices in 12-well plates was performed as described before.23 In

brief, the slices were individually incubated in wells of a 12-well plate (Greiner  bio-

one GmbH, Frickenhausen, Austria) in 1.3 mL Williams Medium E with Glutamax-

I (Gibco, Paisley, UK), supplemented with 25 mM D-glucose (Sigma-Aldrich, St.

Louis, MO, USA) and 50 µg/mL gentamicin (Gibco, Paisley, UK). The well plates
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were placed in plastic boxes, which were in turn placed in a 37°C incubator with

 continuous supply of carbogen (95% O2 and 5% CO2). The plastic boxes were put on

a shaker with a shaking speed of 90 cycles per minute.

Biochip
Liver slices were placed in separate chambers in the biochip which had been  filled

with medium that had been pre-equilibrated with carbogen gas at 37°C. The chip was

placed in an incubator set at 37°C. Plastic disposable syringes (Omnifix, B. Braun,

Oss, The Netherlands) placed in a syringe pump delivered pre-carbogenated Williams

Medium E (with Glutamax-I), supplemented with 25 mM D-glucose and 50 µg/mL

gentamicin, to individual chambers in the biochip via PEEK tubing (200 mm x 0.75

mm ID, Bester BV, Amstelveen, The Netherlands). PTFE tubing (70 mm x 0.5 mm

ID, Polyfluor Plastics, Oosterhout, The Netherlands) was connected to the outlet of

the chip where medium fractions were collected. The chip was placed in a plastic box

with continuous supply of carbogen to compensate for the loss of O2 and CO2 in the

syringes and the biochip during the experiment. A schematic view of the system is

given in Figure 3. The flow rate used in the experiments was always set at 10 µL/min,

so that the medium in each microchamber was refreshed once every 2.5 minutes. 

Figure 3. Schematic view of the set-up. The flow rate during incubation  experiments
was 10 µL/min.

Gas diffusion 

To check whether the diffusion of O2 and CO2 through PDMS was sufficient to
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 realize a stable environment for the liver slice, the pH and dissolved oxygen (DO)

were measured at the outlet of the biochip with no slice present during perfusion of

the chip for 24 hours. For this, a polycarbonate (relatively impermeable for gasses)

flow-through device was fabricated in-house with a medium inlet at the bottom and

an outlet at the side (see Figure 3). An opening at the top allowed the insertion of a

semi-micro-pH electrode (Thermo Orion, Beverly, MA, USA) or micro-DO electrode

(Lazar Research Laboratories, Los Angeles, CA, USA). The flow-through device had

a fluid compartment of 150 µL or 300 µL for the pH or DO measurements,

 respectively. A two-point calibration was performed for the pH electrode (pH 4 and

7), and a three-point calibration for the DO electrode (0%, 21%, 95% DO).

Viability testing

To assess the viability of rat liver slices in the microchamber and compare the  results

with the well plate system, leakage of the enzyme lactate dehydrogenase (LDH) was

measured. LDH was analyzed using the Roche/Hitachi Modular system (Roche,

Mannheim, Germany) according to a routine laboratory procedure.  Immediately after

slicing, the slices were washed in prewarmed medium and then placed in the well

plates and in the microchamber. During 24 h of incubation,  fractions were collected

at the outlet of the chip at 1, 2, 4, 6, 8, 12, 20, and 24 hours. In the well plates, 150

µL of medium was pipetted out of the well and replaced by 150 µL fresh medium at

the same times as for the biochip. All experiments were performed with three slices

per rat for three rats (9 slices in total). Liver slices were collected after  incubation,

 homogenized in 1 mL medium and centrifuged. A supernatant volume of 200 µL was

used to assess the LDH content of the slice.

Metabolite analysis

For metabolite studies, slices were incubated with 7-ethoxycoumarin (7-EC) (Fluka

Chemie, Buchs, Switzerland) at a final concentration of 500 µM or 75 µM for 3 hours.

After incubation with 500 µM, the medium samples (well plates, 1.3 mL, and chip,

1.8 mL) were collected and stored at -20°C until analysis. During perifusion with 75

µM 7-EC in the chip, 300 or 600 µL medium fractions were continuously  collected

every 30 or 60 minutes, respectively, over a period of 3 hours, and  fractions were

 stored at -20°C till further analysis. Experiments with 500 µM 7-EC were  performed

in triplicate for five rats, and with 75 µM 7-EC in triplicate for three rats.

Analysis of the collected medium fractions was performed using a modified

 version of an HPLC method described previously.24 The system consisted of two

 Waters 510 pumps, a Waters automated gradient controller 680, a WISP 710

 autosampler (Millipore, Milford, MA, USA), a Croco-cil column oven set at 60°C

(Varian, Paris, France), and a Spectroflow 757 UV detector set at 320 nm (Kratos,

 Kanagawa, Japan). Separations were performed on a BDS Hypersil C8 (250 m x 4.6
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mm, 5 µm)  column (Thermo, Bellefonte, PA, USA) preceded by a C18 GuardPak

precolumn (Waters). The mobile phase consisted of 7.5% acetonitrile/1% acetic

acid/water  containing 5 mM tetrabutylammonium hydrogensulfate, with an 18-minute

linear gradient to 45% acetonitrile/1% acetic acid/water containing 5 mM    tetrabutyl-

ammonium hydrogensulfate. The run time was longer than the 10-minute run time

mentioned by Walsh et al. This was needed to separate an impurity present in 7-

 ethoxycoumarin from the 7-hydroxycoumarin sulfate peak. The flow rate was set at

1.5 mL/min. 

Sodium azide (1 mg/mL, final concentration) was added to the thawed medium

samples to inhibit bacterial growth during HPLC analysis. Samples were first

 centrifuged using an Eppendorf centrifuge for 3 minutes at 16,000 g and 4°C, and then

directly analyzed on the HPLC system. Stock solutions of 7-ethoxycoumarin (7-EC),

7-hydroxycoumarin (7-HC) (Sigma-Aldrich), 7- hydroxycoumarin sulfate (7-HC-S)

(Sigma-Aldrich), and 7-hydroxycoumarin glucuronide (7-HC-G) (Sigma-Aldrich)

were used as standards. Pilot experiments showed that the  percentage of metabolites

retained in the liver slices were negligible (data not shown).

Results and Discussion
Flow performance of the biochip

The polycarbonate filters at the bottom and top of the microchamber were  necessary

to ensure an equal distribution of medium flow across the entire chamber cross-

 section upwards towards the liver slice. The hydrophilic filter below the slice acts as

an up-side-down showerhead, with the 8-µm pores serving as an array of nozzles

with essentially equivalent flow resistances. Simulations with Comsol  Multiphysics

(Comsol, UK) confirmed the hypothesis that a uniform medium  velocity distribution

is obtained across the chamber by using a filter (see Supplementary  Information on-

line). Without a filter, a high flow rate was obtained at the  microchamber entrance (left

side of Figure 2, Layer 3), while at the other side of the microchamber entrance the

medium was only refreshed by diffusion (right side of  Figure 2, Layer 3). The  velocity

distribution of individual flows of medium entering the chamber through the pores of

the filter is thus very uniform across the chamber, and we observed that the slice is

suspended horizontally in the flow. Because the slice experiences the same pressure

over its entire surface, it did not curl up in the microchamber, which was the case

when the filter was not present. Efficient delivery by  diffusion of nutrients and  oxygen

to inner cells in the slice is not guaranteed when  slices are folded or curled up, since

diffusion distances to inner cells are increased when slices assume irregular three-

 dimensional shapes. The array of pores in the exit filter established a uniform flow

resistance across the top of the chamber to maintain a uniform velocity gradient

around the slice. This filter also prevented loss of the slice through the outlet, thereby

simplifying operation of the device, particularly when medium flows were initiated
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at the beginning of an experiment. The integration of membranes into microfluidic

 devices often results in leakage due to poor fixation of membranes between layers

composed of other materials.22 Therefore, the microdevice was checked for proper

 sealing of the polycarbonate membranes by flushing it with a fluorescein solution. No

leakage was observed at the edges of the membranes when viewed under a

 fluorescence microscope and fluorescein was only found in the  liquid stream,

 indicating proper sealing. 

In addition to the PDMS-polycarbonate bonding, the quality of the reversible

 bonding between the two clamped PDMS stacks was also checked for the possibility

of leakage. Using a microdevice without the extra molded PDMS “O-ring” (see

 Figure 2), it proved impossible to clamp the two planar contact surfaces together in

such a way that a good seal was achieved, and leakage occurred between the two

 layers. However, with the “O-ring”, the pressure applied in the clamp is more evenly

distributed around the entire microchamber opening where it is required, and proper

bonding can be obtained. Under these circumstances, no leakage was observed

 between the reversibly bonded PDMS stacks, even when much higher flow rates (250

µL/min) were applied.

By making use of thin liver slices (approximately 100 µm, or ~6 cell layers), the

diffusion distance of nutrients and oxygen toward the inner cells of the slice is

 minimized. Application of a medium flow to perifuse the slice ensures that medium

is constantly refreshed in the proximity of the tissue, as it would be in the body. This

will also enhance nutrient and oxygen delivery to inner cells not directly exposed to

 medium flow. Consequently, when the medium around the slice contains enough

 nutrients, oxygen, and has the right pH and temperature, all cells in the slice will

function optimally.25, 26 To date, the only other reported microfluidic device used to

incubate tissue, to the best of our knowledge, has been that of Hattersley et al.16 The

main differences between our system and this published example are twofold. Firstly,

these researchers used relatively thick tissue biopsies (4 mm3) which had been frozen

in liquid nitrogen before analysis without any cryoprotectant, whereas in our case,

very thin, fresh slices were used in the experiments, which is absolutely necessary for

proper viability and metabolic function.6 Secondly, though the tissue was bathed by

medium, it was not placed directly in a perfusing stream as in our case, and supply

of oxygen and nutrients was not guaranteed. This, together with the thickness of the

biopsy, may have contributed to the low tissue viability observed by Hattersley et al.
An albumin synthesis of 0.006 ng/min/mg liver tissue was reported, as compared to

10-70 ng/min/mg liver tissue published to be normal for rat liver by others.7, 27, 28

Gas diffusion 

The advantage of PDMS gas permeability can also be a disadvantage. The pre-

 carbogenated medium used in biochip experiments contained higher concentrations
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of both O2 and CO2 than are found in ambient air. Therefore, if these concentrations

are not controlled in the biochip’s surroundings, gasses will tend to diffuse into the

PDMS from the high-concentration medium side toward areas of lower concentration

outside the device. When perfusing a PDMS device with pre-carbogenated medium

in ambient conditions (<5% CO2), the CO2 present in the medium diffused into the

PDMS, resulting in an increase in pH. Even in thick PDMS devices (3 mm) without

aeration membranes, CO2 loss was significant, with a pH increase from 7.4 to 7.6

being observed. 

The stability of pH and dissolved oxygen (DO) values was measured over a  period

of 24 hours using pre-carbogenated solutions and placing our system in an incubator

containing a carbogen atmosphere. As can be seen in Figure 4a, the pH was very

 stable over the 24 hour period, with a value of 7.41±0.01, which indicates  equilibrium

with 5% CO2 at 37°C. The DO concentration was also very high (92.5-94.5 %) and

stable over the period measured (Figure 4b). These results indicate an optimal

 diffusion of gasses through the PDMS membranes and a stable environment in the

 microchamber, which is very important for cell viability and functioning.26 The pH

and DO values were also measured in the well plate system to be 7.4 and 95%,

 respectively. 

Figure 4. (a) pH measured with a semi-micro-pH electrode and (b) dissolved oxygen
(DO) measured with a micro-oxygen sensor, during 24 h of perfusion with medium at
the outlet of the microchamber.

To ensure that pH was also constant during liver slice perifusion experiments, the

medium was supplemented with phenol red, a pH indicator. No color change, and

hence no pH change, was observed during experiments, indicating that the CO2 level

was sufficient, and moreover, constant over time. The concentration of oxygen in the

medium should also be sufficient during a perifusion experiment, since the medium

is initially saturated with oxygen, and the constant flow of medium through the

 microchamber ensures a continuous supply. When liver slices consume oxygen,

 oxygen will also be replenished by diffusion through the PDMS into the medium

 ( recall that experiments are performed with the PDMS device placed in an incubator
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under a controlled carbogen atmosphere). It is also known that the oxygen diffusion

coefficient and oxygen solubility are higher in PDMS than in medium,29 leading to the

PDMS acting as an oxygen reservoir for the microflow system and ensuring sufficient

and constant DO during experiments. 

The oxygen concentration used in both the well plate and biochip experiments is

high compared to the in vivo situation. However, several authors30-32 have shown that

high oxygen concentrations are necessary for long-term viability, despite possible

 associated oxidative stress. However, we could find no signs of tissue damage due to

oxidative stress between 50% and 95% of oxygen (unpublished observations).

 Moreover, the requirement for high oxygen concentrations appears to be similar in

different conventional incubation systems.30-32 Therefore, it was decided to also use

this high concentration of oxygen in the microdevice for this initial study. If a lower

percentage of oxygen were needed in the biochip incubation system, it could easily

be achieved by changing the oxygen concentration in both the incubator environment

and medium. 

Liver slice viability

To assess liver slice viability in the two incubation systems, leakage of the  enzyme,

LDH, was determined over a 24-hour period in both systems, using liver slices from

the same three rats (see Figure 5). A relatively high percentage of LDH leakage was

found in the first hour (first fraction). This is probably due to slicing and slice  handling

procedures, since the effect was the same in well plates as in microchambers. Cells

at the surface of the slices are damaged during the slicing procedure, and most likely

Figure 5. Lactate dehydrogenase (LDH) leakage as a percentage of the total LDH
present in the slice measured during perifusion in biochips and incubation in well
plates. White bars represent the leakage in well plates and gray the leakage in the
 biochip. Results are mean ± standard error of the mean (SEM) of 3 rats, 3 slices per
incubation system per experiment. 
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enzymes are still leaking out of these damaged cells in the first hour of incubation.

The relatively high percentage of LDH leakage in the first hour was also observed by

Obatomi et al., in a study that showed that damaged cells were removed during a pre-

incubation period of 1 hour.33 As shown in Figure 5, the LDH leakage drops

 substantially after the first fraction to less than 0.5% of the slice content per hour.

After 24 h of incubation, more than 95% of the LDH that was present after the first

hour was retained in the slices. This indicates that the cells are not damaged by the

flow, and that slices can be used for incubations up to at least 24 h. It is well known

that PDMS is a relatively hydrophobic polymer.26 To verify that the protein LDH was

not adsorbing onto the PDMS, the total amounts of LDH remaining in the slice after

incubation was assessed and summed with amounts measured in the medium

 fractions. The total amount was shown to be equal to the total slice content at the

start of the incubation, and was also equal to that found after incubation in the well

plates. It can be concluded that LDH was not adsorbed onto PDMS.

The leakage pattern obtained in the microchamber is very comparable to the LDH

leakage obtained in the conventional well plate system, indicating high viability in

both systems. 

Metabolite analysis

Figure 6 shows the metabolism of 500 µM 7-EC in well plates compared to the

 microdevice. This concentration is well above the concentration required to achieve

a maximum metabolic rate for phase I metabolism.34 We can therefore assume that the

rate of metabolism is constant over the course of a well plate experiment, despite a

relatively small decrease in substrate concentration during incubation. This allows

comparison of the metabolic rate of 7-EC in well plates with that in the microdevice

during a 3-hour incubation. Liver slices incubated in the microchamber were able to

produce both phase I as well as phase II metabolites. The total phase I formation of

7-HC was 214 ± 5 pmol/min/mg protein and was comparable in both systems.

 Moreover, the observed metabolic rates were the same as previously reported for the

incubation of liver slices in well plates with 500 µM 7-EC.34 When comparing the

conventional incubation system with the biochip, a similar sulfation and

 glucuronidation rate was found in the microchamber compared to the well plates.

As noted above, PDMS is a relatively hydrophobic polymer and can adsorb 7-EC.

However, the concentration in the outflow of medium was still well above the

 concentration required for the metabolizing enzymes to attain their maximum rate.

Therefore, even though some 7-EC adsorption onto the PDMS did occur, it did not

negatively affect the metabolic rate. 

An advantage of the perifusion system is that the environment is very stable due

to the continuous influx of fresh medium. As a result, the metabolite formation could

be maintained constant, even at nonsaturating 7-EC concentrations where enzymes no 
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Figure 6. Metabolic activity of 7-ethoxycoumarin (7-EC, 500 µM). 7-EC is  converted
into the phase I metabolite 7-hydroxycoumarin (7-HC), and further metabolized into
the two phase II metabolites; 7-hydroxycoumarin glucuronide (7-HC-G) and 7-
 hydroxycoumarin sulfate (7-HC-S). Results are mean ± standard error of the mean
(SEM) of 5 rats, with 3 slices per treatment. 

longer operate at their maximum turnover rate (see Figure 7). In this experiment, the

metabolism of 75 µM 7-EC was monitored in the perifusion system. Fractions were

collected over a period of 3 hours, and the constant concentration of  metabolites in

the fractions indicates a constant rate of formation in the time period measured. It

can be concluded from Figure 7 that the total formation of metabolites for 75 µM 7-

EC was 1.1 x 104 pmol/mg protein/180 min, or 18 pmol/min/slice (a liver slice

 contains around 0.3 mg of protein). The concentration of metabolites formed during

the whole incubation period was constant at 1.8 pmol/µL. This means that after 30

 minutes, 540 pmol/300 µL was formed in the biochip, while in the well plates the

540 pmol formed would be diluted in 1300 µL. Thus, the total metabolite

 concentration in the fraction collected from the biochip over 30 minutes, 1.8 pmol/µL,

was 4.3 times higher than expected in the well plate. Analysis of total metabolite

 concentration is thus more sensitive in the biochip samples than in well plate samples

obtained after 30 min. In fact, metabolite concentrations will remain higher in biochip

samples until 130 minutes have elapsed in the experiment. At that point, the same

volume will have passed through the biochip as is present in the well plate, and

 metabolite concentrations will be equal in the two systems (both 1.8 pmol/µL).

 Thereafter metabolites start to accumulate above this concentration in a well plate

experiment. In the microdevice, analysis might be possible after incubation times

which are even shorter than 30 minutes, though this was not tested in this study.

 However, preconcentration of metabolites might be required after collection when

incubating substrates with low metabolic rates. This preconcentration can easily be

achieved with conventional systems35 or on-chip36. The most essential difference  
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Figure 7. Cumulative metabolite formation for 75 µM 7-ethoxycoumarin in the
 microdevice, measured over time. 7-EC is converted into the phase I metabolite 7-
 hydroxycoumarin (7-HC, squares), and further metabolized into the two phase II
 metabolites, 7-hydroxycoumarin glucuronide (7-HC-G, dots) and 7-hydroxy coumarin
sulfate (7-HC-S, triangles). Total metabolite formation is indicated as HC-total
(cross). Results are mean ± SEM of 3 rats, 3 slice per experiment.

between the biochip and the well plates is the  continuous flow of medium in the

 biochip. This means a constant medium  composition for tissue slice incubation, which

has been shown to be necessary to maintain protein expression and histo- architecture

according to Schumacher et al.8 The conclusion that medium composition remains

constant was supported by the  observation that metabolite formation was constant at

a substrate concentration which was below the saturating concentration (see Figure

7). In contrast, substrate  concentrations in wells decrease over time as enzyme

 consumption of substrate  causes its depletion in the medium, resulting in decreasing

metabolic rates.23 Nutrients are also depleted from the medium in wells over time,

 resulting in a nutrient gradient.  Refreshing the medium, normally after 24 h, can thus

result in a shock for the tissue slices as nutrient concentrations are abruptly  increased.

Sudden changes in medium composition can be avoided in the biochip through the use

of continuous flow,  ensuring that tissue slices do not undergo periodic shock through

abrupt  modifications of their environment. Moreover, medium composition can be

 easily and gradually changed throughout the course of an experiment, if desired. 

Conclusion
We have developed a new in vitro system for PCLS incubation. Incubations were

performed in a 25-µL microchamber (as opposed to a 1.3-mL well) under conditions

of constant flow (10 µL/min). Medium was fully refreshed in the microchamber every
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2.5 minutes, enough to realize a constant and sufficient delivery of oxygen and

 nutrients to the liver slice. In contrast to the well plate format, the microfluidic device

is hermetically sealed, necessitating a different approach to control the transport of

CO2 and O2 into the microchamber. The incorporation of thin, gas-permeable PDMS

membranes as aeration windows in the floor and ceiling of the microchamber

 facilitated this transport, provided the device was placed in an atmosphere  containing

5% CO2 and 95% O2. In-line monitoring of medium exiting the chamber proved that

the microdevice offers a well-controlled environment for liver slices, as the pH and

DO were stable over the 24 h period measured. The polycarbonate filters are also an

important and novel feature of the biochip, as they ensure uniform perifusion of the

liver slice with medium. 

The viability of PCLS remained high during 24 h, as evidenced by the low

 percentage of LDH leakage. Moreover, the observed LDH leakage was comparable

to that in the conventional well plate incubation system, the benchmark for our

 experiments. Further experiments have to be performed to determine the maximum

attainable lifetime of liver slices in the microdevice. The metabolic rate of the slices

in the biochip was fully comparable to those in the well plate, and constant over 3 h.

As a consequence, metabolite concentrations in the medium flowing from the

 microchamber were also constant over time, in sharp contrast to wells, in which

 metabolite concentrations increase over time. Analysis of metabolites produced by

 slices in wells is thus often not possible early on in an incubation experiment, as

 concentrations are too low to be detected. In the flow system, analysis is possible as

soon as sufficient sample has been collected to allow for detection by HPLC, which

is determined by the rate of metabolism and detection limits. In this study, we

 calculated that 10 minutes of incubation should have been enough to assess the

 metabolism rate, making this device more efficient than conventional systems.

 Because of continuous medium flow, the system could also be coupled to an HPLC

system for performing on-line analysis to further increase efficiency, which will be

further investigated in the near future. The continuous flow of medium will remove

the waste products formed by the tissue slices which might affect liver metabolism,

thereby making this system more predictive of the in vivo situation than well plates.

Nutrient concentrations were also constant in the biochip and not being depleted as

in the case of well plates. As a result, the slice does not have a nutrient “shock” in the

biochip as occurs in well plates when the medium is replaced only every 24 h. 

In conclusion, this newly developed microdevice is very suitable for addressing a

variety of both pharmacological and toxicological questions. In particular, it becomes

possible to take into account the effects of flow on the viability and ADME-Tox

 properties of precision-cut tissue slices. Moreover, it enables studies on possible

 interactions between two or more types of tissue by sequentially perfusing several

chambers with slices from different tissues. Since the perifusion system better  mimics
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the in vivo situation, the system has the potential to significantly contribute to drug

metabolism and toxicology studies of novel chemical entities.
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