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Abstract
For animal-free in vitro prediction of systemic toxicity in humans, one possible approach is multi-
compartmental micro-cell culture device (on-chip human) where important organs-derived cells are 
simultaneously cultured in a physiologically-relevant perfusion circuit using microfluidic technologies. We 
newly developed a disposable-type three-compartment micro-cell culture based on polydimethylsiloxane 
(PDMS) and small magnetic stirrer-based pumps. By changing several valves on the device, we can select 
two different perfusion modes, that is, independent perfusion of each compartment and entire perfusion 
over the device, so that, cells derived from different organs can first be cultured independently according to 
individual culture protocol and then they are connected for entire perfusion to mimic systemic toxicity. As a 
preliminary evaluation, we isolated and immobilized rat primary mature adipocytes in the device because it 
primary controls the distribution of hydrophobic chemicals. We isolated and immobilized rat primary mature 
adipocytes. Although the specific gravity of mature adipocytes is slightly lower than that of culture medium, 
they were successfully immobilized in a homogeneously dispersed manner in a 3D non-woven fabrics-based 
scaffold. As a model of toxic chemicals, distribution of fluoranthene over the device was continuously and 
non-invasively monitored by an image acquisition system in terms of its fluorescence, and we successfully 
observed specific accumulation of fluoranthene in the adipocyte-containing fat tissue compartment.
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Introduction
Prediction of adsorption, distribution, metabolism 

and excretion (ADME) of chemical is very important 
when developing phermaceut ica ls and food 
ingredients. ADME is usually evaluated in animal 
experiments, but this raises problems of ethics and 
species differences. As an alternative approach, 
combination of human-cell-based in vitro cytotoxicity 
tests and physiologically-based toxicodynamics/
toxicokinetic (PBTD/TK) model has been proposed 
(DeJongh et al., 1999, Blaauboer, 2003). However, 
they canno t d i scover unan t i c ipa ted in v ivo 
metabolism.

Shuler and co-workers proposed an in vitro 
micro-cell culture device using a hard silicon 
substrate and tried to reproduce an in vivo process 
in which intravenously administered naphthalene 
is metabolically activated in the liver to express 
specific toxicity in the lung (Viravaidya et al., 2004). 
However, their devices use expensive silicon which 
is not suitable for disposable device. In addition, 

their devices use an external syringe pump. When we 
consider actual applications in screening chemicals, 
much simpler and inexpensive devices should be 
required. 

To meet the this demands of the application side 
as mentioned above, polydimethylsiloxane (PDMS)-
based micro-bioreactors is promising because PDMS 
is a biologically inert, transparent and highly-oxygen-
permeable material that can be compatible with a 
mold-based microfabrication technology (Leclerc et 
al., 2003, Leclerc et al., 2004). In addition, recently, 
micro-stirrer based pumping systems have been 
incorporated for an complete on-chip perfusion in 
PDMS based microreacters(Lu et al., 2002, Yuen et 
al., 2003, Ryu et al., 2004). 

Toward a final goal, that is, physiologically 
relevant micro-coculture system (on-chip human), 
we developed a PDMS based three-compartment 
micro-bioreactor that have internal pumping 
system based on magnetic stirring. To assess the 
distribution of chemicals, we immobilized mature 
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rat adipocytes in one of the compartments, and used 
fluorescent imaging to measure the accumulation of a 
hydrophobic fluorescent chemical in the cells.

Materials and methods
Device fabrication

Fabrication process is shown in Fig. 1. Negative 
photo resist SU-8 (Micro Chem) was spin-coated for 10 
sec at 1,000rpm, heated to 65 °C for 60 min and to 95 
°C for 60 min. The SU-8 coated wafer, was irradiated 
by an ultraviolet (UV) light at 300 W cm–2 through a 
photo mask for 80 sec and heated to 95 °C for 60 min, 
followed by immersing in 1-methoxy-2 propylacetone 
for 60 min, which removes non-irradiated SU-8 on 
the wafer. Then, SU-8 cast plate was exposed with 
triflorocarbon. A mixed solution of PDMS polymer: 
cross-linker at a volume ratio of 10: 1 was poured on 
the cast wafer, which was heated to 75 °C for 60 min 
to yield a solid PDMS. Polymerized PDMS was peeled 
off from the cast plate and the PDMS was surface-
treated with O2 plasma for 10 sec. A part of PDMS 
for stirrer bars was treated with a 2% Cytop fluorine 
resin solution (Asahi Glass Co., Ltd.) and heated to 
180 °C for 60 min. Magnetic stirrers and non-woven 
polylactic acid fabrics (: polylactic acid, fiber diameter: 
of 50 µm, base weight: of 60 gm-2; kindly gifted from 
UNITIKA. LTD.) were placed in the concave portion 
of the upper PDMS plate and the PDMS plate was 
stacked with the lower PDMS plate after contacting 
surfaces of the two PDMS plates were treated with O2 
plasma, to chemically bond them. Silicon tubes with an 
internal diameter of 1 mm were installed on the outside 
of the PDMS to introduce solution and connect each 
compartment.

Adipocyte isolation and immobilization to the 
device

Epididymal and visceral fat tissues from a five-
week-old male rat were soaked perfused in Krebs-
Ringer buffer (Sigma) including 10 mg ml-1 of 

collagenase and shaken at 37 °C for 1h. The resulting 
solution was perfused through a 100 µm nylon mesh 
and centrifugally separated at 1,400 rpm for two 
min. Adipocytes were collected in the supernatant 
(Tsuchiya et al., 2006).

The device was sterilized using 70 % ethanol and 
filled with a 1 mM HCl water solution including 0.3 
mg mL-1 collagen. Once collagen was physically 
absorbed onto the PDMS surface, it was washed in 
0.01 M of phosphate buffer (pH = 7.4). The device 
was filled with Dulbecco's modified Eagle medium 
(DMEM, Gibco) including 10 % fetal bovine serum, 
20 mM of hydroxyethylpiperazine-N'2-ethanesulfonic 
acid, 4.0 mM of L-glutamine, 100 units of mL-1 
penicillin, 100 µg of mL-1 streptomycin, and 0.25 
µg of mL-1 amphotericin B. Then, 1 x 106 mature 
adipocytes were introduced into the compartment 
with the non-woven fabric, and perfusion cultivation 
was conducted overnight.

Visualization of chemical distribution
As a model toxic chemical, we used fluoranthene 

t h a t i s a h y d r o p h o b i c c a r c i n o g e n a n d h a s 
fluorescence. By perfusing DMEM, including 50 
µM of fluoranthene, in the device, we measured 
distribution of fluoranthene over the device including 
fat tissue compartment at 6, 12, and 24 hours using 
a fluorescent image analyzer (LAS-3000, FUJIFILM 
Corporation). The fluorescence intensity per unit area 
was calculated and used as an index for distribution 
and accumulation in each compartment.

Results and discussion
All flow paths of the device are 1 mm wide and 

560 µm high. Compartment area for each cell culture 
is 1.3 cm2 and it has six pillars (1 mm in diameter) 
to disperse the solution in inflow and outflow. In 
separate perfusion, the silicon tube is used as a 
valve by blocking it from outside using a small 
clip. To confirm that the solution in the device is 
independently perfused in one compartment (each 
compartment perfusion) and perfused in all entire 
three compartments (complete perfusion) by opening 
and closing the valve in the flow path connecting 
compartments, three compartments were filled with a 
color solution and perfused using a stirrer revolving at 
1,000rpm. In each compartment perfusion, in which 
the valve was closed, each compartment and flow 
paths were filled with pigment different from another 
compartment, but no inflow went into the center 
compartment and pigments in each compartment 
were not mixed with those in other compartments (data 
not shown). On the other hand, in complete perfusion, 
the solution in the three-compartments became almost 
the same color in about ten minutes, confirming that 
the water solution throughout the device was almost 
homogeneous (data not shown).

Fig. 1 Fabrication process of the three-compartment device
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To evaluate the ADME of chemical in human body 
by in vitro testing, the volume ratio of the culture 
medium and cell should be as close to that in vivo 
as possible. When the number of cells is small, the 
total surface contacting with the culture medium, 
including chemicals, becomes small. Accordingly, 
exchange of toxic chemicals between cells and culture 
medium differs greatly from that in vivo, making it 
difficult to evaluate distribution and accumulation. 
Therefore, high-density cell culturing is required. In 
this study, we used three-dimensional non-woven 
fabric as a scaffold for adipocyte immobilization. 
When introducing 1.0 x 106 mature adipocytes into 
a compartment with a volume of 0.073 cm3 (1.3 cm2 
area by 0.056 cm high) filled with nonwoven fabric 
scaffold, we found that cells were immobilized 
highly densely but in a well-dispersed manner in the 
scaffold (Fig. 2). Assuming that mature adipocytes 
are 50 µm in diameter, they were immobilized with 
a filling factor of at least 31 % (cm3- adipocyte/ 
cm3-compartment) in the compartment. Further 
improvement might be needed, but, we consider 
that the current cell density can be used for in 
vitro evaluation of the contribution of fat tissue to 
distribution process in the body.

With all valves open between compartments 
in the complete system, we introduced 50 µM of 
fluoranthene at a final concentration into the device 

and conducted fluorescent imaging. The distribution 
of fluoranthene reached equilibrium after 6 hours 
of perfusion. We found strong fluorescence in the 
adipocytes-containing fat tissue compartment, but 
only weak and homogeneous fluorescence on the 
inner wall and tube in other compartment (Fig. 3). 
Conducting the same measurement using the device, 
with non-woven fabric but no adipocytes in the 
compartment as a comparison, almost no fluoranthene 
was absorbed and accumulated in the non-woven 
fabric itself (Fig. 3). Quantitative image analysis in 
terms of fluorescence intensity per unit area showed 
that approximately five times higher amount of 
the chemical was accumulated in the adipocyte-
containing fat tissue compartment when compared 
with adipocyte-free compartment.

Conclusion
We have developed a multi-compartment coculture 

PDMS device, having a stirrer for complete on-chip 
perfusion and non-woven fabric for 3D high-cell-
density immobilization in the compartment. Using 
the device, we determined that, in cells in multiple 
compartments, the distribution of accumulated 
fluorescent pigments can be simultaneously detected 
through fluorescent imaging. We will introduce model 

Fig. 2 Photograph of the mature rat adipocyte immobilized in 
the nonwoven fabrics

Fig. 3 Distribution of fluoranthene in the three-compartment 
device
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cells of target organs and metabolic organs such as 
the liver, and evaluate the contributions of distribution 
and metabolism on the final toxicity when a toxic 
fluorescent material is loaded. Through such work, 
we hope to demonstrate the effectiveness of such in 
vitro devices in determining the effect of chemical on 
the human body without animal tests.
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