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Spheroid culture is a preferable cell culture approach for some cell types, including
hepatocytes, as this type of culture often allows maintenance of organ-specific
functions. In this study, we describe a spheroid microarray chip �SM chip� that
allows stable immobilization of hepatocyte spheroids in microwells and that can be
used to evaluate drug metabolism with high efficiency. The SM chip consists of
300-�m-diameter cylindrical wells with chemically modified bottom faces that
form a 100-�m-diameter cell adhesion region surrounded by a nonadhesion region.
Primary hepatocytes seeded onto this chip spontaneously formed spheroids of uni-
form diameter on the cell adhesion region in each microwell and these could be
used for cytochrome P-450 fluorescence assays. A row of microwells could also be
connected to a microchannel for simultaneous detection of different cytochrome
P-450 enzyme activities on a single chip. The miniaturized features of this SM chip
reduce the numbers of cells and the amounts of reagents required for assays. The
detection of four cytochrome P-450 enzyme activities was demonstrated following
induction by 3-methylcholantlene, with a sensitivity significantly higher than that
in conventional monolayer culture. This microfabricated chip could therefore serve
as a novel culture platform for various cell-based assays, including those used
in drug screening, basic biological studies, and tissue engineering applications.
© 2011 American Institute of Physics. �doi:10.1063/1.3576905�

I. INTRODUCTION

Primary hepatocytes have been widely used for a number of different applications, including
in vitro pharmacological assays1,2 and clinical treatments such as bioartificial livers and cell
transplantation.3,4 However, primary hepatocytes isolated from the liver are known to undergo
rapid alterations in their hepatic phenotype during conventional monolayer culture. For this rea-
son, spheroid culture, in which hepatocytes form a three-dimensional �3D� spherical aggregate,
has attracted much attention as a potential method for maintaining in vitro hepatocyte functions.5

Hepatocytes that form a spheroid have a cuboidal cell shapes and continue to express inter-
cellular adhesion molecules that are required for cell-cell communication. They also stably main-
tain many metabolic functions, including those involved in drug metabolism.6,7 Several culture
vessels have been developed to induce the formation of spheroids, such as a low-cell adhesive
surface,5 a porous substratum,8,9 and an agitation tank.10 However, the drawbacks of these culture
systems are the production of spheroids of inconsistent diameters, low throughput, and inability to
immobilize the spheroids at a defined location. In some cases, cells within a large or coalesced
spheroid will become necrotic owing to lack of oxygen, making it difficult to conduct reproducible
assays.11,12
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Microfluidics and microscale technologies have begun to revolutionize cell-based assays.13,14

Microfluidics technologies, in particular, are highly advantageous in a number of situations that
require miniaturization, high throughput, and precise control over cellular microenvironments.15

For example, gradient generators with branched microchannels have been used to control the
spatial distributions of soluble factors over spheroids immobilized within a microchannel.16 Mi-
croscale technologies such as microcontact printing have also found wide use in applications such
as cell immobilization at a defined location.17–19 Most studies that have investigated microcontact
printing have created two-dimensional cell patterns by accelerating or inhibiting cell attachment in
predetermined regions.20 Under these types of culture conditions, hepatocytes typically spread out
and form a monolayer and therefore do not maintain their normal functions. Coculture with
nonparenchymal cells has improved the maintenance of functions of hepatocytes, but the im-
proved function is generally limited to only those cells that are located at the heterogeneous
cell-cell interfaces.21

In the present study, we introduce a microfabricated chip that enables spheroid size control,
immobilization at a defined location, and use in simultaneous drug metabolism assays. In particu-
lar, we demonstrate that the chip can be used to estimate induction of drug metabolism pathways
following chemical administration.

We use the alkoxyresorufin O-dealkylase �AROD� assay, which is a simple and useful method
to evaluate drug metabolism.22 In this assay, four alkoxyresorufins �nonfluorescent� are converted
to resorufin �a fluorescent product� by cytochrome P-450 isozymes. Thus, the activities of ethoxy-,
methoxy-, pentoxy-, and benzyloxy-resorufin O-dealkylases �EROD, MROD, PROD, and BROD�
can be evaluated by measuring the fluorescence intensity of resorufin.23 In rat hepatocytes, the
activities of EROD, MROD, PROD, and BROD are related to CYP1A1, 1A2, 2B1, and 2B2
enzymes, respectively.7 We show that compared to hepatocytes grown in monolayer culture, sphe-
roids are highly suitable for this assay owing to the maintenance of cytochrome P-450 enzyme
activity and their thicker cell aggregate configuration. The presented spheroid culture chip could
potentially be a useful tool for pharmacological assays.

II. MATERIALS AND METHODS

A. Materials and reagents

The materials used for the fabrication of the SM chips were purchased from the following
commercial resources: poly�methylmethacrylate� �PMMA� plates from Seiko, Fukuoka, Japan;
poly�dimethylsiloxane� �PDMS� �Sylgard 184� from Dow Corning, MI, USA; polyethylene glycol
with a thiol group �PEG-SH� �molecular weight: 5000� from Nektar Therapeutics, AL, USA; and
RGD peptide �RGDSAAAAAC� from Sigma-Aldrich, Tokyo, Japan.

The reagents used for cell culture were purchased from the following commercial sources:
collagenase from Wako Pure Chemical Industries, Osaka, Japan; Dulbecco’s modified Eagle me-
dium from Invitrogen Corp., CA, USA; insulin from Sigma-Aldrich; hydrocortisone from Wako
Pure Chemical Industries; epidermal growth factor from Biomedical Technologies Inc., MA, USA;
proline from Wako Pure Chemical Industries; linoleic acid from Sigma-Aldrich; 4, 6-diaminodino-
2-phenylindol �DAPI� from Wako Pure Chemical Industries; 3-methylcholantlene �3-MC� from
Sigma-Aldrich; ethoxyresorufin, pentoxyresorufin, benzyloxyresorufin from Sigma-Aldrich; me-
toxyresorufin from Wako Pure Chemical Industries; and probenecid and dicumarol from Wako
Pure Chemical Industries.

B. Chip fabrication

Figure 1 shows the schematics for the fabrication of SM chips using microfabrication and
microcontact printing. In the present study, we fabricated two types of SM chip. One has indi-
vidual microwells �batch-type SM chip, Fig. 2�a��, whereas the other has microwells connected to
microchannels �flow-type SM chip, Fig. 2�b��. We describe the details of only the flow-type SM
chip since the fabrication processes are similar for both chip types and the details of the batch-type
chip have been described elsewhere.24 Each chip is composed of two plates of PMMA �24 mm
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�24 mm�. The upper side of one 400-�m-thick PMMA plate is fabricated with microchannels
100 �m wide and 100 �m deep using a programmable micromilling system �PMT Corp.,
Fukuoka, Japan�. Holes 300 �m in diameter were then bored along with the microchannel. To
configure the microwells, this plate was placed on a second 200-�m-thick PMMA plate and
bonded by press heating at 110 °C for 6 h. Ten microwells were connected to each of the nine
microchannels �Fig. 2�b��. For the batch-type SM chip, 1575 microwells �300 �m diameter,
400 �m depth, and 330 �m pitch� were fabricated using two PMMA plates similar to those used
for the flow-type SM chip �Fig. 2�a��.

The entire surface of the chip, including the microwells, was then coated with a 10-nm-thick
layer of platinum in an ion sputter unit �Hitachi Science Systems, Ltd., Ibaragi, Japan�. The master
for preparing a stamp for microcontact printing was also fabricated by the micromilling system
�Fig. 1�a��. Concave wells with a 100 �m head diameter were constructed in a thick PMMA plate
using a 300-�m-diameter end mill, followed by a 100-�m-diameter end mill. A PDMS stamp
against the master was molded by casting the liquid PDMS prepolymer �Fig. 2�c��. The PDMS
stamp was briefly treated with oxygen plasma �Harrick Scientific Co., Ossining, NY� to increase
its hydrophilicity and was then inked with 1 mM RGD peptide in phosphate buffer saline �PBS�.
The inked stamp was microscopically contacted with the center of the bottom face of the microw-
ells to create cell adhesion regions �Fig. 1�c��. This peptide contains cysteine at one end, and the
thiol group allows the covalent bonding of the peptide onto a platinum-coated surface.25 The
stamp was then carefully peeled off from the chip substrate. The chip was subsequently immersed
in 5 mM PEG-SH in ethanol solution to create a cell nonadhesion region around the RGD peptide
stamped islands �Fig. 1�c��. The chip was then thoroughly rinsed with distilled, de-ionized water,
and subsequently rinsed with 50% ethanol to remove the unattached PEG-SH and for sterilization.
The chip was then immersed in Dulbecco’s modified Eagle medium and stored at 4 °C until use.

FIG. 1. Schematics of the fabrication of a SM chip with microchannels. �a� Preparation of a stamp for microcontact
printing. Concave wells of 100 �m head diameter were constructed in a PMMA plate, with which a PDMS stamp was
molded. �b� Modification of microwells for cell culture. Microwells 300 �m in diameter and 400 �m in height were
connected to channels 100 �m wide and 100 �m deep. The entire surface of the chip, including microwells, was coated
with a thin platinum layer. The PDMS stamp was inked with 1 mM RGD peptide and microscopically contacted with the
center of the bottom faces of the microwells to create cell adhesion regions. The chip was immersed in 5 mM PEG-SH in
ethanol solution to obtain a cell nonadhesion region around the RGD peptide stamped regions. �c� Spheroid formation in
a microwell.
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C. Hepatocyte isolation and culture medium

Hepatocytes were isolated from the whole liver of an adult Wistar rat �7–8-week-old male,
weighing approximately 200 g� by liver perfusion using 0.05% collagenase. Cell viability was
determined using the trypan blue exclusion method, and cells with over 85% viability were used
for the culture. The culture medium used was Dulbecco’s modified Eagle medium supplemented
with 10 �g /ml insulin, 7.5 mg/ml hydrocortisone, 50 ng/ml epidermal growth factor, 60 mg/l
proline, 50 �g /ml linoleic acid, 0.1 �M CuSO4·5H2O, 3 �g /ml H2SeO3,
50 pM ZnSO4·7 H2O, 58.8 �g /ml penicillin, and 100 �g /ml streptomycin.

D. Cell seeding

The batch-type SM chip was placed in a 35 mm culture dish and then inoculated with isolated
hepatocytes �1�106 cells� in 2 ml of culture medium. After 4 h of culture, the culture medium
was replaced. For the flow-type SM chip, the entire surface of the chip, except the microwell
region at the center, was covered with a PDMS substrate having a large square hole �3.5 mm
�5 mm�, which prevented trapping of cells within the microchannels. The chip with the PDMS
substrate was placed in a 35 mm culture dish and inoculated with hepatocytes �2.5�105 cells� in

FIG. 2. SM chips. �a� Batch-type SM chip. �b� Flow-type SM chip. �c� PDMS stamp for microcontact printing. �d� Pattern
configuration of cell adhesion regions constructed by microcontact printing in the batch-type SM chip, demonstrated using
a red fluorescent paint. �e� Two-dimensional CAD drawing of the flow-type SM chip. �f� Microwells connected to micro-
channels in the flow-type SM chip, visualized with red and green fluorescent solutions.
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100 �l of culture medium in the microwell region of the square hole. After 4 h of culture, the
PDMS substrate was removed and the culture medium was replaced with 2 ml of fresh culture
medium. After 4 h of culture, both chips were cultured on a rotary shaker at 60 rpm. As a control
experiment, hepatocytes �5�105 cells� in 2 ml of culture medium were inoculated onto a 35 mm
type-I collagen-coated dish �Asahi Techno Glass, Tokyo, Japan� to obtain a conventional mono-
layer culture and were then cultured under stationary conditions. The medium was replaced 4 h
after inoculation. Culture media in all the three cultures were replaced at 1 day interval. After 3
days of culture, the survival of hepatocytes inside the spheroids was evaluated by fixing the cells
in 10% buffered formalin, embedding in paraffin, sectioning, and staining with hematoxylin and
eosin or Masson trichrome stain.

E. Fluorescence-based sensing of cytochrome P-450 enzyme activities

The EROD activity with the batch-type SM chip was evaluated after 10 days of culture. The
entire culture medium was replaced with fresh culture medium containing 3-MC at different
concentrations, and the culture was continued for a further 24 h. The chip was washed twice with
PBS solution. Subsequently, 2 ml of PBS solution containing 20 �M ethoxyresorufin, as well as
2 mM probenecid �an inhibitor of glucuronidation� and 25 �M dicumarol �an inhibitor of DT-
diaphorase� to inhibit the secondary metabolism of resorufin, were added to the culture.26 The chip
was incubated for 1 h and the extracellular solution containing resorufin was collected. The
concentration of resorufin was measured using a fluorescence plate reader �excitation wavelength:
544 nm; emission wavelength: 590 nm; Fluoroskan Ascent, Thermo Electron, Vantaa, Finland�.
The number of cells was determined by a conventional fluorescence assay using DAPI �excitation
wavelength: 355 nm; emission wavelength: 460 nm�.27 A standard curve of cell number–
fluorescence intensity was prepared using cell suspensions with densities ranging from 1.0�105 to
5.0�105 cells /ml and used to convert fluorescence intensity to a cell number.

Four AROD activities were simultaneously evaluated using the flow-type SM chip. After 24 h
of activation with 3-MC, using the same protocol mentioned above, a Kimwipe sheet was gently
placed on the outlets of the microchannels to absorb the solution. A drop of PBS solution con-
taining 20 �M ethoxyresorufin, metoxyresorufin, pentoxyresorufin, or benzyloxyresorufin was
then introduced from the inlets to the outlets three times to completely replace the solution in the
microwells. These four solutions were also supplemented with 2 mM probenecid and 25 �M
dicumarol to inhibit the secondary metabolism of resorufin. After removing the Kimwipe, 1 �l of
20 �M ethoxyresorufin, metoxyresorufin, pentoxyresorufin, or benzyloxyresorufin solution was
introduced into each microchannel from the inlets and the chip was incubated for 30 min. The chip
was then washed twice with PBS solution containing 2 mM probenecid and 25 �M dicumarol.
Subsequently, cells that contained the fluorescent product, resorufin, were detected with a confocal
laser microscope �Bio-Rad, Hertfordshire, UK� with an argon laser light source and a 570-nm-long
pass filter. The fluorescence intensity was analyzed using a Macintosh computer with the public
domain NIH IMAGE program.

III. RESULTS AND DISCUSSION

A. SM chips

We have previously reported that microwells can be used to divide seeded cells into subgroups
of a certain number, which then become involved in the formation of one spheroid, thereby
facilitating control over the spheroid size.28 In the previous study, however, the microwells were
fabricated directly at the bottom face of a conventional culture dish using a micromilling machine.
Therefore, all cavities had considerable roughness at the bottom generated by the end mill, which
made chemical modification difficult for the immobilization of spheroids and also interfered with
fluorescent analysis of cellular functions by increasing the fluorescence background. In the present
study, we improved the fabrication procedure and performed a fluorescence analysis with sphe-
roids in microwells of both the batch-type �Fig. 2�a�� and the flow-type �Fig. 2�b�� SM chips.
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Both chips types were composed of two PMMA plates. The batch-type SM chip was fabri-
cated by bonding a plate containing 1575 through holes to a plain PMMA plate. The flow-type SM
chip was fabricated by the same procedure except that microchannels were also constructed. The
microchannels do not have an enclosed structure, and the upper side was open to air.

A PDMS stamp for microcontact printing was made by micromolding �Figs. 1�a� and 2�c��.
The center of the flat-bottomed surface was modified with RGD peptide by microcontact printing
�Fig. 1�b��. The pattern configuration of the cell adhesion regions was visualized using a solution
containing red fluorescent marker �Fig. 2�d��. Although this process was conducted manually
under a microscope, no considerable technical hurdles were encountered, and spots could be
generated in 1575 microwells in only �5 min. The chip was subsequently immersed in the
PEG-SH solution to modify the entire surface of the chip, except the oligopeptide spots. Because
the molecular weight of PEG-SH is approximately three times that of the peptide, our concern was
that PEG-SH might insert itself into the adhesion region or replace the immobilized peptide during
the immersion, resulting in the inhibition of cell adhesion on the cell adhesion region. However,
this phenomenon was not observed. Adhesion was also confirmed by the formation of cell micro-
patterns on a flat substrate without microwells, as previously shown using collagen �data not
shown�.24

B. Spheroids formed within the SM chips

Hepatocytes seeded in the batch-type chip entered each microwell �Fig. 3�a��, aggregated at
the center of the microwell after 12 h of culture and spontaneously formed spheroids on the cell
adhesion regions within 2 days of culture �Figs. 3�b� and 3�c��. More than 1500 spheroids of
uniform diameter formed on a single chip. Similar spheroids were formed in the flow-type chip
�Fig. 3�d��. Initially, a few cells did not enter the microwells and remained on the upper surface or
within the microchannels, between the microwells. However, these cells eventually entered the
microwells during the rotational culture or were removed by medium exchange. The spheroids
formed in both chips maintained their shape for at least 2 weeks.

Because cell necrosis often occurs within the core of large spheroids owing to limited oxygen
supply, the regulation of uniform spheroid size is very important. The diameter of a spheroid at the
survival limit has been mathematically and experimentally calculated to be in the range of
100–200 �m.29–31 Our chip system allows us to regulate the size of spheroid diameters by
changing system parameters such as the microwell diameter, stamp diameter, and inoculation cell
number. In the present study, we successfully controlled the spheroid diameter within the survival
limit. The survival conditions of hepatocytes in the spheroids were investigated by hematoxylin
and eosin staining of vertical sections �Fig. 3�e��. The spheroids exhibited a hemispherical shape
with a diameter of �150 �m. They consisted of viable nucleated cells that were observed even in
the core of spheroids. Masson trichrome staining of the horizontal section demonstrated the round
shape and the presence of collagen fibrils �blue stain in Fig. 3�f��.

Some cell types such as hepatocytes, pancreatic cells, neural stem cells, and embryonic stem
cells require 3D culture environments to maintain their metabolism and growth activity and for
induction of differentiation.32–34 These 3D culture modes are called “spheroid,” “neurosphere,” or
“embryoid body.” Hepatocytes in spheroids had a cuboidal cell shape, unlike the conventional
monolayer culture, in which cells exhibit an extended shape. The shape of hepatocytes is closely
related to the maintenance of their functions in vitro.35 In the previous study, we demonstrated that
hepatocytes that formed spheroids were able to stably maintain several important functions, such
as albumin secretion, urea cycle enzyme activities, and expression of liver-enriched transcription
factors �HNF-4 and C/EBP-�� and cell adhesion molecules �connexin 32, E-cadherin, and claudin
3�.24 In the current study, we focused on drug metabolism functions.

C. Fluorescent sensing of cytochrome P-450 enzyme activities on the chips

Changes in cytochrome P-450 enzyme activities of hepatocyte spheroids exposed to 3-MC, a
carcinogen of polycyclic aromatic hydrocarbons, were detected using the AROD activity assay.26
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Because 3-MC is known primarily to activate EROD activity, the dependence of EROD activity
on the concentration of 3-MC was initially measured using the batch-type SM chip. The activity
was determined by the fluorescence intensity of resorufin eluted from the cells into the culture
medium. The activation of EROD activity was dependent on the concentration of 3-MC �Fig. 4�.
However, at the highest 3-MC concentration �20 �M�, the activity decreased. Although the
mechanism responsible for the decrease is unclear, the results are consistent with those of a
previous study that used human primary hepatocytes, in which a clear peak of the activation by
3-MC was observed at a concentration of 2.5 �M.36 The decrease of 3-MC at higher doses was
apparently not due to the cytotoxic effects of 3-MC. In the present study as well, we found no
significant changes in the shape of spheroids after the evaluation �data not shown�.

We evaluated the simultaneous changes in four AROD activities with the flow-type SM chip.
This chip contained ten microwells connected to a microchannel and a total of nine microchannels
were fabricated on a single chip �Fig. 2�e��. The microchannel was easily flushed and the solution
could be replaced following repeated washing of the channel �Fig. 2�f��. Simultaneous evaluation
of the AROD activities was conducted after activating hepatocytes with 2 �M of 3-MC and
replacing the solution. Figure 5�a� shows a representative image of the red fluorescence of resoru-

FIG. 3. Spheroid formation in the SM chips. �a� Primary hepatocytes seeded in the batch-type SM chip. �b� Hepatocytes
spontaneously formed spheroids with a uniform diameter at the center of each microwell during 2 days of rotational
culture. Hepatocyte spheroids in the batch-type �c� and the flow-type �d� SM chips during 7 days of rotational culture.
Hematoxylin and eosin staining of vertical cross sections �e� and Masson trichrome staining of a horizontal cross section
�f� of representative spheroids in the batch-type SM chip during 3 days of rotational culture.
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fin that was generated from ethoxy-, methoxy-, pentoxy-, and benzyloxy-resorufin by cytochrome
P-450 enzymes. The cell adhesion spots and microwells prevented any washout of the spheroids
during solution replacements.

Similar experiments were also conducted with the batch-type SM chip and a collagen-coated
dish. As shown in Fig. 5�b�, equivalent fluorescence intensities were obtained with both types of
SM chips, and EROD and MROD were significantly induced by 3-MC, as described in the
previous literature.23 In contrast, fluorescence intensity was very weak or undetectable in hepato-
cytes cultured in a monolayer in a collagen-coated dish. Although this type of culture has typically
been used for primary hepatocytes, the cytochrome P-450 enzyme activities may be lost after 10
days of culture. In addition, since spheroids have a cell layer thicker than a monolayer, fluores-
cence detection can be improved. The spheroid culture described here is therefore very suitable for
fluorescence-based assays.

IV. CONCLUSIONS

A combination of microfabrication and microcontact printing was used to construct two types
of hepatocyte culture chips. The resulting batch- and flow-type SM chips allowed spontaneous
formation and immobilization of hepatocyte spheroids at the bottom of microwells. These sphe-
roids stably maintained cytochrome P-450 enzyme activities, which could be detected on the
transparent chips by measuring fluorescence following conversion of alkoxyresorufin to resorufin.
Four alkoxyresorufin O-dealkylase activities were simultaneously measured on the flow-type chip.
This capability is especially important when comparative evaluations are required based on fluo-

FIG. 4. Dependence of EROD metabolism of hepatocyte spheroids on the concentration of 3-methylcholanthrene in a
batch-type SM chip during 10 days of rotational culture. The values and error bars represent the mean and standard
deviation, respectively, of three independent experiments.
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rescent intensity. Our next objective is temporary sealing of the upper side of the microchannels on
the flow-type chip using a flat substrate. This will allow continuous perfusion of solutions con-
taining different drugs for simultaneous evaluation of their effects following the activation of a
single AROD activity on a single chip. Our spheroid microarray chip could potentially be a
fundamental tool for studying drug metabolism and other liver-specific functions in a miniaturized
and stable manner.

FIG. 5. Four AROD activities measured simultaneously with the flow-type SM chip. �a� Representative fluorescence
microscopy image. The red fluorescence of resorufin, which was obtained by the conversion of ethoxy-, methoxy-,
pentoxy-, and benzyloxy-resorufin, was detected on a single chip. �b� Comparison of four AROD activities. The values and
error bars represent the mean and standard deviation, respectively, of three independent experiments.
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