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Abstract A new cell chip technology in the form of a
two-dimensional microarray of HepG2 spheroids was
developed by using the microcontact printing technique.
The chip consisted of several collagen spots in a triangular
arrangement within a 100-mm? area at the center of a glass
plate (24 x 24 mm), which served as the cell adhesion
area; the region excluding the collagen spots that was
modified with polyethylene glycol (PEG) served as the
non-adhesion area. HepG2 cells inoculated onto the chip
gradually formed spheroids with smooth surfaces and high
circularity on each collagen spot due to cell proliferation;
the spheroid diameters remained constant after 10 days of
culture. Such a two-dimensional microarray configuration
of HepG2 spheroids could be maintained for at least
2 weeks. The spheroid diameter was directly proportional
to the pitch between the collagen spots on the chip. This
indicates that we can factitiously control the spheroid
diameter. In addition, albumin secretion activity of HepG2
spheroids increased with the increase of spheroid diameter.
This chip technology may be applicable as a cellular
platform for developing two-dimensional spheroid
microarrays.

1 Introduction

Recently, a cell chip or a cell array, in which living
mammalian cells are patterned on a plate, has advocated
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owing to its various applications [1-8] such as those in
drug screening, cell transfection, cell differentiation stud-
ies, and fundamental cell biological studies. This is because
it can facilitate the observation of cell responses and the
use of various techniques including high-throughput
screening. Among the various cell chips, a cell chip using
liver-derived cells, including primary hepatocytes, or cell
lines, has attracted attention as an in vitro model for
studying liver functions, including drug metabolism and
hepatotoxicity [9-18], because the liver plays many
essential roles in maintaining normal physiology.
Generally, the liver-derived cells are cultured with a
monolayer configuration. However, the differentiated
functions of cells in such a monolayer decrease or are lost.
In contrast, the spheroid (spherical multicellular aggregate)
configuration, which is formed following the rearrange-
ment and compaction of single cell aggregates, has several
advantages over a monolayer configuration. These are as
follows: (i) it possesses a tissue-like structure that includes
cuboidal cells and abundant cytoplasmic organelles, and
expresses intercellular adhesion molecules that are required
for cell communications and the reconstruction of cellular
polarity; and (ii) it exhibits functions of higher levels for
extended periods of time compared to a monolayer con-
figuration [19-21]. Therefore, a cell chip technique using
homogeneous spheroids may lead to the development of a
superior cell chip. Some chips using spheroid cultures have
been reported, for example, Kataoka et al. have developed
a two-dimensional multiarray of hepatocyte spheroids on a
microfabricated polyethylene glycol (PEG)-brush surface
[13], while Griffith et al. have developed a microarray
bioreactor of hepatocyte spheroids by using microfabri-
cated silicon [14]. Matsue et al. have developed a spheroid
array of HepG2 cells by microfabrication of silicon [15].
We have also succeeded in developing a microarray of
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hepatocyte spheroids by microfabrication and microcontact
printing [16-18]. Although we believe that these are an
outstanding technique for the cell chip, it is difficult to
control the spheroid diameter. In particular, the spheroid
diameter of liver-derived cell lines, such as HepG2, easily
varies by cell proliferation [9-12]. Therefore, a technique
that can achieve the control of spheroid diameter will have
advantages over the previous spheroid chip.

Microcontact printing, which is based on the pattern
transfer of materials from a stamp onto a substrate surface,
is widely used as a simple method for surface modification
and can be applied to a variety of purposes including cell
immobilization at a defined location [22, 23]. In this study,
we developed a new cell chip with a simple pattern con-
figuration by employing microcontact printing and by
using collagen and PEG to create a microarray of HepG2
spheroids. Furthermore, we established a method to control
the spheroid diameter by evaluating the effect of the chip
structure on the spheroid microarray formation.

2 Materials and methods
2.1 Collagen/PEG micropatterned chip

Figure 1 shows a schematic diagram of the designed chip.
The chip consisted of several collagen spots in a triangular
arrangement within a 100-mm? region in the center of a
glass plate (24 X 24 mm) that served as the cell adhesion
area, and the region excluding the collagen spots was
modified with PEG to form the non-adhesion area.

The chip was fabricated using microcontact printing
(Fig. 2). First, the surface of the glass plate was coated with a

Collagen/PEG micropatterned chip Top view
24 mm. ‘ . . ﬂDiameter
PEG— | ‘
: Collagen spot ‘ I YW YW Y
10 mm Pitch
Chip condition Diameter Pitch Spot number
Chip 1 100 um 288
Chip 2 200 um 600 um 288
Chip 3 300 um 288
Chip 4 200 um 2744
Chip 5 300 um 1216
Chip 6 100 pm 400 um 672
Chip 7 500 um 418
Chip 8 600 um 288

Fig. 1 Schematic diagram of the collagen/PEG micropatterned chip
and the chip designs used. The chip had several collagen spots in a
triangular arrangement within a 100-mm? area in the center of the
chip (24 x 24 mm), which served as the cell adhesion area, and the
regions excluding the collagen spots that were modified with PEG
served as the non-adhesion area
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10-nm-thick layer of platinum in an ion sputter unit (Hitachi
High-Tech Science Systems Corp., Ibaraki, Japan) to serve
as a substrate on the chip. A stamp was molded by casting the
liquid prepolymer of poly(dimethylsiloxane) (PDMS; Syl-
gard 184, Dow Corning Co., Midland, MI, USA) over the
master stamp, which had small convex wells constructed in a
poly-methylmethacrylate plate. The PDMS stamp was
briefly oxidized by air plasma (Harrick Scientific Co., Oss-
ining, NY, USA) and inked with a 0.15% collagen solution
(Cellmatrix, Nitta Gelatin Co., Osaka, Japan). The inked
stamp was microscopically contacted with the center of the
chip to create the cell adhesion area. The stamp was care-
fully peeled off from the substrate of the chip. Next, the chip
was immersed in 5 mM PEG possessing a thiol group (PEG-
SH; molecular weight, 30,000) (NOF Co., Tokyo, Japan) in
ethanol solution to obtain a cell non-adhesion area around
the collagen spots. With this procedure, the thiol group
allowed the covalent attachment of PEG onto a platinum-
coated surface. The collagen/PEG micropatterned chip was
thoroughly rinsed with distilled, deionized water, followed
by rinsing in 70% ethanol for sterilization and the removal of
unattached PEG-SH. The chip was then immersed in the
culture medium until use.

To understand the effect of the chip structure on the
formation of the HepG2 spheroid microarray, eight dif-
ferent chip designs were fabricated (Fig. 1). The effect of
the diameter of the collagen spots on spheroid formation
was evaluated by using three types of chip designs where
the pitch between the collagen spots was kept the same but
the diameter of the spots was varied (chips 1, 2, and 3 in
Fig. 1). The effect of the pitch between the collagen spots
on spheroid formation was evaluated by using five different
chip designs where the diameters of the spots were the
same, but the pitch between the spots were different (chips
4,5,6,7, and 8 in Fig. 1).

2.2 Preparation of HepG2

HepG2 cell lines (RCB1648, Cell Bank, RIKEN BioRe-
source Center, Ibaraki, Japan) were cultured as a
continuous monolayer in a 55-cm?® tissue culture dish
(Corning Inc., NY, USA) containing 13 mL Williams’
medium E (Sigma-Aldrich Co., MO, USA) supplemented
with 10% fetal bovine serum (FBS), 2 mM L-glutamine,
100 U/mL penicillin, and 100 pg/mL streptomycin.

2.3 HepG2 culture on the collagen/PEG
micropatterned chip

A HepG2 suspension was obtained from a confluent
monolayer on the tissue culture dish by treating with 0.25%
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Fig. 2 Fabrication process of Pt

the collagen/PEG

micropatterned chip
Glass plate Pt

PEG-SH solution

o Mo =

trypsin treatment. The suspension with a cell density of
2.5 x 10° cells/mL was inoculated onto the chip in a
polystyrene dish (diameter, 35 mm) containing 2 mL of the
culture medium. After 2 h of culture, the cell-inoculated
chip was transferred to another polystyrene dish containing
2 mL of fresh culture medium in order to remove the cells
that did not adhere to the chip. The culture medium was
changed at one-day intervals. All cells were cultured in a
humidified atmosphere of 5% CO, and 95% air at 37 °C.

2.4 Evaluation of spheroid conformation

The three-dimensional conformation of HepG2 spheroids
on the chip was observed using a wet scanning electron
microscope (wet-SEM; Hitachi Ltd., Tokyo, Japan).

To evaluate the time course of changes in the spheroid
diameter, images of 100 spheroids that were formed on the
chip were taken using a phase-contrast microscope at 3, 5,
7, 10, and 14 days of culture. The diameters were measured
using a Windows personal computer installed with a two-
dimensional image analysis program (Win ROOF, Mitani
Corp., Fukui, Japan). The diameter was calculated using
the equivalent circle diameter (ECD) method whereby the
spheroid area was converted into an ECD.

The conditions for the survival of the cells inside the
spheroids were evaluated by hematoxylin and eosin (HE)
staining; spheroids at 14 days of culture were fixed in 3.7%
buffered formalin, embedded in paraffin, sectioned, and
stained with HE.

2.5 Evaluation of liver functions

The albumin secretion activity of the HepG2 cells was
evaluated as a typical liver function. The concentration of
albumin that was secreted in the culture medium during
24 h was detected by an enzyme-linked immunosorbent
assay (ELISA) conducted using a commercially available
kit (Albuwell II; Exocell Inc., PA, USA). The albumin
secretion activity was evaluated at 3, 7, and 14 days of

PDMS
Collagen Pt
Collagen : :

/Collagen

Collagen PEG

Dryness

=)

Glass plate Pt

culture, and their values were normalized with the cell
number during that culture time.

The cell number was determined by a modified DNA-
DAPI (4’ ,6-diamidino-2-phenylindole) fluorescence method
[18]. Briefly, the DNA from the HepG2 spheroids was
extracted by a DNA extraction solution that consisted of
TEN buffer (50 mM Tris—-HCI, 5 mM EDTA, 100 mM
NaCl; pH, 7.5) containing 100 pg/mL proteinase K (Wako
Pure Chemical Industries Ltd., Osaka, Japan). A DAPI
solution, which consisted of TEN buffer containing 1 pg/mL
DAPI (Wako Pure Chemical Industries Ltd., Osaka, Japan),
was prepared for the measurement of DNA-DAPI fluores-
cence. The extracted DNA solution was mixed with the
DAPI solution in a 1:1 ratio, and the fluorescence was
measured using a fluorescence plate reader (excitation
wavelength, 355 nm and emission wavelength, 460 nm)
(Fluoroskan Ascent; Thermo Electron Corp., Vantaa, Fin-
land). A standard curve of cell-DNA was constructed using
cell suspension values. The constructed standard curve was
used to convert the DNA-DAPI fluorescence values obtained
from the plate reader to the cell number.

2.6 Statistical analysis

Data obtained from experiments of spheroid diameter and
liver function represented the mean + standard deviation of
four chips from two independent cell preparations and four
points from one independent cell preparation, respectively.
Statistical analysis of the numerical variables was per-
formed by using a repeated-measures ANOVA test. A
value of p < 0.05 was considered to be significant.

3 Results

3.1 Spheroid formation on the collagen/PEG
micropatterned chip

The HepG2 cells inoculated onto the chip attached to the
collagen spot within 2 h and formed a monolayer. The
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monolayer configuration on the collagen spot remained
until approximately 3 days of culture (Fig.3a, d, g).
Thereafter, the HepG2 cells gradually formed spheroids on
each collagen spot by cell proliferation (Fig. 3b, e, h); with
further proliferation the spheroid configuration was main-
tained. After approximately 10 days of culture, the
resulting spheroids attained smooth surfaces and high cir-
cularity (Fig. 3c, f, i). Furthermore, an SEM image
revealed that they had a domed structure on the collagen
spot (Fig. 4). There were no hepatocytes attached to the
PEG area on the chip during the culture. This two-
dimensional microarray configuration of HepG2 spheroids
was maintained for at least 2 weeks of culture.

Figure 5 shows the changes in the spheroid diameters in
different chip designs where the diameters of the collagen
spots were varied. In chips with collagen spots of diame-
ters 100 and 200 pm (chips 1 and 2, respectively), the
spheroid diameter increased drastically from the third till
the 10th day of culture, following which it remained
constant. In contrast, in the chip with the collagen spots of
diameter 300 um (chip 3), the spheroid diameter was not
greater than the diameter of the collagen spots during the
culture period. As a result, the spheroid diameters in these
three chip designs were observed to remain in the range of
250-300 pm.

3.2 Effect of the pitch between collagen spots

Figure 6 shows the spheroid morphologies at 14 days of
culture in chips with different pitches between the collagen

Fig. 3 Phase-contrast
micrographs of cell
configurations on chip 1
(diameter of collagen spot,

100 pm) (a—c); chip 2 (diameter
of collagen spot, 200 pum) (d—f);
and chip 3 (diameter of collagen
spot, 300 pm) (g-i). (a, d, g),

1 day of culture; (b, e, h),

5 days of culture; and (c, f, i),
10 days of culture

Chip 1
(Diameter, 100 um)

Chip 2
(Diameter, 200 pum)

Chip 3
(Diameter, 300 um)
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Fig. 4 Wet-SEM micrograph of a representative HepG2 spheroid
formed on the collagen/PEG micropatterned chip at 14 days of
culture

spots. The HepG2 cells in chips of all designs formed
spheroids with smooth surfaces and high circularity.
Although each spheroid existed independently on chips
with pitches longer than 300 pm (chips 5, 6, 7, and 8),
some spheroids were bridged together in the chip with a
200-pum pitch (chip 4).

The spheroid diameter in each chip design drastically
increased during the initial 10 days of the culture; however,
the diameter remained constant thereafter (Fig. 7a). Fur-
thermore, the spheroid diameter increased with an increase
in the pitch between the collagen spots on the chip. For
example, the spheroid diameters of chip 4 (200-pm pitch),
chip 5 (300-pm pitch), chip 6 (400-um pitch), chip 7 (500-

Day 5

Day 10
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350

Spheroid diameter [um]

1 1 L 1
500 3 6 9 12 15

Culture time [day]

Fig. 5 Change in the spheroid diameters on chip 1 (diameter of
collagen spot, 100 pm) (M), chip 2 (diameter of collagen spot,
200 pm) (<), and chip 3 (diameter of collagen spot, 300 pum) ().
Error bars represent SD. *p < 0.05 compared with the value of chip 1

pum pitch), and chip 8 (600-um pitch) at 14 days of culture
were 133 £ 11, 174 £ 15, 219 £ 17, 247 +18, and
267 = 22, respectively. These results revealed that the
pitch is positively correlated with the spheroid diameter
(Fig. 7b).

3.3 Internal conditions of the spheroids

Conditions for the survival of cells in the spheroids of
different diameters were observed by HE staining (Fig. 8).
The spheroids that were approximately less than 180 um in
diameter consisted of viable nucleated cells that were

Fig. 6 Phase-contrast
micrographs of hepatocyte
configurations on chip 4 (pitch
between collagen spots,

200 pm), chip 5 (pitch between
collagen spots, 300 pm), chip 6
(pitch between collagen spots,
400 pm), chip 7 (pitch between
collagen spots, 500 pm), and
chip 8 (pitch between collagen
spots, 600 um) at 14 days of
culture

Chip 4 (Pitch; 200 um)

Chip 7 (Pitch; 500 pm)

observed even in the core of the spheroids; however,
spheroids with diameters more than 180 um revealed cell
necrosis within their core.

3.4 Liver functions

The albumin secretion activity in the HepG2 spheroids in
different chip designs was compared at 3, 7, and 14 days of
culture. Although the level of albumin secretion activity
per cell was almost the same in all the chip designs at
3 days of culture, the level increased with the spheroid
formation. Furthermore, the level of albumin secretion
activity per cell increased with the increase of spheroid
diameter at 7 and 14 days of culture (Fig. 9).

4 Discussion

Spheroid culture has been strongly advocated as a highly
useful in vitro model that should be used in place of the
traditional monolayer culture. Therefore, many researchers
have begun using spheroid culture of various cells for a
variety of applications.

Among the cell lines used in these cultures, HepG2 cells
have highly differentiated functions, and it has been
reported that these functions are further upregulated by
spheroid formation [24-26]. Therefore, HepG2 spheroid
culture is a useful technique for an in vitro model for
studying hepatotoxicity and tumorigenesis, and as a cell
source of bioartificial liver. In this study, we succeeded in
developing a two-dimensional microarray of HepG2
spheroids. In the chips used, the location of spheroid for-
mation was controlled by micropatterned collagen spots.

Chip 6 (Pitch; 400 pm)

Chip 5 (Pitch; 300 pm)

Chip 8 (Pitch; 600 pm)

500 pm
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(A) 300
275
250
225
200

175

Spheroid diameter [um]

150

125}

Culture time [day]

Fig. 7 (a) Change in the spheroid diameters on chip 4 (pitch between
collagen spots, 200 pm) (A), chip 5 (pitch between collagen spots,
300 pm) (o), chip 6 (pitch between collagen spots, 400 um) (@), chip
7 (pitch between collagen spots, 500 um) (O), and chip 8 (pitch

0] %L
é‘k‘s}‘ é"&" Suw '4
: ..&' 3 gl'{.

- g
96 pm 144pum

159 pm

198 um

Fig. 8 HE staining photographs of representative HepG2 spheroids
formed on the collagen/PEG micropatterned chip at 14 days of
culture

Thus, the HepG2 spheroids were immobilized on the chips
at regular predetermined intervals. Furthermore, the
spheroid diameter was strongly positively correlated with
the pitch between the collagen spots on the chip. This
important finding indicates that we can factitiously control
the spheroid diameter by using chips with different pitches
between cell adhesion spots. Such a technique for the
control of spheroid diameter has not been reported in other
studies. Therefore, this may be a more useful technique for
an in vitro model than previous techniques using spheroid
formation.

An interesting observation from the study was that the
diameter of the HepG2 spheroids in all chip designs
increased from the third till the 10th day of culture and
subsequently remained constant for at least 2 weeks. The
mechanism responsible for the constancy of the spheroid
diameters is still unclear. However, it may be hypothesized
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Spheroid diameter [um]
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100

100 200 300 400 500 600

Pitch between collagen spots [um]

700

between collagen spots, 600 pm) (H). (b) Relation between the
spheroid diameter and the pitch between collagen spots at 14 days of
culture. Error bars represent SD. *p < 0.05 compared with the value
of chip 4

12

Day 3

10

Albumin secretion rate
[pg/106cells/day]

B V)
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Chip condition

Fig. 9 Albumin secretion activities of HepG2 spheroids on chip 4
(pitch between collagen spots, 200 um), chip 5 (pitch between
collagen spots, 300 um), chip 6 (pitch between collagen spots,
400 pm), chip 7 (pitch between collagen spots, 500 pm), and chip 8
(pitch between collagen spots, 600 um) at 3, 7, and 14 days of
culture. Error bars represent SD. *p < 0.05 compared with the value
of chip 4

that the spheroid size and cell growth are regulated by the
concentrations of oxygen and the nutrients around spher-
oids and/or by the secretions from each spheroid. We
believe that an analysis of the culture medium surrounding
the spheroids may lend support to our hypothesis. Another
observation with regard to the HepG?2 spheroid microarray
was that each spheroid existed independently on chips that
possessed a pitch of more than 300 pm between the col-
lagen spots; however, some spheroids were bridged
together on chips with a 200-pm pitch. In case of chips
with small pitches, some HepG2 cells that were inoculated
on the chips adhered to each other to form links between
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adjacent collagen spots, thereby giving rise to some
spheroid bridges. This phenomenon is similar to the one
reported by Kataoka et al. where bovine aortic endothelial
cells could not be patterned in cases where the distance
between the cell adhesion regions was less than 100 um
[13]. Consequently, a chip with a distance of more than
100 pm between adjacent collagen spots (as observed in
this study, a chip with a pitch greater than 300 pm and the
diameter of collagen spots, 100 pum) may be a more suit-
able design for precise spheroid microarray.

The level of albumin secretion activity per cell increased
with the increase of spheroid diameter. Increased cell den-
sity and extensive cell-cell contacts in the large spheroids
may explain the enhanced differentiated function of HepG2
cells. An evaluation of the detailed relationship between
spheroid diameter and many liver functions including
mRNA expressions will be the focus of our next study. On
the other hand, the HepG2 spheroids of more than 180 pm
in diameter revealed dead cells in their core. This result is
similar to that of a previous report [26]. The spheroids are
avascular structures; hence, oxygen and nutrients that are
necessary for cell survival are supplied by diffusion through
the spheroid surface to the core. Thus, cell death occurs
within the core of large spheroids. Generally, the presence
of a necrosed cell layer within the spheroids is not desirable
for studying drug metabolism, hepatotoxicity, and bioarti-
ficial liver. Therefore, the HepG2 spheroids that were less
than 180 pm in diameter will be better for these applica-
tions. On the other hand, the large spheroids having necrotic
or hypoxic core may be a useful cancer model.

The chip designed in this study is simple in structure and
easy to handle. Although we used collagen to form cell
adhesion areas in this study, a chip micropatterned with
other extracellular matrixes and artificial materials can also
be designed by using the microcontact printing technique.
Therefore, we believe that the chip developed by us may be
applicable as a generic two-dimensional spheroid micro-
array of various cells.

5 Conclusion

A simple cell chip micropatterned with collagen and PEG
was designed using the microcontact printing technique.
HepG2 cells formed spheroids with smooth surfaces and
high circularity on each collagen spot patterned onto the
chip following cell proliferation, thereby establishing a
two-dimensional microarray of HepG2 spheroids. In addi-
tion, we found that the spheroid diameter could be
factitiously controlled by changing the pitch between the
collagen spots on the chip. This technique may be appli-
cable as a cellular platform for the development of two-
dimensional spheroid microarrays of various cells.

Acknowledgements This research was supported by funds from the
Japanese Ministry of Education, Culture, Sports, Science and Tech-
nology (MEXT) via the Kitakyushu innovative cluster project and a
Grant-in-Aid for Young Scientists (B) (17760628).

References

1. J. ZIAUDDIN and D. M. SABATINI, Nature 411 (2001) 107
2. J. P. STEPHAN, S. SCHANZ, A. WONG, P. SCHOW and W. L.
T. WONG, Am. J. Pathol. 161 (2002) 787
3. C. J. FLAIM, S. CHIEN and S. N. BHATIA, Nat. Methods 2
(2005) 119
4. 1. K. KO, K. KATO and H. IWATA, Biomaterials 26 (2005) 4882
5. A. REVZIN, P. RAJAGOPALAN, A. W. TILLES, F. BER-
THIAUME, M. L. YARMUSH and M. TONER, Langmuir 20
(2004) 2999
6. A. KHADEMHOSSEINI, K. Y. SUH, J. M. YANG, G. ENG, J.
YEH, S. LEVENBERG and R. LANGER, Biomaterials 25
(2004) 3583
7. H. ANDERSSON and A. BERG, Lab Chip 4 (2004) 98
8. Y. ITO and M. NOGAWA, Biomaterials 24 (2003) 3021
9. J. H. YEON and J. K. PARK, Anal. Biochem. 341 (2005) 308
0. J. XU, M. MA and W. M. PURCELL, Toxicol. Appl. Pharmacol.
189 (2003) 100
11. B. LAMBERT, L. D. RIDDER, G. SLEGERS, V. GELDER, R.
A. DIERCKX and H. THIERENS, Can. J. Physiol. Pharmacol.
82 (2004) 146
12. J. M. KELM, N. E. TIMMINS, C. J. BROWN, M. FUSSE-
NEGGER and L. K. NIELSEN, Biotechnol. Bioeng. 83 (2003)
173
13. H. OTSUKA, A. HIRANO, Y. NAGASAKI, T. OKANO, Y.
HORIIKE and K. KATAOKA, Chembiochem 5 (2004) 850
14. M. J. POWERS, D. M. JANIGIAN, K. E. WACK, C. S. BAKER,
D. B. STOLZ and L. G. GRIFFITH, Tissue Eng. 8 (2002) 499
15. Y. TORISAWA, A. TAKAGI, Y. NASHIMOTO, T. YASUK-
AWA, H. SHIKU and T. MAYSUE, Biomaterials 28 (2007) 559
16. J. FUKUDA and K. NAKAZAWA, Tissue Eng. 11 (2005) 1254
17. J. FUKUDA, Y. SAKAI and K. NAKAZAWA, Biomaterials 27
(2006) 1061
18. K. NAKAZAWA, Y. IZUMI, J. FUKUDA and T. YASUDA, J.
Biomater. Sci. Polymer Edn. 17 (2006) 859
19. N. KOIDE, K. SAKAGUCHI, Y. KOIDE, K. ASANO, M.
KAWAGUCHI, H. MATSUSHITA, T. TAKENAMI, T. SHINIJI,
M. MORI and T. TSUJIL, Exp. Cell Res. 186 (1990) 227
20. J. Z. TONG, P. D. LAGAUSIE, V. FURLAN, T. CRESTEIL, O.
BERNARD and F. ALVAREZ, Exp. Cell Res. 200 (1992) 326
21. H. JIMA, T. MATSUSHITA, K. NAKAZAWA, Y. FUJII and K.
FUNATSU, Tissue Eng. 4 (1998) 213
22. S. ZHANG, L. YAN, M. ALTMAN, M. LASSLE, H. NUGENT,
F. FRANKEL, D. A. LAUFFENBURGER, G. M. WHITESIDES
and A. RICH, Biomaterials 20 (1999) 1213
23. R. S. KANE, S. TAKAYAMA, E. OSTUNI, D. E. INGBER and
G. M. WHITESIDES, Biomaterials 20 (1999) 2363
24. M. KHALIL, A. S. PANAHI, R. TOOTLE, T. RYDER, P. M.
CLOSKEY, E. ROBERTS, H. HODGSON and C. SELDEN, J.
Hepatol. 34 (2001) 68
25. Y. YAMASHITA, M. SHIMADA, E. TSUJITA, S. TANAKA, H.
IJIMA, K. NAKAZAWA, R. SAKIYAMA, J. FUKUDA, T.
UEDA, K. FUNATSU and K. SUGIMACHLI, Cell Transplant. 10
(2001) 717
26. J. FUKUDA, K. OKAMURA, K. NAKAZAWA, H. IJIMA, Y.
YAMASHITA, M. SHIMADA, K. SHIRABE, E. TSUJITA, K.
SUGIMACHI and K. FUNATSU, Cell Transplant. 12 (2003) 51

@ Springer



	Two-dimensional microarray of HepG2 spheroids �using collagen/polyethylene glycol micropatterned chip
	Abstract
	Introduction
	Materials and methods
	Collagen/PEG micropatterned chip
	Preparation of HepG2
	HepG2 culture on the collagen/PEG micropatterned chip
	Evaluation of spheroid conformation
	Evaluation of liver functions
	Statistical analysis

	Results
	Spheroid formation on the collagen/PEG micropatterned chip
	Effect of the pitch between collagen spots
	Internal conditions of the spheroids
	Liver functions

	Discussion
	Conclusion
	Acknowledgements
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (None)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /SyntheticBoldness 1.00
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org?)
  /PDFXTrapped /False

  /Description <<
    /ENU <>
    /DEU <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [2834.646 2834.646]
>> setpagedevice


