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Efficient Induction of Hepatocyte Spheroids in a Suspension Culture
Using a Water-Soluble Synthetic Polymer as an Artificial Matrix1
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The preparation of hepatocyte spheroids by adding a water-soluble synthetic polymer as an
artificial matrix was performed in a cell suspension system. Cell-aggregation was promot-
ed without cytotoxicity by adding Eudragit (a copolymer of methacrylic acid and
methylmethacrylate) to the culture medium. Spheroid-like cell aggregates, whose liver
functions were enhanced, were effectively formed in the presence of 0.1% Eudragit,
independent of the cultural substratum. Moreover, the mass preparation of spheroids could
be achieved with a high production yield by means of a suspension culture in a spinner
flask. In this case, the polymer protected the cells from damage due to agitation. The
spheroids induced with Eudragit expressed high liver functions, such as albumin secre-
tion, ammonia removal, and urea synthesis. On histological observation, the spheroids
showed a well-developed cell adhesion apparatus and bile canaliculi. In addition, a higher
calcium ion concentration in the cells of spheroids was observed compared with in
monolayer cells.
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Cell-matrix and cell-cell interactions are important in the
maintenance and growth of differentiated tissues and also
in embryonic organogenesis (1). In hepatocyte cultures, the
interactions have been extensively investigated in a two-
dimensional monolayer culture system on various cultural
substrata coated with extracellular matrix components
such as collagen or fibronectin (2, 3). These studies reveal-
ed that not only growth factors and hormones but also these
interactions were important for maintaining the expression
of liver specific functions.

On the other hand, hepatocytes exhibit a different
morphology depending on the surface of a cultural substra-
tum. For example, the cells spread over and form a flat
monolayer on a collagen-coated culture dish. Hepatocytes
were in contact with each other, with a round shape, on a
dish coated with a laminin-rich, tumor-derived EHS gel. It
was found that hepatocytes cultured on the EHS gel
expressed enhanced liver functions (4-6). Thus, it is
reasonably assumed that the cell adherent matrix influ-
enced cell-cell contact and cell morphology, and the high
liver functions were induced by the morphological change
(2, 3, 5).
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In recent years, another characteristic morphological
form of hepatocytes, spheroids, has attracted great atten-
tion. When hepatocytes were cultured on proteoglycan-
coated or positively-charged dishes, the cells formed three-
dimensional, high cell density packed, multicellular aggre-
gates called spheroids (7-9). Some researchers have
reported spheroid formation using various cultural sub-
strata (10-13). Hepatocyte spheroids have also been
observed to exhibit long-term enhanced liver functions
compared with a monolayer culture (10, 11). Since hepato-
cyte spheroids exhibit and maintain high liver functions,
they have been expected to be applicable to a bioartificial
liver support system. In most cases, however, the prepara-
tion of hepatocyte spheroids depends on a cultural substra-
tum and requires a large surface area for initial cell
attachment. Therefore, the supply of a surface area has
been a limiting factor for the preparation of large amounts
of spheroids sufficient for constructing a bioartificial liver.
As an approach to solve this problem, Ueno et al. used a
thermo-sensitive gel matrix as a culture substratum for
harvesting spheroids (13). Alternatively, Sakai et al. and
Wu et al. attempted to induce hepatocyte spheroids in a
suspension culture (14, 15). However, they only incubated
the cell suspension in a spinner flask with stirring, and
spontaneous cell aggregation was induced.

In the present study, we developed a method for inducing
hepatocyte spheroids with high liver functions independent
of a cultural substratum by means of a static culture in a
petridish or a stirred culture in a spinner flask, in which a
water-soluble synthetic polymer was used as an artificial
matrix.
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MATERIALS AND METHODS

Hepatocyte Culture—Hepatocytes were isolated from 6-
8-week-old Sprague-Dawley rats by means of the conven-
tional in situ collagenase perfusion method and low-speed
centrifugation procedure (16). More than 99% of the
isolated cells were hepatocytes, as judged on phase-contrast
microscopic observation, and more than 90% were viable,
as judged with the trypan blue dye exclusion method. The
isolated hepatocytes were cultured in a serum-free hor-
monally defined medium consisting of Williams' medium E
(Gibco, New York, NY, USA) supplemented with 0.1 /xM.
CuSO4-5H2O, 25nM Na2Se03, l.O^M ZnSO4-7H2O, 0.1
jxM insulin (Sigma Chemical, St. Louis, MO, USA), 1.0 ^M
dexamethasone (Wako Pure Chemical, Osaka), 20 //g/liter
epidermal growth factor (EGF) (Sigma Chemical), 20 mg/
liter egg yolk lipoprotein (Wako Pure Chemical), 48 mg/
liter gentamicin sulfate (Sigma Chemical), and 100 mg/
liter chloramphenicol (Wako Pure Chemical). Eudragit
S100 (a copolymer of methacrylic acid and methylmetha-
crylate; Rohm Pharma GmbH, Darmstadt, Germany) was
added to the medium at various concentrations as an
artificial matrix to induce cell aggregation. Prior 'to the
addition, the polymer was dissolved in water and the pH
was adjusted to 7.4 by adding 2 M NaOH. The polymer was
originally developed as an enteric coating polymer.

For static petridish cultures, the cells were seeded at 5 x
105 cells per 35-mm diameter polystyrene tissue culture
dish (catalog no. 3000-035; Iwaki Glass Works, Chiba) in 2
ml of medium. In some experiments, a positively-charged
Primaria® dish (catalog no. 3801; Becton Dickinson,
Bedford, MA, USA) was used for a control spheroid
culture. A half volume of the medium was replaced with
fresh medium without the polymer everyday.

Spinner Flask Culture—For spinner flask cultures,
freshly isolated hepatocytes were inoculated into a 250 ml
spinner flask (Shibata Hario, Tokyo) at 2.5 X105 cells/ml in
100 ml of culture medium. The agitation rate was 50 rpm
and the culture temperature was maintained at 37°C by
circulating thermo-regulated water through a jacket. A gas
mixture of 95% air and 5% CO2 was provided at the rate of
500 ml/min through the surface of the medium. A small
amount of broth was taken from the spinner flask, and used
for observation of the cell morphology and analyses.

Electron Microscopic Observation—The spheroids form-
ed were collected by centrifugation at 600 rpm, and washed
extensively with a PBS solution (137 mM NaCl, 2.7 mM
KC1, 8.1 mM Na2HPO4 • 12H2O, and 1.5 mM KH2P04, pH
7.4). The cell pellet was dipped in a solution comprising 2%
glutaraldehyde in PBS for 1 h for fixing. After washing
again with PBS, the cell pellet was treated with 1% osmium
tetraoxide in PBS for 1 h. The pellet was then dehydrated
by soaking in a series of solutions of increasing concentra-
tions of ethanol (30, 50, 70, 90, and 100% ethanol), and
finally transferred to 100% propylene oxide. The spheroids
were embedded in Spurr's resin. The spheroid-containing
resin was sliced, and the resulting ultra-thin sections were
stained with a solution containing uranyl acetate and lead
citrate. The ultra-thin sections were observed under a
transmission electron microscope (H600; Hitachi, Tokyo).

Visualization and Measurement of Calcium Ions in
Hepatocytes—The medium in a petridish was carefully

removed and the cells were washed twice with a modified
Hanks solution (137 mM NaCl, 3.5 mM KC1, 0.44 mM
KH2PO4, 25 mM NaHCO3, 0.33 mM Na2HPO4, and 0.5
mM CaCl2). The cells were then stained with fura2/AM (2
pcM fura2/AM [Wako Pure Chemical] dissolved in the
modified Hanks solution) for 30 min at room temperature,
and then washed three times with the modified Hanks
solution. The calcium ion density of the cells was observed
under a fluorescence microscope (IX 70; Olympus, Tokyo).

When the calcium ion concentration in the cells was
determined, fura 2/AM-stained cells were disrupted by
sonication. After centrifugation, the fluorescence intensity
of the supernatant was measured with a spectrofluorometer
(FP-770; JASCO, Tokyo), with excitation at 362 nm and
emission at 512 nm.

Analyses—The amount of DNA in the cultured cells was
determined by the DAPI (4',6-diamidino-2-phenylindole
dihydrochloride; Wako Pure Chemical)-DNA fluorometry
method after disruption of the cells by sonication (17). The
supernatant was subjected to measurement of the fluores-
cence intensity using a spectrofluorometer, with excitation
at 360 nm and emission at 450 nm.

The albumin concentration in the medium was deter-
mined by means of a sandwich solid-phase enzyme-linked
immunosorbent assay (ELISA), using anti-rat albumin
(catalog no. 55729; Organon Teknika, Durham, NC, USA)
and peroxidase-conjugated anti-rat albumin antibodies
(catalog no. 55776; Organon Teknika) for detection, and
purified rat albumin (Sigma Chemical) as the standard.

Ammonia removal and urea synthesis were measured as
follows. First, the medium was carefully removed from a
cell-cultured dish, and then fresh medium containing 1.0
mM NH4C1 was added. After the dish had been cultured for
a further 4 h, the ammonia and urea concentrations in the
medium were measured using diagnostic kits obtained from
Wako Pure Chemical (catalog nos. 277-14401 and 279-
36201, respectively). The rates of ammonia removal and
urea synthesis were calculated from the decrease in the
ammonia concentration and the increase in the urea concen-
tration, respectively.

RESULTS AND DISCUSSION

Morphological Change of Hepatocytes on Addition of
Eudragit in Static Cultures—In our previous study, we
applied Eudragit for specific animal cell separation using an
aqueous two-phase system, in which the polymer was used
as a ligand-carrier (18). It was found that the polymer
showed low cytotoxicity toward hepatocytes and promoted
the aggregation of hepatocytes. Therefore, we assumed
that the polymer could be used as an artificial matrix for
inducing hepatocyte spheroid formation.

Figure 1 shows the morphological observation of he-
patocytes cultured in medium containing various concen-
trations of Eudragit. When Eudragit was added to the
medium, the cells aggregated from the beginning of the
culture and several cells loosely agglomerated into multi-
cellular aggregates on day 1, whereas the cells became
weakly attached to the dish surface without Eudragit (data
not shown). At this point, no big differences in cell
morphology depending on the Eudragit concentration were
observed, but the agglomerated cells tended to become
attached to the dish surface as the polymer concentration
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Fig. 1. Photographs of hepatocytes
with Eudragit in static cultures in petri-
dishes on day 5. The cells were seeded at
5 X 105 cells per 35-mm-diameter polysty-
rene tissue culture dish in 2 ml of culture
medium. Eudragit was added to the medium
at various concentrations: no addition (A),
0.05% (B), 0.1% (C), 0.18% (D), 0.26% (E),
and 0.5% (F).

increased (data not shown). The cell-cell attachment
became tight and spheroids were formed on day 5 (Fig. 1).
When 0.05-0.18% Eudragit was added, the shape of the
aggregates was smooth and spherical, and more than 80% of
the cells formed spheroids. The average diameter of
spheroids became large as the polymer concentration
increased. On the other hand, the cell aggregates became
attached to the dish surface and did not form floating
spheroids at Eudragit concentrations above 0.26%. At high
Eudragit concentrations, the polymer became attached to
not only the cell surface but also the dish surface. There-
fore, the cell aggregates became attached to the dish
surface and then spread on the surface.

With the conventional surface-dependent spheroid for-
mation method (for example, culturing on a Primaria® dish
or proteoglycan-coated dish), cells first became weakly
attached to the substratum, and then gradually became
detached and formed spheroids simultaneously. Thus,
although the process of spheroid formation was different
between the Eudragit and conventional procedures, the
morphology of the cell aggregates was very similar. In the
present study, normal tissue culture dishes without special
surface modification were used for the static cultures.
Without the polymer, the cells became weakly attached and
spread on the dish surface and had not formed spheroids on
day 5 (Fig. 1), indicating that spheroid formation was
induced by the polymer.

Correlation between Morphological Changes and Liver
Functions—Figure 2 shows the changes in DNA content and
albumin secretion rate during the culture period. The total
amount of DNA in a dish did not drastically change through-
out a culture (Fig. 2A). This means that the cell density did
not change. As can be seen in Fig. 2B, the dependency of
albumin secretion on the Eudragit concentration was
observed. This was also related to the cell morphology; the
hepatocytes clearly formed floating spheroids with 0.1%

Eudragit, but they tended to become attached to the dish
surface with above 0.26% Eudragit, and the cells formed
multicellular aggregates on the dish surface rather than
spheroids. The ability of albumin secretion was similar in
all cases but higher than the control level at the beginning
of the culture. As the culture proceeded, the albumin
secretion increased with 0.1% Eudragit, with which the
cells formed spheroids, but it was not enhanced in the
culture without Eudragit, in which the cells became attach-
ed and spread on the dish surface. The albumin secretion of
spheroids induced by 0.1% Eudragit addition was about
3-fold that of a monolayer on day 7. The enhanced liver
functions of spheroids were coincident with other reports
(9, 10).

The other liver functions of the spheroids induced by
Eudragit, ammonia removal, and urea synthesis, exhibited
a similar tendency to in the case of albumin secretion. With
around 0.1% Eudragit, ammonia removal and urea synthe-
sis were the highest (data not shown). Therefore, 0.1%
Eudragit was selected for spinner flask cultures.

Spheroid Formation in Spinner Flask Cultures—As the
next step, spheroid formation induced by Eudragit was
examined in a suspension culture in a spinner flask. Figure
3 shows the cell morphology at 24 h (Fig. 3, A and C) and 48
h (Fig. 3, B and D) after inoculation. Without Eudragit, the
cells did not aggregate in a spinner flask culture (Fig. 3, A
and B). Approximately 80% of the hepatocytes agglomerat-
ed rapidly (Fig. 3C) and formed spheroids effectively
within 48 h (Fig. 3D), when the polymer was added to the
medium. The diameter of spheroids formed was around
100 nm. In static cultures in petridishes, it took 3-5 days
for the formation of spheroids, whereas spheroids formed
within 2 days in spinner flask cultures (Fig. 3D). This
suggested that the spheroid formation was promoted by
agitation. Without the polymer, the cells were damaged by
agitation and most of the cells died within a day, as judged
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Fig. 2. Effects of the Eudragit concentration on the DNA
content and albumin secretion. The cells were seeded at 5 x 105

cells per 35-mm-diameter polystyrene tissue culture dish in 2 ml of
culture medium. In some experiments, a collagen-coated dish was
used for a monolayer culture. Columns: 1, 0% Eudragit control; 2, 0%
Eudragit monolayer; 3, 0.05% Eudragit; 4, 0.1% Eudragit; 5, 0.18%
Eudragit; 6, 0.26% Eudragit. In each case, the left open bars repre-
sent the values on day 2 in the cultures and the right hatched bars
those on day 7 in the cultures. (A) The amount of DNA in the cultured
cells was determined by the DAPI-DNA fluorometry method after
disruption of the cells by sonication. (B) The albumin concentration in
the medium was measured by means of a sandwich solid-phase
enzyme-linked immunosorbent assay (ELISA).

on trypan blue dye staining of the cells (data not shown).
Therefore, protection of the cells from the damage due to
agitation by the polymer in spinner flask cultures could be
expected.

After 2 days culture in a spinner flask, the spheroids
formed were transferred to a normal tissue culture dish in
order to measure liver functions. The spheroids also
exhibited high albumin secretion ability compared with
monolayer cultures in petridishes, and the higher level was
maintained throughout the 7 day culture, while most of the
cells died and little albumin was produced in the culture
without the polymer (Fig. 4). Furthermore, the other liver
functions, ammonia removal and urea synthesis, on day 4
were higher compared with in a monolayer culture or a
spinner culture without the polymer (Table I). These
results indicate that spheroids prepared using the polymer
in a spinner flask also express high liver functions, and that
this method is promising for the preparation of large
amounts of spheroids for a hybrid-type liver support
system.

Histological Features of Spheroids Induced by Eudragit
Addition—Some researchers also reported that high liver
functions were expressed and maintained for a longer time
than in the case of a monolayer, when hepatocytes formed
spheroids (10, 11). One of the reasons for this high
expression is the well-developed cell-cell interactions
through cell-cell junctional complexes such as tight junc-
tions and desmosomes, and a kind of cell communication
may activate differentiated functions. Since such cell-cell
junctional complexes are observed in liver tissue, the
environment of hepatocytes in spheroids may be closer to
in vivo conditions compared with in a monolayer.

To determine whether or not spheroids induced by
Eudragit possess such a characteristic structure, cells were
histologically observed by TEM (Fig. 5). The cells in
spheroids induced by Eudragit were histologically indistin-
guishable from conventional spheroids (9, 19). As shown in
Fig. 5A, the hepatocytes possessed a large round nucleus
and abundant cytoplasm organelles. The cells were in close
contact with junctional complexes (Fig. 5B), and bile
canaliculi were also observed (Fig. 5C). The results suggest

Fig. 3. Photographs of hepatocytes
in spinner flask cultures. Hepato-
cytes isolated from a Sprague-Dawley
rat were inoculated into a 250 ml spin-
ner flask at 2.5 X 105 cells/ml in 100 ml
of culture medium. The cells were
cultured in the absence (A, B) or pres-
ence (C, D) of 0.1% Eudragit. The cells
were observed at 24 h (A, C) and 48 h
(B, D).
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Fig. 4. Ability of albumin secretion of spheroids in spinner
flask cultures. Hepatocytes were cultured in a spinner flask for 48 h
in the absence (circles) or presence of 0.1% Eudragit (squares). The
cells were then transferred to a normal plastic petridish and cultured
for 5 days. As a control, the cells were seeded into a collagen-coated
dish and cultured for 7 days (triangles). The methods for measure-
ment of the DNA content and albumin concentration were the same as
in Fig. 2.

TABLE I. Ammonia removal and urea synthesis of cultured
hepatocytes.

Ammonia removal Urea synthesis
(//mol/h/1 X106 cells) Q/mol/h/l X10" cells)

Monolayer
(static culture)
Eudragit 0.1%
(static culture)
No addition
(spinner culture)
Eudragit 0.1%
(spinner culture)

N.D.: Not detectable. The culture conditions were the same as in Fig.
4.

that the spheroids show an organized tissue-structure and
that this structure may contribute the high expression of
liver functions.

Localization of the Calcium Ion Concentration in Spher-
oids—Hepatocytes in a spheroid are known to be bound
through well-developed gap junctions (9, 19, 20). Gap
junctions are intercellular membrane channels which link
neighboring cells, which are responsible for the reciprocal
exchange of small molecules and ions of less than 1 kDa,
including second messengers such as cAMP, inositol tri-
phosphate and calcium ions (21-23). Gap junctional inter-
cellular communication is considered to play a crucial role
in the maintenance of homeostasis, morphogenesis, cell
differentiation and growth control in multicellular organ-
isms (24). We observed enhanced albumin secretion in a
monolayer culture, when a calcium ionophore, A23187, was
added to the medium (Hamamoto et al., unpublished
results). This suggested that calcium ions might play an
important role in the expression of the liver functions in
hepatocytes. Therefore, we measured the cytosolic calcium
ion concentration of the spheroids and compared it with
that of a monolayer.

Figure 6 shows the calcium ion concentration in the cells
determined using a calcium-binding fluorescence reagent,
fura 2/AM. The fluorescence intensity of the cells was high

I

Fig. 5. Transmission electron microscopic observation of
spheroids induced by Eudragit. The spheroids formed were
collected and washed extensively with a PBS solution. The cell pellet
was dipped in a solution containing 2% glutaraldehyde for 1 h for
fixing, and then treated with 1% osmium tetraoxide for 1 h. The pellet
was then dehydrated by soaking in a series of solutions of increasing
concentrations of ethanol, and finally transferred to 100% propylene
oxide. The spheroids were embedded into Spurr's resin. The
spheroid-containing resin was sliced, and the resulting ultra-thin
sections were stained with a solution containing uranyl acetate and
lead citrate. The ultra-thin sections were observed under a TEM. (A)
The cells possessed a large round nucleus (n), abundant mitochondria
(m), and abundant other cytoplasmic organelles. (B) Junctional
complexes (arrows) developed at the interface for cell-cell attach-
ment. (C) A bile canaliculus (be) was formed between the cells. The
bile canaliculus was sealed by junctional complexes (arrows).
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Fig. 6. Fluorescence micro-
scopic observation of hepato-
cytes stained with fura2/AM
on day 5. Cells were cultured on
collagen-coated dishes (A, B) or
cultured with the addition of 0.1%
Eudragit (C-E). The cells were
stained with fura2/AM (B, D, E).
For staining, the cells were wash-
ed twice with a modified Hanks
solution, stained with a 2 //M
fura2/AM solution for 30 min at
room temperature, and then
washed three times with the
modified Hanks solution. The
calcium ion density of the cells
was observed under a fluorescence
microscope.

ed that transcription factors, such as HNF-1,3, and 4, and
C/EBPs, were important for the expression of liver func-
tions (28-30), we are now studying the relationship be-
tween the increased calcium ion concentration and these
transcription factors in spheroids.

The authors wish to thank Drs. Hiroshi Miyake and Kanjun Hirunagi,
School of Agricultural Science, Nagoya University, for the advice and
help in the preparation of ultra-thin sections for TEM observation.

in the spheroids compared with in a monolayer, and the
intensity in spheroids normalized as to the DNA content
was about 1.5-fold that in a monolayer. A high concentra-
tion in the cells was also observed in conventional spheroids
induced by using a Primaria® dish (data not shown). The
high calcium ion concentration was maintained throughout
the 7 day culture. In particular, strong fluorescence inten-
sity was observed in the inner part of cells in spheroids
under a confocal laser microscope (data not shown). This is
coincident with the distribution of cytochrome P-450
reported by Hu et al. (25). Cytochrome P-450s play a
major part in the metabolism of endogenous compounds
and in the detoxication of xenobiotic molecules in hepato-
cytes, and it was reported that the expression of a kind of
cytochrome P-450 was regulated by the calcium ion concen-
tration in the cells (26). In addition, a change in the calcium
ion concentration controls the cytoskeleton by changing the
degree of the association and dissociation of actin (27). As
described above, for a hepatocyte, the cell morphology and
cell-cell interaction are very important for growth and
differentiation (7). Thus, calcium ions, as a second messen-
ger, can be transmitted from cell to cell through well-
developed gap junctions inside the spheroids and the high
calcium ion concentration may play an important role in the
morphological change of hepatocytes and the high expres-
sion of liver-specific functions. Since many authors report-
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