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The adult liver is wrapped in a connective tissue sheet called the liver capsule, which consists of collagen fibrils
and fibroblasts. In this study, we set out to construct a liver organoid tissue that would be comparable to the
endogenous liver, using a bioreactor. In vitro liver organoid tissue was generated by combining collagen fibrils,
fibroblasts, and primary murine hepatocytes or Hep G2 on a mesh of poly-lactic acid fabric using a bioreactor.
Then, the suitability of this liver organoid tissue for transplantation was tested by implanting the constructs into
partially hepatectomized BALB/cA-nu/nu mice. As determined by using scanning and transmission electron
microscopes, the liver organoid tissues were composed of densely packed collagen fibrils with fibroblasts and
aggregates of oval or spherical hepatocytes. Angiogenesis was induced after the transplantation, and blood
vessels connected the liver organoid tissue with the surrounding tissue. Thus, a novel approach was applied to
generate transplantable liver organoid tissue within a condensed collagen fibril matrix. These results suggested
that a dense collagen network populated with fibroblasts can hold a layer of concentrated hepatocytes, pro-
viding a three-dimensional microenvrionment suitable for the reestablishment of cell–cell and cell–extracellular
matrix (ECM) interactions, and resulting in the maintenance of their liver-specific functions. This liver organoid
tissue may be useful for the study of intrahepatic functions of various cells, cytokines, and ECMs, and may fulfill
the fundamental requirements of a donor tissue.

Introduction

Extracellular matrices (ECMs) provide structural
support for cells and perform various important func-

tions. Collagens, a family of fibrous proteins, are the most
abundant proteins in the ECM.1 The collagens are secreted
by a variety of cell types, especially by connective tissue cells.

The adult liver is wrapped in a connective tissue sheet
named the liver capsule, which consists of collagen fibrils
and fibroblasts.2 A great deal of research has been focused on
the maintenance of hepatocyte functions in vitro. Primary
hepatocytes have been cultured on biomaterials in vitro, for
example, collagen gels,3–6 Engelbreth–Holm–Swarm gels,7–9

and other materials.10–13 There are also some recent studies
using collagen sandwich hepatocyte cultures that have
achieved long culture periods and the maintenance of he-
patic functions.14–16 However, no studies have described the
reconstruction of highly concentrated connective tissue
in vitro with properties similar to endogenous liver tissue. In
the liver, type I collagen fibrils serve as a primary scaffold
upon which are deposited microfibrils and filaments of col-
lagen types III, V, and VI.17,18 To construct useful in vitro
liver models, it is very important to form collagen fibrils in

the connective tissue. Recently, it has become possible to
stably construct a fibroblast-embedded condensed collagen
fibril layer using a closed loop system composed of three
major parts: a reservoir bottle, a diaphragm pump, and a
bioreactor chamber.19 Because fibroblasts are embedded in
the network collagen fibrils of this artificial tissue, it is useful
for reconstructing the hepatic interstitial structure. Here, we
constructed a liver organoid tissue using an originally de-
signed bioreactor system, and implanted this tissue into the
nude mouse.

Materials and Methods

Animals

Male C57BL/6JJcl mice, 6 - 8 weeks old (20–25 g; CLEA
Japan, Tokyo, Japan), were used for hepatocyte isolation.
Pregnant female ICR mice at 13 days postcoitus (CLEA
Japan) were used for embryonic fibroblast isolation. Female
BALB/cAJcl-nu/nu mice, 6 weeks old (17–18 g; CLEA
Japan), were used as reconstructive hepatic transplant re-
cipients. The animal protocols were approved by the Animal
Experimentation Committee of Tokyo Institute of Tech-
nology.
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Cell lines

The human hepatocellular carcinoma cell line, Hep G2,
was provided by the RIKEN Bio-Resource Center (Tsukuba,
Japan). Human diploid fibroblast, HFO, was provided by
Dr. Satoshi Amano (Shiseido Institute, Shiseido, Tokyo, Ja-
pan). Both cell types were cultured in the Dulbecco’s modi-
fied Eagle’s medium (DMEM; Invitrogen, Tokyo, Japan)
containing 10% fetal bovine serum (FBS; Nichirei Bios-
ciences, Tokyo, Japan) under 5% CO2 at 37�C. These cells
were subcultured by treatment with 0.05% trypsin (Invitro-
gen) and 20 mM ethylenediaminetetraacetic acid (EDTA;
Nacalai Tesque, Kyoto, Japan).

Isolation of murine hepatocytes

Hepatocytes were prepared from anesthetized BALB/cA
mice by a two-step in situ collagenase perfusion method,20 with
slight modifications. Briefly, murine liver was preperfused
in situ with Hank’s balanced salt solution (HBSS) containing
0.5 mM ethylene glycol tetraacetic acid (EGTA). Next, the liver
was perfused with 0.015% collagenase in HBSS. Then, the liver
was removed, and the cells were dispersed in ice-cold HBSS
without EGTA. The resulting cells were filtered through a 100-
mm-pore mesh nylon cell strainer (BD Biosciences, MA) and
centrifuged twice for 2 min at 500 g to remove nonparenchymal
cells. The remaining cells were centrifuged for 2 min at 500 g,
and then subjected to a 40% Percoll density gradient centrifu-
gation for 10 min at 1200 g. At this stage, cell viability as mea-
sured by trypan blue was > 90%. The isolated hepatocytes were
plated at a density of 1.2 · 106 cells per well in collagen-coated
six-well plates. Cells were grown in the high-glucose (25 mM)
DMEM (Invitrogen) containing 10% (v/v) heat-inactivated FBS,
100 U/mL penicillin, and 100mg/mL streptomycin (Invitrogen)
at 37�C in a humidified incubator with 5% CO2. The medium
was changed after the first 4 h of incubation, and was replaced
daily thereafter.

Preparation of murine embryonic fibroblasts

A pregnant female ICR at 13.5 days postcoitum was sac-
rificed by cervical dislocation, and embryos were removed.
The limbs of the embryos were minced and treated with
0.25% trypsin (Invitrogen) + 1 mM EDTA (*2 mL per em-
bryo) and incubated with gentle stirring at 37�C for 10–
15 min. The recovered cells were subsequently cultured in
the DMEM containing 10% (v/v) FBS.

Establishment of DsRed-expressing Hep G2

Hep G2 cells were cultured in the DMEM supplemented
with penicillin/streptomycin and 10% (v/v) FBS. The CAG
promoter-driven DsRed2 expression vector was constructed
by subcloning the 1.7-kb Sal I-CAG promoter-EcoR I frag-
ment from pCAGGS into the corresponding site of the
pDsRed2-1 vector in the sense orientation.21 Twenty-five
micrograms of CAG-DsRed2-1/EcoR I were transfected into
human hepatocellular carcinoma cells by electroporation
(1 · 107 cells; 230 V; 500mF; 0.4 cm electrode gap). After
electroporation, the cells were plated in 100-mm dishes. Se-
lection was initiated the next day by adding 3 mg/mL G-418
to the culture medium. Clones of human hepatocellular
carcinoma cells transfected with CAG-DsRed2-1/EcoR I were
selected and maintained, and DsRed2 expression in these

cells was assessed by flow cytometry. The highly fluorescent
clones were isolated as Hep G2Red cells and used in trans-
plantation experiments.

Generation of structural liver organoid tissue

As can be seen in Figure 1, structural liver organoid tissue
was generated by combining collagen fibrils, primary murine
embryonic fibroblasts, and primary murine hepatocytes or
Hep G2Red cells in vitro using a closed-loop system within a
bioreactor chamber (diameter 17 mm · height 20 mm) devel-
oped by our group.19 We circulated 42.5 mL of 10% FBS/
DMEM, supplemented with 7.5 mL of 50 mg/mL type I
collagen prepared from calf skin by pepsin treatment (Koken
Collagen, Tokyo, Japan), through the closed-loop system for
3 h. Then, we used a syringe to inject primary murine em-
bryonic fibroblasts (5.0 · 106 cells suspended in 2 mL 10%
FBS/DMEM, high glucose) into the system upstream of the
bioreactor chamber. The mixed solution flowed through the
closed-loop system at a predetermined flow rate (1–5 mL/
min) for 6 h. Subsequently, 50 mL of 10% FBS/DMEM was
circulated through the closed-loop system, and primary
murine hepatocytes (1.0 · 107 cells suspended in 2 mL 10%
FBS/DMEM) were injected into the system upstream of the
bioreactor chamber. After 2 h, 42.5 mL of 10% FBS/DMEM,
supplemented with 7.5 mL of 50 mg/mL type I collagen
prepared from calf skin by pepsin treatment, was circulated
through the closed-loop system for 3 h, and primary murine
embryonic fibroblasts (5.0 · 106 cells suspended in 2 mL 10%
FBS/DMEM) were injected into the system upstream of the
bioreactor chamber.

Morphological analyses

The liver organoid tissue was fixed with Zamboni’s fixa-
tive for light microscopy, scanning and transmission electron
microscopy. For light microscopy, the samples were dehy-
drated with an ethanol series and embedded in paraffin.
The sections were stained with hematoxylin and eosin and
examined with a light microscope. The samples were post-
fixed with 2% osmium tetroxide in 0.1 M phosphate buffer,
processed routinely, and ultimately examined with a scan-
ning electron microscope ( JSM 6360; JEOL Co., Ltd., Tokyo,
Japan) or a transmission electron microscope (H8100; Hitachi
Co., Ltd., Tokyo, Japan).

FIG. 1. A schematic illustration showing the strategy
of hepatic constructs generated in a bioreactor.
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Hepatic function assays in liver organoid tissue

Urea production in the conditioned medium, 24 h after the
addition of 2 mM ammonium chloride (NH4Cl; Sigma-
Aldrich Japan, Tokyo, Japan) was quantified using a urea
assay kit (Bioassay Systems, Hayward, CA). Albumin pro-
duction in the conditioned medium was quantified using the
Albuwell M albumin EIA kit (Exocell, Philadelphia, PA).

Testosterone metabolites in the conditioned medium were
quantified by high performance liquid chromatography
(HPLC) analysis.22 The liver organoid tissue was incubated
with a fresh medium containing 0.25 mM testosterone for
24 h. Next, the conditioned medium was collected and
mixed with 5 mL of ethyl acetate and 1 mL of 2.5 mM 11a-
hydroxy-progesterone/dimethyl sulfoxide. After centrifuga-
tion, the organic layer was evaporated to prepare the HPLC
sample. HPLC analysis was performed using LC-10ADVP
(Shimadzu, Kyoto, Japan) with Cadenza columns (Cadenza
CD-C18; Imtakt, Kyoto, Japan) and SPD-10A VP (Shimadzu).
Testosterone hydroxylation was assessed using the C-R8A
software (Shimadzu).

Transplantation of liver organoid tissue

While under pentobarbital anesthesia, the mice were
subjected to an upper abdominal incision, and then the right
portal vein branch was exposed and ligated, and the right
lobes of the liver (30%) were hepatectomized. Then, the liver
organoid tissue was transplanted into the mice. Two weeks
later, the intraperitoneal liver organoid tissue was removed
for histological analysis of the vascular network or trans-
planted hepatocytes at the same location.

Statistical evaluation

Results of multiple experiments (n = 3–4) are reported as
the mean – standard error (SE). Statistical comparisons were
made using a Student’s t-test.

Results

Three-dimensional reconstruction of hepatic tissue
using a bioreactor

A solution of type I collagen and primary murine em-
bryonic fibroblasts was introduced into a bioreactor via a
closed-loop system, followed by the sequential addition of
primary murine hepatocytes and a second round of collagen

and primary murine embryonic fibroblasts. These manipu-
lations produced a hepatic aggregate consisting of a layer of
primary hepatocytes sandwiched between two layers of
embryonic fibroblasts and deposited collagen fibrils on a
sheet of poly-lactic acid (PLA). Glossy aggregates had ac-
cumulated on the PLA sheet after 14 h of circulation through
the bioreactor (Fig. 1). The dissolved oxygen content was
5.16 – 0.07 mg/L at the outlet of the circulating medium.

The liver organoid tissue was 1.5 mm in thickness and
17 mm in diameter (Fig. 2A, B). The average weight of the
organoid tissue was *0.4 g. Further, the density of the col-
lagen layer was 34 – 2.5 mg/cm2, which is almost same as
that of endogenous murine connective tissue.

Morphological analysis of hepatocytes
in the liver organoid tissue

Cross-sectional profiles of the liver organoid tissue were
stained with hematoxylin and eosin (Fig. 2C). Clusters of
hepatocytes were sandwiched between two layers of colla-
gen fibrils populated with murine fibroblasts. We could
clearly see a layer of primary hepatocytes *200–500 mm
thick, and two layers of collagen fibrils populated with em-
bryonic fibroblasts, *300–500 mm thick. Upon close inspec-
tion, round or spherical hepatocytes, *20 mm in diameter,
were seen on collagen fibers, while fibroblasts tended to be
bipolar or stellate in shape within the layers of collagen
fibrils (Fig. 2D).

The liver organoid tissue was examined by scanning elec-
tron microscopy to investigate the extracellular microenviron-
ment of the hepatocytes. The collagen layers were composed of
densely packed collagen fibrils running parallel to the plane of
the PLA sheet in the three-dimensional (3D) culture. Primary
hepatocytes were oval or spherical in shape and formed clus-
ters. By contrast, hepatocytes cultured in two dimensions (2D)
on collagen-coated dishes were generally flat, and displayed
lamellipodia after 3 days (Fig. 3A). These results suggest that
the layers of collagen fibrils played an important role in es-
tablishing or maintaining the globular morphology of hepa-
tocytes in the 3D microenvironment (Fig. 3B).

Under a transmission electron microscope, we could ob-
serve clusters of primary hepatocytes (Fig. 4). They had a
round nucleus characterized by an irregular contour
(Fig. 4A). In the hepatocyte cytoplasm, we could identify
several mitochondria with cristae, 0.2–0.6mm in diameter,
and a small Golgi apparatus composed of five to seven

FIG. 2. Micrographic observations of liver organoid tissue. (A) Top view of a whole liver organoid tissue construct. The glossy
and reddish organoid tissue is discoidal. (B) Cross-sectional profile of an organoid tissue construct. (C, D) Cross sections were
stained with hematoxylin and eosin. (C) A hepatic cell mass is sandwiched between two layers of collagen fibrils populated with
fibroblasts. (D) Light micrograph showing an inscribed area in (C). Primary hepatocytes are round and *20mm in diameter. The
scale bars correspond to 1 mm (C) and 50mm (D). Color images available online at www.liebertpub.com/tea

FIBROBLASTS ARE ESSENTIAL FOR COLLAGEN FIBRIL FORMATION 2529



flattened cisternae. We also encountered flattened endo-
plasmic reticula in the peripheral region of primary hepato-
cytes. A limited number of collagen fibrils approached the
primary hepatocytes and appeared to attach to their surface
(Fig. 4B). In the cluster of hepatocytes, numerous channels
resembling bile canaliculi could be observed between
neighboring cells (Fig. 4C–E). The size of these channels
varied from 0.2 to 0.5 mm wide. They had short microvilli,
0.1–0.2 mm long, protruding into the lumen. Frequently, the
cell membranes were more closely apposed than usual.
Adherent junctions and gap junctions were commonly ob-
served in the vicinity of bile canaliculi, but tight junctions
were rarely seen.

Structural liver organoid tissue exhibits
multiple liver-specific functions

Several liver-specific functions, for example, the produc-
tion of urea and albumin and drug metabolism activity, were
analyzed in the liver organoid tissue. Ammonia, which is
toxic to the central nervous system, may be detoxified into
urea through the coordinated actions of the urea cycle in
hepatocytes. Therefore, we investigated urea production as a
liver-specific function that is mediated in the mitochondria
and cytoplasm of hepatocytes. To investigate the potential
for dynamic urea synthesis, the urea concentrations were
measured in liver organoid tissue conditioned media after

FIG. 4. Transmission electron micrographs showing primary hepatocytes in liver organoid tissue. (A) The cells are *15mm
wide, spherical in shape, and have a prominent cytoplasm containing mitochondria and endoplasmic reticulum. (B) Higher
magnification of the inscribed area in (A). Collagen fibrils appear to be attached to the cell surface. (C–E) Transmission
electron micrographs showing the cytoplasm (C), bile canaliculi (C, D), and a gap junction (E) between the neighboring cells.
(C) In the cytoplasm, mitochondria with cristae and endoplasmic reticulum (arrowheads) can be observed. Tubular bile
canaliculi are frequently observed between the cells. (D) Higher magnification of the inscribed area in (C). Short microvilli
(asterisk) protrude into the lumen of the bile canaliculi. (E) Higher magnification of the inscribed area in (D). The cell
membranes are closely apposed to form a gap junction. The scale bars correspond to 1 mm (A), 100 nm (B), 1 mm (C), and
100 nm (D, E). Abbreviations: mt, mitochondria; bc, bile canaliculi; C, collagen fibril; N, nuclei.

FIG. 3. Scanning electron
micrographic observations of
primary hepatocytes on a col-
lagen-coated dish (two di-
mensional [2D]) or in the liver
organoid tissue (three dimen-
sional [3D]). Hepatocytes cul-
tured on collagen-coated
dishes (A) and in liver orga-
noid tissue (B). The scale bar
corresponds to 10 mm.
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the addition of NH4Cl (Fig. 5). Urea production was ob-
served in the liver organoid tissue after the addition of the
ammonium ion. We compared the functional activity of the
liver organoid tissue to that in 2D hepatocyte cultures, and
observed that urea production in the former was signifi-
cantly higher at 72 h than in the latter, suggesting that liver
organoid tissue culture can maintain hepatic functions that
are lost or impaired in 2D cultures.

We also measured the levels of albumin secretions in the
conditioned media from the liver organoid tissues or 2D
hepatocyte cultures. A measurable amount of albumin was
synthesized in the organoid tissues. The level of albumin
production in the organoid tissue was well maintained;
specifically, the levels on day 3 were *85% of those ob-
served on day 1. The values obtained in the 2D cultures
indicated a steeper drop in albumin production over time for
the cells cultured on collagen alone (Fig. 6).

Many poisonous compounds in the blood enter hepato-
cytes through various mechanisms, including endocytosis
and passive diffusion. These compounds may be metabo-
lized in the microsomal system, which includes the cyto-
chrome P450 (CYP450) enzymes. We tested the activities of
the CYP450 enzymes in the liver organoid tissue and in 2D

hepatocyte cultures. Specifically, we measured the testos-
terone oxidation patterns in the organoid tissue-conditioned
media using high-performance liquid chromatography. We
quantified the concentration of each hydroxylated testoster-
one: 15a-OHT, 6b-OHT, 7a-OHT, 16a-OHT, 16b-OHT, 2a-
OHT, and 2b-OHT, corresponding to oxidation by Cyp2a4/
5, Cyp3a, Cyp2a4/5 and 2d9, Cyp2d9 and 2b, Cyp2c29 and
2b, and Cyp2d, respectively. The concentrations of hydrox-
ylated testosterones, for example, 6b-OHT, 7a-OHT, 16a-
OHT, and 16b-OHT, in the organoid tissue conditioned
media on day 3 were *50%–70% of those observed on day 1.
These results indicate that the organoid tissues maintained
50%–70% of their cytochrome P450 enzyme activity after 3
days in culture. By contrast, the concentrations of hydrox-
ylated testosterones on day 3 of the 2D culture were < 25% of
those recorded on day 1 (Fig. 7).

Hep G2/HFO liver organoid tissue was successfully
engrafted in a partially hepatectomized nude mouse

In addition to the experiments using primary murine he-
patocytes, we also prepared liver organoid tissue using Hep
G2, a human hepatocellular carcinoma cell line, for use in
transplantation experiments (Fig. 8A). To easily discriminate
the donor cells from the recipient cells in the engrafted area, a
DsRed2 expression vector was introduced into the Hep G2
cells and the vector integrated into the genomic DNA. Seven
clones that consistently expressed high levels of DsRed2, as
determined by flow cytometry, were obtained. A clone that
had 100% DsRed2 + progeny was designated Hep G2Red

(Fig. 8B, C) and used for the following experiments. A liver
organoid tissue was generated consisting of Hep G2Red, in
place of primary hepatocytes, and HFO, a human fibroblast
cell line, in place of primary fibroblasts. The Hep G2Red/
HFO liver organoid tissue was *1.6 mm in thickness and
17 mm in diameter. This liver organoid tissue was ectopically
transplanted into the peritoneal cavity of a female BALB/cA-
nu/nu mouse after a partial hepatectomy (Fig. 8A). The graft
could be observed in the peritoneal cavity 2 weeks after
transplantation. Microvascular networks could be observed
throughout this engrafted tissue (Fig. 8D). We prepared
4-mm sections of the graft treated with Zamboni’s fixation.
The AZAN staining of this specimen showed that collagen
remained abundant in the graft, that fibroblasts existed

FIG. 5. Urea concentrations in the conditioned medium of
2D (collagen-coated dishes) and 3D (liver organoid tissue)
hepatocyte cultures. The relative amount of urea in the
conditioned media after 72 h was calculated by setting the
values obtained at 24 h to 100%. The absolute values (mg/106

cells) are noted in the corresponding columns. Mean –
standard error (SE), n = 3; *p < 0.01.

FIG. 6. Albumin concentrations in the conditioned medium
of 2D (collagen-coated dishes) and 3D (liver organoid tissue)
hepatocyte cultures. The relative amount of albumin in the
conditioned media after 72 h was calculated by setting the
values obtained at 24 h to 100%. The absolute values (mg/106

cells) are noted in the corresponding columns. Mean – SE,
n = 3; * p < 0.01.

FIG. 7. Testosterone hydroxylation in 2D (collagen-coated
dishes) and 3D (liver organoid tissue) hepatocyte cultures.
The relative amount of each hydroxylated testosterone was
calculated by setting the values obtained at 24 h to 100%. The
absolute values (nmol/106 cells) are noted in the corre-
sponding columns. Mean – SE, n = 3; *p < 0.05; **p < 0.01.
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within the collagen, and that vessel-like tube formation could
be observed in both the collagen and the Hep G2Red areas
(Fig. 4E). Next, hematoxylin–eosin staining and immuno-
histochemical examination with anti-albumin and anti-
CD31/PECAM-1 antibodies were performed (Fig. 8F, G,
respectively). Endothelial cells, CD31 + cells, formed a tube-
like structure in the albumin-positive region of the graft
(Fig. 8G). These results indicate that the Hep G2Red/HFO
liver organoid tissue was successfully engrafted and vascu-
larized in the partially hepatectomized nude mouse.

Discussion

Primary cultured hepatocytes have been extensively used
as a model system for pharmacological, toxicological, and
metabolic studies; however, the metabolism and gene ex-
pression patterns of primary cultured cells are frequently
altered during culture in a 2D system, which in turn is
influenced by changes in cellular morphology, intercellular
signal transduction, and other extracellular environmental
cues.23,24 Cells in tissues and organs exist in a 3D environ-
ment surrounded by other cells. The cuboidal cell shape,

distinct polarity, and 3D cellular communication are known
to be crucial for key metabolic pathways and tissue-specific
phenotypes. Novel in vitro culture systems that more au-
thentically represent the cellular environment are required
for advancing our understanding of complex biological
phenomena.

Ten million hepatocytes were entrapped between two
layers of collagen fibrils populated with fibroblasts using a
bioreactor that we designed. Hepatocytes cultured as liver
organoid tissue maintained urea and albumin synthesis and
the CYP450 activity significantly better than hepatocytes
cultured on collagen-coated dishes. Morphologically, hepa-
tocytes in the liver organoid tissue were oval or spherical in
shape and *15 mm in diameter. Hepatocytes in the liver
organoid tissue formed clusters that were surrounded by a
network of densely packed collagen fibrils. A limited number
of collagen fibrils approached the hepatocytes and appeared
to be anchored to their surface. Therefore, these hepatocytes
could interact with collagen fibrils through integrins. Col-
lagen fibrils may offer scaffolds for hepatocytes and may
alter their behavior, including their growth, viability, and
liver-specific functions.

FIG. 8. Transplanted liver organoid tissues in a partially hepatectomized mouse model. (A) A schematic illustration
showing the transplantation of liver organoid tissue. Light micrograph (B) and fluorescent micrograph (C) images of
transplanted DsRed2-expressing Hep G2 cells. (D–G) Micrographs of liver organoid tissue. (D) Fluorescent image. The red
fluorescence indicates surviving DsRed-expressing Hep G2Red cells. Arrowheads indicate new blood vessels, which appear
black. (E, F) Histological analyses: AZAN and hematoxylin–eosin staining, respectively, of liver organoid tissue sections after
transplantation. Vascularization was detected at the condensed collagen fibril matrices. Arrowheads indicate new blood
vessels. (G) Immunohistochemical analysis of the transplanted hepatic construct indicting albumin-positive hepatic cells and
CD31/PECAM-1-positive endothelial cells using anti-albumin (red) and anti-CD31/PECAM-1 (green) antibodies. Arrow-
heads indicate new blood vessels. The scale bar corresponds to 200 mm. The animal transplantation experiments were carried
out four times. Color images available online at www.liebertpub.com/tea
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There are several reports describing collagen sandwich
hepatocyte monolayer cultures that demonstrate the main-
tenance of hepatic functions and long culture periods
(8 days). Dunn et al. showed that the hepatocyte morphology
under collagen-sandwich culture conditions was normal.5 In
this report, we showed that after 3 days in culture, the he-
patocytes still had a round shape, resembling their endoge-
nous counterparts (Fig. 3). It is considered to be structurally
impossible to have a bile canaliculi in the context of a 2D
culture; by contrast, we observed a bile canaliculi in our 3D
system (Fig. 4C, D). Thus, three dimensions are needed to
form a bile canaliculi.

Hepatocytes in 3D cultures had oval nuclei with irregular
contours and larger amounts of cytoplasm as compared to
those in 2D cultures. This observation suggests that hepato-
cytes in the organoid tissue contained more organelles, for
example, mitochondria, Golgi apparatus, and endoplasmic
reticula, than those on culture dishes. Between the hepato-
cytes, we could frequently observe bile canaliculi and cell–
cell junctions, resembling adherent and gap junctions. The
bile canaliculi in the liver organoid tissue were 0.5–1.0 mm
wide, and short microvilli protruded into their lumen. The
formation of bile canaliculi in artificial liver tissues has also
been reported elsewhere.3,25 Bile acid excretion is considered
to be one of the primary detoxification mechanisms in the
liver, because the accumulated bile acids in hepatocytes
may provide detergent effects on the cell membrane. Based
on these morphological findings, primary hepatocytes
entrapped between the collagen networks can restore the
polarization of hepatocytes in vivo.

Many reports suggest that liver-specific functions could be
maintained by a 3D organization, cell density,17,26 and
interaction with ECM.4,5 The liver organoid tissue generated
in our bioreactor could serve as artificial liver tissue dem-
onstrating strong hepatic differentiated functions, for exam-
ple, the expression of albumin, tyrosine amino transferase,
transthyretin, and tryptophan 2, 3-dioxygenase (data not
shown). We also confirmed that urea synthesis could be
maintained in liver organoid tissues, probably because
stacked hepatocytes possessed a large amount of cytoplasm
and mitochondria.

Testosterone is metabolized in a region-selective manner
by different P450 enzymes, and can be used as a multi-
enzymatic substrate to simultaneously investigate the activ-
ities of multiple enzymes. The testosterone hydroxylation
system is localized in the endoplasmic reticulum. In this
study, we noted that the testosterone hydroxylation activity
was maintained in the liver organoid tissue hepatocytes after
3 days in culture. It is conceivable that oval or spherical
hepatocytes in the liver organoid tissues could maintain a
considerable amount of endoplasmic reticulum in their cy-
toplasm, because the average volume of oval hepatocytes
should be greater compared with flattened cells on culture
dishes.

One of the major objectives in using liver organoid tissue
for hepatocyte transplantation was to achieve sufficient cell
engraftment and survival. With respect to treating liver-
based inherited metabolic deficiencies and liver failures, liver
transplantation is well established as an effective final op-
tion.27 However, the progressive demand for transplantable
livers far outweighs the donated organ supply.28 Because
this donor shortage issue will likely never be resolved, in-

vestigators have been prompted to search for alternate
treatment options, including the creation of new cell-based
therapies using hepatocytes. Researchers have transplanted
hepatocytes into several different extrahepatic sites, in-
cluding the intraperitoneal cavity, the pancreas, the mes-
enteric leaves, the lung parenchyma, under the kidney
capsule, and in the subcutaneous space. It has been shown
that providing ECMs to heterotopically transplanted hepa-
tocytes affords significantly greater hepatocyte survival.29 In
the liver, hepatic cells are surrounded by the ECM that is
important for functional and structural maintenance
through cell–cell and cell–ECM interactions.30,31 The intact
liver is enwrapped within a capsule that is mainly com-
posed of collagen fibrils and fibroblasts. Taking account of
this liver architecture, we have generated a liver organoid
tissue with a collagen fibril matrix, using a bioreactor to
generate an artificial tissue in vitro. The histological struc-
ture of this construct is close to that of the liver itself. The
liver organoid tissue has been experimentally investigated
by transplantation into extrahepatic sites. To easily visualize
the transplanted hepatocytes, Hep G2Red cells, constitutively
expressing DsRed were used during the preparation of the
liver organoid tissue for transplantation. The transplanted
liver organoid tissue revealed the formation of microvas-
cular networks throughout the tissue constructs, indicating
that integration with the host animal had occurred. This
liver organoid tissue will be useful for applications related
to transplantation.

The transplantation of the liver organoid tissue to the
mesenteric vessels inside the intraperitoneal cavity has sev-
eral advantages: it permits the transplantation of a cell
number that is equivalent to an intact liver, the transplan-
tation of genetically altered cells, and the engraftment of
transplanted cells. The present study demonstrated that
providing a condensed collagen fibril matrix in the trans-
plantation contributed to increased hepatic cell engraftment,
and to the stable survival of hepatic cells. These hepatic ag-
gregates had a collagen density approaching endogenous
tissue levels, and are mechanically suitable for in vivo im-
plantation. Based on the lack of sufficient vascular support
for the transplanted hepatocytes (not shown), we expected
that establishing a local vascular network at the transplan-
tation site would allow for nutrient and gas exchange with
the grafts and that this would reduce graft loss.

In conclusion, by considering the 3D interactions between
hepatocytes and the ECM, we made progress toward de-
veloping a liver model. The advantage of our system is that it
consists of an artificial hepatic construct, which is structur-
ally similar to the anatomical structures that occur naturally
in the liver. The organoid tissue can be generated in a bio-
reactor within 24 h, and could serve as a model tissue to
study the intrahepatic functions of various cells, cytokines,
and ECMs. By mimicking the structure of the natural liver,
our system effectively maintains multiple functions of liver
tissue.
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