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Abstract : There is an increasing number of patients with severe liver disease that
requires whole organ transplantation or living-related split liver transplantation.
This has resulted in a shortage of donor organs, which is particularly problematic
and still awaits resolution. Bioartificial liver (BAL) support systems have been
developed with the aim of supporting patients with life-threatening liver disease
until their liver recovers. Here, we describe a high performance three-dimensional
rat hepatocyte culture system using a radial-flow bioreactor (RFB) with a polyvinyl
alcohol (PVA) membrane as a small-scale BAL support system. Hepatocytes from
male Sprague-Dawley rat livers were isolated and divided into two groups as fol-
lows. Group A: isolated hepatocytes were maintained in culture medium as con-
trols; and group B: isolated hepatocytes were injected into the medium chamber
of the RFB-PVA culture system. Sampling was carried out every 48 h to analyze
the concentrations of ammonia and albumin in the medium. Light and electron
microscopic examination of hepatocytes explanted from the PVA membrane was
also performed. Albumin production and urea synthesis by cells in group B were
both significantly higher than in group A. Hematoxylin-Eosin staining of the cells
in group B showed that three-dimensional cell masses were attached to the PVA
membrane. It also showed that the cells were stably proliferating in the porous
spaces of the PVA. Scanning electron microscopic images of group B also showed
clusters of hepatocytes attached to the PVA membrane. Hepatocyte clusters grow-
ing in the RFB-PVA culture system retained their biological function and were
stable in the porous spaces of the PVA membrane. This cell culture system may
be useful for the development of new BAL support systems.
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Introduction

Acute liver failure (ALF) is a significant health problem that is increasing in incidence in
Japan. It is frequently characterized by rapid deterioration that leads to coma and death. The
only effective therapy is liver transplantation. Increased numbers of patients with liver disease
as well as expanding indications have led to an increase in the number of liver transplants. This
has resulted in a chronic worldwide shortage of donor livers and an increase in both the waiting
time and the mortality rate for prospective transplant recipients.

Liver function support strategies have been developed because of the scarcity of donor organs.
These strategies aim to support patients with borderline functional liver cell mass either until
an appropriate transplantable organ becomes available or until the liver recovers from injury'™.
Examples of non-biological systems that have been developed include plasma exchange®'?, albu-

13-15) 1618 and sorbent-based devices ',

min dialysis , hemo (dia) filtration These systems are
able to remove the toxins that accumulate because of hepatic failure, but their utility is limited
by their inability to provide some liver-specific functions. In contrast, hepatocyte-based devices
are able to provide whole liver function, including detoxification, biosynthesis, and biotransforma-
tion*> 2% The development of clinically effective bioartificial liver (BAL) devices requires a
high-density device that contains highly functional, viable cells.

The function of cultured hepatocytes can improve when they are grown as a three-dimensional
(3D) culture rather than as a monolayer. The 3D culture conditions more closely resemble the
normal tissue environment than those in culture dishes. We used a radial-flow bioreactor (RFB)
to create 3D culture conditions. The RFB is a cylindrical culturing reactor filled with a solid
matrix. The medium is pumped from the periphery toward the reactor center at an increasing
rate, which is sufficient to supplement the cells with oxygen and nutrients. The matrix consists
of a polyvinyl-alcohol (PVA) membrane with a high pore density that allows for a large surface
area for cell attachment and the reduction of shear force caused by direct flow of the medium
toward the cells*??,

In this study, we investigated the functional performance of a small-scale 3D culture system

for hepatocytes using a RFB with a PVA membrane.
Materials and methods

Chemicals

Dulbecco’s Modified Eagle medium (DMEM), Hepes, bovine serum albumin (BSA), galac-
tose, L-proline, nicotinamide, ascorbic acid, dexamethasone, fetal bovine serum (FBS), trypsin-
EDTA, calcium chloride, sodium alginate, and phosphate-buffered saline (PBS) were purchased
from Sigma Chemical Co. (St. Louis, MO, USA). Rat tail collagen type I was purchased from
Collaborative Biomedical Product, (Bedford, MA, USA). Penicillin and streptomycin (PC/ST)
were purchased from Omega Scientific (Tarzana, CA, USA). Recombinant human epidermal
growth factor (thEGF) was purchased from R&D (Minneapolis, MN, USA). Insulin-Transferrin-
Selenium (ITS) was purchased from Gibco BRL (San Francisco, CA, USA). NaCl, KCI,
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NaHCO;, and NaH,PO, were purchased from Wako Chemical Co (Tokyo, Japan).

Animals

This study was approved by the Committee on Animal Ethics in the Care and Use of Labo-
ratory Animals of the Showa University Medical School. Male Sprague-Dawley rats (Saitama
Experimental Animals Supply Co., Ltd, Saitama, Japan) weighing approximately 200-250 g were
housed for more than 1 week with 12-h light/dark cycles prior to surgery. Animals were
housed in a climate controlled (21°C) room with a 12-h light/dark cycle and were given tap
water and standard laboratory rat chow ad libitum. All operations were performed under gen-
eral anesthesia (ether) using a sterile surgical technique.

Hepatocyte isolation

Hepatocytes were harvested by a two-step EDTA /collagenase digestion in situ, as described
previously®. Briefly, under general anesthesia and portal vein cannulation, in vivo perfusion of
the liver was performed with an EDTA /collagenase solution at 37°C. The liver was excised
and transferred to a culture dish containing DMEM supplemented with 10% FBS at 4°C. The
capsule was peeled back from all lobes and the tissue was gently combed to isolate and suspend
hepatocytes in the DMEM solution. Hepatocytes were filtered through mesh, suspended in
DMEM solution and centrifuged at 50x g for 5 min. The cell viability as assessed by the trypan
blue exclusion test was greater than 80% after enrichment through a Percoll density gradient.

Radial flow bioreactor

RFBs with either a Sml or 30 ml capacity as well as the RFB culture system were used in
this study (ABLE Corporation, Tokyo, Japan) > ) Porous PVA resin (Muromachi Kagaku,
Tokyo, Japan) was used as the scaffold in the RFB (Fig. 1A). The inner space for the scaffold
in the 5-ml RFB employed a central spiral coil with a circulation of 3 mm, and was filled with
porous PVA resin. Isolated cells were injected into the medium chamber of the RFB culture
system, which was filled with DMEM supplemented with 10% FBS (pH 76). The medium was
circulated between the RFB and the medium chamber using a circulation pump (Fig. 1B). The
cells remained attached to and grew on the scaffold while the medium was circulated. The
concentration of ammonia was assayed using a urea nitrogen diagnostic kit (Biopharmigen) in
samples of medium taken at 48 h intervals. The albumin concentration in the medium is mea-
sured using the Rat Albumin Enzyme Immunoassay Kit (Maassy Cedex).

Floating culture

A floating culture system was used to culture hepatocytes (SCHOTT Nippon K.K, Tokyo,
Japan) using a 100 ml medium bottle and a magnetic stirrer spinning at a rate of 150-200 rpm
(Fig. 1C). Hepatocytes were suspended in the culture medium, which allowed the 3D cell
culture to proceed.
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Fig. 1. Schematic illustrations of the two culture systems used

(A) Structure of the reactor: The polyvinyl-alcohol (PVA) scaffold is placed in
the reactor as a support for seeding hepatocytes. Culture medium flows from the
peripheral zone to the center inside the reactor. (B) The radial-flow bioreactor
(RFB) system: RFBs with a reactor volume of 5ml was used for the 3-D culture
of hepatocytes in a CO, incubator. Dissolved oxygen and upstream static pressure
were measured to monitor the condition of hepatocytes in the bioreactor. (C)
Floating culture system : The medium reservoir has a volume of 100 ml and contains
a magnetic stirrer bar inside the reservoir that spins at 150-200 rpm. Hepatocytes
were suspended in the culture medium and were cultured in three dimensions.

Measurement of albumin secretion

Aliquots of culture medium were collected at 1, 3, 5, and 7 days of culture and the albumin
concentration was assayed using a competitive enzyme linked immunosorbent assay (ELISA)
using the Rat Albumin Enzyme Immunoassay Kit. Briefly, samples and the standard were
seeded respectively into a 96-well microplate. Whereupon 0.05 ml of rat albumin AchE together
with 0.05 ml rat albumin antiserum was added to each well. The plate was covered with plastic
film and incubated for 16 h at 4°C. Ellman’s Reagent (0.2ml) was then added to the wells,
which were incubated with shaking on an orbital shaker in the dark at room temperature for
20-30 min. The absorbance of each well was read between 405 nm and 414 nm (Wellreader SME
3400 of Iwaki Glass Co., Ltd, Shizuoka, Japan) and the albumin concentration was calculated.

Measurement of urea nitrogen synthesis

A final concentration of 2.0 mm ammonium chloride was added to the culture medium at 1, 3,
5, and 7 days. After incubation for 6 h, the urea nitrogen concentration was measured using a
urea nitrogen diagnostic kit (Biopharmigen) and the absorbance was measured using a spectro-
photometer (UV-1200, Shimadzu Co., Ltd, Kyoto, Japan) to determine urea synthesis.
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Histological studies

Explanted hepatocytes from the PVA membrane were fixed in 10% formaldehyde for histo-
logical examination. Light microscopy was performed on paraffin-embedded sections stained with
hematoxylin-eosin (H-E) and periodic acid-Schiff (PAS) stain.

Immunohistochemical staining of albumin

The hepatocytes were cultured on the PVA scaffold in the Sml RFB and the scaffolds were
then removed from the reactor and fixed with 20% formalin neutral buffer solution (pH 74 ;
Wako Chemicals, Osaka, Japan) at 4°C for 1 h. The cells on the scaffold were washed twice
with PBS, and dehydrated by treatment with a series of solutions with increasing concentrations
of ethanol. The dehydrated cell-scaffold material was embedded in resin using the Historesin
Plus Embedding Kit (Leica, Heidelberg, Germany). Sections of 5 um thickness were prepared
and each section was stained with toluidine blue and observed under a microscope (BF-50;
Olympus, Tokyo, Japan).

Ultrastructual  examination

After removing the cultured hepatocytes, the ultrastructure of the PVA membrane was exam-
ined using scanning electron microscopy (SEM). The PVA membranes were treated for SEM
analysis by fixation with 2 % glutaraldehyde (pH 74) at 4°C for 24 h. The membranes were
then washed and the post-fixed cells were dehydrated through a graded alcohol series, dried in
hexamethyldisilazane and sputter coated with gold palladium and examined in a VE-7800 Key-
ence SEM.

Statistical analysis
Values are expressed as mean =+ standard deviation. Statistical significance of the differences
between the two groups was determined using Student’s t-test.

Results

Hepatocyte function in the RFB and the floating culture system

This study cultured hepatocytes in either a Sml RFB using a PVA scaffold or a floating
culture system and assessed the cellular function of the hepatocytes under these conditions by
measuring the synthesis of albumin and urea. A time course of albumin concentration in the
hepatocyte RFB-PVA culture system compared to the floating culture system showed significantly
higher albumin production in the RFB-PVA culture system at all time points examined (Fig. 2).
Urea synthesis by hepatocytes in the RFB-PVA culture system was also significantly higher than
in the floating culture system at all time points examined (Fig. 3).

Morphological features
Thin sections of the scaffolds were prepared after hepatocyte culture and were studied micro-
scopically. Representative photomicrographs of the sections show 3D aggregates of cells attached
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Fig. 2. Albumin production by cells cultured in the
RFB and the floating culture system. Data
are expressd as mean + SD (n=3). Group
A: floating culture system, Group B: RFB-
PVA culture system. (*P<0.05 compared with

Group A).
% €
A B>
p. 00 S
.‘. -‘ 0!{,?‘ * { ‘\.
. “wre .t "
“" ) 3 o % ) '&,.' 035
- - - .
X b & P ¢

. L5000 = —®— Group A
S )
] —0O— Group B
=
E
c 11250 =
o
=
g
g 07500 +
8
H
= o0a37s0 +
» —— °
0 A AL A AL A 1
1d 3d sd 7d
Days after culture(days)
Fig. 3. Urea synthesis by cells cultured in the RFB and

the floating culture system. Data are expressed
as mean * SD (n=3). Group A: floating
culture system, Group B: RFB-PVA culture
system. (*P<0.05 compared with Group A).
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Fig. 4. Photomicrograph of hepatocytes cultivated on the RFB-PVA culture membrane
A: H-E stained sections of hepatocytes cultivated for 7 days on the PVA membrane (x200).
B : PAS stained sections of hepatocytes cultivated for 7 days on the PVA membrane (x200).
C: Albumin stained sections of hepatocytes cultivated for 7 days on the PVA membrane (x200).

to the PVA membrane, and demonstrate that the cells were proliferating stably in the porous

spaces of the PVA (Fig. 4A). Immunohistochemical studies showed that hepatocytes cultured in
the RFB-PVA culture system expressed PASs and Albumin at least 7 days after cultivation (Figs.

4B, O).

Electron microscopy

A representative SEM image shows the PVA membrane alone (Figs. SA, B) and well-attached

clustered hepatocytes on the PVA membrane (Figs. 5C, D). The hepatocytes cultured in the

RFB-PVA culture system formed cell clusters that were 80-200 mm in diameter. These cell clus-

ters grew within the pores of the PVA membrane over a period of 3 days (Fig. 5D) and were

equally distributed throughout the scaffold (Fig.

5C).
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Fig. 5. Scanning electron microscopic image of cell clusters of rat
hepatocytes growing on the PVA scaffold

A, B: Scanning electron microscopic image of the porous PVA scaffold at
3 days after cell seeding (bar, A : 476 ym, B : 10.0 um).

C, D: Scanning electron microscopic image of cell clusters of rat
hepatocytes growing on the PVA scaffold. Rat hepatocytes are
attached to the pores of the PVA scaffold.

Scanning electron microscopic image of cell clusters of HepG2 cells formed

on the PVA membrane at 3 days after seeding (bar, C: 18.1 um, D:

6.66 um).

Discussion

ALF is a severe disease that, despite recent therapeutic advances, remains associated with sig-
nificant morbidity and mortality. Recently, liver transplantation has become a remarkably effec-
tive life-saving treatment for patients with fulminant hepatic failure and end-stage chronic liver
disease ™. Increases in both the number of liver transplantation procedures and the indications
for the procedure have resulted in a chronic worldwide shortage of organs for transplantation.
This is the situation despite alternative techniques being employed such as split-liver and living
donor transplantation. As a result, waiting times and mortality for prospective transplant recipi-
ents have also increased.

One possible alternative to transplantation in some patients is the BAL support system, which
can provide provisional hepatic function until a transplantable liver becomes available. In the
present study, we tested the development of a small-scale BAL support system using a PVA
membrane for the 3D culture of hepatocytes in a RFB. Primary rat hepatocytes actively sur-
vived and formed cell clusters in the porous scaffolds more efficiently than in a floating culture
system. The cultured hepatocytes exhibited excellent cellular function as evidenced by the syn-

thesis of albumin and urea in the RFB-PVA culture system. Hepatocytes cultivated for 7 days
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in the RFB-PVA culture system secreted an eight-fold greater amount of albumin and a five-fold
greater amount of urea than in the floating culture system.
Various types of bioreactors have been developed to support the growth of high-density 3D

44 or hollow-fiber modules 3! % 40

cell cultures. In particular, cultures using either microcarriers
have been described.

In 2004, Demetriou et al reported the development of the HepatAssist® BAL device®. An
early version of the HepatAssist® was the first BAL device tested in FDA-approved phase
I/11/1I clinical trials (Arbios Systems, Inc., Pasadena, CA, USA). The HepatAssist® BAL
device incorporated collagen-coated dextran microcarriers that provided the hepatocytes with an
attachment surface. RFBs are one type of bioreactor that can be used for high-density 3D cell
culture. In the RFB, liquid medium flows convergently from the periphery to the center (Fig.
1A), enabling equally efficient gas and nutrient exchange in different parts of the scaffold. The

34, 35)

use of RFBs can enhance the cellular function of the cultured cells Hongo et al dem-

onstrated that the cell density in the RFB was 4-15 fold higher than in microcarrier or hollow-
fiber cultures.

In this study, we focused on using an RFB that enables the growth of a highly functional 3D
culture. The performance of RFBs largely depends on the inclusion of a scaffold to provide a
support matrix for cell attachment. Miyoshi et al found that fetal liver cells could be cultivated

at high density on a polyvinyl foam (PVF) resin*’.

They were able to maintain a high-density
cell culture (7x107 cells/cm®) over 30 days of culture and the functioning of the cells was
assayed by measuring the albumin production rate. They noted that after the first two weeks
the rate of albumin production rate*”. Kataoka et al developed a new porous organic inorganic
hybrid scaffold consisting of tetraethoxysilane (TEOS) and polydimethylsiloxane (PDMS) and
employed a sol-gel method with sieved sucrose particles that acted as a porogen®”. This hybrid
material was more suitable than PVA scaffolds to support the culture of the human HepG2
hepatocellular carcinoma cell line that was used in that study. We propose that primary hepato-
cytes should be used as a cell source rather than a transformed cell line such as HepG2 because
cell lines are likely to have a reduced level of liver-specific function. In a preliminary study,
we used two other types of scaffolds in the RFB, with porous beads composed of either silica
or hydroxyapatite®. Primary hepatocytes could not attach to beads made from either of these
materials (data not shown). Therefore, we selected a PVA membrane for as a solid support to
culture primary hepatocytes in the RFB.

In this study, we observed the synthesis of albumin and urea by primary hepatocytes grown in
the RFB-PVA culture system, which represents the appropriate functioning of these cells. Thin
sections of the scaffolds were examined microscopically, with H-E sections showing that cells
were stably attached to the 3D PVA membrane, and these cells were proliferating in the porous
spaces of the PVA. Moreover, SEM images showed clustered hepatocytes attached to the PVA
membrane. Therefore, we propose that hepatocytes and hepatocyte-derived cell lines exhibit
improved specific cellular functions in cell clusters formed in the RFB with a PVA membrane
than in other systems tested to date.
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As our understanding of the pathophysiology of liver failure improves, we propose that the
RFB system will continue to be developed. This system should provide: (i) detoxification ;
(i) replenishment of specific liver functions; and (iii) stimulation of hepatic regeneration in
combinations that are appropriate for the individual patient. The RFB-PVA BAL could be used
to treat various forms of liver failure or patients with liver failure at various stages of illness.
Further studies of this promising technology are required to assure that it can be scaled-up to
provide a clinically-useful treatment option.

Conflict of interest disclosure

The authors have neither financial support nor relationships to disclose.

References

1) Matsui Y, Sugawara Y, Yamashiki N, et al. Living donor liver transplantation for fulminant hepatic failure. Hepatol
Res. 2008;38:987-996.

2) Bismuth H, Samuel D, Castaing D, et al. Orthotopic liver transplantation in fulminant and subfulminant hepatitis.
The Paul Brousse experience. Ann Surg. 1995;222:109-119.

3) Iwatsuki S, Stieber AC, Marsh JW, et al. Liver transplantation for fulminant hepatic failure. Transplant Proc.
1989;21:2431-2434.

4) Ascher NL, Lake JR, Emond JC, et al. Liver transplantation for fulminant hepatic failure. Arch Surg.
1993;128:677-682.

5) Rozga J. Liver support technology — an update. Xenotransplantation. 2006;13:380~-389.

6) Lee WM. Acute liver failure. N Engl J Med. 1993;329:1862-1872. Erratum in: N Engl J Med. 1994;330:584.

7) Van de Kerkhove MP, Hoekstra R, Chamuleau RA, et al. Clinical application of bioartificial liver support systems.
Ann Surg. 2004;240:216-230.

8) Adham M. Extracorporeal liver support : waiting for the deciding vote. ASAIO J. 2003;49:621-632.

9) Sabin S, Merritt JA. Treatment of hepatic coma in cirrhosis by plasmapheresis and plasma infusion (plasma
exchange). Ann Intern Med. 1968;68:1~7

10) Kondrup J, Almdal T, Vilstrup H, et al. High volume plasma exchange in fulminant hepatic failure. Int J Artif
Organs. 1992;15:669-676.

11) Iwai H, Nagaki M, Naito T, et al. Removal of endotoxin and cytokines by plasma exchange in patients with acute
hepatic failure. Crit Care Med. 1998;26:873-876.

12) Yoshiba M, Sekiyama K, Iwamura Y, et al. Development of reliable artificial liver support (ALS) -- plasma
exchange in combination with hemodiafiltration using high-performance membranes. Dig Dis Sci. 1993;38:469-476.

13) Kreymann B, Seige M, Schweigart U, et al. Albumin dialysis: effective removal of copper in a patient with
fulminant Wilson disease and successful bridging to liver transplantation: a new possibility for the elimination of
protein-bound toxins. J Hepatol. 1999;31:1080-1085.

14) Peszynski P, Klammt S, Peters E, et al. Albumin dialysis : single pass vs. recirculation (MARS). Liver. 2002;22:40~
42.

15) Sauer IM, Goetz M, Steffen I, et al. In vitro comparison of the molecular adsorbent recirculation system (MARS)
and single-pass albumin dialysis (SPAD). Hepatology. 2004;39:1408-1414.

16) Nagata Y, Uto H, Hasuike S, et al. Bridging use of plasma exchange and continuous hemodiafiltration before liv-
ing donor liver transplantation in fulminant Wilson’s disease. Intern Med. 2003;42:967-970.

17) Kubota T, Sekido H, Takeda K, et al. Acute hepatic failure with deep hepatic coma treated successfully by



164 Takeshi Aok, et al

18)

19)

20)

21)

22)

23)

24)

25)

26)

27)
28)

29)

30)

31)

32)

33)
34)

35)

36)

37)

38)

39)

40)

high-flow continuous hemodiafiltration and living-donor liver transplantation: a case report. Transplant Proc.
2003;35:394-396.

Mori T, Eguchi, Y, Shimizu T, et al. A case of acute hepatic insufficiency treated with novel plasmapheresis plasma
diafiltration for bridge use until liver transplantation. Ther Apher. 2002;6:463-466.

Stange J, Ramlow W, Mitzner S, et al. Dialysis against a recycled albumin solution enables the removal of
albumin-bound toxins. Artif Organs. 1993;17:809-813.

Stange J, Mitzner SR, Risler T, et al. Molecular adsorbent recycling system (MARS) : clinical results of a new
membrane-based blood purification system for bioartificial liver support. Artif Organs. 1999;23:319-330.

Evenepoel P, Bammens B, Nevens F, et al. The molecular adsorbent recycling system (MARS) and transmembrane
transport of albumin-bound toxins. Liver Transpl. 2005;11:853-854.

Strobl W, Kramer L, Vogt G, et al. The fractionated plasma separation and adsorption system: in vitro evaluation
and first clinical results. ASAIO J. 1999;45:194.

Rifai K, Ernst T, Kretschmer U, et al. Prometheus- a new extracorporeal system for the treatment of liver failure.
J Hepatol. 2003;39:984-990.

Krisper P, Haditsch B, Stauber R, et al. In vivo quantification of liver dialysis : comparison of albumin dialysis and
fractionated plasma separation. J Hepatol. 2005:43:451-457

Evenepoel P, Laleman W, Wilmer A, et al. Prometheus versus molecular adsorbents recirculating system : compari-
son of efficiency in two different liver detoxification devices. Artif Organs. 2006;30:276-284.

Demetriou AA, Brown RS Jr, Busuttii RW, er al. Prospective, randomized, multicenter, controlled trial of a bioar-
tificial liver treating acute liver failure. Ann Surg. 2004;239:660-667

Pless G, Sauer IM. Bioartificial liver : current status. Transplant Proc. 2005;37:3893-3895.

Morsiani E, Pazzi P, Moscioni AD, et al. In vitro morphological and functional characterization of isolated porcine
hepatocytes for extracorporeal liver support: bile acid uptake and conjugation. J Surg Res. 1998;79:54-60.

Morsiani E, Brogli M, Galavotti D, et al. Long-term expression of highly differentiated functions by isolated por-
cine hepatocytes perfused in a radial-flow bioreactor. Artif Organs. 2001;25:740-748.

Sauer IM, Zeilinger K, Pless G, et al. Extracorporeal liver support based on primary human liver cells and albu-
min dialysis--treatment of a patient with primary graft non-function. J Hepatol. 2003;39:649-653.

Morsiani E, Galavotti D, Puviani AC, et al. Radial flow bioreactor outperforms hollow-fiber modules as a perfus-
ing culture system for primary porcine hepatocytes. Transplant Proc. 2000;32:2715-2718.

Hongo T, Kajikawa M, Ishida S, et al. Three-dimensional high-density culture of HepG2 cells in a 5-ml radial-flow
bioreactor for construction of artificial liver. J Biosci Bioeng. 2005;99:237-244.

Seglen PO. Preparation of isolated rat liver cells. Methods Cell Biol. 1976;13:29-83.

Iwahori T, Matsuno N, Johjima Y, et al. Radial flow bioreactor for the creation of bioartificial liver and kidney.
Transplant Proc. 2005;37:212-214.

Kataoka K, Nagano Y, Nukui T, et al. An organic-inorganic hybrid scaffold for the culture of HepG2 cells in a
bioreactor. Biomaterials. 2005;26:2509-2516.

Rozga J, Podesta L, Le Page E, et al. A bioartificial liver to treat severe acute liver failure. Ann Surg.
1994;219:538-544.

Chen JP, Lin TC. High-density culture of hepatocytes in a packed-bed bioreactor using a fibrous scaffold from
plant. Biochem Eng J. 2006;30:192-198.

Watanabe FD, Mullon CJ, Hewitt WR, et al. Clinical experience with a bioartificial liver in the treatment of
severe liver failure. A phase I clinical trial. Ann Surg. 1997;225:484-491.

Saito M, Matsuura T, Masaki T, et al. Reconstruction of liver organoid using a bioreactor. World J Gastroenterol.
2006;12:1881-1888.

Miyazawa M, Torii T, Toshimitsu Y, et al. Hepatocyte dynamics in a three-dimensional rotating bioreactor. J


http://www.ncbi.nlm.nih.gov/pubmed/?term=Evenepoel%2520P%255
http://www.ncbi.nlm.nih.gov/pubmed/?term=Bammens B%5BAuthor%5D&cauthor=true&cauthor_uid=15973714
http://www.ncbi.nlm.nih.gov/pubmed/?term=Nevens
http://www.ncbi.nlm.nih.gov/pubmed/?term=Krisper P%5BAuthor%5D&cauthor=true&cauthor_uid=16023249
http://www.ncbi.nlm.nih.gov/pubmed/?term=Haditsch B%5BAuthor%5D&cauthor=true&cauthor_uid=16023249
http://www.ncbi.nlm.nih.gov/pubmed/?term=Evenepoel P%5BAuthor%5D&cauthor=true&cauthor_uid=15973714
http://www.ncbi.nlm.nih.gov/pubmed/?term=Morsiani E%5BAuthor%5D&cauthor=true&cauthor_uid=9735240
http://www.ncbi.n
http://www.ncbi.nlm.nih.gov/pubmed/?term=Moscioni AD%5BAuthor%5D&cauthor=true&cauthor_uid=9735240
http://www.ncbi.nlm.nih.gov/pubmed/?term=Morsiani
http://www.ncbi.nlm.nih.gov/pubmed/?term=Brogli M%5BAuthor%5D&cauthor=true&cauthor_uid=11722353
http://www.ncbi.nlm.nih.gov/pubmed/?term=Galavotti
http://www.ncbi.nlm.nih.gov/pubmed/?term=Zeil
http://www.ncbi.nlm.nih.gov/pubmed/?term=Pless G%5BAuthor%5D&cauthor=true&cauthor_uid=12971979
http://www.ncbi.nlm.nih.gov/pubmed/?term=Morsiani E%5BAuthor%5D&cauthor=true&cauthor_uid=11134773
http://www.ncbi.nlm.nih.gov/pubmed/?term=Galavotti D%5BAuthor%5D&cauthor=true&cauthor_uid=11134773
http://www.ncbi.nlm.nih.gov/pubmed/?term=Puviani AC%5BAuthor%5D&cauthor=true&cauthor_uid=11134773

41)

42)

43)

44)

45)

46)

47)

A Bioartificial Liver Using Radial-flow Bioreactor 165

Gastroenterol Hepatol. 2007;22:1959-1964.

Takabatake H, Koide N, Tsuji T, et al. Encapsulated multicellular spheroids of rat hepatocytes produce albumin
and urea in a spouted bed circulating culture system. Artif Organs. 1991;15:474-480.

Kino Y, Sawa M, Kasai S, et al. Multiporous cellulose microcarrier for the development of a hybrid artificial liver
using isolated hepatocytes. J Surg Res. 1998;79:71-76.

Sakai Y, Naruse K, Nagashima I, et al. A new bioartificial liver using porcine hepatocyte spheroids in high-
cell-density suspension perfusion culture : in vitro performance in synthesized culture medium and in 100% human
plasma. Cell Transplant. 1999;8:531-541.

Yin C, Mien Chia S, Hoon Quek C, et al. Microcapsules with improved mechanical stability for hepatocyte culture.
Biomaterials. 2003;24:1771-1780.

Gerlach JC, Schnoy N, Encke J, et al. Improved hepatocyte in vitro maintenance in a culture model with woven
multicompartment capillary systems : electron microscopy studies. Hepatology. 1995;22:546-552.

Fukuda J, Okamura K, Nakazawa K, et al. Efficacy of a polyurethane foam/spheroid artificial liver by using
human hepatoblastoma cell line (Hep G2). Cell Transplant. 2003;12:51-58.

Miyoshi H, Ehashi T, Ema H, et al. Long-term culture of fetal liver cells using a three-dimensional porous poly-
mer substrate. ASAIO J. 2000;46:397-402.

[Received May 1, 2015 : Accepted May 19, 2015]



