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Abstract
AIM: To evaluate the functions of a new bioartificial liver 
(BAL) system in vitro  and in vitro .

MEHTODS: The BAL system was configurated by 
inoculating porcine hepatocyte spheroids into the cell 
circuit of a hollow fiber bioreactor. In the experiments of 
BAL in vitro , the levels of alanine aminotransferase (ALT), 
total bilirubin (TB), and albumin (ALB) in the circulating 
hepatocyte suspension and RPMI-1640 medium were 
determined during 6 h of circulation in the BAL device. 
In the experiments of BAL in vitro , acute liver failure (ALF) 
model in canine was induced by an end-side portocaval 
shunt combined with common bile duct ligation and 
transaction. Blood ALT, TB and ammonia levels of 
ALF in canines were determined before and after BAL 
treatment.

RESULTS: During 6 h of circulation in vitro , there 
was no significant change of ALT, whereas the TB and 
ALB levels gradually increased with time both in the 
hepatocyte suspension and in RPMI-1640 medium. In 
the BAL treatment group, blood ALT, TB and ammonia 
levels of ALF in canines decreased significantly. 

CONCLUSION: The new BAL system has the ability to 
perform liver functions and can be used to treat ALF.

© 2006 The WJG Press. All rights reserved.
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INTRODUCTION
Acute hepatic failure (ALF) is a disease with a high 
mortality. Although significant improvements have been 
achieved in critical care therapy, the mortality rate of  
ALF patients is about 80%. In many patients liver failure 
is reversible and if  short-term liver support is provided, 
the liver may regenerate. Survivors may recover full liver 
function and a normal life expectancy. For many years, 
liver transplantation has been the only curative treatment 
for this condition, subjecting many patients to replacement 
of  a potential ly self-regenerating organ, with the 
lifetime danger of  immunosuppression and its attendant 
complications, such as malignancy. Additionally, because 
of  the shortage of  livers available for transplantation, 
many patients die before a transplant can be performed, or 
are too ill to undergo surgery at the time a liver becomes 
available. The survival of  patients excluded from liver 
transplantation or those with potentially reversible ALF 
might be improved with temporary artificial liver support. 
Among a variety of  liver support therapies, bioartificial 
liver (BAL) therapy is marked as the most promising 
solution. Some BAL devices are under trials in animals[1-4] 
and human beings[5-8]. The major problem is how to 
configure a BAL system. To attain enhanced efficacy 
of  liver support, several BAL configurations have been 
proposed. The long-term maintenance of  hepatocyte 
function is crucial for any BAL system. Some systems use 
hepatocytes attached to microcarrier beads or multicellular 
spheroid aggregates[9-11]. In regard to bioreactor design, 
various bioreactor configurations have been proposed 
that employ glass plates, hollow fiber membranes, 
encapsulation in biological matrices, and 3-dimensional 
carrier materials[12-15].
   In this study, porcine hepatocytes were isolated by 
in situ recirculating collagenase perfusion method 
and cultured with spinner culture method to prepare 
hepatocyte spheroids. A new BAL system was configured 
by inoculating hepatocyte spheroids into cell circuit of  a 
BIOLIV A3A hollow fiber bioreactor and the functions 
of  the BAL system were evaluated in vitro as previously 
described[16,17]. At same time, the efficacy evaluation of  the 
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BAL system was conducted in a model of  ALF canines 
induced by an end-side portocaval shunt combined with 
common bile duct ligation and transaction.

MATERIALS AND METHODS
Materials
Chinese experimental male and female miniature pigs 
(n = 13) weighing 2.5-4.0 kg, were provided by Beijing 
Agricultural University. The pigs were allowed free access 
to water and fasted for 12 h before the experiment. Hybrid 
male and female dogs (n = 16) weighing 10-15 kg, were 
provided by the Experimental Animal Center of  Drum 
Tower Hospital. Collagenase IV, RPMI-1640 medium, 
hepatocyte growth factor, nerve growth factor, and N-2-
hydroxyethypiperazine-N’-2-ethanesulfonic acid (HEPES) 
were from Gibco BRL Life Technologies, Grand Island, 
NY, USA. Insulin, glucagon, transferrin, linoleic acid, 
glutamine, bovine serum albumin, Na2SeO3, CuSO4•5H20, 
ZnSO4•7H2O, poly (2-hydroxyethyl methacrylate) (poly-
HEMA), penicillin, and streptomycin were from Sigma- 
Aldrich Chemie Gmbh, Steinheim, Germany. BIOLIV 
A3A hollow fiber cartridges with abnormal molecular 
weight cut-off  of  70 Ka, a pore size of  200 nm, and a 
surface area of  1.06 m2, were provided by Cell Biotech 
Ltd, Hong Kong, China.

Hepatocyte isolation and culture
Porcine hepatocytes were isolated by in situ recirculating 
collagenase perfusion method[18]. Hepatocytes were 
inoculated at a density of  5 × l07/mL in serum-free 
RPMI-1640 medium supplemented with 200 µg/L 
hydrocortisone, 1 mg/L hepatocyte growth factor, 10 
µg/L nerve growth insulin, 4 µg/L glucagon, 6.25 mg/L 
transferrin, 10 mg/L linoleic acid, 2 mmol/L glutamine, 0.5 
g/L bovine serum albumin, 3 nmol/L Na2SeO3, 0.1 µmol/L 
CuSO4•5H2O, 50 pmol/L ZnSO4•7H2O, 15 mmol/L  N-2-
hydroxyethylpiperazine-N’-2-ethanesulfonic acid (HEPES), 
200 mg/L cefoperazone sodium, 100 000 U/L penicillin, 
and 100 mg/L streptomycin[19]. To inhibit cell attachment 
and induce the formation of  cell spheroids in suspension, 
250 mL bottles were coated with poly-HEMA. About 100 
mL of  hepatocyte suspension was placed in each bottle. 
The bottles were placed in an incubator (50 mL/L CO2, 
37 ℃) for 20 h and slowly rotated (12 revolutions/h) as 
previously described[20, 21]. 

Configuration of BAL system
The BAL system was configured by inoculating the 
hepatocyte spheroids into the cell circuit of  a hollow 
fiber bioreactor (BIOLIV A3A, Cell Biotech Limited, 
HK, China). The total cell circuit volume was 250 mL. 
Hepatocyte spheroids in serum-free RPMI-1640 medium 
containing 1.0×1010 primary porcine hepatocytes were 
infused into the outer space of  the hollow fibers and the 
medium was circulated at 20 mL/min with continuous 
O2 input (2 L/min) (Figure 1). The bioreactor was kept at 
37.5 ℃ in an incubator[16].

Canine ALF model
Canine ALF model was induced by end-side portocaval 

shunt combined with common bile duct ligation and 
transaction as previously described[22]. All canines 
developed ALF 14 d after operation. 

Determination of functions of BAL system in vitro
Independent experiments were performed 5 times with 
the BAL device. The RMPI-1640 medium flowed through 
the lumen of  the hollow fibers at a rate of  30 mL/min. 
Samples of  the hepatocyte suspension and RMPI-1640 
medium were obtained at 2 h intervals during 6 h of  
circulation. Changes of  alanine aminotransferase (ALT), 
total bilirubin (TB), and albumin (ALB) levels in the 
circulating hepatocytes and medium were determined with 
an automatic biochemical analyzer (Hitachi 7600, Japan). 

Determination of functions of BAL system in vivo
Independent experiments were performed 8 times with the 
BAL device. Hemoperfusion was performed from femoral 
artery to femoral vein through the bioreactor at a rate of  
30 mL/min. The ALF model canines were divided into 
two groups: the BAL treatment group (n = 8) consisiting of  
canine ALF models was perfused using the above serum-
free medium inoculated with porcine hepatocyte spheroids 
for 6 h, and the control group (n = 8) consisting of  the 
canine ALF model was perfused using the above serum-
free medium without porcine hepatocytes for 6 h.
    Blood samples were obtained before (pre-circulation) 
and after the treatment (post-circulation). Blood ALT 
and TB were determined with an automatic biochemical 
analyzer (Hitachi 7600, Japan). Blood ammonia was 
determined with a biochemical analyzer (DT60II, Johnson 
and Johnson Medical Ltd., USA).

Statistical analysis
Results were expressed as mean±SD. Statistical differences 
were evaluated by analysis of  variance (ANOVA). P < 0.05 
was considered statistically significant.

RESULTS
ALT, TB and ALB levels in hepatocyte suspensions and 
RPMI-1640 media during circulation 
The average viability of  the isolated hepatocytes was 97% 
by trypan blue exclusion. The formation of  hepatocyte 
spheroids was observed after a culture of  20 h. In the 
hepatocyte suspensions, there were no significant changes 
of  ALT during 6 h of  circulation, whereas the TB and 
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Figure 1 Schematic 
picture of the BAL 
system.
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ALB levels increased gradually (P < 0.05). The pre-
circulation levels of  ALT, TB and ALB were lower in 
the RPMI-1640 media than in hepatocyte suspensions 
(P < 0.05). During 6 h of  circulation, there was no 
significant change of  ALT, whereas the TB and ALB 
levels gradually increased (P < 0.05). At 2, 4, and 6 h of  
circulation, there were no significant differences of  TB 
levels in RPMI-1640 media and hepatocyte suspensions, 
but the ALB concentration was lower in RPMI- 1640 
media than in hepatocyte suspensions at all times (P < 0.05, 
Table 1).

Changes of biochemical parameters in ALF canines after 
BAL circulation
The two groups were comparable in terms of  body 
weight (12.6 ± 2.2 kg in BAL group and 13.2 ± 2.1 kg in 
controls) and biochemical parameters before circulation. 
The parameters after circulation are shown in Table 2. In 
the BAL treatment group, blood ALT, TB and ammonia 
levels significantly decreased from 455.1 ± 225.2 U/L, 
74.6 ± 25.4 µmol/L and 131.2 ± 28.3 µmol/L before 
circulation to 273.3 ± 151.3 U/L, 33.1 ± 11.7 µmol/L and 
33.4 ± 21.7 µmol/L after circulation. While in the control 
group, there were no significant differences in blood ALT, 
TB and ammonia levels between pre-circulation and post-
circulation, though these indices were declined slightly 
(P > 0.05). Blood ALT, TB and ammonia levels were lower 
in BAL group than in control group after circulation 
(P < 0.05). The viability of  hepatocytes was about 90% at 
the end of  BAL treatment.

Survival rate of ALF canines
The survival rates of  ALF canines 7 d after treatment were 
100% (8/8) and 62.5% (5/8) in BAL group and control 
group respectively with no significant difference (P > 0.05).

Adverse reaction related to BAL treatment
The ALF canines had no apparent signs of  toxicity during 
and after BAL treatment.

DISCUSSION
Treatment of  ALF is a formidable clinical challenge. 
Currently, liver transplantation is the most effective 
therapy. Although advances have been achieved in 

transplantation techniques, donor organ shortage remains 
a serious problem. The mortality of  ALF is still high. 
However, many ALF patients can recover through liver 
regeneration after short-term liver support, which has 
prompted the design of  an extracorporeal liver support 
device to “bridge” patients over until they either recover 
or receive a liver transplant. Among these devices, the BAL 
system is most promising. Various types of  hepatocytes are 
inserted and different device designs have been proposed 

[23-25]. The BAL system differs from non-biologic artificial 
liver devices in the synthesis of  essential metabolites and 
the selective removal of  toxic substances, which are carried 
out by the cultured hepatocytes. An ideal BAL system can 
provide all the hepatic functions. 
    In this study, we configurated a new BAL system by 
inoculating porcine hepatocyte spheroids into the cell 
circuit of  a hollow fiber bioreactor and evaluated its 
functions in vitro and in vivo.
    Nagaki et al[26] demonstrated that primary hepatocytes 
are superior to transformed hepatocytes as a source of  
biotransformation functions in the BAL system. The BAL 
system we developed uses viable porcine hepatocytes in 
the bioreactor to exert liver functions. 
    Since 10-30% of  hepatocytes in the normal human 
liver are needed to maintain normal hepatic functions[27], 
Matsmura et al[28] proposed that a BAL requires 150-450 g 
of  liver. Our BAL device contains 1.0×1010 hepatocytes 
to meet the need of  patients with ALF. The liver of  an 
adult canine weighs about 335 kg and contains 3.35×109 

hepatocytes. Therefore, the BAL device could be used in 
this experiment.
    It has been reported that cell-cell interaction has 
an important role in maintaining the viabil ity and 
the functions of  hepatocytes[29]. In the present study, 
hepatocytes were incubated in serum-free medium and 
poly-HEMA-coated bottles by a continuous rotational 
method in order to restrict their attachment to the wall 
and promote the formation of  hepatocyte spheroids. This 
method could not only facilitate cell-cell interaction and 
maintain cell functions, but it also meet the requirement 
of  high-density culture in BA, thus reducing the possibility 
of  immunoreaction by using serum-free medium with 
hormone and various growth factors[19]. 
    The idea l b ioreac tor shou ld prov ide a g ood 
environment for growth and metabolism of  hepatocytes 

Table 2 Changes of biochemical parameters before and 
after circulation in two groups (mean±SD)

Group
Biochemical parameters

ALT(U/L) TB(µmol/L) NH3(µmol/L)
BAL group (n = 8)
  Pre-model 18.2 ± 12.6 2.8 ± 1.2 1.0 ± 0.0
  Pre-circulation 325.8 ± 54.7c 72.6 ± 23.5c 132.2 ± 28.3c

  Post-circulation 212.3 ± 42.3ac 33.4 ± 22.2ac 33.2 ± 21.7ac

Control group (n = 8)
  Pre-model 16.6 ± 38.3 2.6 ± 1.9 1.0 ± 0.0
  Pre-circulation 300.2 ± 52.6c 74.3 ± 23.7c 126.3 ± 30.4c

  Post-circulation 280.1 ± 45.9c 65.5 ± 35.6c 100.3 ± 13.5c

aP < 0.05 vs pre-circulation, cP < 0.05 vs pre-model.

Table 1 Changes of ALT, TBi and ALB in hepatocyte 
suspensions and RPMI-1640 media during circulation 
(mean±SD)

            
Portion Time (h)

Biochemical parameters

ALT(U/L) TB(µmol/L) ALB(g/L)

Hepatocyte suspensions (n = 5) 0 13.7 ± 3.5 3.5 ± 2.4 2.8 ± 1.5
2 15.2 ± 4.5 5.0 ± 1.6c 3.1 ± 1.6
4 17.9 ± 4.3 6.2 ± 1.8c 3.6 ± 0.9c

6 18.4 ± 3.2 8.4 ± 2.6c 3.8 ± 1.2c

RPMI1640 media (n = 5) 0 0.8 ± 0.2a 0.0 ± 0.0c 0.5 ± 0.1a

2 1.5 ± 0.5a 4.8 ± 1.3c 1.8 ± 0.3ac

4 1.3 ± 0.3a 5.7 ± 1.6c 2.5 ± 0.2ac

6 1.4 ± 1.0a 6.8 ± 2.5c 2.8 ± 0.3ac

aP < 0.05 vs hepatocyte suspensions at the same circulation time, cP < 0.05 vs 0 h.



as well as the efficient exchange of  substances. At 
present, the most commonly used device is a hollow 
fiber bioreactor with many small hollow fibers made 
from semipermeable membranes. The device has two 
independent compartments that are separated by hollow 
fiber semipermeable membranes. The intratubular space 
is used to perfuse blood, while the extratubular space 
is used to culture hepatocytes. The blood or plasma of  
patients flows into the bioreactor, exchanging substances 
with hepatocytes through the semipermeable membranes. 
The membranes also provide immuno-isolation. In view 
of  the molecular weight of  albumin (68 ku), a hollow fiber 
membrane with 200 nm pore size and a MWCO of  70 ku 
was chosen for this study. The membrane allows passage 
of  some relatively small molecules such as albumin, but 
restricts the passage of  lymph cells and high molecular 
weight proteins. Blood-borne toxins and metabolic 
precursors are free to diffuse across the membrane to 
hepatocytes where they are metabolized. Metabolic 
products and detoxified toxins are free to diffuse back 
across the membrane to the flowing blood. Hepatocytes 
in the bioreactor also synthesize molecules (proteins, 
coagulation factors, enzymes, carrier molecules) that pass 
across the hollow fiber cartridge into blood. Continuous 
O2 input could ensure hepatocytes to gain sufficient 
oxygen. Therefore, our BAL device has such a novelty 
as it uses hepatocyte spheroids and serum-free medium 
compared to previously reported BAL[13-16].
    Experiments of  BAL in vitro showed that TB and 
ALB levels in hepatocyte suspensions and in RPMI-1640 
media increased during 6 h of  circulation. There were no 
significant differences of  TB levels in RPMI-1640 medium 
and hepatocytes suspensions after 2 h of  circulation. 
ALB level was lower in RPMI-1640 samples than in 
hepatocyte suspensions at all periods of  circulation. ALB 
levels in RPMI-1640 medium and hepatocyte suspension 
averaged 2.8 g/L and 3.8 g/L, respectively, after 6 h of  
circulation. During the 6 h of  circulation, there were no 
significant changes of  ALT levels in RPMI-1640 medium 
or hepatocyte suspensions. ALT level was lower in 
RPMI-1640 medium than in hepatocyte suspensions at all 
time points. Bilirubin and albumin could readily cross the 
semi-permeable membrane because of  their low molecular 
weights. The results indicate that albumin synthesized 
by hepatocytes in the BAL system can cross into the 
circulating stream in the intratubular space of  hollow 
fibers.
    In the experiments of  BAL in vivo, blood ALT, TBi 
and ammonia levels significantly decreased after 6 h of  
circulation in the BAL group. There were no significant 
differences in blood ALT, TB and ammonia between 
pre-circulation and post-circulation in the control 
group, though these indices were slightly decreased after 
circulation. These results suggest that our BAL system 
has the potential not only to protect against hepatocyte 
destruction but also to dilute excess ALT in the systemic 
serum, which is consistent with the previous report[30]. 
The survival rate was higher in BAL group than in control 
group, but there was no statistical significance, which may 
be related to the quantity of  the samples. The viability of  

hepatocytes was about 90% at the end of  BAL treatment, 
indicating that our BAL device has its advantages.
    In conclusion, the new BAL system configurated in this 
research has a certain liver support effect and appears to 
have potential advantages for its clinical use in patients 
with ALF.
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