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General introduction

Acute liver failure 

Acute liver failure (ALF; fulminant hepatic failure, FHF)1-4 is a dramatic and life-threatening 
condition in which severe hepatocyte injury or massive necrosis causes substantial loss of 
liver function. Since the liver carries out many crucial metabolic functions and is essential 
for homeostasis of lipids, proteins and carbohydrates, substantial failure leads to severe 
illness, frequently leading to multiorgan failure and eventually death. By definition, ALF 
is potentially reversible and is accompanied by coagulopathy and the development of an 
altered mental status (hepatic encephalopathy; HE) within 8 weeks of the appearance of 
the first symptoms in a patient with a previously healthy liver. Numerous causes of ALF 
exist as are determined geographically. In the US and UK, acetaminophen intoxication 
and other drug induced liver injuries are the most common causes. In the rest of the 
world, infection with hepatitis viruses (A and B) is thought to be the most frequent cause. 
Other less frequent causes of ALF are metabolic liver diseases (e.g. Wilson’s disease, 
alpha-1 antitrypsin deficiency, fructose intolerance), autoimmune hepatitis, hepatitis 
(C-D), hepatic malignancies, vascular-related origins (e.g. Budd-Chiari syndrome), 
organic toxins (e.g. Amanita phalloides mushroom toxin) and causes (like primary graft 
non-function after liver transplantation). The pathophysiology and outcome of ALF are 
strongly related to the wide variety of potential causes. In general, cerebral edema and 
infections remain the leading causes of death in ALF. 

Without liver transplantation, mortality rates of ALF vary between 50 to 90% despite 
maximal intensive care treatment. Orthotopic liver transplantation (OLT), however, 
drastically improves outcome of ALF patients. One-year survival rates after OLT are as 
high as 90%, demonstrating the superiority of OLT to maximal intensive care treatment. 
However, in Europe and in the US waiting lists for OLT are still increasing, whereas the 
number of available donor livers remain relatively constant.5,6 To prevent ALF patients 
from dying on the waiting list, alternative techniques for providing temporary liver 
support have been developed. These therapies are intended to tide ALF patients over until 
a donor liver becomes available or regeneration of the own liver occurs. 

Liver support therapies 

Liver support therapies are divided into biological and non-biological liver support 
therapies.7,8 Non-biological liver support therapies rely on non-specific removal of 
water-soluble and protein-bound toxins from ALF patient’s plasma by dialysis, filtration, 
absorption or a combination of these options. Biological liver support therapy, however, 
relies on the intrinsic biological capacity of viable hepatocytes to perform the specific 
detoxification and synthesis functions of the normal liver. The current status of OLT 
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as the only curative option for ALF has clearly demonstrated the value of biologically 
active hepatocytes. Bioartificial liver (BAL) support systems are extracorporeal devices 
(bioreactors) filled with viable hepatocytes. A large variety of bioreactor designs has 
been developed over the last two decades, of which only eight systems have found 
application in a clinical setting.7 Comparison between these devices with regard to overall 
hepatocyte-specific function and clinical outcome is nevertheless difficult. In particular, 
large variations in cell types used, preservation methods, isolation techniques, test set-
ups, patient populations, biochemical parameters, additional non-biological therapies and 
data presentation hamper straightforward comparison of devices. 

The main objective in BAL research is to maintain hepatic function of mature 
hepatocytes or to induce hepatic differentiation of less differentiated cells inside an 
extracorporeal device to obtain an optimally functional BAL for clinical application. 
To fulfill this objective, progress in BAL research is dependent on several engineering 
fields, e.g. genetic, biomaterial, tissue, mathematical, and metabolic engineering. 
As a consequence, a large variation of research topics can be defined, e.g. related to: 
1. improving oxygen availability to hepatocytes; 2. enhancing bi-directional mass transfer 
of metabolites between plasma and hepatocytes; 3. improving cell preservation methods; 
4. investigating the effects of ALF plasma on hepatocytes; 5. improving culture conditions 
and culture medium composition; 6. developing new and improved biocompatible 
materials, 7. simplifying complex logistics of clinical BAL treatment, etc. This ongoing 
research continues to offer new insights and, as a consequence, new bioreactor concepts 
are still being developed and improved to this day. The success of BAL support systems 
is, however, strongly dependent on the selected cell source employed.

Cell sources for BAL devices

Primary human hepatocytes are principally the ideal cells for BAL application, but the 
limited source, difficult quality control, heterogeneity of donors and low residual function 
after (cryo)preservation are important limitations for general use. The most widely used 
cells are primary porcine hepatocytes, since these cells are readily available in large 
amounts and have excellent function.7 The exploitation of porcine hepatocytes for BAL 
treatment is, however, nowadays prohibited in most Western countries because of laws 
against xenotransplantation.9,10 Therefore, increasing attention is given to the development 
of human hepatic cell lines.11 Since cell lines have excellent growth characteristics, 
availability of adequate cell mass will not be the limiting factor. Sufficient hepatic 
functionality of human liver cell lines, on the other hand, constitute a major obstacle for 
the application in BAL systems. 
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AMC-BAL

One of the clinically applied BAL devices has been developed in the Academic Medical 
Center in Amsterdam, entitled the AMC-BAL.12 This liver support system is characterized 
by direct plasma cell contact, an integrated oxygenation system and a spirally wound 
polyester matrix, to which small aggregates of hepatocytes are attached.13 By using 
porcine hepatocytes, the AMC-BAL has shown liver specific detoxification and synthesis 
capacity in vitro13,14, significantly improved survival time in small and large animal 
models of ALF15-18, and safety in a phase I clinical study.19 Eversince the first model 
of the AMC-BAL was developed, modifications have been introduced to improve the 
device. However, as generated from earlier in vitro studies, several incentives emerged 
directing recent research to investigate cellular processes inside the bioreactor and to 
apply mathematical modeling for further optimization of the AMC-BAL configuration. 
Furthermore, the development of a novel human hepatic cell line (cBAL111) has urged 
present and future research into more a genetic, metabolic as well as tissue engineering 
based field.

This thesis

This thesis is divided into four parts. Part 1 provides an overview of the AMC-BAL 
research performed between 1995 and 2004 and describes the optimization of the AMC-
BAL from the first generation to an improved second generation device. Furthermore, a 
comparison between the second generation AMC-BAL and another European BAL device 
(MELS CellModule) is presented, whereas the effect of mild hypothermic preservation 
for transport purposes of the AMC-BAL is discussed. In Part 2, mathematical modeling 
and computational fluid simulations were used to analyze the AMC-BAL on a micro- 
and full-scale level in silico. Resulting recommendations for further improvements of 
the AMC-BAL were validated in an in vitro study. Part 3 describes the research process 
of advanced in-depth analysis of cultured hepatocytes inside the AMC-BAL at three 
basic bioengineering levels, i.e. at the level of gene expression, liver metabolical, and 
histological level. Furthermore, a comparative study between three primary cell types, 
i.e. mature porcine hepatocytes, mature human hepatocytes and fetal human hepatocytes, 
herald the transition towards the use of human hepatic cell lines. Part 4 evaluates the 
potential of a newly developed, human hepatic cell line (cBAL111) for application in the 
AMC-BAL in the setting of an in vitro and an ex vivo study in an animal model of ALF.
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Outline of the Thesis

—  Part 1  — 

Introduction to the AMC-BAL

An overview of the AMC-BAL research is given in Chapter 2. This chapter describes the 
development of the AMC-BAL from a laboratory-size bioreactor towards a large-scale 
bioreactor suitable to treat patients. Pre-clinical studies in rats and pigs are discussed 
as well as a phase I clinical study conducted in Italy. Finally, an introduction to the 
development of a human hepatic cell line for BAL application is presented.

Chapter 3 describes the evolution of the first generation AMC-BAL into an improved 
second generation AMC-BAL. Data of in vitro experiments of both types of bioreactors 
are compared. Optimization of the porcine hepatocyte isolation procedure, standardization 
of biomass calculation and function parameter correlations issuing from in vitro function 
tests are also discussed.

Two European BAL systems, the MELS CellModule and the second generation AMC-
BAL, are compared in Chapter 4. Both systems were tested in an in vitro test setup under 
identical conditions.

Preservation conditions play a crucial role during transport of a BAL from the laboratory 
to the hospital, in the setting of clinical application. In Chapter 5, the possibility of 
preserving the AMC-BAL loaded with freshly isolated porcine hepatocytes at mild 
hypothermic temperatures was assessed.

—  Part 2  — 

Modeling of the AMC-BAL

For further improvement of the AMC-BAL, detailed information on oxygen availability 
and fluid flows inside the AMC-BAL is required. In Chapter 6, a three-dimensional 
micro-computer model of the AMC-BAL was developed. This micro-model was used to 
test different conditions and bioreactor configurations with computational fluid dynamics 
simulations in order to analyze and improve the oxygen availability to hepatocytes.

A new design of the AMC-BAL was developed according to the results of the computer 
model described in chapter 6. In Chapter 7, this new design of the AMC-BAL and a 
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different mode of oxygenation  was compared with the standard culture conditions of the  
second generation AMC-BAL in an in vitro study.

Chapter 8 describes the development of a three-dimensional full scale AMC-BAL 
macro-model. Cell distributions in two bioreactors were quantified and used to model the 
cell distribution of a realistic macro-model of the AMC-BAL. Computer fluid dynamics 
simulations were used relating to different bioreactor configurations and different 
conditions to assess and improve oxygen availability to hepatocytes inside the AMC-
BAL.

—  Part 3  — 

A view inside the AMC-BAL

Hepatocytes inside a BAL device are not easily accessible and, as a consequence, 
cannot be studied in detail other than via parameters assessable in the culture medium. 
A comprehensive understanding of the mechanisms that underlie hepatic functionality 
inside a bioartificial liver (BAL) device is obtained when liver metabolical, histological 
and gene expression analyses can be combined. In Chapter 9, a novel cell sampling 
technique is described enabling the analysis of adherent hepatocytes inside a BAL device 
without the necessity of terminating the culture.

Chapter 10 describes the changes in time-dependent cellular reorganization and 
morphology of hepatocytes inside the AMC-BAL during culturing. Special consideration 
has been given to two differentially expressed proteins in relation to hepatic zonation, i.e. 
glutamine synthetase and carbamoyl-phosphate synthetase.

Many liver cell types have been used for pre-clinical and clinical application of BAL 
devices. The choice of the optimal cell source for BAL support devices is, however, still 
a matter of debate. In Chapter 11, a functional and histological comparison was made 
between three primary liver cell types, i.e. 1. mature human hepatocytes, 2. fetal human 
hepatocytes and 3. mature porcine hepatocytes.

—  Part 4  — 

Human liver cell line and the AMC-BAL

In Chapter 12, the potential for in vitro cultivation of the novel human liver cell line 
cBAL111 inside small laboratory-size AMC-BAL bioreactors was evaluated. The hepatic 
functionality, gene expression, amino acid metabolism and cellular morphology were 
assessed.
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Hepatic encephalopathy develops during severe liver insufficiency and is a potentially 
lethal symptom in acute liver failure. The pathogenesis of hepatic encephalopathy is 
multifactorial and not at all fully elucidated. An overview of the most likely hypotheses of 
the pathogenesis of hepatic encephalopathy and the role of artificial liver support systems 
herein is given in Chapter 13. 

In Chapter 14, the potential of the novel human hepatic cell line cBAL111 for BAL 
application was assessed in a small animal, ex vivo model of ALF. Rats underwent  
complete liver ischemia and were treated with small laboratory-scale AMC-BAL 
bioreactors charged with 250 million cBAL111 cells. Primary outcome parameters were 
survival time, clinical grade of hepatic encephalopathy and blood ammonia concentration. 
The effect of ALF plasma on cBAL111 function in the AMC-BAL was also studied by 
testing the bioreactors prior and after the treatment in an in vitro setting.

— 

A summary of the different chapters of this thesis with concluding remarks is given in 
Chapter 15. 

— 

In Appendix 1, an overview of thoughts and recommendations on Chapter 14 “Evaluation 
of a novel human fetal liver cell line -cBAL111-in the AMC-BAL in rats with complete 
liver ischemia” is given. 
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Abstract

Acute liver failure (ALF) is a disease with a mortality of 60–90% depending on the 
cause. Only high-urgency liver transplantation is able to increase survival compared 
to standard intensive care therapy. Liver transplantation is hampered by the increasing 
shortage of organ donors, resulting in a high incidence of patients with ALF dying on the 
transplantation waiting list. Amongst a variety of liver assist therapies, bioartificial liver 
(BAL) therapy is marked as the most promising solution to bridge ALF patients to liver 
transplantation or to liver regeneration, since several BAL systems showed significant 
improvement of survival time in experimental animals with irreversible ALF. One of 
these systems has been developed at the Academic Medical Center in Amsterdam, The 
Netherlands – the AMC-BAL. This overview describes the development of the AMC-
BAL based on porcine hepatocytes which was started 10 years ago. Positive results of 
in vitro functionality and in vivo safety and efficacy led to a successful phase I study in 
12 ALF patients in Italy. However, xenotransplantation legislation in many European 
countries prohibits the use of porcine hepatocytes in clinically applied BAL systems. The 
future of the BAL, therefore, resides in the development of a human-derived hepatocyte 
cell line as biocomponent of BAL systems.

Chapter 2
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Introduction

Mortality of acute liver failure (ALF) remains high despite maximal supportive intensive 
care treatment. Mortality ranges from 60 to 90% depending on the cause of underlying 
liver disease. Since the 1950s many supportive modalities have been added to standard 
therapy of the acute failing liver. These additional therapies range from drug treatment 
to isolated liver perfusion, liver support devices and ultimately, liver transplantation. At 
present, orthotopic liver transplantation (OLT) is the only effective treatment of ALF 
improving survival in comparison to standard intensive care treatment. Emergency OLT 
is associated with a 1-year survival of 60–90%, depending on the cause of ALF and the 
selection criteria applied for OLT.1-7 However, due to the shortage of donor livers, a 
considerable number of patients with ALF die while on the waiting list for OLT. Despite 
the efforts to increase the donor liver pool by using split livers, living related donor livers 
and marginal livers, the availability of donor livers is far less than the demand. Because 
of these high mortality rates and the increasing waiting times for transplantation over the 
last years1, interest has been renewed in techniques for providing temporary liver support 
to bridge the liver failure patient to OLT or liver regeneration. These techniques can 
be grossly divided into non-biological and biological liver support. Many attempts have 
been made to develop non-biological liver support therapies based on detoxification of the 
patient’s blood8-12, but all revealed limited or no success.13 The success of OLT indicates 
the importance of not only restoration of failing detoxification but also restoration of 
metabolic functions in patients with ALF. Since these functions can best be carried out by 
hepatocytes, more is to be expected from biological liver support systems.

Besides ALF, other indications for BAL treatment are acute on chronic liver failure 
and liver support therapy in post-hepatectomy liver failure. Furthermore, a BAL is 
potentially capable of improving a patient’s condition and converting patients from a 
non-transplantable to a transplantable state.

Bioartificial liver (BAL) systems are extracorporeal systems that rely on the 
functionality of hepatocytes from xenogeneic or human origin. Although an increasing 
number of BAL devices have been developed, only eleven different BAL systems 
have ultimately passed the test of clinical application.13 The AMC-BAL is one of these 
systems.

Development of the AMC-BAL

In the early 1990s, Flendrig et al.14 developed a novel BAL system based on a bioreactor 
with an integral oxygenator and a spirally wound, non-woven polyester matrix for small 
aggregate hepatocyte three-dimensional culture, which outperforms monolayer cultures 
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in functional activity.15 The advantages of the AMC-BAL above other systems are: 
(1) low substrate and metabolite gradients in a high-density hepatocyte culture; (2) direct 
contact (without interference of a membrane) between the culture medium of plasma and 
the hepatocytes resulting in optimal bidirectional mass transfer, and (3) decentralized 
oxygenation, realized by oxygen hollow fibers inside the bioreactor between the matrix 
layers, assuring optimal oxygenation of the hepatocytes without large oxygen and 
bicarbonate gradients in the bioreactor. The first bioreactors were hand made with a total 
extra-fiber space of 11 ml (diameter 1.7 cm, length 15.5 cm) (Fig. 1). Hepatocyte seeding 
on the non-woven polyester matrix in the extra-fiber space was achieved by injecting the 
cell suspension via the side ports of the bioreactor. The same ports were used for medium 
perfusion after cell immobilization. Flow-sensitive magnetic resonance imaging was 
performed of the bioreactor to show equal flow distribution through the bioreactor.14 In 

Figure 1. Schematic drawing of a transverse and longitudinal cross section of the small-scaled 
bioreactor. The system is composed of a polysulfone housing (A) comprising a three-dimensional 
non-woven polyester matrix (B) for high-density hepatocyte culture and hydrophobic polypropylene 
hollow-fiber membranes (C) for oxygen supply and carbon dioxide removal. Medium is perfused 
through the extra-fiber bioreactor space via the side ports (F) and is in direct cell contact. The bioreactor 
is perfused with culture gas via the endcaps (E). The hollow fibers act as spacers between the layers of 
the 3D matrix, creating numerous channels or extra-fiber space (D).
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vitro bioreactor function tests were performed after loading 20 × 106 porcine hepatocytes 
in the 11-ml bioreactor.14

Hepatocytes were isolated from porcine livers using a simple two-step collagenase 
perfusion technique originally described by Seglen16 and modified by te Velde et al.17 
Trypan blue viability of the cells varied between 71 and 96%. Hepatocytes in the bioreactor 
were cultured in a recirculating culture medium (flow 5 ml/min) at 37°C and oxygenated 
by culture gas (95% air and 5% CO2). The bioreactor function was tested during 180 
min on 3 consecutive days in a specified test medium. This small-scale bioreactor proved 
to eliminate galactose, synthesize urea out of ammonia and metabolizes lidocaine via 
the cytochrome P450 enzyme system. Furthermore, changes in amino acid status and 
production of proteins were shown. Microscopic evaluation of the hepatocytes on the 
polyester matrix showed viable hepatocyte aggregates after 5 days of culture (Fig. 2). In a 

Figure 2. a Light microscopic photomicrograph of a cross section of the 3D matrix from a small-
scaled bioreactor in which 20 × 106 viable porcine hepatocytes/ml had been cultured for 5 days. The 
hepatocytes form small aggregates which immobilize on and between the polyester fibers (translucent 
circles, 13 ìm diameter) of non-woven fabric. b Scanning electron micrograph of isolated porcine 
hepatocytes cultured for 5 days in the 3D matrix of a small-scaled bioreactor. Small hepatocyte 
aggregates entrapped between the polyester fibers of the non-woven polyester matrix are shown. 
Tentacles, possibly of protein origin, cleave the inter-fiber space. 

a

b
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former study, functional activity of porcine hepatocytes cultured with several extracellular 
matrix constituents was tested. With the exception of Matrigel, neither of the extracellular 
matrix contents enhanced hepatocyte function. However, Matrigel was not further used 
because the presence of mouse sarcoma material was considered to be unacceptable in 
clinical application of the BAL.17

After testing the small-scale bioreactor, the next step was to develop a large-
scale BAL system sufficient to treat patients with ALF. It was estimated that 
10–20 × 109 hepatocytes or 100–200 ml hepatocyte pellet volume is needed in BAL 
systems to treat ALF patients18, a cell amount factor 500–1,000 more than used in the 
small-scale bioreactor.

The first-generation large-scale bioreactor (Fig. 3a) consisted of a polysulfone 
housing with a volume of 420 ml harboring a three-dimensional non-woven polyester 
matrix, which is circularly wound around a massive polysulfone core (for technical 
details, see Table 1). Hydrophobic polypropylene gas capillaries are positioned in 
a parallel fashion between the layers of the polyester matrix. The ends of the oxygen 
capillaries are embedded in polyurethane resin using dialyzer potting techniques, and 
fitted with gas inlet and outlet caps. Gas in and outflow ports (G, Fig. 3b) are situated at 
the side of the bioreactor. According to function tests used for the small-scaled bioreactor, 
the large-scaled bioreactor was tested in vitro with 10 × 109 viable hepatocytes and 
showed initially good biochemical function.19 However, the function per hepatocyte was 

Figure 2. c Transmission electron micrograph of a hepatocyte aggregate from the 3D matrix after 4 
days of culture in a bioreactor (bar represents 1 ìm). Neighboring cells reconstitute bile canaliculus-like 
structures (BC) with typical microvilli and junctional complexes including tight junctions (arrows) and 
desmosomes (D). Other cell structures displayed are: mitochondria (M), Golgi complexes (G), rough 
endoplasmatic reticulum (RER), a peroxisome (P) and a nucleus (N).
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drastically reduced and decreased to 25% after 3 days of culture.18 This failure in adequate 
scaling up of the bioreactor depended on: (1) poor hepatocyte distribution throughout the 
bioreactor; (2) inadequate positioning of the oxygen fibers; (3) diminished hydrodynamic 
features with insufficiently perfused areas, and (4) areas in the bioreactor without matrix 
where hepatocytes clump together in large cell volumes and are insufficiently perfused 
and oxygenated. In addition to these disadvantages of the device, hepatocyte isolation 
and culturing conditions needed to be improved. Therefore a second-generation large-
scale bioreactor was developed together with improved hepatocyte isolation techniques 
and culture conditions. The second-generation bioreactor (manufactured by RanD Srl, 
Medolla, Italy) is a modified version of the first-generation bioreactor (for details, see 
Fig. 3b and Table 1). The most important improvements consist of: (1) complete visibility 
inside the device; (2) less tight configuration of matrix windings; (3) less dead space 
and an extra cell loading port that improves cell distribution, and (4) the change of gas 
capillary constitution into co-extrusions of polypropylene and polymethylpentene. The 
total extra-fiber volume of the second-generation bioreactor is 570 ml. The function 
of the second-generation bioreactor, loaded with 10 × 109 viable porcine hepatocytes, 
was improved by a factor 4–10, depending on the parameter measured, compared to the 

Figure 3. Large-scale AMC-BAL bioreactor: (a) first-generation bioreactor and (b) second-generation 
bioreactor. 

a

b
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first-generation bioreactor. Furthermore, bioreactor function after 3 days was about 80–
90% compared to the first day of culture.18 Also, technique of hepatocyte isolation and 
hepatocyte culture has been improved.18

CONFIGURATION FIRST GENERATION
BIOREACTOR

SECOND GENERATION 
BIOREACTOR

UNIT DELTA %

Housing
Material polysulfon polycarbonate
Potting to potting cut-high 230 157 mm -31,7
IN-OUT connection inter-axe 178 129 mm -27,5
Inlet/Outlet plasma connector 1/4” inches according with EN1283 type

Gas cover
Material polycarbonate / stainless steel polycarbonate
Connection dimension 3/16” inches 3/16” inches type

Core
Material Polysulfon Polycarbonate
Diameter 38 25 mm -34,2

Non woven Matrix
Material polyester fabric polyester fabric
Useful  height 17 10 cm -41,2
Useful  length 330 580 cm +76.8
Useful  surface 5610 5800 cm2 +3,4
Thickness 400 400 µm 0
Useful surface for cells seeding 84150 87000 cm2 +3,4
Apparent Matrix volume 224 232 cm3 +3,4
Hydrophilic surface treatment gas plasma gas plasma type

Oxygenator fibres
Product name Oxyphan® Oxycell®

Material polypropilen polymethylpentene
Material PP co-extruded PP+PMP
Configuration parallel fashion of 6 cap.each mono layer knitted mat type
Fibres density 4,5 5,7 cap/cm +25,4
Tot number of capillaries used 1500 3300 n° +120
Gas exchange surface 0.75 1.08 m2 +44
Outlet diameter 380 380 µm 0
Din 280 200 µm
Inlet diameter 280 200 µm -28,6
Plasma burst resistant material no yes type
Hydrophilization time 12 >120 hrs +900
Potting  
Material bi-component PUR resin, 

medical grade
bi-component PUR resin, 

medical grade
type

Geometrical configuration  
(layers of fibers mat+matrix)
Spiral wound configuration yes yes type
N° of windings 15 35 n° +133

General features 
Heating system for gas needed not needed
Priming volume 420 570 cm3 +26,2
Sterilization steam ETO type

Table 1. Technical features of AMC-BAL bioreactors; first vs. second generation bioreactor.
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In vivo Studies

In a review paper on animal models of ALF, recommendations were given for treatment 
design.20 Small as well as large animal studies were performed with the AMC-BAL. 
Flendrig et al.21,22 tested the first small-scale bioreactor (11 ml volume) loaded with 
440 × 106 porcine hepatocytes with a trypan blue viability of 74–85% in rats with complete 
liver ischemia (LIS). Treatment was started 30 min after initiation of LIS. A significant 
prolongation of survival time was found: treated vs. control group, 11.0 ± 2.2 vs. 
5.1 ± 1.7 h (p < 0.001) respectively. The treated group showed significantly delayed 
deterioration in clinical signs of hepatic encephalopathy. Significantly reduced ammonia 
and lactate serum levels were found in the treated group in comparison to the control 
groups.

After this success in the small animal studies, two large animal studies were 
performed using two different ALF models. First, LIS pigs (weighing about 35 kg) were 
treated with the AMC-BAL (first-generation 420 ml volume) loaded with approximately 
14 × 109 viable porcine hepatocytes.23 The AMC-BAL treatment of LIS pigs started 6 h 
after inducing total LIS, and was continued for 24 h. Significantly prolonged survival 
time (51 ± 3 h) was observed compared to control groups (33 ± 3 h). Furthermore, BAL 
treatment showed lower ammonia and bilirubin levels in the BAL-treated pigs compared 
to control groups. 

The LIS pig model was followed by a study in anhepatic pigs. This model is based 
on total hepatectomy with restoration of caval continuity using a polyethylene, three-
way prosthesis.24 The BAL system (first-generation large-scale bioreactor) was loaded 
with approximately 10 × 109 viable autologous porcine hepatocytes, isolated from the 
explanted liver and cultured in a culture medium prior to treatment. Twenty-four hours 
after hepatectomy, BAL treatment was started and continued for 24 h. Survival of the 
anhepatic pigs was significantly increased in the BAL-treated group (65 ± 15 h), as 
compared to the control groups (46 ± 6 h) (p = 0.02). A 24-hour lasting BAL treatment 
prolonged life in the anhepatic pig for about 20 h. Mean blood ammonia levels during 
BAL treatment were significantly lower in the BAL-treated group in comparison to 
control groups. To examine synthesis of coagulation factors by the AMC-BAL, several 
coagulation and anticoagulation parameters were measured.25 Factors II, V, VII, AT-III 
and fibrinogen rapidly decreased after total hepatectomy in pigs in accordance with the 
anhepatic state of the animals. Factor VIII levels were not influenced by the hepatectomy, 
indicating extrahepatic synthesis of factor VIII. A mild drop in platelet count was seen 
in all groups. Treatment of anhepatic pigs with the AMC-BAL based on freshly isolated 
porcine hepatocytes did not result in an improved coagulation state, due to extensive 
consumption of clotting factors in this model with large surgical wounds. However, 
increased levels of TAT complexes and prothrombin fragments F1 + 2 during treatment 
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of anhepatic pigs indicate synthesis and direct activation of coagulation factors, leading 
to thrombin generation. Hence, this study demonstrated that the porcine hepatocytes in 
the AMC-BAL were capable of synthesizing coagulation factors.

No important side effects of BAL treatment were observed in both in vivo studies. In 
view of the successful outcome in survival, clinical and biochemical parameters, we were 
encouraged to start a phase I study in ALF patients.

Logistics of BAL Treatment

Apart from which cell type to be used in clinically applied BAL systems, the assurance that 
each ALF patient will receive the bioreactor with the highest function is a prerequisite for 
optimal treatment. In general there are two options to provide the hospitalized patient with 
a BAL system: (1) transportation of an empty bioreactor separate from the hepatocytes 
(which are usually cryopreserved in stock) and charging the BAL on demand in the local 
hospital26,27, or (2) assembling the bioreactor in a specialized laboratory and transport the 
charged BAL to the patient on demand.28-30

The main advantages of the first option are the direct availability of BAL components 
in the hospital and the possibility to decide at any moment whether the BAL system has 
to be assembled or not. Of course, one should realize that testing function and sterility 
of the assembled BAL is a prerequisite before application in the patient. An important 
disadvantage is the requirement of special equipment and a certified laboratory environment 
for thawing cryopreserved hepatocytes and loading a bioreactor for clinical purposes. 
The second option has the advantage that loading and testing of the bioreactor can be 
carried out under controlled conditions in a centralized and well-equipped laboratory 
with qualified personnel. An additional advantage is that fresh hepatocytes can be used 
instead of cryopreserved hepatocytes that after a freezing-and-thawing cycle are seriously 
affected with regard to their functionality.31,32 The disadvantages are the delay in delivery 

Figure 4. Airdrive disposable perfusion system.
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at the bedside of the patient and, more importantly, the risk that undefined transport 
conditions lead to loss of function. One option is to transport the cell loaded bioreactor 
in an organ preservation solution at 4°C. However, transport of a cold preserved BAL 
system in Celsior negatively affects cell viability and hepatocyte-specific functions.28-30 
An alternative is to transport the BAL system under oxygenation and medium perfusion 
at (sub)normothermic temperatures. The effect of subnormothermic preservation on 
freshly isolated porcine hepatocytes was assessed in an in vitro monolayer hepatocyte 
culture model under oxygenation. The conclusion of this study was that freshly isolated 
porcine hepatocytes can be preserved for 24 hours at subnormothermic temperatures as 
low as 15°C on monolayer.33 In a second study, the feasibility of preserving the complete 
AMC-BAL at mild hypothermic temperatures was assessed. The conclusion was that mild 
hypothermic preservation at temperatures as low as 15oC and for a duration of 24 hours is 
a feasible method to preserve BAL systems, i.e. AMC-BAL, loaded with freshly isolated 
porcine liver cells.34 These studies indicate that the logistics of BAL transport from the 
laboratory to the hospital will be simplified. Transport of the AMC-BAL can be realized 
by the Airdrive system as has been developed in the AMC by Doorschodt et al.35 (Fig. 4). 
The key component of this system is the air-pressure-driven perfusion pump. This system 
can simultaneously perfuse and oxygenate the AMC-BAL under sterile conditions for a 
transport period of 24 h.

Phase I Study

At present, eleven BAL systems have found clinical application. Three systems were 
studied in controlled clinical trials in ALF patients, but showed no significant improvement 
of survival when analyzed by intention to treat. The other systems were studied in phase I 
trials or as treatment of a single patient. All showed to be safe and most of them resulted 
in improvement of clinical and/or biochemical parameters.13

A phase I trial in ALF patients has been performed in Italy because treatment of 
patients with xenogeneic material (among which porcine hepatocytes) is prohibited by 
law in the Netherlands, as in several other European countries. In two Italian hospitals, 
Cardarelli Hospital, Naples, and St. Eugenio Hospital, Rome, 12 ALF patients were 
included in a phase I study with the AMC-BAL (first-generation bioreactor, loaded with 
approximately 10 × 109 viable freshly isolated porcine hepatocytes).13,29,30 All patients 
had hyperacute (n = 11) or acute (n = 1) liver failure according to Crepaldi et al.36 and 
met the criteria for OLT.37,38 All patients had grade III–IV encephalopathy. The cause of 
ALF in six patients was acute hepatitis B. Other patients had acute hepatitis A, Wilson’s 
disease, intoxication or acute fatty liver of pregnancy. In two patients the cause of liver 
failure was not elucidated. Total duration of AMC-BAL treatment ranged from 4 to 35 h. 
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Three patients received serial treatment with two BALs. Eleven of the 12 patients were 
successfully bridged to OLT. One patient recovered after two BAL treatments over an 
interval of 3 days without needing OLT. Four patients died of complications post-OLT. 
One-year survival, post-OLT was 67%. Treatment of all patients was associated with 
an improved neurological state and stabilization of hemodynamics. Increased diuresis 
was noticed in patients with renal insufficiency. After AMC-BAL treatment, the average 
plasma ammonia and bilirubin levels decreased by 44 and 31%, respectively.29 No major 
adverse events were observed during BAL treatment. In two patients a short transient 
period of hypotension was observed after connection to the BAL system. This hypotension 
was readily corrected by dopamine and fluid administration and BAL treatment could be 
continued.

One of the largest concerns of xenotransplantation is the danger of zoonosis. In 
our phase I study, we used hepatocytes isolated from specified pathogen-free pigs 
(Institute Zooprofylactico, Brescia, Italy). Before BAL treatment, the hepatocyte-loaded 
bioreactors were tested for bacterial and fungal contamination using cultures and a PCR 
bacterial DNA test, ready within 4 h after sampling.29 The fear of zoonosis concerns 
especially the danger of retroviruses. Endogenous retroviruses are part of the porcine 
genome and may potentially infect the treated patient. If such a retrovirus mutates into a 
virulent one it may theoretically introduce a new infectious disease in humans. We have 
tested porcine endogenous retrovirus (PERV) in our BAL-treated patients with in vitro 
and in vivo assays.39 In these studies, only PERV-DNA was found in patients’ plasma 
directly after BAL treatment and had disappeared shortly thereafter. No PERV-RNA 
could be detected in plasma or peripheral blood mononuclear cells during a follow-up 
of 2 years. In addition, during this follow-up, no signs or symptoms of a possible new 
disease were observed in these patients. The advice is to survey patients’ plasma for 
PERV after treatment with porcine hepatocytes in a BAL for at least 6 months, because 
viremia after exposure to other retroviruses is mostly seen within this period.40,41 Patients 
should be controlled lifelong for possible signs or symptoms of known and unknown 
diseases. Despite accumulating evidence, showing safety of porcine hepatocyte based 
BAL systems, the need for human hepatocytes remains. An important advantage of using 
human hepatocytes is the absence of possible immunological reactions and the possibility 
of long-term and recurrent treatment.42,43

Human Cell Lines

Most bioartificial livers are developed and tested with the use of freshly isolated porcine 
hepatocytes, but apart from xenotransplantation-related risks, logistical, ethical and quality 
control considerations urge the use of human cells for future BAL application. Ideally 
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these cells should exhibit liver-specific function comparable to primary freshly isolated 
hepatocytes, they should have the capacity to be expanded in a laboratory setting and they 
must have proven to be safe for BAL application. Freshly isolated human hepatocytes 
would be a very attractive cell source because of their excellent hepatic function. Primary 
human hepatocytes can be isolated from discarded donor livers, but availability is scarce, 
function is diminished and the proliferation capacity of primary hepatocytes in vitro is 
very limited.

To obtain cell quantities appropriate for large-scale bioreactor production, many 
groups tried to develop a human hepatocyte cell line showing both proliferative capacity 
and hepatic function. However, these two features are hard to combine at the same time 
in vitro.

One of the first explored options was the use of cell lines originating from human 
hepatoblastoma or hepatocellular carcinoma. These cell lines show excellent in vitro 
proliferation capacity, but in general, hepatic functions are decreased. One of the 
best-characterized tumor-derived hepatic cell lines is HepG2, isolated from a human 
hepatoblastoma. This cell line has been tested in a gel entrapment BAL and displayed 
hepatic functions such as ureagenesis, glucuronidation and sulfation, but only at 
approximately 10% of the function of freshly isolated rat hepatocytes.44 Moreover, no 
cytochrome P450 activity was detectable. In one experiment it was shown that tumor 
nodules in the extracapillary compartment of the BAL occurred after 60 days of culture, 
which raises concerns about the risk of tumor transmigration to the patient.42

A clonal derivative of HepG2, C3A, was selected for strong contact inhibition of 
growth and high albumin and alpha-fetoprotein production and is the only cell line that 
has been applied in a BAL device to treat patients in a pilot-controlled clinical trial.45 
However, treatment did not improve survival of the patients.

As an alternative for tumor-derived hepatic cell lines, cell lines have been established 
by in vitro immortalization of human hepatocytes.46,47 Most cell lines have been developed 
by introduction of genes that stimulate cell cycle progression like cyclin D1, E2F or 
inhibitors of cell cycle controlling factors p53 and pRb, like the viral oncogene simian 
virus 40 large T antigen (SV40T). In addition, reconstitution of telomerase activity has 
been applied. Although several immortalized cell lines have been reported (IHH-A5, 
HepZ, THLE-2&3), in vitro immortalization of mature human hepatocytes is a rare event, 
in which the role of spontaneously occurring mutations that contribute to immortalization, 
but also to transformation, cannot be excluded. Again these cell lines generally exhibit high 
proliferation capacity combined with low hepatic function, probably due to the fact that in 
vitro hepatic function and proliferation cannot take place at the same time. To overcome 
this problem, immortalization can be made conditional by placing the immortalizing 
gene in a controllable expression system. Kobayashi et al.48 introduced the NKNT-3 cell 
line in which the Cre-LoxP system is used to conditionally immortalize mature human 
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hepatocytes with the SV40T gene. In this system the immortalizing gene can be excised 
from the genome, resulting in inhibition of proliferation and induce induction of hepatic 
differentiation. Indeed, excision of the SV40T gene leads to induction of expression of 
albumin, bilirubin-uridine diphosphate-glucuronosyltransferase, glutamine synthetase, pi 
class glutathione S-transferase and human blood coagulation factor X. Transplantation 
of NKNT-3 cells rescues 90% hepatectomized rats. However, we found that the 
levels of hepatic function of NKNT-3 cells in vitro are too low to be useful for BAL 
applications.49

We attempted to immortalize adult human hepatocytes ourselves, using human 
hepatocytes from more than 10 different donors, by different immortalizing genes and 
different methods of gene transfer. Although the cells could be kept in culture for up to 4 
months, their proliferation capacity was negligible. In our view, the proliferation capacity 
of mature hepatocytes is too low to allow immortalization without drastically interfering 
with the cell cycle control, thus leading to transformation of cells, concomitant loss of 
functionality and risk of tumorigenicity.

Due to the limited success of establishing cell lines from mature hepatocytes, studies 
on other cell sources with more proliferation capacity, such as embryonic stem cells or 
fetal cells, are accumulating. Animal studies show that cells from embryonic mouse liver 
can proliferate in vitro and contribute to liver parenchyma when transplanted in mice 
with a genetic liver disorder50, suggesting a potential for hepatic differentiation. However, 
in vitro these cells display low initial hepatic functionality and therefore stimulation of 
hepatic differentiation in vitro is becoming increasingly important. In vivo, a complex 
system of soluble factors and cell-cell interactions is responsible for the differentiation of 
embryonic or fetal cells into mature hepatocytes and we are only at the start of unravelling 
this system. More insight in the processes that stimulate hepatic differentiation in vivo 
will lead to the development of in vitro conditions to increase the hepatic functions of 
hepatic cell lines and to make these applicable for BAL applications.

End Note

Although the first dialysis machine for replacement of kidney function was conceived in 
1941, a few years later followed by the artificial heart, an effective (bio)artificial liver has 
not become available for routine use until this day. The most important obstacle, which at 
the same time is the most vital component of any BAL device, is the biocomponent. This 
must represent a viable and functioning hepatocyte cell mass, composed of either primary 
hepatocytes (10–20 billion cells) or a hepatocyte cell line. The good news is that high-
performance bioreactors have been developed and that porcine primary hepatocytes loaded 
in a BAL have shown to be efficacious in prolonging survival in large animals with ALF 
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and have successfully bridged ALF patients with grade III/IV coma to transplantation. The 
bad news is that we cannot use hepatocytes of porcine origin in many European countries, 
because of the theoretical risk of viral transfection. The future of BAL research therefore 
lies in the availability of alternative cell sources such as immortalized human hepatocyte 
cell lines – most likely derived from human fetal hepatocytes or human stem cells51 – and 
co-cultures of hepatocytes with other (liver) cells. Finally, these cells should be tested in 
BALs used in a randomized, controlled clinical trial in ALF patients. Only then we will 
know that four decades of painstaking research in BALs has been worthwhile.
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Abstract

The variety of methods for measuring bioactive mass and functionality of bioartificial 
livers (BAL) is confusing and prevents accurate comparison of reported data. Here we 
present a comparison of different hepatocyte quantification methods and propose that 
estimation of cell pellet volume after centrifugation generates a reliable, useful and fast 
method. In addition, a correlation is made between several function tests performed in 
26 bioreactors to assess their predictive value. The ammonia eliminating capacity was 
found to be most predictive for other liver functions, except for lidocaine elimination 
as a measure of mixed function oxidase activity, which should therefore be determined 
separately. The oxygen consumption test proved to be an easy and predictive parameter 
as well. The first generation of our BAL system needed further development to assure 
optimal treatment of acute liver failure (ALF) patients. Changes in the porcine hepatocyte 
isolation method and bioreactor loading as well as changes in bioreactor configuration, 
including use of different materials, resulted in a significantly improved level and 
maintenance of in vitro BAL function. A fourfold increase in ammonia eliminating 
capacity, which is only reduced to 75% after seven days of culturing, offers promising 
prospects for further clinical application.   

Conclusion: the current second generation of our BAL and improvement of 
hepatocyte isolation and testing protocols have led to a significant increase in the level as 
well as the maintenance of hepatocyte specific function in our BAL.

Finally, consensus on definition of the bioactive mass to be loaded in the bioreactor 
and insight in the variation and reliability of the functional and metabolic parameters 
enhances comparison of the different types of bioartificial livers presented in literature.
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Introduction

Orthotopic liver transplantation (OLT) is the first choice of treatment for acute liver 
failure (ALF). In the United States, about 2000 patients with ALF die annually while 
waiting for OLT, due to liver donor shortage.1 To bridge patients to OLT or to own 
liver regeneration several liver support systems have been developed amongst which 
bioartificial liver (BAL) systems are the most promising.2 At present, eleven (inclusive 
the AMC-BAL) BAL systems have been tested or are currently tested in clinical trials2. In 
addition to these clinically applied BAL systems, new bioreactors are under development 
and are presently in a phase of technical refinement, using in vitro techniques or animal 
experiments.

A BAL system basically consists of an extracorporeal bioreactor loaded with a 
bioactive mass, usually primary porcine hepatocytes. During treatment, plasma – or 
in some devices blood – of the liver failure patient is perfused through the bioreactor 
allowing exchange of substances between patient’s plasma and the hepatocytes, imitating 
physiological liver function as much as possible. Some BAL systems have incorporated 
a detoxification module in their circuit, for example charcoal filters.2 Comparison of 
functionality and efficacy of the different bioreactors in literature has until now been 
difficult and often impossible because of uncertainty about the amount of loaded cells 
due to different quantification methods or even the absence of mentioning them. In 
addition no standardization of functionality is available. More consensus on assessment 
of the bioactive mass to be present in the bioreactor and more insight in the reliability of 
functional parameters is highly desirable.

One of the already clinically applied BAL systems in a phase I study in patients 
with ALF has been developed at the Academic Medical Center (AMC-BAL), University 
of Amsterdam, patent No: WO 97/12960.3-7 The AMC-BAL has been tested in small 
and large animal models and significantly improved survival time in animal models of 
ALF.8-12 Furthermore, the AMC-BAL proved to be safe and no xenotransplantation related 
problems were encountered in a clinical phase I study while the clinical and biochemical 
condition in the treated ALF patients improved.13,14 Two features make the AMC-BAL 
unique compared to other BAL systems. Firstly, the integrated oxygenation system 
by gas-permeable capillaries inside the bioreactor ensures oxygen and carbondioxide 
exchange on site. This results in efficient gas exchange for the hepatocytes reaching near 
physiological oxygen concentrations using a gas mixture of air and 5% CO2 and prevents 
large oxygen and carbondioxide concentration gradients in the bioreactor. Secondly, 
direct contact between small aggregates of hepatocytes and patient’s plasma optimizes 
bi-directional mass transfer, in contrast to systems with semi-permeable membranes 
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separating hepatocyte and plasma compartments (Fig. 1).
Despite excellent results in in vitro, in animal and in clinical studies with the 

AMC-BAL several suboptimal aspects were noticed: the cell distribution on the matrix 
throughout the bioreactor appeared to be uneven and liver specific functions of the 
bioreactor decreased by 75% after three days of culturing. 

In this paper the liver specific functions of 26 bioreactors have been analyzed and 
compared with each other. After estimation of their predictive value a proposal is made 
for standardization of the liver specific function of a bioartificial liver. Finally, this has 
been evaluated in an improved second generation of the AMC-BAL bioreactor of which 
the features are presented. 

Figure 1. AMC-BAL bioreactor: (A) first generation bioreactor; (B) second generation bioreactor; 
LP, loading port; G, gas in and outlet port; (C) electron-microscopic picture of porcine hepatocytes 
attached to the fibers of the nonwoven polyester matrix, (D) cross section through the bioreactor; 
A, housing; B, nonwoven polyester matrix; C, gas capillary; D, extra-capillary space through which 
culture medium or plasma is perfused.
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Materials and Methods

Hepatectomy

Livers were obtained under sterile conditions by hepatectomy from young female pigs 
weighing 20-25 kg. All procedures were approved by the institutional guidelines of the 
Animal Ethical Committee of the University of Amsterdam. After fasting over-night, 
induction of anesthesia was achieved by intramuscular administration of 10 mg/kg 
ketamine (Nimatek, Eurovet), 1 mg/kg dormicum and 0.02 mg/kg atropine (Centrafarm). 
After inhalation of a mixture of O2:N2O (2:2) and 3.5% isoflurane (Abbott Laboratories), 
pigs were endotracheally intubated and ventilated with a mixture of oxygen and air (1.5:3). 
Anesthesia was maintained by intravenous administration of 8-10 μg/kg/h Sufenta Forte 
and 8-10 mg/kg/h ketamine (Nimatek). Muscle relaxation was achieved by intravenous 
pancuronium bromide, 2 mg/ml at 1 ml/h (Organon Teknika B.V.). Prior to the first 
incision, a bolus of 100 μg Sufenta Forte (50 μg/ml) was given. Via a midline laparotomy, 
the liver hilus was accessed and dissected free. The common bile duct was ligated, and ten 
minutes after heparinization of the animal with 7500 U (Leo Pharmaceutical Products) 
the portal vein was cannulated with a silicone 20 Ch catheter followed by ligation of 
the hepatic arteries. The liver, approximately 500 grams, was flushed through the portal 
catheter using 2500 ml heparinized (10 U/ml heparin) cold Ringer glucose solution 
(NPBI). While continuously flushing the liver, the liver was taken out of the animal. 
The heparinized Ringer glucose was flushed out of the liver using un-heparinized Ringer 
glucose solution at 4°C on the back-table.

Hepatocyte isolation

Isolation of porcine hepatocytes has been modified compared to previous 
experiments.10,12,13,15 Excised livers were perfused at a rate of 350 ml/min and 37ºC 
with 2000 ml of an oxygenated (pO2 300 mmHg) calcium-free solution (142 mM NaCl 
(Merck), 6.7 mM KCl (Merck), 3.4 mM HEPES (Roche), 100.000 IU/l penicillin-G 
(Yamanouchi), 40 mg/l gentamycine (BioWhittaker), 100 mg/l vancomycin (Eli Lilly), 
2 mg/l fluconazol (Diflucan, Pfizer Inc.), pH 7.4). In the next step livers were flushed 
with 200 ml and subsequently perfused for 25 min at 37ºC at a rate of 350 ml/ min with 
600 ml recirculating and oxygenated (pO2 300 mmHg) digestion solution 
(66.7 mM NaCl, 6.7 mM KCl, 4.8 mM CaCl2 (Merck), 67.1 mM HEPES, 0.3% 
(w/v) bovine serum albumin (BSA) (Sigma Chemical Co.), 0.5 g/l collagenase P (Roche), 
100.000 IU/l penicillin-G, 40 mg/l gentamycine, 100 mg/l vancomycin, 2 mg/l fluconazol, 
pH 7.6). After digestion of the liver, the capsula of the liver was opened and the liver 
cells were washed out using ice-cold Hanks’ buffer solution (136.9 mM NaCl, 5.4 mM 
KCl, 0.81 mM MgSO4 (Merck), 0.34 mM Na2HPO4 (Merck), 0.41 mM KH2PO4 (Merck), 
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6.7 mM HEPES, 5.0 mM D-glucose (Merck), 0.3% (w/v) BSA, 100.000 IU/l penicillin-
G, 40 mg/l gentamycine, 100 mg/l vancomycin, 2 mg/l fluconazol, pH 7.4). The liver 
cells were filtered through a surgical gauze and washed three times with culture medium 
by centrifugation at 4ºC and 50xg for 3 min followed by resuspension in culture medium. 
Culture medium was based on Williams’ E medium (BioWhittaker) supplemented with 
10% (v/v) heat inactivated fetal bovine serum (FBS) (BioWhittaker), 2 mM glutamine 
(BioWhittaker), 1 µM dexamethasone (Centrafarm), 20 mU/ml insulin (Novo Nordisk), 
2 mM ornithine (Sigma-Aldrich), and penicilline/streptomycine/fungizone mix (Bio-
Whittaker).

Determination of bioactive mass and viability assay

To determine total bioactive mass or hepatocyte number after hepatocyte isolation 
destined for loading second generation AMC-BAL bioreactors, two methods were 
compared. Hepatocyte counts were performed in small samples of the total hepatocyte 
suspension using a Bürker Bright line cytometer (Optik Labor). Hepatocyte pellet volume 
was determined after centrifugation for 3 minutes at 50xg.

In a down-scaled experiment bioactive mass determination experiments were 
compared after seven separate hepatocyte isolations. To determine the effects of 
centrifugation, hepatocytes were also pelleted by gravity. Hepatocyte pellet volume 
obtained after either centrifugation at 50xg or pelletting of 10 ml hepatocyte suspension 
by gravity for 20 min, both at 4°C, was determined in 10 ml tubes (Falcon). Hepatocyte 
counts were performed in small samples of the 10 ml hepatocyte suspension as described 
above. Dry weight was measured of pellets from 2.5 ml hepatocyte suspensions obtained 
by either centrifugation or gravity. The pellets were dried for 48 hours at 67°C followed by 
measuring dry weight. AST and LDH content were measured in lysates of centrifugation 
or gravity pellets from 1.0 ml hepatocyte suspensions. The cell pellets were lysed by 
shaking in 1.0 ml 1% (w/v) Triton X (Sigma Chemical Co.) for 30 minutes at room 
temperature. 

The viability of the isolated cells was determined by trypan blue exclusion test.

AMC-BAL bioreactor

The AMC-BAL system consists of an extra-corporeal bioreactor filled with hepatocytes. 
The bioreactor consists of a polysulfon housing harbouring a 3-dimensional non-woven 
polyester matrix, which is circularly wound around a massive polysulfon core. The 
hydrophilic matrix, with a thickness of 0.4 mm and fiber diameter of 13 micron (Fibra 
Cell, Bibby Sterlin Ltd, Stone), was specifically designed for attachment of cells in culture 
(Fig. 1C). The matrix surface for attachment is about 15 times its projected area, which 
enables high density hepatocyte culture. Hydrophobic polypropylene gas capillaries 



Assessment and improvement of the AMC-BAL

45

(external diameter 380 µm, internal diameter 280 µm, Oxyphan®, Membrana GmbH) are 
positioned in a parallel fashion between the layers of the polyester matrix (Fig. 1D). The 
ends of the oxygen capillaries are embedded in polyurethane resin using dialyzer potting 
techniques, and fitted with gas inlet and outlet caps.4 Gas in and outflow ports (G in Fig 
1B) are situated at the side of the bioreactor.

The second generation bioreactor (RanD Srl) is a modified version of the first 
generation bioreactor. Important differences between these devices (Table 1) are: 1. the 
second generation bioreactor is completely made of disposable full clear materials in 
contrast to the first generation bioreactor to facilitate logistics around single-time use and 
allow complete visibility inside the device; 2. the more stocky modulation of the second 
generation bioreactor and smaller bioreactor core diameter which results in increased 
number, and less tight configuration, of matrix windings. These alterations, together with 
less space without matrix in the bioreactor and an extra cell loading port (LP in Fig 
1B) should improve cell distribution; 3. the change of gas capillary constitution from 
polypropylene only to co-extrusions of polypropylene and polymethylpentene (external 
diameter 380 µm, internal diameter 200 µm, Oxyplus®, Membrana GmbH), to increase 
capillary integrity with at least 10 fold; 4. three threads connecting the capillaries to 
improve the parallel position of the capillaries.

Bioreactor loading and culture

Hundred-twenty ml of viable liver cell volume, containing approximately 11 x 109 viable 
hepatocytes derived from one pig, was resuspended in 1000 ml culture medium at 4°C 
and subsequently loaded into the second generation bioreactor (n=7) using gravity via 
the three different loading ports (Fig. 1B) while gently rotating the bioreactor to assure 
homogeneous cell distribution. The cell suspension was flushed three times through the 
bioreactor (internal volume 550 ml) via the three loading ports. The loaded bioreactor was 
placed in a BAL culture cabinet at 37°C. Culture gas, containing 20% oxygen and 5% CO2, 
was connected to the gas compartment of the bioreactor with a single pass flow of 120 ml/
min. During two hours the bioreactor was rotated to assure optimal hepatocyte attachment 
to the matrix and cell distribution through the bioreactor. Then 500 ml of culture medium 
was flushed through the bioreactor (flow 150 ml/min) and drained to remove dead and not 
attached cells followed by recirculation of 1500 ml culture medium (flow 150 ml/min). 
Every following day 400 ml of fresh culture medium was flushed through the bioreactor 
followed by recirculation of 1600 ml. At the end of each experiment, bioreactors were 
filled with 10% formalin and cut open for visual inspection of hepatocyte distribution.

Bioreactor function

At day one, two, three, five and seven, after refreshing the culture medium, samples were 
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CONFIGURATION FIRST GENERATION
BIOREACTOR

SECOND GENERATION 
BIOREACTOR

UNIT DELTA %

Housing
Material polysulfon polycarbonate
Potting to potting cut-high 230 157 mm -31,7
IN-OUT connection inter-axe 178 129 mm -27,5
Inlet/Outlet plasma connector 1/4” inches according with EN1283 type

Gas cover
Material polycarbonate / stainless steel polycarbonate
Connection dimension 3/16” inches 3/16” inches type

Core
Material Polysulfon Polycarbonate
Diameter 38 25 mm -34,2

Non woven Matrix
Material polyester fabric polyester fabric
Useful  height 17 10 cm -41,2
Useful  length 330 580 cm +76.8
Useful  surface 5610 5800 cm2 +3,4
Thickness 400 400 µm 0
Useful surface for cells seeding 84150 87000 cm2 +3,4
Apparent Matrix volume 224 232 cm3 +3,4
Hydrophilic surface treatment gas plasma gas plasma type

Oxygenator fibres
Product name Oxyphan® Oxycell®

Material polypropilen polymethylpentene
Material PP co-extruded PP+PMP
Configuration parallel fashion of 6 cap.each mono layer knitted mat type
Fibres density 4,5 5,7 cap/cm +25,4
Tot number of capillaries used 1500 3300 n° +120
Gas exchange surface 0.75 1.08 m2 +44
Outlet diameter 380 380 µm 0
Din 280 200 µm
Inlet diameter 280 200 µm -28,6
Plasma burst resistant material no yes type
Hydrophilization time 12 >120 hrs +900
Potting  
Material bi-component PUR resin, 

medical grade
bi-component PUR resin, 

medical grade
type

Geometrical configuration  
(layers of fibers mat+matrix)
Spiral wound configuration yes yes type
N° of windings 15 35 n° +133

General features 
Heating system for gas needed not needed
Priming volume 420 570 cm3 +26,2
Sterilization steam ETO type

Table 1. Technical features of AMC-BAL bioreactors; first vs. second generation bioreactor.
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taken from the bioreactor culture medium at t = 1, 4 and 20 hours. Sample t = 0 corresponds 
to culture medium prior to connection to the bioreactor. Albumin concentrations were 
measured in these samples. 

The culture medium was replaced by 1500 ml test medium. Test medium was 
composed of culture medium supplemented with 500 mg/l lidocaine.HCl (Sigma 
Chemical Co.), 2 mM L-lactate (Sigma Chemical Co.) and 5 mM NH4Cl (Merck). At 
first 700 ml test medium was flushed through the bioreactor followed by recirculation of 
800 ml test medium during three hours. Samples were then taken at t = 0 (test medium 
before connection to the bioreactor), 30, 60, 90, 120 and 180 minutes. In these samples 
ammonia, urea, lidocaine, glucose, lactate, AST (aspartate aminotransferase) and LDH 
(lactate dehydrogenase) concentrations were measured. At the end of each culture period 
and function test at day 1, 2, 3, 5 and 7, the oxygen consumption test was performed. 

AST and LDH leakage: Both AST and LDH activity assays were analyzed 
spectrophotometrically using a P800 Roche Diagnostics analyzer. Lactate and glucose 
concentration: Both were analyzed using a P800 analyzer (Roche Diagnostics). Ammonia 
clearance: Ammonia concentrations of test medium samples were determined by an 
enzymatic kinetic colorimetric assay using glutamate dehydrogenase and NADPH, 
performed in a P800 Roche Diagnostics analyzer. Urea production: Urea concentrations of 
test medium samples were determined using the blood urea nitrogen test of Sigma Chemical 
Co. The assay was performed according to the instructions of the manufacturer. Albumin 
production: Albumin concentrations were determined by using the Pig Albumin ELISA 
Quantitation Kit (Bethyl Laboratories, Inc). Coumarin clearance: 7-ethoxycoumarin 
O-deethylase (ECOD) activity was determined by measuring 7-hydroxycoumarin 
concentrations by fluorescence measurement using sulfatase, Na-acetate and glycine/
NaOH determined in a Perkin Elmer fluorescence plate reader.12 Lidocaine clearance: 
Lidocaine concentrations were measured by fluorescence polarization immunoassay using 
a TDxFLx analyzer (Abbot Laboratories). Oxygen consumption; Blood-gas analyses of 
the medium were performed prior and after stopping the gas supply to the bioreactor.  At 
t = 0 gas supply to the bioreactor was stopped. Samples were taken from the medium at 
the outflow port at time points t = -5, 0.5, 5, 10 and 15 minutes. After 15 minutes the gas 
supply to the bioreactor was restored and further samples t = 20, 25 and 30 minutes were 
taken to assess oxygen and carbondioxide tension restoration. Samples were immediately 
analyzed using an off-line ABL505 blood-gas analyzer (Radiometer Copenhagen). The 
oxygen consumption (|Co2|) is expressed in μmol per hour per billion viable hepatocytes 
and was determined according to the following equation:

 
 (Eq. 1)
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where SΔt is the calculated slope, by means of linear regression analysis, of the oxygen 
partial pressure (pO2 in mmHg/min) measured during the first 15 minutes of the anaerobic 
phase, Th is the correction for minutes to hours (60), Vm is the correction for the total 
medium volume of the system which consisted of the internal volume of the second 
generation bioreactor, tubings and medium bottle (total volume of 2.2 liter), fm is the 
fraction of Williams’ E medium (0.9), Sw is the solubility of oxygen in water at 37oC 
(3.17 x 10-5 l/l·mmHg; assuming that Williams’ E medium is water), fs is the fraction 
of fetal bovine serum (0.1), Sp is the solubility of oxygen in plasma at 37oC (2.86 x 10-5 
l/l·mmHg; assuming that FBS is plasma), f[c] is a units conversion factor (calculation from 
molar to μmolar; 106), Cn is the number of billion viable hepatocytes (10), and Mv O2 is 
the molar volume of oxygen (22.4 liter).

The different metabolic, function and damage parameters were established by 
calculating the changes in concentrations from t = 1 hour to 20 hours in the culture medium 
and from t = 30 to 180 minutes in test medium, this way obviating the mixing phase of 
the media. An unloaded bioreactor was tested as described for the loaded bioreactors to 
monitor loss of ammonia and oxygen without interference of hepatocytes.

Statistics

Data were analyzed using GraphPad Prism software (San Diego, CA). Results are reported 
as means ± standard error of the mean (SEM). Paired Mann Whitney U tests were used 
to compare outcomes between different groups. Significance was reached if p < 0.05. 
Correlations (r) were made between the various cell damage and function parameters.

year experiment pig weight isolations yield viability

1995 15 plate 20-25 8 5-10 80-92
1997 4 lab bioreactor 20-25 8 8-30 71-96
1999 9 bioreactor I 25-40 8 20 ± 7 74 ± 4
2002 12 bioreactor I 35-50 8 16 ± 6 83 ± 9
2003 bioreactor II 20-25 7 40 ± 7* 95 ± 4*

year = year of publication with reference; experiment = type of experiment, plate = experiments performed 
on culture plates, lab bioreactor = laboratory scale bioreactor, bioreactor I = first generation bioreactor, 
bioreactor II = second generation bioreactor; pig weight = weight of pig in kg at time of liver harvest for 
hepatocyte isolation; isolations = number of performed isolations; yield = hepatocyte yield measured as 
x106 hepatocytes per gram wet liver weight; viability = trypan blue exclusion viability in percentage; yield 
and viability are expressed in range or mean and SD, * = p < 0.05 compared to other groups.

Table 2. Hepatocyte yield and viability after isolation in different experiments in AMC-BAL related 
research based on Bürker cytometer cell counts.
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Results

Hepatocyte isolation destined to load seven second generation bioreactors: yield and 
viability

Seven hepatocyte isolations were used to load seven second generation bioreactors. The 
yield of the liver cell isolations after the last centrifugation step was estimated on the basis 
of the pellet volume, to be 154 ± 10 ml. The hepatocyte viability, determined on the basis 
of trypan blue exclusion, was 95% ± 2%. The high hepatocyte yield and viability and 
low variability indicate an efficient hepatocyte isolation technique. Hepatocyte yield and 
viability were significantly improved compared to previous AMC-BAL experiments4,8,12,15 
(Table 2), probably due to improved hepatocyte isolation technique by using a different 
type of collagenase, shorter incubation times and higher flow rates.

Quantification of bioactive mass

The ratio between hepatocyte count, pellet volume, dry weight, and AST and LDH 
content of total cell lysates was determined in seven hepatocyte isolations, different from 
the isolations used for bioreactor loading. Pellet volume of centrifugation (group 1) and 
gravity pelletting for 20 minutes (group 2) showed a factor 1.82 ± 0.06 volume difference, 
indicating higher liquid content and consequently larger volume of the hepatocyte pellet 
after pelletting by gravity (Table 3). Trypan blue exclusion viability for both groups was 
identical, i.e. 90% ± 2% and 90% ± 3% for group 1 and 2, respectively, indicating no 
increase in hepatocyte damage after 50xg centrifugation. Unfortunately, a gold standard 
method for porcine hepatocyte quantification is not available. Since many research groups 
use cell count by the Bürker cytometer or comparable methods we used this method 
as standard quantification method. From our data we conclude that 1 x 106 hepatocytes 
represents 10.9 µl pellet created by 50xg centrifugation and 18.2 µl pellet created by 
pelletting by gravity for 20 minutes (Table 3A). After converting the data for hepatocyte 
count to hepatocyte pellet volume, 1.0 ml pellet by centrifugation represents 92 x 106 
hepatocytes and 1.0 ml pellet by gravity represents 55 x 106 hepatocytes (Table 3B). If 
we compare both tables, 3A and 3B, the SEM for the quantification data described per 
hepatocyte count (A) is larger than for pellet volume (B), represented by ratio s/m. The 
cell count determination generated the largest variability. Furthermore, the variability 
seemed to be higher for pelletting by gravity compared to pelletting by centrifugation. For 
dry weight, total AST and LDH release see table 3A and 3B.

Correlation of bioreactor function tests 

To assess the relation between the determined parameters and their predictive value, 
correlations (r) between different outcomes of function tests at day one of 26 bioreactors 
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A
gravity centrifuge

mean SEM ratio s/m mean SEM ratio s/m

Pellet volume ul/106 cells 18,2 7,4 0,41 10,9 3,6 0,33

dry weight µg/106 cells 1,61 0,37 0,23 1,75 0,44 0,25

ASAT U/106 cells 7,4 3,6 0,49 8,3 3,6 0,44

LDH U/106 cells 1,19 0,43 0,36 1,43 0,54 0,38

   B
gravity centrifuge

mean SEM ratio s/m mean SEM ratio s/m

cell count 106 cells/ml 55 14 0,26 92 21 0,23

dry weight mg/ml 89 13 0,15 160 33 0,21
ASAT U/ml 409 40 0,10 755 69 0,09
LDH U/ml 66 13 0,19 131 25 0,20

Table 3. Hepatocyte quantification (A) per cell count and in 1 x 106 hepatocytes (B) per ml pellet 
volume, generated either by gravity or centrifugation. SEM = standard error of the mean; ratio s/m = 
ratio between SEM and mean.

Ammonia Urea Albumin Coumarin Lidocaine Oxygen

Ammonia       

Urea 0,74      

Albumin 0,59 0,28     

Coumarin 0,68 0,63 0,53    

Lidocaine -0,26 -0,06 -0,36 -   

Oxygen 0,57 0,79 0,64 0,63 0,40  

Lactate -0,36 -0,57 0,03 -0,41 -0,23 -0,66

Table 4. Correlations of bioreactor function tests of 26 first and second generation bioreactors; in bold 
correlation > 0.50. 
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were calculated (Table 4). The loaded hepatocytes were all isolated from pigs weighing 
20 - 25 kg. Ammonia elimination correlates best with the other function parameters 
except for lidocaine clearance. The highest correlations, i.e. r > 0.7, were found between 
ammonia elimination and urea production and between oxygen consumption and urea 
production. The lowest correlation was found between lidocaine clearance and the 
other functions. The correlation between AST and LDH release was 0.82 (not shown in 
Table 4). No correlation between the damage parameters and function parameters 
were found except for a reverse correlation with oxygen consumption in test medium 
(r = -0.87 and r = -0.57, respectively). Hepatocyte viability was correlated with the oxygen 
consumption in test medium (r = 0.94) and was inversed correlated with AST release 
(r = -0.65). Lactate production was inversed correlated in some degree with most function 
parameters and was highest with oxygen consumption and urea production.

In vitro bioreactor function

The characteristics of the improved second generation bioreactor (n=7) were compared 
with those of the first generation bioreactors (n=5) previously characterized.12 Function 
of the first generation bioreactor was calculated per 1.0 x 109 counted hepatocytes using 
the Bürker cytometer. Function of the second generation bioreactor was calculated per 
1.0 x 109 hepatocytes quantified by hepatocyte pellet volume after 50xg centrifugation 
and converted to hepatocyte count using the outcome of the hepatocyte quantification 
assay, representing 92 x 106 hepatocytes per 1 ml hepatocyte pellet volume. The second 
generation bioreactor was modified compared to the first generation bioreactor in order 
to improve cell distribution, gas exchange and flow characteristics. In addition, the cell 
isolates loaded in the second generation bioreactor were superior in respect with relative 
yield and viability, as already indicated. Furthermore, the cell attachment time was 
reduced from four to two hours and also the test medium was changed compared to in 
vitro experiments with the first generation bioreactor (108.5 mM NaCl, 25 mM NaHCO3, 
4.74 mM KCl, 2.54 mM CaCl2, 1.19 mM KH2PO4, 1.19 mM MgSO4, 10 mM D-glucose, 
2 mM ornithine, 100 µM 7-ethoxycoumarin, 5 mM NH4Cl, 0.5% (w/v) BSA, 0.8 % (v/v) 
Vamin 14 (amino acid mix), 100.000 U/l penicillin, 100 mg/l streptomycin and 0.25 mg/l 
fungizone, 0.1 µM dexamethasone and 1 U/l insulin). Approximately 83% of the pellet 
volume (of 120 ml pellet in 1000 ml culture medium), representing 9.2 x 109 viable liver 
cells, attached to the matrix in the second generation bioreactor. The first generation 
bioreactors had been loaded with 14 x 109 billion counted viable hepatocytes. In contrast 
to the first generation bioreactor, the cell distribution in the second generation bioreactor 
was more homogeneous. Nearly no cell aggregates outside the matrix were observed. 
The hepatocyte distribution was equal across all windings of the matrix, determined 
by macroscopic evaluation of the bioreactor matrix after opening the bioreactor at the 
end of each experiment. The function of the second generation bioreactors was tested 
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Figure 2. Second generation bioreactor liver specific functions; ammonia elimination, urea production 
and lidocaine elimination, all expressed in µmol/h/109 hepatocytes, were measured in test medium, 
albumin production expressed in µg/h/109 hepatocytes was measured in culture medium; amount of 
hepatocytes was assessed by pellet volume after 50xg centrifugation using the estimation of 92 x 106 
hepatocytes per ml hepatocyte pellet.

FIRST GENERATION 
BIOREACTOR

SECOND GENERATION

BIOREACTOR

day 3 day 3 day 7

ammonia clearance 24% 90% 75%
urea synthesis 20% 83% 40%

albumin synthesis - 56% 71%
lidocaine clearance - 82% 68%

Table 5. Comparison of function between first and second generation bioreactors over time. Bioreactor 
function at day 3 and day 7 is given as a percentage of bioreactor function at day 1.
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for three (n=3) and 7 (n=4) days and was significantly improved compared to the first 
generation bioreactors. At day 1 the ammonia clearance and urea production rate of the 
first generation bioreactors was 29 ± 9 µmol/h/109 cells and 5.4 ± 1.4 µmol/h/109 cells, 
whereas the second generation bioreactors cleared 119 ± 6 µmol ammonia/h/109 cells and 
produced 69 ± 6 µmol urea/h/109 cells (Fig. 2). The decrease in functionality over time in 
the second generation bioreactors was limited compared to the first generation bioreactor 
(Table 5). Albumin synthesis in the second generation bioreactor decreased after the 
first culture day to a minimum at day two after which albumin synthesis increased again 
(Fig. 2). This phenomenon was also found by other research groups.16,17

In contrast to the reduction of hepatocyte specific functions, oxygen consumption 
of the hepatocytes in the second generation bioreactor increased to 109% at day three 
and to 132% at seven days of bioreactor culture compared to the oxygen consumption 
test at day one (Fig. 3). In the first generation bioreactor (n=2), in contrast to the second 
generation bioreactor, a lower oxygen consumption and a decrease in oxygen consumption 
was observed in time (data not shown). The oxygen consumption of the bioreactor was 
slightly increased in test medium compared to culture medium (Fig. 3). After an initial 
glucose production and lactate consumption during the first two culture days, a strong 
increase in glucose consumption and lactate production was observed from day 3 to 
day 7 in the second generation bioreactor culture (Fig. 4). In the first generation bioreactor 
(n=3) we observed glucose production at day 1 and increasing consumption at day 2 and 
3. In contrast to the second generation bioreactor, lactate was already produced at day 1 
and was increased at consecutive test days, indicating relative hypoxia (data not shown).

LDH release at test day 1 was comparable in the first generation bioreactor (n=5) 
and the second generation bioreactor, being 3.4 ± 1.3 U/h/109 cells and 3.7 ± 1.4 U/h/109 
cells. AST was not measured in the first generation bioreactor and was 6.4 ± 1.5 U/h/109 
cells in the second generation bioreactor on day 1 (Fig 5). At culture day three, the LDH 
as well as AST release showed a parallel decrease as compared to culture day one to 12% 

Figure 2. Second generation bioreactor oxygen consumption in culture medium and test medium 
(µmol/h/109 hepatocytes).
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and 13%, respectively for the second generation bioreactor and LDH decreased to 13% in 
the first generation bioreactor. In contrast, at culture day seven AST and LDH release for 
the second generation bioreactor were 14% and 70%, respectively, and LDH release for 
the first generation bioreactor was 62%. 

AST release during the first 24 hours of culture (culture and test day 1) was 
850 units representing 1.1 ml of hepatocyte wet weight volume or approximately 
100 x 106 hepatocytes. Hence about 1% of the cells were lost during the first 24 hours in 
the bioreactor. 

Two bioreactors without hepatocytes were tested as control. No decrease in ammonia 
concentration and oxygen tension was observed.

Figure 4. Second generation bioreactor glucose and lactate metabolism (µmol/h/109 hepatocytes) in 
test medium.

Figure 5. Second generation bioreactor enzyme release; AST and LDH release (U/h/109 hepatocytes) 
in test medium.
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Discussion

One of the important discussions in BAL treatment concerns the minimally required 
volume of bioactive mass to effectively treat an ALF patient. Probably about 20% of 
healthy liver mass is needed to survive.18,19 Greengard et al.20 and Weibel et al.21 published 
data concerning rat hepatocyte number per gram whole rat liver weight. They found 
95 x 106 and 130 x 106 hepatocytes per gram whole liver for fed and fasted rats, respectively. 
Converted to a human liver of 1500 gram, this means a total hepatocyte count of 
140 x 109 to 200 x 109 hepatocytes. This number is often used to estimate needed hepatocyte 
numbers for BAL systems to adequately treat ALF patients. One should bear in mind, 
however, that these data are based on the smaller rat hepatocyte. In contrast, human and 
porcine hepatocytes are larger, and more comparable to each other. We used two methods 
to estimate the total number of hepatocytes in a human liver. 1. mathematically; An adult 
human liver harbours approximately 1 x 10-3 m3 hepatocytes (1000 g of hepatocytes of 
a 1500 g weighing liver including non-parenchymal liver cells, collagen structures and 
extracellular space as blood vessels, sinusoids, bile ductuli etc.). A human hepatocyte 
has a diameter of 20 – 30 µm, corresponding with a volume of 8 – 25 x 10-15 m3. This 
results in 40 – 100 x 109 hepatocytes in a human liver. 2. from a 500 gram pig liver we 
were able to obtain maximally 180 ml cell pellet by sedimentation at 50xg. It is estimated 
that during an optimal isolation procedure, maximally 10% of hepatocytes stay behind in 
the remnant liver mass and therefore are lost during isolation, resulting in approximately 
200 ml of total cell pellet. If we extrapolate these data to the adult human liver, weighing 
approximately 1500 grams, then it harbours about 600 ml hepatocyte pellet, which 
represents about 55 – 60 x 109 hepatocytes. If we assume that 20% of liver mass is needed 
to survive and isolated hepatocytes are able to provide the same function as hepatocytes 
in vivo, we need 10 – 20 x 109 hepatocytes or 100 to 200 ml hepatocyte pellet volume in 
BAL systems to treat ALF patients.

The number, viability and functional capacity of the hepatocytes in the bioreactor 
are, however, crucial and should be accurately determined and defined. Therefore, 
we compared a number of methods to quantify bioactive mass. Hepatocyte count for 
porcine hepatocytes is adopted from simple methods introduced and standardized for rat 
hepatocytes and, since many research groups use this method to quantify bioactive mass 
for their BAL system, it is assumed to be a satisfactory way of determining bioactive mass. 
However, determination of the total number of cells present is subject to considerable 
inaccuracies and large inter-assay and inter-observer variations. For instance the droplet 
of cell suspension may not spread evenly under the cover-slip, cell clumping may occur, 
the cell suspension may not have been mixed or sampled quickly enough, as the cells 
settle rapidly.22 For porcine hepatocyte counts, these sources of errors are even more 
pronounced since porcine hepatocytes form cell aggregates in contrast to the single rat 
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hepatocytes. Furthermore, the sample taken for hepatocyte count is small compared to the 
total amount of hepatocytes introducing sampling errors. Hepatocyte count and hepatocyte 
pellet volume after 50xg centrifugation was not correlated. Furthermore, a discrepancy 
was found between cell count and hepatocyte pellet volume between the two sets of seven 
isolations used to load the second generation bioreactors and used for the hepatocyte 
quantification assay, with 130 x 106 and 92 x 106 hepatocytes per ml hepatocyte pellet, 
respectively. The latest of the two estimations of hepatocyte count per ml hepatocyte 
pellet is accepted as the most accurate one since this estimation is derived from the most 
controlled situation. Many research groups use hepatocyte count as a standard method to 
quantify bioactive mass. Other groups use grams of cells or other methods of bioactive 
mass determination, which are not further specified and therefore not comparable to 
other methods. To achieve a more accurate bioactive mass determination we adopted 
the method of measuring the hepatocyte pellet volume after centrifugation of the total 
hepatocyte suspension at 50xg for 3 minutes. This method is more accurate and even 
simpler compared to the other methods and takes into account the total isolated amount 
of hepatocytes instead of a small sample. We further suggest that workers in the field of 
BAL research always describe the used method for hepatocyte quantification, to be able 
to make reliable comparisons between BAL systems. We also showed that quantification 
of porcine hepatocytes by centrifugation does not lead to additional loss in viability 
compared to pelletting by gravity. Furthermore, quantification of bioactive mass seemed 
to be less variable after centrifugation compared to pelletting by gravity. In addition, 
centrifugation is a slightly quicker method. All together, hepatocyte pellet volume 
created by 50xg centrifugation is our preferred method for harvesting and purifying the 
hepatocytes. In addition the Bürker cytometer should be used to measure trypan blue 
viability. If different methods for hepatocyte quantification are used and one would like 
to compare functional outcome of BAL systems, Table 3 supplies some converting data 
to other quantification methods.

A second issue is the selection of functions of the BAL to be determined prior 
to clinical application as prediction of its functionality. Up to now, many different 
functions of the hepatocyte have been used to quantify its function. In this study, a 
relatively high correlation was found between ammonia clearance and other function 
parameters except for lidocaine clearance. The low correlation between lidocaine and 
other function parameters could be the consequence of the sensitivity of the cytochrome 
P450 sub-enzyme differentiation for external factors.23 Also oxygen consumption showed 
a relatively high correlation with most of the liver functions on day 1. High oxygen 
consumption is correlated with lactate consumption at the first test-day. This suggests 
that sufficient oxygen is supplied in the BAL system at the time hepatocytes are highly 
active. The oxygen consumption of the hepatocytes in the bioreactor was increased in 
test medium compared to culture medium, as is in agreement with a higher metabolic 
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state due to challenging urea synthesis and mixed function oxidase. Morsiani et al. 23 also 
showed higher oxygen consumption when their radial flow bioreactor was perfused with 
human plasma as compared to a culture medium, both saturated with high concentration 
(95%) oxygen. 

The “ammonia clearance / urea production” ratio increased from 1.78, 1.90, 2.53, to 
3.39 during culture days 1, 3, 5 and 7, respectively. This finding suggests that during the 
first three culture days urea is mainly formed from the added ammonia, and from culture 
day five to seven ammonia is cleared by mechanisms additional to the urea cycle, such as 
glutamine synthetase.

To simplify bioreactor testing and to assure effective BAL treatment prior to patient 
treatment we propose to test a small panel of bioreactor functions i.e.: 1. Ammonia 
elimination capacity and urea synthesis from added ammonium chloride; subsequent 
sampling during two hours will be sufficient; 2. Oxygen consumption, which is easy 
and fast to test since most clinical laboratories have blood-gas analyzers; 3. Cytochrome 
p450 activity. A complicating factor here is that the cytochrome P450 isoenzymes are 
differentially susceptible to dedifferentiation and environmental factors24, so that different 
isoenzymes should be tested to get a general view of the activity of the cytochrome P450 
system. We have tested coumarin (mainly CYP3A4) and lidocaine (CYP2A6) elimination. 
Since coumarin elimination is relatively high correlated with other functions we suggest 
using lidocaine as an additional marker for cytochrome P450 activity. Lidocaine is 
relatively easy to measure in most clinical laboratories. Of course, during the testing a 
bioreactor in a phase of development, an extended panel of function parameters (galactose 
elimination and protein synthesis) is required.

A comparison between the characteristics of the first and second generation 
bioreactors revealed that the functionality of our second generation bioreactor was 
significantly improved. Furthermore, the functionality was maintained at a higher level. 
Factors which may have enhanced the functionality of our second generation bioreactor 
are 1. the improved isolation technique of the porcine hepatocytes, generating cells with 
high viability; 2. the improved hepatocyte distribution, determined after macroscopic 
inspection of the opened bioreactor at the end of each experiment, enhancing mass 
transfer and gas exchange; 3. the hypothetically improved hydrodynamic features of the 
bioreactor avoiding ‘dead spaces’ in our bioreactor, however, this has not been proven 
yet; 4. the composition of test medium for more complete assessment of function; and 5. 
the 25.4% increase in fiber density and concomitantly the 44% increase in gas exchange 
surface as compared to the first generation bioreactor (Table 1.)

From our results it cannot be deduced which improvements contributed most 
significantly to the increased functional output of the second generation bioreactor. 
However, all five above mentioned factors are applicable to BAL systems in general, and 
deserve special attention in their development. 
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The clinical benefits of the improved second generation bioreactor still need to be 
established. However an ammonia elimination capacity of 119 µmol/h/109 hepatocytes, 
which is a fourfold improvement, is very promising in view of future clinical application. 
For example if an ALF patient has an ammonia concentration of 500 µmol/l (normal 
value < 40 µmol/l), this patient has a total of approximately 1500 µmol ammonia in his or 
her circulation (assuming a plasma volume of 3 liter in an adult of 80 kg). If a bioreactor 
loaded with 10 x 109 hepatocytes and an ammonia clearance capacity of 119 µmol/h/109 
hepatocytes does not lose function while in contact with the ALF plasma, it needs only 90 
minutes to clear the total amount of ammonia in this ALF patient (disregarding possible 
accumulation of ammonia due to persistent production). In a phase I trial with the AMC-
BAL, even the less potent first generation bioreactor showed a reduction in ammonia 
concentration by 44%, which already is the highest reduction compared to those reported 
of other BAL systems.13 

To conclude, the current improvement of the AMC-BAL (second generation 
bioreactor) along with the improvement of isolation and testing protocols has led to 
a significant increase in the level as well as the maintenance of hepatocyte function, 
offering promising prospects for clinical application. 

An issue to be solved in the near future is the observation that liver cell function in our 
bioreactor decreases significantly after 3 days of in vitro culturing. Possible explanations 
for this phenomenon are: 1. Proliferation and overgrowth of non-parenchymal cells, lacking 
hepatocyte specific function, but increasingly consuming oxygen with a concomitant 
increase of anaerobic glycolysis. The increase of nonspecific LDH release and stabilization 
of hepatocyte specific AST release might support this notion. 2. Dedifferentiation of the 
hepatocytes resulting in loss of liver specific function and increased anaerobic glycolysis. 
3. Increased uncoupling of oxidative phosphorylation resulting in increased glucose 
consumption and lactate production. Decreased mitochondrial ATP synthesis leads to 
impaired liver cell function. However, for the treatment of ALF patients with the AMC-
BAL based on porcine hepatocytes the above described issue is not a practical problem, 
since AMC-BAL bioreactors are used within three days after preparation. 
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Abstract 

Clinically applied bioartificial liver (BAL) support systems are difficult to compare with 
regard to overall hepatocyte-specific function and clinical outcome. We compared two 
clinically applied BAL systems, the Modular Extracorporeal Liver Support (MELS) 
CellModule and the AMC-bioartificial liver (AMC-BAL), in an in vitro set-up. Both 
BAL systems were loaded with 10 billion freshly isolated porcine hepatocytes, cultured 
for 7 days and tested on day 1, 2, 4 and 7. Average decrease in hepatocyte-specific 
functions over 7 days was 9.7%. Three parameters differed between both bioreactors: 
lidocaine elimination at day 1 and 2 was significantly higher in the AMC-BAL, ammonia 
elimination showed a significantly higher trend for the AMC-BAL over 7 days and LDH 
release was significantly lower at day 7 for the MELS CellModule. In conclusion, this first 
in vitro comparison of two clinically applied BAL systems shows comparable functional 
capacity over a period of 7 days. 
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Introduction

Many bioartificial liver (BAL) support systems have been developed since the report of 
the first clinical application of a BAL system by Matsumura et al. in 1987.1 The continued 
interest for improvement is driven by the need to reduce high mortality rates of acute 
liver failure (ALF) and to shorten long waiting lists for liver transplantation. Therapeutic 
management of ALF is complex due to its heterogeneity in etiology and disease 
progression.2 Research groups from various countries have developed and improved 
various liver support systems. This has led to a collection of heterogeneous scientific 
data from which it is difficult to compare one BAL system with another. In particular, 
large variations in cell type used, preservation method, isolation technique, test set-up, 
patient population, biochemical parameters, additional non-biological therapies and data 
presentation hamper the comparison of devices.3 To overcome these differences and to be 
able to objectively compare two devices, it is crucial to conduct an experiment in which 
these two BAL systems are tested along the same lines.

Two European BAL systems that have been applied clinically in a phase I safety trial 
are the Modular Extracorporeal Liver Support (MELS) CellModule (Fig. 1) of the Charité 
– Universitätsmedizin Berlin in Germany4,5, and the Bioartificial Liver of the Academic 
Medical Center (AMC-BAL; Fig. 1) of the University of Amsterdam in The Netherlands6 
(see for review ref 7.). Hardware configurations of both bioreactors have similar as well 
as different features (Fig. 1, Table 1). Importantly, both bioreactors are characterized by 
an internal oxygenation system for efficient and on-site oxygen supply to the hepatocytes. 
The hepatocytes, however, are located in different compartments in both systems. In the 
MELS CellModule, the hepatocytes are situated between three independent interwoven 
capillary membrane bundles; two capillary bundles for perfusion of medium/plasma 
and one capillary bundle for oxygenation. Because two fluid compartments can be 
distinguished in the MELS CellModule, i.e. a medium/plasma and an extra-capillary cell 
compartment, the hepatocytes do not come to direct contact with the medium/plasma. 
In contrast, hepatocytes in the AMC-BAL are attached to a spirally wound non-woven 
matrix. Between these matrix layers, oxygen capillaries are situated and medium/plasma 
is perfused through the void spaces. As a consequence, the AMC-BAL consists of one 
fluid compartment in which the hepatocytes are in direct contact with medium/plasma. 
Despite these differences, both systems are considered to be the most promising devices 
because of their internal oxygenation system.8

Although both BAL systems have demonstrated their safety in a clinical setting, no 
direct comparison can be made between these systems on account of secondary outcome 
parameters. Even pre-clinical in vitro or in vivo animal studies of these BAL systems are 
difficult to compare3,9-12 (Table 1).

We therefore initiated a comparative study in which both bioreactors were assessed for 
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AMC-BAL

A
B C

D

MELS CellModule

a

b

c

d

MELS CellModule AMC-BAL
Bioreactor description Hollow fiber bioreactor with three interwoven, 

independent capillary membrane systems for 
decentralized perfusion and oxygen supply of 
extra-capillary situated hepatocytes

Bioreactor containing a spirally wound three-
dimensional non-woven matrix for hepatocytes 
attachment with internal oxygenator of oxygen 
capillaries positioned in parallel

Weight ± 4300 gr ± 650 gr
Dimensions (L/H/D/V*) 31 / 11 / 31 / 8.3 18 / 11 / 11 / 1.7

Housing/potting material Polyurethane (housing and potting) Polycarbonate (housing and core),
Bi-component PUR resin (potting; MG)

Cell volume/number up to 600 g 10-20 billion hepatocytes (up to 250 g)
Priming volume 1.49 L 0.55 L
Sterilization Formaldehyde Ethylene oxide (ETO)
Matrix n/a Hydrophilic, Polyester, TMS 0.58 m2, USCS 8.7 m2

Medium capillaries Polyethersulphone, MWC 400kDa
TMS 2.11 m2 (two bundles)

n/a, direct plasma/medium-cell contact

Perfusion rate Recirculatory, 250 mL/min Recirculatory, 150 mL/min
Medium feed 50 mL/h n/a
Oxygen capillaries Hydrophobic, Multilaminate, TCS 2.22 m2 Hydrophobic, Co-extruded PP+PMP, TCS 1.1 m2

Oxygenation Air at 600 mL/min, CO2 at 15-25mL/min Culture gas (95% air / 5% CO2) at 200 mL/min 
Acid-base regulation Via partial CO2 pressure adjustment Via bicarbonate addition
Ports 4 medium ports (2x I/O)

2 oxygen ports (I/O)
2 CS ports
3 ports for pressure sensors
1 port for temperature probe

2 medium ports (I/O; also for CS) 
2 oxygen ports (I/O)
1 extra port for CS
1 port for temperature probe

L, length in cm; H, height in cm; D, depth in cm; V, volume in L; MWC, molecular weight cut-off; TMS, total membrane surface; 

TCS, total capillary surface; USCS, useful surface for cell seeding; PP, polyprolene; PMP, polymethylpentene; PUR, polyurethane; 

MG, medical grade; CS, cell seeding; I/O, inflow and outflow; n/a, not applicable

Figure 1. MELS CellModule (left) and the AMC-BAL (right). Detail MELS CellModule: a. oxygen 
capillary, b. inflow medium capillary, c. outflow medium capillary, d. hepatocyte aggregates. Detail 
AMC-BAL (transverse section): A. polycarbonate housing, B. non-woven polyester matrix, C. oxygen 
capillary, D. extra-capillary medium perfusion space.

Table 1. Hardware characteristics of the MELS CellModule and AMC-BAL
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their hepatocyte-specific function and metabolic activity. To allow accurate comparison, 
both bioreactors were loaded with an equal amount of freshly isolated porcine hepatocytes 
from an identical source, cultured with the same culture medium and tested with the same 
methods. BAL system specific operational properties, e.g. cell culture maintenance, were 
not changed. 

Materials and Methods

Compartment volume analysis of MELS CellModule

Prior to charging the bioreactors, the volumes of both compartments of the MELS 
CellModule were determined by spiking experiments. This information was essential as 
1. hepatocyte-specific function was determined by calculating changes in concentration 
of compounds either produced or eliminated by the hepatocytes in the total volume of test 
medium, and 2. production and elimination of metabolites and substrates are influenced 
by the wash-out/release kinetics as the result of the number of fluid compartments in a 
bioreactor. As the AMC-BAL has only one fluid compartment, a change in parameter 
concentration in time is solely caused by the activity of hepatocytes. Since the MELS 
CellModule has two fluid compartments, i.e. the medium/plasma compartment (MC) and 
cell compartment (CC), convection/diffusion (C/D) mass transfer will influence parameter 
concentration in each compartment. We analyzed the C/D kinetics by injecting 3 mL 
2.5M NH4Cl (Merck, Darmstadt, Germany) and 1.5 mL 2M D-glucose (VWR Int. Ltd, 
Poole, England) in MC, and 1.5 mL 2M L-lactate (Sigma-Aldrich, Steinheim, Germany) 
and 1.5 mL 2M KCl (Sigma-Aldrich, Steinheim, Germany) in CC at t=0 with a medium 
recirculation rate of 250 mL/min and standard oxygenation. Samples of 0.5 mL were then 
taken from both compartments at t=1; 2.5; 5; 10; 15; 20; 25; 30; 35; 40; 45; 50; 55, 60; 
70; 80; 90 min. and t=16 hours, the next day. The concentrations of NH4Cl, D-glucose, 
L-lactate and KCl in both compartments were determined and plotted against time. We 
selected the three best curve estimation regression models using software package SPSS 
12.0.1, by ranking mean R2, mean significance R2, and visualisation of the curves, to 
calculate average y-axis intercepts of each injected compound of each compartment as a 
measure of the MC/CC ratio. Total bioreactor volume was calculated from the dilution 
fraction of all four injected compounds at t=16 hours. Both compartment volumes were 
calculation from the total bioreactor volume by using the MC/CC ratio.

Hepatocyte isolation

All animal experiments were conducted in the Surgical Laboratory of the Academic 
Medical Center according to the institutional guidelines of the local Animal Ethical 
Committee.
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Hepatocytes were isolated from livers of female pigs (20-24 kg) by a two-step 
collagenase perfusion technique according to a modified protocol of Seglen13 at day 0, 
as previously described.3 Two livers were harvested to obtain a sufficient number of 
viable cells for both bioreactors. Porcine hepatocytes were suspended in ice-cold culture 
medium, consisting of William’s E medium (Cambrex, Verviers, Belgium) supplemented 
with 10% (v/v) heat inactivated fetal bovine serum (Cambrex, Verviers, Belgium), 2 mM 
glutamine (Cambrex, Verviers, Belgium), 1 µM dexamethasone (Centrafarm, Etten-Leur, 
The Netherlands), 20 mU/mL insulin (Actrapid®, Novo Nordisk, The Netherlands), 2 mM 
ornithine (Sigma-Aldrich, Steinheim, Germany), 100 µg/mL streptomycin, 100 U/mL 
penicillin and 0.25 µg/mL fungizone mix (100x; Cambrex, Walkersville, MD, USA). 
Total yield of isolated hepatocytes was estimated by determination of the cell pellet 
volume after three times of centrifugation at 50xg for three minutes. Viability of the 
isolated hepatocytes was determined by trypan blue exclusion test. The first hepatocyte 
suspension was kept on ice for approximately 3.5 hours and was used to replenish 
the yield of the second isolation to gain a final cell number of 20 billion hepatocytes. 
This suspension was then divided into two aliquots of ten billion hepatocytes for each 
bioreactor. The AMC-BAL was charged unprimed, whereas the MELS CellModule was 
charged after priming. 

Hepatocyte culture

Each bioreactor was placed in their standard culture cabinet at 37oC and operated 
according to its standard protocol to ensure optimal bioreactor-specific culture conditions. 
The MELS CellModule was continuously perfused with recirculating culture medium at 
250 mL/min. Fresh medium was continuously added at a flow rate of 150 mL/h for the 
first day and 50 mL/h for the remaining culture period, except for the test periods. Air was 
perfused at 600 mL/min and mixed with CO2 at a variable flow rate of 16-24 mL/min to 
control acid-base balance. The AMC-BAL was rotated for two hours to ensure optimal 
cell attachment to the matrix and even cell distribution within the bioreactor following 
the inoculation procedure. The integrated oxygenator was perfused with sterile 95% air 
and 5% CO2 at a flow rate of 200 mL/min. Two hours after the attachment period, dead 
and unattached cells were removed by flushing 1 L of fresh culture medium through 
the bioreactor at 150 mL/min. The bioreactor was then continuously perfused with 2 L 
recirculating culture medium at 150 mL/min.

Testing of bioreactor function  

Both bioreactors were tested at day 1, 2, 4 and 7. Oxygen consumption was determined by 
measuring the decrease in oxygen tension at the medium outflow port during 15 minutes 
after closure of the oxygen supply to the bioreactor. The oxygen consumption test was 
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performed for both bioreactors in the standard culture mode and O2 consumption was 
calculated as described by Van de Kerkhove et al.3 Subsequently, culture medium was 
replaced by test medium which was composed of normal culture medium supplemented 
with 1.85 mM lidocaine hydrochloride (Sigma-Aldrich, Steinheim, Germany), 2 mM 
L-lactate and 5 mM NH4Cl. Culture medium was flushed out the MELS CellModule with 
3 L test medium. To ensure complete replacement, both medium containing capillary 
bundles were alternately opened and closed to redirect remaining culture medium 
out of the bioreactor. After flushing, test medium was continuously recirculated at 
300 mL/min in a closed mode for three hours without continuous addition of fresh 
medium. The AMC-BAL was flushed with 1 L test medium. Thereafter, test medium was 
continuously recirculated at 150 mL/min for three hours. Both bioreactors were tested 
with the same volume of test medium. Samples were taken from all compartments at 
t=60, t=90, t=120, t=150 and t=180 and analyzed for ammonia, urea, lidocaine, glucose 
and lactate concentrations as well as activities of aspartate aminotransferase (AST) and 
lactate dehydrogenase (LDH). Total sample volume drawn at each time point was equal 
between both bioreactors.

Ammonia and lidocaine elimination, urea and albumin production, AST and LDH 
release, glucose and lactate consumption and/or production of the AMC-BAL were 
determined by calculating the changes in concentration in test medium per hour per 
billion cells. For the MELS CellModule, we first determined the concentration of each 
compound per time point for the whole bioreactor ([C]tot) according to the following 
equation:

    [1]

[C] is the concentration of the compound, V is volume (L), subscripted MC, CC and tot 
are medium compartment, cell compartment and total, respectively. The final function 
was then determined by calculating the changes in [C]tot per hour per billion cells. 

After each test, both bioreactors were flushed again with new culture medium to 
remove all test medium. The AMC-BAL was flushed with 1 L culture medium after 
which a total end culture volume of 2.2 L was continuously recirculated at 150 mL/min. 
The MELS CellModule was flushed with 3 L culture medium in the same manner as prior 
to the test and subsequently continuously perfused at 250 mL/min with addition of culture 
medium at a flow rate of 50 mL/min.
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Statistical analysis

Statistical analysis was performed by using SPSS 12.0.1 for Windows software (SPSS 
Inc., Chicago, IL, USA). Results are reported as means + standard error of the mean 
(SEM). Repeated measurement ANOVA rank tests were used to compare both bioreactors 
at all days to discriminate time dependent trends, as well as each test day to distinguish 
significant daily differences. Significance was reached if p < 0.05. Graphical presentation 
of the data was performed using Prism version 3.0 (GraphPad Prism Inc, San Diego, CA, 
USA).

Results

Compartment volume analysis

Total volume of the MELS CellModule was 1.49 L ± 0.04 L, calculated from the dilution 
fraction of four metabolites injected in the medium (MC) and cell (CC) compartment 
at t=16 hours (n=3). The three best curve estimation regression models for the changes 
in concentration of all injected metabolites in both compartments in time were the 
logarithmic, power and cubic model with an average R2 of 0.74 ± 0.042 (p = 0.048 ± 
0.013). The average MC/CC ratio, calculated from the y-axis intercepts of these three 
models for each metabolite, was 0.76/0.24 resulting in an average MC volume of 1.13 L 
and an average CC volume of 0.36 L. 

Figure 2. AST and LDH release of the MELS CellModule (white bars) and the AMC-BAL (black 
bars). A: AST release, B: LDH release. A-B are expressed in U/hour/109 viable hepatocytes (mean ± 
SEM; * = p < 0.05).
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Isolation outcome and bioreactor tests

Ten porcine livers were used for cell isolation with an average yield of 12.0 x 109 
± 2.9 x 109 vital hepatocytes per liver and an average viability of 98.0 % ± 1.1 % to 
obtain sufficient amounts of viable cell mass to load five CellModule and five AMC-
BAL bioreactors with 10 billion hepatocytes each. The MELS CellModule encountered 
gas/medium leakages during the first (day 2), third (day 0), and fifth experiment 
(day 6) and, as a consequence, was terminated at these respective days. To allow equal 
comparison, the corresponding AMC-BAL was also terminated in the first and third 
experiment. As a result, data are presented as a n=4 for day 1 and 2, n=3 for day 4, n=2 for 
day 7, respectively, for the MELS CellModule, and n=3 for day 7 for the AMC-BAL. We 
used the repeated measurement ANOVA test to analyse the data of all test days (n=13) for 
time-dependent differences between both systems, as well as daily differences between 
the MELS CellModule and the AMC-BAL.

Cellular damage

AST and LDH release (Fig. 2) were determined to assess hepatocellular damage in both 
bioreactors. Only at day 7, a significantly higher release of LDH was observed for the 
AMC-BAL. No significant differences were found for AST and LDH release at day 1, 
2 and 4 between both bioreactors, although a tendency towards a higher AST and LDH 
release of the AMC-BAL was observed at day 1. 

Hepatocyte-specific and metabolic functions

Ammonia and lidocaine elimination as well as urea and albumin production were 
determined to assess liver-specific functionality of both bioreactors (Fig. 3). In general, 
liver-specific functionality was stable for both bioreactors during 7 days, except for 
urea production that decreased in time for both bioreactors. The average decrease 
of all four hepatocyte-specific functions over 7 days for both bioreactors was 9.7%. 
Ammonia elimination of the AMC-BAL was higher at all days as compared to the MELS 
CellModule with a mean ammonia elimination of 97.6 ± 5.9 and 68.8 ± 7.6 μmol/hour/
billion hepatocytes, respectively. Although daily differences between both bioreactors 
were not significant, the overall higher trend for ammonia elimination of the AMC-
BAL was significant. In contrast, no significant differences were observed between both 
bioreactors for urea production. Lidocaine elimination was significantly higher at day 
1 and 2 for the AMC-BAL when compared to the MELS CellModule with means of 
42.0 ± 3.4 and 22.8 ± 0.2 μmol/hour/billion hepatocytes, respectively. Albumin 
production of both bioreactors did not differ significantly at all time points, but varied to 
a large extent between separate experiments with an average coefficient of variation of 
73.1% ± 13.4% for MELS CellModule and 46.8% ± 5.5% for AMC-BAL. 



Chapter 4

72

Glucose and lactate concentrations were determined to assess carbohydrate 
metabolism within each bioreactor over 7 days (Fig. 4). In the first two days, hepatocytes 
in both bioreactors consumed lactate. Both bioreactors produced glucose during the first 
days, except for MELS CellModule at day 1 showing glucose consumption. Thereafter, 
carbohydrate metabolism was reversed into glucose consumption and lactate production 
in both bioreactors. Although differences were not statistically significant, distinct 
trends were observed. The overall conversion rate of glucose of the MELS CellModule, 
calculated by the slope over 7 days, increased with 19.3 μmol/hour/billion hepatocytes 
per day (r2 = 0.87) and was lower than the overall glucose conversion rate of the AMC-
BAL that increased with 49.3 μmol/hour/billion hepatocytes per day (r2 = 0.97). The 
same tendency was observed for lactate showing an overall conversion rate in the MELS 
CellModule of 39.1 μmol/hour/billion hepatocytes per day (r2 = 0.96) and in the AMC-
BAL of 71.9 μmol/hour/billion hepatocytes per day (r2 = 0.98). Overall carbohydrate 
conversion rate, calculated by dividing the average overall glucose conversion rate by the 

Figure 3. Hepatocyte-specific functions of the MELS CellModule (white bars) and the AMC-BAL 
(black bars). A: ammonia elimination, B: urea production, C: lidocaine elimination, D: albumin 
production. A-C are expressed in μmol/hour/109 viable hepatocytes, whereas D is expressed in μg/
hour/109 viable hepatocytes (mean ± SEM; * = p < 0.05; # = p < 0.05 over 7 days).
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average overall lactate conversion rate per experiment, was 1.5 ± 0.2 for the AMC-BAL 
and 1.9 ± 0.1 for the MELS CellModule.

Although absolute oxygen consumption values differed significantly between both 
bioreactors at all days (Fig. 5), no valid conclusion can be made since both bioreactors 
differ considerably in their hardware characteristics, in particular with regard to fluid 
dynamics and oxygenation. Despite these differences, oxygen consumption of the AMC-
BAL increased in time by 2.9 μmol/hour/billion hepatocytes per day (r2 = 0.98) to 
144 ± 13 % at day 7 relative to day 1, whereas oxygen consumption of the MELS 
CellModule decreased in time by 0.8 μmol/hour/billion hepatocytes per day (r2 = 0.91) to 
77 ± 37 % on the last day relative to day 1.

Figure 4. Glucose consumption and lactate production of the MELS CellModule (white bars) and the 
AMC-BAL (black bars). A: glucose consumption, B: lactate production. A-B are expressed in μmol/
hour/109 viable hepatocytes (mean ± SEM; * = p < 0.05).

Figure 5. Oxygen consumption of the MELS CellModule and the AMC-BAL. Bars represent absolute 
values (mean ± SEM), expressed in μmol/hour/109 viable hepatocytes. Lines represent relative values 
(mean ± SEM), expressed as percentages of day 1. White bars/dots represent the MELS CellModule, 
whereas black bars/dots represent the AMC-BAL. 
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Discussion

This study reports the first in vitro comparison of two BAL systems, i.e. the MELS 
CellModule and the AMC-BAL. Both bioreactors have been investigated intensively 
in pre-clinical in vitro and in vivo studies as well as in phase I clinical studies(3-6,9-12), 
but from these data no direct device comparison can be made. Because both devices 
are distinct in operating features, we included the following three essential experimental 
conditions in our study protocol: 1. both BAL systems were loaded with the same amount 
of freshly isolated porcine hepatocytes originating from the same cell pool; 2. liver 
specific parameters for cell function and integrity of both BAL-systems were tested with 
an identical test solution under comparable conditions; and 3. all operational procedures 
for each bioreactor were performed by its own experienced team.

After reviewing all end-point parameters, we conclude that both bioreactors are 
comparable in function over a period of 7 days. Average decrease in hepatocyte-specific 
functions over 7 days was 9.7%. However, distinct differences and trends were observed. 
The AMC-BAL eliminated significantly more lidocaine at day 1 and 2. A significantly 
higher trend over 7 days was observed for ammonia elimination in the AMC-BAL. LDH 
release was significantly lower at day 7 in the MELS CellModule. Both BAL systems 
showed a comparable decline in urea synthesis over 7 days. During the whole experiment, 
the AMC-BAL showed higher oxygen consumption than the MELS CellModule. This 
was probably associated with a higher trend of  lactate production in the AMC-BAL 
at day 7, suggesting an increased anaerobic glycolysis. Both bioreactors changed from 
gluconeogenesis in the first days to glucose consumption in the last days. This effect was 
more pronounced in the AMC-BAL. 

The minor differences in outcome parameters of the MELS CellModule and AMC-
BAL are not easily clarified, but are not unexpected in view of the different characteristics 
of both BAL systems. For example, mass transfer for certain compounds may be more 
efficient in the AMC-BAL, because of the direct contact between the test medium and 
the hepatocytes.14,15 This might explain the higher ammonia elimination rate over 7 days 
and the higher lidocaine elimination during the first 2 days in the AMC-BAL. In contrast, 
increased lactate production and higher LDH release in the AMC-BAL at day 7 suggest 
anaerobic glycolysis to occur. This effect might also counteract the more efficient mass 
transfer for certain metabolites of the AMC-BAL. An alternative explanation for the higher 
enzyme leakage in the AMC-BAL at day 7 might be the higher shear stresses caused by 
contact of medium with the cells. Cells inside the MELS CellModule are probably less 
exposed to shear stress owing to their position on the other side of the semipermeable 
membrane. Despite small differences, we conclude that the functionality of both 
bioreactors is comparable. Therefore, both systems should function equally in a clinical 
study. However, for clinical application of a bioartificial liver, other features should also 
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be considered, i.e. costs, logistics of BAL availability16,17, reliability, convenience and the 
source of the biocomponent. 

In summary, we have demonstrated that a device comparison of two BAL systems, 
i.e. the MELS CellModule and the AMC-BAL, is feasible. We conclude after reviewing 
all end-point parameters, including parameters for metabolic activity, cell damage and 
hepatocyte-specific functions, that both BAL systems are comparable over a period of 
7 days. Although the MELS CellModule and the AMC-BAL differ in their hardware 
characteristics, the hepatocyte-specific functions of both systems are high. In addition, 
since both BAL systems are equally functional, we conclude that the applied cell type, 
instead of the device itself, is the crucial factor for final performance of the BAL system. 
Since prohibition of application of xenogeneic cells is a fact in many countries and is 
further advancing in Europe, development of an immortalised human liver cell line has 
therefore the highest priority for clinical use of BAL systems. Consequently, this study 
suggests that both BAL systems will potentially show life supporting capacity when 
charged with such a human cell line.
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Abstract

Background. Preservation conditions play a crucial role during transport of a bioartificial 
liver (BAL) from the laboratory to the hospital. We assessed the possibility to preserve 
the AMC-BAL loaded with freshly isolated porcine hepatocytes at mild hypothermic 
temperatures. 
Methods. Two laboratory-scale AMC-bioreactors were loaded with one billion freshly 
isolated porcine hepatocytes per experiment (n=6). Bioreactors in the control group were 
kept for three days at 37oC. Bioreactors in the transport group were kept at 37oC during 
day 1, at 15oC during day 2, and again at 37oC during day 3. In addition, long-term mild 
hypothermic preservation periods of 45 and 110 hours at 15oC and 26oC, respectively, 
were assessed. The effect of mild hypothermic preservation on hepatocytes inside the 
bioreactors was tested by determination of cell damage parameters, as well as metabolic 
and hepatocyte-specific functions. 
Results. A 24-hours period of mild hypothermic preservation did not reduce any 
hepatocyte-specific function. LDH release was significantly higher only at day 2. 
Albumin production at day 2 and lidocaine elimination at day 3 were significantly higher 
with glucose consumption and lactate production being significantly lower at both test 
days. Long-term mild hypothermic preservation had a drastic negative effect on cellular 
viability and hepatocyte-specific function.
Conclusions. Mild hypothermic preservation at temperatures as low as 15oC and for a 
duration of 24 hours is a feasible method to preserve BAL systems loaded with freshly 
isolated porcine liver cells and will simplify the logistics of BAL transport from the 
laboratory to the hospital.
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Introduction

Many bioartificial liver support systems have been developed in the last decade with the 
aim of bridging ALF patients to orthotopic liver transplantation or own liver regeneration.1 
We have developed a bioartificial liver (AMC-BAL), featuring an integrated oxygenation 
system and a spirally wound polyester matrix, to which small aggregates of porcine 
hepatocytes are attached.2 The AMC-BAL has shown liver specific detoxification and 
synthesis capacities in vitro3,4, and significantly improved survival time in small and 
large animal models of ALF.5-8 A phase I clinical study was undertaken in ALF patients, 
in which the AMC-BAL proved to be safe. All twelve patients enrolled in this study 
showed clinical and biochemical improvement and were successfully bridged to liver 
transplantation (one patient recovered without needing a liver graft). Transmission of 
porcine endogenous retroviruses (PERV) was not observed in these patients.9-11

Clinical application of a BAL is logistically demanding because patients with ALF will 
urgently require a fully functional bioreactor at their bedsides. Clinical studies of BAL 
systems have been reported in which porcine hepatocytes were cryopreserved and sent 
separately along with the bioreactor to the patient in need of BAL treatment.12-14 However, 
low cell recovery and loss of hepatocyte-specific functions after freezing and thawing 
of hepatocytes reduce efficacy of BAL treatment.15-18 Such procedures also hamper 
widespread application of BAL systems, as experienced teams and special equipment 
are necessary to load and test a bioreactor under standardized, sterile conditions prior to 
use. An alternative strategy is that BAL systems are processed on demand in specialized 
centers from which a cell-charged bioreactor may be delivered to the requesting hospital. 
Consequently, one should provide BAL transport over long distances requiring special 
conditions for transport.

The standard preservation temperature of whole organs and large cell masses is 
4oC.18,19 Recently, however, a study concluded that the effect of eight hours hypothermic 
(4oC) storage of bioreactors loaded with primary human hepatocytes isolated from 
discarded donor livers had a drastic negative effect on cell integrity.20 In parallel, a study 
from our laboratory showed similar effects of 24-hour preservation at 4oC of hepatocytes 
cultured in monolayer using William’s E culture medium or stored in University of 
Wisconsin organ preservation solution.21 Cellular injury of hepatocytes preserved for 
use in BAL systems is caused by cold ischemia and subsequent rewarming of the cells, 
analogous to ischemia/reperfusion (I/R) injury occurring in whole organs preserved for 
transplantation. The underlying mechanisms are related to the production of reactive 
oxygen species and depletion of ATP as a result of mitochondrial failure.22

To reduce ischemic injury during BAL transport, milder hypothermic temperatures 
than 4oC may be more attractive. From a previous study, we concluded that the functionality 
of porcine hepatocytes in monolayer was well preserved after 24 hour culture at mild 
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hypothermic temperatures, i.e. 15oC to 28oC.21 However, the conditions in a bioreactor 
differ considerably from those in monolayer cultures, since the cells grow in aggregates, 
oxygen is supplied by capillaries on site and medium is continuously perfused through 
the cell culture. The current study was, therefore, designed to assess the efficacy of 
24-hour, mild hypothermic preservation (15oC) of the AMC-BAL bioreactor loaded with 
porcine hepatocytes. BAL preparation, transport and treatment phases were simulated 
in a sequence of 18 hours, 24 hours and 18 hours periods, respectively. The effect of 
extension of hypothermic preservation periods (15oC and 26oC) from 24 hours to 110 
hours, was also assessed. 

Materials and Methods 

Hepatocyte isolation

Livers were obtained from young female pigs, weighing 20–24 kg, according to the 
institutional guidelines of the local Animal Ethical Committee. Hepatocytes were isolated 
from the livers by a two-step collagenase perfusion technique according to a modified 
protocol of Seglen23, as previously described.4 Briefly, the in situ heparinized liver was 
excised and perfused with an oxygenated (pO2 300 mmHg) calcium-free buffered solution 
at 350 mL/min for 6 min and subsequently perfused by a recirculating and oxygenated 
(pO2 300 mmHg) digestion solution containing 0.5 g/L collagenase P (Roche Diagnostics 
GmbH, Mannheim, Germany) at 350 mL/min for 20 min. Hepatocytes were collected 
after manually disrupting the digested liver by filtration through a surgical gauze and by 
rinsing with ice-cold Hank’s buffer. Total yield of isolated hepatocytes was estimated 
by determination of the cell pellet volume after three times of centrifugation at 50xg for 
three min. It was assumed that one mL of cell pellet corresponds with approximately 
92 x 106 hepatocytes.4 

Laboratory scale AMC-BAL bioreactor

The laboratory scale, AMC-BAL bioreactor is a ten times downscaled bioreactor of the 
second generation AMC-BAL, which has been described recently in detail by Van de 
Kerkhove et al.4 The general configuration of the bioreactor consists of a polycarbonate 
housing containing a three dimensional non-woven hydrophilic polyester matrix 
circularly wound around a polycarbonate core. Between the matrix layers, hydrophobic 
polypropylene gas capillaries are situated in a parallel fashion of which the ends are 
embedded in polyurethane resin and fitted with gas inlet and outlet caps. In vitro 
functionality of the AMC-BAL and the laboratory scale bioreactor have been tested and 
were confirmed to be fully comparable (data not shown).
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Hepatocyte culture

One billion viable porcine hepatocytes, suspended in ice-cold William’s E medium 
supplemented with 10% (v/v) heat inactivated fetal bovine serum (BioWhittaker, 
Verviers, Belgium), 2 mM glutamine, 1 µM dexamethasone, 20 mU/mL insulin, 2 mM 
ornithine, 100 µg/mL streptomycin, 100 U/mL penicillin and 0.25 µg/mL fungizone, 
were injected under sterile conditions into the bioreactor through three different loading 
ports using a 50 mL syringe. Per experiment, two or three bioreactors were loaded at the 
same time with cells from the same hepatocyte isolation. One bioreactor was used as a 
control and the other bioreactor(s) for transport simulation. The bioreactors were placed 
in a culture cabinet at 37oC and rotated for two hours to ensure optimal cell attachment to 
the matrix and even cell distribution throughout the bioreactor. The integrated oxygenator 
was perfused with sterile 95% air and 5% CO2 at a flow rate of 150 mL/min during 
the attachment period and thereafter. After the 2-hours attachment period, dead and 
unattached cells were removed by flushing 100 mL of fresh culture medium through the 
bioreactor at 15 mL/min. The bioreactors were then continuously perfused with 150 mL 
recirculating culture medium overnight at 15 mL/min.

Experimental design – 24 hours mild hypothermic transport

For each experiment (n=6), two bioreactors were prepared and randomly divided into two 
groups. Cells in the bioreactors of the first group (control group) were cultured for three 
days at 37oC. In parallel, cells in the bioreactors of the second group (transport group) 
were cultured at 37oC during day 1, at 15oC for 24 hours during day 2, and cultured 
again at 37oC during day 3. In each experiment, both bioreactors were tested every day 
simultaneously at 37oC (Fig. 1). 

At day 1, after overnight culture for approximately 18 hours, the first test was 
performed with both bioreactors at 37oC. After the first test, both bioreactors were flushed 

T1 T2 T3C3C1AO - I - L
C2 - 37oC - Control

C2 - 15oC - Transport
W

18 hrs 24 hrs 18 hrs2 hrs

Figure 1. Schematic presentation of the experimental design of the 24-hours mild hypothermic transport study. 
O: operation, I: hepatocyte isolation procedure, L: loading of a pair of bioreactors with one billion freshly 
isolated porcine hepatocytes, A: two hours attachment period, C: culture period, T: test period consisting of 
an oxygen consumption test and a function test, W: two hours warming period. The numbers in subscript cor-
respond to the consecutive culture and test periods.
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with 100 mL fresh culture medium (21oC) to remove all test medium. Cells in the control 
bioreactor were cultured in fresh culture medium at 37oC .The transport bioreactor was 
placed in a temperature controlled cabinet at 15oC under standard oxygenation (culture 
gas, 15oC) and fresh recirculating medium (15 mL/min, 15oC) for 24 hours. After 24 hours 
at 15oC, the bioreactor in the transport group was placed at 37oC. Both bioreactors of both 
groups were then flushed again with 100 mL fresh culture medium (21oC). Switching 
from the 37oC cabinet to the 15oC cabinet, and vice versa, took five minutes and was 
done without oxygenation and medium perfusion. A two-hour period was included to 
allow the bioreactor in the transport group to adjust to the new temperature (37oC) as is 
in accordance with the clinical situation, in which the BAL is connected to the patient. 
Both bioreactors were then tested for the second time at 37oC. The test medium was 
subsequently flushed out again and the bioreactors were kept at 37oC in fresh culture 
medium. The next day, approximately 18 hours after the second test, the last test was 
performed, once more at 37oC.

Experimental design – long-term mild hypothermic transport

Three bioreactors were prepared with one billion viable hepatocytes from one isolate and, 
after overnight culture at 37oC, tested at day 1 (t = 0). Cells in the control bioreactor were 
cultured for six days at 37oC, whereas the other two bioreactors (transport bioreactors) were 
kept for six days in temperature-controlled cabinets at 26oC and 15oC, respectively. After 
45 hours and 110 hours preservation at mild hypothermic temperatures, all bioreactors 
were tested for a second and third time, respectively, at 37oC. Switching the bioreactors 
from the 37oC cabinet to the 26oC and 15oC cabinets, respectively, and vice versa, was 
performed in the same way as described in the previous paragraph. 

Testing of bioreactor function

Each test sequence consisted of an oxygen consumption test followed by a function 
test, as described previously.4 The oxygen consumption test is a simple test to assess the 
general metabolic activity of all cells inside the bioreactor. Briefly, oxygen consumption 
was determined by measuring the decrease in oxygen tension during the first 15 minutes 
after closure of the oxygen supply to the bioreactor. The equation for calculating oxygen 
consumption was described recently by Van de Kerkhove et al.4 After the oxygen 
consumption test, a function test was performed by flushing the bioreactor with 100 mL 
of test medium composed of culture medium supplemented with 500 µg/mL lidocaine, 
2 mM L-lactate and 5 mM NH4Cl followed by recirculation of 100 mL test medium for 
two hours at 37oC. Samples were then taken at 30, 60, 90 and 120 min. These samples were 
analyzed for concentrations of ammonia, urea, lidocaine, albumin, glucose and lactate as 
well as activities of aspartate aminotransferase (AST) and lactate dehydrogenase (LDH). 
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Ammonia and lidocaine clearances, urea and albumin synthesis capacity, AST and LDH 
release, glucose and lactate consumption and/or production rates were determined by 
calculating the changes in concentration in test medium per hour per billion cells. 

Statistical analysis

Statistical analysis was performed by using SPSS 12.0.1 for Windows software (SPSS 
Inc., Chicago, IL, USA). Results are reported as means + standard error of the mean 
(SEM). Paired student T tests were used to compare outcomes between both groups at the 
same test days. Significance was reached if p < 0.05. Graphical presentation of the data 
was performed using Prism version 3.0 (GraphPad Prism Inc, San Diego, CA, USA).

Results

Mild hypothermic transport for 24 hours

The laboratory-scale bioreactors were loaded with one billion hepatocytes that were 
harvested from porcine livers with an average yield (n=6) of 14.9 x 109 ± 3.0 x 109 

hepatocytes per liver and an average viability of 95.9% ± 2.5% as determined by trypan 
blue exclusion. 

Control group versus transport group at day 1

All parameters of both groups at day 1 did not differ significantly per experiment. 
Bioreactors in the transport group and in the control group were therefore comparable at 
day 1 (Figs. 2-5). 

Cellular damage at day 2 and 3

To assess hepatocellular damage, AST and LDH release were determined in the control 
and transport groups. AST and LDH release of both groups at day 1 were higher as 
compared to day 2 and 3. This finding is in accordance with earlier observations and can 
be ascribed to the release of remaining non-attached cells after loading the bioreactors 
at day 0.4 No significant differences were found in AST release between bioreactors of 
both groups at day 2 and 3 (Fig. 2A). In contrast, LDH release was significantly higher 
(2.5-fold) in the transport group as compared to the control group at day 2. When cell 
integrity was assessed using the LDH release as a percentage of the total amount of LDH 
present in the bioreactor, this 2.5 fold difference corresponded to an additional loss of 
0.063% or 6.3x105 hepatocytes in the transport group at day 2 (number of total LDH units 
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per million hepatocytes was taken from van de Kerkhove et al.4 At day 3, no significant 
difference was found in LDH release between the control and the transport group 
(Fig. 2B). 

Figure 2. AST and LDH release of control (black bars) and transport bioreactors (white bars) (n=6). 
A: AST release, B: LDH release. A-B are expressed in U/hour/109 viable hepatocytes (mean ± SEM; 
* = p < 0.05 ).

Figure 4. Hepatocyte-specific functions of control (black bars) and transport bioreactors (white bars) 
(n=6). A: ammonia elimination, B: urea production, C: lidocaine elimination, D: albumin production. 
A-C are expressed in μmol/hour/109 viable hepatocytes, whereas D is expressed in μg/hour/109 viable 
hepatocytes (mean ± SEM; * = p < 0.05).
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Metabolic and hepatocyte-specific functions at day 2 and 3

No significant differences were found in oxygen consumption between both groups at 
day 2 and 3. The oxygen consumption increased by 14% in three days in both groups 
(Fig. 3).

As parameters for hepatocyte-specific detoxification functions, ammonia elimination 
together with urea production as well as lidocaine elimination by cytochrome P450 
activity were determined. The ammonia elimination and urea production of bioreactors 
of the transport group did not differ significantly at day 2 and 3 as compared to the 
control bioreactors (Figs. 4A and 4B). No significant differences in lidocaine elimination 
were found between both groups at day 2. At day 3, however, lidocaine elimination 
was significantly higher (9.9%) in the transport group as compared to the control group 
(Fig. 4C). The albumin synthesis at day 2 was significantly higher (34%) in the transport 
bioreactors as compared to the control bioreactors. However, at day 3, both groups did 
not differ with respect to albumin synthesis capacity anymore (Fig. 4D). These results 
indicate that the hepatocyte-specific functions of the cells are well preserved after a mild 
hypothermic period (15oC) of 24 hours.

Glucose consumption and lactate production were determined as parameters of 
carbohydrate metabolism. During the first day there was a net glucose production in both 
groups, which reversed into a consumption of glucose at day 2 and 3 (Fig. 5A). Glucose 
consumption in the transport group was seven-fold lower at day 2 (p = 0.021) and eleven-
fold lower at day 3 (p = 0.006) as compared to the control group. During the whole 
experiment, the overall conversion rate of glucose in the transport group, calculated by 
the slope over the three days, increased with 13 μmol/hour/billion hepatocytes per day 
(r2 = 0.89), which was markedly less compared to 65 μmol/hour/billion hepatocytes per 
day in the control group (r2 = 0.99).

The same tendency was observed for lactate concentrations (Fig. 5B). A net 
consumption of lactate was observed at day 1 in both groups. At day 2, a production 
of lactate was observed in the control group, whereas lactate was still consumed in the 

Figure 3. Oxygen consumption (mean ± SEM) 
of control (black bars) and transport bioreactors 
(white bars) (n=6), expressed in μmol/hour/109 
viable hepatocytes.
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Figure 5. Glucose consumption and lactate production of control (black bars) and transport bioreactors 
(white bars) (n=6). A: glucose consumption, B: lactate production. A-B are expressed in μmol/hour/109 
viable hepatocytes (mean ± SEM; * = p < 0.05).

Table 1. Long-term mild hypothermic transport experiment.

Parameter T t = 0 45 hrs 110 hrs

Ammonia elimination (μmol/h/bil) 37°C 87  (100) 87   (99) 90    (103)
26°C 70  (100) 42   (61) 18  (25)
15°C 99  (100) 20   (20) 10  (10)

Urea production (μmol/h/bil) 37°C 43  (100) 58   (134) 31  (70)
26°C 54  (100) 51   (71)  3  (8)
15°C 47  (100) 25   (40)  2  (7)

Oxygen consumption (μmol/h/bil) 37°C 47  (100) 57   (122) 69    (148)
26°C 26  (100) 16   (51) 11  (27)
15°C 37  (100) 18   (40)   7  (13)

AST release (U/h/bil) 37°C 4.4 0.5 0.7
26°C 5.7 3.7 0.7
15°C 4.9 1.2 0.5

LDH release (U/h/bil) 37°C 3.0 0.5 1.5
26°C 3.2 3.2 0.9
15°C 3.6 1.1 0.5

Glucose consumption (μmol/h/bil) 37°C 12 38 348
26°C 0 29 21
15°C 4 0 -4

Lactate production (μmol/h/bil) 37°C -54 25 549
26°C -42 0 21
15°C -42 13 12

Absolute values (AV, [parameter]/hour/billion viable hepatocytes) are presented for all parameters, 
whereas the ammonia elimination, urea production and oxygen consumption values of the transport 
bioreactor relative to day 1 (t=0) normalized for those of the control bioreactor are presented 
between parentheses.
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transport group after 24 hours at 15oC. At day 3, lactate production was still negligible in 
the transport group, in contrast to the control group, in which the production had markedly 
increased. Significance was reached between both groups at day 2 and 3. In parallel with 
glucose metabolism, the overall conversion rate of lactate in the transport group increased 
with 26 μmol/hour/billion hepatocytes per day (r2 = 0.84), which was also considerably 
less compared to the increase of 88 μmol/hour/billion hepatocytes per day in the control 
group (r2 = 0.97). 

Long-term mild hypothermic transport

Cellular damage after 45 and 110 hours

AST and LDH release were determined during the two hours function tests to assess cell 
integrity after long-term culturing at mild hypothermic temperatures (Table 1). AST and 
LDH release were higher in the bioreactor preserved at 26oC after 45 hours as compared 
to the control bioreactor. This effect, although lower in absolute values, was also seen in 
the bioreactor kept at 15oC. The increase in LDH of the control bioreactor after 110 hours 
was not seen in transport bioreactors.

Metabolic and hepatocyte-specific functions after 45 and 110 hours

To facilitate interpretation of time-related differences we calculated the relative effect 
for ammonia elimination, urea production and oxygen consumption by normalizing the 
values of the transport bioreactor relative to day 1 (t = 0) for those of the control bioreactor 
(Table 1). These parameters decreased markedly after a period of 45 hours and 110 hours 
at 15oC and 26oC, respectively. These negative effects were more distinct in the bioreactors 
kept at 15oC as compared to the bioreactors preserved at 26oC. The trends observed for 
glucose and lactate metabolism in the control bioreactor were clearly decreased in both 
transport bioreactors, particularly after 110 hours. The control bioreactor showed a strong 
increase in glucose consumption and lactate production, whereas values of the transport 
bioreactor were comparable with the values observed after the first test and after 45 hours. 
These results indicate that mild hypothermic preservation periods of 45 hours and longer 
at temperatures as high as 26oC affect general and hepatocyte-specific metabolism. Due 
to these obvious negative results we did not expand these experiments.

Discussion

Hypothermia plays a crucial role in preservation of hepatocytes for clinical 
applications17,18,24, just as it is an essential factor in the preservation of whole livers for 
transplantation.19,25-30 In general, investigations in these areas focus on the reduction of 
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the adverse effects of hypothermic storage temperatures. In the area of biotechnology, 
temperature is also an important parameter to control and improve mammalian cell based 
systems.31-34

In this study we investigated the effect of mild hypothermic temperatures (15oC and 
26oC) for preservation of the cell-charged AMC-BAL bioreactors during a period of 24 
hours and 110 hours. The study was designed to simulate transport of an oxygenated and 
perfused bioreactor charged with freshly isolated porcine hepatocytes. The results clearly 
showed that cell viability as well as hepatocyte-specific functionality were well maintained 
for a period of 24 hours at 15oC. These findings are in agreement with van de Kerkhove et 
al.21, who reported that porcine hepatocytes could be preserved at temperatures as low as 
15oC in two-dimensional culture plates for 24 hours. Moreover, Wigg et al.35 showed that 
isolated rat hepatocytes maintained cell integrity and function during a period of at least 24 
hours in suspension culture at mild hypothermia (25oC). Despite the different conditions 
for monolayer and bioreactor cultures, no different outcomes related to temperature were 
observed.

Studies investigating the effects of low temperature on function of hepatocytes are 
scarce, but reports, mainly from the biotechnology field, describe positive effects of mild 
hypothermic temperatures on the production of therapeutic proteins by mammalian cell 
lines. This has been shown for recombinant Factor VIII (rFVIII; 27oC; ref. 36), secreted-
alkaline phosphatase (SEAP; 30oC; ref. 37), erythropoietin (EPO; 33oC; ref. 38), tissue 
plasminogen activator (TPA; 33oC; ref. 39), and interferon (IF; 25oC, ref. 40). The finding 
in our study of a higher albumin synthesis after 24 hours at 15oC is in agreement with 
these reports. Commonly, lowering of the culture temperature can lead to suppression 
of cell growth and improvement of cell viability with a concomitant increase in specific 
protein productivity. In addition, the stable oxygen consumption and lower glucose 
consumption and lactate production rates observed in this study are in accordance with 
various other reports showing a stable decrease in glucose consumption and lactate 
production at mild hypothermic temperatures.31,33,34,41-43 However, the combination of a 
diminished carbohydrate metabolism and an increase in albumin synthesis might suggest 
other aspects of albumin turnover, such as stability of the protein itself or its mRNA 
product, or an increase release of pre-formed protein44 play a role as well.

Besides the beneficial effects reported of mild hypothermic temperatures in cell-
based biotechnological applications, studies of whole liver and kidney preservation have 
also reported successful preservation temperatures between 8oC and 15oC.19 In addition, 
several studies have shown liver protective effects of mild hypothermic temperatures 
during whole, partial or topical liver ischemia and subsequent reperfusion, in contrast to 
cooling to 4oC.25-30

The damaging effect of preservation at 4oC hypothermia and subsequent oxygenated 
rewarming, is generally ascribed to the production of reactive oxygen species (ROS) 
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and the depletion of ATP following mitochondrial failure inducing apoptosis22, whereas 
the protective effect of mild hypothermic temperatures on cell integrity and function 
has not been fully elucidated. However, several studies have demonstrated that mild 
hypothermic temperatures inhibit apoptotic -programmed- cell death and lower the risk 
of oxidative -stress-induced- cellular damage.45-47 Proposed mechanisms that explain 
the anti-apoptotic effect of mild hypothermia include the suppression of Fas-mediated 
apoptosis (mouse hepatocytes; 32oC; ref 48), the reduction of cJun N-terminal kinase 
activity (mouse neurons; 33oC; ref 49), increased activity of glutathione peroxidase and 
increased expression of anti-apoptotic protein Bcl-2 (Chinese hamster overy cells; 30oC; 
ref 50). 

It should be noted, however, that the long-term, mild hypothermic transport 
experiments described herein, indicated that culture periods of 45 hours and longer at 
temperatures of 15oC and 26oC, dramatically reduce the viability and functionality of 
hepatocytes. This can be attributed to the wide variety of cellular physiological responses 
of mammalian cells to hypothermia (cf. reviews ref 44 and 51). Important effects are: 
1. inhibition of transcription and translation, leading to a reduced protein synthesis; 
2. reduced cell cycling (G1 phase inhibition); 3. disruption of cytoskeletal elements; 
4. changes in membrane permeability; and 5. alteration of lipid bilayer (e.g. phase 
transitions and fatty acid composition) resulting in changes in membrane-mediated signal 
transduction pathways.44,51-53 If hypothermia is not reversed, cell turnover and repair 
processes will become inefficient, and ultimately, depending on the intensity of cold 
exposure, will lead to loss of cell viability and function, even at 26oC for longer periods 
as observed in this study.

In summary, we have demonstrated that 24-hour, mild hypothermic preservation at 
15oC of the AMC-BAL charged with freshly isolated porcine hepatocytes, has no negative 
impact on hepatocyte-specific functions and viability of the cells in the bioreactor. Our 
data show however, that extension of the hypothermic preservation period to 45 and 110 
hours at 15oC and 26oC, respectively, drastically reduces overall BAL function and cellular 
integrity within the BAL. We therefore conclude that mild hypothermic preservation at 
temperatures as low as 15oC for a period of 24 hours is a feasible preservation method for 
the transport of BAL systems charged with porcine hepatocytes. 
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Abstract

A numerical model to investigate fluid flow and oxygen (O2) transport and consumption in 
the AMC-Bioartificial Liver (AMC-BAL) was developed and applied to two representative 
micro models of the AMC-BAL with two different gas capillary patterns, each combined 
with two proposed hepatocyte distributions. Parameter studies were performed on each 
configuration to gain insight in fluid flow, shear stress distribution and oxygen availability 
in the AMC-BAL. We assessed the function of the internal oxygenator, the effect of 
changes in hepatocyte oxygen consumption parameters in time and the effect of the 
change from an experimental to a clinical setting. In addition, different methodologies 
were studied to improve cellular oxygen availability, i.e. external oxygenation of culture 
medium, culture medium flow rate, culture gas oxygen content (pO2) and the number 
of oxygenation capillaries. Standard operating conditions did not adequately provide 
all hepatocytes in the AMC-BAL with sufficient oxygen to maintain O2 consumption 
at minimally 90% of maximal uptake rate. Cellular oxygen availability was optimized 
by increasing the number of gas capillaries and pO2 of the oxygenation gas by a factor 
two. Pressure drop over the AMC-BAL and maximal shear stresses were low and not 
considered to be harmful. This information can be used to increase cellular efficiency and 
may ultimately lead to a more productive AMC-BAL.
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Introduction

Acute liver failure (ALF) is a severe disease with high mortality rates (60-90%). At 
present, the only efficient therapy is orthotopic liver transplantation (OLT).11 To bridge 
ALF patients to liver transplantation or to regeneration of the native liver, liver support 
systems are needed. The most promising bridging method for the treatment of ALF 
patients are bioartificial liver (BAL) support systems. These systems are extracorporeal 
devices that are generally comprised of a bioreactor in which living hepatocytes are 
seeded. In a clinical setting, toxic plasma of ALF patients is perfused through a BAL 
system and detoxified by viable hepatocytes. A major advantage of BAL systems, as 
compared to other non-biological liver support systems, is the capacity to provide a full 
range of metabolic functions to compensate for the complex metabolic disorders seen 
in ALF. Although many BAL systems have demonstrated their detoxifying capacity or 
liver-specific functions in in vitro, ex vivo and in phase I clinical studies, no BAL system 
has shown to significantly improve survival in ALF patients bridged to transplantation in 
a controlled trial (for review: ref. 40).

Important issues for the development of an effective BAL system are local plasma 
flow and oxygen transport. Optimal cell function, i.e. detoxifying capacity, is only 
obtained when a BAL system is adequately perfused with plasma to enable efficient mass 
transfer. In this situation, sufficient nutrients (e.g. glucose, fatty acids) and oxygen are 
supplied, whereas unwanted metabolites (e.g. ammonia) are efficiently detoxified and 
metabolic end products (e.g. urea, CO2) subsequently removed. In principle, oxygen (O2) 
transfer is the main limitation in the efficiency of a BAL3, because of the low solubility of 
oxygen in plasma and high demand for oxygen of functionally active hepatocytes. 

The AMC-Bioartificial Liver (AMC-BAL; Academic Medical Center, Amsterdam, 
The Netherlands, patent No: WO 97/12960) was developed with a special design for 
on-site oxygenation of hepatocytes and direct contact of plasma to the cells to enhance 
bidirectional solute exchange. The AMC-BAL has shown promising results in in vitro 
set-ups, small and large animal ALF models, and finally in a phase I clinical study with 
ALF patients.13,39 But to increase the efficiency of the AMC-BAL, further optimization of 
plasma perfusion and oxygenation of hepatocytes may be useful. 

Numerical techniques and Computational Fluid Dynamics (CFD) simulations 
are useful tools to gain insight in local flow field and oxygen transport in hollow fiber 
BALs19,27,30 as well as in other types of hepatocyte systems.16,23,25 These numerical 
techniques can also be used to determine the optimal working parameters and to further 
optimize the design of a BAL system. In this respect, we used CFD simulations as a 
methodological approach to analyze the configuration of the AMC-BAL. We constructed 
three-dimensional computer models of two representative unit volumes –micro models– 
of the laboratory-scale AMC-BAL. Fluid flow and oxygen transport and consumption 
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were simulated in these micro models to gain insight in the flow field and local cellular 
oxygen availability. Numerical parameter studies were performed to assess possible 
improvements in local oxygen availability of hepatocytes. Several parameters were 
tested: 1. effect of the internal oxygenator system; 2. pO2 of the oxygenation gas; 3. 
culture medium flow rate; 4. incorporation of an external oxygenator in the extracorporeal 
circuit; 5. the number of oxygen capillaries; 6. the effect of plasma perfusion versus 
normal culture medium; and 7. the effect of changes of hepatocyte oxygen consumption 
characteristics in time. Finally, we discuss the implication of this information for the 
optimization of the AMC-BAL into a more efficient bioartificial liver.

Materials and Methods

The internal geometry of the laboratory-scale AMC-BAL is schematically drawn in 
figure 1 in a longitudinal and transverse cross-section. The bioreactor is built from a 
cylindrical polycarbonate housing (Fig. 1-l) in which two pieces of three-dimensional 
(3D) non-woven polyester matrix mat (Fig. 1-e/g) are spirally wound around a massive 
inner core (Fig. 1-i). A space between the two mat segments (Fig. 1-f) is left open for an 
additional hepatocyte seeding port (not shown). In the hydrophilic matrix, high-density 
hepatocyte culture is possible. Between the matrix windings, hydrophobic gas capillaries 
(Fig. 1-m) are positioned in parallel along the entire bioreactor as an internal oxygenator 
system to supply additional oxygen to the hepatocytes. Culture gas (95% air, 5% CO2) 
is perfused through these capillaries. Plasma enters the bioreactor through an inlet port 
(Fig. 1-b) and flows through the inflow zone (Fig. 1-j) further passes the hydrophilic matrix 
mat and through the void inter-capillary space (Fig. 1-n). Plasma exits the bioreactor via 
the outflow zone (Fig. 1-k) through the outlet port (Fig. 1-d). Plasma and culture gas are 
counter-current flows

Computer model 

Since the entire BAL geometry is too large and complex to model, three-dimensional 
unit volumes – micro models – were isolated from the geometry (Fig. 1). Each three-
dimensional micro model (Fig. 2) consists of 2 pieces of mat (thickness = 400 µm, height 
= 1563 µm, length = 50 mm; Fig. 1-e/g) separated by a void interspace section (length = 
6 mm; Fig.1-f). At both sides of the mat, gas capillaries (outer diameter = 380 µm) and an 
inter-capillary space are present. The two micro models differ only in their gas capillaries’ 
position. Either the capillaries are in a rectangular (inline micro model – Fig. 2) or in a 
triangular (triangular micro model – Fig. 2) pattern. These two configurations are the 
most distinct that could be isolated as the position of the capillaries relative to each other 
changes continuously along the course of the spiral mat (Fig. 1). These two micro models 
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Figure 1. Longitudinal (left) and transverse (right) view of the internal geometry of the AMC-BAL: 
a, gas outlet; b, gas inlet; c, plasma inlet port; d, plasma outlet port; e, first mat segment; f, interspace; 
g,  second mat segment; h, polyurethane potting to separate gas and fluid compartment; i, inner core; 
j, inflow zone; k, outflow zone; l, polycarbonate housing; m, gas capillaries; n, inter-capillary space 
through which plasma flows. The inline and triangular micro models are designated.

Figure 2. AMC-BAL micro models. Upper left: inline micro model; upper right: triangular micro 
model (c, capillary wall; M, non-woven matrix mat; f, inter-capillary space); lower left: inline micro 
model with double number of capillaries; lower right: triangular micro model with double number of 
capillaries. See Appendix 2 for color image.
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were therefore considered to be representative for the entire AMC-BAL. Simulations 
on both models will allow us to assess the influence of the capillary arrangement. Both 
models were created in the modeling software Gambit 2 (Fluent Inc, Sheffield, UK). All 
dimensions were derived from a laboratory-scale AMC-BAL or were supplied by the 
manufacturer. The curvature of the mat was neglected and the inflow and outflow zones 
before and after the mat segments in the AMC-BAL were not included in the micro 
models. Each standard micro model contains the equivalent capillary wall surface of 1 
whole capillary. Since the entire laboratory-scale AMC-BAL contains 300 capillaries, 
each micro model can thus be considered as 1/300th part of AMC-BAL. Consequently, one 
AMC-BAL can be regarded as a combination of 300 separate micro models in parallel.

Modeling fluid flow

THEORETICAL MODEL 

To simulate fluid flow, the commercial CFD package Fluent 6.2 (Fluent Inc, Sheffield, 
UK) was used to numerically solve the steady-state Navier-Stokes equations. Standard 
pressure discretization scheme and second order upwind momentum discretization scheme 
were used. Pressure-velocity coupling scheme was SIMPLE. Fluid properties were set to 
those of culture medium to allow future validation with in vitro experiments. Culture 
medium was modeled as an incompressible, isothermal, Newtonian fluid composed of 
90% water (ρ = 998 kg/m3) and 10% serum (ρ = 1030 kg/m3) with a resulting density 
of 1001.2 kg/m3. Dynamic viscosity µ of culture medium with 5 g/L bovine serum 
albumin (BSA) at 37°C was set to 0.691 mPa.s.26 Plasma viscosity at 37°C was set to 
1.3 mPa.s.31

RESISTANCE TO FLOW OF THE NON-WOVEN POLYESTER MAT

The non-woven polyester matrix was modeled as an isotropic homogeneous porous 
zone. A measure for the viscous resistance of the non-woven polyester matrix used 
in Fluent 6.2 was determined in an experimental set-up by establishing the pressure 
drop – flow rate relationship. A sample of this matrix fabric sheet was clamped between two 
connecting tubes. These tubes were placed in a closed circuit with an overflow reservoir 
which provided a constant static pressure load over the matrix sample. Pressure difference 
over the matrix sheet was measured using a calibrated differential pressure transducer 
(Fuji Electrics FCX, Japan). Flow rate was measured gravimetrically. De-ionized water 
was used. Static pressure load was set so average velocities in the experiment were in the 
same order of magnitude as could be expected in the AMC-BAL (1 – 7 mm/s). A viscous 
resistance factor of 2.7 ± 0.2 x 1010 m-2 was calculated as an average of ten measurements. 
Resistance to flow of hepatocyte cell layers (§2.3) was modeled using the same viscous 
resistance factor.
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BOUNDARY CONDITIONS

We assumed that total flow rate (15 ml/min) inside the research scale AMC-BAL is 
homogenously distributed. In this way, each micro model has the same flow rate of 0.05 
ml/min, i.e. 1/300th of the total flow rate. Pressure inlet boundary conditions were used; 
outlet boundary condition was a zero pressure outflow; the capillary walls were ‘no-slip’ 
walls and symmetry boundary conditions were used at the side walls of the model.

Modeling oxygen transport and consumption

THEORETICAL MODEL

To simulate oxygen transport and consumption, Fluent 6.2 solves the steady-state 
convection-diffusion-reaction equation (Eq. 1). Discretization scheme was set to 
QUICK.

The transported scalar φ is the local oxygen concentration (vol. %), which is also the 
product of the oxygen solubility α and the local oxygen partial pressure (pO2) according 
to Henry’s Law (φ = α * pO2). Oxygen solubility α is 3.1385 x 10-5 ml O2 / mmHg*ml 
fluid in culture medium and 2.855 x 10-5 ml O2 / mmHg*ml fluid in plasma. D is the 
oxygen diffusion coefficient, which is 2.92 x 10-9 m2/s in culture medium and 2.18 x 10-9 
m2/s in plasma.2,17,33,44 Oxygen consumption by the primary porcine hepatocytes in the 
AMC-BAL was modeled by an additional source term Sφ, which was only implemented 
in regions that were designated to contain hepatocytes. 

This source term (Eq. 2) was based on the Michaelis-Menten kinetics of O2 consumption 
by hepatocytes. As such, O2 uptake is dependent on the local hepatocyte density ρcell and 
in a non-linearly way dependent on the local O2 availability. 

Michaelis-Menten parameters of primary porcine hepatocytes were obtained from 
Balis et al.1 Values of culture day 2 were taken as they are characterized by a highly 
demanding O2 uptake (VM = 0.7286 nmole / s*106 cells; KM = 2 mmHg). These values were 
measured in 2D culture, whereas hepatocyte culture in the AMC-BAL is three-dimensional 
and at high density. For this reason, a lower O2 consumption may be expected as the 
specific O2 uptake rate per cell is reported to decrease at increasing cell densities.30 On the 

Eq. 1

Eq. 2
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other hand, O2 consumption may rise significantly when a metabolic load is applied to the 
cells.4 As such, the proposed consumption characteristics are justified by assuming these 
values to represent the most limiting case for oxygen availability. Consequently, attention 
must be paid when comparing simulation results to other numerical studies.19,23,25

HEPATOCYTE DISTRIBUTION IN THE MICRO MODELS

In an in vitro setting, the laboratory scale AMC-BAL is seeded with 1 billion porcine 
hepatocytes via three different loading ports, while gently rotating the bioreactor to assure 
a homogeneous cell distribution. As we assumed that one micro model is one 300th part of 
an entire laboratory scale AMC-BAL, one micro model contained 3.33 million cells. 

Since no detailed information on the internal hepatocyte distribution in the AMC-BAL 
is available, two cell distributions are hypothesized. In cell distribution 1, all hepatocytes 
are homogeneously distributed in the non-woven matrix (resulting hepatocyte density 
ρcell of 53.7 x 106 cells/ml). In previous macroscopic and microscopic studies of an early 
prototype AMC-BAL, the majority of the hepatocytes were immobilized within the three-
dimensional matrix.14 However, given the undifferentiated method of hepatocyte seeding, 
it is possible that hepatocytes also adhere to the surface of gas capillaries. Therefore, in 
cell distribution 2, 50% of the hepatocytes are located in the matrix (ρcell = 31.7 x 106 
cells/ml) and 50% in a hepatocyte layer around the capillaries. The hepatocyte layer was 
set to be 122 µm, with a ρcell of 81.7 x 106 cells/ml. This cell layer thickness is in the range 
of what is used in other numerical studies19,20 and is consistent with the size of primary 
porcine hepatocyte 3D cell clusters found in vitro.15 All proposed cell densities were also 
considered to be realistic.8,21,37 

The complete AMC-BAL cannot be modeled by using only one cell distribution or 
only one micro model. Therefore, each cell distribution was applied to both micro models, 
leading to four basic configurations in total. All four micro model configurations were 
assessed independently. With a combination of these micro models, the entire AMC-BAL 
can be modeled in future studies.

O2 DIFFUSION CONSTANT THROUGH NON-WOVEN MATRIX

Free O2 diffusion through the mat zone is hindered by the non-woven arrangement 
of hydrophilic polyester fibers, which are considered to be impermeable to O2. To 
compensate for this hindered diffusion, a correction factor for the O2 diffusion coefficient 
in the mat volume was determined. On a microscopic view of the non-woven matrix, the 
mat porosity was determined to be 91%. A modified two-dimensional inline micro model 
was constructed with 250 polyester fiber circles randomly located within the boundaries of 
the mat volume. On this modified inline micro model, the pO2 distribution was simulated 
using hepatocyte distribution 1 (Fig. 3-A). Standard boundary conditions were used 
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and culture flow rate was zero. O2 diffusion coefficient in the mat zone of the modified 
micro model was the same as for free culture medium, since culture medium occupies 
the void spaces between the polyester fibers.  Subsequently, an analogous simulation was 
performed on a regular inline micro model, i.e. with the mat modeled as homogeneous 
medium, with an adjusted O2 diffusion coefficient in the mat zone to match the results of 
the ‘modified’ model (Fig.3-B). A correction factor of 0.85 (Dmat = 2.48 x 109 m2/s) for 
O2 diffusion was necessary to take into account the presence of the non-woven polyester 
matrix mat. This correction factor is in accordance with the equation of Rayleigh (see 
below), which has been experimentally verified for various sheets of porous media.29,32,34

Figure 3. Determination of the correction factor for O2 diffusion through the non-woven polyester mat. 
A: pO2 distribution [mmHg] on modified inline micro model (polyester fibers drawn) under standard 
boundary conditions, no medium flow; B: identical pO2 distribution [mmHg] obtained with identical 
simulation settings, but with mat as homogeneous medium with an adjusted diffusion constant (with a 
factor of 0.85) to account for hindered diffusion.

(Equation of Rayleigh)correction factor ~
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O2 DIFFUSION CONSTANT THROUGH ZONES CONTAINING HEPATOCYTES

Oxygen can diffuse through both continuous fluid spaces as well as through hepatocytes. 
In regions seeded with hepatocytes, the resulting “effective” diffusion coefficient Deff will 
be lower than in free medium, since O2 diffuses more slowly through hepatocytes. The 
extent to which the diffusivity is reduced will logically depend on the local hepatocyte 
density. Since experimental data on O2 diffusion constants through hepatocyte cell layers 
with different cell densities is not readily available, a theoretical approach was chosen. 

Riley et al.35 developed an empirical relation (Eq. 3) that relates the effective 
diffusion coefficient Deff to the local free diffusion coefficient D0, the intracellular 
diffusion coefficient Dcell and the cell volume fraction φ. This equation, based on Monte 
Carlo simulations, shows a good agreement with available data throughout a wide range 
of cell volume fractions (0.04 < φ < 0.95).

Dcell was set to 0.25 x 10-9 m2/s, which is an average of intracellular O2 diffusion constants 
in hepatocytes reported by Jones et al.22 Cell volume fraction φ is the local volume 
percentage of space that is occupied by hepatocytes and was calculated as the product 
of the local hepatocyte cell density and the average hepatocytes cell volume.9 Local 
free diffusion coefficient D0 is dependent on the perfusion fluid, e.g. culture medium or 
plasma, and on the location of hepatocytes in the model; either in the inter-capillary space 
or in the mat zone. O2 diffusivities in different regions of both micro models are presented 
in Table 1. The obtained local diffusion coefficients are in the range of reported values for 
hepatocytes and other cell types.6,16,18,41,43

BOUNDARY CONDITIONS

Oxygen partial pressure (pO2) of incoming culture medium was set to 146.5 mmHg, 
which was an average of three culture medium pO2 measurements using an ABL505 blood-
gas analyzer (Radiometer Copenhagen). Axial and radial O2 transport resistances in gas 
capillaries were neglected, since the culture gas flow rate through the gas capillaries and 
their O2 permeability are high.5 As such, O2 supply through gas capillaries was modeled by 
imposing a constant 150 mmHg pO2 on the capillaries’ outer walls, which corresponded 
to the pO2 of culture gas used in vitro (95% air, 5% CO2). All other boundary faces have 
no-flux boundary conditions.

Eq. 3
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Region in the micro model
D0 

[10-9 m2/s]
ρcell

[106 cells/ml] φ DEff / D0

Deff
[10-9 m2/s]

CM Plasma CM Plasma
No hepatocytes

Inter-capillary space 2.92 2.18 0 0 1 2.92 2.18

In mat 2.48 1.85 0 0 1 2.48 1.85

Cell distribution 1

In mat 2.48 1.85 53.7 0.172 0.75 1.87 1.41

Cell distribution 2

In mat 2.48 1.85 31.7 0.102 0.85 2.11 1.59

In hepatocyte cell layer 
around capillaries – part in 
mat zone

2.48 1.85 81.7 0.262 0.64 1.59 1.22

In hepatocyte cell layer 
around capillaries – part in 
inter-capillary space

2.92 2.18 81.7 0.262 0.64 1.86 1.41

Table 1. O2 diffusion constants in different zones of the micro models. The ratio of the effective 
diffusion constant to the free diffusion constant DEff/D0 is calculated from the local free oxygen 
diffusion constant D0 and the local cell volume fraction φ using Eq. 3. The local effective diffusion 
coefficients Deff in culture medium and plasma per region are presented in the last column.

Grid dependency

One micro model mesh contained approximately 3.75 million finite volume mesh 
elements. Further increase in the number of cells rendered identical simulation results. 

Simulations overview and assessment

As previously stated, four micro model configurations were used: (a) the inline micro 
model with cell distribution 1, (b) the inline micro model with cell distribution 2, (c) 
the triangular micro model with cell distribution 1, and finally (d) the triangular micro 
model with cell distribution 2. Fifteen case studies (Table 2) were performed on each 
configuration.
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Case Fluid
pO2 gas

(mmHg)
pO2 medium

(mmHg)
Qmedium

(ml/min)
# caps

KM

(mmHg)

Reference case

1.  Standard boundary conditions CM 150 146.5 0.05 1 2

Effect of the internal oxygenator

2.  pO2 gas = 0 CM 0 146.5 0.05 1 2

3.  pO2 gas = 0; pO2 medium ×2 CM 0 293 0.05 1 2

Increasing oxygen availability

4.  pO2 gas ×2 CM 300 146.5 0.05 1 2

5.  pO2 gas = carbogen CM 722 146.5 0.05 1 2

6.  pO2 medium ×2 CM 150 293 0.05 1 2

7.  pO2 medium = carbogen CM 150 722 0.05 1 2

8.  Fluid flow rate Q medium x2 CM 150 146.5 0.10 1 2

9.  Fluid flow rate Q medium ×10 CM 150 146.5 0.50 1 2

10.  No capill. ×2 CM 150 146.5 0.05 2 2

11.  No capill. ×2; pO2 gas ×2 CM 300 146.5 0.05 2 2

Clinical vs. experimental setting

12.  Plasma Plasma 150 146.5 0.05 1 2

13.  Plasma; pO2 gas ×2 Plasma 300 146.5 0.05 1 2

Changes of hepatocyte O2 
consumption in time

14.  KM day 4 CM 150 146.5 0.05 1 4.75

15.  KM day 5 CM 150 146.5 0.05 1 7.5

Table 2. Overview of simulations. Each case is applied to the four basic micro model configurations 
(inline and triangular micro model each with cell distribution 1 or 2).
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The first case study was simulated using standard boundary conditions as described 
in previous paragraphs. This ‘reference case’ study (1) is the internal control for all 
other case studies with the same micro model configuration. The effect of the internal 
oxygenation system was assessed by disabling culture gas flow (2), and by assessing 
the effect of an external oxygenator that oxygenates incoming medium to a doubled 
pO2 as an alternative for internal oxygenation (3). To increase oxygen availability to the 
hepatocytes, different strategies were assessed. First, by using a more oxygen rich culture 
gas, i.e. a doubled pO2 gas (4) or carbogen gas (95% O2) (5). Secondly, by incorporating 
an external oxygenator to increase incoming medium pO2 to a doubled (6) or carbogen 
(7) level. Thirdly, by changing culture medium flow rate to a doubled (8) or ten-fold (9) 
flow rate. Finally, by doubling the number of capillaries (10) or by combining the double 
number of capillaries with a doubled culture gas pO2 (11). In cases with a doubled number 
of capillaries, cell density in the hepatocyte layer around the capillaries was kept constant. 
This lead to a cell layer thickness of 68 µm, keeping the number of hepatocytes around all 
capillaries equal to 50% of total, as was initially proposed. In micro models with double 
number of capillaries the distance between the capillaries is halved (see Fig. 2). 

In the next case studies, we studied the effect of plasma versus culture medium, since 
this is the main difference in perfusion in a clinical setting as compared to an experimental 
setting. Standard boundary conditions (12) and a doubled pO2 gas (13) were used and 
compared with cases (1) and (4). Finally, time-related changes in oxygen consumption 
characteristics of hepatocytes were investigated by varying KM values. KM values of 
culture day 4 (14) and 5 (15) were compared to the reference case (1). According to 
Balis et al.1, KM values change remarkably throughout the first five days, whereas VM 
values remain constant. We therefore kept VM constant in these simulations.

The proposed simulation cases on the four different micro model configurations 
were assessed by examining pO2 distributions. However, not every simulated pO2 profile 
can be shown due to brevity reasons. To evaluate the effect of the parameters discussed 
in the parameter study, the local effective hepatocyte utilization ratio Vratio (Eq. 4) was 
studied.30

Vratio is the ratio of the observed oxygen consumption rate to the maximal hepatocyte 
oxygen consumption rate, i.e. VM, and ranges between 0 and 1 (asymptotically). A 
threshold for Vratio of 0.9 was chosen as introduced by Patzer et al.30 and corresponds with 
a minimal pO2 level of 18 mmHg when KM = 2 mmHg. Consequently, oxygen availability 
in the AMC-BAL was quantified by determining the percentage of hepatocytes with 
Vratio > 0.9.  

Eq. 4
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Results 

Fluid flow and shear stress distribution

Figure 4 represents an example of colorimetric contour plots of fluid flow and shear 
stress distributions in two different micro models with different hepatocyte distributions. 
In the upper part, velocity magnitudes (m/s, left legend) in a transverse plane midway 
through the first mat segment are shown for the reference case (case 1) of an inline 
micro model with hepatocyte distribution 1 (Fig. 5-A1) and for a triangular micro model 
with hepatocyte distribution 2 and with a double number of capillaries (case 10-11) 
(Fig. 5-B1). The contour plots can be mirrored with respect to the horizontal axis as micro 
models are symmetrical. 

Figure 4. Colorimetric contour plot of velocity magnitudes (m/s, left legend, upper part 1) and shear 
stress levels (Pa, right legend, lower part 2) in a transverse plane midway through the first mat segment, 
in the reference case (case 1) of an inline micro model with hepatocyte distribution 1 (A1 and A2 resp.) 
and in a triangular micro model with hepatocyte distribution 2 and with double number of capillaries 
(case 10-11) (B1 and B2 resp.). See Appendix 2 for color image.

Fluid flows in the non-woven matrix mat zone and in the hepatocyte cell layers were 
orientated axially and are uniform in size (approx. 8 µm/s in Fig. 4-A1 and 37 µm/s in 
Fig. 4-B1). In the inter-capillary space, flow velocities have a poiseuille-like (parabolic) 
profile with maximal velocities of approx. 3.6 mm/s in Fig. 4-A1 and 7.8 mm/s in 
Fig. 4-B1. In the interspace between two mat segments, flow lines expand radially due to 
the sudden increase in local cross-sectional area. However, these flow lines re-converge 
when entering the second mat segment, where the velocity profile was identical compared 
to the first mat segment (not shown). Static pressure drop over the entire micro model 
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was 15.7 Pa in the reference case of the inline micro model with hepatocyte distribution 1 
(Fig. 4-A) and 69.3 Pa for the triangular micro model with hepatocyte distribution 2 and 
double number of capillaries (Fig. 4-B). The lower parts of Figure 4 (A2 and B2) show 
corresponding shear stress distributions (Pa, right legend). Maximal shear stresses were 
generally located near the mat side surfaces and also –in case of cell distribution 2– at the 
boundary between the hepatocyte cell layer and inter-capillary space.

In Table 3, an overview is given of maximum velocity magnitudes in the inter-
capillary space, uniform velocity magnitudes in the mat/hepatocyte layer zone, as well 
as static pressure losses over the entire micro model and maximal local shear stresses for 
all simulation cases. Maximum velocities in the inter-capillary space ranged between 3.6 
and 45 mm/s, whereas uniform velocities in the mat/hepatocyte layer ranged between 8 
and 110 µm/s. Simulation results showed that velocities in the mat zone and in hepatocyte 
layers were consistently two orders of magnitude smaller than in the inter-capillary space. 

Hepatocyte distribution
1 2

Case No Case description
Velocity in mat/hepatocyte cell layer (mm/s) 

–
Maximum velocity in inter-capillary space (mm/s)

1–7,14,15. Standard flow rate 0.0085 – 3.59 0.011 – 4.60 
8. Q medium ×2 0.017 – 7.17 0.022 – 9.20
9. Q medium ×10 0.084 – 35.7 0.11 – 45.0

10, 11 No capillaries ×2 0.0195 – 5.69 0.037 – 7.75
12, 13 Plasma 0.0085 – 3.59 0.011 – 4.60

Static pressure loss over micro model (Pa)
1–7,14,15. Standard flow rate 15.7 20.6

8. Q medium x2 31.4 41.1
9. Q medium ×10 155.7 203.3

10, 11 No capillaries ×2 36.1 69.3
12, 13 Plasma 30.0 39.3

Maximum shear stress (Pa)
1–7,14,15. Standard flow rate 0.032 0.041

8. Q medium ×2 0.064 0.083
9. Q medium ×10 0.31 0.40

10, 11. No capillaries ×2 0.056 0.083
12, 13 Plasma 0.057 0.073

Table 3. Overview of the maximum velocity in the inter-capillary space, the uniform velocity in the 
mat/hepatocyte layer zone, the static pressure loss over the entire model and the maximal shear stress 
for all simulation cases and for different hepatocyte distributions. Values for the inline and triangular 
micro model are identical.
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Velocity profiles and shear stress profiles were similar for the different simulation cases, 
but differed in magnitude between cases when flow rate was altered or when the internal 
geometry had been changed, e.g. due to additional gas capillaries and/or hepatocyte 
layers around the capillaries. Static pressure loss over the entire micro model and local 
shear stress levels were additionally influenced by the type of fluid, e.g. plasma or culture 
medium. Static pressure loss over the entire micro model ranged from approx. 16 to 203 
Pa. Maximum shear stress ranged between approx. 0.03 and 0.40 Pa. Largest maximum 
values were reached in hepatocyte distribution 2 with a 10-fold flow rate. Importantly, 
both the inline and triangular micro model had the same flow field, static pressure loss and 
shear stress distributions within a simulation case with certain boundary conditions and 
hepatocyte distribution (comparison not shown).

Oxygen transport and consumption

Results of oxygen transport and consumption simulations are presented by means of 
two contour plots of pO2 and Vratio distributions (Fig. 5). Also, Table 4 presents detailed 
information for each simulated case and micro model configuration on the percentage of 
hepatocytes that consume oxygen at a minimal Vratio level of 0.9.

Figure 5. Colorimetric contour plot of pO2 (mmHg, left legend, upper part 1) and effective hepatocyte 
utilization ratio Vratio (dimensionless, right legend, lower part 2) in a transverse plane midway through 
the first mat segment, in the reference case (case 1) of an inline micro model with hepatocyte distribution 
1 (A1 and A2 resp.) and in a triangular micro model with hepatocyte distribution 2 and with double 
number of capillaries and doubled culture gas pO2 (case 11) (B1 and B2 resp.). (Note: Fig. 5-B1 
different scale compared to Fig. 5-A1). See Appendix 2 for color image.
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REFERENCE CASE SIMULATIONS (CASE 1)

Figure 5-A1 illustrates the pO2 distribution in a transverse plane midway through the 
first mat segment in the reference case (case 1) for the inline micro model with hepatocyte 
distribution 1. Highest pO2 (150 mmHg) was found close to the capillary wall. A large pO2 

gradient extended radially from the capillary and was steeper at the side of the capillary 
in the mat zone. At a radial distance of 86 µm from the capillary, pO2 in the mat zone 
dropped already below 20 mmHg. A region where oxygen was depleted (0 mmHg) is 
present in the centre of the hepatocyte-seeded mat throughout both mat zones. Analogous 
pO2 distributions were found in cross-sections of the micro model further downstream to 
the plane of Fig. 5-A1, but with overall decreasing average oxygen level. Oxygen content 
of the perfused culture medium in the inter-capillary space dropped from its initial value 
of 146.5 mmHg to approx. 60 mmHg midway the first mat segment and further decreased 
downstream to 28 mmHg at the end of the first mat segment. At the start of the second 
mat segment, culture medium pO2 in the inter-capillary space was increased to 40 mmHg 
and again decreased to 22 mmHg at the end of the mat segment. 

As a standard for cellular oxygen availability, the effective hepatocyte utilization 
ratio Vratio was calculated (Fig. 5-A2). Complying with pO2 distribution, hepatocytes in 
the centre of the mat zone cannot consume oxygen at all (Vratio ~ 0), whereas hepatocytes 
closest to the capillaries have enough oxygen available to consume oxygen at near 
maximum capacity (Vratio ~ 1). Approximately 16% of all hepatocytes in the model 
consumed oxygen with Vratio > 0.9 (Table 4). A change to hepatocyte distribution 2 was 
characterized by a larger radial pO2 gradient around the capillaries and a more extended 
zone of zero oxygen content in the mat segments. Due to the additional presence of a 
dense hepatocyte layer around the capillary, pO2 dropped below 20 mmHg from a radial 
distance of 65 µm from a capillary (compare to 86 µm in hepatocyte distribution 1). 
Nevertheless, 29% of all hepatocytes attained a Vratio of more than 0.9. Fifty four percent 
of the hepatocytes in cell layers around the capillaries reached the threshold of Vratio > 0.9, 
whereas 3% of the hepatocytes in the mat zone. 

PO2 and Vratio distributions for the reference case of the other three micro model 
configurations are not shown for brevity reasons. 

Simulation results also showed that inline and triangular micro models, using the same 
hepatocyte distribution, showed qualitative and quantitative identical pO2 distributions. 

THE EFFECT OF THE INTERNAL OXYGENATOR (CASE 2,3)

Disabling culture gas flow (~ pO2 gas = 0 – case 2) led to a reduction of cells with 
Vratio > 0.9 to approximately 2% for all micro model configurations. Replacing the internal 
oxygenator by an external oxygenator, which doubles culture medium pO2 (case 3), 
led to a “Vratio > 0.9” fraction of approx. 6% for all micro model configurations. More 
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% Hepatocytes with Vratio > 0.9

Hepatocyte distribution 1 Hepatocyte distribution 2

Case INLINE TRIANGULAR INLINE TRIANGULAR

Mat Capill. Mat Capill.
Reference case
1.) Standard boundary conditions 15.7% 15.8% 28.8% 28.6%

3.3% 54.1% 3.3% 53.5%

The effect of the internal oxygenator
2.) pO2 gas = 0 1.7% 1.7% 1.7% 1.7%

3.1% 0.4% 3.1% 0.4%

3.) pO2 gas = 0; pO2 medium ×2 6.2% 6.2% 6.3% 5.9%
11.0% 1.7% 10.3% 1.7%

Increasing oxygen availability
4.) pO2 gas ×2 30.4% 30.2% 50.3% 50.3%

5.1% 95.1% 5.0% 94.9%

5.) pO2 gas = carbogen 62.4% 64.5% 80.7% 88.3%
61.2% 100.0% 76.3% 100.0%

6.) pO2 medium ×2 20.1% 20.2% 34.5% 33.9%
11.8% 57.0% 11.0% 56.5%

7.) pO2 medium = carbogen 35.5% 35.1% 54.2% 53.4%
40.6% 67.7% 37.5% 69.1%

8.) Q medium ×2 17.9% 18.1% 31.6% 31.4%
6.6% 56.4% 6.5% 56.0%

9.) Q medium ×10 28.4% 28.6% 45.7% 45.6%
22.2% 68.9% 22.1% 68.9%

10.) No capillaries ×2 31.8% 31.8% 56.7% 56.8%
14.1% 100.0% 14.3% 100.0%

11.) No capillaries ×2; pO2 gas ×2 61.0% 59.9% 87.5% 84.8%
75.3% 100.0% 69.9% 100.0%

Clinical vs. experimental setting
12.) Plasma 12.0% 12.0% 22.9% 23.0%

2.6% 43.0% 2.6% 43.0%

13.) Plasma; pO2 gas ×2 22.8% 22.9% 40.8% 40.9%
2.9% 78.4% 2.9% 78.3%

Changes in O2 consumption in time
14.) KM day 4 8.7% 8.7% 18.9% 18.9%

1.1% 36.4% 1.1% 36.4%

15.) KM day 5 5.0% 5.1% 12.9% 13.0%
0.3% 25.3% 0.3% 25.5%

Table 4. Percentages of total hepatocyte cell amount that attain a Vratio > 0.9. In the case of hepatocyte 
distribution 2, distinction is made between the percentage of the total number of hepatocytes in the mat 
and the percentage of total number of hepatocytes in the cell layers around the capillaries.
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specifically, in cell distribution 2, this was true for only 1% and 2% of the hepatocytes 
around the capillaries, and for 3% and 11% of the hepatocytes in the mat zone, for case 
2 and 3 respectively.

INCREASING OXYGEN AVAILABILITY (CASE 4-11)

Doubling culture gas pO2 (case 4) almost doubled “Vratio > 0.9” percentages 
(Table 4) from approximately 16% to 30% in micro models with hepatocyte distribution 
1; an increase of 93%. A 75% increase (29% to 50%) was obtained in micro models 
with cell distribution 2. This increase mainly occurred in the hepatocyte layer around 
capillaries, i.e. 55% in case 1 to 95% in case 4. A further pO2 gas increase to carbogen level 
(case 5) led to an approximate quadruple and triple “Vratio > 0.9” fraction compared to the 
reference case for distribution 1 and 2, respectively. In the latter, hepatocytes in both the 
mat zone as well as in the cell layers have increased threshold percentages. Furthermore, 
about 7% more hepatocytes attained the threshold in the triangular capillary arrangement 
compared to inline when using hepatocyte distribution 2. In distribution 1, inline and 
triangular configurations rendered quasi-identical results.

Doubling culture medium pO2 (case 6) led to a 28% and 20% increase in Vratio 
percentages for cell distribution 1 and 2, respectively. In the latter, the relative increase 
was higher in the mat zone as compared to the hepatocyte layers. Further increase of 
pO2 medium to carbogen level (case 7) led to a 125% and 88% increase in “Vratio > 0.9” 
percentages compared to the reference case for distribution 1 and 2, respectively. Inline 
and triangular models rendered identical results under the same hepatocyte distribution.

Doubling culture medium flow rate (case 8) resulted in a 14% and 10% increase in 
“Vratio > 0.9” fraction for distribution 1 and 2, respectively. Further increase of culture 
medium flow rate up to a 10-fold (case 9) resulted in an 81% and 59% increase for 
distribution 1 and 2, respectively. Typically in cases with increased flow rate in cell 
distribution 2, Vratio percentages in the mat zone changed remarkably, whereas in the 
hepatocyte layers there was only a minor increase. Again, inline and triangular models 
rendered identical results under the same hepatocyte distribution.

A 2-fold increase in the number of capillaries (case 10) resulted in a doubled 
percentage of cells that attain the Vratio > 0.9 threshold in cell distribution 1 (+102%) 
and 2 (+98%). In the latter, this increase occurred in the mat zone as well as in the cell 
layer around the capillaries. The combination of a double number of gas capillaries 
and a doubled pO2 gas (case 11) increased the threshold percentages to almost quadruple 
(+280%) for cell distribution 1 and triple (+200%) for cell distribution 2. Again, only 
minor differences existed between inline and triangular micro models.

Figure 5-B1 shows the pO2 distribution in a transverse plane midway through the 
first mat segment in the triangular micro model with cell distribution 2 (case 11). In this 
case, highest pO2 levels (~300mmHg) were only found close to the capillary walls. A 
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very steep radial gradient was noted in the hepatocyte cell layer around the capillaries. 
PO2 in the center of the mat zone was 7 mmHg. As in the reference case, pO2 distributions 
of cross-sections further downstream showed analogous results as compared to Fig. 5-A1, 
but with overall decreasing average oxygen level. The distribution of Vratio corresponding 
to the pO2 distribution of case 11 is depicted in Fig. 5-B2. The entire hepatocyte layer 
(100%) around the capillaries and large parts of the mat zone (70%) had a Vratio of at
least 0.9. Consequently in case 11, 85% of all hepatocytes had a Vratio higher than 0.9 
(Table 4).

CLINICAL VS. EXPERIMENTAL SETTING (CASE 12,13)

Changing fluid properties from culture medium to plasma resulted in a 24% decrease 
in Vratio > 0.9 percentages in micro models with cell distribution 1 and a 20% decrease 
in cell distribution 2 (case 12). Doubling pO2 gas in the clinical setting (case 13) showed 
a relative rise of 91% and 78% compared to the clinical reference case (case 12) in cell 
distribution 1 and 2, respectively. Compared to the analogue case in in vitro settings 
(case 4), the change of fluid properties also corresponds with a respective 25% and 19% 
decrease of the “Vratio > 0.9” fraction.

CHANGES IN HEPATOCYTE O2 CONSUMPTION IN TIME (CASE 14,15)

Changing KM values to the situation on day 4 (case 14) or 5 (case 15) causes slight 
increases in absolute pO2 level. Also, pO2 gradients are less steep and the oxygen depleted 
zone in the centre of the matrix is slightly smaller (not shown). However, “Vratio > 0.9” 
fractions decreased 45% and 68% for cell distribution 1 and 34% and 55% for distribution 
2 compared to day 2 (case 1) for day 4 and 5, respectively.

Discussion

Fluid flow and shear stress distribution

Perfusion of a micro model was largely influenced by the presence of the non-woven mat.  
Although the cross-sectional area of the inter-capillary space and the non-woven mat are 
roughly the same size, fluid flow in the mat zone was generally two orders of magnitude 
smaller as compared to the flow in the inter-capillary space. This effect is caused by the 
higher resistance to flow of the non-woven mat, forcing the majority of fluid flow through 
the inter-capillary spaces which have a negligible flow resistance. This also causes the 
overall pressure loss to be minimal. Since the same hydraulic permeability is used for the 
hepatocyte layers, fluid velocities there are also in the range of micrometer per second. 
Consequently, apart from the incorporation of additional gas capillaries (case 10-11), also 
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the presence of hepatocyte layers around the capillaries (cell distribution 2) increased 
flow velocities and pressure loss in the model as the free cross-sectional area of the inter-
capillary space is reduced. Fluid flow simulations for the inline and triangular variant of 
the different case studies render identical results for velocity profiles, pressure loss and 
shear stress distributions. This was expected as the micro models consist of the identical 
geometrical entities, which are only changed in location relative to each other. From a 
fluid dynamical point of view, we conclude that the change in capillary arrangement 
along the course of the spiral mat in the AMC-BAL does not influence fluid flow, pressure 
drop or shear stress distribution. 

The static pressure loss over one micro model can be regarded as the total pressure 
drop over the entire AMC-BAL without the inflow and outflow zone (Fig. 1-e/f/g), since 
the AMC-BAL can be represented by 300 micro models in parallel. This pressure drop, 
i.e. max. 200 Pa ~ 1.5 mmHg, is negligible when compared to the pressure losses in the 
extracorporeal circuit. These low pressure gradients are in accordance with the in vivo 
situation in the liver lobule, in which pressure drops of approximately 3 mmHg over 
the sinusoids are normal.7,28 This is considered advantageous for cell culture inside the 
AMC-BAL.

Shear stress was also assessed as it is a possible determinant of cellular damage 
and reduced metabolic function. Shear stress is directly proportional to the local velocity 
gradient and the fluid viscosity. Consequently, shear stresses are generally more elevated 
in cases with higher velocity magnitudes in the inter-capillary space (e.g. in case of 
increased flow rate, doubled number of capillaries, cell distribution 2) and where fluid 
viscosity is increased (e.g. when plasma was used instead of culture medium – ‘clinical 
setting’ – case 12-13). Results show that only hepatocytes located at the side of the mat 
and at the border of the hepatocyte layers with the inter-capillary space are subjected to a 
certain level of shear stress. 

In vivo values of hepatocyte wall shear stress are difficult to obtain, and comparison 
is therefore difficult. In human, liver sinusoid wall shear stress τ can be calculated as 
[τ = (∆p . D) / 4L] ~ 1 Pa (with static pressure drop ∆p ~ 3 mmHg; sinusoid diameter 
D ~ 9 µm; length L ~ 1 mm7,28; and considering laminar flow and a cylindrical shape of 
the sinusoid). In mice sinusoids, shear stress was calculated to be 0.55 Pa.24,27 However, 
in vivo, hepatocytes are not directly subjected to this shear stress as they are shielded by 
the sinusoid endothelial lining. As a result, the maximal tolerable level of shear stress is 
lower than 1 Pa. Tilles et al.38 showed in in vitro studies on rat hepatocytes that hepatocyte 
function, measured as albumin and urea synthesis rates, was significantly decreased (resp. 
2.6- and 1.9-fold) when hepatocytes were directly exposed to shear stresses higher than 
0.5 Pa compared to low shear stresses (< 0.033 Pa). Under standard conditions, maximum 
shear stress values in the AMC-BAL do not exceed 0.04 Pa. Additionally, the majority of 
the hepatocytes are not subjected to significant shear stresses. Small zones with increased 
shear stress exist but maximal values are considered to be acceptable and not detrimental 
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for the viability and function of hepatocytes. However, shear stresses may increase up 
to 0.4 Pa when flow rate is increased 10-fold (case 9). Moreover, should plasma be used 
in this case, instead of culture medium, maximal shear stress values may then reach up 
to 0.71 Pa (not simulated; obtained by data extrapolation), which is in the critical range 
(> 0.5 Pa38). Additionally, very high flow rates, e.g. 10-times the normal culture flow 
rates, may cause detachment of hepatocytes and therefore should not be used in spite of 
any possible increase in local O2 availability. Subsequently, case 9 (culture medium flow 
rate x 10) can already be discarded in the search for optimal O2 availability, based on fluid 
dynamical grounds. 

Oxygen transport and consumption

We assessed the oxygen availability in different case studies and in different micro model 
configurations. In this paragraph, the results are discussed per case.

REFERENCE CASE SIMULATIONS (CASE 1)

Highest oxygen concentrations in the mat zone are located near the gas capillaries 
and near the border of the mat and the inter-capillary space. In zones with limited flow 
velocities, cellular oxygen supply is clearly dependent on diffusion, which causes large 
radial pO2 gradients. On the other hand, diffusive O2 transport from the culture medium 
towards the hepatocytes also causes an axial gradient in culture medium oxygen content. 
As a consequence, culture medium only oxygenates the mat near the very start of the 
first mat segment and near the side of the mat. The depth of O2 penetration into the mat 
decreases rapidly further downstream, since as the majority of oxygen content in the 
convective flow is already consumed in the first part of the micro model. Nevertheless, 
oxygen level in the culture medium is not totally depleted at the end of the micro model as 
the fluid transit time is not sufficiently long for all oxygen to diffuse to the hepatocytes.

In contrast, the O2 concentration in the gas capillaries remains constant along the 
micro model axis, so the zone around the capillaries which oxygenated has a constant 
radius throughout the entire micro model. This pattern of oxygenation leads to about 
80% higher Vratio percentages in hepatocyte distribution 2 as compared to 1, since more 
hepatocytes are close to the gas capillaries in cell distribution 2. So despite steeper pO2 
gradients near the gas capillaries and consequently a larger zone of depleted oxygen in the 
mat zone in case of hepatocyte distribution 2, this cell distribution leads to significantly 
higher Vratio percentages. However, this effect is related to the maximal oxygen diffusion 
distance which is limited by the Michaelis-Menten oxygen consumption parameters, local 
hepatocyte density and local diffusion coefficient in general and by the specific local gas 
capillary and culture medium pO2 in this reference case. 

Since regions which are oxygenated by one gas capillary in particular do not overlap 
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or influence each other in the reference case simulations, diffusive oxygen supply by the 
capillaries is independent of relative capillary location. Convective oxygen transport is also 
identical as flow distribution is irrespective of capillary placement (§4.2). Consequently, 
inline and triangular capillary pattern give identical results concerning oxygen transport 
and consumption in these reference cases within when the same hepatocyte distribution is 
used, as is confirmed by simulation results. 

Concerning oxygen transport, we can conclude that the oxygen supply in the AMC-
BAL is not fully adequate to provide all hepatocytes with sufficient oxygen to maintain 
O2 consumption at minimally 90% of the maximal uptake rate (Vratio > 0.9). Given that 
the AMC-BAL can be modeled as a combination of micro model configurations, 16-28% 
of the hepatocytes in the AMC-BAL are adequately oxygenated. In other words, between 
72% and 84% of the hepatocytes are subjected to a pO2 of less than 18 mmHg under the 
current conditions. Normal physiological pO2 values in the liver sinusoids are between 
70 mmHg in the periportal area and 20 mmHg in the pericentral area.42 But it is difficult 
to determine the effect on viability and function of hepatocytes below this threshold. 
Studies indicate that hepatocyte respiration becomes impaired below 1 – 2 mmHg pO2.

10 
With respect to these values, further investigation of simulation results showed that under 
current conditions 67% and 52% of the hepatocytes in cell distribution 1 and 2 have a pO2 
below 2 mmHg and will suffer from hypoxia. The remaining 17 to 20% of the hepatocytes 
are likely to be characterized by shifts to more anaerobic metabolic processes.36 However, 
it should be noted that the low “Vratio > 0.9” percentages are largely influenced by the 
very stringent hepatocyte oxygen consumption ratios used in this numerical model. Also, 
hepatocytes which are subjected to low oxygen levels for a prolonged period of time 
might show changes in oxygen consumption characteristics (VM, KM) to compensate for 
the lack of oxygen. This could account for account for higher oxygen availability in vitro. 
The use of different (VM, KM)-values throughout the model to address this behaviour can 
be implemented in future work. Nevertheless, further increase in O2 availability may 
prove useful to increase the cell viability and subsequently the efficiency of the AMC-
BAL.

THE EFFECT OF THE INTERNAL OXYGENATOR (CASE 2,3)

Disabling the internal oxygenator leads to detrimental results and reduces the 
percentage of adequately oxygenated hepatocytes to virtually zero. This confirms the 
importance of the internal oxygenator and illustrates the small contribution of the incoming 
convective oxygen flux by culture medium. Incoming culture medium flow adds only 
0.17 nmole O2 per second to the micro model, while maximal oxygen uptake VM equals 
0.7286 nmole / s*106 cells. As such, theoretically no more than 0.2 x 106 cells, i.e. 6% of 
the total amount of hepatocytes per micro model, would be able to consume at maximal 
uptake rate. In reality, only 1.7% of the hepatocytes can consume at a Vratio > 0.9 due to the 



Chapter 6

122

presence of pO2 gradients. Replacing the internal oxygenator by an external oxygenator, 
which doubles the flow pO2 and thus the convective oxygen flux, will only increase the 
“Vratio > 0.9” percentage to about 6%. Since this is still considerably less than in the 
reference cases, external oxygenation – even at elevated pO2 levels – is a not suitable 
replacement for the internal oxygenation system as the gas capillaries constitute the main 
oxygen supply. As such, the internal oxygenator is an essential part of the AMC-BAL. 

INCREASING OXYGEN AVAILABILITY (CASE 4-11)

In the reference case models, merely 16% to 28% of the hepatocytes are adequately 
supplied with oxygen to consume at a Vratio > 0.9, depending on hepatocyte distribution. 
We therefore assessed several strategies to increase overall oxygen availability. 

Culture medium flow rate (case 8,9) does not have a considerable effect on cellular 
oxygen availability. A two-fold increase in flow rate resulted in an increase in regions 
with Vratio > 0.9 of only 14%. This was expected as the convective oxygen supply is only 
a minor contributor to the overall oxygen supply. Consequently, doubling the medium 
pO2 (case 6) does not greatly increases the amount of regions with sufficient oxygen 
either. As already discussed, changes in culture medium properties are reflected in a 
small increase of regions with Vratio in the mat zone, and more specifically in the first mat 
segment as oxygen content of the fluid is rapidly decreased downstream. It is interesting 
to note that doubling the flow rate and doubling the medium pO2 both supply exactly the 
same amount of oxygen to the micro model: in the latter, oxygen is supplied at increased 
pO2, whereas in the former oxygen is supplied at standard level but with a higher flow 
rate. Nevertheless, doubling pO2 medium is preferred compared to increasing flow rate when 
aiming at a better effective hepatocyte utilization ratio since the doubled flow rate does 
not give the oxygen enough time to diffuse to the hepatocytes as the residence time before 
oxygen exits the micro model is cut in half. However, a disadvantage of increasing pO2 in 
the medium is the requirement of an external oxygenator, which makes the extracorporeal 
circuit more complex and costly and increases the extracorporeal plasma volume in a 
clinical setting. 

Doubling the pO2 of the oxygenation gas (case 4) is much easier to achieve in 
practice. Importantly, the “Vratio > 0.9” percentage increases significantly to almost a 
doubled level as compared to the reference case. In comparison, culture medium flow 
rate has to be increased more than 10-fold (case 9) to achieve similar results as with a 
2-fold increase in pO2 of the oxygenation gas. This illustrates how oxygen supply is only 
minor dependent on fluid flow rate. However, saturation of “Vratio > 0.9” percentages with 
increased flow rate is not yet achieved at 10-fold flow rate. Nevertheless, a 10-fold flow 
rate is not preferred because of possible detachment of the hepatocytes and an increased 
risk of possible shear stress damage to the hepatocytes.
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The effective hepatocyte utilization ratio can even be further improved. Culture 
medium pO2 can be set to carbogen level (case 7) or the number of capillaries can be 
doubled (case 10). On average and for both hepatocyte distributions, these two methods 
lead to a 2-fold increase in the amount of hepatocytes consuming oxygen at Vratio > 0.9 
as compared to the reference case. When both approaches are compared for hepatocyte 
distribution 1, the results are slightly better when using the carbogen medium pO2. But 
for hepatocyte distribution 2, the double number of capillaries leads to better results. 
An increase in the number of capillaries is preferred over carbogen medium perfusion, 
since carbogen medium perfusion leads to extremely high and possible toxic12 pO2 values 
of almost 720 mmHg. Carbogen medium perfusion also requires an additional external 
oxygenator. Therefore, increasing the number of capillaries by two-fold is a more easy 
and safe method to increase the effective hepatocyte utilization ratio.

The results obtained with double capillary numbers are also better when compared 
to the doubling of the oxygenation gas pO2. In cell distribution 2, this is mainly caused 
by the redistribution of the hepatocytes located around the capillaries. By increasing the 
number of capillaries, the hepatocyte layer thickness decreased (§2.3). As a consequence, 
the region that a gas capillary can sufficiently oxygenate now spans the entire hepatocyte 
layer so 100% of the cell layer (Table 4) is sufficiently oxygenated. In cell distribution 
1, the total region with Vratio > 0.9 has also increased by two, as each additional capillary 
supplies an additional (constant) volume of hepatocytes with Vratio > 0.9. In contrast, 
doubling the oxygenation gas pO2 increases the region surrounding a single capillary with 
Vratio > 0.9 with a factor of less than two.

The ultimate results in improving cellular oxygen availability and effective hepatocyte 
utilization ratio are found when oxygenation gas is set to carbogen level (case 5) or when 
a double number of capillaries is used in combination with a doubled oxygenation gas 
pO2 (case 11). Vratio > 0.9 percentages have quadrupled for cell distribution 1 and tripled 
for cell distribution 2 as compared to the reference case for both approaches. 

Simulation results show that in case 11, the respective gains in Vratio > 0.9 regions 
are cumulated when the case of a double number of capillaries and a doubled pO2 gas are 
combined. It can also be noted that there is a small but significant difference between the 
inline and triangular capillary pattern in case 5. When carbogen oxygenation gas is used, 
the region with Vratio > 0.9 surrounding a capillary has grown to such an extent that it 
could overlap with the region of surrounding capillaries. If a capillary is present straight 
opposed to another (inline pattern), this overlap is present. Consequently, the intersection 
of the two regions only contributes once to the amount of region with Vratio > 0.9. In 
contrast, when capillaries are in a triangular pattern, the region surrounding the capillary 
can extent to its fullest, thus increasing the percentage Vratio > 0.9 more compared to the 
inline micro model. This effect is more pronounced in the cell distribution 2 compared 
to distribution 1.
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Given the possible toxicity of the hyperoxic oxygen levels when carbogen oxygenation 
gas is used (case 5), the preferred method to optimally and maximally increase oxygen 
availability in the AMC-BAL is to double the number of gas capillaries together with a 
2-fold increase in culture gas pO2. We note, however, that the calculated improvements 
in O2 availability and Vratio > 0.9 percentages do not necessarily translate into identical 
increases in cell viability or functional activity. Nevertheless, similar trends between 
simulation results and the in vitro situation are expected, but have to be validated.

CLINICAL VS. EXPERIMENTAL SETTING (CASE 12,13)

An important 20 to 25% decrease in the amount of hepatocytes with Vratio > 0.9 is 
caused by the lower diffusion coefficient (-9%) and oxygen solubility (-25%) in plasma as 
compared to culture medium. As in reference case 1, results are independent of capillary 
pattern and are higher in cell distribution 2 as compared to cell distribution 1. Doubling 
the oxygenation gas pO2 in the clinical setting leads to approximately the same relative 
increase in Vratio percentages as it does in the experimental setting. As such, we conclude 
that any relative increase in oxygen availability found in the experimental setting by 
any possible strategy can also be applied to the clinical setting, taking into account that 
the absolute Vratio > 0.9 fractions are decreased with a constant percentage depending on 
hepatocyte distribution. 

CHANGES IN HEPATOCYTE O2 CONSUMPTION IN TIME (CASE 14,15)

Higher KM values of day 4 and 5 cause the decrease in oxygen consumption to start at 
higher oxygen levels compared to lower KM values of day 2. Consequently, pO2 gradients 
are less steep and oxygen penetrates further into the mat zone or into hepatocyte layers 
because of the reduced local O2 uptake. Paradoxically, “Vratio > 0.9” fractions have 
decreased. This is understood when converting the Vratio threshold to the minimal cellular 
pO2 to which the hepatocytes must be subjected to, using Eq. 4. Whereas in the reference 
case, hepatocytes are considered to be sufficiently oxygenated when cellular pO2 reaches 
at least 18 mmHg, threshold values are now approximately 43 and 68 mmHg for day 4 
and 5, respectively. Since the overall pO2 level in the latter cases is not equally elevated, 
Vratio > 0.9 fractions are strongly reduced. Conversely, when applying an identical pO2 
threshold instead of Vratio, hepatocyte percentages in case 14 and 15 are increased with 
3% and up to 20% compared to day 2. As such, an increase in KM causes average cellular 
pO2 to increase, but whether there is also an increase in the number of hepatocytes that are 
sufficiently oxygenated is difficult to determine based on computer simulations, as this 
depends on the criteria, i.e. minimal Vratio vs. minimal pO2, used.
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Conclusions

A numerical model to investigate fluid flow and oxygen transport and consumption in the 
AMC-BAL was developed and applied to two representative micro models of the AMC-
BAL. Two different gas capillary patterns, i.e. ‘inline’ and ‘triangular’, were used and 
combined with two proposed hepatocyte distributions, leading to four basic configurations 
in total. Fifteen case studies were performed on each of the configurations in order to 
gain insight in the fluid flow, shear stress distribution, oxygen availability and effective 
hepatocyte utilization ratio Vratio of the AMC-BAL and to assess possible strategies to 
further improve cellular oxygen availability. We found that the AMC-BAL does not 
provide sufficient oxygen to all hepatocytes to allow them to consume oxygen at 90% of 
their maximal uptake rate under standard operating conditions. The internal oxygenator 
is an essential part of the AMC-BAL. Doubling the number of gas capillaries together 
with a 2-fold increase in the oxygenation gas pO2 was found to be the optimal method 
to maximally increase O2 availability. Additionally, pressure drop over the AMC-BAL 
and cellular shear stress levels were found to be low and advantageous to cell culture. 
The developed model also allowed us to assess the effect of the transition from the in 
vitro to the clinical setting and the effect of the change of hepatocyte O2 consumption 
characteristics in time. Since large variations in simulation results between hepatocyte 
distributions are shown, an assessment of the in vitro hepatocyte distribution in the AMC-
BAL is useful. Subsequently, an attempt to validate the numerical model with in vitro 
experiments should be made. Eventually, adoption of this information may lead to a more 
efficient and productive AMC-BAL in the near future.
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Abstract

Long-term culturing of primary porcine hepatocytes (PPH) inside the AMC-bioartificial 
liver is characterized by increased anaerobic glycolysis. Recommendations to increase 
oxygen availability were proposed in a previous numerical study and were experimentally 
evaluated in this study. Original bioreactors as well as new configuration bioreactors with 
2.2-fold thinner non-woven matrix and 2-fold more capillaries were loaded with PPHs 
and oxygenated with different gas oxygen pressures resulting in medium pO2 (pO2-med) 
of either 135-150 mmHg or 235-250 mmHg. After 6 days culturing, new configuration 
bioreactors with pO2-med of 250 mmHg showed significantly reduced anaerobic glycolysis, 
60% higher liver-specific functions and increased transcript levels of five liver-specific 
genes compared to the standard bioreactor cultures. Changed bioreactor configuration and 
increasing pO2-med contributed equally to these improvements. Histological examination 
demonstrated small differences in cell organization. In conclusion, higher metabolic 
stability and liver-specific functionality was achieved by enhanced oxygen availability 
based on a prior modeling concept. 
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Introduction

Orthotopic liver transplantation (OLT) is currently the only effective treatment for end-
stage liver disease. Patients suffering from acute or acute-on-chronic liver disease may 
benefit from temporary extracorporeal liver support to tide them over until OLT or to 
allow regeneration of their own liver. Promising options for extracorporeal liver support 
comprise bioartificial liver (BAL) devices that rely on the synthetic and detoxification 
activities of viable hepatocytes. These cells are highly active and exhibit high oxygen 
uptake rates in various 2D and 3D culture conditions.1-7 Adequate oxygen supply inside 
BAL devices is crucial for maintenance of sufficient and stable liver-specific functions. 
Therefore several BAL devices have been equipped with incorporated membrane or 
capillary oxygenators.8-11

One of the clinically applied BAL devices that incorporate an integrated oxygenation 
system is the AMC-BAL. This liver support system is further characterized by direct 
plasma-cell contact to enhance efficient mass transfer and a polyester matrix, to which 
small aggregates of hepatocytes are attached12 The polyester matrix is circularly wound 
around a polycarbonate core and the gas capillaries are situated in a parallel fashion 
between the matrix layers. The AMC-BAL has shown liver specific detoxification and 
synthesis capacity in vitro12,13, significantly improved survival time in small and large 
animal models of ALF14-17, and safety in a phase I clinical study.18 However, from in 
vitro studies using primary porcine hepatocytes, we observed an increase in anaerobic 
glycolytic metabolism after culturing for four days13,19,20, suggesting a limited oxygen 
availability in at least some parts of the bioreactor. In an attempt to analyze and improve 
oxygen availability, we addressed this issue by computational modeling.21

Numerical modeling and computational fluid dynamics (CFD) simulations are 
important engineering analysis tools to determine optimal working parameters and to 
indicate alternative designs for the improvement of bioreactor performance.22 These 
methods have been applied to analyze flow and oxygen transport in hollow fiber BALs22-25 
as well as for other types of hepatocyte culture systems.26-28 Mareels et al. have developed 
a three-dimensional computer model of the AMC-BAL, in which fluid flow and oxygen 
transport were simulated to gain insight in possible improvements in oxygen availability 
to the hepatocytes.21 The main conclusion of this study was that 15.7% to 28.8% of 
all porcine hepatocytes inside the AMC-BAL could consume oxygen at 90% of their 
maximal uptake rate, confirming the hypothesis of anaerobic areas inside the bioreactor as 
observed with in vitro experiments. Furthermore, convective oxygen transport inside the 
matrix layers was extremely low resulting in a low oxygen availability inside the matrix 
layers. Histological analysis of bioreactors with porcine hepatocytes cultured for 7 days 
supported these hypotheses; viable cells were preferentially located around capillaries or 
adjacent to matrix layers, whereas less viable hepatocytes were present in the middle of 
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the transverse matrix.20 To improve oxygen availability to the majority of cells inside the 
AMC-BAL, two important recommendations were made, i.e. 1. double the number of 
capillaries, and 2. double the pO2 of the oxygenation gas. Additionally, we hypothesize 
that by decreasing the thickness of the non-woven matrix a more efficient cell distribution 
and therefore, exposure to the available oxygen might be achieved.

The aim of this study was to experimentally evaluate the recommendations 
to increase oxygen availability inside the AMC-BAL as proposed in a previous 
numerical study of Mareels et al.21 We developed a new configuration bioreactor 
based on its original design12 by doubling the amount of gas capillaries and by 
reducing the thickness of the original polyester non-woven matrix by 2.2-fold. Both 
types of bioreactors were loaded with 1.0 x 109 porcine hepatocytes and oxygenated 
with various oxygen concentrations resulting in a medium pO2 of 135-150 mmHg or 
235-250 mmHg. Primary outcome parameters were glucose consumption and lactate 
production as key indicators of anaerobic glycolysis. In addition, hepatocyte-specific 
functions and cell damage parameters were analyzed during a 6-day culture period. We 
furthermore analyzed cellular morphology and transcriptional changes of liver-specific 
genes, genes related to hepatic de-differentiation, oxidative stress, general metabolism 
and apoptosis at the end of the culture period.

Materials and methods

Bioreactor configurations

We used a downscaled bioreactor of the second generation AMC-BAL as described 
previously.13 The original configuration of the bioreactor consists of a polycarbonate 
housing containing a non-woven hydrophilic polyester matrix (400 μm thick) circularly 
wound around a polycarbonate core. Between the matrix layers, 300 hydrophobic 
polypropylene gas capillaries are situated in a parallel fashion. In this study, a ‘new’ 
configuration was constructed from the original configuration by the following:
1. doubling the number of capillaries to 600, and 2. decreasing the matrix thickness to 
183 μm (Table 1). 

Experimental set-up

Two variables were investigated: 1. the effect of increased oxygen concentration in the 
supplied gas; and 2. the effect of the new configuration. In total, 20 bioreactors were 
equally divided into four groups: 1. normal configuration bioreactors with culture gas 
oxygenation (95% air / 5% CO2; resulting in 20% O2) (G1); 2. normal configuration 
bioreactors with increased oxygenation, i.e. culture gas mixed with carbogen 
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(95% O2 / 5% CO2) (G2); 3. new configuration bioreactors with culture gas oxygenation 
(G3); and 4. new configuration bioreactors with increased oxygenation (G4) (Table 1). 
G1 and G3 bioreactors received the same culture gas, whereas G2 and G4 bioreactors 
received the same mixture of culture gas and carbogen. For increased oxygenation (G2 
and G4), culture gas and carbogen were mixed in proportion leading to a O2 concentration 
of about 40% and a medium pO2 (pO2-med) of 235-250 mmHg measured at the outflow 
port, reaching 100 mmHg higher pO2-med levels (+67%) when oxygenated with culture 
gas alone (Table 1). The pO2-med and pH in all groups were measured daily – at least 3 
times – using an off-line ABL505 blood-gas analyzer (Radiometer Copenhagen). Before 
overnight culture, culture medium pH of all bioreactor groups was adjusted with NaHCO3 
to 7.35 or higher. All bioreactors were tested at d1 (day 1), d3 and d6 after cell loading. 
Four bioreactors, one from each group, were used for histological analysis and fixed in 
10% formalin at d6. RNA (n=2) for RT-PCR analysis was isolated from two G1 and two 
G4 bioreactors at d6.

Hepatocyte isolation and loading

Hepatocytes were isolated from livers of female pigs (20-24 kg) by a two-step collagenase 
perfusion technique according to a modified protocol of Seglen29 as previously described.13 
Procedures were in accordance with the institutional guidelines of the local Animal 
Ethical Committee. Hepatocytes were suspended in ice-cold culture medium, consisting 
of Williams’ E medium supplemented with 10% (v/v) heat inactivated fetal bovine 
serum (BioWhittaker, Verviers, Belgium), 2 mM L-glutamine, 1 µM dexamethasone, 
20 mU/mL insulin, 2 mM ornithine, 100 µg/mL streptomycin, 100 U/mL penicillin and 
0.25 µg/mL fungizone. Total yield of isolated hepatocytes was estimated by determination 
of the cell pellet volume after 3-times of centrifugation at 50x g for 3 min.13 Viability was 

Bioreactor configuration Type of oxygenation gas

Type

Matrix
thickness

(μm)
Capillaries

(no.) Culture gas Carbogen
pO2-med at 22 hrs 

(mmHg)

Group 1 (G1) original 400 300 + − 134.1 ± 1.3
Group 2 (G2) original 400 300 mixture 236.1 ± 4.2
Group 3 (G3) new 183 600 + − 148.3 ± 1.3
Group 4 (G4) new 183 600 mixture 251.8 ± 3.9

Table 1. Specification of bioreactors and conditions of the four experimental groups. Values are means ± 
SE as shown in Figure 1A.
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determined by trypan blue exclusion test. Average yield of five hepatocyte isolates was 
7.7 ± 1.7 109 viable cells with a mean viability of 97.5 ± 1.3 %. 
 Per experiment (n=5), one hepatocyte isolate was used to load a G1, G2, G3 and 
G4 bioreactor with 1.0 x 109 viable hepatocytes. The four bioreactors, loaded with the 
same hepatocyte isolate, were then cultured for 5 days in one experiment.

Hepatocyte culture

One billion viable hepatocytes were injected under sterile conditions into the bioreactor 
through three loading ports. Bioreactors were then placed in a culture cabinet at 37oC and 
oxygenated with culture gas at a flow rate of 150 mL/min during the 2-hour attachment 
period. To ensure optimal cell attachment and an even cell distribution, bioreactors were 
rotated 340o (back and forth) along the longitudinal axis at 1 revolution/min. After this 
attachment period, dead and unattached cells were removed by flushing 100 mL of fresh 
culture medium through the bioreactor at 7.5 mL/min. From then on, all bioreactors 
were oxygenated either with culture gas or with the mixture of culture gas and carbogen 
according to the experimental group assignment. Bioreactors were perfused with 150 mL 
recirculating culture medium overnight at 7.5 mL/min for 16 hours. After the first night of 
culture and before starting the first hepatocyte function test, perfusion rate was increased 
to 15 mL/min and maintained during the 6-days culture period.

Gene primer 5’ - 3’

RT CTCTGCCAGCCACCCCTCCTCCTT
Pepck1 S CTGGGGGCGGGCGAGTTCATCA

AS ATTTCTCGGCGGTCGGGCAGGTG
RT TTTGCAGCCATAAGCCACAGG

Pfkfb1 S GAGATTGATGCGGGTGTCTGTG
AS TCCTGYCGTTCTAGCTCCATTAT
RT GAGGGAATGTTTACTGGGTGAT

SOD1 S GCAGGGCACCATCTACTTC
AS ACACCACAGGCCAAACGACTTC
RT CGGTGTGAGGCTGCTGTTTTACT

SOD2 S CGCGGCCTACGTGAACAACCT
AS CCCAGCAGCGGAACCAGACC

18S, AAT, AFP, Bax-α, Bcl-XL, CPS, CYP3A29, 
GS, GSTπ, LDH and UCP-2 see Poyck et al. 19

RT, reverse transcriptase primer; S, sense primer; AS, 
anti-sense primer. Pepck1, cytosolic phosphoenol-
pyruvate carboxykinase 1; Pfkfb1, 6-phosphofructo-
2-kinase/fructose-2,6-biphosphatase 1; SOD1, [Cu/
Zn] superoxide dismutase 1; SOD2, [Mn] superoxide 
dismutase 2

Table 2. Primer sequences.
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Hepatocyte function test

Each test consisted of an oxygen consumption test (OCT) followed by a function test, 
as described previously.13 Briefly, oxygen consumption was determined by measuring 
the decrease in oxygen tension during the first 15 min after closing the oxygen supply 
to the bioreactor. G2 and G4 bioreactors were oxygenated with culture gas for 45 min 
prior to the OCT to create similar testing conditions as for G1 and G3. A function test 
was performed by flushing the bioreactor with 100 mL of test medium composed of 
culture medium supplemented with 500 µg/mL lidocaine.HCL, 2 mM L-lactate, 2.75 mM 
D-galactose and 5 mM NH4Cl; and followed by recirculation of 100 mL test medium for 
two hours at 37oC. All bioreactors were oxygenated during the function test according to 
the experimental group assignment. Medium samples were taken at 30, 60, 90 and 120 
min and subsequently analyzed for concentrations of ammonia, urea, lidocaine, albumin, 
galactose, glucose and lactate as well as activities of aspartate aminotransferase (AST) 
and lactate dehydrogenase (LDH). Ammonia, galactose and lidocaine elimination, urea 
and albumin production capacity, AST and LDH release, glucose and lactate consumption 
and/or production rates were determined by calculating the changes in concentration in 
test medium per hour per billion cells loaded in the bioreactor. 

Quantitative reverse transcription-PCR (qRT-PCR)

Solutions, conditions and calculations for qRT-PCR analyses were as described 
previously.19,30 RT and PCR primer sequences are presented in Table 2. Transcript levels 
were normalized for 18S ribosomal RNA.

Histological analysis 

Bioreactors were fixed in 10% formalin after the function test at d6 and stored at 4oC. 
Complete transverse 8 μm sections of the laboratory-scale bioreactor (ØID 22 mm) were 
obtained after embedding the whole bioreactor as described.6,19 All sections were stained 
with hematoxylin and eosin (HE) to evaluate tissue architecture and organization.

Statistical analysis

Repeated measurement ANOVA tests (adjusted for cell isolate) were used to calculate 
differences between each group for the whole culture period. Two-way ANOVA tests 
were used to compare differences between each group per day. One-sample t-tests were 
used to calculate differences in relative mRNA levels of G4 normalized for G1 (%) from 
100% as hypothetical value. Significance was reached if P < 0.05. SPSS 12.0.1 (SPSS 
Inc., Chicago, IL, USA) was used for statistical analysis. Prism version 4.0 (GraphPad 
Prism Inc, San Diego, CA, USA) was used for graphical presentation of the data. Average 
values (± standard error) are reported. 
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Figure 2. Culture medium pO2 (A, mmHg) and pH (B) of the four groups of bioreactors cultured for 6 days. 
G1-4, group 1-4; Orig, original AMC-BAL bioreactor configuration; CG, culture gas oxygenation; New, 
new bioreactor configuration; ↑ O2, increased oxygen tension. Mean ± SE.

A B
Original configuration New configuration

Figure 1. Full transverse view of paraffin blocks with embedded samples of bioreactors with the original 
configuration (A) and new configuration (B). Bars in A and B indicate 5 mm. See Appendix 2 for color 
image.
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Results

Bioreactor configurations

In Figure 1, full transverse scans of paraffin blocks containing samples of bioreactors with 
the original configuration (A) and new configuration (B) demonstrate the higher number 
of capillaries and the thinner matrix of the new bioreactor configuration. Although the 
distance between individual capillaries varied, resulting in areas lacking capillaries, 
average capillary-to-capillary distance was smaller in new configuration bioreactors.

Medium pO2 and pH

After 22 ± 3 hours (d1), pO2-med at the outflow port was 134.1 ± 1.3 mmHg, 236.1 ± 4.2 
mmHg, 148.3 ± 1.3 mmHg and 251.8 ± 3.9 mmHg for G1 to G4, respectively (Fig. 2A). 
Hence, doubling the number of capillaries resulted in an initial average increase of 14.9 
mmHg in pO2-med between G1 and G3, and G2 and G4. 

From d1 to d6, average pO2-med of bioreactors oxygenated with culture gas decreased 
by 23.9% (G1) and 11.4% (G3). Average pO2-med of G2, i.e. original bioreactors 
oxygenated at higher oxygen pressure, decreased by 5.1%. No changes were observed 
for G4 bioreactors, since pO2-med was maintained at 250 mmHg. During the first 72 hours, 
pH was stable or increased for all groups (Fig. 2B). After 78 hours, the pH strongly 
decreased for G1 and moderately for G2 and G3, whereas the pH of G4 remained stable. 
After 120 hours, a strong decrease in pH for G2 and G3 was observed, whereas the pH of 
G4 decreased moderately. In summary, culture medium acidified in time according to the 
following group order: G1 > G2 ~ G3 > G4. 

Carbohydrate metabolism and oxygen consumption

All groups were gluconeogenic and consumed lactate at d1 (Fig. 3A and B). At d3, G4 still 
produced glucose and consumed lactate in contrast to G1 (P < 0.05). Although all groups 
consumed glucose and produced lactate at d6, significant differences were observed. G4 
consumed 2.3-fold less glucose and produced 2.6-fold less lactate than G1. G2 and G3 did 
not differ between each other; both groups consumed 1.6-fold less glucose than G1 and 
produced 1.4 to 1.5 less lactate than G1, respectively. These results indicate that anaerobic 
glycolytic metabolism was significantly reduced according to the following group order: 
G4 > G2 ~ G3 > G1. This indicates that an increased pO2-med or the configurational change 
can improve carbohydrate metabolism with a trend for an additive effect as observed in 
G4. Galactose elimination (Fig. 3C) decreased in the following group order: G1 > G2 ~ 
G3 > G4. Oxygen consumption (Fig. 3D) followed the same trend as for glucose, lactate 
and galactose, although less pronounced. At d6, oxygen consumption was significantly 
higher for G1 as compared to G4.
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Hepatocyte function test

Ammonia elimination of G4 was significantly higher than that of the other groups 
during the whole culture period (Fig. 4A). Average ammonia elimination during 6 days 
of culture was 71.0 ± 6.2, 67.7 ± 11.2, 70.9 ± 14.9 and 89.4 ± 10.2 μmol/hour/billion 
hepatocytes for G1, G2, G3 and G4, respectively. Although G4 eliminated more ammonia 
than G1, the decrease in ammonia elimination capacity between d1 and d6 was similar, 
i.e. 21.1% for G1 and 16.5% for G4. Urea production (Fig. 4B) was higher and more 
stable for G4 as compared to G1. Average urea production during 6 days of culture was 
32.5 ± 9.6, 39.1 ± 6.2, 35.1 ± 5.9 and 47.6 ± 3.2 μmol/hour/billion hepatocytes for G1, G2, 
G3 and G4, respectively. In addition, urea production of G1 decreased by 57.4%, whereas 
this was only 16.8% for G4, resulting in a 46% significantly higher urea production 
for G4 at d6 as compared to G1. Albumin production increased in time in all groups 
(Fig. 4C). G4, however, produced significantly more albumin than G1 with an average 
over 6 days of 110.5 ± 33.5 and 83.9 ± 19.8 μg/hour/billion hepatocytes, respectively. 

Figure 3. Carbohydrate metabolism and oxygen consumption. A. glucose consumption; B. lactate production, 
C. galactose elimination and D. oxygen consumption. Expressed in μmol/hour/109 viable hepatocytes (mean 
± SE). G1-4, group 1-4; Orig, original AMC-BAL bioreactor configuration; CG, culture gas oxygenation; 
New, new bioreactor configuration; ↑ O2, increased oxygen tension. Vertical brackets with asterisks indicate 
P < 0.05 between bioreactor groups over 6 day period. Horizontal brackets indicate P < 0.05 between bars at 
specified days. Roman characters indicate P < 0.05 between other roman characters at d6.
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Figure 4. Hepatocytes-specific functions. A. ammonia elimination; B. urea production, C. albumin 
production and D. lidocaine elimination. A, B, D expressed in μmol/hour/109 viable hepatocytes (mean ± 
SE). C, expressed in μg/hour/109 viable hepatocytes (mean ± SE). G1-4, group 1-4; Orig, original AMC-
BAL bioreactor configuration; CG, culture gas oxygenation; New, new bioreactor configuration; ↑ O2, 
increased oxygen tension. Vertical brackets with asterisks indicate P < 0.05 between bioreactor groups over 
6 day period. Horizontal brackets indicate P < 0.05 between bars at specified days. 

At d6, G4 produced 67% significantly more albumin than G1. Lidocaine elimination 
(Fig. 4D) followed the same trend as ammonia elimination and the production of 
albumin and urea. Average lidocaine elimination during 6 days of culture was 73.6 ± 9.7, 
79.9 ± 8.2, 79.2 ± 6.4 and 86.9 ± 2.9 μmol/hour/billion hepatocytes for G1, G2, G3 and 
G4, respectively. In addition, lidocaine elimination of G1 decreased by 30.5%, whereas 
this was only 9.1% for G4, resulting in a 35% significantly higher lidocaine elimination 
for G4 at d6 as compared to G1. 

For urea and albumin production as well as lidocaine elimination, G2 and G3 were 
both intermediate in these functions and stability as compared to G1 and G4. In summary, 
the level of liver-specific functions were according to the following group order: 
G4 > G3 ~ G2 > G1. 
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Figure 5. AST release (A) and LDH release (B). Expressed in U/hour/109 viable hepatocytes (mean ± 
SE). G1-4, group 1-4; Orig, original AMC-BAL bioreactor configuration; CG, culture gas oxygenation; 
New, new bioreactor configuration; ↑ O2, increased oxygen tension. Horizontal brackets indicate P < 0.05 
between bars at specified days.

 AST and LDH release

 AST release at d1 and d6 did not differ significantly between all groups, suggesting that 
higher pO2-med did not change the level of hepatocyte damage (Fig. 5A). All groups did not 
differ in LDH release at d1 and d3. However, at d6, a significant increase in LDH release 
was observed for G1 as compared to G3 and G4 (Fig. 5B).

qRT-PCR

Transcript levels of Pepck1, as a gluconeogenesis marker, and LDH, as a marker associated 
with increased anaerobic glycolysis, were, respectively, 1.9-fold higher and 2-fold lower 
in G4 as compared to G1 at d6 (P < 0.05) (Table 3). These results are in agreement 
with the suggestion that hepatocytes inside G4 bioreactors were more gluconeogenic and 
less anaerobic than in G1 bioreactors. The mRNA levels of Pfkfb1, a key enzyme for 
glycolysis, were, however, not significantly different. All tested genes related to amino 
acid metabolism/urea cycle and miscellaneous mature liver-specific functions were not 
significantly differentially expressed. The transcript level of α-fetoprotein (AFP), a marker 
for hepatic dedifferentiation, was significantly reduced in G4. Transcript levels of tested 
genes encoding pro- and anti-apoptotic markers as well as oxidative stress related markers 
were not significantly different between both G1 and G4. Although not significant, 
UCP-2 mRNA levels were 2-fold higher in G4. 
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Histological analysis

Histological sections of all four groups showed an overall similar morphological 
architecture (Fig. 6 G1-4). Tissue-like structures were preferentially located next to or in 
close vicinity of gas capillaries, or in areas through which culture medium primarily flows 
i.e. between and adjacent to the matrix layers. These tissue-like structures consisted of 
cells showing hepatocyte morphology. For G1 bioreactors, viable cells appeared to form 
distinct cell layers of approx. 125 μm around capillaries, whereas in areas further away 
from a capillary more anuclear cells were found. These typical cell layers, however, were 
not observed in G2, G3 and G4 bioreactors as large cell aggregates seem to be constituted 
mainly of viable cells with randomly scattered anuclear cells.

Gene Mean ± SE

Carbohydrate metabolism Pepck1 187 ± 26 *
Pfkfb1 84 ± 15
LDH 52 ± 10 *

Amino acid metabolism/urea cycle CPS 87 ± 30
GS 146 ± 61

Miscellaneous mature liver functions Albumin 135 ± 31
Cyp3A29 84 ± 16
AAT 127 ± 17

Hepatic dedifferentiation AFP 69 ± 11 *

Oxidative stress related SOD1 96 ± 22
SOD2 97 ± 27
GSTπ 221 ± 33 *
UCP-2 203 ± 76

Apoptosis Bcl-XL 96 ± 33
Bax-α 122 ± 28

AAT, α-1-antitrypsin; AFP, α-fetoprotein; Bax-α, Bcl2-associated X 
protein; Bcl-XL, Bcl-XL protein; CPS, carbamoyl-phosphate synthetase; 
CYP3A29, cytochrome P450 3A29; GS, glutamine synthetase; GSTπ, 
π class glutathione S transferase; LDH, lactate dehydrogenase; Pepck1, 
cytosolic phosphoenolpyruvate carboxykinase 1; Pfkfb1, 6-phosphofructo 
-2-kinase/fructose-2,6-biphosphatase 1; SOD1, [Cu/Zn] superoxide 
dismutase 1; SOD2, [Mn] superoxide dismutase 2; UCP-2, uncoupling 
protein 2.

Table 3. Results gene expression analysis of AMC-BAL cultures at d6. Values are relative 18S RNA 
normalized mRNA levels of Group 4 cells expressed as % of Group 1 cells (± SE). * indicate P < 0.05.



Chapter 7

142

Discussion

Recently, Mareels et al.21 concluded by numerical modeling and computational fluid 
dynamics (CFD) of the AMC-BAL that oxygen availability of hepatocytes could be 
improved by configurational changes and increased oxygenation of the AMC-BAL. In 
this study, we showed that changes according to the recommendations based on this 
concept indeed led to increased stability in metabolism and liver specific functionality. 

We created a new configuration of the AMC-BAL, based on the original design 
of Flendrig et al.12, by incorporating a double number of capillaries and by using a 
2.2-fold thinner non-woven matrix. Additionally, we varied the O2 tension of the medium 
(pO2-med) by changing the culture gas composition. The results clearly demonstrate that 
hepatocytes inside bioreactors with the new configuration and an increased pO2-med (G4) 
showed less anaerobic glycolysis and maintained hepatocyte-specific function for a longer 
culture period than hepatocytes in the original configuration bioreactors cultured under 
standard culture conditions (G1). Lactate production and glucose consumption were 
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Figure 6. Histological sections of bioreactors with the original configuration (G1-2) and new configuration 
(G3-4). G1 and G3 are histological samples of bioreactors oxygenated with culture gas. G2 and G4 are 
histological samples of bioreactors oxygenated at higher oxygen tensions. Bars in G1 to G4 indicate 200 
μm. Arrows indicate matrix layers. Arrowheads indicate capillaries. Double headed arrow (G1) indicates 
cell layer, whereas asterisk indicates area of anuclear cells. See Appendix 2 for color image.
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2.6-fold and 2.3-fold lower compared to standard culture conditions at d6, respectively. 
The less anaerobic glycolytic state of G4 bioreactors was confirmed by qRT-PCR analysis 
of genes related to carbohydrate metabolism, i.e. Pepck1 and LDH. In addition, tested 
hepatic functions remained more stable and were on average 60% higher at d6 as a result 
of the new configuration and increased oxygenation compared to the standard culture 
conditions. Although no significant differences were identified in the expression of 
individual liver-specific genes, a tendency towards an average 15% higher expression of 
these genes, i.e. GS, CPS, albumin, CYP3A29 and AAT, was observed. Additionally, the 
AFP mRNA level, as an indicator of hepatic dedifferentiation, was significantly reduced 
by 1.5-fold. 

Average galactose elimination of G1 was higher than G4 at d3 and d6. This might 
be explained by the higher anaerobic glycolytic metabolism of G1 in which galactose 
was used as an additional source for glucose. The higher oxygen consumption of G1 as 
compared to G4 (Fig. 2A and 3D) can be the result of impaired mitochondrial activity 
resulting in uncoupling of the oxidative phosphorylation. However, conclusions drawn 
from the oxygen consumption test (OCT) between G1 and G4 (Fig 3D) should be done 
with some reservation. Oxygen consumption is measured as the difference in pO2 in the 
medium in time. During an OCT, cells not only consume oxygen from the medium, but 
also from the capillaries as oxygen supply is cut off but residual oxygen is still present 
in the capillaries. Since G4 bioreactors were constructed with 2-fold more capillaries 
than G1 bioreactors, cells could consume relatively more oxygen from capillaries of G4 
bioreactors, possibly resulting in lower oxygen consumption rates of G4.

Bioreactors with the original configuration cultured at higher pO2-med (G2) and 
bioreactors with the new configuration cultured at standard culture conditions (G3) were 
similar in their outcome and were intermediate between G1 and G4 bioreactors. The 
pO2-med in bioreactors with the new configuration was only 14 mmHg higher (G3) than 
G1 bioreactors. This is a modest increase in comparison to the 102 mmHg higher pO2-med 
as a result of increased oxygen pressure (G2). Since oxygen availability inside the matrix 
is nearly absent due to a strong reduction in convective oxygen transport, reduction of 
the matrix volume, in combination with a doubling of gas supplying capillaries, would 
reduce areas with critically low pO2. As a result, these configurational changes alone 
were as effective in maintaining the functionality of the hepatocytes as solely increasing 
pO2-med levels. Thus, not only the level of pO2-med is relevant, but also an improvement in 
potentially favorable location for cell attachment with sufficient oxygen availability is 
-equally- important. 

The influence of pO2 on cell viability, cell attachment and function has been 
investigated in different hepatocyte culture models with various outcomes. Some studies 
found beneficial effects at low or normal oxygen conditions (12% O2)

31,32, whereas 
other reports described high oxygen concentrations (24-43%) to improve hepatic 
functionality.33-37 Comparison of these reports is difficult, since a variety of different 
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2D and 3D culture systems, species-differences in cells, and parameters were used. 
Yanagi et al., however, investigated the effect of different oxygen concentrations on 
hepatic function of rat hepatocytes in a packed-bed bioreactor loaded with polyvinyl 
formal resin cubes.34 Under high oxygen tension, i.e. 250-460 μmol/l O2 (~ 178-328 
mmHg pO2), albumin production at d1 and ammonium metabolic rate constant (Km) at 
d2 were 17.9% and 10% higher, respectively, when compared to bioreactors cultured at 
normal oxygen tensions, i.e. 140-180 μmol/l O2 (~ 100-128 mmHg pO2).

34 So, in their 
experimental set-up the effects of increased oxygen availability were similar to our data, 
but were tested only scarcely. In our study covering an extended culture period and 
assessing more parameters we definitively show that increased oxygenation improves 
hepatic functionality of cells inside a BAL.

High oxygen concentrations may, however, lead to an increase in oxidative 
stress and to the formation of reactive oxygen species (ROS), e.g. superoxide anion 
O2

−, hydrogen peroxide H2O2 and hydroxyl radical HO•. When the formation of ROS 
exceeds the antioxidant capacity of the cell, protein and lipid macromolecules can be 
damaged, leading to cell damage, DNA mutations and initiation of apoptotic cascades.38 
To investigate the adaptation of hepatocytes to high oxygen tensions and possible ROS 
formation, we analyzed mRNA levels of SOD1 (cytosolic copper and zinc superoxide 
dismutase) and SOD2 (mitochondrial manganese superoxide dismutase), as well 
as GSTπ and UCP-2. SODs are cytoprotective antioxidant enzymes that eliminate 
superoxide byproducts.37 GSTπ is associated with carcinogenesis and the development 
of different tumors, but has also an important role in the detoxification and reduction 
of ROS.39 UCP-2 mediates regulated proton leak, whereas increasing evidence supports 
that UCP-2 might function to control the production of superoxide and other ROS.38,40,41 
In this study, no differences were found in SOD1 and SOD2 gene expression between 
G1 and G4. However, a two-fold upregulation was found for GSTπ and, although not 
significant, also for UCP-2 in G4 bioreactors, possibly indicating a modulatory effect of 
hepatocytes to increased O2 concentrations. Since AST release was not higher in G2 and 
G4 bioreactors, we conclude that increased oxygen concentration was not detrimental to 
hepatocyte viability. In addition, mRNA expression levels of both pro- and anti-apoptotic 
proteins Bax-α and Bcl-XL were not different between G1 and G4 bioreactors, suggesting 
a balanced apoptotic metabolism in low and high O2 concentration bioreactors. LDH 
release is generally used as a cell damage parameter. However, in our experimental 
setting an increased LDH release does not indicate increased cell damage per se, since 
intracellular LDH concentration might be increased under conditions of relative oxygen 
shortage. An essential issue for BAL development and application , in particular for 
long-term culture of cell lines, is the influence of cell density on oxygen consumption 
rates per cell. Various theoretical and experimental reports have led to the conclusion 
that oxygen consumption per cell -independent of possible oxygen diffusion limitations- 
decreases when cell density increases.22 These studies provide sufficient evidence that 
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on-line oxygen consumption measurements in BAL devices are required to follow in 
time the dynamic oxygen requirements of cultured hepatocytes. Moreover, several 
reports have shown time-dependent changes in oxygen requirements in rat hepatocyte 
monolayer cultures.2,37,42 In general, maximal oxygen consumption rates were found in 
the initial phase of culture, i.e. just after seeding, whereas in a stable long-term culture 
oxygen consumption rates had decreased to more physiological requirements. This 
initial hypermetabolic state of hepatocytes was found to correlate well with the degree 
of cell spreading.7,33,42 As a consequence, it is important to consider these differences in 
oxygen consumption rates when assessing functionality of an operating BAL device.3 
In this study, however, all bioreactors were continuously oxygenated according to the 
group assignment for a culture period of 6 days. Possibly, dynamic adjustment of oxygen 
concentration to specific cell requirements in time may further improve the performance 
of the AMC-BAL.

In our current studies, numerical modeling and computational fluid dynamics 
simulations have shown their potential as powerful tools in the development and 
improvement of BAL devices. Current numerical models of BAL devices are mainly 
focused on configurational parameters (hardware design), general cellular activity 
(oxygen consumption) and mature hepatocytes. An important challenge for future 
numerical modeling of BAL devices is to use hepatic function as a ‘parameter’. All cells, 
however, change in an in vitro culture system as a result of adaptation to the environment, 
depending on medium flow, oxygen and substrate supply and cell-cell contact. Metabolic 
flux analysis (MFA), however, may help to analyze these dynamic processes by studying 
the relevant metabolic and regulatory pathways of hepatocytes inside a BAL device.43,44 
Integrating MFA in numerical modeling of BAL devices will increase the predictive 
value of future models and may lead to new insights on how to maintain or improve high 
liver functions of a BAL device.

In conclusion, we were able to achieve a more stable general metabolism and higher 
BAL performance by increasing the pO2 as well as by changing the configuration of the 
AMC-BAL.
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Abstract

A three-dimensional full-scale computer model of the AMC bioartificial liver (macro 
model) was developed to investigate fluid flow and oxygen transport as well as oxygen 
consumption of porcine hepatocytes inside the AMC-BAL. A protocol was devised to 
experimentally quantify the in vitro hepatocyte distribution in the AMC-BAL based on 
histological sections. This in vitro determined hepatocyte distribution was applied to 
the full-scale computer model. Computational Fluid Dynamics (CFD) simulations were 
performed to study the impact of oxygen availability between (1) the numerical micro 
model of Mareels et al. (2006) vs. the present macro model, (2) the in vitro determined 
hepatocyte distribution vs. previous hypothetical cell distributions, and (3) different 
capillary locations, i.e. equidistant or random. Moreover, oxygen availability and outlet 
medium pO2 were calculated in the original as well as in a new configuration bioreactor 
with 2.2-fold thinner non-woven matrix and 2-fold more capillaries, both oxygenated with 
either standard or doubled oxygenation gas pO2 resulting in 150 mmHg or 300 mmHg 
medium pO2, respectively. Preferential flows were observed near the core of the original 
configuration, but were absent in the new configuration bioreactor. Oxygen availability 
was most optimal in the new configuration bioreactor with increased oxygenation gas 
pO2. Outlet medium pO2 was dependent on the hepatocyte O2 consumption rate (OCR). 
Simulated medium outlet pO2 were matched to experimentally measured medium outlet 
pO2 values of Poyck et al. (2008), to estimate the in vitro OCRs in the original and new 
design AMC-BAL under two oxygenation gas pO2 conditions, retrospectively. This 
resulted in almost identical OCRs in both designs. However, increasing oxygenation gas 
pO2 resulted in higher OCR values. This macro-model provides new insights in fluid flow 
and oxygen transport as well as the in vitro O2 consumption of porcine hepatocytes inside 
the AMC-BAL.
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Introduction

The healthy liver has an essential role in a wide range of metabolic and homeostatic 
processes. Massive loss of liver function has a devastating effect on the patient’s 
health. Acute liver failure (ALF) is the most dramatic form with a mortality of 60 to 
90%, depending on etiology.1,2  For ALF, orthotopic liver transplantation remains the 
current treatment of choice. Limited organ availability, however, has created the need for 
temporary extracorporeal artificial liver support that can tide ALF patients over to liver 
transplantation or to allow regeneration of their own liver to occur. Bioartificial liver 
(BAL) support systems are promising, as these extracorporeal systems rely on the full 
range of detoxification and synthesis function of viable liver cells. 

One of the clinically applied BAL devices is the AMC bioartificial liver 
(AMC-BAL; Academic Medical Center, Amsterdam, The Netherlands, patent No: WO 
97/12960). This device contains functionally active hepatocytes seeded in a non-woven 
mat which is spirally wound around an inner core. Gas capillaries run between the mat 
windings as an internal oxygenator. The AMC-BAL has shown promising results in in 
vitro set-ups, significantly improved survival time in small and large animal ALF models, 
and proven safety in a phase I clinical study with ALF patients.3,4 

Two requirements for an efficient BAL are sufficient oxygen (O2) availability for 
the highly O2 demanding hepatocytes and a homogeneous perfusion to supply nutrients 
to and remove unwanted metabolites from the hepatocytes. Previous in vitro studies with 
the AMC-BAL using porcine hepatocytes showed an increase in anaerobic glycolytic 
metabolism after 4 days, suggesting limited O2 availability.5,6,7 To assess the O2 availability 
inside the AMC-BAL and to attain clues for improvements, a numerical model was 
developed to investigate fluid flow and O2 transport in the AMC-BAL using computational 
fluid dynamics (CFD) simulations.8 This model was applied to two three-dimensional 
representative unit volumes − micro models − of the AMC-BAL, each combined with 
two proposed hepatocyte distribution. Under standard operating conditions and with the 
imposed stringent O2 uptake rates, only 16 to 29% of all hepatocytes were able to consume 
O2 at minimally 90% of their maximum uptake rate (Vratio > 0.9). Cellular O2 availability 
was optimized by increasing the number of gas capillaries and the pO2 of the oxygenation 
gas (pO2-gas) by a factor two, resulting in Vratio > 0.9 values of 61 to 85%.

Extrapolating the numerical micro model to the realistic situation of the whole 
‘in vitro’ AMC-BAL is, however, limited. Important reasons are (1) the difference between 
the in vitro cell distribution of the AMC-BAL vs. the two opposed – hypothetical – cell 
distributions in the micro model; (2) the observed irregular placement of gas capillaries 
inside the AMC-BAL vs. the fixed location in the micro model; and (3) the presence of an 
inlet and outflow zone in the AMC-BAL containing oxygenation gas capillaries, which was 
not constructed in the micro model. Despite these limitations, several recommendations 
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derived from the micro model simulations were proposed and experimentally evaluated 
in an in vitro study.19 Increasing the number of gas capillaries and the pO2-gas by a factor 
two as well as decreasing the matrix by 2.2 fold resulted in higher metabolic stability and 
liver-specific functionality of porcine hepatocytes inside the AMC-BAL.19

To assess the limitations of the numerical micro model and to gain insight in the in 
vitro O2 consumption in the AMC-BAL, a more realistic model is required. In this study, 
we quantitatively assessed the in vitro hepatocyte distribution in the AMC-BAL and 
applied it to a full scale numerical model of the AMC-BAL. In this macro model, fluid 
flow and O2 availability was analyzed while varying the location of capillaries (equidistant 
or random), the matrix thickness as well as the pO2-gas. Furthermore, the influence of the 
imposed hepatocyte O2 consumption parameters (VM and KM) was studied by using two 
sets of values in the numerical analysis. As possible validation, simulated culture medium 
outlet pO2 (pO2-med) was compared to in vitro measured pO2-med values. Subsequently, in 
vitro hepatocyte O2 consumption parameters were also estimated by matching in silico 
and in vitro outlet pO2-med for different bioreactor configurations. As such, the influence 
of different AMC-BAL configurations on the possible in vitro hepatocyte oxygen 
consumption rate (OCR) in the AMC-BAL was assessed. 

Figure 1. Longitudinal (upper left) and transverse (right) view of the internal geometry of the 
AMC-BAL: a, gas outlet; b, gas inlet; c, plasma inlet port; d, plasma outlet port; e, first mat segment; 
f, interspace; g, second mat segment; h, polyurethane potting to separate gas and fluid compartment; 
i, inner core; j, inflow zone; k, outflow zone; l, polycarbonate housing; m, gas capillaries; n, inter-
capillary space through which fluid flows; o, central hepatocyte loading port. Locations of histological 
slices through the mat segments are indicated (A-P; lower left).
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Materials and Methods

Full scale computer model of the AMC BAL

The internal geometry of the laboratory-scale AMC-BAL bioreactor is schematically 
drawn in Figure 1. The bioreactor consists of a cylindrical polycarbonate housing 
(inner diameter φ = 23.4 mm; Fig. 1-l) in which two pieces of three-dimensional (3D) 
non-woven polyester matrix mat (Fig. 1-e/g) are spirally wound around a massive inner 
core (φ = 5 mm; Fig. 1-i). A space between the two mat segments (Fig. 1-f) is left open for 
an additional hepatocyte seeding port (Fig. 1-o). In the hydrophilic matrix, high-density 
hepatocyte culture is possible. Between the matrix windings, hydrophobic gas capillaries 
(outer φ = 380 µm; Fig. 1-m) are positioned in parallel along the entire bioreactor as an 
internal oxygenator system to supply O2 to the hepatocytes. Under standard operating 
conditions, culture gas (95% air, 5% CO2) is perfused through these capillaries. Culture 
medium enters the bioreactor through an inlet port (Fig. 1-b) and flows through the inflow 
zone (Fig. 1-j) past the hydrophilic matrix mat and through the void inter-capillary space 
(Fig. 1-n). Culture medium exits the bioreactor via the outflow zone (Fig. 1-k) through the 
outlet port (Fig. 1-d). These and other dimensions were determined on a single specimen 
or were supplied by the manufacturer.

Three full scale -macro- computer models were created in the modeling software 
Gambit 2 (Fluent Inc, Sheffield, UK): (1) an “equidistant original” model with 300 
capillaries at equidistant locations along the 400 μm thick mat; (2) an “original” model 
with 300 capillaries at random locations along the 400 μm thick mat; and (3) a “new” 
model with a double number of capillaries (600) at random locations along a 2.2-fold 
thinner mat (183 µm). 

To match the spiral course of the mat, parameters of a logarithmic spiral equation 
were determined in Matlab (The MathWorks Inc., Natick, Massachusetts, U.S.A.) 
using the mat thickness, the diameter of the capillaries and the inner and outer radius 
of the geometry. A complementary spiral equation was found to describe the location 
of the capillaries along the matrix windings. The equidistant inter-capillary distance 
was calculated by dividing the length of the spiral mat by ‘the number of capillaries 
minus 1’. Randomization of capillary location was performed by arbitrarily varying the 
distance between two consecutive capillaries between a minimal (2 x 160 µm, i.e. two 
times the maximal hepatocyte cell layer thickness around a capillary found in vitro), and 
a maximal distance (2 x equidistant distance).

The outer housing was drawn manually, but Matlab (The Mathworks, Natick, 
MA, USA) generated ‘journal’ files were used to automate the construction of the gas 
capillaries. The matrix was not effectively drawn but was implemented by using a 
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user-defined spatial variable in the solver software (Fluent, Fluent Inc, Sheffield, UK) 
indicating the mesh elements belonging to the matrix windings. A layer of mat was also 
implemented to cover the inner housing wall as seen in vitro.

In vitro hepatocyte distribution in the AMC BAL

Two bioreactors (BAL1 and BAL2) were used to analyze the in vitro hepatocyte 
distribution inside the AMC-BAL. Each bioreactor was seeded with 1 billion freshly 
isolated porcine hepatocytes and cultured for 7 days, as described previously.9  After 
7 days, each bioreactor was fixed in 10% formalin and embedded in paraffin, as 
described previously.5,10  At sixteen positions along the longitudinal axis (Fig. 1; A-P), 
two consecutive 8 µm thick cross-sectional slices were cut and stained with hematoxylin 
and eosin (HE). High resolution digital images of these histological sections were 
processed into black-and-white format, in which cellular mass was designated as black, 
using digital image processing software (CS2, Adobe Systems Inc., CA, USA). On these 
images, the area between the inner core and the outer housing was subsequently divided 
in 300 subsections using a cylindrical grid (Fig. 2). The blackness of each subsection was 
determined as the average grey value (dimensionless, range 0 – 1) in the subsection area, 
and considered a measure for local hepatocyte number and density. 

Figure 2. Cross-section of the paraffinized AMC-BAL with superimposed a black-white image of a 
HE staining (black designates cellular mass). Insert shows a microscopic picture of a subsection from 
which cell number and surface area were determined. See Appendix 2 for color image.
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To correlate blackness to local hepatocyte number and density per subsection, eight 
categories of blackness values were selected, i.e. 0, 5, 10, 15, 20, 25, 30 and 35% blackness. 
For each category, four subsections were randomly identified on the histological sections, 
resulting in 32 allocated subsections. Per allocated subsection, the number of individual 
hepatocytes was counted manually on a microscopic view of the specific subsection 
using a self-written routine in Matlab. A distinction was made between hepatocytes 
located inside the matrix and hepatocytes located in a cell layer around a gas capillary. 
Furthermore, the surface area containing hepatocytes was determined on each of the 
subsections (DicomWorks; http://dicom.online.fr/). This surface area was converted to 
volume by multiplication with slice thickness (8 µm). Dividing the cell count by this 
volume resulted in a three-dimensional hepatocyte density. 

The correlations between blackness and cell count and density in a subsection were 
split based on the presence of a capillary cell layer. As a result, three “blackness to cell 
count and density” correlations were identified: (1) a correlation for the cell layer around 
the capillaries (if present), (2) a correlation for the mat in case a capillary cell layer was 
present, and (3) a correlation for the mat if no capillary cell layer was present. To determine 
which of the three correlations should be used per subsection category, a relation between 
subsection blackness and the probability of a cell layer around the capillary was needed. 
Twelve hundred random subsections (blackness range 0 – 40%) were therefore scored for 
the presence of a cell layer around the capillary. From this, a piece-wise linear function 
relating subsection blackness to the presence of a cell layer around a capillary was then 
calculated.

To translate the experimental data to the numerical model, the average of duplicate 
blackness values of each subsection was used and interpolated axially in between slice 
locations to the axial positions of the structured numerical grid. If part of a slice was lost 
in the histological process, the blackness of the corresponding subsection of the duplicate 
slice was used. Using the piece-wise linear function, the appropriate correlations, i.e. 
cell layer present or not, were used to determine the cell numbers and densities around 
capillaries and inside the matrix. The mat volume containing hepatocytes and capillary 
cell layer thickness were calculated from the obtained density and number of cells. For 
the “original” design macro model, the information determined from one subsection was 
applied to one capillary and one 300th of the mat in the corresponding transverse cross-
section of the numerical model. For the “new” design, the cell layer thickness was divided 
by two, hereby maintaining hepatocyte cell density.

Modeling fluid flow

To simulate fluid flow, the commercial CFD package Fluent 6.2 (Fluent Inc, 
Sheffield, UK) numerically solved the steady-state Navier-Stokes equations. Standard 
pressure discretization and second order upwind momentum discretization were used. 
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Pressure-velocity coupling scheme was SIMPLE. Culture medium was modeled as 
an incompressible, isothermal, Newtonian fluid with a density of 1001.2 kg/m3 and a 
dynamic viscosity µ of 0.691 mPa.s.8  The non-woven polyester matrix was modeled as 
an isotropic homogeneous porous zone. At locations marked by the user-defined variable 
which designates the mat, a viscous resistance term was imposed in the momentum 
equation to mimic the hydraulic resistance of the matrix.8  Resistance to flow of hepatocyte 
cell layers was modeled using the same viscous resistance factor. An inlet flow rate of 15 
ml/min was applied at the entrance of the inlet luer lock. Outlet boundary condition was 
a zero pressure outflow; the capillary walls were ‘no-slip’ walls. 

Modeling O2 transport and consumption

To simulate O2 transport and consumption, Fluent 6.2 solved the steady-state convection-
diffusion-reaction equation (Eq. 1). Discretization scheme was set to QUICK.

In Equation 1, the transported scalar φ is the local O2 concentration (vol. %), which is 
also the product of the O2 solubility α and the local O2 partial pressure (pO2) according to 
Henry’s Law (φ = α * pO2). Oxygen solubility α is 3.1385 x 10-5 ml O2 / mmHg*ml fluid in 
culture medium. D is the O2 diffusion coefficient, which is 2.92 x 10-9 m2/s in free culture 
medium and 2.48 x 109 m2/s in the matrix.11,12,13,14  Hindered O2 diffusion by the reduced 
diffusivity of O2 through hepatocytes was modeled by an empirical equation which relates 
the effective diffusion coefficient to the local free diffusion coefficient, the intracellular 
diffusion coefficient, and the cell volume fraction, as previously described.8,15 

 Oxygen consumption by primary porcine hepatocytes inside the AMC-BAL was 
modeled by an additional source term Sφ based on Michaelis-Menten kinetics (Eq. 2), and 
implemented only in regions containing hepatocytes. 

Eq. 1

O2 supply through gas capillaries was modeled by imposing a constant 150 or 300 mmHg 
pO2 on the capillaries’ outer walls, corresponding to standard or doubled pO2 of culture 
gas used in vitro (95% air, 5% CO2). Recirculation of culture medium in the in vitro set-up 
was modeled by setting inlet boundary pO2 value equal to the mass weighted average of 
the culture medium outlet boundary face. All other boundary faces had no-flux boundary 
conditions. 

Eq. 2
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Hepatic O2 availability was quantified using the ‘effective hepatocyte utilization 
ratio Vratio’, which was defined as the ratio of the observed O2 consumption rate (OCR) to 
the maximal hepatocyte OCR.8,16 The percentage of hepatocytes that reached a Vratio > 0.9, 
i.e. being able to consume at minimally 90% of the maximal uptake rate, was reported as 
a measure for O2 availability. 

Simulation overview

An overview of simulations and numerical results of O2 availability is presented in Table 
1. Simulations and results of the micro model study by Mareels et al.8  are shown to 
facilitate comparison with the macro model. Hypothetical hepatocyte distributions were 
used in case 1 and case 2. In case 1, all hepatocytes were distributed in the mat (ρcell, mat = 
53.7 x 106 cells/ml), whereas in case 2, 50% of the cells are homogeneously spread in the 
mat (ρcell, mat = 31.7 x 106 cells/ml) and 50% reside in cell layers around the 300 capillaries 
(thickness = 122 µm; ρcell, cap = 81.7 x 106 cells/ml).

Two possible limitations of the numerical micro model8  approach were studied in 
two steps. Firstly, the limitation of modeling only a part of the geometry was assessed 
by comparing the micro model (case 2) with the ‘equidistant original’ macro model 
(case 3), both with the hypothesized hepatocyte distribution. Secondly, the validity of the 
hypothesized cell distributions of the micro model study8  was retrospectively assessed 
by comparing the micro model (case 2) with the ‘equidistant original’ macro model with 
the in vitro determined hepatocyte distribution (case 4). Both comparisons were done 
using the O2 consumption parameters derived from Balis et al.17  (VM of 0.7286 nmol/
(106 cells.s) and KM of 2.0 mmHg), which correspond to most stringent O2 requirements 
for primary porcine hepatocytes in plate culture.

The influence of the irregular capillary location was assessed by comparing the 
‘equidistant original’ macro model (case 4) with the ‘original’ design macro model 
(G1; case 5). Both cases use the standard pO2-gas and the in vitro determined hepatocyte 
distribution.

Recommendations to increase O2 availability, as previously described by 
Mareels et al.8, were also assessed on macro models with the in vitro determined cell 
distribution. The ‘original’ macro model design with standard pO2-gas (G1, case 5) was 
compared to the ‘original’ macro model with doubled pO2-gas (G2, case 6), the ‘new’ design 
macro model with standard pO2 gas (G3, case 7) and the ‘new’ macro model with doubled 
pO2-gas (G4, case 8). These simulations were also performed using a lower O2 uptake 
rate (VM = 0.04 nmol/(106 cells.s); KM = 7.0 mmHg; from Custer et al.16,18) as measured 
for porcine hepatocytes in microcarrier culture. As such, the influence of hepatocyte O2 
uptake on O2 availability and outlet pO2-med was determined.

Finally, outlet pO2-med values of case 5 to 8 were compared with experimental 
measurements.19 As outlet pO2-med of a bioreactor with a given design, operating conditions 
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(e.g. flow rate, oxygenation gas pO2) and hepatocyte distribution is only determined by 
the O2 uptake characteristics of the hepatocytes, a relation between outlet pO2-med and 
hepatic OCRs (VM) can be determined. For this purpose, simulations were performed 
on G1 through G4 with several VM values between 0 and 0.22 nmol/(s.106 cells). KM 
was kept constant at 7 mmHg.17,18 Using these relations, the experimentally measured 
outlet pO2-med values allow extrapolating estimated in vitro hepatocyte OCR (VM) in the 
AMC-BAL, together with the corresponding percentage of cells with Vratio > 0.9 as a 
measure for hepatic O2 availability.

Numerical grid information and mesh independence

A boundary layer mesh was imposed in the transverse face at the capillary outer edges to 
allow applying the appropriate cell layer thickness around the capillary and to capture the 
strong radial O2 gradient. The remainder of the face was paved with triangular elements. 
A cooper volume mesh was used for the cylindrical part of the macro model, whereas a 
tetrahedral mesh was used for the surrounding inlet and outlet zone. The entire macro 
model contains between 17.2 and 18.4 million finite volume cells.

The impact of the reduced mesh resolution used in this study due to the scale of 
the model as well as the impact of implementing the matrix via a user-defined variable, 
which causes jagged matrix edges by outlining the matrix by means of triangular mesh 
elements were assessed in a mesh dependence study. Simulations of the previous mesh-
independent micro model study8 were compared to identical simulations of micro models 
with a mesh equivalent to the one used in this study. Results showed a relative error of 
+3% in Vratio > 0.9 percentages as compared to the grid independent solution, and was 
considered acceptable.

Results

In vitro hepatocyte distribution in the AMC-BAL

The piece-wise linear function relating subsection blackness to the presence of a cell layer 
around a capillary was calculated as Equation 3.

Eq. 3
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Relations between subsection blackness and absolute number (Fig. 3A) and volumetric 
cell density (Fig. 3B) were calculated for four topologies, i.e. (1) the entire subsection, (2) 
the mat, (3) the capillary cell layer in case a cell layer around the capillary was present, 
and (4) the mat in case no capillary cell layer was present. Correlation equations to 
translate the blackness of each subsections to cell number and density (ρcell) are reported 
as Equation 4 and 5, respectively.

Eq. 5

Eq. 4

Figure 3. Relations between subsection blackness versus absolute number (A) and volumetric cell density (B). 
Relations in ‘A’ were calculated for four topologies: 1, the entire subsection (●); 2, the mat in case a capillary 
cell layer was present (▲); 3, the capillary cell layer (∆), and (4) the mat in case no capillary cell layer was 
present (X). Relations in ‘B’ were calculated for three topologies: 1, the mat in case a capillary cell layer was 
present (▲); 2, the capillary cell layer (∆); 3, the mat in case no capillary cell layer was present (X). Results are 
given as a mean in each blackness category with average deviations on the results (y-fault bars) and on category 
blackness (x-fault bars).

Assessing average blackness of the cross-sectional slices along the longitudinal axis 
of the AMC-BAL shows a predominant location of hepatocytes near the outer ends 
of the matrix segments (Fig. 4). In the middle parts of the matrix segments, however, 
less hepatocytes were located. Markedly, no correlation was found between subsection 
blackness and the location of the subsection within a single cross-sectional slice, although 
there is a significant variation of blackness within a slice. 
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Only the in vitro determined hepatocyte distribution of BAL1 was implemented in the full 
scale AMC-BAL computer model, since (1) one cross-sectional slice of BAL2 was lost 
during the histological procedures, and (2) the relative difference in average blackness 
of duplicate slices was lower for BAL1 (20%) as compared to BAL2 (28%). Hepatocyte 
densities in the mat ranged between 0 and 210 x 106 cells/ml, whereas hepatocyte 
densities in the capillary cell layer ranged between 0 and 410 x 106 cells/ml with cell 
layer thicknesses between 0 and 155 µm. The full scale AMC-BAL model contained 
919.2 x 106 hepatocytes of which almost 8% of the hepatocytes (70.5 x 106) were located 
in cell layers around the capillaries.

Figure 5 illustrates the implementation of the in vitro determined hepatocyte 
distribution in the full scale AMC-BAL computer model in a cross-sectional plane close 
to the start of the first mat segment for both the ‘original’ (Fig. 5A) and ‘new’ design 
(Fig. 5B).

Fluid flow in a full scale model of the original and new design AMC-BAL

Fluid flow (mm/s) was simulated in the original design, using equidistant (Fig. 6B) and 
randomized capillary locations (Fig. 6C), as well as in the new design (Fig. 6D) full 
scale model of the AMC-BAL. Velocity magnitudes inside the matrix were two orders of 
magnitudes lower than in the region between capillaries and matrix windings. Maximal 
velocities in these inter-capillary spaces were approx. 2.2 mm/s for the original design 
(Fig. 6B and C) and 2.4 mm/s for the new design AMC-BAL (Fig. 6D). Velocities 
in the inter-capillary spaces were significantly lower when the distance between 

Figure 4. The in vitro determined hepatocyte distribution in the AMC BAL for BAL1 and BAL2. 
This profile illustrates the blackness averaged over all duplicate subsections in a cross-sectional slice 
along the longitudinal axis of the bioreactor. Fault bars indicate the average deviation of the 2 x 300 
subsections to the average blackness of duplicate cross-sectional slices. Slice locations correspond 
with Figure 1. 
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Figure 5. Colorimetric contour plots of hepatocyte density [106 cells/ml] in a cross-sectional plane 
near the beginning of the first mat segment of the AMC BAL model, based on the in vitro determined 
hepatocyte distribution for the ‘original’ (A) and ‘new’ (B) bioreactor design. Black circles indicate 
gas capillary locations, whereas white spaces indicate the inter-capillary spaces where culture medium 
flows. See Appendix 2 for color image.

Figure 6. Transverse cut of an in vitro original design AMC-BAL (A) and colorimetric contour plot 
of velocity magnitudes (mm/s) in a cross-sectional plane through a mat segment of the original AMC-
BAL model with (B) equidistant capillaries, (C) realistic randomized capillary locations, and in the 
‘new’ design (D) with double number of capillaries. A strong preferential flow near the core is visible 
in (B) and (C). See Appendix 2 for color image.
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two consecutive capillaries was smaller than the distance between the mat windings 
(340 µm). High velocities, i.e. max. 13.3 mm/s, were present in the original design near 
the inner core This phenomenon of preferential flow was almost negligible in the new 
design AMC-BAL.

Oxygen availability and medium outlet pO2 in the AMC-BAL 

Table 1 gives the results of O2 availability of all numerical simulations on different macro 
models and under different operating conditions.

Table 1. Simulation overview and numerical results of O2 availability expressed as the percentage of hepatocytes 
with Vratio > 0.9 and outlet pO2 values of recirculating culture medium obtained from simulations and experimental 
measurements. HD, hepatocyte distribution; MT, mat thickness; No. Caps, number of capillaries (for micro 
model cases after extrapolation to macro model), pO2 - gas, oxygenation gas pO2, pO2 - med, medium pO2 at outlet. 
In vitro outlet pO2 - med values were derived from Poyck et al.19

Case Model HD
MT 
[μm]

No. 
Caps

pO2 - gas 
[mmHg]

VM 
[nmol/(s. 

106cells)]

KM 
[mmHg]

Vratio>0.9
[% cells]

in silico
pO2 - med
[mmHg]

in vitro
pO2 - med
[mmHg]

MICRO model study (Mareels et al. 8 )

1 Micro - 1 100% mat 400 300 150 0.7286 2.0 15.7 N/A

2 Micro - 2 50% mat / 
50% cap. 400 300 150 0.7286 2.0 28.7 N/A

MACRO model (this study)

3 Equidistant 
Original

50% mat / 
50% cap. 400 300 150 0.7286 2.0 25.2 44.5

4 Equidistant 
Original in vitro 400 300 150 0.7286 2.0 12.2 62

5 Original (G1) in vitro 400 300 150
0.7286 2.0 12.4 56

127.7 ± 2.4
0.04 7.0 96.0 116

6 Original (G2) in vitro 400 300 300
0.7286 2.0 27.1 116

231.2 ± 3.1
0.04 7.0 100 264

7 New (G3) in vitro 183 600 150
0.7286 2.0 34.9 70

144.9 ± 1.8
0.04 7.0 99.1 136

8 New (G4) in vitro 183 600 300
0.7286 2.0 70.8 156

249.5 ± 3.3
0.04 7.0 100 286
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As reported in the numerical micro model study8, O2 availability of micro model 2 
(case 2) increased 83% as compared to micro model 1 (case 1), indicating the influence 
of an opposed hepatocyte distribution on the outcome of Vratio values. O2 availability 
between micro model 2 (28.7%) and macro model ‘equidistant original’ (case 3; 25.2%) 
using the same hypothesized hepatocyte distribution differed only 3.5%, indicating a high 
similarity between the micro and macro model. ‘Vratio > 0.9’ value of the equidistant 
original macro model with the in vitro determined hepatocyte distribution (case 4) was 
about half compared to the analogous model using the opposed hypothesized hepatocyte 
distribution (case 3), supporting the importance of the hepatocyte distribution (cfr. case 1 
vs. case 2). In contrast, outlet pO2-med was 17.5 mmHg higher for case 4 when compared 
to case 3. O2 availability of case 4 (12.2%) was similar to the original macro model (G1, 
case 5; 12.4%), whereas outlet pO2-med was 6 mmHg higher for case 5 (62 mmHg) as 
compared to case 4 (56 mmHg). The O2 availability of case 5 (G1) was below the range 
specified by the micro model study by Mareels et al.8  (15.7% - 28.7%), illustrating the 
limitation of this micro model study. 

The impact of several strategies on O2 availability and outlet pO2-med were assessed 
in four macro model configurations, i.e. G1 to G4. When compared to G1 (12.4%), 
O2 availability increased in G2 (27.1%), G3 (34.9%) and was highest in G4 (70.8%). 
Nevertheless, outlet pO2-med in G3 (144.9 mmHg) was lower than G2 (231.2 mmHg), 
maximal in G4 (249.5 mmHg), and lowest in G1 (127.7 mmHg). These simulations were 
done with the stringent O2 consumption parameters derived from Balis et al.17  (VM of 
0.7286 nmol/(106 cells.s) and KM of 2.0 mmHg).

The same simulations were also performed with a second set of less stringent hepatic 
O2 uptake rates (VM = 0.04 nmol/(s.106 cells); KM = 7 mmHg) to demonstrate the change 
in apparent O2 availability and outlet pO2-med. Vratio > 0.9 percentages increased in all 
cases, ranging from 96% to 100%. Outlet pO2-med increased to 116, 264, 136 and 286 
mmHg for G1, G2, G3 and G4, respectively.

Simulated outlet pO2-med values, using the stringent O2 consumption parameters, did 
not match the experimentally measured outlet pO2-med values at day 2 of Poyck et al.19 
The experimentally measured outlet pO2-med values were used to estimate the in vitro 
hepatocyte O2 consumption (VM) in the AMC-BAL, together with the corresponding 
percentage of cells with Vratio > 0.9. Figure 7 relates hepatic O2 uptake rates (VM) to 
simulated outlet pO2-med values and hepatic O2 availability. From this graph, VM values 
of G1 to G4 were estimated using the experimentally measured outlet pO2-med of 
Poyck et al.19 (Table 2). Hepatocytes in G1 and G3 bioreactors consume approx. the same 
amount of O2, whereas hepatocytes in G2 and G4 bioreactors consume generally 3−4-fold 
and 7-fold more O2 as compared to G1 and G3, respectively. Vratio > 0.9 percentages were 
higher than 97-98% in all case (Fig. 7).
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Discussion

The hepatocyte distribution in the AMC-BAL was quantified and implemented in a full-
scale macro model of the AMC-BAL. This model was used (1) to assess the limitations of 
the numerical micro model study by Mareels et al.8, (2) to evaluate a new design AMC-
BAL and (3) to gain insight in the in vitro O2 consumption in the AMC-BAL.

In vitro hepatocyte distribution in the AMC BAL

Two AMC-BAL bioreactors loaded with 1 billion porcine hepatocytes and cultured 

AMC-BAL 
macro model

In vitro 
pO2 outlet medium

 Estimated VM 
[nmol/(s.106cells)]

Group 1 127.7 ± 2.4 mmHg 0.02 - 0.03
Group 2 231.2 ± 3.1 mmHg 0.07 - 0.08
Group 3 144.9 ± 1.8 mmHg 0.01 - 0.02
Group 4 249.5 ± 3.3 mmHg 0.14 - 0.15

Table 2. Estimated Vm of four macro model groups (Group 1 - Group 4) derived from simluations using 
experimentally measured in vitro outlet pO2-med values of Poyck et al.19

Figure 7. Relation between hepatocyte O2 consumption (VM) and culture medium outlet pO2 (mmHg; 
right axis, dashed line) as well as ‘% hepatocytes with Vratio > 0.9’ (left axis). Four AMC-BAL macro 
models with in vitro hepatocyte distribution are shown, i.e. original design with standard (G1) and 
doubled pO2-gas (G2), and new design with standard (G3) and doubled pO2-gas (G4). 
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for 7 days were used to quantify (1) the number of hepatocytes, (2) the cross-sectional 
as well as the longitudinal distribution and (3) the cell density in specific areas. This 
in vitro hepatocyte distribution was implemented in a numerical full scale AMC-BAL 
model. Total hepatocyte count was 919 million and closely corresponds with the one 
billion hepatocytes initially seeded into the AMC-BAL. No particular distribution of 
hepatocytes in a cross-sectional plane was found. The axial distribution of hepatocytes 
in the AMC-BAL, however, showed a clear trend of preferential location of hepatocytes 
near the extremities of the mat segments. This is explained by the position of the three 
loading ports through which hepatocytes were seeded according to an approximate 
25%-50%-25% loading distribution. Furthermore, the thin inter-capillary spaces (about 
340 µm wide) might prevent deep penetration of large porcine hepatocytes aggregates in 
the mat segments. 

Fluid flow and oxygen availability in the ‘original’ design AMC-BAL 

Velocity magnitudes in the mat were two orders of magnitude lower than in the inter-
capillary space, as also reported earlier.8 The loose attachment of the mat to the inner 
core, however, caused a significant preferential flow near the inner core. Calculations 
showed that approx. 45% of the bioreactor inflow was shunted through this gap, resulting 
in a reduction of 55% in effective culture medium flow rate. Although culture medium 
flow rate is not a very influencing factor on O2 availability in the AMC-BAL8 , special 
attention should be paid during the manual fabrication process.

Under the stringent O2 uptake rates, 12.4% of the cells in the ‘original’ design AMC-
BAL (G1) have enough O2 to consume at minimally 90% of the maximal O2 uptake 
rate (Vratio > 0.9). Outlet pO2 of the recirculating culture medium (outlet pO2-med) was 56 
mmHg. 

Influence of the irregular capillary placement in the AMC-BAL

The distance between two consecutive capillaries is quite variable in reality due to the 
manual fabrication process, but did not result in large velocity differences in different 
inter-capillary spaces. The maximal velocity magnitude was determined by the smallest 
dimension of inter-capillary space, i.e. 340 µm. In case capillaries were very close 
together, i.e. near 340 µm, the distance between two consecutive capillaries became 
limiting and maximal velocity dropped. Randomization of capillary locations, however, 
did not change the available cross-sectional flow area and total average velocity remained 
therefore constant.

Hepatic O2 availability in the ‘equidistant original’ and ‘original – G1’ macro model, 
both with in vitro hepatocyte distribution, were almost identical (12.2% vs. 12.4%, 
respectively). However, the different capillary placement did have a noticeable influence 
on outlet pO2-med leading to an approx. 10% (+6 mmHg) variation when capillaries were 
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placed equidistant. This was probably caused by the more efficient oxygenation of culture 
medium by the capillary bundles in the inflow and outflow zone when capillaries are more 
homogeneously spaced.20 

Limitations of the micro model study by Mareels et al.8

The micro model of Mareels et al.8  was developed with only one unit volume of the AMC-
BAL bioreactor geometry. As a result, no conclusion could be drawn on the presence of 
possible preferential flows inside the whole AMC-BAL bioreactor. In addition, outlet 
pO2-med could not be assessed, since recirculation of culture medium and the subsequent 
oxygenation by inflow and outflow zone was not incorporated in the micro model 
approach. 

Oxygen availability in the original AMC-BAL design (G1, 12.4%) was lower than 
in the micro model study8 using hypothesized hepatocyte distributions (15.7−28.7%). The 
in vitro determined hepatocyte distribution showed that almost 8% of the hepatocytes 
were located in capillary cell layers. As a result, we expected O2 availability to be close to 
17-18%. Simulations, however, resulted in values of 12.2-12.4%, which can be explained 
by the two important limitations of the micro model approach. The first reason is related 
to the intrinsic effect of modeling the entire bioreactor. The decrease in ‘Vratio > 0.9’ 
percentage from the ‘equidistant original’ macro model (25.2%) as compared to the 
micro model (28.7%) using the same hypothesized cell distribution can be attributed to 
the preferential flow near the inner core of the bioreactor. Secondly, the more important 
reason is that the hepatocyte distribution in vitro was not homogeneous throughout the 
longitudinal axis, resulting in higher cell densities than presumed and hypothesized in 
the micro model study (200-400 x 106 cells/ml vs. 30-80 x 106 cells/ml, respectively). 
As a consequence, larger local O2 gradients were present that resulted in lower local O2 
availability.

Strategies to improve O2 availability in the AMC-BAL

O2 availability in the original AMC-BAL design (G1) was low when stringent hepatocyte 
O2 uptake rates were imposed. We therefore evaluated several strategies to increase O2 
availability according to the recommendations of the numerical micro model study.8 

The design changes in the ‘new’ AMC-BAL, i.e. double number of capillaries and 
2.2-fold thinner mat, have considerable impact on flow distribution inside the bioreactor. 
Despite the double number of capillaries, average distance between two consecutive 
capillaries decreased from 1.53 mm to only 1.19 mm, since the thinner matrix allows 
more mat windings (16 vs. 11). As the distance between mat windings remains the same, 
more inter-capillary flow surface area is available and velocity magnitudes were expected 
to drop. However, simulation results showed that maximal velocities were on average 
slightly higher in the new design, which is explained by the tighter attachment of the 
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thinner mat to the core preventing large preferential flows to occur. This can be translated 
to the manufacturing process as the thinner mat is more flexible and will allow a closer 
packed winding around the core in the manufacturing process. As a result of the reduced 
preferential flow, a larger fraction of medium flow rate is available to flow through the 
inter-capillary spaces, leading to higher velocities.

The design changes in the ‘new’ AMC-BAL also influenced O2 transport and 
consumption. O2 availability (+22.5% absolute) as well as outlet pO2-med values 
(+14 mmHg) increased in the new design (G3) as compared to the original design (G1). 
Doubling the pO2-gas in the original design (G2) increased outlet pO2-med from 56 mmHg 
(G1) to 116 mmHg. Despite this higher outlet pO2-med values, O2 availability of G2 
(27.1%) did not increase to values of the ‘new’ BAL design (34.9%). This indicates 
steeper local O2 gradients and a less homogeneous oxygenation in the original design as 
compared to the new bioreactor design. Maximal increase in O2 availability is obtained by 
doubling outlet pO2-gas in the new design (G4), resulting in a 70.8% of cells with Vratio>0.9. 
From these simulations, we conclude that the present strategies to increase cellular O2 
availability are in accordance with the previous numerical micro model study.8

All previous mentionned simulations were performed with stringent O2 consumption 
parameters (VM, KM) derived from monolayer porcine hepatocyte culture (Balis et al.17). 
Since O2 consumption parameters are dependent on the method of cell culture, i.e. 
monolayer vs. 3D culture, as well as on cell density in 3D culture16,18,21,22,23 O2 consumption 
parameters derived from 3D microcarrier culture of porcine hepatocytes were also imposed 
on the G1-G4 macro models. These less stringent parameters resulted in increased O2 
availability of minimally 96% for all configurations. From these simulations, one may 
conclude that O2 availability in the AMC-BAL is already sufficient enough. However, we 
already concluded that the ‘new’ design AMC-BAL is capable of providing more O2 to 
the hepatocytes in a more homogeneous way than the ‘original’ design with a double gas 
pO2 oxygenation. In addition, O2 availability is further improved by also using double gas 
pO2 oxygenation in the ‘new’ design.

Estimating in vitro hepatocyte oxygen consumption rates based on experimental data

All strategies used to improve O2 supply in the AMC-BAL resulted in an increase in O2 
availability. Simulation results for O2 availability, however, were strongly dependent on 
the two imposed hepatocyte O2 consumption rates (OCR; VM). In addition, the outlet 
pO2-med values of G1 to G4 did not match the outlet pO2-med of the in vitro study by 
Poyck et al.19 We therefore calculated the relation between increasing VM values and 
outlet pO2-med of G1 to G4 to estimate the in vitro hepatocyte OCR in these models using 
the experimentally measured in vitro outlet pO2-med values. (Fig. 7) With increasing 
VM values, the relative differences in outlet pO2-med are smaller reaching a plateau 
towards higher VM values. In this plateau, estimating in vitro hepatocyte OCRs using 
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outlet pO2-med, is therefore sensitive to small changes in outlet pO2-med. This effect is 
particularly relevant when, for example, considering the influence of the irregular capillary 
locations on local O2 gradients and outlet pO2-med values. 

From Figure 7, we derived similar fitted OCR estimates for G1 and G3 bioreactors, 
despite the larger oxygenation capacity of G3 due to the double number of capillaries. 
Both estimated OCR values corresponded well with experimental OCR values for 
porcine hepatocytes in a hollow fiber configuration with almost identical hepatocyte 
densities (OCR: 0.008 – 0.023 nmol/(s.106cells); ρcell:150 - 450 106 cells).16 However, 
fitted OCR estimates of G2 and G4, both with increased outlet pO2-gas, were higher as 
compared to hepatocytes in bioreactor designs with standard oxygenation (G1 and G3). 
Since O2 availability for all four designs was at least 96%, we conclude from this analysis 
that estimated in vitro hepatocytes OCR values are primarily influenced by the outlet 
pO2-gas rather than spatial, i.e. direct and on-site, O2 supply by additional capillaries. This 
is supported by the observation that no synergetic effect on OCR values is present in the 
G4 design. The current estimation analysis also suggests that hepatocytes adapt their OCR 
to the local environment in the AMC-BAL while maintaining maximal local hepatic O2 
availability. Furthermore, OCR values are lower than can be sustained by the bioreactor, 
indicating that other factors than oxygen availability may play a role.

Poyck et al.19  have shown that hepatocyte-specific functionality was higher 
and more stable at the end of a 6 day culture period according to the group order 
G4 > G3 ~ G2 > G1. This is in agreement with the O2 availability results derived for the 
macro model using the stringent O2 consumption parameters; cases for which simulated 
outlet pO2-med did not match in vitro measured outlet pO2-med. With matched outlet pO2-med, 
simulation results with estimated in vitro OCR show almost maximal local hepatocyte 
O2 availability in all cases. As a result, the criteria for O2 availability used in this study 
may not be an indicator of functional improvement. Additionally, as there is no apparent 
correlation between estimated OCR in this study and functional improvement found 
in Poyck et al.19,  the use of O2 consumption as a measure for hepatocyte function can 
be questioned. The estimated OCR can be regarded as an average value for the entire 
BAL. A more realistic methodology could include a spatial variation of VM value in the 
AMC-BAL, based on hepatocyte density and local pO2. Subsequent simulations may 
show a better correlation between local O2 availability and functional improvement in 
the different AMC-BAL configurations, while maintaining a validated pO2-med. This VM 
distribution however cannot be deduced from pO2-med only.
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Conclusions

A protocol was successfully devised to accurately quantify in vitro cell distributions in the 
AMC-BAL bioreactor based on histological sections. Simulations on a full scale AMC-
BAL macro model with a realistic in vitro determined hepatocyte distribution facilitated 
a more accurate analysis of fluid flow and O2 availability in the AMC-BAL as compared 
to the previous micro model of Mareels et al.8  We observed a large preferential flow 
near the inner core in the original design bioreactor. This preferential flow, however, 
was absent in the new design bioreactor with a double number of gas capillaries and 
2.2-fold thinner mat, leading to a more homogenous fluid flow and higher O2 availability 
for the hepatocytes. Doubling the oxygenation gas pO2 further increases the O2 
availability. Strategies to improve O2 supply in the AMC-BAL resulted in increased 
in O2 availability analogous to the functional results observed in the in vitro study by 
Poyck et al.19  Simulated outlet culture medium pO2 values, however, were strongly 
dependent on the imposed O2 consumption parameters. Estimated OCR values of the 
original and new design AMC-BAL were fitted to match the culture medium outlet pO2 to 
experimentally measured values. This resulted in almost identical OCR for both designs. 
However, increasing oxygenation gas pO2 resulted in higher OCR values. 
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Abstract

A comprehensive understanding of the mechanisms that underlie hepatic differentiation 
inside a bioartificial liver (BAL) device is obtained when functional, histological and 
gene expression analyses can be combined. We therefore developed a novel cell sampling 
technique that enabled us to analyze adherent hepatocytes inside the AMC-BAL during 
a 5 day culture period, without the necessity of terminating the culture. Biochemical data 
showed that hepatocyte-specific functions were relatively stable, despite an increase in 
glycolytic activity. Quantitative RT-PCR analysis of hepatic genes cytochrome p450 3A29, 
albumin, glutamine synthetase, alpha-1 antitrypsin and carbamoyl-phosphate synthetase, 
but also de-differentiation marker π-class glutathione S transferase showed stable mRNA 
levels from day 1 to 5. In contrast, mRNA levels of α-fetoprotein, pro- and anti-apoptotic 
genes Bax-α and Bcl-XL, metabolic genes lactate dehydrogenase and uncoupling protein 
2, and cytoskeleton genes α- and β-tubulin and β-actin increased in 5 days. Histological 
analysis revealed viable tissue-like structures with adaptation to the in vitro environment. 
We conclude that hepatocytes show a tendency for de-differentiation shortly after seeding, 
but thereafter remain acceptably differentiated during 5 days of culture. Furthermore, 
partly impaired mitochondrial function is suggestive for local hypoxic regions and may 
trigger the observed metabolic changes. Pro-apoptotic activity seems to be balanced by 
anti-apoptotic activity. This new cell sampling technique facilitates analyzing dynamic 
processes of hepatocyte culture inside a BAL.
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Introduction

Long waiting lists for orthotopic liver transplantation (OLT) and high mortality rates of 
acute liver failure (ALF) drive the need for adjunct and temporary liver support therapies.1 
Promising cell-based liver support therapies are bioartificial liver (BAL) systems. These 
systems are three-dimensional extracorporeal devices that contain viable hepatocytes to 
support the failing liver of ALF patients to OLT or own liver regeneration. In the last 
fifteen years, many BAL devices have been developed and tested in phase I and II/III 
clinical trials.2,3 Nevertheless, research groups continue to design new BAL concepts to 
improve the efficiency of hepatocytes for therapeutical application of liver diseases.4

One of the clinically applied BAL devices has been developed in the Academic 
Medical Center in Amsterdam, the AMC-BAL. This liver support system is characterized 
by direct plasma cell contact, an integrated oxygenation system and a spirally wound 
polyester matrix, to which small aggregates of porcine hepatocytes are attached.5 The 
AMC-BAL has shown liver specific detoxification and synthesis capacity in vitro5,6, 
significantly improved survival time in small and large animal models of ALF7-10, and 
safety in a phase I clinical study.11

The analysis of hepatocytes inside a BAL device is instrumental for further BAL 
development and future liver tissue engineering. In daily practice, liver-specific and 
metabolic functions, determined by analyzing the contents of the perfused medium, 
indicate the hepatic performance of a BAL device. However, these functions appear to be 
highly dynamic in BAL devices, which cannot be simply clarified using the current range 
of parameters. Therefore in-depth information on the microenvironment and morphology 
of the hepatocytes inside the device, as well as their expression patterns should be 
provided.12-14 Unfortunately, fixation or lysis of the cells is obligatory for (immuno-) 
histological analysis or RNA analysis, respectively, and as a consequence, bioreactor 
cultures must be terminated for these analyses. To overcome this problem, we developed 
a novel cell sampling concept that enabled us to sample and analyze hepatocytes during 
the culture period inside the AMC-BAL without the necessity of ending the bioreactor 
culture. 

This cell sampling principle is based on insertion of small pieces of non-woven 
matrix inside the bioreactor that can be removed to sample cells at any time point. To 
validate this concept, we first conducted a ‘proof of principle’ study showing that the 
cells removed from the bioreactor are representative for those remaining inside the 
bioreactor. Secondly, we analyzed general cellular morphology and metabolic and liver-
specific functions of hepatocytes inside the AMC-BAL during a 5 day culture period. 
With quantitative reverse transcriptase-PCR (qRT-PCR), we furthermore analyzed time-
related transcriptional changes of liver-specific genes, cytoskeleton genes, genes related 
to hepatic de-differentiation, general metabolism and to the intrinsic mitochondrial 
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apoptosis pathway. We subsequently related these findings to the changes seen in cellular 
morphology, general metabolic and liver-specific functions.

Materials and Methods

T-bag Bioreactor

The T-bag bioreactor (Fig. 1A) is a modified laboratory-scale AMC-BAL5,6 with 12 extra 
Luer Lock ports positioned at the three sites where no matrix is located (closed arrows 
in Fig. 1B). In each of these Luer Lock ports, small (2-3 x 15-20 mm) pieces of the non-
woven matrix, so called ‘T-bags’, were inserted manually in the bioreactor and directed 
alongside the gas capillaries (Fig. 1D). 

Hepatocyte isolation

Hepatocytes were isolated from livers of female pigs (20-24 kg) by a two-step collagenase 
perfusion technique according to a modified protocol of Seglen15 as previously described.6 
Procedures were according to the institutional guidelines of the local Animal Ethical 
Committee. Hepatocytes were suspended in ice-cold culture medium, consisting of 
William’s E medium supplemented with 10% (v/v) heat inactivated fetal bovine serum 
(BioWhittaker, Verviers, Belgium), 2 mM glutamine, 1 µM dexamethason, 20 mU/mL 
insulin, 2 mM ornithine, 100 µg/mL streptomycin, 100 U/mL penicillin and 0.25 µg/mL 
fungizone. Total yield of isolated hepatocytes was estimated by determination of the cell 
pellet volume after 3-times of centrifugation at 50x g for 3 min.6 Viability was determined 
by trypan blue exclusion test.

Hepatocyte culture

Hepatocytes were injected under sterile conditions into the bioreactor through the three 
loading ports that did not contain T-Bags. Bioreactors were then placed in a culture 
cabinet at 37oC and oxygenated with sterile 95% air and 5% CO2 at a flow rate of 150 
mL/min for the whole experiment. To ensure optimal cell attachment and an even cell 
distribution, bioreactors were subjected to a 340o transverse rotation for two hours. 
After this attachment period, dead and unattached cells were removed by flushing 
100 mL of fresh culture medium through the bioreactor at 15 mL/min. Bioreactors were 
then continuously perfused with 150 mL recirculating culture medium overnight at 
15 mL/min. 
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Study design

Proof of principle experiment

A proof of principle experiment was performed to compare morphology and gene 
expression of hepatocytes inside the bioreactor with hepatocytes attached to the T-bags in 
the same bioreactor at two different days. Four T-bag bioreactors were loaded with 1.0x109 
viable hepatocytes originating from one liver cell isolation. At both day 3 and day 5, a 
bioreactor with all T-bags still inserted, was fixated with 10% formalin and stored at 4oC 
until further histological analysis. At the same two days, a bioreactor was used to remove 
all twelve T-bags together with bioreactor samples for mRNA analysis. These actions 
were performed rapidly and under oxygenation to prevent deterioration or alteration in 
cellular mRNA content. The mRNA levels of seven genes (albumin, glutamine synthetase 
(GS), carbamoyl-phosphate synthetase (CPS), α-1-antitrypsin (AAT), β-actin, α-tubulin 
and β-tubulin) were determined to compare T-bags with bioreactor samples. Bioreactors 
were tested on their final day, i.e. day 3 (n=2) and day 5 (n=2) as described below.

Time experiment

Time-related changes in mRNA levels and morphology of hepatocytes inside a bioreactor 
were investigated by sampling cells at different time points. In total, four bioreactors were 
loaded with 1.0 x 109 viable hepatocytes deriving from different isolates. All bioreactors 
were cultured for 5 days under identical conditions. Bioreactors were tested at day 1, 
2, 3 and 5. Cell samples were collected at day 0 (cell isolate), 1 (T-bags), 3 (T-bags) 
and 5 (bioreactor matrix samples). Cell isolate samples (n=2) were collected in 1 ml 
Trizol (Invitrogen) for RNA isolations. At day 1 and 3, six T-bags were collected in 1ml 
Trizol for RNA isolation (n=3) or fixed with 1 ml 10% formalin (n=3). Bioreactor matrix 
samples (n=3) were treated like T-bag samples.

Hepatocyte function test

Each test consisted of an oxygen consumption test followed by a function test, as 
described previously.6 Briefly, oxygen consumption was determined by measuring the 
decrease in oxygen tension during the first 15 min after closing the oxygen supply to the 
bioreactor. A function test was performed by flushing the bioreactor with 100 mL of test 
medium composed of culture medium supplemented with 500 µg/mL lidocaine, 2 mM 
L-lactate and 5 mM NH4Cl; and followed by recirculation of 100 mL test medium for two 
hours at 37oC. Medium samples were taken at 30, 60, 90 and 120 min and subsequently 
analyzed for concentrations of ammonia, urea, lidocaine, albumin, glucose and lactate as 
well as activities of aspartate aminotransferase (AST) and lactate dehydrogenase (LDH). 
Ammonia and lidocaine elimination, urea and albumin production capacity, AST and 
LDH release, glucose and lactate consumption and/or production rates were determined 
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Gene primer 5’ - 3’
RT CCGGCGGGTCATGGGAATAAC

18S rRNA S TTCGGAACTGAGGCCATGAT
AS CGAACCTCCGACTTTCGTTCT
RT TTGGTCGGGCAGGATGAAG

AAT S GGGACACCGAAGAGGCCA
AS ATCAGCAGCACCCAGCTGG
RT CTCTTGGCCTTGGCAGCAC

AFP S GCCGCTTGCTGTCACCTCA
AS GGCCTCAAGTTGTTCCTCTG
RT GTCAGGAGCGGCGCAGCACTT

albumin S TGCGCTCATAGTTCGTTACACCA
AS AAGTTGCCCAGGACAGTTCTCAGT 
RT TTCAGGGCCCCATCAAAC

α-Tubulin S CCAATAACTATGCCCGAGGTC
AS TTGGCTAATAAGGCGGTTCAG
RT TCCAGGGCGACGTAGCACAG

β-Actin S GGACGAGGCCCAGAGCAAG
AS CCGGCCAGCCAGGTCCAG
RT ACAGCCCATCTTCTTCCAGAT

Bax-α S CGAGTGGCGGCCGAAATG
AS TGAGCACTCCGGCCACGAAG
RT TGCCCCACCGAAGGAGAAAAAG

Bcl-XL S GAGGGAGGCGGGCGATGAG
AS AAGGCCACAATGCGACCCCAG
RT GTGTAGAATAGAACAAAACC

β-Tubulin S AGTAGCCCGGGGGAAAGGAG
AS GATGTTGCCGAAAAGATGTTGTC
RT GTTCTGCCTTGATGACCTCTG

CPS S GGGATCGCAAGCTGTAAAAG
AS GTGTGATGGGGAGGAAGTAG
RT CTGTTGATACAAGTGCTGAG

CYP3A29 S CACGCAAGGGCTTACACAACC
AS ATCAGCACCCCGGAAAAGGAG
RT CGGGGAATGCGGATGCTA

GS S TGCCGGCTGCCACACCAAC
AS CCACGCCGGCAGAAAAGTCG
RT AACGGTTTGTCGATTTTTCTTTG

GSTπ S ATGGCCGAGGCAGAATGGAG
AS GGTGGGCACAGTGGCAACAG
RT ACAGCTTAGGGGGTGAACTC

LDH S GGCGGATGAAATTGCTCTCG
AS GTAACGGAACCGGGCTGAATC
RT CCCCGCAGCCCCTCCTCT

UCP-2 S GCCCCCGCAGCCTCTACA
AS TGCGCTTGGAACCGGACC

RT, reverse transcriptase primer; S, sense primer; AS, anti-
sense primer. AAT, α-1-antitrypsin; AFP, α-fetoprotein; 
CPS, carbamoyl-phosphate synthetase; CYP3A29, 
cytochrome P450 3A29; GS, glutamine synthetase; 
GST, π class glutathione S transferase; LDH, lactate 
dehydrogenase; UCP-2, uncoupling protein 2

Table 1. Primer sequences.
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by calculating the changes in concentration in test medium per hour per billion cells 
loaded in the bioreactor. 

qRT-PCR

Total RNA was isolated from samples collected in Trizol according to the manufacturer’s 
instructions until the first chloroform extraction. The RNA was further purified with an 
RNeasy Mini Kit (Qiagen) and DNAse (Boehringer Mannheim) treated. First strand 
cDNA was generated from 250 ng of total RNA using a mix of 20 pmol of each gene-
specific RT primer directed to the genes encoding albumin, GS, CPS, cytochrome P450 
3A29 (Cyp3A29), lactate dehydrogenase (LDH), uncoupling protein 2 (UCP-2), Bcl-XL, 
Bax-α, AAT, α-fetoprotein (AFP), π class glutathione S transferase (GSTπ), β-actin, 
α-tubulin and β-tubulin in combination with 5 pmol of RT primer for 18S ribosomal RNA 
together with 134 units Superscript III reverse transcriptase (Invitrogen) as described 
previously.16 Real-time PCR using Platinum SYBR Green qPCR SuperMix UDG 
(Invitrogen) was performed in 3mM MgCl according to manufacturer’s instructions. The 
PCR cycling profile was as described previously.16 RT and PCR primer sequences are 
presented in Table 1.

The relative starting levels of mRNA were calculated by analyzing linear regression 
on the Log (fluorescence) per cycle number data using LinRegPCR software17 followed 
by normalization for 18S ribosomal RNA. 

Histological analysis 

Bioreactors were fixed in 10% formalin after the last function test and stored at 4oC. 
Complete transverse 8 μm sections of the laboratory-scale bioreactor (ØID 22 mm) were 
obtained after embedding the whole bioreactor in paraffin as follows. Fixed bioreactors 
were manually flushed with an increasing ethanol series, i.e. 100 mL per flush at 37oC; 
1x 50% (v/v), 1x 70% (v/v), and 4x with 100% ethanol (v/v) (Merck). After dehydration, 
bioreactors were flushed three times with 100 mL xylene (Merck) at 37oC and followed by 
a single flush of 100 mL paraffin (Variwax, Klinipath) at 62oC. After paraffin embedding, 
bioreactor housings were removed by milling, leaving an intact roll of the paraffinized 
matrix and capillaries. This roll was then sliced into 1 cm discs, of which each disc was 
inserted in stainless steel cylinders (ØID 22 mm, 1 cm wide) with openings at both sides. 
Each cylinder was then placed in a 25 mL beaker containing pre-warmed paraffin and 
incubated for 12 hours under vacuum at 62oC to remove all air. Finally, and after cooling, 
each bioreactor disc was embedded in a mold and ready for sectioning. T-bags underwent 
the same sequence of ethanol dehydration, xylene preparation, paraffin embedding and 
sectioning.

All sections were stained with hematoxylin and eosin (HE) to evaluate tissue 
architecture and organization.
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Statistical analysis

Unpaired Student t tests were used to determine statistical differences between T-bags 
and matrix samples in the proof of principle experiment. Repeated measurement ANOVA 
tests were used to compare differences per day for each gene or function parameter in the 
time experiment. Significance was reached if P < 0.05. SPSS 12.0.1 (SPSS Inc., Chicago, 
IL, USA) was used for statistical analysis. Prism version 4.0 (GraphPad Prism Inc, San 
Diego, CA, USA) was used for graphical presentation of the data. Average values (± 
standard error) are reported. 

Results

Proof of Principle experiment

Bioreactors (n=4) were loaded with 1.0 x 109 hepatocytes originating from one liver 
cell isolate with a viability of 96% and total yield of 15.4 x 109 viable cells. Overall 
performance (i.e. function parameters for ammonia, urea, lidocaine, albumin, oxygen, 
glucose and lactate) of these bioreactors was comparable with results obtained in the time 
experiment at the same days, i.e. 109 ± 15% at d3 (day) (n=2) and 94 ± 7% at d5 (n=2), 
indicating that the bioreactors used for the ‘proof of principle’ study were representative 
for the bioreactors from the time experiment (Table 2). The results were also comparable 
with those of large-scale AMC-BAL bioreactors loaded with porcine hepatocytes, 
indicating that the insertion of T-bags did not interfere with the functional characteristics 
of the bioreactor.6  

Day 3 Day 5
% TE d3 % TE d5

Ammonia elimination 1 98.5 ± 10.1 97 73.4 ± 14.1 79
Urea production 1 44.3 ± 5.0 85 28.5 ± 2.4 84
Albumin production 2 95.2 ± 5.8 125 69.9 ± 12.8 95
Lidocaine elimination 1 56.8 ± 5.3 106 43.1 ± 12.8 107
Glucose consumption 1 141.4 ± 10.7 97 272.4 ± 48.5 94
Lactate production 1 217.5 ± 23.2 140 435.2 ± 88.7 95
Oxygen consumption 1 53.5 ± 4.2 116 55.2 ± 5.5 103

Average 109 ± 15 94 ± 7

TE, time experiment; d3, day 3; d5, day 5. 1 μmol/hour/109 cells. 2 mg/hour/109 cells. 
Values are reported as mean ± SE.

Table 2. Results of functional analysis of ‘proof of principle’ experiment.
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To show that the cells removed from the bioreactor using T-bags are representative 
for those remaining inside the bioreactor, we analyzed the histology of bioreactors with all 
T-bags still inserted and compared the histology of cells inside the bioreactor. Transverse 
sections were cut through the three positions at which four T-bags were inserted 
(Fig. 1B and D), and then compared with adjacent transverse sections of the same 
bioreactor. In Figure 1, an example is given of a transverse section through the middle 
part of the bioreactor (Fig. 1 E, F and H) that was compared with an adjacent transverse 
section (Fig. 1C and G) of the same bioreactor. Hepatocytes attached to in situ T-bags 
(Fig. 1H and L) were similar in macroscopic tissue organization, cellular structure and 
viability of hepatocytes inside the adjacent matrix of the same bioreactor (Fig. 1G and K) 
of either d3 or d5. Cells could be sampled from the bioreactor by removal of T-bags, as 
shown in figure 1M.

mRNA levels of selected genes were analyzed of cells from removed T-bags and 
compared with the mRNA levels of cells removed from representative bioreactor samples. 
Expression levels of all seven genes analyzed in T-bag- and matrix samples were in general 
highly comparable at d3 (n=6) and d5 (n=5). There were only significant differences for 
GS at d3 and CPS and β-tubulin at d5. Furthermore, no significant expression differences 
were found between T-bag samples removed at different positions for all genes for d3 
and d5 (Table 3).

These results indicate that T-bags are suitable for cell sampling and subsequent 
histological and gene expression analysis of hepatocytes inside the T-bag bioreactor.

Day 3 Day 5

Gene Matrix T-bags p Matrix T-bags p
(n=3) (n=12) (n=3) (n=12)

Albumin 0.50 ± 0.21 0.45 ± 0.23 ns 7.76 ± 1.28 5.47 ± 1.75 ns
AAT 5.55 ± 3.23 4.90 ± 2.23 ns 10.04 ± 2.86 7.95 ± 3.78 ns
CPS 0.019 ± 0.008 0.017 ± 0.007 ns 0.019 ± 0.004 0.007 ± 0.004 *
GS 0.37 ± 0.08 0.11 ± 0.04 * 0.49 ± 0.07 0.42 ± 0.35 ns

α-tubulin 0.20 ± 0.05 0.22 ± 0.04 ns 0.15 ± 0.01 0.21 ± 0.04 ns
ß-tubulin 0.013 ± 0.002 0.010 ± 0.004 ns 0.003 ± 0.001 0.014 ± 0.004 *

ß-actin 2.02 ± 0.17 2.07 ± 0.58 ns 1.55 ± 0.15 2.28 ± 0.62 ns

T-Bags vs Matrix day 3 1.24 ± 0.54 1.11 ± 0.45 ns

T-Bags vs Matrix day 5 2.34 ± 0.94 2.86 ± 0.62 ns

All T-Bags vs Matrix 2.0 ± 0.6 1.7 ± 0.691 ns

p, p-value; ns, not significant; *, p-value < 0.05

Table 3. Results gene expression analysis of ‘proof of principle’ experiment. Values are reported as relative 
mRNA levels (± SE).
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Time experiment

Four T-bag bioreactors were loaded with 1.0 x 109 hepatocytes originating from different 
liver cell isolates. Average yield (n=4) was 17.5 ± 2.8 109 viable cells with a mean viability 
of 97.5 ± 1.5 %.

Hepatocyte function test

Ammonia and lidocaine elimination as well as albumin and urea production were measured 
to determine liver-specific functions of the T-bag bioreactors. Ammonia elimination 
was stable during the 5 day culture with a mean rate of 98.1 ± 2.7 μmol/hour/109 
cells (Fig. 2A). Urea production was stable during the first 3 days with an average of 
59.7 ± 4.9 μmol/hour/109 cells, but was 1.8-fold lower at d5 (P < 0.05) (Fig. 2C). Lidocaine 
elimination decreased with 7.5 μmol/hour/109 cells per day (R2 > 0.99, P < 0.05) with a 
elimination capacity at d5 of 56.8 % as compared to d1 (Fig. 2E). Albumin was stable 
during the 5 day culture period with an average of 76.4 ± 2.0 mg/hour/109 cells, but was 
1.9-fold lower at d2 (P < 0.05) (Fig. 2G).

Oxygen consumption increased with a rate of 3.6 μmol/hour/109 cells per day over 5 
days (R2 > 0.99) (Fig. 3A). Glucose consumption and lactate production were determined 
as parameters of carbohydrate metabolism (Fig. 3B-C). At d1, glucose was produced 
and lactate was consumed, which was reversed from d2 to d5. Overall conversion rates 
of glucose and lactate, calculated by the slope over 5 days, was 76.9 and 125.3 μmol/
hour/109 cells per day, respectively (R2 > 0.98, P < 0.05). AST and LDH releases were 
significantly higher at d1 as compared to d2, d3 and d5 (Fig. 3E-F). AST release did 
not change during the remaining culture period, whereas a significant increase in LDH 
release was observed from d2 to d5. 

These results indicate that liver specific functions maximally decreased 1.9-fold or 
remained stable, whereas general metabolic functions could change dramatically during 
a 5 day culture period.

←  Figure 1. T-Bag bioreactor and ‘proof of principle’ experiment. A. T-bag bioreactor with twelve 
extra ports for insertion of T-bags (three loading ports are not visible); B. schematic longitudinal cross-
section of bioreactor indicating two matrix areas (open arrows) and three areas without matrix for 
T-bag insertion (capillary area; closed arrows); C, schematic transverse cross-section of bioreactor 
through matrix area (open arrows of B) indicating the polycarbonate housing (1), non-woven polyester 
matrix; (2), gas capillary (3) and the extra-capillary space for medium flow (4); D, schematic transverse 
cross-section of bioreactor at capillary area position (closed arrows of B) with four T-bags inserted 
(5) between the gas capillaries; E schematic figure indicating a cross section with the actual in situ 
position of four T-bags inside a paraffinized bioreactor (F); G, full transverse histological section 
through the matrix area (open arrows in B) and, H, through the capillary area (closed arrows in B; H 
is actual section of F). Microphotographs of bioreactor matrix (K) and T-bag (L) show the formation 
of tissue-like structure and demonstrate the similarity between cells attached to the T-bag as compared 
to the bioreactor matrix. An example of a removed T-bag at d3 is presented in M. Bars indicate 2.5 
mm (G, H, and F), 200 μm (K and L), and 1 mm (M). Sections are stained with H&E. See Appendix 
2 for color image.
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Figure 2. Hepatocyte-specific functions (white bar graphs) and transcriptional characteristics of related 
genes (black bar graphs; expressed in relative mRNA levels). (A) ammonia elimination (μmol/hour/109 
viable hepatocytes), (B) GS, (C) urea production (μmol/hour/109 viable hepatocytes), (D) CPS, (E) 
lidocaine elimination (μmol/hour/109 viable hepatocytes), (F) CYP3A29, (G) albumin production (mg/
hour/109 viable hepatocytes), (H) Albumin. Function tests were performed at day 1, 2, 3 and 5 (graphs 
A, C, E and G). Cell samples for mRNA analysis were collected at d0 from cell isolate, d1 and d3 from 
T-bags, d5 from bioreactor matrix samples (graphs B, C, E and F). Average values (± SE) are reported. 
Brackets indicate P < 0.05. Symbols indicate P < 0.05: * vs d1-3; ** all days; $ vs d1-5; # vs. d1, 3 and 
5; & vs. d1-5; nd, not determined.
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Time-related gene expression

Time-related mRNA changes of fifteen genes were determined in hepatocytes cultured 
during the 5 day period. Samples were taken at d0 from cell isolates, at d1 and d3 from 
T-bags and at d5 from pieces of matrix including capillaries. 

CPS is the rate-limiting enzyme of the urea cycle (Fig. 2D) and GS also contributes to 
the detoxification of ammonia (Fig. 2B). The CPS mRNA levels at d0 were significantly 
higher than d1, in contrast to the GS mRNA level that was lower than all other days. 
From day 1 to 5 no time-related trend was observed for GS mRNA, which correlates with 

Figure 3. Metabolic functions (white bar graphs) and transcriptional characteristics of related genes 
(black bar graphs; expressed in relative mRNA levels). (A) oxygen consumption (μmol/hour/109 viable 
hepatocytes), (B) glucose consumption (μmol/hour/109 viable hepatocytes), (C) lactate production 
(μmol/hour/109 viable hepatocytes), (D) UCP-2, (E) AST release (U/hour/109 viable hepatocytes), (F) 
LDH release (U/hour/109 viable hepatocytes), (G) Bax-α, (H) Bcl-XL, (I) LDH. Function tests were 
performed at day 1, 2, 3 and 5 (graphs A-D, E, F). Cell samples for mRNA analysis were collected at d0 
from cell isolate, d1 and d3 from T-bags, d5 from bioreactor matrix samples (graphs D, G-I). Average 
values (± SE) are reported. Brackets indicate P < 0.05. Symbols indicate P < 0.05: & vs. d1-3; * all 
days; # vs. d2-5; ** vs. d2-5; $ vs. d1-5; nd, not determined.
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the stable ammonia elimination. CPS mRNA level showed a non-significant tendency to 
increase from d1 to d5, which does not correlate with the urea production data. CYP3A29 
(Fig. 2F) and albumin mRNA (Fig. 2H) levels at d0 were significantly higher than d1, 
but from d1 the mRNA levels remained constant, despite a non-significant tendency to 
decrease in time. These results partly correspond with the lidocaine elimination as well as 
the albumin production data of the same bioreactors.

AAT is a hepatic marker, whereas GSTπ and AFP are known to correlate with a 
degree of de-differentiation and are associated with premature hepatocytes18. No specific 
trends or differences between days were observed for AAT and GSTπ mRNA levels 
(Table 4). AFP mRNA, however, increased to levels that were 91.3 and 198-fold higher 
for d3 and d5, respectively, as compared to d0 (P < 0.05). These results suggest that 
hepatic de-differentiation to some extent does occur inside a bioreactor. 

UCP-2 induces a proton leak of the inner mitochondrial membrane leading to 
an uncoupling of the oxidative phosphorylation and to decreased ATP synthesis. The 
mRNA levels of UCP-2 at d5 was 1.7 and 2.6-fold higher than at d3 and d1, respectively 
(Fig. 3D). In parallel, LDH mRNA levels at d3 and d5 were significantly higher than at d0 
(Fig. 3I). These results correspond well with the data of the same bioreactors concerning 
the lactate and glucose metabolism, oxygen consumption as well as LDH release 
(Fig. 3A-C and F). 

We analyzed two genes related to the mitochondrial apoptosis pathway to study the 
possible effects of cell injury and the role of mitochondria herein. Both pro-apoptotic 
gene Bax-α and anti-apoptotic gene Bcl-XL showed an increase in mRNA levels in 
time (Fig 3G and H). Bax-α and Bcl-XL mRNA levels increased with 6.7-fold and 
9.1-fold, respectively, from d0 to d5 (P < 0.05). These results suggest a balanced 

apoptosis regulation during culture.

Table 4. Transcript levels of three genes related to hepatic differentiation and three genes related 
to cytoskeleton (expressed in relative mRNA levels x 10-3). Cell samples for mRNA analysis were 
collected at day 0 from cell isolate, day 1 and 3 from T-bags, day 5 from bioreactor matrix samples. 
Average values (± SE) are reported. 

Hepatic (de-) differentiation Cytoskeleton

Day AAT * GSTπ * AFP α-tubulin β-tubulin β-actin

0 4781 ± 1659 2.29 ± 2.29 1.4 ± 0.5 85.9 ± 61.4 c 0.36 ± 0.36 e 16.2 ± 10.7 f

1 6058 ± 2490 0.71 ± 0.41 3.7 ± 3.5 271.4 ± 112.7 0.64 ± 0.23 56.1 ± 33.9
3 4038 ± 943 3.11 ± 1.91 128.7 ± 63.2 a 498.4 ± 121.8 d 2.84 ± 1.92 91.1 ± 65.7
5 5344 ± 1738 1.94 ± 1.60 280.2 ± 205.4 b 393.0 ± 231.7 4.50 ± 3.81 93.1 ± 55.1

* P > 0.05. P < 0.05 for a vs. d0 and d1, b vs. d0 - d3, c vs. d1 - d5, d vs. d1, e vs. d3 and d5, f vs. d3 and d5
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d3d1 d5

Figure 4. Histological analysis of time experiment. Hepatocytes removed with T-bags at day 1 (d1) 
and day 3 (d3), and cells in bioreactor matrix at the end of the culture period at day 5 (d5). Open 
triangles represent fibers of the non-woven polyester matrix. Black triangles point to elongated cells. 
Bar represents 50 μm; sections are stained with H&E. See Appendix 2 for color image.

Cytoskeleton proteins form the polarity of the cell and regulate cell shape in response 
to changes in the environment, e.g. fluid flow, cell-cell and cell-matrix interaction. Here 
we show that cytoskeletal genes showed approximately similar trends; all increased in 
time (Table 4). α-Tubulin mRNA level at d0 was 4.5 ± 0.9 fold lower than d1, d3 and d5 
(P < 0.05). β-Tubulin and β-actin mRNA levels increased with 12.7-fold and 5.8-fold, 
respectively, from d0 to d5 (P < 0.05). No significant differences in mRNA levels of all 
three cytoskeletal genes were detectable between d3 and d5. These results indicate that 
hepatocytes change significantly in their cytoskeletal structure during the 5 day culture 
period, particularly during the first 3 days.

Histological analysis

Single cells and multi-cellular organizations were observed after removal of T-bags 
displaying the heterogeneity of cellular morphology inside the bioreactor (Fig. 1). Cells 
removed by T-bags at d1 were mainly of hepatic morphology, i.e. round or cubical cells 
containing one or two nuclei (Fig. 4, d1). At d3, cells seemed to stretch and spread out 
between the fibers of the non-woven matrix (Fig. 4, d3). Cellular structures attached to 
the sides of T-bags and adjacent to the medium flow were more smooth and flattened. 
Bioreactor matrix samples at d5 roughly resembled the morphology of T-bag samples at 
d3, although some progression in elongation was observed (Fig. 4, d5).
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Discussion

We have developed a novel cell sampling technique to remove and analyze cultured 
hepatocytes from the AMC-BAL at any time-point without the necessity to terminate the 
bioreactor culture. In the proof of principle study, we showed that hepatocytes removed 
by the T-bags were representative for the whole bioreactor in many respects, proving 
the validity of this technique. By this technique we analyzed cellular morphology, 
gene expression patterns of fifteen genes and metabolic and liver-specific functions of 
hepatocytes inside the AMC-BAL during a 5 day culture period. We show that time-
related analysis of hepatocytes inside a bioreactor can be used to further investigate 
previously made observations in hepatic functionality and metabolism.

Ammonia elimination and urea production uncoupled after three days, since ammonia 
was relatively more eliminated than urea was produced. Ammonia can be detoxified via 
GS and the urea cycle. This is a multi-enzyme system located partly in the mitochondrion 
and partly in the cytosol. The production of urea is therefore more susceptible to cellular 
changes, e.g. mitochondrial pathology19, than the elimination of ammonia by GS. CPS 
mRNA levels, however, decrease from d0 to d1 and show a tendency to increase from d1 
to d5. Since GS mRNA levels were stable after d0, a possible explanation of the stable 
ammonia elimination could on the GS protein level. 

 Elimination of lidocaine by CYP3A29 correlated well with CYP3A29 mRNA levels 
at d1 to d5. Steepest decrease of CYP3A29 mRNA occurs immediately after isolation, 
between d0 and d1. This is in agreement with other observations that in general and 
without inducing agents, CYP3A mRNA levels as well as CYP3A activity decrease 
rapidly within the first 3 to 4 days of primary rat, human and porcine hepatocytes 
monolayer culture.14,20-24

Albumin mRNA levels and the secretion of albumin are reported to correlate well 
in primary hepatocyte culture in time.25-29 After an initial decrease of albumin mRNA 
levels between d0 (cell isolate) and d1 (first day in culture), the mRNA levels stabilize 
and, accordingly, the albumin production remains constant. We did not determine the 
albumin production capacity of cell isolates. As a consequence, we cannot compare the 
changes between d0 and d1 for albumin. The mRNA levels of albumin of d1, d3 and d5 
are, however, likely to be accountable for the albumin production of d1, d3 and d5.

From the CYP3A29 data it is clear that some dedifferentiation of the hepatocytes is 
occurring in time. This is also confirmed by the drastic increase in AFP mRNA levels. 
In general, hepatocytes loose their differentiated state in vitro in monolayer culture, 
which can be delayed by enriching culture medium with growth factors, amino acids, 
fatty acids and hormones, as well as improving the micro-environment with extracellular 
matrix components or three-dimensional (co-)culture conditions. In this study, however, 
the most significant changes in gene expression of hepatocyte-specific genes occurred 
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between d0 and d1. In this period, essential processes of attachment and adaptation to 
culture conditions take place inside the bioreactor. After this period, hepatocytes seem 
to settle and dedifferentiate slightly, since apart from AFP, the AAT, GSTπ, GS, CPS, 
CYP3A29 and albumin mRNA levels were relatively stable between d1 and d5. 

Glucose consumption, lactate production, LDH release and LDH mRNA levels 
increased in time, reflecting glycolytic activity with a tendency to become anaerobic. 
This might be related to the characteristic of porcine hepatocytes to cluster easily30 with 
an effect on local availability of oxygen. Since the bioreactors were rotated for 2 hours 
for optimal cell distribution, tissue-like clusters of porcine hepatocytes can form in which 
oxygen diffusion can be impaired in the center (> 150 μm) despite the presence of oxygen 
capillaries.31 This is supported by histological analysis of transverse sections in the proof 
of principle study. Secondly, fast growing non-parenchymal cells can also account for 
the increase in lactate production, LDH release and oxygen consumption32,33. However, 
other factors, such as the medium composition, e.g. 10 mM glucose, and decreased 
mitochondrial functionality may also contribute to these findings.

An important indication for a decline in mitochondrial function is the increase in 
UCP-2 mRNA levels. UCP-2 protein disrupts the inner mitochondrial membrane potential 
that leads to an uncoupling of the oxidative phosphorylation. This process results in the 
loss of mitochondrial ATP synthesis and causes an increase in respiration, which can be 
measured as an increase in cellular oxygen consumption, as observed in this study. As a 
result of mitochondrial uncoupling, ATP formation is less efficient causing a depletion of 
intracellular ATP content. If no regulatory mechanism counteracts this process, cellular 
ATP synthesis will increasingly rely on the glycolysis, and, ultimately may lead to cellular 
oncosis.34-38

Another indication for mitochondrial dysfunction is the increase in pro-apoptotic 
Bax-α mRNA levels. Bax-α protein is related to the intrinsic mitochondrial apoptosis 
pathway and induces cytochrome c release, mitochondrial permeabilization via the 
mitochondrial permeability transition (MPT) pore and other mitochondrial apoptogenic 
factors (Smac/Diablo, HtrA2/Omi) that are involved in the caspase cascade.39 Interestingly, 
Bcl-XL mRNA, the anti-apoptotic equivalent of Bax-α, is also upregulated in this study. 
Bcl-XL is capable of inhibiting or delaying cytochrome c release and mitochondrial pore 
formation by Bax-α.40,41 This suggests a modulation of mitochondrial related apoptosis, in 
which anti-apoptotic processes are upregulated to maintain the viability of hepatocytes. 
This is also supported by the low AST releases indicating stable hepato-cellular integrity 
with a minor role of cellular oncosis. 

Actin and tubulin are major proteins of the cytoskeleton of eukaryotic cells and form 
the polarity of cells. They can regulate cell shape, cell movement and the plane of cell 
division. In this study, β-actin, α-tubulin and β-tubulin mRNA levels increased in time 
which is in accordance with the morphological changes seen in T-bag samples as well as in 
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matrix histological samples. Ben-Ze’ev et al. have shown an inverse relationship between 
the overall expression of cytoskeleton proteins and the expression of the hepatocyte 
phenotype.42 In this study, however, the relation between cellular morphological changes, 
mRNA levels of hepatic (de-) differentiation markers and hepatocyte-specific functions 
were not clearly inversely related for all investigated proteins.42-44 The observed changes 
in cellular morphology and cytoskeleton mRNA levels can partly be explained by the 
adaptation to the culture conditions and stabilization after 3 days and by two characteristics 
of the bioreactor configuration: 1. the non-woven matrix and 2. direct contact between 
the cells and perfused medium. Because of the large anchorage surface area per mm2 
of the matrix, areas of sub-confluent hepatocyte densities are present. This leads to cell 
stretching and spreading of hepatocytes and ultimately to a morphologically heterogeneous 
hepatocyte population. Hepatocytes also adapt their cellular morphology to shear stresses 
caused by the perfusion of medium. In addition, medium perfusion also improves mass 
transfer of essential nutrients and oxygen supply, which may lead to phenotypic changes 
as well45-48 It should be noted, however, that maximal shear stresses inside the AMC-BAL 
did not exceed 0.04 Pa49 and was well below the tolerable level of 1 Pa.48

In summary, we have developed a novel cell sampling method that drastically 
facilitates analysis of dynamic processes of hepatocyte culture inside the AMC-BAL. We 
were able to study time-dependent gene expression profiles and morphological changes of 
hepatocytes, in parallel with metabolic and hepatocytes-specific functions. We observed 
that hepatocytes were able to form tissue-like structures with clear adaptation to the 
environment. We furthermore conclude that freshly isolated mature porcine hepatocytes 
in the AMC-BAL remain considerably differentiated once the cells have adapted to 
culture conditions with an acceptable high liver-specific function during a 5 day culture 
period. However, we also observed clear indications for local anaerobic glycolysis and 
less optimal mitochondrial function.

This cell sampling principle can be applied to other bioreactors that rely on high 
density perfused cell cultures in a three-dimensional environment. The actual cell 
sampling technique, however, is intrinsic to the configuration of the bioreactor, and, as 
a consequence should therefore be modified to effectuate the cell sampling principle. As 
a result, in depth analysis of hepatocytes co-cultured with non-parenchymal cells and/or 
the effects of enriched culture medium on cell viability and function will greatly enhance 
new or existing BAL devices. Further analysis can be greatly extended by performing 
microarray analyses on the T-bag samples. Ultimately, we will use this concept in future 
studies to facilitate a better understanding of long-term culture of immortalized human 
liver cell lines inside the AMC-BAL.
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Abstract

Background. The mechanisms underlying metabolic zonation in the liver are not 
completely elucidated. In vitro hepatocyte test systems may provide new insights in 
current hypotheses. In this study, zonally expressed proteins, particularly two enzymes 
related to ammonia metabolism, i.e. the pericentrally expressed glutamine synthetase 
(GS) and the periportally expressed carbamoylphosphate synthetase (CPS), were tested 
for their expression patterns in the AMC bioartificial liver (AMC-BAL).
Methods. Laboratory-scale AMC-BAL bioreactors were charged with primary porcine 
hepatocytes and terminated after different culture periods, i.e. 2, 16, 32, 70 and 120 hrs. 
The distribution and organization of porcine hepatocytes were analyzed in time. GS and 
CPS were localized by immunohistochemistry. Transcript levels of four periportally and 
five pericentrally expressed proteins as well as HNF4α were analyzed from cell isolates 
and bioreactor samples after 120 hrs of culturing by RT-PCR. General metabolic and 
hepatocyte-specific functions were determined at 16, 70 and 120 hrs.
Results. Loose hepatocyte clusters tended to fuse into more dense and more organized 
aggregates between 2 hrs and 37 hrs. Viable hepatocyte layers of approx. 150 μm were 
observed around gas capillaries, whereas inside the matrix single cells or small aggregates 
were present. Between 37 hrs and 120 hrs, cellular morphology slightly changed depending 
on the localization inside the bioreactor. GS protein and mRNA levels were upregulated 
in time. GS protein was preferentially expressed in hepatocytes adjacent to oxygen-
supplying capillaries and expressed in previously CPS-positive and morphologically 
changed hepatocytes. No general shift towards a periportal or pericentral phenotype was 
observed from RT-PCR analysis. HNF4α mRNA levels did not change in time.
Conclusion. Induction of GS expression inside the AMC-BAL is not dependent on 
– low – oxygen tensions and HNF4α transcript levels. We hypothesize that the observed 
GS expression might be related to (1) low substrate levels and/or autocrine soluble factors 
or (2) to cytoskeleton interactions, putatively associated with the β-catenin signaling 
pathway. In addition, we have shown that the AMC-BAL is an attractive in vitro test 
system to study the underlying mechanisms of proteins related to metabolic zonation.
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Introduction 

The architecture of the liver is characterized by a structural and functional heterogeneity 
at the level of the smallest architectural units, the lobules. The liver lobule is classically 
divided into three zones: (a) a periportal zone receiving blood from the terminal branches 
of the portal vein and the hepatic artery, (b) an intermediate zone, and (c) the pericentral 
zone surrounding the efferent central vein, the most upstream tributary of hepatic veins. 
Hepatocytes located in the respective zones have different, often complementary, 
metabolic functions, a concept which is known as metabolic zonation (for review 
ref 1). Periportal and pericentral hepatocytes can, therefore, be identified by their content 
of specific enzymes. 

The mechanism underlying metabolic zonation is hypothesized to be related to 
the gradient of oxygen, metabolites and hormones along the portocentral axis1,2 and/or 
cell-cell interactions.3 In general, two types of metabolic zonation have been recognized, 
i.e. the ‘gradient’ versus ‘compartment’ type and the ‘dynamic’ versus ‘stable’ type 
of zonation.1,4 The difference between the gradient and compartment type refers to the 
steepness of the gradient in expression of a gene along the portocentral axis, whereas 
the dynamic and stable type of zonation differ in their ability to adapt to metabolic and 
hormonal changes.

Two zonally expressed proteins and key enzymes in ammonia metabolism are 
glutamine synthetase (GS) and mitochondrial carbamoylphosphate synthetase I (CPS). 
GS catalyzes the ATP-dependent conversion of ammonia and glutamate to glutamine 
in the pericentral zone, whereas CPS, the rate-determining enzyme of the urea cycle, 
catalyzes the conversion of ammonia and bicarbonate to carbamoylphosphate in the 
periportal and intermediate zones. Both enzymes are examples of the compartment type, 
but the expression pattern of GS is ‘stable’ and that of CPS is ‘dynamic’.1,4

 Many different methods have been developed to explain the molecular mechanism 
underlying metabolic zonation. For this purpose, in vivo experiments with rats5 or 
– knockout – mice6,7, in vitro hepatocyte monolayer studies8,9 as well as metabolic 
modeling4,10 have been used. Allen et al., for example, have developed an in vitro 
flat-plate perfusion system that imposes physiological oxygen gradients on a monolayer 
of rat hepatocytes to study the relation between oxygen tension and zonally expressed 
enzymes.8,9 They were able to mimic the in vivo heterogeneous distribution of three zonally 
expressed enzymes, i.e. the periportally expressed phosphoenolpyruvate carboxykinase 
(PCK) and pericentrally expressed cytochrome P450 2B and 3A. However it is known 
that three dimensional culturing of hepatocytes is favorable for hepatic differentiation.11,12 
In this study, we used a bioartificial liver (BAL) as a multi-cellular three-dimensional in 
vitro culture system to study metabolic zonation.

BAL devices have principally been developed to tide acute liver patients over to 
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orthotopic liver transplantation or until regeneration of the native liver occurs.13 These 
extracorporeal devices contain large amounts of hepatocytes to support the wide array of 
liver functions of the failing liver, e.g. ammonia detoxification. In the Academic Medical 
Center in Amsterdam, we developed the AMC-BAL that is characterized by direct contact 
between cells and plasma, an integrated oxygenation system through gas capillaries and 
a spirally wound polyester matrix.11,14 Liver cells cultured in the AMC-BAL display two-
fold higher and more stable functionality compared to cells cultured in monolayer.11 In 
addition, coherent three-dimensional tissue is present around the gas capillaries and in 
the matrix of the bioreactor after seeding small aggregates of porcine hepatocytes and 
culturing for 5-7 days.11,15,16 Considering the coherent tissue in 3D, the AMC-BAL may 
serve as a model system to study zonation, although two major differences to the situation 
in vivo are evident, i.e. (1) the ‘micro-compartment’ configuration of the AMC-BAL 

Figure 1. Schematic representation of (A) liver lobule and (B) micro-compartment of the AMC-BAL 
including (C) the gradients of oxygen, substrates and products. PV, portal vein; CV, central vein; pp, 
periportal zone; iz, intermediate zone; pc, pericentral zone; Heps, hepatocytes; GC, gas capillary; ECS, 
extracapillary zone; α, represents oxygen flow or gradient; β, represents substrate flow or gradient; γ, 
represents product flow or gradient. Scheme is depicted through the transverse axis of the bioreactor 
(x- and y-axis), whereas medium flow inside the bioreactor is in the ECS along the z-axis. Graphs 
illustrate the gradients of oxygen (α), substrates (β) as wells as products (γ) in the liver lobule (line) and 
in the micro-compartment of the AMC-BAL (dotted line). The x-axis of all three graphs are depicted 
in arbitrary units.
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differs from the anatomy of the liver lobule with respect to the physiological gradients of 
oxygen and metabolites; these gradients are opposed to each other in the AMC-BAL in 
contrast to the parallel gradients in vivo (Fig. 1), and (2) since the AMC-BAL is loaded with 
a cell suspension that consists mainly of hepatocytes, cell-cell interactions are disrupted 
at the start of the culture, so that the hepatocyte aggregates in the BAL originate from 
a mixture of periportal and pericentral cells. These two fundamental differences may, 
however, also provide new insights in the mechanisms underlying the zonal expression 
of liver enzymes.

In this study, we evaluated the distribution and organization in time of GS and 
CPS inside the AMC-BAL by analyzing small laboratory-scale bioreactors charged 
with porcine hepatocytes at different culture periods, i.e. 2, 16, 32, 70 and 120 hrs. We 
determined the localization of GS and CPS by immunohistochemistry and analyzed 
transcript levels of genes related to metabolic zonation as well as general metabolic and 
hepatocyte-specific functions. Our results show that GS is upregulated in hepatocytes 
that are localized around gas capillaries. This change in phenotype correlated with the 
gradient in metabolic substrates and not with that in oxygen or metabolic products.

Materials and Methods

Bioreactor

We used the laboratory-scale AMC-BAL bioreactor, which is a 55x down-scaled version of 
the second generation AMC-BAL17 with an internal volume of 10 mL and double number 
of gas capillaries.18 The general configuration of the bioreactor, as described in detail by 
Flendrig et al.11,14, consists of a polycarbonate housing containing a three dimensional 
non-woven hydrophilic polyester matrix circularly wound around a polycarbonate core. 
Between the matrix layers, hydrophobic polypropylene gas capillaries are situated in a 
parallel fashion of which the ends are embedded in polyurethane resin and fitted with gas 
inlet and outlet caps.

Hepatocyte isolation

Hepatocytes were isolated from livers of female pigs (20-24 kg) by a two-step collagenase 
perfusion technique according to a modified protocol of Seglen19 as described previously.17 
Procedures were according to the institutional guidelines of the local Animal Ethical 
Committee. Hepatocytes were suspended in ice-cold WE culture medium, consisting of 
William’s E medium supplemented with 10% (v/v) heat inactivated fetal bovine serum 
(BioWhittaker, Verviers, Belgium), 2 mM glutamine, 1 µM dexamethasone, 20 mU/mL 
insulin, 2 mM ornithine, 100 µg/mL streptomycin, 100 U/mL penicillin and 0.25 µg/mL 
fungizone. Total yield of isolated hepatocytes was estimated by determination of the cell 
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pellet volume after 3-times of centrifugation at 50x g for 3 min.17 Viability was determined 
by trypan blue exclusion test using a Bürker Bright line cytometer (Optik Labor). From 
each isolate, two samples were collected for quantitative RT-PCR (qRT-PCR).

Hepatocyte culture

Bioreactors (n=11) were loaded with 200 x 106 viable hepatocytes suspended in 8 ml 
culture medium, cultured at 37oC and oxygenated with air/CO2 (95:5; 50 ml/min). After 
a 2-hour attachment period, dead and unattached cells were removed by a flush of 60 ml 
WE culture medium after which the bioreactors were continuously perfused with 76 mL 
recirculating culture medium at 5 mL/min.

Hepatocyte function tests

Bioreactors were subjected to a hepatocyte function test after 16 hrs, 60 hrs and 120 
hrs. Each test consisted of an oxygen consumption test followed by a function test, as 
described previously.17 Briefly, oxygen consumption was determined by measuring the 
decrease in oxygen tension during the first 15 min after closing the oxygen supply to the 
bioreactor. Function tests were performed with test medium composed of WE culture 
medium supplemented with 500 µg/mL lidocaine HCl, 2 mM L-lactate, 2.75 mM D-
galactose and 5 mM NH4Cl. Bioreactors were first flushed with 30 ml test medium, 
followed by a 3-hour period of recirculation with 36 ml of test medium. Samples (2.5 ml) 
were taken at 30, 60, 120 and 180 min and analyzed for concentrations of urea, lidocaine, 
glucose, lactate, albumin as well as activities of aspartate aminotransferase (AST) and 
lactate dehydrogenase (LDH) as reported earlier.17 The concentration of ammonia was 
determined with an enzymatic L-glutamate dehydrogenase assay (Ammonia Assay Kit, 
Sigma, St. Louis, MD, USA). The concentration of galactose was determined by the 
absorbance of nicotinamide-adenine dinucleotide (NADH) at 340 nm after enzymatic 
reaction with galactose dehydrogenase (Roche) according to Bergmeyer et al.20 Function 
test parameter rates were determined by calculating the changes in concentration in test 
medium per hour per billion cells loaded in the bioreactor. 

Five bioreactors were terminated for histological analysis at different time points 
after cell loading, i.e. 2, 16, 37, 70 and 120 hrs. Four bioreactors were terminated to 
collect samples for qRT-PCR.

Immunohistochemical analysis

Complete transverse 8 μm sections of 4% buffered formaldehyde-fixed and paraplast 
embedded bioreactors were obtained as described previously.15,16 Immunostaining was 
performed as described previously.18 In short, primary monoclonal anti-rat GS antibody 
(1:1000; Transduction Laboratories, Lexington, KY, G45020) and rabbit anti-CPS 
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(1:1500)21 were used, and visualized using alkaline-phosphatase labeled antibodies 
(Sigma-Aldrich, Zwijndrecht, The Netherlands). All sections were treated similarly per 
antibody. Negative control stainings did not include the primary antibody incubation. 
Immunostainings against phosphoenolpyruvate carboxykinase (PCK), β-catenin, hepatic 
nuclear factor 4 alpha (HNF4α), ornithine aminotransferase (OAT) and thyroid hormone-
receptor beta 1 (TRβ1) were also performed.

qRT-PCR

Gene-specific RT-PCR analyses were performed as described previously.15,22,23 RT and 
PCR primer sequences are presented in Table 1. Transcript levels were normalized for 
18S ribosomal RNA.

Statistical analysis

Student’s t tests were used to determine statistical differences between isolate and matrix 
samples. Significance was reached if P < 0.05. SPSS 12.0.1 (SPSS Inc., Chicago, IL, 
USA) was used for statistical analysis. Prism version 4.0 (GraphPad Prism Inc, San 
Diego, CA, USA) was used for graphical presentation of the data. Average values (± 
standard error) are reported.

Gene primer 5’ - 3’ Gene primer 5’ - 3’
RT CCGGCGGGTCATGGGAATAAC RT GCGCACAGACACCCGGTTCATTTC

18S S TTCGGAACTGAGGCCATGAT HNF4α S TCCGGGCTGGCATGAAGAAGG
AS CGAACCTCCGACTTTCGTTCT AS GCAGTGCCGAGGGATGATGTAGT
RT AAACCATCCAGTAGCCAGTGC RT CTCTGCCAGCCACCCCTCCTCCTT

Ak3l1 S GTTCGGCCTCCCCTTCCTCAC PCK S CTGGGGGCGGGCGAGTTCATCA
AS CCTATTCTCCAGCTCCGACAG AS ATTTCTCGGCGGTCGGGCAGGTG
RT CCCACCTAAATGCCATAATCGTT RT TTTGCAGCCATAAGCCACAGG

B3galt3 S CCTGAGCCTCCCCCACTACAA Pfkfb1 S GAGATTGATGCGGGTGTCTGTG
AS ATGCCATAATCGTTTTCAAGGTCA AS TCCTGYCGTTCTAGCTCCATTAT
RT GTTCTGCCTTGATGACCTCTG RT TCGCCCATCCCTCCCAACAAG

CPS S GGGATCGCAAGCTGTAAAAG Rhbg S GCGCTGGGGCTGTGCTAATCT
AS GTGTGATGGGGAGGAAGTAG AS GGTGCTGGCGGTCAAGGAGTA
RT CCATAGCCCACCAGCAGGAC RT TTTGCAGCCATAAGCCACAGG

Ctsc S GGCCCAAACCTGCACCAATAAC TRβ1 S GAGATTGATGCGGGTGTCTGTG
AS CCCCCATAGAAACCACCCACAT AS TCCTGYCGTTCTAGCTCCATTAT
RT CGGGGAATGCGGATGCTA

GS S TGCCGGCTGCCACACCAAC
AS CCACGCCGGCAGAAAAGTCG

RT, reverse transcriptase primer; S, sense primer; AS, anti-sense primer. 18S, 18S rRNA; Ak3l1, adenylate 
kinase α-like 1; B3galt3, UDP-Gal:beta-GlcNAc beta-1,3-galactosyltransferase 3; CPS, carbamoyl-phosphate 
synthetase; Ctsc, cathepsin C; GS, glutamine synthetase; HNF4α, hepatic nuclear factor 4 α; PCK, cytosolic 
phosphoenol-pyruvate carboxykinase 1; Pfkfb1, 6-phosphofructo-2-kinase/fructose-2,6-biphosphatase 1; 
Rhbg, rhesus blood group-associated B glycoprotein; TRβ1, thyroid hormone receptor β 1.

Table 1. RT-PCR primers.
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Results

Hepatocyte organization inside the bioreactor in time 

Hepatocytes were obtained after a liver cell isolation procedure and injected into the 
bioreactors as a cell suspension. After the 2-hour attachment period without medium 
perfusion, hepatocytes were distributed throughout the bioreactor forming loose cellular 
clusters of various sizes, i.e. extending 30 - 200 μm from the capillaries towards the 
matrix layers (Fig. 2A). Inside the non-woven matrix, mainly round single cells or 
small cell aggregates were present (Fig. 2B). After 16 hrs, i.e. after 14 hrs with medium 
perfusion, cell aggregates were denser and tended to fuse into larger aggregates. More 
variation in cell shape was observed after 37 hrs, in particular of hepatocytes around gas 
capillaries. These hepatocytes were organized into more compact aggregates, thereby 
forming clearly visible cell contacts (Fig. 2C) which were aligned with more stretched 
cells adjacent to the capillaries. Polygonal hepatocytes were detected inside the matrix 
(Fig. 2D). Between 70 hrs and 120 hrs, the appearance of hepatocytes changed dependent 
on the localization. Around gas capillaries, a layer of approximately 150 to 175 μm was 
observed with mainly viable cells, of which some cells were slightly swollen (Fig. 2E). 
Outside this layer, anuclear acidophilic cells and amorphous cell aggregates were present 
(Fig. 2E). Hepatocytes entrapped inside the matrix changed from polygonal cells into more 
elongated or flattened cells, clearly using the fibers as an attachment anchor (Fig. 2F).
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Figure 2.
Legend →
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Hepatocyte function tests

In Table 2, an overview is given of the results of the hepatocyte function tests at 16, 70 and 
120 hrs. Ammonia elimination capacity was relatively low after 16 hrs when compared 
to previous studies15,16, rose to expected levels at 70 h and then slightly decreased (15%) 
between 70 and 120 hrs. Urea production and lidocaine elimination capacities were stable 
during the first three days, but decreased between 70 and 120 hrs by 26% and 41%, 
respectively. Albumin production increased in time with 41 μg/hour/109 cells per day 
(R2 = 0.86) and galactose elimination capacity increased with 13 μmol/hour/109 cells per 
day (R2 = 0.999). Overall conversion rates of glucose and lactate, calculated by the slope 
over 5 days, was 33 and 56 μmol/hour/109 cells per day, respectively (R2 > 0.92), indicating 

16 hrs 70 hrs 120 hrs

Hepatocyte-specific functions

Ammonia elimination 1 63.1 ± 13.3 88.9 ± 33.2 76.0 ± 7.8
Urea production 1 42.8 ± 7.0 46.7 ± 20.7 34.5 ± 1.3
Lidocaine elimination 1 113.5 ± 17.6 110.5 ± 15.0 65.3 ± 6.1
Albumin production 2 56.6 ± 12.2 195.6 ± 75.0 219.2 ± 51.4
Galactose elimination 1 21.2 ± 5.9 48.4 ± 6.0 73.0 ± 3.6

General metabolic activity

Glucose consumption 1 23.8 ± 1.1 67.7 ± 18.4 153.8 ± 39.3
Lactate production 1 -21.8 ± 3.1 32.1 ± 16.2 200.1 ± 12.8
Oxygen consumption 1 16.4 ± 1.6 29.3 ± 3.6 30.5 ± 4.8

Cellular damage

AST release 3 1.85 ± 0.22 0.87 ± 0.24 1.01 ± 0.36
LDH release 3 0.48 ± 0.03 0.33 ± 0.09 0.60 ± 0.34

1 μmol/hour/109 cells; 2 mg/hour/109 cells; 3 U/hour/109 cells. 
Values are reported as mean ± SE.

Table 2. Results of hepatocyte function tests.

← Figure 2. Hematoxylin and eosin staining of hepatocyte organization inside the bioreactor in time. After 
the 2-hour attachment period, large hepatocyte aggregates were detected inside the extracapillary space forming 
loose cell clusters (A), whereas inside the non-woven matrix between the fibers (single headed arrows), small 
cell aggregates or single cells were detected (B). After 37 hrs, more compact cell aggregates have formed 
around gas capillaries (C; asterisk indicates gas capillary). Hepatocytes inside the matrix remained unchanged 
(D). Between 70 and 120 hrs and around gas capillaries, a viable layer of hepatocytes were formed of app 150 
to 175 μm thick (E, 120 hrs). In these layers, hepatocytes were slightly swollen (E, lines with dot), whereas 
outside these areas acidophilic cells were detected (E, double headed arrow). Hepatocytes inside the matrix were 
more elongated and flattened (F; closed arrow head; 70 hrs). Hepatocytes used the fibers as attachment anchors 
(F, open arrow heads; 70hrs). Bars indicate 50 μm. See Appendix 2 for color image.
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the co-existence of aerobic and anaerobic metabolism. Oxygen consumption increased 
in time with 3.5 μmol/hour/109 cells per day (r2 = 0.81). AST and LDH releases were 
low and showed similar trends as observed previously, indicating stable hepatocellular 
integrity with a minor role for cell death.24 In general, these results demonstrate that 
hepatocytes functioned at a high level during the first 70 hrs. 

Gene expression analysis

Changes in transcript levels of four periportally expressed proteins (CPS; PCK, cytosolic 
phosphoenol-pyruvate carboxykinase 1; AK3l1, adenylate kinase 3 α-like 1; Ctsc, 
cathepsin C), five pericentrally expressed proteins (GS; TRβ1, thyroid hormone receptor 
β 1; Rhbg, rhesus blood group-associated B glycoprotein; Pfkfb1, 6-phosphofructo-
2-kinase/fructose-2,6-biphosphatase 1; B3galt3, UDP-Gal:beta-GlcNAc beta-1,3-
galactosyltransferase 3)) were determined from samples taken from the original liver cell 
isolate (T0) and bioreactor samples after 120 hrs (Table 3). AK3l1, Ctsc, Rhbg, Pfkfb1 and 
B3galt3 were selected as differentially expressed in periportal and pericentral hepatocytes 
from Braeuning et al.25 Transcript levels of GS, AK3l1 and Ctsc were significantly 
increased by 41%, 346% and 204% after 120 hrs as compared to T0, respectively, 

0 hrs 120 hrs P
% 120 hrs 
vs. 0 hrs

Periportal CPS 0.047 ± 0.027 0.036 ± 0.015 77
PCK 0.298 ± 0.070 0.014 ± 0.008 * 5
Ak3l1 0.007 ± 0.002 0.030 ± 0.004 * 429
Ctsc 0.094 ± 0.020 0.285 ± 0.079 * 303

Pericentral GS 0.162 ± 0.035 0.228 ± 0.059 * 141
TRβ1 0.014 ± 0.005 0.013 ± 0.004 93
Rhbg 0.0034 ± 0.0017 0.0013 ± 0.0007 38
Pfkfb1 0.00111 ± 0.00004 0.00069 ± 0.00019 62
B3galt3 0.00063 ± 0.00021 0.00147 ± 0.00070 233

Other HNF4α 0.256 ± 0.057 0.266 ± 0.072 104

Ak3l1, adenylate kinase 3 α-like 1; B3galt3, betaGlcNAc 1,3-galactosidase; CPS, carbamoyl-phosphate 
synthetase; Ctsc, cathepsin C; GS, glutamine synthetase; HNF4α, hepatic nuclear factor 4 α; PCK, 
cytosolic phosphoenol-pyruvate carboxykinase 1; Pfkfb1, 6-phospho-2-kinase; Rhbg, rhesus blood 

group-associated B glycoprotein; TRβ1, thyroid hormone receptor β 1.

Table 3. Results of gene expression analysis. Cell samples for mRNA analysis were collected at day 0 from 
the cell isolate (0 hrs, T0) and after 120 hrs from bioreactor samples. Asterisks indicate P < 0.05. Average 
relative mRNA levels (± SE) are reported.
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whereas mRNA level of PCK, a gluconeogenic enzyme, was 20-fold lower after 120 hrs 
as compared to T0 (P < 0.05). Transcript levels of CPS, TRβ1, Rhbg, Pfkfb1 and B3galt3 
did not differ between T0 and 120 hrs. No periportal or pericentral shift in gene expression 
from T0 to 120 hrs was observed. The transcript levels of HNF4α, a transcription factor 
involved in the expression of many genes in hepatocytes6,26, which is reported to show a 
slightly higher pericentral expression27 also did not differ between T0 and 120 hrs.

Antibody specificity for porcine liver

The antibodies against GS and CPS have been validated in previous studies using 
mouse liver tissue.6 To confirm the specificity of both antibodies for porcine tissue, an 
immunostaining was performed on mouse and porcine liver samples under identical 
conditions (Fig. 3). The GS staining confirmed the exclusive presence of GS protein in 
pericentral hepatocytes of mouse as well as porcine hepatocytes (Fig 3A,C), whereas 
no staining was present in control samples (Fig. 3D). Staining for CPS on mouse and 
porcine liver samples revealed the periportal expression of the CPS protein (Fig. 3E, G), 
whereas no staining was present in the control samples (Fig 3F, H). Both antibodies were 
considered specific to detect the GS and CPS protein in mouse and porcine liver.

Immunostainings with antibodies against phosphoenolpyruvate carboxykinase 
(PCK), β-catenin, hepatic nuclear factor 4 alpha (HNF4α), ornithine aminotransferase 
(OAT) and thyroid hormone-receptor beta 1 (TRβ1) resulted in non-specific stainings 
using porcine liver material.
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Figure 3. Analysis of immunostaining specificity of antibodies against glutamine synthetase (GS) and 
mitochondrial carbamoylphosphate synthetase I (CPS) on mouse and pig liver tissue. A, C, E and G: actual 
immunostaining; B, D, F and H: negative control staining; cv, central vein; pv, portal vein. Bars in A, B, E and 
F (mouse samples) indicate 200 μm and bars in C, D, G and H (pig samples) indicate 100 μm. See Appendix 2 
for color image.
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Figure 4. Hematoxylin and eosin (HE) stainings and immunohistochemical analysis of glutamine synthetase 
(GS) and mitochondrial carbamoylphosphate synthetase I (CPS) localization inside the AMC-BAL in time, i.e. 
after 2, 16, 36, 70 and 120 hrs of culture. Successive sections per sample were analyzed for HE, GS and CPS. 
Inserts show macroscopic views − analogous to the micro-compartment of the AMC-BAL (Fig. 1) − from 
which photographs at higher magnification are shown. Bars in large photographs indicate 50 μm, whereas bars 
in inserts indicate 200 μm. Asterisks indicate capillaries. See Appendix 2 for color image.
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 Localization of GS and CPS inside the bioreactor in time

The cellular distribution of GS and CPS inside the AMC-BAL in time was assessed by 
immunostaining of sections obtained from bioreactors terminated at 2, 16, 32, 70 and 
120 hrs (Fig. 4). At 2 and 16 hrs, GS- and CPS-positive cells were randomly present 
throughout the bioreactor. The ratio GS:CPS positive cells was approximately that of 
normal liver tissue (Fig 3C, G) with a large majority of CPS-positive cells. At 37 hrs, the 
random localization of GS-positive cells disappeared, whereas a first sign of GS-positive 
cell staining around gas capillaries was observed. After 70 and 120 hrs, GS-positive cells 
were predominantly localized in areas around gas capillaries. The number of GS-positive 
cells around the gas capillaries as well as the intensity of GS staining increased in time 
(2 ~ 16 ≤ 37 < 70 < 120 hrs). At 120 hrs, a zone of approx. 6 cells thick located around the 
capillaries was positive for GS. GS positivity was not strictly related with viability, since 
not all viable hepatocytes became GS positive. In contrast to GS, the CPS immunostaining 
was more difficult to interpret, since some staining occurred at the edges of cellular tissue. 
CPS-positive cells were defined as cells having granular cytoplasmic staining (CPS is a 
mitochondrial enzyme) and a clear nucleus (cf. Fig. 4; CPS 2 hrs). The number of CPS-
positive cells as well as the intensity of CPS staining appeared to decrease in time and 
expression was mainly confined to the extracapillary areas.

Discussion

The aim of this study was to identify the localization of two zonally expressed enzymes 
responsible for ammonia removal, i.e. glutamine synthetase (GS) and mitochondrial 
carbamoylphosphate synthetase I (CPS), inside the AMC-BAL charged with porcine 
hepatocytes. We demonstrated that GS was (1) upregulated in time, (2) preferentially 
expressed in hepatocytes adjacent to gas capillaries, and (3) expressed in previously 
CPS-positive and morphologically changed hepatocytes. Using the mRNA expression of 
zonally distributed genes, we further demonstrated that no periportal or pericentral shift 
in general occurred inside the AMC-BAL in time.

Immunohistochemical analysis demonstrated a zonal expression of GS, suggesting 
metabolic zonation to occur inside the AMC-BAL. However, transcript analysis of four 
periportally expressed and five pericentrally expressed proteins demonstrated that the 
upregulation of GS cannot be explained as part of a total shift to a more pericentral 
phenotype in the whole bioreactor. We interpret this finding to indicate that zonal 
expression of GS inside the AMC-BAL may well be an isolated event. Other zonally 
expressed enzymes, i.e. PCK, OAT, TRβ1, could, however, not be detected with the 
currently used antibodies on porcine hepatocytes. Possible explanations for the zonal 
expression of GS inside the AMC-BAL may still be related to the underlying mechanisms 
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of in vivo metabolic zonation.
Oxygen regulates metabolic zonation in the liver and is a modulator of liver disease 

under pathological conditions (for review ref 2). GS expression in vivo does not change 
when the liver is perfused with arterial or systemic venous blood.28,29 The regulatory 
effect of oxygen on GS expression in vitro is, however, still a matter of debate.30,31 
Partial oxygen tensions (pO2) along the portocentral axis range under physiological 
conditions from 60-65 mmHg periportally to 30-35 mmHg pericentrally (Fig. 1A). In the 
AMC-BAL, culture medium pO2 is much higher (± 150 mmHg) and reaches the pO2 of 
air, primarily due to the high oxygenation capacity of the gas capillaries.24 Hepatocytes 
inside the AMC-BAL are located as small aggregates between the fibers of the non-
woven matrix or as larger aggregates adjacent to gas capillaries (Fig. 1B; ‘micro-
compartment’). The oxygen gradient inside the micro-compartment of the AMC-BAL is 
directed from the gas capillary towards the extracapillary space (Fig. 1B-α). For both the 
BAL micro-compartment as well as the liver lobule, the direction of the oxygen gradient 
is in parallel, i.e. high to low pO2 gradients from the gas capillary to the extracapillary 
space and from the periportal zone to the pericentral zone, respectively (Fig. 1C-α). If 
GS expression inside the AMC-BAL would correspond to the in vivo oxygen gradient 
of the liver lobule, then GS expression in the BAL micro-compartment would not be 
located in hepatocytes around gas capillaries, but rather in hepatocytes located inside the 
matrix. Since GS expression was specifically expressed in hepatocytes adjacent to gas 
capillaries, we conclude that upregulation of GS in porcine hepatocytes cultured inside the 
AMC-BAL was not dependent of – low – oxygen tensions. 

An alternative hypothesis explaining metabolic zonation is related to gradients of 
specific metabolites and/or hormones. Since GS expression is not influenced by venous 
or arterial blood flow and is not changed under influence of blood originating from the 
portal or systemic circulation, the zonal expression might be controlled by intra-hepatic 
factors.28,29 Gieling et al., on the other hand, have shown that venous liver congestion 
by pulmonary trunk banding in rats induced a hepatic response that did change hepatic 
zonation. Pericentral gene expression, e.g. of GS, gradually disappeared, or even shifted 
towards the periportal zone, although the latter was not observed for GS.5 This led to 
the ‘upstream/downstream’ hypothesis postulated by Christoffels et al.4 This hypothesis 
implies that the phenotype of upstream, periportal hepatocytes is determined by the 
concentration of regulatory signals in the afferent blood, whereas the phenotype of the 
downstream, pericentral hepatocytes is determined by changes in blood composition due 
to metabolic and/or biosynthetic activity of upstream hepatocytes.4,5 In our experimental 
setting, the direction of the substrate gradient in the micro-compartment of the AMC-BAL 
is opposite to that of the liver lobule (Fig 1A-C; β) with respect to the oxygen gradient, 
whereas the product gradients are in the same direction (Fig 1A-C; γ). Considering the 
substrate gradient, GS expression in the micro-compartment of the AMC-BAL was 
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analogous to the liver lobule, i.e. high GS expression in areas with the lowest substrate 
levels. On basis of this observation, one may theorize that GS expression is more related 
to low substrate levels rather than high product levels. The opposite gradients of substrate 
and product levels inside the micro-compartment of the AMC-BAL might possibly form 
an attractive in vitro test system to study the effect of gradients of specific components 
on metabolic zonation.

In our study, GS-negative hepatocytes acquired a GS-positive phenotype. Induction 
of GS expression in formerly GS+ hepatocytes is possible under physiological conditions, 
but is considered ‘static’ since hepatocytes initially negative for GS will remain 
negative.3 Transition of formerly GS- cells into GS+ has been described, however, in rare 
circumstances and under mostly pathological conditions. In cocultivation studies, without 
physical intercellular membrane contacts, using the rat liver epithelial cell line RL-ET-14 
as a supporter cell line, transition of GS- cells into GS+ hepatocytes was observed.3,32-34 
Therefore secretory -paracrine- soluble factors are likely required in the establishment of 
hepatic zonation. The GS transition observed in this study can, however, not be explained 
by paracrine influence of pig epithelial cells, since the product gradient and GS positivity 
do not correspond in the BAL. 

The role of transcription factors and signaling pathways in zonal expression of GS 
have been subject of investigation (for reviews refs 3 and 30). HNF4α is an important 
transcription factor in liver organogenesis and regeneration35, and is considered an essential 
component in hepatocyte differentiation in vitro.36 HNF4α is also involved in metabolic 
zonation of pericentrally as well as periportally expressed proteins.6,25 Using HNF4α 
knock-out mice, Stanulovic et al. investigated the role of HNF4α in the expression pattern 
of GS.6 They demonstrated that GS expression was induced in periportal hepatocytes 
lacking HNF4α, demonstrating the suppressive effect of HNF4α on the expression of GS 
in periportal hepatocytes.6 Since we observed no changes in HNF4α mRNA levels between 
day 0 (cell isolate; T0) and 120 hrs, we conclude that the increase in GS expression in this 
study was not dependent on HNF4α expression at transcript level.

Recent experiments indicate a role of the canonical wnt-signaling pathway 
mediated by β-catenin in hepatic zonation30 as observed during liver embryogenesis37, 
zonal expression in the adult liver38,39 as well as in tumorigenesis.40-42 Benhamouche et 
al., provided clear evidence that zonal expression mediated via the β-catenin pathway 
is controlled by the APC tumor suppressor gene.7 In liver-specific conditional Apc 
knockout mice, the periportal phenotype is converted into a pericentral type resulting in 
a GS expression from the central vein throughout the portal triad. In contrast, inhibition 
of the β-catenin signaling led to a decrease in pericentral expression and an increase in 
periportal expression. Thus, APC controls pericentral zonation by negatively regulating 
β-catenin, whereas inhibition of the β-catenin signaling pathway leads to periportal 
zonation. β-catenin, however, is also a key component in maintaining cell polarity. 
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Intracellular reorganization involves interactions of E-cadherin with cortical cytoskeleton 
components mediated by catenins, of which E-cadherin is first associated with β-catenin.43 
The interplay between cytoskeleton components and signaling pathways is considered 
to regulate morphogenesis.44 In this study, we observed a cellular reorganization inside 
the bioreactor in time in which loose hepatocyte aggregates formed dense cell clusters, 
increasingly creating more cell-cell contacts. This observation, in relation with the shift 
towards a pericentral phenotype (GS) of hepatocytes around gas capillaries, might indicate 
that specific changes in cellular cytoskeleton structure could have an inducible effect on 
the β-catenin signaling pathway and thereby promoting -indirectly- the upregulation of 
GS. This explanation, however, should be considered as speculative, since we did not 
investigate the β-catenin signaling pathway in this study.

In summary, we observed an upregulation of GS expression in previously CPS positive 
and GS negative hepatocytes inside the AMC-BAL in time with a strong preference of 
GS expression in hepatocytes located in well oxygenated areas. We conclude that the 
induction of GS expression is (1) not dependent of -low- oxygen tensions and HNF4α 
transcript levels, (2) possibly related to low substrate levels and/or (3) autocrine soluble 
factors and (4) might be related to cytoskeleton interactions associated with the β-catenin 
signaling pathway. Further research will focus on (1) hepatocyte co-cultivation with 
epithelial cell lines inside the AMC-BAL and (2) the use of specific medium components 
on the expression of GS and (3) the manipulation of gradients, e.g. the oxygen gradient. 
The AMC-BAL allows us to investigate the consequences of these interventions and 
is therefore an attractive in vitro test system to study the underlying mechanisms of 
metabolic zonation, in particular, when using rat hepatocytes or hepatocytes of specific 
knockout or transgenic mice, for which more antibodies are available.
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Abstract

The selection of a cell type for bioartificial liver (BAL) systems for the treatment of 
patients with acute liver failure is in part determined by issues concerning patient safety 
and cell availability. Consequently, mature porcine hepatocytes (MPHs) have been 
widely applied in BAL systems. The success of clinical BAL application systems is, 
however, largely dependent on the functionality and stability of hepatocytes. Therefore, 
we compared herein the general metabolic and functional activities of MPHs with mature 
human hepatocytes (MHHs) in the AMC-BAL during a 7 day culture period. We also 
tested fetal human hepatocytes (FHHs), since their proliferation capacity is higher than 
MHHs as well as their function increased compared to human liver cell lines. The results 
showed large differences between the three cell types. MHHs eliminated 2-fold more 
ammonia and produced 3-fold more urea than MPHs, whereas FHHs produced ammonia. 
Lidocaine elimination of FHHs was 3.5-fold higher than MPHs and 6.6-fold higher than 
of MHHs. Albumin production was not different between the three cell types. MPHs 
and FHHs became increasingly glycolytic, whereas MHHs remained metabolically stable 
during the whole culture period. MHHs and MPHs formed tissue-like structures inside 
the AMC-BAL. We propose that FHHs can be considered as a suitable cell type for 
pharmacological studies inside a bioreactor. However, we conclude that MHHs are the 
preferred cell source for loading a BAL device for clinical use, because of their high 
ammonia eliminating capacity and metabolic stability. MPHs should be considered as 
the best alternative cell source for BAL application, although their phenotypic instability 
urges application within one or two days after loading.
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Introduction

Chronic liver disease is responsible for over 1.4 million disability adjusted life years 
annually1 and ranks in the USA among the top seven disease related causes of death 
between the age of 25 and 64 years.2 For end-stage liver failure, orthotopic liver 
transplantation remains the current treatment of choice. However, patients suffering 
from acute or acute-on-chronic liver failure (ALF; AoCLF) may benefit from temporary 
extracorporeal artificial liver support used to tide them over till transplantation or to allow 
regeneration of their own liver to occur. Bioartificial liver (BAL) support systems are 
promising, as these systems rely on detoxification and synthetic function of liver cells.3 
Over the last two decades, many BAL systems have been devised, of which only eight 
systems have found application in a clinical setting.4 

Many liver cell types have been used for pre-clinical and clinical application of BAL 
devices. The choice for the optimal cell source for BAL support devices is, however, 
still a matter of debate as the ideal set of criteria cannot be combined in one single cell 
type.4-10 Particularly, the availability, degree of liver specific function and safety aspects 
are ongoing issues. 

Primary hepatocytes, either allogeneic or xenogeneic, have an excellent function 
and are therefore favorite cell sources for BAL application. However, mature porcine 
hepatocytes (MPHs) are not attractive for clinical application because of risks related 
to xenotransplantation.11 Mature human hepatocytes (MHHs), on the other hand, are 
scarce, as their sources are limited to either discarded donor livers or small parts obtained 
during liver resections.12,13 Human hepatic cell lines (HHCLs) have the advantage of an 
infinite proliferation capacity and can potentially serve as a stable cell source. However, 
the lack of sufficient liver-specific functions limits their use for clinical BAL application. 
Alternatively, fetal human hepatocytes (FHHs) can be considered as an attractive human 
liver cell source. These cells have two advantages, i.e. 1. a much higher proliferation 
capacity than MHHs and 2. increased liver-specific functions, in some respects higher 
than human liver cell lines14, showing even further increase with aging of the fetus.15 

So far, the two most frequently used cell sources for BAL application, i.e. MHHs 
and MPHs, have not been analyzed in a clinically applied BAL system in one single 
study. Furthermore, FHHs have not been investigated in the setting of BAL using a three-
dimensional perfused culture system and subsequently compared with MHHs and MPHs. 
The aim of this study therefore, was to compare  hepatic functionality and metabolism of 
three types of primary hepatocytes in a for laboratory testing, down-scaled version of the 
AMC-BAL.16-19 The three cell types used were 1. mature porcine hepatocytes (MPHs), 
as this cell type has been widely used for pre-clinical and clinical BAL application; 
2. mature human hepatocytes (MHHs) isolated from liver resection material, as this cell 
type displays highest physiological function and therefore is considered as gold standard; 
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and 3. human fetal hepatocytes (FHHs) isolated from fetuses at the highest, yet acceptable 
age (23-24 weeks). Function of these three cell types was assessed for up to 7 days and the 
general tissue architecture in full transverse sections of the laboratory-scale AMC-BAL 
bioreactor was examined after termination of the culture period.

Materials and Methods

All procedures were conducted in accordance with the institutional guidelines, either by 
the Animal Ethical Committee or Medical Ethical Committee of the Academic Medical 
Center and the Cardarelli Hospital. Human material was collected after written consent 
and used when serological tests were negative for human immunodeficiency virus (HIV), 
hepatitis B virus (HBV) and hepatitis C virus (HCV). 

Isolation procedures of primary hepatocytes

Mature porcine hepatocyte (MPH) isolation. MPHs were isolated from livers of female 
pigs (20-24 kg) by a two-step collagenase perfusion technique according to a modified 
protocol of Seglen20 as previously described.21 MPHs were suspended in ice-cold WE 
culture medium, consisting of William’s E medium supplemented with 10% (v/v) heat-
inactivated fetal bovine serum (BioWhittaker, Verviers, Belgium), 2mM glutamine, 1 µM 
dexamethason, 20m U/mL insulin, 2 mM ornithine, 100 µg/mL streptomycin, 100 U/mL 
penicillin and 0.25 µg/mL fungizone. Total yield of isolated hepatocytes was estimated 
by determination of the cell pellet volume after 3-times of centrifugation at 50xg for 
3 min.21 Viability was determined by trypan blue exclusion test using a Bürker Bright line 
cytometer (Optik Labor) (Table 1). 

Mature human hepatocyte (MHH) isolation. Human liver tissue was collected from 
patients who underwent partial hepatectomy for various reasons (Table 1). Hepatocytes 
were isolated by a modified two-step collagenase perfusion technique as described by 
Hoekstra et al.22 The cells were suspended in ice-cold William’s E medium (as MPH 
isolation), and their quantity and viability were determined by trypan blue exclusion test, 
using a Bürker Bright line cytometer (Optik Labor) (Table 1). 

Fetal human hepatocyte (FHH) isolation. Human fetal livers were obtained from 
abortions of 23-24 weeks old fetuses suffering from congenital disorders irreconcilable 
with life (Table 1). One fetus died in utero 30 min before the partus, whereas two fetuses 
died shortly after parturition. After hepatectomy, fetal livers were preserved on Celsior 
at 4oC and transported under sterile conditions from Naples (Italy) to Amsterdam (The 
Netherlands). Fetal livers were washed with Hank’s Balanced Salt Solution (HBSS; 
BioWhittaker) to remove Celsior, and weighed. All extra-hepatic tissue was dissected. 
Fetal livers were then cut into small pieces and subsequently digested in 50 mL 0.03% 
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collagenase-P (Roche) HBSS solution for 15 min at 37°C. The first cell suspension was 
sieved through a surgical gauze, whereas the residual fetal tissue was subjected to a second 
digestion by collagenase for 15 min. After sieving a second time, both cell suspensions 
were combined and centrifuged at 50x g for 3 min at 4oC and collected in 25 mL ice-
cold DMEM culture medium (Dulbecco’s modified Eagle’s medium, BioWhittaker) 
containing 10% heat-inactivated fetal bovine serum (HI-FBS, BioWhittaker), 2 mM 
L-glutamine (BioWhittaker), 1 µM dexamethason (Sigma), 10 µg/mL insulin, 5.5 µg/mL 
transferrin, 6.7 ng/mL selenium-X (ITS mix, Life Technology), 100 U/mL penicillin, 
100 µg/mL streptomycin (penicillin/streptomycin mix, BioWhittaker). Quantity of cells 
and viability was determined by trypan blue exclusion test using a Bürker Bright line 
cytometer (Optik Labor) (Table 1).

Bioreactor

We used the laboratory-scale AMC-BAL bioreactor, which is a 10x down-scaled bioreactor 
of the second generation AMC-BAL with an internal volume of 55 mL.21 The general 
configuration of the bioreactor, as described in detail by Flendrig et al.16,17, consists of a 
polycarbonate housing containing a three dimensional non-woven hydrophilic polyester 
matrix circularly wound around a polycarbonate core. Between the matrix layers, 
hydrophobic polypropylene gas capillaries are situated in a parallel fashion of which the 
ends are embedded in polyurethane resin and fitted with gas inlet and outlet caps.

Hepatocyte culture

Hepatocytes were injected under sterile conditions into the bioreactor through three 
different loading ports using a 60 mL syringe containing a final volume of 50 mL culture 
medium for all cell types. Bioreactors were then placed in an incubator at 37oC and 
oxygenated with sterile 95% air and 5% CO2 at a flow rate of 150 mL/min during the whole 
experiment. To ensure optimal cell attachment and an even cell distribution, bioreactors 
charged with MHHs and MPHs were were rotated 340o (back and forth) according the 
longitudinal plane and through the gravitational field at 1 revolution/min for two hours, 
whereas bioreactors with FHHs were rotated for four hours. After this attachment period, 
dead and unattached cells were removed by flushing 100 mL of fresh WE culture medium 
through the bioreactor at 15 mL/min. The bioreactors were then continuously perfused 
overnight with 150 mL recirculating WE culture medium at 15 mL/min. 

Hepatocyte function tests

Each test sequence consisted of an oxygen consumption test followed by a function test, 
as described previously.21 Briefly, oxygen consumption was determined by measuring 
the decrease in oxygen tension during the first 15 min after closure of the oxygen 
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supply to the bioreactor. A function test was performed by flushing the bioreactor with 
100 mL of test medium composed of WE culture medium supplemented with 500 µg/mL 
lidocaine, 2 mM L-lactate with either 5 mM NH4Cl for MPH and MHH bioreactors or 
0.5 mM NH4Cl for FHH bioreactors, followed by recirculation of 100 mL test medium 
for two hours at 37oC. Samples were taken at 30, 60, 90 and 120 min, respectively, and 
subsequently analyzed for concentrations of ammonia, urea, lidocaine, porcine albumin, 
glucose and lactate as well as activities of aspartate aminotransferase (AST) and lactate 
dehydrogenase (LDH), as described previously.21 Human albumin was determined by 
ELISA using goat-anti-human serum albumin antibody (1:100, Abcam, ab8940;) and 
HRP conjugated rabbit-anti-human serum albumin (1:5000, Abcam, ab7394). Ammonia 
and lidocaine elimination, urea and albumin production capacity, AST and LDH release, 
glucose and lactate consumption and/or production rates were determined by calculating 
the changes in concentration in test medium per hour per billion cells loaded in the 
bioreactor. 

MPH bioreactors (n=15) were tested at day 1 (n=15), 3 (n=11), 5 (n=10) and 7 (n=3). 
MHH (n=5) and FHH (n=3) bioreactors were all tested at day 1, 3, 5 and 7, respectively.

Bioreactor tissue preparation for histological analysis

Bioreactors were fixed in 10% formalin after the final function test and stored at 4oC. 
Complete transverse 8 μm sections of the laboratory-scale bioreactor (ØID 22 mm) were 
obtained after embedding the whole bioreactor in paraffin as follows. Fixed bioreactors 
were manually flushed with an increasing ethanol series, i.e. 100 mL per flush at 37oC; 
1x 50% (v/v), 1x 70% (v/v), and 4x with 100% ethanol (v/v) (Merck). After dehydration, 
bioreactors were flushed three times with 100 mL xylene (Merck) at 37oC and followed by 
a single flush of 100 mL paraffin (Variwax, Klinipath) at 62oC. After paraffin embedding, 
bioreactor housings were removed by milling, leaving an intact roll of the paraffinized 
matrix and capillaries. This roll was then transversely sliced into 1 cm discs, of which 
each disc was inserted in stainless steel cylinders (ØID 22 mm, 1 cm wide) with openings 
at both sides. Each cylinder was then placed in a 25 mL beaker containing pre-warmed 
paraffin and incubated for 12 hours under vacuum at 62oC to remove all air. Finally, 
and after cooling, each bioreactor disc was embedded in a mold and made ready for 
sectioning. 

All sections were stained with hematoxylin and eosin (HE) to evaluate tissue 
architecture and organization.

Statistical analysis

Statistical analysis was performed by using SPSS 12.0.1 for Windows software (SPSS 
Inc., Chicago, IL, USA). Results are reported as means + standard error (SE). Repeated 
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measurement ANOVA rank tests were used to compare the three cell types over the 7-day 
culture period, and to compare differences per day within one cell type. Significance was 
reached if p < 0.05. Prism version 4.0 (GraphPad Prism Inc, San Diego, CA, USA) was 
used for graphical presentation of the data. 

Results 

Cell sources

In total, 23 bioreactors were loaded with three types of primary hepatocytes as follows: 
a. 15 bioreactors with 1.0 x 109 viable MPHs, b. five bioreactors with 0.65 x 109 to 
1.0 x 109 viable MHHs (avg. 0.90 ± 0.12 x 109), and c. three bioreactors with 0.10 x 109  
to 0.15 x 109 viable FHHs (avg. 0.13 ± 0.02 x 109). The amount of loaded hepatocytes 
varied, depending on their availability. Table 1 shows a specification of the original liver 
material that was used in this study, including the results of the isolation procedures.
 

S Sex Age
(y)

Etiology TT
(hr)

GA
(weeks)

Weight
(gram)

Yield
(109 vH)

Viability
(%)

Loaded
(109 vH)

MHHs

1 M 78
metastasis colon 

carcinoma
- - 46 1.1 87 0.65

2 F 40 bile duct papiloma - - 23 1.5 93 1.0
3 F 39 haemangioma - - 31 1.1 74 1.0
4 F 52 haemangioma - - 62 0.9 91 0.87
5 F 36 hepatocellular adenoma - - 45 1.9 97 1.0

FHHs

1 nd
bilateral polycystic 

kidneys
+ multiple brain cysts

19 23 20.4 0.19 94 0.10

2 nd tetralogy of Fallot 14 24 20.3 0.20 81 0.14
3 nd mitralic valve athresia 17 24 26.5 0.17 53 0.15

MPHs
- F - - - nd 14.5 ± 3.7 97.3 ± 1.4 1.0 ± 0.0

S, hepatocyte source; M, male; F, female; y, years; TT, transport time of the liver; GA, gestational age; 
weight, refers to the liver resection sample of MHHs and for FHHs to the whole fetal liver; hr, hour; vH, 
viable hepatocytes; MHHs, mature human hepatocytes; FHHs, human fetal hepatocytes; MPHs, mature porcine 
hepatocytes; nd, not determined.

Table 1. Specification of used liver material, isolation outcomes and amount of hepatocytes loaded in 
the bioreactor. 
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Hepatocyte-specific functions

We determined the ammonia and lidocaine elimination as well as urea and albumin 
production to assess the liver-specific function of MPHs, MHHs and FHHs in the 
bioreactor (Fig. 1). Mature hepatocytes from both pigs and humans eliminated ammonia 
with a mean over 7 days of 89.4 ± 6.5 μmol/hour/109 cells for MPHs and 185.6 ± 19.7 
μmol/hour/109 cells for MHHs, indicating a 2-fold higher ammonia elimination capacity 
of MHHs (p < 0.05) (Fig. 1A). In contrast, FHHs increasingly produced ammonia with a 
mean of 63.9 ± 26.0 μmol/hour/109 cells over 7 days (p < 0.05 MPHs and MHHs). Despite 
this incapacity for ammonia elimination, FHHs produced urea at a rate comparable with 
that of MPHs, i.e. 37.6 ± 10.2 μmol/hour/109 cells and 33.0 ± 8.8 μmol/hour/109 cells 
over 7 days, respectively (Fig. 1B). MHHs showed a 3- to 4-fold higher urea production, 
i.e. 124.0 ± 26.7 μmol/hour/109 cells, as compared to MPHs and FHHs (p < 0.05). Urea 
production of MPHs was significantly higher at day 1 as compared to day 5 and 7, and 
likewise, MHHs produced significantly less urea at day 7 as compared to day 1 and 3. 

Figure 1. Hepatocyte-specific functions of MPH (lined bars), MHH (black bars) and FHH (white bars) 
cultured in AMC-BAL bioreactors over a 7 day period. A: ammonia elimination, B: urea production, 
C: lidocaine elimination expressed in μmol/hour/109 viable hepatocytes (mean ± SE) and D: albumin 
production expressed in μg/hour/109 viable hepatocytes (mean ± SE). Significance between cell types: 
* = p < 0.05 over 7 days; ns, not significant. Significance within one cell type: ≈ = p < 0.05 vs day 1; 
∞ = p < 0.05 vs day 3; # = p < 0.05 vs day 5 and 7; $ = p < 0.05 vs day 1 and 3; & = p < 0.05 vs day 
3, 5 and 7.
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If ammonia elimination is only determined by urea synthesis, 2 moles of ammonia are 
converted into 1 mole of urea. However, the ammonia-urea ratio was rather variable: it 
increased in time for MPHs as well as MHHs. This tendency, although not significant, 
was stronger for MPHs as compared to MHHs with a mean ratio of 1.8 ± 0.5 at day 1 
and 5.5 ± 2.7 at day 7 for MPHs and for MHHs, a mean ratio of 1.6 ± 0.4 at day 1 and 
2.7 ± 1.4 at day 7.

Lidocaine elimination, as a parameter for cytochrome p450 3A4/1A2 (human) and 
3A29 (pig) activity, was significantly different for all three cell types over the 7 day 
culture period (Fig 1-C). Lidocaine elimination of MPHs was 1.9 fold higher than of 
MHHs. Lidocaine elimination of FHHs was 3.5-fold higher than of MPHs and 6.6-fold 
higher than of MHHs, with an average over 7 days of 199.3 ± 40.4 μmol/hour/109 cells 
for FHHs, 57.5 ± 7.8 μmol/hour/109 cells for MPHs and 30.1 ± 5.7 μmol/hour/109 cells 
for MHHs. Lidocaine elimination of MPHs at day 1 was significantly higher than day 3, 
5 and 7, whereas no daily differences were observed for MHHs and FHHs. No changes in 
lidocaine concentration were observed during a function test in an empty bioreactor.

Albumin production was not significantly different for all three cell types over the 
7 day culture period (Fig 1-D). A tendency towards a higher albumin production for 
FHH > MHH > MPH was observed, with an average over 7 days of 126.8 ± 80.5 
μg/hour/109 cells, 109.9 ± 36.6 μg/hour/109 cells and 79.5 ± 26.9 μg/hour/109 cells, 
respectively. MHH and MPH tended to increase in time, whereas FHH remained stable 
during the culture period.

These results show that most liver-specific functions differ considerably between 
MPHs, MHHs and FHHs when cultured inside the laboratory-scale AMC-BAL. 

General metabolic function and activity

We determined the production or consumption of lactate and glucose as parameters for 
carbohydrate metabolism (Fig. 2). After an initial phase of glucose production, all cell 
types increasingly consumed glucose and produced lactate (Fig. 2A-B). However, distinct 
differences between all three cell types were observed in the overall conversion rates of 
glucose and lactate (p < 0.05). The overall conversion rate of glucose, calculated by the 
slope over 7 days and expressed in μmol/hour/109 cells per day, was 69.3 for MPHs 
(r2 = 0.996); 13.0 for MHHs (r2 = 0.996); and 102.9 for FHHs (r2 = 0.81). The same 
tendency was observed for the overall conversion rate of lactate: 115.6 for MPHs 
(r2 = 0.99), 6.4 for MHHs (r2 = 0.46), and 234.8 for FHHs (r2 = 0.86). These observations 
indicate that MHHs were less glycolytic inside the bioreactor than MPHs and FHHs.

Furthermore, we used oxygen consumption as a parameter for general metabolic 
activity of the hepatocytes inside the bioreactor (Fig. 2C). All cell types increasingly 
consumed oxygen throughout the culture period and no significant differences were found 
between the three cell types over a period of 7 days. However, oxygen consumption 
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of MPHs increased with 4.9 μmol/
hour/109 cells per day (r2 = 0.93) and, 
accordingly, differed significantly 
per day. In MHHs, a non-
significant daily increase in oxygen 
consumption of 1.4 μmol/hour/109 
cells per day (r2 = 0.73) was found, 
and in FHHs, the daily increase in 
oxygen consumption was 4.4 μmol/
hour/109 per day (r2 = 0.47) of which 
day 7 was significantly higher than 
day 3.

Cellular integrity

AST and LDH releases were 
determined as a parameter 
for hepato-cellular damage 
(Fig. 3).23 AST release did not differ 
significantly between the three cell 
types over 7 days (Fig. 3A). However, within each cell type, AST release at day 1 was 
significantly higher when compared to day 3, 5 and 7, respectively, and is related to the 
wash-out of unattached cells and debris after charging the bioreactor at day 0. This trend, 
i.e. high at day 1 and low at day 3, 5, and 7, was also observed for the LDH release in 
MHHs, but not in MPHs and FHHs (p < 0.05) (Fig. 3B). MPHs showed a significant 
increase of LDH release from day 3 to 7. LDH release from FHHs remained constant at a 
relatively high mean level of 2.7 ± 0.7 U//hour/109 cells over 7 days.
 

Figure 2. General metabolic function and 
activity of MPH (lined bars), MHH (black 
bars) and FHH (white bars) over 7 days in 
the AMC-BAL bioreactors. A: glucose 
consumption, B: lactate production. C. 
oxygen consumption. Expressed in μmol/
hour/109 viable hepatocytes (mean ± SE). 
Significance between cell types: * = p < 0.05 
over 7 days. Significance within one cell 
type: A: MPH all days, not day 5 vs day 7; 
MHH and FHH all days, not day 1 vs day 3 
and day 5 vs day 7; B: MHH not significant 
between all days; MPH all days, not day 5 vs 
day 7; FHH all days, not day 1 vs day 3; C: ** 
= p < 0.05 vs day 3.
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Figure 3. AST and LDH release of MPH (lined bars), MHH (black bars) and FHH (white bars) over 7 
days in the AMC-BAL bioreactors. A: AST release, B: LDH release. A-B are expressed in U/hour/109 
viable hepatocytes (mean ± SE). Between cell types: * = p < 0.05 over 7 days; ns, not significant. 
Significance within one cell type: # = p < 0.05 day 3, 5 and 7; $ = p < 0.05 vs day 1 and 7.

Histological analysis

Transverse sections of MPH, MHH and FHH bioreactors are shown in Figure 4. The 
analyzed MPH and MHH bioreactors were loaded with 1.0 x 109 cells, whereas the 
FHH bioreactor was loaded with 0.15 x 109 cells. The sections were derived from the 
same position of the bioreactors, i.e.1 cm from the central loading port, in an area with a 
high density of cells. In the MPH and MHH sections (Fig. 4 A-F), tissue-like structures 
were observed around gas capillaries, attached to and in between the non-woven matrix 
layers of the bioreactor. FHHs were predominantly located inside the matrix layer 
(Fig. H-I). Single cells or small cell aggregates were mainly observed inside the matrix 
layers of bioreactors loaded with all three cell types. In general, tissue-like structures were 
preferentially located next to or in close vicinity of gas capillaries, or in areas through 
which culture medium primarily flows, i.e. between the matrix layers. Cells forming these 
tissue-like structures consisted of cells showing hepatocyte morphology. At the edges of 
these structures, directed towards the flow stream of the medium in the extra-capillary/
matrix area, flattened cells were aligned. Inside large tissue-like cell clusters, viability was 
low, as pycnotic or anuclear cells were observed. These findings were more pronounced 
in MPH than in MHH bioreactors, but were not observed in FHH bioreactors. In general, 
a layer of approximately 150 μm of viable cells could be observed for the tissue-like 
cell structures surrounding capillaries and of 70 μm for structures directly facing the 
flow stream of the culture medium. At high magnification, deposition of extracellular 
matrix was observed for all three cell types. Multiple transverse sections at different 
bioreactor positions revealed a more even longitudinal cell distribution of MHHs and 
FHHs throughout the bioreactors as compared to MPHs, which were mainly located at 
the three sites where cell loading had taken place (data not shown).
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Discussion

This study compared three types of freshly isolated primary hepatocytes cultured inside 
a bioreactor consisting of a three-dimensional perfused culture system, i.e. FHHs, MHHs 
and MPHs. Although MHHs and MPHs are frequently used cell types for BAL-systems, 
no comparison has been made between these two primary cell types, nor with FHH, in 
a three-dimensional BAL. In the field of pharmacology and toxicology, hepatocytes of 
various species and maturation are used for in vitro predictive models of newly developed 
drugs.24 Unfortunately, these studies mainly use hepatocytes in a two-dimensional 

Figure 3. Microscopy of three primary liver cell types cultured for 7 days in the AMC-BAL (H&E 
staining): MPH (A-C), MHH (D-E) and FHH (G-I). A,D and G are full transverse sections of the laboratory 
scale bioreactor showing homogeneous distribution of large tissue-like structures for MPHs and MHHs 
(bar 2.5 mm). B, E and H show that these tissue-like structures are preferentially located next to or in 
close vicinity of gas capillaries, or in areas through which culture medium primarily flows (indicated by 
asterisks) i.e. between the matrix layers (bar 250 μm; black triangles point towards gas capillaries). At 
higher magnification, some pycnotic or anuclear cells are present, whereas the majority of cells are viable. 
Flattened cells with endothelial morphology are present at the edges of  the tissue-like structures (bar 50 
μm; open triangles point towards fibers of the matrix). See Appendix 2 for color image.
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configuration without medium flow. Direct extrapolation to BAL devices is therefore 
difficult.

The results in the current study show large differences in liver-specific and metabolic 
functions between MPH, MHH and FHH. However, oxygen consumption, as a measure 
of cell volume and general metabolic activity, did not differ between the three cell types 
during the whole culture period (Fig. 1C).25 This suggests that the measured differences 
in liver-specific and metabolic functions are not attributable to the initial state of the 
cells (either fresh or Celsior preserved), the isolation method used (central or manual 
perfusion) or inadequate calculation of the number of cells charged in the bioreactors. 
Moreover, the high reproducibility of functional results within the groups shows that the 
variation in viability of the isolates, particularly of the MHHs and FHHs, is acceptable. 
The observed differences may be explained by species differences, although this cannot 
hold true for the comparison between FHHs and MHHs. 

The values for ammonia elimination and urea production of MPH are in accordance 
with previous studies from our laboratory (Fig. 1A-B).19,21,26  The higher values observed 
for MHH should be attributed to a higher and more efficient urea cycle and glutamine 
synthetase (GS) activity. We point out, however, that urea can be produced by conversion 
of arginine into ornithine by arginase I although the urea cycle may not be intact, and 
that ammonia can be eliminated exclusively by glutamine synthetase. As a result, the 
elimination of ammonia into urea does not necessarily follow the molar ratio of 2, as 
was observed in this study for MPH and MHH. FHH, however, produced ammonia. 
Production of ammonia is a phenomenon of hepatocytes observed in different culture 
systems of human hepatic cell lines (HepZ, HepG2, C3A, HuH-7 and PCL/PRF/527-29) 
and for mature rat, human and porcine hepatocytes under different culture conditions.28,30 
Recently we also observed ammonia production in primary FHHs cultured in monolayer.14 
In this study, ureagenesis was observed in FHHs at a level comparable to that of MPHs, 
as has been shown previously.31 The different relations between ammonia and urea 
metabolism, i.e. production of ammonia and urea by FHHs and ammonia elimination 
and urea production by MHHs and MPHs, may be explained by the ontogeneic activity 
of the kidney-type and liver-type glutaminases in relation to the urea cycle.32,33 The 
kidney-type glutaminase is expressed most in the fetal liver, and not in the postnatal 
liver. As a consequence, fetal liver releases free ammonia from glutamine catabolism by 
the kidney-type glutaminase, independent of the production of urea from ammonia via 
the urea cycle. In mature liver, however, only liver-type glutaminase is expressed, which 
produces ammonia that is directly used for the synthesis of urea, since glutaminase-
derived ammonia is directly channeled to carbamoyl-phosphate synthetase and does not 
escape the mitochondria.34,35 This explanation for the production of ammonia by FHH 
should be considered as speculative, since we did not investigate the kidney- as well as 
liver-type glutaminase at the protein level in this study.
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Porcine hepatocytes are considered a relatively good experimental human model for 
cytochrome p450 (CYP) 3A drug metabolism. Caution however, is required for direct 
extrapolation of the activity of CYP isoforms from pigs to humans, because the activity 
differs per substrate.36-39 In this study, lidocaine elimination of MPHs, mediated by the 
CYP3A29 isoform, was 1.9 fold higher than of MHHs (Fig. 1C). Lidocaine elimination 
of FHHs, on the other hand, was 6.6 times higher than MHH. The fetal isoform of human 
CYP3A4 is CYP3A7 and this accounts for up to 50% of total fetal hepatic cytochrome 
p450 and nearly all CYP3A enzymes.40 Metabolic activity of CYP3A7 is significantly 
lower than CYP3A4, depending on the concentration and metabolite used.41 Interestingly, 
however, total CYP3A7 content of FHH of 94-168 days gestational age is app.
310 pmol/mg microsomal protein, whereas total CYP3A4 content in MHH is app. 
60 pmol/mg microsomal protein.40 This can explain the higher lidocaine elimination 
of FHH observed in this study. We emphasize at this point, however, that no data are 
available on the effect of a 3-dimensional high cell density perfused culture systems 
on CYP3A4/1A2, 3A29 and 3A7 activity of MPH, MHH and FHH, respectively, using 
lidocaine.

In contrast to the urea production, ammonia and lidocaine elimination, albumin 
production was not significantly different between all three types of hepatocytes. This 
was also observed by Jasmund et al. in a 2-dimensional sandwich culture system with 
MPH and MHH under different culture conditions.42 A stable or an increased albumin 
production of MPH and MHH during the first 7 days of culture has been shown in 
monolayer42-44 as well as several bioreactor systems.21,45-48 FHH of 23-24 weeks old were 
able to produce albumin at a rate of MPH and MHH. This was also observed for FHH 
cultured in monolayer, secreting albumin at 4-21 ug/ml/1.8-2.5 x 106 FFH49-51, which 
resembles the albumin production by MPH and MHH in monolayer.43

The increase in glucose consumption, lactate production, oxygen consumption 
(Fig. 2) and LDH release (Fig. 3B) of MPH are in accordance with previous studies.19,21,26 
These observations may imply an increase in anaerobic glycolysis in combination with 
mitochondrial uncoupling of the oxidative phosphorylation.52,53 An increase in lactate 
production, LDH release and oxygen consumption can also, at least in part, be a reflection 
of cell growth.25 In parallel, non-parenchymal liver cells produce more lactate and grow 
faster than parenchymal liver cells as observed in monolayer culture.54 Fetal livers contain 
more non-parenchymal cells than mature livers because of their haematopoietic function. 
Therefore, the higher glucose consumption, lactate production, oxygen consumption rate 
and LDH release of FHHs can either be explained by a higher content of non-parenchymal 
cells or a higher in vitro proliferation capacity of FHH itself. Dedifferentiation does not 
seem to play a major role, since the hepatic functions remain relatively stable. MHHs, 
on the other hand, are more stable in the general metabolic functions during the 7 day 
culture than MPHs and FHHs. This can be explained by the composition of human and 
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porcine liver cell isolates. Since MPH isolates contain more cellular aggregates and form 
spheroids easier than MHH isolates47,55,56, high dense cellular but also anoxic areas can be 
formed, as was observed by histological examination. In contrast, MHH isolates exist of 
mainly single cells which were distributed evenly throughout the bioreactor. 

In summary, at present MPH and MHH are generally considered as the most 
acceptable cell sources for BAL devices. FHH have to date, not been demonstrated to 
be a relevant cell source for BAL application. The higher proliferation capacity of FHHs 
as compared to MHHs and MPHs, and the higher liver-specific function compared to 
human hepatic cell lines have encouraged us to test this cell type in the AMC-BAL. 
We observed large differences between the three cell types when investigated in the 
three-dimensional perfused AMC-BAL system. Our results indicate that FHHs, despite 
their higher proliferative capacity and cytochrome p450 3A activity, are not an ideal 
cell type for BAL application, since FHHs produce ammonia and display high metabolic 
instability. FHH in a bioreactor may, on the other hand, be considered as a favorable cell 
type for pharmacological and toxicological studies.57,58 MHHs outperformed MPHs and 
FHHs in their ammonia detoxification, urea production and metabolic stability. From this 
study, we conclude that MHHs are the preferred cell source for  clinical use in a BAL. 
On the other hand, MPHs can be regarded as the second best cell type because of their 
unrestricted availability. Since bioreactors loaded with MPH are less stable than MHH 
bioreactors, these bioreactors should be preferably used within one or two days after 
loading in the clinical setting. 
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Abstract

Background: Clinical use of bioartificial livers (BAL) relies heavily on the development 
of human liver cell lines. The aim of this study was to assess the potential of the recently 
developed human fetal liver cell line cBAL111 for application in the AMC-BAL.
Methods: Laboratory-scale AMC-BAL bioreactors were loaded with 20 or 200 million 
cBAL111 cells and were cultured for 3 days. Parameters for hepatocyte-specific function 
and general metabolism were determined daily using tests with culture medium or 100% 
human serum. The bioreactors were also analyzed for mRNA levels of liver-specific 
genes and histology. 
Results: cBAL111 eliminated ammonia at a rate up to 49% of that in primary porcine 
hepatocytes (PPH), despite a low (1.1%) urea production. Transcript levels of glutamine 
synthetase (GS) were 570% of that in human liver, whereas genes of the urea cycle 
showed low expression. GS expression was confirmed immunohistochemically, and 
glutamine was produced by the cells. cBAL111 eliminated galactose (90.1% of PPH) 
and lidocaine (0.1% of PPH) and produced albumin (6% of PPH). Human serum did not 
increase function of cBAL111.
Conclusions: cBAL111 showed liver-specific functionality when cultured inside the 
AMC-BAL and eliminated ammonia mainly by the activity of GS, and not through the 
urea cycle. 
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Introduction

While liver transplantation is the only treatment option for patients with terminal liver 
failure, its use is restricted by the limited number of donor organs. Bioartificial liver 
(BAL) support systems have been developed to widen the therapeutical window for these 
severely ill patients. These systems, however, heavily rely on the type and functional 
characteristics of the applied cells. Whereas primary porcine hepatocytes have been 
the most common cells used in BAL systems, clinical application is restricted, because 
it is regarded as xenotransplantation. Therefore, immortalized human liver cell lines 
with sufficient in vitro hepatic functionality are considered the most suitable cells for 
application in cell-based, liver support treatments.1

Recently, we have developed a new cell line by immortalization of a human fetal liver 
cell clone after lentiviral transduction with the human telomerase reverse transcriptase 
gene. This immortalized human fetal cell line, entitled cBAL111, has shown hepatic 
functionality in vitro and has shown full differentiation into mature hepatocytes in an 
in vivo murine model.2 Importantly and in contrast to the HepG2 cell line, cBAL111 
did not form colonies in soft agar and no proliferation was detected up to 34 days after 
transplantation of cBAL111 into immunodeficient mice, suggesting that cBAL111 is not 
tumorigenic. 

To evaluate the potential of cBAL111 for application in BAL, we conducted a study 
in which cBAL111 was cultured in the three-dimensional configuration of the perfused, 
laboratory-scale AMC-BAL for 3 days.3,4 Since cell-cell and cell-matrix contact are 
essential for hepatic differentiation in vitro, we investigated in the present study, general 
metabolic and hepatocyte-specific functions of cBAL111 in bioreactors seeded at low 
and high density (i.e. 20 x 106 or 200 x 106 cells). We tested the cells in culture medium 
supplemented with 4% fetal bovine serum and, to approximate the clinical setting, we 
additionally assessed the function in 100% human serum. Histological analysis was 
performed to assess possible morphological adaptation of cBAL111 to a perfused BAL 
system.

Material and Methods

Bioreactor

We used the laboratory-scale AMC-BAL bioreactor, which is a 55x down-scaled 
bioreactor of the second generation AMC-BAL with an internal volume of 10 mL.5 The 
general configuration of the bioreactor3,4 consists of a polycarbonate housing containing 
a three dimensional non-woven hydrophilic polyester matrix circularly wound around a 
polycarbonate core. Between the matrix layers, hydrophobic polypropylene gas capillaries 
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are situated in a parallel fashion of which the ends are embedded in polyurethane resin 
and fitted with gas inlet and outlet caps.

Experimental set-up

Two variables were investigated: 1. the effect of cell density by loading bioreactors with 
20 x 106 (low density bioreactors; LDB) or 200 x 106 (high density bioreactors; HDB) 
cBAL111 cells; and 2. the effect of human serum (HS) and culture medium (CM) on 
the cBAL111 cells during function tests. Twentyfour bioreactors were divided into four 
groups: 1. LDB-CM, 2. LDB-HS, 3. HDB-CM and 4. HDB-HS. Bioreactors were tested 
at d1 (day 1), d2 and d3 after cell loading. Two HDB-CM bioreactors were used for 
histological analysis and were fixed in 10% formalin after 13 hours and 3 days of culturing, 
respectively. RNA for RT-PCR analysis was isolated from one LDB-CM bioreactor and 
one HDB-CM bioreactor at d2. 

Monolayer culture and cell isolation 

Large-scale expansion of cBAL111 was performed in CellSTACK® culture chambers 
(5-stacked; Corning, NY, USA) using DMEM culture medium (Dulbecco’s modified 
Eagle’s medium) containing 10% (v/v) heat-inactivated fetal bovine serum (HI-FBS) as 
described previously.6 Cells were detached with 0.25% trypsin / 0.03% EDTA, centrifuged 
at 50x g for 5 min and washed 2x with ice-cold DMEM culture medium and once in cold 
Williams’ E (WE) culture medium supplemented with 4% (v/v) HI-FBS. Cell quantity 
was determined by using a Bürker Bright line cytometer (Optik Labor). From each isolate, 
a sample was analyzed for LDH, AST and DNA content per cell.

Bioreactor culture

Laboratory-scale AMC-BAL bioreactors were loaded with 8 ml cell suspensions, cultured 
at 37oC and oxygenated with air/CO2 (95:5; 50 mL/min). After a 4-hour attachment 
period, dead and unattached cells were removed by a flush of 60 mL WE culture medium 
after which the bioreactors were continuously perfused with 76 mL recirculating culture 
medium at 5 mL/min. 

Bioreactor tests

Daily test sequence consisted of an oxygen consumption test (OCT-pre), an XTT test (see 
below), a function test (see below) and a second oxygen consumption test (OCT-post).

OCT was used to assess general metabolic activity inside the bioreactor, as 
described previously.5 Briefly, oxygen consumption was determined by the difference in 
oxygen tension over a 20 min period after closing the oxygen supply to the bioreactor. 
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No OCTs were performed on LDBs, since total cell amount was too low for accurate 
measurements. 

Tetrazolium salt 2,3-bis(2-methoxy-4-nitro-5-sulfophenyl)-2H-tetrazolium-5-
carboxanilide (XTT; Cell Proliferation Kit II, Roche, Mannheim, Germany) is metabolized 
into formazan inside the mitochondria and was used to estimate total cell amount (XTT 
test). At d1 and d3, culture medium (26 ml) was bypassed from the bioreactors and 
was recirculated with 5 ml XTT for LDBs and 20 ml XTT for HDBs. Bioreactors were 
re-connected to the recirculating medium after all XTT was homogeneously distributed 
(t = 0). Between t = 4 min and t = 18 min, samples (250 μl) were taken every 2 min from 
the medium outflow port. Conversion rate of XTT was calculated as formazan absorbance 
at 490 nm/min. Bioreactors were flushed with 100 ml WE culture medium to remove all 
XTT/formazan after each test.

Function tests were performed with test medium composed of WE culture medium 
or human serum (Cambrex, Verviers) supplemented with 500 µg/ml lidocaine HCL, 
2 mM L-lactate, 2.75 mM D-galactose and 5 mM NH4Cl. Bioreactors were first flushed 
with 30 ml test medium, followed by a 3-hour period of recirculation with 36 ml of 
test medium. Samples (2.5 ml) were taken at 30, 60, 120 and 180 min and analyzed for 
concentrations of urea, lidocaine, glucose, lactate, a selection of amino acids as well 
as activities of aspartate aminotransferase (AST) and lactate dehydrogenase (LDH) as 
reported earlier.5 The concentration of ammonia was determined with an enzymatic 
L-glutamate dehydrogenase assay (Ammonia Assay Kit, Sigma, St. Louis, MD, USA). 
The concentration of galactose was determined by the absorbance of nicotinamide-
adenine dinucleotide (NADH) at 340 nm after enzymatic reaction with galactose 
dehydrogenase (Roche). Aminograms were obtained by gradient reversed-phase HPLC 
system.7 Albumin concentrations were determined in CM samples at t=0 and t=16 hr by 
ELISA using goat-anti-human serum albumin antibody (1:100, Abcam, Cambridge, UK, 
ab8940) and horseradish peroxidase (HRP) conjugated rabbit-anti-human serum albumin 
(1:5000, Abcam, Cambridge, UK, ab7394). Urea and albumin concentrations were not 
determined in HS bioreactors, because of high initial concentrations. Function parameter 
rates were determined by calculating the changes in concentration in medium per hour 
per bioreactor.

After completion of OCT-post at d3, bioreactors not used for histology or mRNA 
analyses were flushed with 100 ml phosphate-buffered saline (PBS), emptied from excess 
PBS and stored at -20oC for total DNA determination. 

Total DNA determination

Bioreactors and cell isolate samples were incubated with 0.2 mM NaOH at 37oC for 3 
days. The samples were analyzed for DNA concentration with Hoechst DNA assay. 
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Gene primer 5’ - 3’

RT GCATCGCCGGTCGGCATCG
18S rRNA S TTCGGAACTGAGGCCATGAT

AS CGAACCTCCGACTTTCGTTCT
RT GGGGGATAGACATGGGTATGG

AAT S ACAGAAGGTCTGCCAGCTTC
AS GATGGTCAGCACAGCCTTAT
RT CGTTTTGTCTTCTCTTCCCC

AFP S TKCCAACAGGAGGCYATGC
AS CCCAAAGCAKCACGAGTTTT
RT ACTTCCAGAGCTGAAAAGCATGGTC

Albumin S TGAGCAGCTTGGAGAGTACA
AS GTTCAGGACCACGGATAGAT
RT TGTGATTACCCTCCCGAGCAAGTC

Arginase I S TTGGCAAGGTGATGGAAGAAACA
AS CCTCCCGAGCAAGTCCGAAACAA
RT CTGCAGTGACAGCTGGTTGAGG

ASL S CTGGAGCCACTGGATTCTGAG
AS GCCCCAAAGTTGAGTTCTGCT
RT CCTGAGGGAATTGATGTTGATGAA

ASS S CGTGGGCCGTATTGACATCGTG
AS CCGGTGGCATCAGTTGGCTCATA
RT AGGACCCGCACTGCTGGAGAAG

CK7 S CTGGGAAGCATGGGGACGACCTC
AS CAATGCCACCGCCACTGCTACTGC
RT CTGTACTGCCTGTAGTGGAA

CPS I S CATCAGACTGGCTCAAAC
AS CAGCTGTCCTCCGAATCAC
RT CCCGTGAGAAGCAGAGGA

Cyp3A4 S AGCTTAGGAGGACTTCTTCAACC
AS AGCCAAATCTACCTCCTCACACT
RT TTGGCAGAGGGGCGACGAT

GS S GCCTGCTTGTATGCTGGAGTC
AS GGCGCTACGATTGGCTACAC
RT AGCAGGTCCAGCAGGTTG

GSTπ S GCCAGAGCTGGAAGGAGG
AS TTCTGGGACAGCAGGGTC
RT CACTCCAACCCCGCCCCTC

HNF4 S TCCGGGCTGGCATGAAGAAGG
AS CCAGGGGGAGCTCGCAGAAAG
RT CAGCTGCTGGGAAATGGTG

HNF6 S CCGGCCGGGAGACCTTC
AS AGAGTTCGACGCTGGACATC
RT GTCAGAGGCAGCAACTTTAGCAG

OTC S GCCGGATGCTAGTGTAACCAA
AS AGCCGCTTTTTCTTCTCCTCTTC
RT GGCAAATCCCACCAACTCCAC

Ornt1 S GGGGCCTCACCGACTGC
AS GCCACCGAAGAAGAAGAAATAGC
RT CATGTGGGGCAGCAGGGAGAAG

PXR S CGCCTGCGCAAGTGCCTGGAG
AS GTCGGCTGGGGGTTTGTAGTTC
RT CCAGACCACACTTGCCCGCTATG

TF S GAAGGACCTGCTGTTTAAGG
AS CTCCATCCAAGCTCATGGC

RT, reverse transcriptase primer; S, sense PCR  primer; AS, anti-
sense PCR primer. AAT, α-1-antitrypsin; AFP, α-fetoprotein; 
ASL, argininosuccinate lyase; ASS, argininosuccinate synthetase; 
CK7, cytokeratin 7; CPS, carbamoyl-phosphate synthetase; Cyp, 
cytochrome P450; GS, glutamine synthetase; GST, glutathione 
S transferase; HNF, hepatic nuclear factor; OTC, ornithine 
transcarbamylase; Ornt1, ornithine transporter 1; PXR, pregnane 
X receptor; TF, transferrin.

Table 1. Primer sequences.
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RT-PCR

Solutions, conditions and calculations for gene-specific RT-PCR analyses were used 
as described previously.6,8,9 RT and PCR primer sequences are presented in Table 1. 
Transcript levels were normalized for 18S ribosomal RNA and expressed as a percentage 
of the mean starting levels of two human liver samples.

Immunohistochemical analysis

Immunostaining was performed on complete transverse 8 μm sections of 4% 
paraformaldehyde-fixed and paraplast embedded bioreactors, as described previously.9,10 
Primary monoclonal GS antibody was used (1:1000; Transduction Laboratories, 
Lexington, KY, G45020) and visualized with goat-anti-mouse IgG, alkaline phosphatase 
conjugated (Sigma).

Statistical analysis

Repeated measurement ANOVA tests were used to compare daily differences within one 
bioreactor group as well as differences between the four bioreactor groups over 3 days. 
SPSS 12.0.1 (SPSS Inc., Chicago, IL, USA) was used for statistical analysis. Prism version 
4.0 (GraphPad Prism Inc, San Diego, CA, USA) was used for graphical presentation of 
the data. Average values (± SE) are reported. Significance was reached if P < 0.05.

Results

Metabolic analysis

Liver specific functions

Ammonia elimination remained stable during the 3-day culture period with a mean rate 
of 3.4 ± 0.2 μmol/h for low density bioreactors tested with test medium composed of WE 
culture medium (LD-CM), 3.3 ± 1.0 μmol/h for low density bioreactors tested with test 
medium composed of human serum (LD-HS), 9.2 ± 1.9 μmol/h for high density bioreactors 
tested with test medium composed of WE culture medium (HD-CM) (P = 0.027 vs. LD-
CM, P = 0.030 vs. LD-HS) and 7.8 ± 1.9 μmol/h for high density bioreactors tested with 
test medium composed of human serum (HD-HS) (Fig. 1A). No differences were found 
between CM and HS for LDBs or HDBs. cBAL111 eliminated ammonia at a rate up 
to 49% of that in primary porcine hepatocytes (PPH) in HD-CM bioreactors (Table 2). 
Urea production was low (1.1% of urea production of PPH) (Table 2), with no difference 
between LDBs and HDBs (Fig. 1B). In LD-CM bioreactors, a 5-fold increase in urea 
production was observed from d1 to d3 (P = 0.035). Lidocaine elimination was low or not 
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detectable in bioreactors cultured in CM and differed significantly from HS bioreactors 
(Fig. 1C) (0.8% of PPH in HD-HS bioreactors; Table 2). Lidocaine elimination of 
HD-HS bioreactors was 2.4-fold higher than LD-HS bioreactors at d1. HD-HS bioreactors 
showed a tendency to decrease, whereas LD-HS tended to increase with respect to 
lidocaine elimination. Galactose elimination in HDBs was 5.2-fold higher than in LDBs 
over 3 days (P < 0.001) with no difference between CM and HS tests (Fig. 1D) (90.1% of 
PPH in HD-CM bioreactors; Table 2). Galactose elimination in HDBs, however, showed 
a tendency to decrease with ± 25% from d1 to d3, whereas no apparent changes were 
observed for the LDBs. Albumin production initially decreased from d1 to d2, and then 
increased 3.2-fold for LD-CM and 1.7-fold for HD-CM from d1 to d3 (P = 0.016 for 
LD-CM) (Fig. 1E). cBAL111 produced albumin up to 6% of albumin production of 
PPH in HD-CM bioreactors (Table 2). These results demonstrate that cBAL111 has liver 
specific functions when cultured in a BAL device. Urea and albumin concentrations were 
not determined in HS bioreactors, because of high initial concentrations.

Figure 1. Hepatocyte-specific functions of LD-
CM (white bars), LD-HS (light striped bars), HD-
CM (black bars) and HD-HS (dark striped bars) 
bioreactors. LD, low density (20 x 106 cBAL111); 
HD, high density (200 x 106 cBAL111); CM, 
culture medium test; HS, human serum test. (A) 
ammonia elimination, (B) urea production, (C) 
lidocaine elimination, (D) galactose elimination 
(expressed as μmol/hour), and (E) albumin 
production (expressed as ng/hour). Average 
values (± SE) are reported. P values indicated at 
the legends apply to the 3 days culture period. nd: 
not detectable. 
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Amino acid metabolism

Glutamine levels were increased in all bioreactors when tested at d1 and d3, except for 
LD-HS at d1 (Fig. 2). Average synthetic rates of glutamine were 4.9-fold higher for HDBs 
than for LDBs (P < 0.05), and 1.8-fold higher for CM HDBs than for HS HDBs. Synthetic 
rates of glutamate showed similar trends, except that the rates were lower in LD-CM 
compared to LD-HS. Changes in arginine, aspartate, citrulline and ornithine synthetic 
rates were not detectable within a reliable range.

PPH cBAL111

HD-CM % PPH HD-HS % PPH

ammonia elimination 1 18.8 ± 0.5 9.2 ± 1.9 48.9 7.8 ± 1.9 41.5
urea production 1 10.4 ± 1.1 0.1 ± 0.2 1.1 na -
lidocaine elimination 1 12.5 ± 1.1 0.0 ± 0.0 0.1 0.1 ± 0.0 0.8
galactose elimination 1 5.8 ± 1.1 5.3 ± 1.1 90.1 5.3 ± 0.6 91.1
albumin production 2 11.8 ± 2.6 0.7 ± 0.3 6.0 na -
lactate production 1 11.1 ± 14.8 50.5 ± 1.7 453 64.0 ± 3.8 574
glucose consumption 1 12.2 ± 8.7 27.5 ± 0.7 225 27.3 ± 0.8 224
ASAT release 3 0.69 ± 0.60 0.014 ± 0.004 2.0 0.021 ± 0.005 3.1
LDH release 3 0.26 ± 0.18 0.37 ± 0.08 141 0.47 ± 0.05 177

1, μmol/hour/200 x 106 cells; 2, μg/hour/200 x 106 cells; 3, U/hour/200 x 106 cells; HD, high density; CM, 
culture medium test; HS, human serum test. Values are averages of day 1, 2 and 3. Data of PPHs were 

adopted from Poyck et al. 10. na, not applicable.

Table 2. Comparison of cBAL111 with primary porcine hepatocytes (PPHs) cultured in the AMC-BAL 
bioreactors normalized for the amount of loaded cells.

Figure 2. Amino acid metabolism. (A) glutamine synthesis and (B) glutamate production. Expressed 
as μmol/hour. LD-CM (white bars), LD-HS (light striped bars), HD-CM (black bars) and HD-HS (dark 
striped bars) bioreactors. LD, low density (20 x 106 cBAL111); HD, high density (200 x 106 cBAL111); 
CM, culture medium test; HS, human serum test. Average values (± SE) are reported.
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Carbohydrate metabolism and oxygen 
consumption 

Glucose consumption, lactate 
production and oxygen consumption 
were stable during 3 days (Fig. 3). No 
differences between HS and CM were 
observed, except for lactate production 
of HD-HS bioreactors which was 27% 
higher than that of HD-CM bioreactors 
(P < 0.001). Lactate production versus 
glucose consumption ratio was 1.6 
for LD-CM, 2.4 for LD-HS, 1.8 for 
HD-CM, and 2.3 for HD-HS. These 
results indicate that cBAL111 cells are 
glycolytic, irrespective of cell density 
and that HS enhances this glycolytic 
state. Oxygen consumption after a 
function test (OCT-post) decreased 
with 13% for HD-CM (P = 0.055) and 
24% for HD-HS (P = 0.016) compared 
to OCT-pre. No OCTs were performed 
on LDBs, since total cell amount was 
too low for accurate measurements.

Damage parameters

Total AST and LDH content per million 
isolated cBAL111 cells were 0.11 ± 0.1 
and 2.19 ± 0.28 U, respectively. LDH 
release was significantly higher for 
HDBs when compared with LDBs. 
Within the first 24 hours, an average of 
2.0 ± 0.3 % of the total cell amount was 
lost in LDBs and HDBs. No differences 
were observed between HS and CM 
for AST, whereas LDH was higher for 
HDBs tested in HS (P = 0.013)(Fig. 4). 

Figure 3. Carbohydrate metabolism and oxygen 
consumption. (A) glucose consumption and (B) 
lactate production of LD-CM (white bars), LD-
HS (light striped bars), HD-CM (black bars) and 
HD-HS (dark striped bars) bioreactors. (C) oxygen 
consumption of HD-CM and HD-HS bioreactors 
prior (pre) and after (post) function tests. Expressed 
as μmol/hour. LD, low density (20 x 106 cBAL111); 
HD, high density (200 x 106 cBAL111); CM, culture 
medium test; HS, human serum test. Average values 
(± SE) are reported. P values indicated at the legends 
apply to the 3 days culture period.

Changes in absolute AST values during the 3-hour test were small for all bioreactors. 
This resulted in an overestimation of AST release per hour for the LDBs in comparison to 
HDBs, leading to a skewed ratio of 2.5 for AST between LDB and HDB over the whole 
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culture period. For LDH, the ratio was 8.9 between LDB and HDB over the 3 day culture 
period.

Total DNA and XTT for cell quantification 

The measured metabolic and damage parameters will depend on the quantity of loaded 
cells, cell proliferation and cell death. We therefore determined functional cell quantity 
in three ways, i.e. on the basis of: 1. cell loading amount, 2. total DNA content, and 
3. XTT test. These methods refer to data of d0 (cell amount), d3 (DNA content) or d1 
and d3 (XTT). Total DNA content per million isolated cBAL111 cells was 23.7 ± 6.5 μg. 
Cell amount per bioreactor was then calculated from total DNA content at d3 (values 

Figure 4. Damage parameters. (A) LDH release and (B) AST release of LD-CM (white bars), LD-HS 
(light striped bars), HD-CM (black bars) and HD-HS (dark striped bars) bioreactors. Expressed as 
U/hour. LD, low density (20 x 106 cBAL111); HD, high density (200 x 106 cBAL111); CM, culture 
medium test; HS, human serum test. Average values (± SE) are reported. P values indicated at the 
legends apply to the 3 days culture period.

Figure 5. XTT test and total DNA for cell quantification. (A) total DNA (μg) and (B) XTT test 
(formazan absorption/min) of LD-CM (white bars), LD-HS (light striped bars), HD-CM (black bars) 
and HD-HS (dark striped bars) bioreactors. LD, low density (20 x 106 cBAL111); HD, high density 
(200 x 106 cBAL111); CM, culture medium test; HS, human serum test. Average values (± SE) are 
reported. P values indicated at the legends apply to the 3 days culture period. Values above the bars 
correspond to the cell quantity (x 106) calculated from total DNA content at d3.
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expressed above each bar in Fig 5A). No differences between HS and CM tests were 
observed. The HDBs contained 10.8 fold more DNA compared to the LDBs at d3. With 
the XTT test a ratio of 7.2 and 5.4 was found between HDBs and LDBs on d1 and d3, 
respectively (Fig 5B). This change in ratio was caused by an increase in LDBs and a 
decrease in HDBs from d1 to d3.
 

Gene expression analysis

Transcript levels of liver-specific genes were determined in LDB-CM and HDB-CM 
bioreactors harvested at d2 and compared with human liver. In LDBs, mRNA levels of urea 
cycle genes and other hepatic genes (AAT, albumin, transferrin) were low, except for GS 
(97% human liver; Table 3). Transcript levels of GSTπ and AFP, two markers associated 
with fetal hepatocytes, were high. Interestingly, all mRNA levels of hepatic genes were 
higher in HDBs, except for transferrin, including AFP and GSTπ. The transcript level 
of GS was 5.9-fold higher in HDBs compared to LDBs and consisted of 570% of the 
GS mRNA levels measured in human liver. The mRNA levels of urea cycle genes were 
5-fold higher in HDBs compared to LDBs, of which Arginase I and OCT were still below 
1% of human liver. The mRNA level of bile duct marker cytokeratin 7 in LDBs was 
840-fold higher than human liver, but was 2.9-fold lower in HDBs Transcription factors 
directing hepatic functions, PXR, HNF4 and HNF611, were undetectable or low in LDBs 
and increased in HDBs.

Morphological analysis

cBAL111 cells were evenly distributed throughout the bioreactor (Fig. 6A-B) and formed 
tissue-like cell clusters attached to matrix layers (Fig. 6G-H) as well as around gas 
capillaries (Fig. 6C-F). Inside the matrix layers, mainly single cells were present. After 
13 hrs, cBAL111 cells were morphologically alike throughout the bioreactor (Fig. 6C/
E). After 3 days, however, a more heterogeneous cBAL111 population was observed, 
as compared with 13 hrs (Fig. 6G); the culture consisted of round cells (Fig. 6H), and 
stretched and swollen cells with condensed nuclei (Fig. 6F). The latter type might reflect 
dedifferentiated cBAL111 cells as a consequence of inhomogeneous distribution of cells 
with regard to shear stress and oxygen availability. Immunohistochemical staining for GS 
revealed numerous positive cells after 13 hrs (Fig. 6I) as well as after 3 days (Fig. 6J).

Discussion 

Recently, we have developed a new immortalized human cell line, cBAL111, as a possible 
alternative cell source for cell based therapies.2 In this study, we evaluated the potential of 
cBAL111 for application inside the AMC-BAL in an in vitro setting. 
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Average ammonia elimination of cBAL111 over 3 days was 49% compared to 
primary porcine hepatocytes (PPH), whereas urea production was only 1.1% of that of 
PPH (Table 2; ref. 10). Despite a 5-fold increase in HDBs compared to LDBs, mRNA 
levels of the urea cycle enzymes were also low, with Arginase I and OTC mRNA levels 
below 1%, preventing the urea cycle to work efficiently, as was also shown for HepG2.12 
The considerable ammonia elimination of cBAL111 is therefore most likely, at least 
partially, caused by the activity of GS, whereas ammonia elimination via the urea cycle is 
low. This notion is supported by the high GS mRNA levels and the presence of numerous 
GS positive cells in the histological sections. In this study, we found a net increase in 
glutamine levels in all bioreactor groups tested, supporting the finding that GS activity 
is essential for the elimination of ammonia by cBAL111. Despite active glutamine 
production, glutamate was produced as well, as was also observed with PPH to a lesser 
extent.3 

Ammonia elimination at 0.5 mM NH4Cl was not detected by Enosawa et al.13 in 31 
hepatocyte cell lines in monolayer. Ammonia production was observed by Wang et al.14 
in C3A monolayer culture and by Hongo et al. in a small radial-flow bioreactor using 

LDB HDB fold LDB HDB fold

AAT 0.019 0.054 2.9 CPS I 1.4 8.9 6.2
TF 0.168 0.085 − 1.9 OTC 0.11 0.56 4.9
Albumin 0.038 0.081 2.1 ASS 1.1 6.9 6.5
GS 97 570 5.9 ASL 14.1 25.0 1.8
Cyp3A4 nd nd − Arg I nd 0.3 −
HNF4 nd 0.41 − Ornt1 18 106 5.8
PXR nd 0.001 −

AFP 110 303 2.8 CK7 84045 29136 − 2.9
GSTπ 1373 2808 2.0 HNF6 0.62 3.6 5.8

AAT, α-1-antitrypsin; AFP, α-fetoprotein; ASL, argininosuccinate lyase; Arg1, Arginase 
I; ASS, argininosuccinate synthetase; CK, cytokeratin; CPS, carbamoyl-phosphate 

synthetase; CYP, cytochrome p450; GS, glutamine synthetase; GST, π class glutathione 
S-transferase; HNF, hepatic nuclear factor; OTC, ornithine transcarbamylase; Ornt1, 

ornithine transporter 1; PXR, pregnane X receptor; TF, transferrin.

Table 3. Transcriptional analysis of cBAL111 in low density bioreactors (LDB; 20 x 109 cBAL111) 
and high density bioreactors (HDB; 200 x 109 cBAL111). Messenger RNA levels of cBAL111 in LDB 
and HDB were normalized for 18S ribosomal RNA and are reported as % of mean mRNA levels of two 
human liver samples normalized for 18S ribosomal RNA. Fold increase (positive values) or decrease 
(negative values) related to cell density is depicted as ‘fold’. nd, not detectable.
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Figure 6. Microscopy of two high density cBAL111 bioreactors harvested after 13 hrs (A, C, E, G, I) 
and after 3 days (B, D, F, H, J). Staining: A-H, H&E; I and J, glutamine synthetase (GS). Bars: A/B, 1.4 
mm; C and D, 200 μm; E-I, 50 μm. Arrowheads in C-F indicate gas capillaries. Long arrows in C and 
D indicate two layers of non-woven polyester matrix. See Appendix 2 for color image.
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HepG2.15 On the other hand, other researchers have shown that cell lines were able 
to remove ammonia in monolayer at higher NH4Cl concentrations (up to 10mM) by 
conversion into glutamine by GS.16,17 However, since ammonia can evaporate during 
long test periods in a monolayer setting, accurate measurement of ammonia clearance in 
monolayer is often unreliable (personal observations). 

Albumin production and lidocaine elimination of cBAL111 were 6.0% and 0.1% 
of that of PPH, respectively (Table 2; ref. 10). These findings are consistent with the 
low mRNA levels of albumin and CYP3A4. In addition, hepatic genes TF and AAT 
were expressed at low levels. These expression levels may, at least in part, be related 
to low expression levels of hepatic transcription factors HNF4, HNF6 and PXR. HNF4 
fulfills a central role in the transcription factor network directing hepatic differentiation, 
and occupies more than 40% of the promoters active in hepatocytes.18,19 HNF6 is active 
in controlling both hepatic gene expression as well as bile duct development.20 PXR 
regulates genes encoding gluconeogenic and drug-metabolizing enzymes, among which 
CYP3A4.21,22 Clearly, GS expression does not depend on the activity of these three 
transcription factors in the cBAL111 cells. 

Although both liver progenitor cells and differentiated bile duct epithelial cells 
express CK7, the considerable mRNA levels of CK7 in addition to the liver-specific 
functions of cBAL111 indicate the progenitor characteristics of this fetal liver cell line as 
was observed previously.2 The mRNA levels of hepatic markers were 4.1-fold higher in 
HDBs than in LDBs. This finding, in combination with a 3-fold reduction of CK7 mRNA 
levels in HDBs, suggests that hepatic differentiation of cBAL111 is stimulated under 
high density conditions inside a three-dimensional BAL system, which is in accordance 
with previous studies comparing monolayer with 3D-culture using human cell lines.23-25 
In contrast, mRNA levels of AFP and GSTπ were also higher (2.4-fold) in HDBs than in 
LDBs, indicating that cBAL111 inside a BAL device is also prone to dedifferentiation. 
This might be related to the localization of individual cBAL111 cells inside the bioreactor. 
In general, three basic localizations of cBAL111 cells can be distinguished: 1. cellular 
aggregates nearby oxygen capillaries that are optimally oxygenated, 2. cellular aggregates 
attached to matrix layers that are subjected to higher shear stresses caused by the medium 
flow, and 3. single cells inside the matrix layers that are less optimally oxygenated and are 
to a lesser extent subjected to shear stress. Unfortunately, it is not possible to discriminate 
between these cellular localizations with respect to transcriptional expression of individual 
genes.

Hepatic functionality of LDBs tends to increase over 3 days (albumin and urea 
production, lidocaine and galactose elimination), whereas hepatic functionality of HDBs 
tends to decrease or remains stable. This effect might be related to an increase in cell 
number in LDBs by cell growth as confirmed with the XTT test, whereas a loss of cells is 
most likely the cause in HDBs considering the significant release of LDH from d1 to d2. 

From the histological analysis, we observed that cellular morphology was initially 
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homogeneous and hepatocyte-like throughout the bioreactor after 13 hrs. After 3 days, 
however, cBAL111 cell clusters remained either stable (Fig 6H) or changed dramatically 
(Fig 6F). Particularly this difference may underlie, or could be the result of, the parallel 
increase in the mRNA levels of both hepatic genes and dedifferentiation markers.

The observed lactate production indicates an anaerobic glycolytic state of cBAL111 
possibly related to a shortage of oxygen and/or impaired mitochondrial activity. PPH, 
however, produce lactate only after 3 days of culture inside the AMC-BAL (Table 2;
ref. 10). This suggest that the production of lactate by cBAL111 is an intrinsic characteristic 
related to impaired mitochondrial activity, which has frequently been observed of other 
cell lines.15,26,27 Total cellular AST and LDH content of cBAL111 correspond to 1.4% 
for AST and 154% for LDH, when compared to PPH.28 The higher LDH content per 
cBAL111 cell is in agreement with the observed lactate production, whereas the low AST 
content per cBAL111 cell might indicate a less differentiated state of cBAL111.

Hepatic functions were not influenced by exposure to 100% HS for 3 hrs. Lidocaine 
elimination, on the other hand, was significantly higher in bioreactors tested with HS as 
compared to WE. This difference might be caused by an induction of the cytochrome 
P450 enzymes associated with lidocaine elimination, i.e. CYP1A2 and 3A4, but this is 
questionable considering the short test period of 3 hrs. Conversely, the 25-times higher 
albumin concentration in HS may have increased uptake of lidocaine into cells  and 
thereby its elimination rate. Lactate production and LDH release of HDBs increased 
when tested with HS. A possible explanation is the lower oxygen solubility and the higher 
viscosity of human serum causing a decrease in oxygen concentration and an increase in 
shear stress, respectively, in HDBs.29 Oxygen consumption, however, decreased after a 
3-hour test, but did not differ between HS and CM. Although the absolute effects of HS for 
3 hrs remained relatively low, longer incubation periods may generate more pronounced 
effects on cell function.

In conclusion, we have shown that the new immortalized human liver cell line, 
cBAL111, has liver specific functionality when cultured inside the AMC-BAL. 
cBAL111 eliminates ammonia, galactose and lidocaine and produces albumin. Ammonia 
elimination of cBAL111 is mainly catalyzed by the activity of GS and to a little extent by 
the urea cycle, but overall, still reaches levels of 49% of ammonia eliminating capacity 
of PPHs. cBAL111 cultured inside the bioreactor is partially and locally differentiated. 
Finally, to demonstrate the clinical potential of cBAL111 as bioartificial liver support, the 
ultimate test is to show improved survival in an animal model of ALF.4 To reach that goal, 
however, future research concerning cBAL111 and its culture conditions should focus on 
improving the differentiation grade of the cells.
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Introduction

The healthy liver is strategically positioned in the body as the important guard between 
the splanchnic and systemic circulation, and has a number of crucial functions essential 
for body-homeostasis: protein synthesis; carbohydrate and lipid metabolism; acid-base 
balance; detoxification of protein bound and lipid soluble compounds; bile acid synthesis 
and biliary cholesterol excretion; storage of essential compounds like vitamins, minerals 
and glycogen. In addition, the specific hepatic macrophage system (Kupffer cells) plays 
an important role in endotoxin removal and immune protection.

Hepatic encephalopathy (HE) is a neuropsychiatric syndrome that develops during 
severe liver insufficiency. Two distinct syndromes are identified: an acute form, e.g. as 
a crucial symptom of acute liver failure (ALF)), and a chronic relapsing form, as in end 
stage liver cirrhosis. Different clinical stages of HE are distinguished (Table 1).

Artificial liver support systems (ALSS)

Artificial liver support systems (ALSS) are connected extracorporeally to the circulation 
of the patient to restore normal plasma composition as much as possible. They are divided 
in biological and non-biological systems (Table 2).

Non-biological systems remove water-soluble factors (haemodialysis and haemo-
(dia)filtration) as well as protein bound substances (haemoperfusion, haemodiabsorption 
and albumin dialysis), although both in a non-specific way. Biological systems are based 
on either the replacement of intoxicated plasma by fresh plasma or detoxification of 
plasma by intact livers or bioreactors loaded with vital liver cells. These biological liver 
support systems have the advantage of removing toxic substances in a more liver specific 
way, and are able to support the failing synthetic function of the liver as well. For more 
details see van de Kerkhove et al..1

1. Alert, euphoria, occasional depression, decreased attention; slow mentation and affect; 
untidiness; irritability; inverted sleep rhythm; flapping tremor +/-

2. Drowsiness, lethargy; major personality changes; inappropriate behaviour; confusion; 
slurred speech; disorientation; flapping tremor.

3. Stupor; somnolent but rousable; incoherent speech; marked confusion; flapping tremor
 
4. Coma with (4a) or without (4b) response to painful stimuli

Table 1. Stages of hepatic encephalopathy (HE)
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Hepatic encephalopathy 

The aetiology of HE is still not completely elucidated. Many hypotheses are proposed 
and some are still under investigation. The most likely hypotheses of the multifactorial 
pathogenesis of hepatic encephalopathy are summarized in this chapter. An attempt to 
summarize the effects of different possible causative factors on the neurotransmitter 
balance in brain is schematically presented in Figure 1. 

Ammonia hypothesis

High ammonia levels are detrimental for the physiological neurotransmitter balance in 
the central nervous system and can drastically affect normal brain function. Protection of 
the brain from high ammonia levels is primarily performed by the liver, as ammonia is 
mainly produced in the gastrointestinal tract and released in the splanchnic circulation. 
The liver will then detoxify ammonia before it can reach the systemic circulation. Urea 
synthesis, e.g. conversion of two potential toxic molecules of ammonia in the non-toxic 
water-soluble compound urea, is a highly specific liver function. The complete urea cycle 
activity is mainly localised in the periportal region of the liver lobule and has a high 
capacity, but a relatively low affinity for ammonia. Remaining ammonia levels reaching 
the hepatic pericentral region are converted to glutamine by an ATP-dependent glutamine 
synthase: an enzyme system that converts ammonia and glutamate into glutamine. This 
enzyme has a high affinity, but a low capacity for ammonia detoxification. The brain itself 

Non-biological Biological

Haemodialysis High volume plasma exchange
Haemofiltration Xenogeneic extracorporeal whole liver perfusion
Haemodiafiltration Human cross circulation
Haemoperfusion Liver cell transplantation
Haemodiabsorption Bioartificial liver
Albumin dialysis

Table 2. Artificial liver support systems (ALSS).

Increase in neuronal Cl- currents
Decreased inhibitory postsynaptic potential (IPSP) 
Alfa-oxoglutarate depletion
Malate aspartate shuttle inhibition
Increased mitochondrial permeability and decreased energy state
Increased brain glutamin
Activation of peripheral benzodiazepine receptor
Protein tyrosin nitration
Malate aspartate shuttle inhibition

Table 3. Possible toxic effects of ammonia on neurotransmission.
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is also able to detoxify ammonia by glutamine synthase, which is present in astrocytes as 
an extra safety guard to protect the neurons against ammonia toxicity. 

In case of hepatic failure, ammonia conversion by glutamine synthase in astrocytes 
cause an increase in intracellular concentration of glutamine. The pathophysiological 
consequence is an increase in osmotic pressure that might cause osmotic astrocyte cell 
swelling if compensatory mechanisms, e.g. export of myoinositol, fail. 

Other effects of high ammonia levels on the central nervous system are summarized 
in Table 3. They can can contribute to the impairment in neurotransmission and therefore 
to the development of HE.

Despite the general assumption that high ammonia levels contribute to the 
pathogenesis of HE, a strong correlation between the level of plasma ammonia and the 
degree of HE is not always present. In this respect it should be noted that ammonia is 
probably not the only causitive factor, whereas synergistic effects of other toxins, e.g. 
mercaptans, short chain fatty acids and manganese, have been described to play a role 
in the pathogenesis of HE (see also the subsection below). However, regardless of the 
possible multifactorial aspects of the ammonia hypothesis, every hepatologist agrees that 
normalising plasma ammonia levels is a standard procedure in the treatment of HE. 

Figure 1.  Schematic presentation of the multifactorial pathogenesis of hepatic encephalopathy. 
AAA, aromatic amino acids; BA, bile acids; BZPRL, benzodiazepine-like ligand; BBB, blood-
brain barrier; MI, myo-inositol; lact, lactate; MA, monoamines; TCA, tricarbonic acid cycle; PTBR, 
peripheral-type benzodiazepine receptor; NMDA, N-methyl-D-aspartate receptor; IPSP, inhibitory 
postsynaptic potential; GABA, γ-aminobutyric acid.
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Ammonia and ALSS  –  Since most biological and non-biological ALSS are able to remove 
water-soluble compounds, many of these systems also lower plasma ammonia levels. 
Clinical application is therefore often associated with a decrease in the grade of HE. 
In this respect it should be noticed, however, that the extracorporeal liver assist device 
or ELAD bioartificial liver, based on human hepatoma derived C3A cells in a hollow 
fiber bioreactor, is a producer of ammonia and has almost no urea synthesizing capacity. 
Nevertheless, clinical studies report improvement of HE by ELAD treatment.2

Synergistic neurotoxins

In the 1970s much attention was paid to toxic effects of different compounds that are 
normally detoxified by the liver. Lipid-soluble and protein-bound toxins have been 
especially studied: e.g. mercaptans3, short chain fatty acids4 and manganese. Zieve et al.5 
showed the synergistic effects of several of these compounds in experimental animals. 

Manganese (Mn) is a potential key player in the pathophysiology of HE and is 
frequently found increased 100-fold in the plasma of cirrhotic patients. Accumulation of 
Mn in the pallid globe has been shown by MRI studies in patients with liver cirrhosis and 
porto-systemic shunting, although a positive correlation with the severity of HE was not 
always present.6-8 Mn is hepatobiliary excreted, and an overdosis results in extrapyramidal 
symptoms, whereas an intoxication also gives Alzheimer type 2 astrocytosis as in HE. Mn 
is a co-factor for glutamine synthase activation and stimulates calcium influx in neurons. 
In addition, Mn potentiates PTBR (peripheral-type of benzodiazepine receptor) which 
might contribute to an increased GABAergic tone (possibly by increased production 
of neurosteroids, see below) and leads to mitochondrial permeability transition (MPT) 
which might impair the energy state of the brain. Both ammonia and Mn up-regulate 
iNOS (inducible NO synthase) in astrocytes leading to increased N-methyl-D-aspartate 
(NMDA) receptor activity and oxygen radical formation (ROS). Mn reduces GFAP 
(glial fibrillary acidic protein) expression and promotes energy failure. With regard 
to isolated enzymes Mn is an inhibitor of aconitase and succinate dehydrogenase, 
resulting in decreased oxidative metabolism, and up-regulates glyceraldehyde-phosphate 
dehydrogenase (GAPDH) promoting glycolysis. Mn impairs metabolism of glucose in 
neurons in culture. The net effect of increased Mn concentrations on energy state in brain 
is not fully elucidated (for review see Zwingmann et al.9).

Synergistic toxins and ALSS  –  Non-biological ALSS, like haemoperfusion over charcoal 
or resin adsorbents and albumin dialysis, as well as biological ALSS, have the potential 
to reduce plasma concentrations of these protein-bound substances. 
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Increased GABA-ergic tone 

In this hypothesis, activation of GABA (gamma-aminobutyric acid) receptors in the 
brain plays a central role.10 GABA is the most important inhibitory neurotransmitter in 
the central nervous system (CNS) and activation of this neurotransmitter system fits in 
the pathophysiological theory of HE, wherein a reduction of neurotransmission activity 
dominates the clinical picture. The GABA-A receptor can be activated by different 
ligands, such as benzodiazepine like substances. Peripheral-type of benzodiazepine 
receptor (PTBR) is present on astrocytes and activation of this astrocytic receptor can also 
increase GABAergic tone. However, the mechanism of interaction with the postsynaptic 
GABA receptor is not well known, whereas the exact ligand of the GABA-A receptor 
in liver insufficiency has not been elucidated as well. The exact ligand is most likely 
not GABA itself, but GABA-like or benzodiazepine-like substances, or other possible 
candidates such as neurosteroids. Whichever ligand or ligands it may be, their cerebral 
concentration should be reduced by ALSS.

GABA and ALSS  –  If the responsible ligand is protein-bound, which is very likely for 
benzodiazepine-like ligands, only ALSS with the capacity to remove protein-bound 
substances will be useful. Such systems are haemoperfusion, albumin dialysis, large 
volume plasmapheresis and bioartificial livers (BAL). However, as far as adsorbent 
systems and albumin dialysis are rather unspecific modalities, simultaneous removal of 
hepatotrophic factors is undesirable if liver regeneration is also the goal of a bridging 
treatment. Uncontrolled clinical observations show that these modalities improve hepatic 
encephalopathy11, but data of controlled clinical trials are missing.

Endotoxin/cytokine hypothesis

Recent studies have shown that the clinical syndrome of acute liver failure, whether or 
not precipitated by infection, is also dominated by important aspects of systemic immune 
response syndrome (SIRS).12,13 There is evidence that SIRS precipitates HE or increases 
the degree of HE, wherein a dysbalance of cytokine responses and NO production play 
an important role. Significant deterioration of neuropsychological test scores following 
induced hyperammonaemia during the inflammatory state, but not after its resolution, 
suggests that inflammation and its mediators may be important in modulating the cerebral 
effect of ammonia in liver disease. In addition, inflammatory mediators might contribute 
to the increased permeability of the blood-brain barrier in acute liver failure and acute 
HE. An increase in cerebral blood flow might also play a role, but does not explain the 
complete pathophysiology of HE. 
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Cytokines and ALSS  –  The question is how the dysbalance of cytokines can be restored by 
ALSS. High plasma volume exchange could be an option, but probably only temporarily. 
From a theoretical point of view, BAL treatment might be a more effective therapy 
for a longer period. However, it is important to realise that a BAL is mainly charged 
with parenchymal hepatocytes combined with a minority of non-parenchymal cells, 
like Kupffer cells. It is therefore not an optimal modality to replace the immunological 
function of the healthy liver. Improvement of BAL in this respect deserves more attention 
than has been given so far.

Plasma amino acid imbalance

Major changes occur in the plasma aminoacid composition during acute and chronic liver 
insufficiency.14 The most striking differences are the increase in plasma concentrations 
of aromatic aminoacids (AAA) phenylalanine, tryptophan and tyrosine, and the 
simultaneous decrease of branched-chain aminoacids (BCAA) leucine, isoleucine and 
valine.15 The hypothesis is that the BCAA/AAA ratio, or the so-called Fischer ratio, 
influences neurotransmission in the CNS in such a way that neuroinhibition dominates 
excitatory activity. Correction of this Fischer ratio might improve the neurotransmitter 
balance, although controlled trials with BCAA infusions or oral administration are not 
really convincing. 

In addition, there is evidence that plasma amino acid concentrations change after 
portosystemic shunting. Experimental observations show an increase in neosynthesis and 
turnover of brain serotonin, while tryptophan hydroxylation is the rate-limiting step in 
serotonin formation.16-18

Amino acids and ALSS  –  Since AAA are mainly protein-bound (Table 4), a decrease 
of plasma AAA by albumin dialysis is to be expected. As non-biological ALSS lack 
synthesis capacities, no increase of plasma BCAA levels will be obtained to restore 
the Fischer ratio by these modalities; in fact the effects of albumin dialysis on plasma 
amino acids were only minor and were negative on brain amino acid concentrations.19,20 
Unexpectedly, neither high-volume plasma exchange21 nor experimental BAL treatment 
was more effective in this respect.22

Bilirubin
Tryptophan
Tyrosin
Copper
Benzodiazepines

Fatty acids
Phenylalanine
Calcium
Manganese
Hydrophobic bile acids

Table 4. Albumin bound substances.
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Protein tyrosine nitration and astrocyte swelling

Protein tyrosine nitration (PTN) has important consequences for many enzyme activities 
in astrocytes: it is involved in NMDA receptor activity, calcium signaling, generation of 
reactive oxygen and nitrogen species and NOS acitivity. Tyrosine nitration of glutamine 
synthethase is associated with impairment of its enzymatic activity. The PTBR was also 
identified to be tyrosine-nitrated under hyperammonaemic conditions. PTN is induced 
not only by ammonia, but also by PTBR ligands, inflammatory cytokines and hypo-
osmotic astrocyte swelling.23,24 Protein tyrosine nitration and cell swelling seem to play 
an important role in dysfunction of astrocytes24 and neurons, but are the consequences of 
primary changes in cerebral concentrations of many different substances. ALSS should 
prevent or restore these primary changes.

Conclusions

From all ALSS as given in Table 2, reports are available that they improve the grade of 
HE in uncontrolled studies of patients with acute liver failure and/or in patients with 
acute on chronic liver disease. Only one controlled trial (albumin dialysis11) showed a 
significant positive effect on HE. However, the number of patients was small, 12 out of 
24, and the attending physician was not blinded to the treatment. 

In Table 5 the efficacy of these ALSS modalities on the possible causative factors 
of HE is schematically summarized. It shows not unexpectedly that albumin dialysis, 
isolated extracorporeal whole liver perfusion and bioartificial liver support are the most 
effective treatment modalities in normalising plasma and brain levels of causative factors 

Table 5. Efficacy of non-biological and biological artificial liver support systems on causative factors 
of hepatic encephalopathy.

Non-biological Biological

HD/HF HP/HDA AlbD HVPE ILP BAL

Ammonia + + + + ++ ++
Mercaptans, SCFA - +/- + + + +
Manganese - + + +/- +/- +/-
GABA/ BZP - +/- + +/- + +
TNF-α, IL-6 +/- + +/- +/- ? ?
AAA, tryptophan - - + - + +/-

+, effective; ++, very effective; +/-, little effective; -, not effective; ?, not known. HD, haemodialysis; 
HF, haemofiltration; HP, haemoperfusion; HDA, haemodiabsorption; AlbD, albumin dialysis; HVPE, 
high volume plasma exchange; ILP, isolated liver perfusion; BAL, bioartificial liver; SCFA, short chain 
fatty acids; GABA, gamma amino butyric acid; BZP, benzodiazepines; AAA, aromatic amino acids.
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of HE. If we take logistics into account, albumin dialysis seems to be the easiest modality 
in this respect as it is not dependent on the availibility of viable liver cells. 

However, HE is not the only life threatening complication of ALF. Multi-organ 
failure, including brain edema, hepato-renal syndrome and SIRS, contribute essentially 
to the high mortality of ALF without OLT. In controlled experimental animal studies BAL 
has proven to ameliorate these complications. In addition, and from a theoretical point of 
view, BAL would be able to stimulate liver regeneration, while albumin dialysis might 
remove important hormones and growth factors from the patient’s plasma.25

For these reasons BAL remains the more attractive modality to bridge patients 
with ALF and HE to OLT or own liver regeneration, not withstanding the fact that more 
controlled clinical trials are needed before it can be advised as the treatment of choice.
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Abstract

Background. Success of clinical application of bioartificial livers (BAL) relies on the 
development of well differentiated human liver cell lines. A new cell line, entitled 
cBAL111, has been developed in the Academic Medical Center (AMC) in Amsterdam 
by immortalization of human fetal hepatocytes by overexpression of human telomerase 
reverse transcriptase. Previously it has been shown that cBAL111 eliminates ammonia 
up to 49% of the level of porcine hepatocytes, when cultured in laboratory-scale 
AMC-BAL bioreactors. In the present study, we evaluated the efficacy of cBAL111 in 
laboratory-scale AMC-BAL bioreactors in an experimental model of acute liver failure 
(ALF) using rats with complete liver ischemia (LIS).

Materials and Methods. Four groups of LIS rats were studied: 1. a control group 
for the surgical ALF model, without any connection to a bioreactor (LIS Control; n=4), 
2. a second control group connected to an empty bioreactor (Empty BAL; n=4), 3, a third 
control group connected to a BAL loaded with 450 x 106 freshly isolated mature porcine 
hepatocytes (MPH 450; n=1) and 4. a treatment group connected to a bioreactor with 
250 x 106 cBAL111 cells (cBAL111 250; n=4). In addition to the ex vivo assessment, all 
cell-based bioreactors were tested in an in vitro setting. Functionality of the bioreactors 
was assessed before and after being connected to the ex vivo ALF system. 

Results. No improvement in the survival time of LIS rats and no differences in 
blood ammonia levels as well as in the clinical grading of hepatic encephalopathy (HE) 
were observed after treatment with either cBAL111 bioreactors or empty bioreactors. 
MPH appeared to have an advantageous effect on survival time, blood ammonia levels 
as well as the clinical HE score of ALF rats. However, only one experiment using MPH 
succeeded. After exposure to ALF plasma, ammonia elimination capacity of cBAL111 
reversed into ammonia production, but urea production increased, whereas other liver 
specific functions did not change significantly. 

Conclusion. In contrast to 450 million freshly isolated porcine hepatocytes, 
treatment with 250 million of cBAL111 cells in the AMC-BAL did not improve HE 
and survival time in LIS rats. The detrimental effect of the ALF plasma on the ammonia 
eliminating capacity of cBAL111 cells in the AMC-BAL may have influenced these 
outcomes. Extension of the experiment using 450 million cBAL111 cells is needed to 
draw conclusions on its applicability in BALs. Several aspects of the experimental model 
of LIS rats as a tool for BAL research need further evaluation.
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Introduction

Acute liver failure (ALF) is a serious clinical syndrome that is associated with significant 
mortality. Orthotopic liver transplantation is still the current treatment of choice for end 
stage liver disease. However, patients suffering from ALF may benefit from temporary 
extracorporeal artificial liver support. Bioartificial liver (BAL) support systems are 
promising as these systems provide detoxification and synthesis function of liver cells. 

One of the clinically applied BAL devices, the AMC-BAL, is characterized by direct 
plasma cell contact, an integrated oxygenation system and a spirally wound polyester 
matrix, to which small aggregates of porcine hepatocytes are attached. The AMC-BAL, 
charged with primary mature porcine hepatocytes (MPH), has shown liver specific 
detoxification and synthesis capacity in vitro1,2, significantly improved survival time in 
small3 and large animal models of ALF4,5, and safety in a phase I clinical study.6

Many liver cell types have been used for preclinical and clinical application of 
BAL devices.7 The choice of the optimal cell source for BAL application is, however, 
particularly defined by the availability, degree of liver specific functions and safety aspects 
of the cell type used. The most crucial aspect, regardless of the availability and safety, 
obviously is the potential of liver cells to sort a therapeutic effect in ALF patients. 

Recently, a new cell line, named cBAL111, was developed by immortalization of 
human fetal hepatocytes by overexpression of human telomerase reverse transcriptase 
(hTERT). This cell line has liver progenitor characteristics in vitro and can differentiate 
into mature hepatocytes in vivo.8 cBAL111 cultured inside the AMC-BAL displayed 
hepatic functionality by eliminating ammonia and galactose over a period of 3 days 
(49% and 90% of MPH, respectively). Lidocaine elimination and urea production were 
nevertheless low when compared to MPH, i.e. 0.1% and 6.0%, respectively.9 Ultimately, 
the potential of cBAL111 for future BAL application needs to be determined in an animal 
ALF model.

In the present study, we tested the efficacy of cBAL111 in laboratory-scale AMC-
BAL bioreactors in an ALF model using rats subjected to liver ischemia (LIS). This 
model was adopted from Flendrig et al.3 who showed a prolonged survival time using 
MPH. Our main objectives were to evaluate the cBAL111 cells in the AMC-BAL by 
assessing metabolic function and treatment efficacy in terms of prolonged survival in LIS 
rats. In addition, the impact of exposure to ALF plasma on cBAL111 bioreactors was 
tested in an in vitro setting before and after BAL treatment. 
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Materials and Methods

Experimental groups and study design

Four groups of LIS rats were studied: 1. a control group for the surgical ALF model, 
without any connection to an extracorporeal system (LIS Control; n=4), 2. a second 
control group connected to an empty bioreactor (Empty BAL; n=4), 3, a third control 
group connected to a BAL loaded with 450 x 106 freshly isolated mature porcine 
hepatocytes (MPH 450; n=1) and 4. a treatment group connected to a bioreactor with 
250 x 106 cBAL111 (cBAL111 250; n=4). Figure 1 describes the time-course of the study 
design. In general, bioreactors were charged with cells at day 1 and tested in vitro at day 2 
(pre-test). At day 3, all rats underwent a LIS procedure, followed by the procedure of the 
group they were assigned to, until death occurred. Bioreactors loaded with cells were then 
tested in vitro for a second time (post-test). All procedures were conducted in accordance 
with the institutional guidelines of the Animal Ethical Committee (DEC) of the Academic 
Medical Center and the Dutch Genetically Modified Organism Organization (GGO).

Monolayer cBAL111 culture and isolation

Large-scale expansion of cBAL111 was performed in Corning® CellSTACK® culture 
chambers (5-stacked; 3.280 cm2 culture area) using DMEM culture medium (Dulbecco’s 
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Figure 1. Schematic presentation and time-frame of the experimental design of ex vivo study per group. PCS, 
portocaval shunt operation; O, operation (pig hepatectomy); I, MPH or cBAL111 isolation procedure; L, load-
ing of 450 million MPH or 250 million cBAL111 cells in mini laboratory-scale bioreactor; A, 2-hour or 4-hour 
attachment period; C1, first overnight culture period; Tpre, pre-ex vivo bioreactor function test consisting of 
an oxygen consumption test and a function test.; C2, second overnight culture period; O2, pre-ex vivo oxygen 
consumption test; Db, donor blood collection; Sprep, preparation of the whole ex vivo system, i.e. hydrophiliza-
tion of plasmapheresis system, priming of three system circuits with either donor blood or plasma solution, and 
flushing bioreactor with plasma solution; cc + LIS, placement of catheters in carotid artery and jugular vein, 
and ligating bile duct and hepatic artery (=start liver ischemia (LIS)); ExV, ex vivo period in which LIS rat is 
connected to ex vivo system; au, autopsy; Tpost, post-ex vivo bioreactor function test consisting of an oxygen 
consumption test and a function test; h. hour.
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modified Eagle’s medium, BioWhittaker) containing 10% (v/v) heat-inactivated fetal 
bovine serum (HI-FBS, BioWhittaker), 2 mM L-glutamine (BioWhittaker), 1 µM 
dexamethason (Centrafarm), 10 µg/mL insulin, 5.5 µg/mL transferrin, 6.7 ng/mL 
selenium-X (ITS mix, Life Technology), 100 U/mL penicillin, 100 µg/mL streptomycin 
(penicillin/streptomycin mix, BioWhittaker). Cells were detached with 0.25 % trypsin / 
0.03 % EDTA (BioWhittaker), centrifuged at 50x g for 5 min and washed two times with 
cold DMEM culture medium and one time in cold William’s E (WE) culture medium 
supplemented with 4% (v/v) HI-FBS, 2mM glutamine, 1 µM dexamethason, 20m U/mL 
insulin, 2 mM ornithine, 100 µg/mL streptomycin, 100 U/mL penicillin and 0.25 µg/mL 
amphotericine B. Cell quantity was determined by using a Bürker Bright line cytometer 
(Optik Labor). 

Porcine hepatocyte isolation

MPHs were isolated from livers of female pigs (20-24 kg) by a two-step collagenase 
perfusion technique according to a modified protocol of Seglen10 as previously described.2 
MPHs were suspended and washed in ice-cold WE culture medium, consisting of 
William’s E medium supplemented with 10% (v/v) heat-inactivated fetal bovine serum 
(BioWhittaker, Verviers, Belgium), 2mM glutamine, 1 µM dexamethason, 20m U/mL 
insulin, 2 mM ornithine, 100 µg/mL streptomycin, 100 U/mL penicillin and 0.25 µg/mL 
amphotericine B. Total yield of isolated hepatocytes was estimated by determination of 
the cell pellet volume after three washing steps in WE culture medium by centrifugation 
at 50xg for 3 min 11. Viability was determined by trypan blue exclusion test.

Bioreactor culture

General bioreactor configuration has been described in detail by Flendrig et al.1,3 In this 
study, we used a modified laboratory scale AMC-BAL bioreactor with an internal volume 
of 10 mL and a double number of gas capillaries. The bioreactors were loaded with 8 
ml cell suspensions and placed in a temperature controlled culture cabinet (37oC) and 
oxygenated with culture gas (95% air / 5% CO2; flow: 50 mL/min). Bioreactors were 
subjected to a 340o transverse rotation for 2 hours for MPH bioreactors or 4 hours for 
cBAL111 bioreactors to ensure optimal cell attachment and an even cell distribution. 
After this attachment period, dead and unattached cells were removed by flushing 
60 mL WE culture medium through the bioreactor at 5 mL/min. Bioreactors were then 
continuously perfused with 76 mL recirculating WE culture medium at 5 mL/min. 

Bioreactor tests

All bioreactors charged with cells were tested 1 day prior to the ex vivo experiment 
and directly after the ex vivo experiment. The test sequence consisted of an oxygen 
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consumption test (OCT) and a function test. OCT was used to assess global metabolic 
activity inside the bioreactor, as described recently.2 Briefly, oxygen consumption was 
determined by measuring the decrease in oxygen tension at the medium outflow port 
during the first 20 min after closure of the oxygen supply to the bioreactor. Function tests 
were performed by flushing bioreactors with 30 ml of test medium composed of WE 
culture medium supplemented with 500 µg/ml lidocaine.HCl, 2 mM L-lactate and 5 mM 
NH4Cl followed by recirculation of 36 ml test medium for 3 hours at 37oC. Samples (2 ml) 
were taken at 30, 60, 120 and 180 min and analyzed for concentrations of ammonia, urea, 
lidocaine, galactose, glucose and lactate as well as activities of aspartate aminotransferase 
(AST) and lactate dehydrogenase (LDH). Ammonia, lidocaine and galactose clearances, 
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urea synthesis capacity, AST and LDH release, glucose and lactate consumption and/
or production rates were determined by calculating the changes in concentration in test 
medium per hour per billion loaded cells as described previously.9

Experimental animal model of hepatic failure

Male Wistar rats (Han:Wist; 325-350 gr) were kept at a light cycle of 8 AM to 8 PM and 
had free access to standard laboratory chow and water. At day 0, an end-to-side portocaval 
shunt (PCS) was created after mid-line laparotomy under inhalation anesthesia with 2-
3% isoflurane (O2/NO2 1:1) and analgesia with 0.006 mg/kg buprenorfine s.c.. Before 
closure of the abdomen, 2.5 ml 5% glucose solution was given i.p., and after awakening, 
rats had free access to either 5% glucose / 0.9% NaCl solution or normal water. Weight 
and general welfare were checked daily. At day 3 and under isoflurane anesthesia alone, 
catheters (0.5 x 0.9 mm; Braun Melsungen AG) were placed in the carotid artery and 
jugular vein for connection of the rat to the ex vivo bioreactor system. After reopening 
the mid-line laparotomy, the hepatic artery and bile duct were ligated, initiating complete 
ischemia of the liver (t = 0). Before awakening, 2.5 ml 5% glucose solution i.p. and 16.8 
U/100 gr dalteparine i.v. were administered. No further anesthesia was given, allowing 
the rats to wake up and move around freely until the onset of coma.

Ex vivo bioreactor support system 

The system (Fig. 2) consisted of three fluid circuits: 1. blood circuit, 2. plasma circuit 
and 3. bioreactor circuit. Blood was withdrawn from the rat via the carotid artery catheter 
at 1.5 ml/min and directed through the mini plasmapheresis module (105 mm effective 
length, 8 mm ID, 80 Plasmaphan capillaries with 0.47 μm max. pore size and total 
membrane surface of 90 cm2; Membrana GmbH, Wuppertal, Germany) for continuous 
separation of plasma from blood. Plasma was withdrawn with 0.3 ml/min from the 
plasmapheresis module and directed to the bioreactor circuit in which it was recirculated 
at 5 ml/min. Simultaneously, plasma was redrawn from the bioreactor circuit at 0.3 ml/
min and directed through a 0.45 μm filter (Millex HV, Millipore Corp, Bedford, USA) to 
remove possible cellular debris. The filtered and treated plasma was then combined with 
blood cells from the plasmapheresis module and given back to the rat via the jugular vein 
at 1.5 ml/min. A pressure monitoring system (HP56S/M1165A multi-channel recorder, 
Hewlett-Packard, Böblingen, Germany) using four pressure transducers (TruWave, 
Edwards Lifesciences, Irvine, USA) was included to monitor the mean arterial pressure 
of the rat and to check pressure changes. These changes indicate possible membrane 
fouling, i.e. of the plasmapheresis module and the 0.45 μm filter, and any obstructions in 
the carotid or jugular catheters or in the silicon tubings of the ex vivo system. Both the 
blood circuit and the bioreactor circuit could be operated independently as a stand-alone 
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circuit. The plasma circuit was coupled to the blood circuit. Figure 3 shows an example 
of an operational ex vivo bioreactor system.

A rat
B carotic artery line
C sample port (arterial)
D pump blood circuit
E plasmapheresis
F bubble catcher 

(blood circuit)
G jungular vein line
H plasma out pheresis
I pump plasma circuit
J bubble catcher

(BAL and plasma circuit)
K pump BAL circuit
L heating units for gas and 

plasma (to BAL)
M BAL
N heating block
O 0.45 �m filters
P syringe pump (20% gluc)
Q syringe pump (Fragmin)
R syringe pump (HPPS)
S temperature monitor
T pressure transducers 

(P2, P3, P4)
U pressure transducer – P1
V syringe (HPPS)
W heating lamp
X water bath
Y blood ammonia checker
Z gas flow meter
II log
III dummy bioreactor
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Figure 3. Operational ex vivo bioreactor support system. See Appendix 2 for color image.

Preparation of ex vivo bioreactor support system

Before priming the ex vivo bioreactor system, a plasmapheresis module was 
hydrophilized by flushing 80 ml isopropanol through the capillaries followed by a rinse of 
400 ml 0.9% NaCl. Bioreactors containing cells were then prepared for transfer from the 
culture cabinet to the ex vivo bioreactor system by flushing 100 ml human pasteurized 
plasma solution (HPPS, Central Laboratory Blood Transfusion Service, the Netherlands) 
supplemented with 10 mM D-glucose, 0.2 mM L-ornithine.HCl, 4.5 mM KCl, 
2.5 mM CaCl2.H2O, 1.0 mM MgSO4.7H2O, 20 mM bicarbonate, 2.8 U/ml dalteparine, 
20 mU/ml insulin (Actrapid), 1μM dexamethason, 20 ml/l essential amino acids solution 
(50x) and 10 ml/l non-essential amino acid solution (100x), 10 ml/l vitamin solution (100x), 
100 µg/mL streptomycin, 100 U/mL penicillin and 0.25 µg/mL amphotericine B. All three 
fluid circuits were primed with supplemented HPPS before the plasmapheresis system 
and bioreactor were incorporated in the whole system. The blood circuit was primed 
with blood just prior to the connection of the rat to the system. This blood was obtained 
by a single heart puncture under 2-3% isoflurane anesthesia of a male Wistar donor rat 
(Hann:Wist; >350 gr). Blood was collected in an anticoagulant citrate phosphate dextrose 
solution (CFD; 161 mM D-dextrose monohydrate, 88.7 mM sodium citrate dihydrate, 
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17 mM citric acid (anhydrous) and 16.1 mM NaH2PO4.H2O and directly used for priming 
or stored at 4oC for erythrocyte replacements.
 

Ex vivo experiment

Rats were connected to the ex vivo bioreactor system within 15 minutes after ligation 
of the hepatic artery and common bile duct. Rats were able to move freely and were 
monitored until death. All groups received a 20% glucose infusion via the venous line to 
maintain blood glucose level at a physiological level (5 - 9 mM; 0.4 to 1.4 ml/hr depending 
on the activity of the rat). Anticoagulation was realized by continuous infusion of 10 U/hr 
(0.1 ml/hr) dalteparine via the arterial line. To prevent dehydration, all rats received 
additional HPPS infusion (0.5 to 1.5 ml/hr depending on the glucose administration). 
Total infusion was 2.0 ml/hr for all rats. Body temperature was monitored rectally and 
kept between 36.7 and 37.3 oC with the aid of a heating lamp. 

Progression of ALF was monitored via several parameters at hourly intervals. 
Clinical grading of hepathic encephalopathy (HE) was used to determine the development 
of liver-associated coma. Grades of consciousness ranged from 0 (normal behavior) to 6 
(death) and was performed by two observers (Table 1.). Mean arterial blood pressure was 
measured via the carotid artery line. Blood samples (0.5 ml) were taken from the arterial line 
to determine the concentration of ammonia (Blood Ammonia Checker II, Kyoto Daiichi 
Kagaku Co., Ltd, Japan), glucose (Glucose Checker), hemoglobin (OSM3, Radiometer, 
Copenhagen), pH, pCO2, pO2 and base excess (ABL505, Radiometer, Copenhagen). 
Concentration of creatinine, total bilirubin, lactate and aspartate aminotransferase (AST) 

0 normal behavior

1 mild lethargy

2 slow, 
decreased motor activity, 
poor posture control

3 severe ataxia,
no spontaneous righting reflex, 
diminished response to pain stimulus

4 no righting reflex on pain stimulus

5 deep coma, 
no reaction on pain stimulus

6 death

Table 1. Clinical grading of hepatic encephalopathy.
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were determined in plasma by routine laboratory analysis. After taking each sample, 
0.5 ml donor blood was given back to prevent excessive loss of erythrocytes by blood 
sampling.

The rat was disconnected from the ex vivo bioreactor system after death occurred and 
autopsy was performed. To assess the integrity of the LIS procedure, 20 ml of 1:10 trypan 
blue solution was injected via the carotid artery line. The LIS procedure was considered 
successful when the liver was not colored blue.

Statistical analysis

Repeated measurement rank ANOVA tests were used to compare differences between 
the four experimental groups. Paired student’s t tests were used to compare differences 
between pre- and post-in vitro tests of cBAL111 bioreactors. SPSS 12.0.1 (SPSS Inc., 
Chicago, IL, USA) was used for statistical analysis. Prism version 4.0 (GraphPad Prism 
Inc, San Diego, CA, USA) was used for graphical presentation of the data. Average values 
(± standard error) are reported. Significance was reached if P < 0.05.

Results

Cell sources

cBAL111 bioreactors (n=4) were loaded with 250 x 106 cells originating from an average 
of three 5-stack culture chambers with cBAL111 cells grown until confluency. The 
average yield per 5-stack was 90.7 ± 12.4 x 106 cBAL111 cells. One bioreactor was 
loaded with 450 x 106 MPH originating from one liver cell isolate with a viability of 97% 
and total yield of 13.6 x 109 viable cells. 
 

Ex vivo experiment

Excluded ex vivo experiments and animal loss

The number of experiments, as conducted in this study, was strongly dependent on the 
availability of the cell source, culture capacity and logistics concerning operating facility 
program. The consequence of an unsuccessful cBAL111 250 ex vivo experiment was a 
delay of at least 2 weeks, since only in this time-frame a sufficient amount of cBAL111 
cells could be obtained for the following experiment as well as for a new batch for further 
cBAL111 expansion. Nevertheless, between February 2006 and November 2006, we 
were able to initiate 27 ex vivo experiments. The number of ex vivo experiments using 
cell-based bioreactors were divided as follows: 6x 250 million cBAL111, 2x 450 million 
cBAL111, 3x 250 million MPHs and 5x 450 million MPHs (Table 2). 
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An overview of the number of surgical operations and initiated ex vivo experiments, 
including the problems and causes of excluded ex vivo experiments and animal losses, is 
given in Table 2. No general cause can be given for the exclusion of experiments, since 
many causes were unique in one or two experiments. 

Surgical operations

St Suc Ex Problem / Reason for exclusion

PCS 34 28 6 a. bleeding (n=1)
b. clotting of shunt (n=3)
c. shunt insufficiency (n=2)

LIS 28 27 1 a. cardiac arrest due to cannula placement in heart

Ex vivo experiments

St Suc Ex Problem / Reason for exclusion

LIS Control 4 4 0 −

Empty BAL 7 4 3 a.  unknown († 3 hrs)
b. incomplete ischemia, terminated after 15.5 hrs
c. major clotting of ex vivo system, no dalteparine administered,
 exp terminated after 1.7 hrs

MPH 8 1 7 a.  unknown († 2.7 hrs) (n=1)
b. poor isolate, low bioreactor function, experiment canceled

3 exp w/ 250 mill 3 0 3 c. sudden fatal seizure at HE score 3.5
5 exp w/ 450 mill 5 1 4 d. abdominal bleeding, experiment terminated after 5hrs

e. abdominal bleeding, experiment terminated after 7.5 hrs 
f. abdominal bleeding, experiment terminated after 4.5 hrs
g. poor awakening after anesthesia with lateralization L, 
  extremely quiet, suspicion for embolism

cBAL111 8 4 4 a.  cBAL111 bioreactor of 4 days old, during experiment acute
 hypertension, cardiac arrest († 2.5 hrs)

6 exp w/ 250 mill
2 exp w/ 450 mill

6
2

4
0

2
2

b. changes in cBAL111 large scale cultures, no function BAL111, 
        experiment canceled after first (pre-ex vivo) function test
c. large problems with jugular vein cannula, Platzbauch after 
        seizure, closed under anesthesia, terminated after 7.5 hrs
d. incomplete ischemia, prolonged low HE-scores of 3.0 to 3.5
 between 9 and 15.5 hrs, maximal AST values < 15000 U/L,
 terminated after 15.5 hrs.

Table 2. Overview of the number of experiments and surgical operations performed in this study, including 
a specification of the problems and causes of excluded ex vivo experiments and animal losses. St, number of 
experiments or animals conducted/operated in this study; Suc, number of successful experiments or operations; 
Ex, number of experiments or animals excluded from this study; exp, experiments; w/, with; mill, million cells.
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Figure 4. Primary study end-points. (A) survival curve, (B) clinical grading of hepatic encephalopathy, (C) 
blood ammonia levels (μmol/l). n=4 for LIS Control, Empty BAL and cBAL111 250 groups, n=1 for MPH 450 
group. Average values (± SE) are reported.
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Primary study end-points

Survival. Average survival times (Fig. 4A) were 9.0 ± 1.3 h for LIS Control group (n=4), 
11.9 ± 1.8 h for Empty BAL group (n=4), 11.8 ± 0.9 h for cBAL111 250 group (n=4) 
and 19.1 h for MPH 450 group (n=1). Survival time of the cBAL111 250 group was 
significantly longer than the LIS Control group (P =0.026). However, the Empty BAL 
and cBAL111 250 groups did not differ in survival time (P = 0.595). 

Neurological status. Neurological deterioration caused by failure of the ischemic 
liver was staged according to the clinical grading of hepatic encephalopathy (HE) 
(Fig. 4B).3,12 Animals were connected to the ex vivo bioreactor support system within 15 
minutes after anesthesia was stopped. Within 45 minutes after LIS induction, all animals 
had recovered and were able to move freely in their cage. Grading of HE was performed 
by two observers and a HE status was given after mutual agreement. Importantly, to 
prevent any bias, grading was performed before blood ammonia levels were known at the 
indicated time point. All animals developed HE. No statistical differences were observed 
between the LIS Control, Empty BAL and cBAL111 250 group. The MPH 450 group 
was significantly different from the LIS Control (P = 0.001), Empty BAL (P = 0.006) and 
cBAL111 250 (P = 0.006) groups over the whole time period. Between 4 and 9 hrs, the 
LIS Control group tended to have higher HE grading scores as compared to the Empty 
BAL group, whereas the cBAL111 250 group tended to have lower HE grading scores.

Blood ammonia levels. Mean blood ammonia level of healthy rats (day 0, before 
PCS) was 28.3 ± 8 μmol/l and increased to 207 ± 79.1 μmol/l three days after the PCS. In 
the same period, the body weight of healthy rats (day 0, before PCS) was 350 ± 16 gram 
and decreased to 321 ± 15 gram (8.3 % loss of body weight). No significant differences 
were observed for blood ammonia levels between the LIS Control, Empty BAL and the 
cBAL111 250 group (Fig. 4C) after LIS was induced.  However, a transient decrease in 
ammonia levels between 1 and 4 hrs after LIS was observed in the cBAL111 250 group. 
The MPH 450 group differed significantly from the LIS Control group (P = 0.018), and 
reached near significance with the cBAL111 250 group (P = 0.053) over the whole time 
period. No difference was found with the Empty BAL group.

Secondary study end-points

AST levels. AST levels were measured to confirm progressive liver damage after the 
LIS procedure. In general, AST levels increased in time to levels higher than 15000 U/L 
for all experiments (Fig. 5A). However, the time-course of AST release in the circulation 
differed between the individual experiments. As a result of this, the groups did not differ 
in the AST levels. There is a trend, however, for higher AST levels in the LIS Control 
group as compared to the other three groups, which may indicate a dilution effect when 
connected to the ex vivo bioreactor support system. Interestingly, AST levels remained 
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Figure 5. Secondary study end-points. Levels of (A) AST (U/l), (B) lactate (mmol/l), (C) total bilirubin (μmol/
l), (D) arterial hemoglobin (Hb; gr/dl), (E) creatinine (μmol/l), and (F) mean arterial pressure (MAP; mmHg). 
n=4 for LIS Control, Empty BAL and cBAL111 250 groups, n=1 for MPH 450 group. Average values (± SE) 
are reported.

constant or even decreased after approx. 6 h, 8 h, 10 h and 6 h in the LIS Control, 
Empty BAL, MPH 450 and cBAL111 250 group, respectively. In one experiment in 
the cBAL111 250 group, we observed a prolonged survival time and continuous low 
HE grading in combination with low AST levels (< 15000 U/l). This led to an empirical 
exclusion criterion that all LIS rats should have AST levels higher than 15000 U/l in order 
to fulfill the criteria of a successful LIS. 
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Lactate metabolism. One hour after LIS, a ± 2-fold increase in lactate levels was 
observed for all groups which decreased to physiological levels at 3 h (Fig. 5B). After 
this initial peak, levels remained constant several hours, but then gradually increased. No 
significant differences were observed between all four groups.

Total bilirubin. For the Empty BAL, MPH 450 and cBAL111 250 group, 
total bilirubin levels gradually increased during the first 9 h with an average rate of 
13.6 ± 0.8 μmol/l per hour (P > 0.05) (Fig. 5C). Total bilirubin levels of the LIS Control 
group, however, increased at a 3.6-fold lower rate of 3.8 μmol/l per hour. Total bilirubin 
constituted mainly of unconjugated bilirubin for all groups. These results indicate that 
cBAL111 as well as MPH bioreactors were unable to conjugate bilirubin to a significant 
level as compared to the Empty BAL group. Moreover, the large difference between the 
LIS Control group and the other three groups (P = 0.010 - 0.043) suggests the difference to 
be attributed exclusively to hemolysis, caused by the rotary pumps and the shear stresses 
of tubings, connectors and the plasmapheresis capillaries, as well as possible temporary 
large pressure differences over the plasmapheresis membranes (acute fouling). 

Hemoglobin. Hemoglobin (Hb) levels decreased in time in all groups with an average 
rate of 0.42 ± 0.07 gr/dl for the Empty BAL, MPH 450 and cBAL111 250 group and 
0.14 gr/dl for the LIS Control group (3-fold lower) during the first 9 h (Fig. 5D). Although 
these results are in accordance with the increase in total bilirubin, i.e. supporting the 
hypothesis of hemolysis, no significant differences existed between the four groups.

Creatinine. We determined the creatinine concentration to monitor the kidney 
function of the LIS rats as one of the parameters for multi-organ failure (MOF). During 
the first 9 h, creatinine increased at a rate of 5.7 μmol/l per hour for the LIS Control group, 
whereas the concentration of creatinine remained relatively stable (0.25 ± 0.33 μmol/l per 
hour) for the Empty BAL, MPH 450 and cBAL111 250 group (Fig. 5E). This significant 
difference may be attributed to a dilution effect of the ex vivo bioreactor support systems. 
After 9 h, creatinine levels strongly increased for the Empty BAL and cBAL111 250 
group, whereas this effect was less pronounced for the MPH 450 group.

Hemodynamics. Mean arterial pressure (MAP) increased gradually during the first 9 
hours (Fig. 5F). No statistical differences in that period were observed between all groups. 
However, the increase in the LIS Control group (7.3 mmHg per hour) was 1.4-fold higher 
than the average increase of the other three groups (5.3 ± 0.1 mmHg per hour).

Arterial blood gas analysis
pH. No significant differences were observed between the Empty BAL, MPH 450 and 
cBAL111 250 group (Fig. 6A). However, the LIS Control group tended to have a lower 
blood pH during the ex vivo experiment as compared to the other three groups. In general, 
the pH increased within the first 3-5 h and remained relatively stable afterwards. In some 
cases the pH increased suddenly just prior to death, but this was not typical for one of the 
experimental groups.
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Base excess. The base-acid ratio of the blood at a fixed pCO2 is being expressed in 
the base excess (BE). In all groups, a typical trend was observed (Fig. 6B). BE tended to 
drop after 1 hour, after which it increased in 3 h to a stable high and positive level. Several 
hours before death, the BE decreased gradually, being the best predictor for coming 
death. Average BE levels differed between the groups and were the lowest according to 
the following ranking: LIS Control (P < 0.05) > Empty BAL ~ cBAL111 250 > MPH 
450 (P < 0.05).

pO2. Arterial oxygen pressure was strongly influenced by the oxygenation capacity 
of the bioreactor (Fig. 6C). Average pO2 between 1 and 9 h was 98.8 mmHg for the LIS 
Control group (i.e. no bioreactor) and 134.6 ± 0.6 for the Empty BAL, MPH 450 and 
cBAL111 250 group (P < 0.001). High initial pO2 levels at t = 0 were caused by the 
anesthesia. 

pCO2. Arterial pCO2 decreased in time for all groups and no significant differences 
were observed (Fig. 6D).
 

Figure 6. Arterial blood gas analysis parameters. (A) pH, (B) base excess (mmol/l), (C) pO2 (mmHg), and (D) 
pCO2 (mmHg). n=4 for LIS Control, Empty BAL and cBAL111 250 groups, n=1 for MPH 450 group. Average 
values (± SE) are reported.
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In vitro bioreactor tests - pre and post ex vivo

We expressed the function of the cBAL111 250 and the MPH 450 bioreactors as molar 
or U per hour per billion cells loaded, since the bioreactors were loaded with different 
amounts of cells. As such, the results of the pre-ex vivo, in vitro cBAL111 250 and MPH 
450 bioreactor tests are in accordance with previously obtained results.9 When comparing 
the function of the cBAL 250 and MPH 450 bioreactors at the level of molar or U per 
hour per bioreactor, larger differences occur, due to the differences in cell number. These 
differences, however, are relevant in this model as the function of the whole bioreactor is 
decisive in the ex vivo experiment, and should, for that reason, be given first consideration. 
For this reason, we indicated the function of the cBAL111 250 and MPH 450, expressed 
as U per hour per bioreactor, in roman letters above each bar in the graphs as well. 

Hepatocyte-specific functions

Ammonia elimination of the cBAL111 250 and MPH 450 bioreactors decreased similarly 
with a pre-post difference of 42 and 37.1 μmol/hours/billion cells, respectively (Fig. 7A). 

Figure 7. Hepatocyte-specific functions of the MPH 450 bioreactor (lined bars; n=1) and cBAL111 250 bio-
reactors (black bars, n=4) tested 1 day before ex vivo LIS period (pre) and directly after this period (post). (A) 
ammonia elimination, (B) urea production, (C) lidocaine elimination, (D) galactose elimination expressed in 
μmol/hour/109 viable hepatocytes, whereas values indicated above bars are values expressed in μmol/hour/bio-
reactor. Brackets indicate P < 0.05. Average values (± SE) are reported.



Chapter 14

286

As a consequence, the MPH 450 bioreactor still eliminated ammonia post-ex vivo at a 
level of 41% of the pre-test, whereas the cBAL111 250 bioreactors lost their capacity 
of ammonia elimination and instead, produced ammonia (P < 0.05). Urea production of 
the MPH 450 bioreactor decreased by 20 % post-ex vivo, whereas a significant 16-fold 
increase was observed for the cBAL111 250 bioreactors (Fig. 7B). Lidocaine elimination 
of the MPH bioreactor decreased by 16 % post-ex vivo (Fig. 7C). For the cBAL111 250 
bioreactors, lidocaine elimination increased 1.4-fold, but remained less than 1 % of the 
elimination capacity of MPH 450 bioreactor. Galactose elimination remained stable for 
the cBAL111 250 bioreactors post-ex vivo, whereas a 1.5-fold increase was observed for 
the MPH 450 bioreactor (Fig. 7C).

Global metabolic function and activity

Glucose consumption and lactate 
production remained relatively stable for 
the cBAL111 250 bioreactors pre versus 
post-ex vivo (Fig. 8A and B). Glucose 
consumption increased by 2-fold and 
lactate production instead of elimination 
was observed in the MPH bioreactor 
post-ex vivo in comparison to pre-ex vivo. 
Oxygen consumption decreased by 32 % 
and 31 % for the cBAL111 250 and MPH 
450 bioreactors, respectively (Fig. 8C).

Cellular integrity

AST release of the cBAL111 250 and 
MPH 450 bioreactors increased by 
1.4-fold post-ex vivo in comparison 
with pre-ex vivo (Fig. 9A). LDH release 
remained stable in the cBAL111 250 
bioreactors, whereas an 8-fold increased 
was observed in the MPH 450 bioreactor 
(Fig. 9B).

Figure 8. General metabolic function and activity of the MPH 450 bioreactor (lined bars; n=1) and 
cBAL111 250 bioreactors (black bars, n=4) tested 1 day before ex vivo LIS period (pre) and directly after 
this period (post). (A) glucose consumption, (B) lactate production, (C) oxygen consumption expressed in 
μmol/hour/109 viable hepatocytes, whereas values indicated above bars are values expressed in μmol/hour/
bioreactor. Bracket indicates P < 0.05. Average values (± SE) are reported.
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Discussion

Recently, we have developed a new immortalized human cell line, cBAL111, as a possible 
alternative cell source for cell based therapies.8 In this study, we evaluated the potential 
of cBAL111 for BAL application inside the AMC-BAL in an animal ALF model using 
liver ischemic (LIS) rats as described earlier.3 We discuss the outcomes of this study and 
evaluate the model point-by-point and in more detail in Appendix 1 of this thesis entitled 
‘Thoughts and Recommendations’.

With the current model, no improvement in the survival time of ALF rats and no 
differences in blood ammonia levels nor in the clinical grading of HE were observed 
between the cBAL111 250 and Empty BAL groups. The ex vivo bioreactor support system 
appeared to exert an intrinsic beneficial effect on the survival of LIS rats. This beneficial 
effect may have been caused by dilution of blood of ALF rats by redistribution of the 
extra-corporeal volume of the ex vivo bioreactor support system to the rat. This hypothesis 
is supported by the AST and creatinine results, showing a clear distinction between the 
LIS Control group and the other three groups that were connected to the extracorporeal 
system, i.e. Empty BAL, cBAL111 250 and MPH 450. For the blood ammonia and lactate 
concentrations, however, no indication of a dilution effect was present between the four 
groups. Treatment with the MPH450 bioreactor, as the golden standard for this model, 
appeared to have an advantageous effect on survival time, blood ammonia levels as well 
as the clinical HE score of ALF rats. Since only 1 experiment with MPH succeeded, no 
conclusions can be drawn with respect to the validity of this result. 

One of the causes for the lack of therapeutic effect of cBAL111 bioreactors may be 
the detrimental effect of ALF plasma on the cBAL111 cells. ALF plasma is considered 
as potentially damaging to the cell because of the presence of toxic metabolites as well as 
harmful cytokines. However, studies investigating the effect of ALF plasma on various 

Figure 9. AST and LDH release of MPH 450 bioreactor (lined bars; n=1) and cBAL111 250 bioreactors (black 
bars, n=4) tested 1 day before ex vivo LIS period (pre) and directly after this period (post). (A) AST release, 
(B) LDH release expressed in U/hour/109 viable hepatocytes, whereas values indicated above bars are values 
expressed in U/hour/bioreactor. Average values (± SE) are reported.
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cell types report contradictory results.5,13-20 The effect of ALF plasma on cBAL111 and 
MPH was investigated by testing bioreactors loaded with either cell source before and 
after the ex vivo experiments in an in vitro setting. 

Ammonia and lidocaine elimination as well as urea production and oxygen 
consumption of the MPH bioreactor decreased on average by 31.7 ± 13.9 %, whereas 
AST and LDH release increased after exposure of ALF plasma. Galactose elimination, 
glucose consumption and lactate production, on the other hand, appeared to follow the 
time-dependent trends as normally observed in in vitro tests of bioreactor cultures without 
any exposure to ALF plasma.21 These results indicate that ALF plasma has a particularly  
negative effect on the liver-specific functions of MPH, but affects not all cell functions. 
The extent to which ALF plasma affects the functional capacity of a BAL during the 
treatment of the LIS rat is, however, difficult to determine. The cell sampling technique as 
previously developed for the AMC-BAL might be a solution to determine time-dependent 
cellular processes during exposure to ALF.22 

ALF plasma had an important negative effect on the ammonia elimination capacity 
of cBAL111 bioreactors as well. cBAL111 bioreactors were able to eliminate ammonia 
before exposure to ALF plasma, but lost this capacity during the ex vivo experiment, 
resulting in a net production of ammonia post-ex vivo. Since cBAL111 bioreactors 
eliminate ammonia principally by the activity of glutamine synthetase (GS) and not by 
the urea cycle9, ALF plasma may inhibit the activity or production of GS in cBAL111. 
Alternatively, increased amino acid catabolism of cBAL111 could also result in a net 
production of ammonia post-ex vivo. Metabolic flux analysis of cBAL111 under different 
culture conditions may reveal the causative mechanism.23,24 Since we only tested the 
functional capacity of cBAL111 before and after the ex vivo experiments, no conclusions 
can be drawn upon when cBAL111 lost the capacity of ammonia elimination during the 
ex vivo experiments. This probably occurred not in the initial phase because in the period 
between 1 and 4 h after inducing LIS, a transient blood ammonia removal was observed 
for the cBAL111 250 group in contrast to the Empty BAL group. Urea production of 
cBAL111 bioreactors increased post-ex vivo, possibly indicating an adaptive response of 
cBAL111 to the increased blood ammonia levels by restoration of the urea cycle enzymes. 
Analysis of mRNA levels of the urea cycle proteins of cBAL111 exposed to ALF plasma 
may confirm our findings.9 Such analyses may also provide us with further indications on 
how to efficiently induce urea cycle enzymes and cytochrome P450 activity. 

In addition to the reduction in ammonia eliminating capacity after exposure to ALF 
plasma, the absence of beneficial effects of cBAL111 250 BAL treatment may be explained 
by the low urea production capacity and cytochrome P450 detoxification of cBAL111. 
To increase the therapeutic effect of cBAL111 in ALF, genetic engineering may provide 
cBAL111 with more liver-specific functional capacity, e.g. by overexpressing urea cycle 
and cytochrome P450 genes. An additional function to increase the potential of cBAL111 
for BAL application is related to the inflammatory responses observed in ALF. Cytokines, 
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as stress mediators in ALF, have a direct impact on the function of hepatocytes.25 Shinoda 
et al.26,27 have adopted this idea and investigated whether blockade of the interleukin-
1 (IL-1) receptors would have a therapeutic potential. They transduced MPH with an 
adenoviral vector overexpressing human interleukin-1 receptor antagonist (AdIL-1Ra) 
and obtained improved survival times in a D-galactosamine (GalN)- induced ALF rat 
model after transplantation and BAL treatment.26,27 These experiments demonstrated that 
combining inflammatory cytokine blockade with a functional BAL device may be an 
effective therapeutic option in the treatment of ALF. 

Another possible reason for the lack of beneficial effects of the cBAL111 250 BAL 
treatment may have been an insufficient number of cells per bioreactor. This study was 
started with 250 cBAL111 cells in the bioreactor, since the ammonia eliminating capacity, 
as determined by previous in vitro BAL experiments9, was calculated to be sufficient to 
yield a significant reduction in ammonia accumulation in the ALF rats. However, it should 
be realized that the total ammonia elimination capacity of cBAL111 250 bioreactors was 
app. 25% of that of MPH 450 bioreactors, i.e. 45% fewer cells with 51% less ammonia 
elimination capacity. Furthermore, the number of available cBAL111 cells was strongly 
limited by the cell culture capacity, as discussed earlier.

Since cBAL111 shows anaerobic glycolytic metabolism in the bioreactor, production 
of lactate may influence the physiology of ALF rats during an ex vivo experiment. In this 
study, we did not observe increased plasma lactate levels in rats connected to cBAL111 
250 bioreactors. On the other hand, an increased number of cBAL111 cells, e.g. 450 
million cells as with MPH 450 bioreactors, may lead to elevated blood lactate levels of 
the animal.

The ALF model used in this study was adopted from the original study of Flendrig 
et al. which was performed approximately 8 years ago.3 Although the experimental set-up 
of this study was to large extent similar to the study of Flendrig et al., several differences 
in the methodology as well as in outcome parameters existed. The most prominent 
differences were observed in survival time and blood ammonia levels. Survival times 
of the LIS Control group and Empty BAL group from the study of Flendrig et al. were 
4.6 and 6.8 h shorter, respectively, as compared to this study. Blood ammonia levels 
in Flendrig’s study were generally higher and increased more dramatically within the 
first hour than in this study. Average ammonia levels at 1 h in Flendrig’s study was 
approx. 900-1000 μmol/L, whereas this was approx. 500-650 μmol/L in this study. From 
these results, we conclude that the model used in the present study was milder than the 
study of Flendrig et al. Possible reasons that could account for these differences might 
be related to the used animal strains, pre-operative period, anesthesia, plasmapheresis 
system, bioreactor type and configuration as well as fluid management. These issues and 
other possible relevant matters are further discussed in more detail in Appendix 1 of this 
thesis, entitled ‘Thoughts and Recommendations’.

In summary, we observed no improvement in the survival time of ALF rats and no 
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differences were shown in blood ammonia levels as well as in the clinical grading of HE 
between cBAL111 250 and Empty BAL groups. However, since we were not able to 
perform multiple successful experiments with MPH bioreactors, we cannot draw strong 
conclusions from this model (Fig 10). Nevertheless, future research will probably not 
use this model -valid or not-, since the current long survival times of both control groups 
increase the possibility of fatal errors or complications and drastically restricts use of the 
current model. Consequently, future research should focus on two aspects (related to this 
study): 1. improving the hepatocyte-specific function of cBAL111 by (a) introducing urea 
cycle genes28 and/or cytochrome P450 genes29; (b) broaden the function of cBAL111 to 
a cell line with anti-inflammatory characteristics, e.g. by introducing human interleukin-
1 receptor antagonist26,27; (c) improving culture conditions to enhance general cellular 
metabolism15 as well as liver-specific functions of cBAL111; and 2. improving the ALF 
ex vivo model (see Appendix 1 ‘Thoughts and Considerations’ of this thesis). 
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Summary

‘Towards application of a human liver cell line for use in the AMC bioartificial liver’

Part 1 - Introduction to the AMC-BAL 

Chapter 1 describes the many bioartificial liver (BAL) devices that have been developed 
in the last four decades to tide patients with acute liver failure (ALF) over to liver 
transplantation or to regeneration of the own liver. BAL support devices are considered 
as the most promising therapeutic solution for ALF, since several BAL systems have 
shown significant improvement of survival time in experimental models using animals 
with irreversible ALF. One of these systems has been developed at the Academic 
Medical Center in Amsterdam, The Netherlands – the AMC-BAL. The AMC-BAL was 
developed for use with porcine hepatocytes and considered safe in a phase I clinical 
study. Xenotransplantation related problems, however, have urged the development of 
human liver cell lines for clinical BAL therapy. The ideal human liver cell line is safe, 
exhibits sufficient hepatic functionality, and has excellent growth capacity for unlimited 
cell expansion. These properties are, however, not easily combined in one single liver 
cell line in vitro. Nevertheless, a new human liver cell line has been developed at the 
Academic Medical Center in Amsterdam, The Netherlands – the cBAL111 cell line. 

This thesis provides an overview of nearly four years of research in which the 
transition from porcine hepatocytes to human liver cell lines for utilization in the AMC-
BAL was the central study object. 

In Chapter 2, an overview is given of the AMC-BAL research performed between 1995 
and 2004. The general configuration of the bioreactor consists of a polycarbonate housing 
containing a three dimensional non-woven hydrophilic polyester matrix circularly wound 
around a polycarbonate core. Between the matrix layers, hydrophobic polypropylene 
gas capillaries are situated in a parallel fashion for oxygenation of the hepatocytes. The 
hepatocytes are charged into the bioreactor via two or three loading ports and are allowed 
to attach to the non-woven matrix as well as the capillaries. The first, laboratory scale, 
prototype AMC-BAL was scaled up for clinical use. Subsequent improvements on the 
configuration of the first generation full-scale bioreactor led to the generation of the 
second generation bioreactor, which showed increased stability in hepatic functionality. 
The AMC-BAL showed liver specific detoxification and synthesis capacity in vitro, 
significantly improved survival time in small and large animal models of ALF, and 
proved  to be save in a phase I clinical study. The complex logistics of BAL treatment is 
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an important aspect for clinical application. This might be improved by mild hypothermic 
transport of a loaded bioreactor using an air-pressure-driven perfusion pump. Crucial to 
the success of BAL application is, however, the development of human cell sources.  

To compare different BAL systems, consensus in bioactive mass quantification and testing 
BAL systems is needed. Chapter 3 describes a comparison between several bioactive mass 
quantification methods. Quantification of hepatocytes was most simple and reliable by 
measuring pellet volume. In addition, correlations between several function parameters of 
26 AMC-BAL bioreactors were calculated and revealed ammonia elimination as the most 
predictive parameter for BAL function. Both oxygen consumption and urea production 
are easily determined and have adequate predictive value, whereas lidocaine elimination 
did not correlate with other function parameters and should therefore be determined 
as well. Finally, improvements have been made in porcine hepatocyte isolation and in 
the configuration of the AMC-BAL bioreactor resulting in significantly improved BAL 
function and prolongation of stable bioreactor function.

Clinically applied BAL support systems are difficult to compare with regard to overall 
hepatocyte-specific function and clinical outcome. In Chapter 4, a comparison was 
made between two clinically applied BAL systems, the Modular Extracorporeal Liver 
Support (MELS) CellModule and the AMC-BAL, in an in vitro set-up. On the whole, a 
comparable functional capacity over a period of 7 days was observed. Three parameters 
differed between both bioreactors: lidocaine elimination at day 1 and 2 was significantly 
higher in the AMC-BAL, ammonia elimination showed a significantly higher trend for 
the AMC-BAL over 7 days and LDH release was significantly lower at day 7 for the 
MELS CellModule. 

Preservation conditions play a crucial role during transport of a BAL from the laboratory to 
the hospital. In Chapter 5, the possibility to preserve the AMC-BAL loaded with freshly 
isolated porcine hepatocytes at mild hypothermic temperature (15oC) was assessed. After 
24-hours of mild hypothermic preservation, no reduction in hepatocyte-specific function 
was observed. Long-term mild hypothermic preservation (up to 110 hrs), on the other 
hand, had a drastic negative effect on cellular viability and hepatocyte-specific function. 
In conclusion, mild hypothermic preservation at temperatures as low as 15oC and for the 
duration of 24 hours is a feasible method to preserve BAL systems loaded with freshly 
isolated porcine liver cells and will simplify the logistics of BAL transport from the 
laboratory to the hospital.
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Part 2 - Modeling of the AMC-BAL

Long-term culturing of primary porcine hepatocytes inside the AMC-BAL is characterized 
by increased anaerobic glycolysis. Numerical techniques and Computational Fluid 
Dynamics (CFD) simulations are useful tools to gain insight into local flow field and 
oxygen transport of BAL systems. These techniques can be used to determine optimal 
working parameters and to further optimize the design of a BAL system. In Chapter 6, 
three-dimensional computer models -micro models- of the laboratory-scale AMC-BAL 
were constructed, whereas CFD simulations were used as a methodological approach to 
analyze the configuration of the AMC-BAL. Fluid flow as well as oxygen transport and 
consumption were simulated in these micro models to gain insight into the flow field and 
local cellular oxygen availability. Numerical parameter studies were performed to assess 
possible improvements in local oxygen availability of hepatocytes. Cellular oxygen 
availability was predicted to be optimized by increasing the number of gas capillaries as 
well as increasing pO2 of the oxygenation gas by a factor two. This information can be 
used to enhance cellular efficiency and may ultimately lead to a more stable AMC-BAL.

The recommendations to increase oxygen availability proposed in Chapter 6 were 
experimentally evaluated in Chapter 7. Original bioreactors as well as new configuration 
bioreactors with 2.2-fold thinner non-woven matrix and 2-fold more capillaries were loaded 
with primary porcine hepatocytes and oxygenated with different gas oxygen pressures 
resulting in medium pO2 of either the standard 135-150 mmHg or 235-250 mmHg. 
New configuration bioreactors with medium pO2 of 250 mmHg showed significantly 
reduced lactate production and glucose consumption rates, 60% higher liver-specific 
functions as well as increased transcript levels of five liver-specific genes compared to 
the standard bioreactor cultures. Changed bioreactor configuration and increased medium 
pO2 contributed equally to these improvements. In conclusion, higher metabolic stability 
and liver-specific functionality was achieved by enhanced oxygen availability based on a 
prior modeling concept.

In Chapter 8, a three-dimensional full-scale macro model of the AMC-BAL was 
developed using an in vitro determined hepatocyte distribution. CFD simulations 
were performed to study the differences in oxygen availability between (1) micro vs. 
macro model, (2) hypothetical cell distributions vs. the in vitro determined hepatocyte 
distribution, and (3) equidistant vs. random capillary locations. Final simulations were 
performed to assess oxygen availability and outlet medium pO2 of the original as well as 
new configuration bioreactors with 2.2-fold thinner non-woven matrix and 2-fold more 
capillaries and oxygenated with two different values of medium pO2, either the standard 
150 mmHg or 300 mmHg. The experimentally measured in vitro values of medium pO2 
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(Chapter 7) were used to determine estimated oxygen consumption rates. Preferential 
flows observed near the core within the original configuration, were absent in the new 
configuration bioreactor. Oxygen availability was most optimal in the new configuration 
bioreactor with increased oxygenation gas pO2.

Part 3 - A view inside the AMC-BAL

A comprehensive understanding of the mechanisms that underlie hepatic differentiation 
inside a BAL device is obtained when functional, histological and gene expression 
analyses can be combined. In Chapter 9, a novel cell sampling technique was introduced 
to analyze adherent hepatocytes inside the AMC-BAL without the necessity of terminating 
the culture. This cell sampling principle is based on insertion of small pieces of non-woven 
matrix (T-bags) inside the bioreactor that can be removed to sample cells at any time point. 
Using this method we found that hepatocytes showed a tendency for de-differentiation 
shortly after seeding, but thereafter remained acceptably differentiated during 5 days of 
culture. Furthermore, partly impaired mitochondrial function was suggestive of local 
hypoxic regions that might trigger the observed metabolic changes in time, i.e. increased 
oxygen consumption and anaerobic glycolytic activity. Pro-apoptotic activity seemed to 
be balanced by anti-apoptotic activity. With this new cell sampling technique we were 
able to analyze for the first time dynamic processes of hepatocytes inside a BAL during 
culturing. 

The architecture of liver tissue is characterized by structural and functional zones, i.e. 
periportal and pericentral zones. Hepatocytes located in these zones have different, often 
complementary, metabolic functions and can be discriminated by the content of specific 
enzymes related to the metabolic gradients. This relation between liver anatomy and 
liver function is called metabolic zonation. The AMC-BAL, however, is charged with a 
suspension of small aggregates of porcine hepatocytes lacking any form of zonation. In 
Chapter 10, the organization of porcine hepatocytes as well as the distribution of two 
zonally expressed enzymes, i.e. carbamoylphosphate synthetase (CPS) and glutamine 
synthetase (GS), were evaluated inside the AMC-BAL in time. GS expression was 
upregulated in time and preferentially expressed in hepatocytes adjacent to gas capillaries. 
Moreover, GS was expressed in formerly GS negative cells and in cells that were slightly 
swollen. We conclude that the induction of GS expression in the AMC-BAL is (1) 
independent of oxygen and HNF4α transcript levels, (2) possibly related to low substrate 
levels and/or (3) autocrine soluble factors and (4) might be related to cytoskeleton 
interactions associated with the Wnt/β-catenin signaling pathway. The AMC-BAL 
provides a new tool in studying the underlying mechanisms of hepatic zonation.
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The selection of a cell type for BAL systems for the treatment of patients with ALF is in 
part determined by issues concerning patient safety and cell availability. The success of 
clinical BAL application systems is, however, largely dependent on the functionality and 
stability of hepatocytes. In Chapter 11, a comparison between mature porcine hepatocytes 
(MPHs), mature human hepatocytes (MHHs) and fetal human hepatocytes (FHHs) was 
made. The results showed large differences between the three cell types. FHHs can be 
considered as a suitable cell type for pharmacological studies inside a bioreactor, whereas 
MHHs are the preferred cell source for loading a BAL device for clinical use, because 
of their high ammonia eliminating capacity and metabolic stability. MPHs, on the other 
hand, should be considered as the best alternative cell source for BAL application because 
of their high initial functionality, although their phenotypic instability urges application 
within one or two days after loading.

Part 4 - Human cell line and the AMC-BAL

Clinical use of BALs relies heavily on the development of human liver cell lines. In 
Chapter 12, the potential of the recently developed human fetal liver cell line cBAL111 
for application in the AMC-BAL was assessed. Laboratory-scale AMC-BAL bioreactors 
were loaded with 20 or 200 million cBAL111 cells and were cultured for 3 days. cBAL111 
eliminated ammonia at a rate up to 49% of that in primary porcine hepatocytes (PPH), 
despite a low (1.1%) urea production. Transcript levels of GS were 570% with respect to 
human liver, whereas genes of the urea cycle showed low expression. GS expression was 
confirmed immunohistochemically, and glutamine was produced by the cells. cBAL111 
eliminated galactose (90.1% of PPH) and lidocaine (0.1% of PPH) and produced albumin 
(6% of PPH). Human serum did not increase hepatic functions of cBAL111. In conclusion, 
cBAL111 showed liver-specific functionality when cultured inside the AMC-BAL and 
eliminated ammonia mainly by the activity of GS, and not through the urea cycle. To 
demonstrate the clinical potential of cBAL111 for BAL support, the ultimate test is to 
show improved survival in an animal model of ALF. Future research concerning cBAL111 
and its culture conditions should, however, focus on improving the differentiation grade 
or specific hepatic functions of the cells as well.

Hepatic encephalopathy (HE) is a neuropsychiatric syndrome that develops during severe 
liver insufficiency. The acute form of HE occurs as a crucial symptom of ALF. The 
etiology of HE, however, is still not completely elucidated and many hypotheses are 
proposed of which some are still under investigation. In Chapter 13, the function of 
biological and non-biological liver support systems (LSS) is discussed in relation to 
the most likely hypotheses of the multifactorial pathogenesis of HE. The most effective 



Chapter 15

300

treatment modalities in normalizing plasma and brain levels of causative factors of HE 
are albumin dialysis (non-biological LSS), isolated extracorporeal whole liver perfusion 
and BAL support (biological LSS). Albumin dialysis is logistically the easiest modality, 
because no viable liver cells are required. Multi-organ failure (MOF), in addition to HE, 
also contributes to the high mortality of ALF and, as shown in experimental animal studies 
using various ALF models, BAL treatment has proven to ameliorate complications of 
MOF. Furthermore, BAL devices should be able to stimulate liver regeneration, whereas 
albumin dialysis might remove important hormones and growth factors from the patient’s 
plasma. For these reasons BAL support remains the more attractive modality to tide 
patients with ALF and HE over to OLT or to own liver regeneration.

The ultimate test to demonstrate the clinical potential of cBAL111 for BAL support, is 
to show improved survival in an animal model of ALF. In Chapter 14, the efficacy of 
cBAL111 in laboratory-scale AMC-BAL bioreactors was evaluated in an experimental 
ALF model using rats with complete liver ischemia (LIS). No improvement in the survival 
time of LIS rats and no differences in blood ammonia levels as well as in the clinical 
grading of HE were observed after treatment with either cBAL111 bioreactors or empty 
bioreactors. Porcine hepatocytes appeared to have an advantageous effect on survival 
time, blood ammonia levels as well as the clinical HE score of ALF rats. However, only 
one experiment using porcine hepatocytes succeeded. After exposure to ALF plasma, 
ammonia elimination capacity of cBAL111 reversed into ammonia production, but urea 
production increased, whereas other liver specific functions did not change significantly. 
In conclusion, treatment with 250 million of cBAL111 cells in the AMC-BAL did not 
improve HE and survival time in LIS rats. The detrimental effect of the ALF plasma 
on the ammonia eliminating capacity of cBAL111 cells in the AMC-BAL may have 
influenced these outcomes. Extension of the experiment using 450 million cBAL111 cells 
is needed to validate the model and to draw conclusions on applicability of cBAL111 in 
BALs. Several aspects of the experimental model of LIS rats as a tool for BAL research 
need further evaluation.
 



Samenvatting 

301

Samenvatting

‘Naar de toepassing van een humane levercellijn 
voor het gebruik in de AMC kunstlever’

Deel 1 - Introductie van de AMC-BAL

In Hoofdstuk 1 wordt beschreven dat vele kunstlevers (bioartificiële lever, BAL) zijn 
ontwikkeld in de afgelopen vier decennia. De kunstlever is ontwikkeld om de patiënt met 
acuut leverfalen (ALF) te overbruggen naar het moment dat er een lever ter beschikking 
komt voor transplantatie of tot diens lever voldoende is geregenereerd. Met behulp van 
dierexperimenteel onderzoek hebben onderzoekers met verscheidene BAL-systemen 
aangetoond dat het mogelijk is om de overlevingstijd van dieren met ALF significant 
te verlengen. Kunstlevers worden daarom beschouwd als de meest veelbelovende 
oplossing voor de behandeling van ALF. Een van deze kunstlevers is ontwikkeld in het 
Academisch Medisch Centrum te Amsterdam (Nederland), de AMC-BAL. De AMC-
BAL is ontwikkeld om levercellen (hepatocyten) van het varken tijdelijk en onder laborat
oriumomstandigheden functioneel te houden. In een klinische fase 1 studie is aangetoond 
dat het gebruik van de AMC-BAL veilig is. Vanwege xenotransplantatie-gerelateerde 
problemen is de ontwikkeling van een humane levercellijn voor klinische BAL toepassing 
zeer belangrijk. De ideale humane levercellijn is veilig, heeft voldoende leverfuncties, en 
kan ongelimiteerd groeien zodat voldoende celmassa verkregen wordt. De ontwikkeling 
van een humane levercellijn met de combinatie van deze eigenschappen is echter moeilijk 
te bewerkstelligen in het laboratorium. Desondanks is in het AMC een nieuwe humane 
levercellijn ontwikkeld – de cBAL111 cellijn.

Dit proefschrift geeft een overzicht van bijna vier jaar onderzoek waarin de AMC-
BAL centraal staat in de overgang van het gebruik van varkenshepatocyten naar de 
toepassing van een humane levercellijn.

Hoofdstuk 2 geeft een overzicht van het AMC-BAL onderzoek dat uitgevoerd is in de 
periode tussen 1995 en 2004. De AMC-BAL wordt hierin nader beschreven als een systeem 
(bioreactor) dat bestaat uit een polycarbonaat behuizing waarin een driedimensionale, 
niet-geweven en hydrofiele (vocht aantrekkende) polyester mat rondom een massieve 
kern is gerold. Tussen deze matlagen bevindt zich een tweede mat met dunne hydrofobe 
(vocht afstotende) polypropyleen capillairen die in een parallelle rangschikking zorgen 
voor de zuurstofvoorziening naar de hepatocyten. De hepatocyten worden in de 
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bioreactor geladen via twee of drie laadpoorten en hechten zich vervolgens aan de mat en 
de gas capillairen. Het eerste prototype van de AMC-BAL was een kleine laboratorium 
bioreactor en is in de genoemde periode opgeschaald naar een groter, klinisch toepasbaar 
model (‘eerste generatie AMC-BAL’). Verbeteringen aan de configuratie van de eerste 
generatie AMC-BAL hebben ertoe geleid dat leverspecifieke functies, zoals ontgifting 
van bepaalde stoffen en synthese van eiwitten, van varkenscellen in de tweede generatie 
AMC-BAL stabieler en hoger waren onder laboratoriumomstandigheden (‘in vitro’). 
Vervolgens is aangetoond dat de AMC-BAL de overlevingstijd van kleine en grote dieren 
met ALF significant kan verlengen. In een klinische studie is uiteindelijk aangetoond 
dat ook de AMC-BAL veilig is voor toepassing op ALF patiënten. De behandeling van 
een ALF patiënt met een BAL is echter uiterst complex qua logistiek. Om het transport 
van een BAL vanuit het laboratorium naar het ziekenhuis te vereenvoudigen, zou een 
speciale lucht-gedreven perfusie pomp uitkomst kunnen bieden. Transport van een BAL 
op lagere temperaturen zou de logistiek nog eenvoudiger kunnen maken. Het succes van 
de toepassing van een BAL systeem blijft echter sterk afhankelijk van de ontwikkeling 
van een humane levercellijn.

Voor een goede vergelijking van verschillende BAL systemen, in het bijzonder voor 
de interpretatie van resultaten in wetenschappelijke publicaties, is het noodzakelijk om 
overeenstemming te bereiken met betrekking tot de kwantificatie van de hoeveelheid actieve 
hepatocyten (‘bioactieve massa’) en de wijze waarop een BAL systeem in het laboratorium 
wordt getest. In Hoofdstuk 3 worden verschillende methoden voor het bepalen van de 
bioactieve massa beschreven. Kwantificatie van de hoeveelheid varkenshepatocyten 
was het meest betrouwbaar en eenvoudig op basis van celpelletvolume. Correlaties 
tussen verschillende leverfunctie parameters, berekend aan de hand van 26 AMC-BAL 
bioreactoren, toonden aan dat ammoniakeliminatie de beste voorspellende parameter was 
voor de algehele functie van de AMC-BAL. De zuurstofconsumptie en ureumproductie 
hadden beide een redelijk voorspellende waarde en waren bovendien eenvoudig te 
bepalen. Lidocaine eliminatie was niet gecorreleerd met andere functieparameters, 
en dient daarom ook bepaald te worden. Tevens zijn verbeteringen aangebracht in de 
levercelisolatie procedure die, samen met de verbeteringen aan de configuratie van de 
AMC-BAL, hebben geleid tot een stabieler en significant verhoogde BAL functie.

BAL systemen die al klinisch worden toegepast zijn moeilijk met elkaar te vergelijken 
met betrekking tot de globale leverspecifieke functieparameters en klinische uitkomst. 
In Hoofdstuk 4 zijn twee klinische toegepaste BAL systemen met elkaar vergeleken: 
de ‘Modular Extracorporeal Liver Support (MELS) CellModule’ uit Berlijn 
(Duitsland) en de AMC-BAL. Beide systemen zijn onder gelijke omstandigheden in 
een laboratoriumomgeving getest. Over een periode van zeven dagen was de globale 
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leverspecifieke functie van beide systemen vergelijkbaar. De AMC-BAL vertoonde een 
significant hogere lidocaine eliminatie op dag 1 en 2, en een significant hogere trend voor 
de ammoniak eliminatie over een periode van zeven dagen. LDH lekkage uit de MELS 
CellModule was echter significant lager op dag 7.

De bewaaromstandigheden van een BAL systeem tijdens transport van het laboratorium 
naar het ziekenhuis zijn belangrijk. In Hoofdstuk 5 is de mogelijkheid onderzocht om de 
AMC-BAL, geladen met vers geïsoleerde varkenshepatocyten, tijdelijk te bewaren op een 
lage temperatuur (15oC). Leverspecifieke functies van de AMC-BAL waren onveranderd 
na een periode van 24 uur op 15oC. Langere bewaarperiodes (tot 110 uur) op lage 
temperaturen (15oC en 26oC) hadden echter een duidelijk negatief effect op de vitaliteit 
en leverfunctie van de cellen. We concluderen dat het mogelijk is om een BAL systeem, 
geladen met vers geïsoleerde varkenshepatocyten, voor 24 uur te bewaren op 15oC 
waardoor de logistiek rondom het transport van een BAL systeem wordt vereenvoudigd.

Deel 2 - Computer modelleren van de AMC-BAL

Langdurig kweken van vers geïsoleerde varkenshepatocyten in de AMC-BAL gaat 
gepaard met een stijging in de anaerobe glycolyse. Een computermodel van de AMC-
BAL kan inzicht geven in de lokale vloeistofdoorstroming en zuurstoftransport in de 
bioreactor. Met behulp van rekenkundige technieken en vloeistofdynamische simulaties 
kunnen parameters bepaald worden die belangrijk zijn voor het verbeteren van een BAL 
systeem. In Hoofdstuk 6 wordt de ontwikkeling beschreven van een driedimensionaal 
computermodel van de AMC-BAL op microniveau. Met behulp van simulaties en 
rekenkundige parameterstudies zijn verschillende mogelijkheden onderzocht in het 
micro-model om de beschikbaarheid van zuurstof voor de hepatocyten in de AMC-BAL 
te vergroten. Deze zuurstofbeschikbaarheid was optimaal na het verdubbelen van het 
aantal gascapillairen en het verhogen van de partiële zuurstofdruk in het oxygenatiegas. 
Deze informatie kan gebruikt worden om de kweekomstandigheden voor hepatocyten in 
de AMC-BAL te verbeteren. 

De aanbevelingen om de zuurstofbeschikbaarheid in de AMC-BAL te verhogen, zoals 
beschreven in Hoofdstuk 6, zijn in Hoofdstuk 7 experimenteel geëvalueerd. Bioreactoren 
met de originele configuratie en bioreactoren met de nieuwe configuratie (2.2x dunnere mat 
en dubbel aantal gascapillairen) werden geladen met vers geïsoleerde varkenshepatocyten 
en begast met verschillende gasmengsels resulterend in medium pO2 waarden van 135-
150 mmHg (standaard) of 235-250 mmHg. Bioreactoren met de nieuwe configuratie 
en medium pO2 van 250 mmHg hadden een significant verlaagde lactaatproductie en 
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glucoseconsumptie, 60% hogere leverspecifieke functies en verhoogde transcriptieniveaus 
van vijf leverspecifieke genen ten opzichte van de bioreactor met normale configuratie 
en standaard kweekomstandigheden. De verandering in configuratie en de verhoging in 
medium pO2 droegen beide evenveel bij aan de genoemde verbeteringen. We concluderen 
dat naar aanleiding van het voorgaande micro-computermodel een hogere metabole 
stabiliteit en leverspecifieke functie is verkregen door de zuurstofbeschikbaarheid in de 
AMC-BAL te verhogen.

In Hoofdstuk 8 wordt beschreven hoe een volledig driedimensionaal macro 
computermodel van de AMC-BAL, inclusief een realistische in vitro celdistributie, is 
ontwikkeld. Met behulp van rekenkundige technieken en vloeistofdynamische simulaties 
is de zuurstofbeschikbaarheid in verschillende situaties vergeleken: (1) tussen het 
micro en macro computermodel, (2) tussen een hypothetische celdistributie versus 
de in vitro bepaalde celdistributie, en (3) tussen configuraties met gas capillairen op 
gelijke of willekeurige afstand van elkaar. Vervolgens zijn simulaties uitgevoerd om de 
zuurstofbeschikbaarheid en medium pO2 te bepalen van de vier groepen bioreactoren 
uit Hoofdstuk 7, d.w.z. bioreactoren met de originele configuratie en bioreactoren met 
de nieuwe configuratie (2.2x dunnere mat en dubbel aantal gascapillairen) begast met 
verschillende gasmengsels resulterend in medium pO2 waarden van 135-150 mmHg 
(standaard) of 235-250 mmHg. De experimenteel gemeten pO2 waarden uit Hoofdstuk 
7 zijn tevens gebruikt om - retrospectief - de zuurstofconsumptie snelheid (Vm) van de 
hepatocyten in de betreffende bioreactoren te berekenen. Met behulp van dit volledig 
driedimensionaal macro-computermodel van de AMC-BAL werd aangetoond dat er 
een preferentiële stroming is nabij de core in de bioreactor met de originele configuratie 
die afwezig is in de bioreactor met de nieuwe configuratie. Zuurstofbeschikbaarheid 
was het meest optimaal in de bioreactor met de nieuwe configuratie met verhoogde 
zuurstofbegassing.

Deel 3 - Een blik in de AMC-BAL 

Een juiste interpretatie van de differentiatiegraad van hepatocyten in de AMC-BAL 
kan alleen verkregen worden als functionele, histologische en genexpressie analyses 
worden gecombineerd. Om deze analyses uit te voeren zijn monsters van hepatocyten 
uit de AMC-BAL nodig. In Hoofdstuk 9 wordt een nieuwe manier geïntroduceerd om 
hechtende hepatocyten uit de AMC-BAL te verwijderen zonder dat de bioreactorkweek 
wordt beëindigd. Kleine reepjes matrix (‘T-bags’) worden geplaatst in de bioreactor voor 
het beladen en kunnen - met hepatocyten - verwijderd worden op elk gewenst moment 
voor verdere analyse. Met behulp van deze methode werd aangetoond dat hepatocyten 
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direct na het laden in de bioreactor een neiging hebben tot dedifferentiatie, maar dat 
daarna de differentiatiegraad van hepatocyten redelijk stabiel blijft gedurende vijf dagen 
kweken in de AMC-BAL. Tevens werd aangetoond dat de mitochondriale functie 
gedeeltelijk was verminderd wat kan duiden op lokale hypoxie. Dit verklaart mogelijk de 
geobserveerde metabole veranderingen, zoals verhoogde zuurstofconsumptie en anaerobe 
glycolytische activiteit. Pro-apoptotische activiteit leek in evenwicht te zijn met de anti-
apoptotische activiteit. Met behulp van deze nieuwe methode is het mogelijk om voor het 
eerst de dynamische cellulaire processen van hepatocyten in een BAL tijdens de kweek 
te volgen.

De opbouw van leverweefsel wordt gekenmerkt door structurele en functionele zones; 
de periportale en pericentrale zones. De hepatocyten die gelokaliseerd zijn in deze zones 
hebben verschillende, vaak complementaire, metabole functies en kunnen worden herkend 
aan de aanwezigheid van specifieke eiwitten die gerelateerd zijn aan metabole gradiënten. 
Deze relatie tussen de anatomie van de lever en specifieke leverfuncties wordt metabole 
zonatie genoemd. In de AMC-BAL is echter de metabole zonatie volledig verstoord, 
omdat de AMC-BAL wordt geladen met een suspensie van hepatocyten verkregen na 
een levercelisolatie. In Hoofdstuk 10 wordt beschreven hoe in de tijd losse hepatocyten 
zich organiseren in de AMC-BAL en op welke manier de distributie van twee in vivo 
gezoneerde eiwitten (CPS, carbamoylphosphate synthetase; GS, glutamine synthetase) 
zich ontwikkelt. GS expressie werd gedurende de kweek opgereguleerd en was 
voornamelijk gelokaliseerd in hepatocyten die zich rondom de gascapillairen bevonden. 
Tevens bleek GS tot expressie te komen in voorheen GS-negatieve hepatocyten die in de 
tijd een lichte zwelling ondergingen. We concluderen dat de inductie van GS expressie 
in de AMC-BAL (1) onafhankelijk is van zuurstof en HNF4α expressie, (2) mogelijk 
gerelateerd is aan lage substraatniveaus en/of (3) autocriene oplosbare factoren, en (4) 
mogelijk gerelateerd is aan veranderingen in het cytoskelet die weer geassocieerd kunnen 
zijn met de Wnt/β-catenin signaaltransductie route. De AMC-BAL kan als een nieuw 
onderzoeksinstrument beschouwd worden voor de onderliggende mechanismen van 
metabole zonatie.

Veiligheidsoverwegingen en beschikbaarheid van relatief grote celmassa’s zijn belangrijke 
criteria voor de selectie van een bepaald celtype voor BAL systemen ter behandeling van 
patiënten met ALF. Het succes van klinisch toepasbare BAL systemen is echter voor een 
groot deel afhankelijk van de functionaliteit en stabiliteit van de gebruikte hepatocyt. 
In Hoofdstuk 11 wordt een vergelijking gemaakt tussen mature varkenshepatocyten, 
mature humane hepatocyten en foetale humane hepatocyten. De resultaten laten grote 
verschillen zien tussen de drie celtypen. Foetale humane hepatocyten bleken geschikt 
voor farmacologische studies in een BAL, terwijl mature humane hepatocyten hoge 
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ammoniakeliminatie en metabolische stabiliteit vertoonden en dus het meest geschikt 
zijn voor een BAL systeem met klinische toepassing. Mature varkenshepatocyten vormen 
echter het beste alternatief voor klinische BAL toepassing vanwege de hoge functionaliteit 
en grote beschikbaarheid. De fenotypische instabiliteit van mature varkenshepatocyten 
zal echter moeten leiden tot snelle klinische toepassing binnen twee dagen.

Deel 4 - Humane cellijn en de AMC-BAL

Klinische toepassing van BAL systemen is sterk afhankelijk van de ontwikkeling van een 
humane levercellijn. In Hoofdstuk 12 wordt onderzocht wat de potentie is van de recent 
ontwikkelde humane foetale levercellijn cBAL111 voor de toepassing in de AMC-BAL. 
Kleine laboratorium AMC-BAL bioreactoren werden geladen met 20 of 200 miljoen 
cBAL111 cellen en gekweekt voor drie dagen. Ondanks een lage ureum productie (1.1% 
van mature varkenshepatocyten (MVH)) was de ammoniak eliminatie 49% ten opzichte 
van MVH. Het mRNA niveau van glutamine synthetase (GS) was 570% ten opzichte 
van humane lever, terwijl het mRNA niveau van genen van de ureumcyclus laag was. 
GS expressie is tevens aangetoond met behulp van immunohistochemische technieken 
en door de productie van glutamine. Daarnaast elimineerde cBAL111 galactose (90.1% 
van MVH) en lidocaine (0.1% van MVH), en produceerde cBAL111 albumine (6% van 
MVH). Humaan serum had geen invloed op de hepatische functies van cBAL111. We 
concluderen dat cBAL111, gekweekt in de AMC-BAL, leverspecifieke functies heeft 
waarbij de ammoniakeliminatie voornamelijk tot stand komt door de aanwezigheid 
en activiteit van GS en nauwelijks via de ureumcyclus. Om de klinische potentie van 
cBAL111 voor BAL toepassing aan te tonen, zal cBAL111 een verlenging van de 
overlevingstijd in een ALF diermodel moeten bewerkstelligen. Toekomstig onderzoek 
met betrekking tot cBAL111 en de kweekomstandigheden zal zich voornamelijk moeten 
richten op het verbeteren van de differentiatiegraad en/of specifieke hepatische functies 
van cBAL111.

Hepatische encefalopathie (HE) is een neuropsychiatrisch syndroom dat zich ontwikkelt 
gedurende ernstig leverfalen. Acute HE is een cruciaal symptoom van ALF. De 
etiologie van HE is echter niet volledig bekend en vele hypothesen zijn geformuleerd 
waarvan enkele nog steeds worden onderzocht. In Hoofdstuk 13 wordt de werking 
van biologische en niet-biologische leverondersteunende systemen (LSS) beschreven 
in relatie tot de meest waarschijnlijke hypothesen van de multifactoriële pathogenese 
van HE. De meest effectieve behandelingen voor het normaliseren van concentraties van 
oorzakelijke factoren in het plasma en de hersenen zijn albuminedialyse (niet-biologisch 
LSS), geïsoleerde extracorporele leverperfusie en BAL behandeling (biologische LSS). 
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Albuminedialyse is qua logistiek de meest eenvoudige behandeling, omdat geen levende 
hepatocyten nodig zijn. Naast HE draagt multi-orgaanfalen (MOF) sterk bij aan de hoge 
mortaliteit van ALF. In experimentele studies met ALF diermodellen is aangetoond dat 
BAL behandeling de complicaties ten gevolge van MOF vermindert. Daarnaast zou een 
BAL systeem in staat moeten zijn leverregeneratie te stimuleren, terwijl albuminedialyse 
belangrijke hormonen en groeifactoren uit het plasma van de patiënt verwijdert. We 
concluderen daarom dat BAL systemen de meest attractieve behandelingsvorm is om 
patiënten met ALF en HE te overbruggen naar levertransplantatie of regeneratie van de 
eigen lever.

Het potentieel van cBAL111 voor klinische toegepasing in een BAL systeem kan 
bewezen worden door middel van verlenging van de overlevingstijd in een ALF 
diermodel. In Hoofdstuk 14 wordt de werkzaamheid van 250 miljoen cBAL111 in kleine 
laboratorium AMC-BAL bioreactoren onderzocht met behulp van een experimenteel 
ALF model waarbij de lever van ratten volledig ischemisch (LIS ratten) is gemaakt. 
Na behandeling met lege bioreactoren en cBAL111 bioreactoren werd geen verschil 
gevonden in overlevingstijd, ammoniakwaarden in het bloed en klinische HE gradering 
in de ALF ratten. Dit werd wel gevonden met een bioreactor geladen met 450 miljoen 
mature varkenshepatocyten. Echter, slechts één experiment met varkenshepatocyten 
was gelukt. Na in aanraking gekomen te zijn met ALF plasma veranderde de ammoniak 
eliminatie van cBAL111 in een ammoniakproductie en bleek de ureum productie iets 
verhoogd. Andere leverspecifieke functies bleven onveranderd. We concluderen dat, in 
tegenstelling tot 450 miljoen varkenshepatocyten, een BAL behandeling met 250 miljoen 
cBAL111 cellen geen verbetering in HE en overlevingstijd opleverde. Het nadelige 
effect van ALF plasma op de ammoniakeliminatie van cBAL111 kan hiervan de oorzaak 
zijn. Een uitbreiding van de studie met meer experimenten waarbij varkenshepatocyten 
worden gebruikt, is wellicht nodig om harde conclusies te trekken met betrekking tot de 
klinische toepasbaarheid van cBAL111 voor BAL behandeling. Verschillende aspecten 
met betrekking tot het ALF model dienen verder te worden uitgezocht voordat dit model 
in de toekomst voor verder BAL onderzoek wordt gebruikt.
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Introduction

We evaluate Chapter 14 of this Thesis ‘Evaluation of a novel human fetal liver cell line 
-cBAL111- in the AMC-BAL in rats with complete liver ischemia’ by addressing several 
thoughts and recommendations for future experiments.

Thoughts and recommendations 

Animals

Flendrig et al. used male Wistar rats that were not further defined. In this study, we 
selected male Wistar rats of the ‘Hannover’ (Han:Wist) race. A second race, ‘Unilever’ 
Wistar (HsdCpb:WU), was not chosen. For future experiments, one may investigate the 
differences of these two races (www.Harlan.com) in relation with progression of acute 
liver failure (ALF) and survival time of ALF rats. 

Pre-operative conditions

The difference in ALF progression between rats used in this study and in the study of 
Flendrig et al.1 may be attributed to different pre-operative conditions, i.e. basic differences 
related to animal keeping at the facilities of the animal supplier or the laboratory, e.g. the 
composition of food and light/dark cycle.2-5 Unfortunately, these differences cannot be 
retrieved anymore. In the present study, the rats were not fasted. Fasting for more than 
24 hours (12 hours during day time for nocturnal animals plus 12 hours actual fasting) 
can have an enormous impact on the well-being of the animals and cause unjustifiable 
stress in perspective of a long ex vivo experiment. Moreover, in the study of Flendrig 
et al.1 it was highly unlikely that the animals were fasted for each experiment (personal 
communications). For future experiments, one may investigate the effect of fasting, as a 
possible variable, in relation to the outcome of survival time of ALF rats. 

Anesthesia

We chose for isoflurane and buprenorfine anesthesia for the portocaval shunt (PCS) 
operation and isoflurane alone for the liver ischemia (LIS) operation, since ether has fallen 
into disuse in our department and buprenorfine was considered to improve animal well-
being after the operation in terms of analgesia. Flendrig et al.1 performed all operations 
under ether anesthesia, which has a major advantage of fast recovery after anesthesia but a 
disadvantage of insufficient analgesia. The LIS rats in the study of Flendrig et al. seemed 
to develop ALF faster and more pronounced than in our study. In literature, however, no 
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indications were found that ether is more hepatotoxic than isoflurane and/or buprenorfine 
that could explain this difference.6-10 For future experiments, one may investigate the 
effect of ether vs. isoflurane w/o buprenorfine in relation to the ALF progression of LIS 
rats, although in most institutions, the use of ether is nowadays prohibited by the local 
animal ethical committees.

PCS

End-to-side PCS11 were performed by an experienced biotechnician, previously involved 
in the experiments of Flendrig et al.1. In total, 34 rats underwent a PCS procedure, of 
which 6 (18 %; including ‘re-’learning-curve) were lost due to various reasons (Table 2, 
Chapter 14). It is crucial that a PCS opens immediately after the last clamp is removed, 
preventing further splanchnic congestion. Buprenorfine, on the other hand, had an effect 
on the hemodynamics of the rat, causing a slight decrease in the blood pressure. In some 
cases, this led to diminished blood flow through the PCS, increasing the chance of blood 
clot formation at the site of the anastomosis. Massage of the PCS anastomosis with two 
cotton buds may help to stimulate blood flow after clamp removal, however, this was not 
always sufficient. Decreasing the dose of buprenorfine in subsequent PCS operated rats 
was effective to some extent. A consideration for future experiments may be to perform 
the operation exclusively with isoflurane or with even lower buprenorfine concentrations. 
To prevent possible decrease in blood pressure, one may consider to administer a sufficient 
amount of saline to temporarily increase the blood pressure and thereby, subsequent blood 
flow through the PCS.

Jugular vein cannula

Small air embolism can cause major problems or can lead to death when not prevented. 
The jugular vein cannula should therefore have a safety valve or a three-way tap with a 
small additional piece of tubing for the interception of small air bubbles coming from the 
ex vivo bioreactor support system in order to prevent air embolism. This system should 
preferably, as a bubble catcher, be operable on a stand-alone basis without continuous 
attention of the system operators. 

LIS

The LIS operation induces ALF and is the last surgical intervention before connecting 
the rat to the ex vivo bioreactor support system. After ligating the bile duct and hepatic 
artery, closure of the abdomen should be performed rapidly in order to exploit the ex 
vivo bioreactor support system as efficient as possible. However, before connecting the 
rat to the ex vivo system, the animal should be anti-coagulated or otherwise the whole 
system will be blocked immediately. Unfortunately, the reopened abdominal incision is 
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highly vascularized and can cause (small) bleedings after re-closure of the abdomen and 
subsequent administration of anti-coagulants. This may lead to a slow but eventually fatal 
abdominal bleeding. We therefore suggest to coagulate the wound rims using diathermy 
before administering dalteparine and closing the abdomen. Another option is to open de 
abdomen via an alternative route, leaving the closed mid-line laparotomy untouched. 
A third option, which has been tried in previous studies, is to ligate the bile duct and 
hepatic artery via a tunneled open tubing. A disadvantage of this ‘blind’ procedure is 
the possibility of incomplete hepatic artery closure, causing failure of LIS. Although 
these options may have potential to prevent abdominal bleeding, small lacerations or 
needle/suture holes may still cause loss of blood that may become uncontrollable with 
continuous systemic administration of anti-coagulants. A fourth option is to incorporate 
a lag-phase of 1 or 2 hours after inducing LIS, before anticoagulants are administered.12 
During this period, the intrinsic coagulation system will close the bleeding sites after 
which anti-coagulants can be administered more safely. The disadvantage of this option 
is of course the progression of ALF without intervention of the ex vivo bioreactor support 
system. 

Blood pump

Total bilirubin linearly increased in all groups connected to the ex vivo bioreactor support 
system, suggesting iatrogenically induced hemolysis. A possible cause of this hemolysis 
can be the blood pump. We used the 8-roller Watson and Marlow 205S pump at revolution 
of 10.8 rpm to direct blood through a silicon pump-segment tubing at a flow of 1.5 mL/
min. During one hour, the roller compresses the tubing, including erythrocytes, 5184 
times over a distance of 1 cm to pump the blood forwards. We did not assess different 
pumps to compare the induction of hemolysis. One may consider to investigate this issue 
in future experiments.13

Plasmapheresis system

One of the two key components of the ex vivo bioreactor support system is the 
plasmapheresis module. The modules we used in this study were simple to hydrophilize 
and fairly easy to prime with blood. Although most of the plasmapheresis modules 
worked properly, a significant portion caused minor to major problems, even leading to 
replacement. Specific problems were 1. induction of hemolysis, 2. (partial) obstruction 
of blood flow in capillaries, 3. diminished pheresis capacity (less plasma withdrawal), 
and 4. capillary leakages causing blood to enter in the plasma circuit. We believe that 
the applied anti-coagulation plays an important role in the functional capacity of the 
plasmapheresis module. However, no direct correlation exists between problems with the 
plasmapheresis module and well anti-coagulated bioreactor support systems, supporting 
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the hypothesis that many of the problems with plasmapheresis were intrinsic to the 
module. This plasmapheresis module therefore is not perfect, but can still be used in 
future experiments. However, one may consider to investigate alternative devices and 
focus on the four problem issues mentioned before.1,14-17 

Bioreactor

The second key component of the ex vivo bioreactor support system is the bioreactor. The 
small laboratory-scale bioreactor was already used in another study18, and was slightly 
modified in this study by doubling the number of capillaries. Other important differences 
with the bioreactor used by Flendrig et al. were 1. the smaller internal volume due to a 
different housing, and 2, a decreased surface of the non-woven polyester matrix due to 
a smaller matrix width. These important configurational differences were the result of 
limitations in the possibility of the manufacturer to construct the same bioreactor within 
the time-frame we imposed. The small laboratory-scale bioreactor is constructed with two 
loading ports adjacent to the matrix layers. When charging the bioreactor via one loading 
port, air can escape from the capillaries as well as from the second loading port. During 
this process, the capacity to loose air via the capillaries is rapidly reduced as they become 
wet, leaving the second loading port as the only alternative. Unfortunately, the wet cell 
isolate quickly exits via the second loading port preventing the remaining air to come 
out, with the consequence that it is extremely difficult to load the remaining cell mass. In 
addition, if not all air is removed, that part of the bioreactor (mainly the opposite side of 
the first cell loading port) remains filled with air during the attachment phase, which is an 
unwanted situation. For future experiments, one may consider to construct a bioreactor 
(using the current housing) with 1. a broader/wider matrix sheet, 2. three or four ports 
placed more laterally and away from the matrix layers, and 3. a thinner matrix.19

Fluid management 

Total fluid administration in the study was 0.67 ml per hour per 100 gr animal weight 
(standardized to 2 ml / rat). This volume was 33% below the generally required fluid 
replacement in a 300 gr weighing rat, based on fluid loss after abdominal surgery, 
respiration, diuresis and evaporation via the skin. Total fluid administration was based 
on 0.1 ml / hour dalteparine, 0.5 - 1.4 mL / hour 20% glucose (dependent on the blood 
glucose levels) and 0.5 - 1.4 ml / hour plasma solution (dependent and adjusted to the 
20% glucose infusion). We conclude from the volume of diuresis of all rats that this 
fluid regime was not a restricted one. Flendrig et al., however, described and personally 
communicated that their rats only received a 20% glucose infusion between 0.2 - 0.7 mL 
/ hour, showed diuresis, and were euglycemic at 10 mmol/L as well. In our setting, an 
average of 0.8-0.9 mL / hour 20% glucose would lead to a euglycemia of ± 7 mmol/L 
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(including the 1.1-1.2 mL / hour infusion of human pasteurized plasma solution (HPPS) 
containing glucose as well). Thus, it seems that a large difference exists between the fluid 
regime and physiological outcome of this study and the study of Flendrig et al., which 
cannot easily be explained. In a pilot study using a LIS rat without the plasma solution 
infusion, we observed that the rat required a 20% glucose infusion ranging from 0.5 -1.4 
mL/hour. Another relevant issue is the effect of an extra infusion of HPPS. Since HPPS 
contains vitamins, essential and non-essential amino acids, one may assume that this is 
a more supportive fluid regime than Flendrig et al. used, and therefore, may be more 
supportive than necessary. Particularly, this issue is interesting when planning future 
experiments. The main question to answer, before chosing a definitive experimental set-
up, is of course, whether within the boundaries of the experimental pathology, there still 
is a physiological situation and how far or mild the model should be taken (addressing 
animal well-being as well as relevance).

Weight measurement during the experiments

It is difficult to secure the exact fluid balance during an ex vivo experiment. In general, 
fluid addition is easily measured, but fluid loss due to diuresis, evaporation and respiration 
is more difficult. For future experiments, one may therefore consider to adopt the simple 
method of weighing the animal. One has to take into account, however, that fluid may 
shift between different physiological compartments, e.g. vascular, extra-vascular, intra-
abdominal, interstitial etc. 

Donor blood, sample frequency and sample volume

We administered citrated donor blood to compensate for the loss of blood due to hourly 
withdrawal of 0.5 mL samples. As a consequence, we introduced an extra dilution 
factor. Despite this intervention, hemoglobin levels decreased in time, likely related to 
hemolysis. For future experiments, one may consider 1. to reduce the sample regime to 
a 2-hourly frequency, 2. to reduce the sample volume by using glass capillaries for ABL 
measurements, 3. to reduce the number of analytical assessments using plasma, 4. to 
introduce on-site analytical blood checkers using strips for ammonia, glucose, lactate, Hb, 
creatinine and aPTT. These recommendations, however, imply that a future model should 
first be fully and thoroughly tested in pilot studies before starting new experiments.

Anticoagulant management

An optimal anticoagulant regimen is essential for the success of an ex vivo extra-corporeal 
device study. The practical implications have been addressed in the previous paragraphs. 
For future experiments, on-site monitoring of the anticoagulant status of the rat and ex 
vivo system is essential in order to be abale to adjust the dose of heparin administration.
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Pressure transducers and monitor

Pressure monitoring in a pressure-tight ex vivo bioreactor support system is essential, 
since pressure changes can indicate membrane fouling of the plasmapheresis device and 
obstructions in tubings. Measuring the rats’ blood pressure is only possible when the 
blood circuit is stopped. For future experiments, one may consider to introduce a non-
invasive blood pressure monitor, e.g. a tail cuff, if sufficiently reliable and practical.

Temperature control

The temperature of the rat is recorded using a rectal probe and maintained at 36.5-37.5oC 
with the help of a heating lamp. The bioreactor is kept at a constant temperature of 37oC 
using a heating block, whereas the infused plasma and oxygenation gas is heated to 37oC 
via two heating systems. Blood from the system to the rat, however, is not pre-heated. For 
future experiments, one may consider to introduce a third heating system for the venous/
return blood line or simply temperature-isolate this return line.

Tubing

We used the same tubing as Flendrig et al. However, for future experiments, one may 
consider using a thinner tubing for the plasma and bioreactor circuits to reduce the fluid 
volume of the system. In addition, pre-fabricated sterile tubing elements for all parts of 
the system should at any time be available during the experiment. Furthermore, re-use 
of tubing-sets is inevitable, but one should take into account the consequences of the 
wear-and-tear effects of the pump system and the possibility of protein depositions on the 
luminal side of the tubings. 

Fluid flow meter

It is difficult to estimate the plasma-withdrawal efficiency of the plasmapheresis module. 
In general, pressure changes will predict the efficiency of the module. For future 
experiments, however, one may consider to use an extra-luminal fluid flow meter, e.g. a 
rat aorta blood flow meter, for accurate measurement of fluid flow in ml/min.

Intracranial pressure (ICP) monitoring

Measuring intracranial pressure as a parameter for the development of HE is an elegant 
and quantitative method. Whether this invasive method is applicable in the setting of 
the current ex vivo set-up, particularly with respect to the risk of bleeding, should be 
investigated. A new and less invasive method to measure ICP is via a lumbar puncture, 
which should be considered as an alternative option for future experiments.



Appendix 1

318

Modeling ex vivo system

Mathematical modeling of the ex vivo system may provide more insight in the potential of 
a specifically designed system in light of the functional capacity of a cell type / BAL. By 
constructing a three-compartment model, one can integrate the rat, the blood circuit and 
the plasma circuit (including the BAL) and analyze for example the kinetics of ammonia 
per compartment.

Golden standard cell type

We and Flendrig et al. used mature porcine hepatocytes (MPH) as the standard cell type. 
MPH have been used in all AMC-BAL pre-clinical and clinical studies and have proven 
to be functional. For future experiments, one may consider to use mature rat hepatocytes 
as a new standard for ex vivo experiments. A major advantage is the easier, faster and 
cheaper isolation procedure in contrast to the isolation procedure of MPH. Another option 
is the use of MPH isolated from slaughterhouse livers20, although, sterility and ischemia 
times can pose new problems.

After an ex vivo experiment

Ex vivo experiments using ALF rats and BALs loaded with hepatocytes are long and complex 
and are therefore not easily repeatable. After analyzing all results, many questions may 
arise concerning physiological, cellular, metabolic and genetic mechanisms. To answer 
these possible questions, one may consider to collect as much material in anticipation of 
future and more in depth analysis. A few -self explanatory- examples: 1. redraw as much 
blood from the deceased rat as quickly as possible and store in different blood tubes; 2. 
remove the brain, dissect transversally and store one half in liquid nitrogen (N2-liq) and 
the other half in 4% paraformaldehyde (PFA); 3. remove liver, kidney, spleen, lung and 
intestine; dissect and store at N2-liq and PFA (possibly also in Trizol for gene expression 
analysis); 4. fix the BAL with PFA for histological analysis and store at 4oC or remove a 
big large piece of the inner matrix and capillaries (including cells) and store at -80 oC in 
Trizol. These actions are labour intensive, but may provide valuable material for further 
analysis in various HE and ALF issues in relation to any cell type used.
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AAA  aromatic aminoacids
AAT α-1-antitrypsin
AFP α-fetoprotein
AK3l1 adenylate kinase 3 α-like 1
ALF acute liver failure
ALSS  artificial liver support system
AOC  acute-on-chronic
AoCLF acute-on-chronic liver failure
ASL argininosuccinate lyase
ASS argininosuccinate synthetase
AST  aspartate aminotransferase
B3galt3 UDP-Gal:beta-GlcNAc beta-1,3-galactosyltransferase 3
BAL bioartificial liver
BCAA  branched chain aminoacids
BE base excess 
BLSS bioartificial liver support system
BSA  bovine serum albumin
CC cell compartment
CCT controlled clinical trial
CFD  computational fluid dynamics
CK7 cytokeratin 7
CLF  chronic liver failure
CM  culture medium
CNS  central nervous system
CPS carbamoyl-phosphate synthetase
Ctsc cathepsin C 
CYP cytochrome p450
DEC Animal Ethical Committee 
DMEM Dulbecco’s modified Eagle’s medium
ELAD extracorporeal liver assist device
EPO  erythropoietin
FBS  fetal bovine serum
FHH fetal human hepatocytes
GABA  gamma amino butyric acid
GAPDH  glyceraldehyde-phosphate dehydrogenase
GFAP  glial fibrillary acidic protein
GGO Dutch Genetically Modified Organism Organization
GS glutamine synthetase
GSTπ glutathioneS-transferase π subunit
HALSS hybrid artificial liver support system
HBAL hybrid bioartificial liver
HBSS Hank’s Balanced Salt Solution
HBV hepatitis B virus
HCV hepatitis C virus
HDB  high density bioreactors
HE  hepatic encephalopathy
HE hematoxylin and eosin
HHCL human hepatic cell line
HI-FBS  heat-inactivated fetal bovine serum
HIV human immunodeficiency virus
HNF hepatic nuclear factor
HPPS  human pasteurized plasma solution
HS  human serum
hTERT human telomerase reverse transcriptase
I/R  ischemia/reperfusion
IF  interferon
iNOS inducible NO synthase
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LDB  low density bioreactors
LDH lactate dehydrogenase
LIS  liver ischemia
LP  cell loading port
LSS liver support system
MAP mean arterial pressure 
MARS  molecular adsorbent recirculating system
MC  medium/plasma compartment
MELS modular extracorporeal liver support
MFA  Metabolic flux analysis 
MHH mature human hepatocytes (=PHH)
MOF  multi organ failure
MPH mature porcine hepatocytes (=PPH)
MPT mitochondrial permeability transition
mRNA  messenger ribonucleic acid
NADH  nicotinamide-adenine dinucleotide 
NMDA  N-methyl D-aspartate
OAT  ornithine aminotransferase 
OCT  oxygen consumption test
OCR  oxygen consumption rate
OLT  orthotopic liver transplantation
Ornt1 ornithine transporter 1
OTC ornithine transcarbamylase
PCK cytosolic phosphoenol-pyruvate carboxykinase 1
PERV  porcine endogenous retrovirus
PFA  paraformaldehyde
Rhbg rhesus blood group-associated B glycoprotein 
PCS  portocaval shunt
Pfkfb1 6-phosphofructo-2-kinase/fructose-2,6-biphosphatase 1
PHH primary human hepatocytes (=MHH)
PNF primary non-function
pCO2 partial carbondioxide pressure 
pO2 partial oxygen pressure
pO2-gas  gas partial oxygen pressure
pO2-med  medium partial oxygen pressure 
PPH primary porcine hepatocytes (=MPH)
PTBR  peripheral type of benzodiazepine receptor
PTN  protein tyrosine nitration
PXR pregnane X receptor
RFB radial flow bioreactor
rFVIII  recombinant Factor VIII
ROS  reactive oxygen species
RT- PCR reverse transcriptase polymerase chain reaction
SEAP  secreted-alkaline phosphatase
SEM standard error (SE) of the mean
SIRS  systemic immune response syndrome
SOD1  cytosolic copper and zinc superoxide dismutase 
SOD2  mitochondrial manganese superoxide dismutase
SPF  specified pathogen free
SV40T  simian virus 40 large T antigen
TF transferrin
TPA  tissue plasminogen activator
TRβ1 thryroid hormone receptor β 1
UCP-2 uncoupling protein 2
UW  University of Wisconsin
WE  Williams E 
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Stellingen behorende bij het proefschrift 
 

'Towards application of a human liver cell line  
for use in the AMC bioartificial liver' 

 
 
1. De xenotransplantatiewetgeving heeft de toepassing van de kunstlever in 

Nederland minstens vijf jaar vertraagd. (hoofdstuk 2, 12 en 14) 
 
2. Het verbeteren van de AMC bioartificiële lever is sterk afhankelijk van het type 

cel (hoofdstuk 3 en 7) 
 
3. Een reële vergelijking tussen twee verschillende kunstlever systemen behelst 

meer dan alleen onderzoek naar lever specifieke functies. (hoofdstuk 4) 
 
4. Het kweken van levercellen in een kunstlever is als het opvoeden van een kind in 

een afgesloten ruimte op afstand. (hoofdstuk 9, 11 en 12) 
 
5. Warmte-isolatie is belangrijker dan een verwarmingsmodule tijdens transport van 

een kunstlever. (hoofdstuk 5) 
 
6. Het ontwikkelen van een computermodel met behulp van experimentele data 

benadert de werkelijkheid het beste. Men dient zich echter te behoeden voor 
cirkelredenaties. (hoofdstuk 6 en 8) 

 
7. Er gebeurt meer in een kunstlever dan aanvankelijk werd gedacht. (vrij naar 'It's 

life Jim, but not as we know it')(hoofdstuk 9 en 10) 
 
8. De vereiste functies voor de kunstlever laten zich alleen verraden door 

dierexperimenten, waarbij de dynamische interactie tussen de levercellen in de 
kunstlever en plasma een onderschatte rol speelt. (hoofdstuk 14)  

 
9. Oxygen: foe and friend 
 
10. De ratio tussen original articles en reviews is een goede afspiegeling van de 

actualiteit en vooruitgang van een vakgebied.  
 
11. Het is niet zo gek dat mensen aan het Stockholm syndroom kunnen lijden; de 

meeste huisdieren doen dat ook. (Harmsen en Hoekstra) 
 
12. Een zwakke stelling is een teken aan de wand. 
 
 
 

Paul P.C. Poyck 
Amsterdam, augustus 2007 
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