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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. 



Enhanced oxygen availability improves AMC-BAL function

131

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.



Chapter 7

134

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. 



Enhanced oxygen availability improves AMC-BAL function

141

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.
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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 

G1 G3

G2 G4

Original configuration New configuration
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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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