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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.



Assessment and improvement of the AMC-BAL

41

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 



Chapter 3

42

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 
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(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.



Assessment and improvement of the AMC-BAL

55

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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