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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 



Chapter 8

168

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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