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Numerical Model of Fluid Flow
and Oxygen Transport in a
Radial-Flow MicroChannel
Containing Hepatocytes
The incorporation of monolayers of cultured hepatocytes into an extracorporeal
perfusion system has become a promising approach for the development of a temporary bioartificial liver (BAL) support system. In this paper we present a numerical
investigation of the oxygen tension, shear stress, and pressure drop in a bioreactor
for a BAL composed of plasma-perfused chambers containing monolayers of porcine
hepatocytes. The chambers consist of microfabricated parallel disks with center-toedge radial flow. The oxygen uptake rate (OUR), measured in vitro for porcine
hepatocytes, was curve-fitted using Michaelis-Menten kinetics for simulation of the
oxygen concentration profile. The effect of different parameters that may influence
the oxygen transport inside the chambers, such as the plasma flow rate, the chamber
height, the initial oxygen tension in the perfused plasma, the OUR, and K^ was
investigated. We found that both the plasma flow rate and the initial oxygen tension
may have an important effect upon oxygen transport. Increasing the flow rate and/
or the inlet oxygen tension resulted in improved oxygen transport to cells in the
radial-flow microchannels, and allowed significantly greater diameter reactor without
oxygen limitation to the hepatocytes. In the range investigated in this paper (10 p,m
< H < 100 jim), and for a constant plasma flow rate, the chamber height, H, had
a negligible effect on the oxygen transport to hepatocytes. On the contrary, it strongly
affected the mechanical stress on the cells that is also crucial for the successful
design of the BAL reactors. A twofold decrease in chamber height from 50 to 25 jjm
produced approximately a fivefold increase in maximal shear stress at the inlet of
the reactor from 2 to 10 dyn/cm^. Further decrease in chamber height resulted in
shear stress values that are physiologically unrealistic. Therefore, the channel height
needs to be carefully chosen in a BAL design to avoid deleterious hydrodynamic
effects on hepatocytes.

Introduction
Liver failure is a major cause of morbidity and mortality.
Approximately 26,000 Americans die annually from chronic
liver disease and cirrhosis. In addition, more than 5000 individuals in the United States annually develop sufficiently severe
hepatic failure as to require hepatic support (Yarmush et al.,
1992). Unfortunately, existing nonbiological hepatic support
systems are poor Uver substitutes and orthotopic liver transplantation remains the only viable means for survival. Although
the survival rate after liver transplantation exceeds 65 percent,
many prospective recipients die while waiting for a donor due
to concomitant infection or multisystem organ failure. One
promising alternative is the development of an extracorporeal
bioartificial liver (BAL) device. This is essentially a bioreactor
containing cultured hepatocytes that function as an extracorporeal liver on a temporary basis. A BAL device could either
support patients awaiting transplantation or stabilize patients
during periods of hepatic regeneration recovery from fulminant
hepatic failure.
To design an extracorporeal BAL device successfully with
in vj'^ra-cultured hepatocytes, several issues must be addressed.
First, the design must provide the necessary microenvironment
to hepatocytes for sustained hepatocellular functions. Second,
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the design must guarantee an efficient mass transport to a large
number of cells in a small volume. Third, the hepatocytes should
not be exposed to deleterious flow conditions such as high
shear stress or pressure drop. Finally, there must be an adequate
source of hepatocytes that could be a practical choice for large
number of cells, and at the same time, be suitable for BAL
designs targeted for animal studies and potentially for human
use.
Most of the previous attempts to develop BAL devices utilize
hollow-fiber cartridges originally developed for hemodialysis
(Yarmush et al., 1992). Recently, two such devices have been
clinically tested (Elhs et al., 1996; Watanabe et al., 1997).
Despite the fact that these clinical studies showed biocompatibility of the devices, the clinical outcomes did not show significant benefits to the approaches. The reasons for this may involve
the testing regimens, which have been relatively short in duration, the stability and functionality of hepatocytes in hollow
fibers, and the nutrient (e.g., oxygen) and waste product transport limitations in these devices. An alternative approach using
hepatocyte spheroids is also being investigated (Wu et al.,
1996). However, spheroids are prone to significant diffusional
limitations.
A different approach to overcome the lack of stability of
cells is the use of multiplated monolayers (Uchino et al., 1988;
Takahashi et al, 1992; Bader et al., 1995; Koike et al, 1996;
Taguchi et al., 1996). Hepatocytes were attached to flat plates
and then scaled up by using multiple layers of flat plates containing hepatocytes. Although all the animals used in these stud-
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ies expired, the anhepatic dogs and rabbits in which the
multiplated BAL devices were tested survived significantly
longer than the untreated controls. One significant advantage of
multiplated hepatocyte layers is the ability to seed hepatocytes
onto flat plates under conditions that promote hepatocyte differentiation and function, including co-cultures (Bader et al., 1995;
Koike et al., 1996) and "sandwich" cultures (Borel-Rinkes et
al, 1994; Stefanovich et al., 1996; Taguchi et al., 1996). However, the critical issues concerning oxygenation of fluid flow in
the design of these reactors have not been investigated. This
type of theoretical information is especially important for the
scaleup process.
In this study, we numerically investigate a radial-flow
multiplated design for an extracorporeal BAL device consisting
of cultured hepatocytes. The large aspect ratio of the microchannels proposed in our model ensures efficient oxygen transport
while keeping the void volume small. The choice of radial
flow as opposed to parallel flow was based on more closely
mimicking the flow distribution patterns in vivo. Our study indicates that the oxygenation of hepatocytes in microchannels is
a strong function of flow rate and inlet oxygen tension, whereas
the microchannel height primarily affects the shear stress observed by hepatocytes. We also provide general criteria for the
design of radial-flow multiplated BAL devices.
Bioreactor Model
The bioreactor modeled in this paper consists of several diverging-radial-flow chambers, each one formed by two parallel
disks, as shown in Fig. 1. The hepatocytes are attached only on
the lower disk (z = 0 ) . The plasma enters at r = Ri (internal
radius of the disks) and exits through the edges, r = R^. Thus,
the cross section perpendicular to the flow increases proportionally with the radius as the flow proceeds from the center to
edge. Several chambers are connected in parallel. For example,
our topology utilizes stackings having a height, / / , of 10 to 100
fxm. The choice of a small H is allows for efficient oxygen
transport while minimizing the dead volume.
Operational Parameters
In this study, we will focus on modeling and scaling of a
BAL, which is capable of providing extrahepatic support for an
adult rat with induced Uver failure. Specifically, the BAL uses
porcine hepatocytes, which have already been used in clinical
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Fig. 1 Model of the BAL chambers with radiai center-to-edge f iow. The
device scaled up in this study is composed of 10 chambers connected
In parallel (piled up) with the plasma entering the chambers though the
center hole {Ri = 0.3 cm).
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trials (ElHs et al., 1996; Watanabe et al., 1997). The choice of
porcine hepatocytes also complies with the BAL requirement
for a large number of cells. Furthermore, we use physiological
parameters that have already been used in our prior studies of
extracorporeal plasma perfusion systems in rats, and oxygen
consumption characteristics of porcine hepatocytes. During the
simulations, these "benchmark" parameters were varied systematically to search for optimal conditions for the operation
of the device.
Plasma Flow Rate. The total plasma flow rate ( g ) in our
extracorporeal perfusion system connected to a rat (—200 g)
is approximately 0.3 mL/min as reported by Stefanovich et al.
(1996). This represents approximately 25 percent of the rat's
arterial output that enters the plasma separator.
Oxygen Consumption. The bioreactor presented in this
study is based on a strategy of pre-seeding (attached/spread)
cells. By using such approach, the necessity of maintaining the
hepatocyte's viability throughout the critical initial phases of
culture is avoided (Balis et al., 1998). Furthermore, the high
initial values of Vn,ax (maximal OUR) can be ignored if the preseeded bioreactor chambers are incorporated in the BAL after
the eighth day of culture. As a result, we use a typical average
post-seeding value of V^ax. specifically after the eighth day of
culture (Vmax = 0.25 nmoles O2/S/IO'* cells). Previous studies
have also shown that the OUR versus oxygen tension behavior
of both rat and porcine hepatocytes follow very closely a firstorder Michaelis-Menten process (Foy et al., 1994; Balis et al.,
1998). Therefore, in order to model the OUR of the hepatocytes
accurately, we used Michaelis-Menten kinetics. This model,
depicted in Eq. (11), requires the knowledge of the oxygen
partial pressure at which the OUR is half-maximal {K„). We
used K„, = 5 mmHg, which is an average of the values reported
by Balis et al. (1998) after the eighth day of culture.
Cell Mass Estimation. An adult rat liver has approximately
350 million hepatocytes (Stefanovich et al., 1996). It has been
estimated that the minimal fraction of liver mass necessary for
survival ranges between 2 and 12 percent. (Demetriou et al.,
1988; Asonuma et al., 1992). Therefore, we chose an intermediate value, namely, 6 percent, of the total number of hepatocytes
in the liver. This estimate gives a total of 20 million hepatocytes
in the BAL, necessary to support the rat.
Oxygen Tension. It has been postulated that the partial
pressure of oxygen may have an important role in urea synthesis, lipid metabolism, cytochrome P-450 activity and gluconeogenesis both in vivo and in vitro (Bhatia et al, 1996). These
specific liver functions are known to be localized within a specific zone of the sinusoidal endothelium, where the oxygen
tension ranges between 90 and 5 mmHg. As a consequence,
the preservation of the hepatocyte functions in a BAL may be
achieved by exposing the hepatocytes to an oxygen tension
gradient similar to the one observed in vivo. In our simulations
we varied the oxygen tension between 380 mmHg (50 percent
oxygen dissolved in plasma) at the inlet and 5 mmHg at the
outlet. The choice of 5 mmHg as the cut-off value was based
on the physiological range as stated above and corresponded
fortuitously to K,„ of porcine hepatocytes. The actual minimal
(cutoff) oxygen tension may be different from our estimation
and needs to be investigated experimentally. Although the inlet
oxygen tension in our BAL chambers is higher than values
observed in vivo, we choose a high oxygen tension to achieve
chamber length sufficiently long to accommodate a large number of hepatocytes.
Dead Volume. There is a limitation in the total volume of
fluid that can be contained inside the BAL. A large dead volume
(the total volume of the BAL device and extracorporeal interconnects) would cause dilution of the BAL products. The
bioactivity of these compounds relies on a minimal critical conFEBRUARY 1999, Vol. 121 / 59
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centration; therefore, dilution would compromise device performance. In our study, the maximal allowable dead volume of
the BAL is taken as 3 mL. It represents roughly 30 percent of
the total rat blood volume (Bhatia et al., 1994). Approximately
1 mL should be allocated for the volume occupied by the chambers, and the remaining for tubing, interconnects and the volume
inside the BAL housing itself
Cell Density. Both porcine and rat hepatocytes have been
typically seeded at 100,000 cells/cm^ for experimental measurement of OUR (Rotem et al., 1992; Balis et al., 1998). Since
our simulations use Vmax and K^ data from Balis et al. (1998),
we used the same cell density for consistency. Simulations were
performed using different hepatocyte densities ranging from
50,000 to 200,000 cells/cm^ and demonstrated no significant
difference in the total cell number without oxygen limitation.
Shear Stress and Pressure Drop. The hepatocytes in the
BAL will be subjected to a mechanical stress that might have
detrimental effects on their function and viability. We used a
conservative threshold shear stress of 10 dyne/cm^, based on
the orders of magnitude exhibited in earlier studies using endothelial cells (Frangos et al., 1988). In addition, typical in vivo
values of pressure drop are used as an upper Umit in our calculations. For example, Nakata et al. (1960) report a pressure drop
between 1.5 and 9 mmHg from the portal vein to the hepatic
vein. As a result, we chose a conservative value of 8 mmHg
(-10,000 dynes/cm^).
We based our study on a bioreactor composed of 10 chambers
as the one shown in Fig. 1. We chose 10 chambers as a first
approach in order to utilize a multichamber modular design.
Furthermore, a pilot bioreactor could be easily constructed to
validate the predictions of the model experimentally and further
to investigate the metabolic output of the cells during operation
conditions. Each chamber had an internal radius, R, = 0 . 3 cm,
and a height, H = 50 nm. These dimensions provided an efficient distribution of the plasma among the chambers and minimized the dead volume. Using these parameters, we found that
we would need a total of 2 million seeded hepatocytes on each
chamber, with an external diameter, R^ «^ 2.55 cm, in order to
comply with the 20 million hepatocytes requirement.
Numerical Method
The numerical simulations were developed in a two-dimensional domain such as the one outlined on the bottom of Fig.
1. The flow is two dimensional because it is independent of
the angular coordinate (i.e., axisymmetric). Our model was
simplified by assuming that the flow originated at a segment of
the axis of symmetry, r = 0. In other words, the possible transitions between axial and radial flow were neglected.
The set of dimensionless conservation equations for mass,
momentum and species (oxygen) that correspond to the configuration shown in Fig. 1 are:
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Similarly, the momentum equation in r can be written in an
order of magnitude sense.
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where only the first term of the left-hand side and the first and
last terms of the right-hand side survive the scaling process,
due to the V^ scale [Eq. ( 5 ) ] , and the slenderness of our chambers [H "^ {Re - Ri)]. Therefore, Eq. (6) becomes.
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where the left-hand side is the scale of the inertia and the righthand side furnishes the scales of the pressure difference across
the chamber and friction. The pressure term must not vanish
because it is the driving force of the flow. However, comparing
the scales of the inertia and friction, we conclude that the first
must be negligible because Rcp has an order of magnitude
smaller than 1,
RCD

<
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1
H
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A more direct approach to evaluate the importance of the
inertial terms in a radial flow configuration is provided by
Goldstein and DiMilla (1997). They showed that the Stokes
(creeping) flow solution is reasonable in radial positions given
by
2\Q\H

r >

(9)
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If the parameters that correspond to our design {Q = 0.0167
cmVs, H = 0.005 cm, and v = 0.01 cm^/s) are substituted into
Eq. (9), we find that r > 0.27 mm. Since our internal radius
is 3 mm, we conclude that Stokes flow is, in fact, a very good
' 'approximation'' in our model.
The nondimensional variables used for writing Eqs. (1) - (4)
are:
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where Eqs. (2) and (3) are the Navier-Stokes equations of
fluid motion at steady state assuming nearly constant properties
evaluated at 37°C. Equations (2) and (3) were simplified neglecting the inertial terms, and the resulting linear equations
(Stokes flow equations) were solved first to obtain the velocity
field. Later, the velocities were substituted into Eq. (4), which
had to be solved iteratively.
The Stokes flow assumption can be justified using scale analysis. In our geometric configuration depicted in Fig. \,H < (R^
— Ri). This geometric feature combined with Eq. (1) provides
the order of magnitude of the velocities.

(12)

D

where Sc is the Schmidt number, RCD is the Reynolds number
based on the hydraulic diameter, v is the kinematic viscosity,
v = n/p = O.OI cm^/s as reported by Frangos et al. (1988), C
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is the oxygen concentration, C, is the inlet oxygen concentration, D,, is the hydraulic diameter (Di, = 2H), U is the mean
velocity at the inlet (r = Ri),p is the pressure, D is the diffusivity of oxygen in plasma (2 X 10"^ cm^/s), and p is the density
of the fluid. It is worth mentioning that lower values for the
kinematic viscosity have been reported by other investigators.
Truskey and Pirone (1990), for example, reported u = 0.0084
cm^/s at 37°C. We intentionally picked the largest possible
viscosity to obtain conservative values of shear stress.
We conducted our numerical work in a two-dimensional computational domain represented by one chamber [(R^ — Ri) X
H] fitted with a downstream section (L,, X H) (Ledezma and
Bejan, 1997). This allowed us to impose appropriate outflow
boundary conditions [Eq. (15)]. L,i was chosen based on accuracy tests described later in this section. Its dimensionless value
was L,i/L = 0.05.
The flow boundary conditions are: uniform horizontal velocity at the channel inlet; no slip and no penetration on the walls
of the channel; and zero shear at the outlet. In addition, the
boundary conditions for Eq. (4) are:
C = Co at

r = 0

(13)

dC
= 0
dz

at

z =h

(14)

dC
dr

at

f = L

(15)

0

The boundary condition at f = 0 is the OUR of the hepatocytes. It is not constant because cells adapt to depletion of
oxygen by reducing their OUR. Hence, the oxygen concentration profile C{r, z) in the chamber is a function of the oxygen
concentration at the surface with attached cells, C,(r). Using
Michaelis-Menten kinetics (Britton, 1986) the OUR of the
hepatocytes is modeled as:
D

dC(r,z)
dz

Qir)
K„. + Csir)

(16)

Equations ( l ) - ( 4 ) were solved using a Galerkin finite element code (FIDAP, 1993) and a sufficiently fine grid with
quadrilateral elements and biquadratic interpolating functions
for the velocities and oxygen concentration. The pressure was
eliminated using the penalty formulation and reduced integration (Reddy and Gartling, 1994) with a penalty parameter e =
10 *. As previously described (Ledezma and Bejan, 1997), we
verified that our results are nearly insensitive to the penalty
parameter. An attenuation factor of 0.5 was applied to all the
degrees of freedom to maintain the convergence under control.
The convergence for the species equation, Eq. (4), took roughly
between 40 and 60 Broyden (quasi-Newton) iterations. We used
the following criteria to stop the simulations (FIDAP, 1993):
||AM,||

Oxygen Transport Within tlie Bioreactor Cliambers
There is functional evidence that low oxygen tension in vitro
decreases viability and function of hepatocytes (Bhatia et al.,
1996). This mandates that the hepatocyte-seeded surface be
efficiently oxygenated. In this section, we modeled the constraints on BAL dimensions and flow conditions imposed by
the oxygen consumption of hepatocytes inside the perfusion
chamber of Fig. 1. The objective was to find the optimal plasma
flow rate needed to perfuse 20 million hepatocytes in the bioreactor at a minimal acceptable oxygen tension of K% = 5 mmHg
as stated above. In addition, we carried out a sensitivity analysis
(depicted in Fig. 5) and concluded that higher values of K'*\ do
not significantly decrease the total number of cells that are
successfully perfused within the chambers. In the following
sections of the paper, we systematically varied other parameters
to study their individual impact upon oxygen transport.
A. The Effect of the Plasma Flow Rate. We define the
achievable chamber radius or critical radius, R^, as the radius
at which the oxygen tension at the surface with attached hepatocytes is equal to K*. Figure 2 depicts R^ as a function of the
total plasma flow rate in the bioreactor. Higher plasma flow
rates provide a larger R^ and more cells exposed to oxygen
tensions above K% due to the increase in oxygen convection.
Moreover, in order to utilize 20 million hepatocytes (R^ = 2.55
cm, when cells are seeded at 10' cells/cm^) with an oxygen
tension above A',^, we needed to ensure that Q <=^ \ mL/min;
thus, each chamber required perfusion with plasma at 0.1 mL/
min or greater. This plasma flow rate is three times higher than
previously reported by Stefanovich et al. (1996). The threefold
increase in Q was achievable because the separated plasma
circulated in a semi-independent circuit and it was later recombined with the arterial blood in the external circuit, where flow
was approximately 1.2 mL/min.
Figure 3 illustrates the oxygen concentration patterns along
the chamber. The height of the chamber has been intentionally
expanded to display the oxygen profile in greater detail. From
the oxygen gradients, we can assess the impact of the Reynolds
number (plasma flow rate, RCD = QlirRiu) upon cell viability.
The region of the chamber with high oxygen tension extends
further downstream as the Reynolds number increases. Thus,
in the chamber depicted on the top of Fig. 3, the diffusion of
oxygen is the dominating transport mechanism. The pattern
of the chamber depicted on the bottom of Fig. 3 represents a
convection-dominated transport of oxygen. The darkest regions
of the chamber are those with very low oxygen tension where
the hepatocytes are thought to become ischemic. These results
strengthen the conclusion reached in Fig. 2, namely that higher
plasma flow rates (faster circulation of the plasma in the chambers ) increase the levels of oxygen concentration in the plasma.

H = 50 nm
V = 0.25 nmol/s/io'cells
K =5 mmHg
inlet oxygen tension = 50%
lO'cells/cm^

R [cm]

10'

and

ll«oll

10-

(17)

where || • || is the Euclidean norm, u-, is the solution vector at
iteration (', and /?(M,) is the residual vector.
The mesh was uniform in r with 401 nodes and nonuniform
in z with between 29 and 37 nodes. Accuracy tests showed
that the solutions are mesh independent. The grid fineness was
increased until the relative changes on the integrated mean oxygen concentration in all the computational domain was less than
0.1 percent when the number of nodes was increased by 25
percent in each direction. Another set of accuracy tests indicated
that the integrated mean oxygen concentration was relatively
insensitive to doubling of the downstream length (Lj) of the
computational domain.
Journal of Biomechanical Engineering

based on a bioreactor with 10 chambers
K =5 mmHg
0

0.5
1
total plasma flow rate in the bioreactor [mL/min]

1.5

Fig. 2 The critical radius as a function of the total plasma flow rate in
a bioreactor with 10 chambers. Each chamber has a plasma flow rate
equal to 0.1 mL/min.
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Fig. 3 The two-dimensional oxygen concentration profile in a plasmaperfused chamber. The flow conditions are V„,,i = 0.4 nmol/s/10° cells,
Km = 5 mmHg, H = 100 fim, and 10° cells/cm''. The Reynolds number
is defined as RSD = QI-iiR,v.

B. Sensitivity of tlie Model to tlie OUR Parameters, V max
and K„. Vmax and K„ are experimentally determined variables
subject to variability depending on the duration of culture, and
cell microenvironment. As a result, the effect of varying Vmax
and K„ needed to be investigated. Although these parameters
cannot typically be manipulated or changed via design of the
BAL, it is critical to define the sensitivity of our model to these
parameters.
The total plasma flow rate in the BAL is kept constant at 1
mL/min because it has already been found in Fig. 2 that such
Q can maintain a BAL with 10 chambers having R^ = Re =
2.55 cm (20 million cells perfused with plasma above KZ)-ln
Fig. 4, Vmax is varied from 0.2 to 0.4 nmol/s/10* cells, because
these values bracket our experimentally determined baseline
Vmax of 0.25 nmoles/s/10'' after 8 days of hepatocyte culture.
The values depicted in the abscissa represent the oxygen tension
at the surface of the chamber with attached hepatocytes, normalized with respect to the inlet oxygen tension. Perturbations in
Vmax have a dramatic effect on reactor design. The critical radius
increases from 2.1 cm when V^ax = 0.4 nmol/s/10* cells, to
2.9 cm when Vmax = 0.2 nmol/s/lO* cells, corresponding to an
increase in viable cell number from 13.5 to 26.1 million.
The sensitivity of the oxygen profile to variations in K^ is
shown in Fig. 5. The abscissa depicts the critical radius for
different values of K^. The variation in R^ between 2.5 and 2.8
cm only makes the number of hepatocytes operating above
K* increase from 19.3 million to 24.3 million. The fact that Re
is almost insensitive to K^ becomes clearer if we choose as a
minimum (cut-off) oxygen tension K,„ itself, in other words,
KZ = Km- Reading Re from Fig. 5 we conclude that in the range
5 < A^„ < 20 mmHg, Re will always be close to 2.55 cm.

50 nm
0.25 nmol/s/io'cells

lo' cells/cm^
40
K [mmHg]
Fig. 5 The effect of K„, on the critical radius of the BAL chambers. The
critical radius was calculated using three values of KX, (minimal allowed
oxygen tension in the chambers).

C. Oxygen Tension at the Inlet of the Chambers. The
plasma can be easily oxygenated in the extracorporeal circuit
by either incorporating a membrane oxygenator or through the
use of gas permeable tubing. Although oxygen tension is a
potentially well-regulated factor in the BAL design, few aspects
should be taken into account before choosing an inlet oxygen
tension for the operation of the BAL. Increases in inlet oxygen
tension will increase the number of hepatocytes that are exposed
to oxygen tensions above K*. While it is not clear whether
high oxygen tensions could negatively impact cells, it is hypothesized that high levels of oxygen may cause oxidative damage
by the formation of free radicals. Therefore, the highest oxygen
tension at the chamber inlet should be limited to that required to
achieve our desired chamber length with all hepatocytes being
maintained above K^.
We studied the oxygen tension range between 10-60 percent
(76-456 mmHg) at the inlet of the chambers. Figure 6 shows
the increase in the critical radius as the inlet oxygen tension
becomes higher. For example, if room air was used to oxygenate
the plasma, the critical radius would be approximately 1.6 cm
(~7.8 million hepatocytes above K*). However, if the inlet
oxygen tension was increased to 60 percent, the total number
of hepatocytes above KZ would be nearly 23 million. This
threefold Increase in hepatocyte number suggests that the initial
oxygen tension is an excellent regulator of the oxygen distribution within the BAL chambers.
Since we required an inlet oxygen tension of 380 mmHg to
obtain 20 million viable cells (R^ = 2.55 in Fig. 6 ) , the possibil-
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c/C

\
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V \ ^

V
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2.5-
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\
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= 50 nm

Q = 1 mL/min
0.20- K = 5 mmHg
inlet oxygen tension = 50%
0.00^
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•O\0.2
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\

\

\

\ \
\ \
\
\ \ \
\

\

W\
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Fig. 4 The effect of the maximal oxygen uptake rate (l^„,.) on the dimensionless oxygen concentration at the cell-seeded suriface of the BAL
chambers

H = 50 nm
Vmax =0.25 nmol/s/10^ cells

1.5-

110

>

f

K =5 mmHg
Q = 1 mlVmin
10^ cells/cm^

20
30
60
room air (21% O2) inlet oxygen tension
;% 0 1

Fig. 6 The effect of the inlet oxygen tension on the critical radius. The
critical radius was calculated using a minimal allowed oxygen tension,
Km = 5 mmHg.
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1.001 raL/min
356
3 mmHg
2.5x10"" mol/s/cm'
'max
lO' cells/cm^
inlet oxygen tension = 50%

c/c
0.60-

where T„ is the shear stress. Similarly, the pressure drop is also
inversely proportional to the chamber height, AP ~ 1 /H^. As
a result, the variation of the shear stress and pressure drop in
the chambers will be strongly affected by H.
The shear stress at the lower disc is obtained from the numerical results as:
-fJ-

H[cml

0.40-

(19)

57

Additionally, the pressure solution is recovered from the formulation of the penalty function:

H[|iml
25
50
100

1

0.00
0.5

2

dr

2.5
r [cm]

Fig. 7 The effect of the channel height on the oxygen concentration at
the chamber surface with attached hepatocytes (z = 0). The inset shows
the critical radius, Re, where the hepatocytes are exposed to an oxygen
tension, /C^ = 5 mmHg.

ity of oxidative damage became an important issue warranting
further experimental investigation. Previous studies have only
addressed the effect of varying oxygen tension in hepatocyte
function in the early stages of culture. For example, Foy et al.
(1994) have shown that hepatocytes do not suffer from deleterious effects at these tensions. Rather, the attachment of the hepatocytes in microcarriers improves when the oxygen partial pressures are 50 percent or higher, suggesting there may be some
benefit to operating in these range in vitro. However, these
results should not be directly extrapolated to our model because
the hepatocytes in the BAL topology we studied were already
8 days old. For long time intervals, exposure to elevated oxygen
tensions may cause some cumulative oxidative damage.
D. The Effect of the Chamber Height. We studied the
influence of H on the oxygen tension under a constant plasma
flow rate of 1 mL/min (0.1 mL/min perfused to each chamber).
Figure 7 depicts the dimensionless oxygen concentration profile
at the surface with cells. The results show that H has a weak
effect on the oxygen concentration profile at the surface with
attached cells. It is worth noting that R^ has a shallow maximum
at H ~ 50 fxm (shown as an inset in Fig. 7 ) . This can be
explained with the asymptotic behavior of the oxygen transport.
When H is large, the flow velocity becomes very slow and the
oxygen transport is diffusion limited. In the other extreme, when
H is small, the flow velocity becomes large but the plasma
volume vanishes as does the oxygen.
These results have several implications. First, in the range
studied in this paper, the height of the chambers will not play
an important role in the efficiency of the oxygen transport.
However, it imposes a constraint when keeping the dead volume
of the BAL smaU. On the other hand, H does have an important
effect on both the shear stress and the pressure drop inside the
bioreactor chambers. We study these hydrodynamic issues in
the next section of the paper.

Shear Stress and Pressure Drop
In this section we study the constraints in the BAL design
imposed by the hydrodynamics of the plasma flow within the
chambers. To unveil the most important parameter affecting
both the shear stress and pressure drop, we use the solution for
creeping flow between to parallel plates with radial flow:
3MQ
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Figure 8 depicts both the pressure drop and shear stress as a
function of the chamber radius for four different values of H.
The plasma flow rate in the bioreactor is 1 mL/min (0.1 mL/
min in each chamber). In addition, the pressure drop values are
based on a chamber with R^ = 2.5 cm. The predictions of Eq.
(18) are corroborated by the curves shown in Fig. 8. Furthermore, the agreement between the numerical solutions and Eq.
(18) is excellent. Reducing the chamber height from 50 to 25
fim produces an increase from roughly 2 to 10 dyne/cm^ in the
maximal shear stress, which occurs at the inlet of the chamber.
A similar steep change can be observed in the pressure drop
across the chamber. When H is lower than 25 //m the pressure
drop becomes higher than 10,000 dyne/cm^ and the hepatocytes
can be negatively affected. The shear stress when H is lower
than 25 /iim is also unacceptable.
In brief, observing the effect of H on the oxygen transport
(inset of Fig. 7) and hydrodynamics, we can choose H to be
between 25 and 50 /.tm. If we use 50 jim, for example, the
contribution of the chambers to the dead volume is only 1 mL,
leaving 2 mL for additional space in the bioreactor.
Conclusions
In this paper we examined the fundamental elements that
govern the design of a modular BAL, which incorporates diverging-radial-flow microfabricated chambers with monolayers
of porcine hepatocytes and perfused plasma, using oxygen uptake as an indicator of metabolic measurements. We constructed
a numerical model and generated BAL design and scale-up data
for hypothesized physiological conditions within an adult rat.
We have unified several experimental and theoretical findings
from previous reports to propose a design in which mass transport limitations and mechanical stress damage to cells is mini-

H = 25nm

equation (18)
numerical solution

r [cm]
Fig. 8 The effect of the chamber height on the shear stress and pressure
drop. The total plasma flow rate Is fixed, 6 = 1 mL/min (0.1 mL/min per
chamber). The pressure drop is calculated using a chamber radius equal
to 2.5 cm.
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mized. The two parameters that influenced the oxygenation of
hepatocytes in microchannels are found to be the flow rate and
the inlet oxygen tension. By increasing and adjusting these two
parameters, the adequate oxygenation of all hepatocytes in the
HAL device can be satisfied. The other key factor was the height
of the flow chambers. Despite the fact that the channel height
had minimal effect on the oxygenation of hepatocytes, it
strongly influenced the shear stress to which hepatocytes were
exposed during flow. Channel heights in the range of 25 to 50
(Um resulted in reasonable shear stress values; however, further
decrease in channel height caused dramatic increase in shear
stress to values several orders of magnitude above the physiological range. We have utilized physiological parameters determined both in vivo and in vitro to allow us to mimic the true
operation conditions as closely as possible. This approach could
be extended to more complex geometric configurations. Future
work will allow for experimental validation and quantification
of chemically relevant specific liver functions within the chambers, such as urea synthesis, gluconeogenesis, and ammonia
metabolism.
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