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Abstract A bioartificial liver (BAL) is a medical device entrapping living hepatocytes or immor-
talized cells derived from hepatocytes. Many efforts have already been made to maintain the
functions of the hepatocytes in a BAL device over a long term. However, there is still some un-
certainty as to their efficacy, and their limitations are unclear. Therefore, it is important to quan-
titatively evaluate the metabolic functions of a BAL. In previous studies on /n vitro BAL devices,
two test methods, an initial bolus loading and constant-rate infusion plus initial bolus loading,
were theoretically carried out to obtain physiologic data on drugs. However, in the current
study, the same two methods were used as a perfusion model and derived the same clearance
characterized by an interrelationship between the perfusate flow rate and intrinsic clearance.
The interrelationship indicated that the CL increased with an increasing perfusate flow rate and
approached its maximum value, /e. intrinsic clearance. In addition, to set up an /7 vivo BAL sys-
tem, the toxic plateau levels in the BAL system were calculated for both series and parallel circuit
models. The series model had a lower plateau level than the parellel model. The difference in
the toxic plateau levels between the parallel and series models increased with an increasing

number of BAL cartridges.
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INTRODUCTION

Various types of BAL entrapping living hepatocytes in a
cartridge have already been reported [1-4], making BAL
one of the most promising approaches for treating pa-
tients with severe liver failure. Great efforts have also
been made to maintain the hepatocyte functions in a BAL
over a long term, while recent advances in BAL technol-
ogy have allowed its clinical application to support the
liver functions of patients as a bridge until an orthotopic
liver transplantation is performed [5-7]. In this case, the
device should supply a sufficient number of viable and
functioning hepatocytes, approximately 10~40% of hu-
man hepatocytes [8,9]. However, no BAL has yet been
able to successfully support severe liver failure, as the
liver combines various metabolic functions, such as syn-
thesizing glucose, lipids, and proteins and detoxifying
ammonia, drugs, and their chemicals. As such, it is con-
troversial whether such a small number of hepatocytes
can effectively replace the liver functions of patients with
severe liver failure. Therefore, to clarify the clinical effec-
tiveness of BALs, a quantitative evaluation of their func-
tions is essential. Several theoretical analyses that have
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already been proven useful in pharmacokinetic studies
[10] could be applicable for such an evaluation [11,12].
A pharmacokinetic analysis investigates the processes,
such as absorption, distribution, and elimination, that
account for a change in the drug concentration in the
body. Therefore, this type of analysis can provide both an
evaluation and a quantitative comparison between a BAL
and a human liver.

Accordingly, in the current study, two methods, an ini-
tial bolus loading and constant-rate infusion plus initial
bolus loading using a perfusion model, were theoretically
demonstrated to derive the same clearance characterized
by an interrelationship between the perfusate flow-rate
and intrinsic clearance. In addition, to set up an in vivo
BAL system, the toxic plateau levels in the BAL system
were calculated for both series and parallel circuit models.

PERFUSION MODEL

In Vitro BAL

The elimination kinetics of drugs in a BAL were inves-
tigated using a perfusion model {11]. When a flow-
limited drug that obeys a first-order reaction is intro-
duced into the reservoir, the drug is eliminated by hepa-
tocytes within the BAL cartridge that produce a variety of
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enzymes characterized by a maximum velocity (V) and
Michaelis-Menten constant (K,,). At a drug concentration
below K, the rate of drug metabolism within the BAL
cartridge can be represented as the rate of disappearance
of the drug in the inner space (C)) of the BAL cartridge.

Rate of disappearance of drug in the 0
1

H Vmaxf ' Ci _ 1

BAL cartridge K +]'C CL..f'C
where f" is the fraction of unbound drug in the blood
(f'=1) and CL,, is the intrinsic drug clearance in the BAL
cartridge, which describes the ability of the liver to elimi-
nate the drug in the absence of a flow rate limitation. As
such, CL,, is the enzymatic activity, which is independent
of the perfusate flow rate and drug binding within the
BAL, when the flow rate through the membranes is not
rate limited.

After a chemical is loaded by bolus, D, at time 0 and
continuously infused at a constant rate, R, to the reser-
voir (V,) of a BAL, the changes in the chemical concen-
trations in the reservoir (C,), and shell space (C,) and
inner space of the BAL cartridge using a three-com-
partment model under complete mixing conditions are:

Vrﬂzoa(cs_cr)_*_R (2)
dt

K%:Qa(cr—cs)+I<A(Ci—Cs) (3)

‘/i gdC‘Tl = K/4(Cs -Ci) _CLimCi (4)

where a BAL cartridge is composed of two different areas,
a shell space of hollow fibers with a volume (V,) and in-
ner space of hollow fibers containing hepatocytes with a
volume (V;), K is the mass transfer coefficient through
the membranes in the BAL cartridge, A is the contact
area of the hollow fiber surface, and Q, is the perfusate
flow rate between the reservoir and the BAL cartridge.
For the drug removal rate from the perfusate in the BAL,
Eq. (4) under CL,,C;=CLC, can be replaced by Eq. (5).

dC,

o KA(C, -C,)-CLC, (5)
where CL (mL/min) is the clearance of the BAL, defined
as the volume of the inflow to the BAL cartridge from
which the drug can be entirely removed within the time
unit. In the case of R=0, the initial conditions for Egs.
(2), (3), and (5) are

Vi

Cr:CrozD/‘/r’ Cs:Ci:() (6)

The differential equations can be solved numerically by
the RKG method. However, the three-compartment
model can be simplified to a two-compartment model
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Fig. 1. Effect of mass transfer of drug through membranes in
BAL cartridge on clearance [CL;,, of 20 mL/min and Q, of 200
mL/min].

under a quasi-steady state condition. The dependency of
KA on CL under the conditions of a CL;,, of 20 mL/min
and Q, of 200 mL/min is shown in Fig. 1. CL increases
rapidly with KA and eventually reaches a maximum value
that corresponds to the perfusate flow rate. Therefore, if
there is no transport barrier across the membranes, the
BAL is assumed to be under a steady state (or quasi-
steady state) condition, and Egs. (2), (3), and (5) can be
reduced to Egs. (7) and (8).

dc.
Vr di '—‘Qa(ca—cr)+R (7)
v -o,c -co-cor ®

[C=C, =C, CLi,C,=CLC, ]

where V, is composed of the shell (V) and inner (V)
spaces of hollow fibers. With the initial conditions
(C.t=0)=D/V,, C,(t=0)=0), Egs. (7) and (8) can be
solved analytically as follows:

Q
C.t)y=—=2
(5 =3

r-a

R
7 + AExp[—at] + BExp[-ft] )

where A and B are constants, and « (distribution term) is
larger than A (elimination term). These equations are
expressed as involving an instantaneous bolus loading to
the reservoir combined with a constant-rate infusion.
Thus, to evaluate the BAL functions, two test methods,
an initial bolus loading and constant-rate infusion plus
initial bolus loading, can be carried out to obtain physiol-
ogic data on a flow-limited drug.

Constant-rate Infusion without or with Initial Bolus
Loading of Drug

Although the function of a BAL can be easily tested us-
ing an initial bolus loading method, the plateau level of a
drug with a constant-rate infusion is required for clinical
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use. Therefore, when a constant-rate infusion is carried
out, the drug concentration, obtained from Eq. (9) with-
out a bolus loading of the drug (D=0), can be written as

Cr(t)zi_R(l/Vr—,b’/CL)
CL a-p

RA/Y, :;/cu Expl_A]

The toxicity of a drug depends on a constant drug level
in the blood to maintain the desired clinical response. As
such, when a drug is administered at a constant-rate over
a long enough period, the plateau concentration of the
drug is achieved and maintained when the rate of elimi-
nation matches the rate of infusion. The drug amount
and perfusate concentration are then considered to have
reached a steady state. Under a steady state condition
(ss), Eq. (10) becomes as follows:

Exp[-at] +
(10)

R

Cr,ssza (11)

where CL can be determined from the constant-rate infu-
sion and concentration in a steady state.

Relationship Between Clearances at Initial Bolus
Loading and in Steady State

In the case of R=0, an initial bolus loading test, solving
Egs. (7) and (8) with CL,,, produces

C.() = D/V(a-Q,/V, - CLy/V,)

Exp[-at] +
a-p (12)
D/Vr(Qa /Va + CLim /Va - ﬂ) EXp[*,Bt]

a-p

CL can then be determined by integrating the area un-
der the concentration-time curve (AUC). After the addi-
tion of Egs. (7) and (8) based on R=0, and the integra-
tion of the equation with time from zero to infinity, Eq.
(13) is obtained:

fawv.c, +v.C)
L=-—2 T

(13)

fc.at

Substituting Eq. (12) into Eqgs. (13) and (14) can be
obtained for CL

CL — QaCLint (14)
Qa + CLinl

Conversely, if the drug for a constant-rate infusion test
(D=0) is infused at a constant rate (R), eventually a
steady state condition will be achieved when the infusion

rate is balanced by the drug loss across the BAL cartridge.

At this time, the incoming (C, ) and outgoing (C,,) drug
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CL, mL/min

Q, mL/min
Fig. 2. Effect of perfusate flow rate on clearance in BAL [CL,,
of 20 mL/min].

concentrations remain constant, and Eq. (15) can be ob-
tained from Egs. (7) and (8) with CL,,

Q,

R=CL,
Co—Coy (15)

int

C, =

1,88

The clearance value in a steady state, obtained by
measurements across the BAL cartridge, is given by

_ Qa (Cr,ss - Ca,ss )
ss C ( 1 6)

r,ss

CL

Substituting Eq. (15) into Eq. (16}, yields Eq. (17).

OaCLim
“Ls=0.veL, (17
which is identical to Eq. (14). Hence, if the model is ap-
propriate, the mean clearance, obtained by dividing the
dose by the area under the concentration-time curve, is
equal to the clearance in a steady state.

Eq. (17) notes that CL increases with an increasing
perfusate flow rate and approaches its maximum value,
that is, intrinsic clearance (Fig. 2). The metabolic capac-
ity of a BAL depends on the intrinsic metabolic capacity,
perfusate flow rate, and drug binding to plasma proteins.
The binding of a drug to plasma proteins and blood cells
determines whether the drug will cross cellular-mem-
branes or enter hepatocytes, as only an unbound drug
can transverse across cellular membranes and be metabo-
lized by hepatocytes. The extent of binding determines
how much of a drug is available in a form that can be
cleared. However, the CL value, which can be evaluated
by the methods described above, only reflects the meta-
bolic capacity of a BAL under certain experimental condi-
tions. Thus, a parameter is needed that can represent the
intrinsic metabolic capacity of a BAL cartridge for a
quantitative comparison of the metabolic functions with
those of a human liver or other BAL cartridges.
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Fig. 3. Flow diagrams of BAL cartridges in series and parallel
models.

In Vivo BAL

Some BALs include a BAL cartridge, plus a perfusion
cartridge and/or charcoal cartridge. Although the func-
tion of a BAL is mainly determined by the BAL cartridge,
it can also be modified by other appendices. To avoid en-
countering difficulties in the quantitative functional
evaluation of a BAL, the BAL circuit should be as simple
as possible. To display the behavior of ammonia in the
body, the perfusion model used in the in vitro system can
be applied to an in vivo model. Thus, to set up an in vivo
BAL system, the plateau levels in the reservoir are calcu-
lated for both series and parallel circuit models as below:

Series Model

Fig. 3 shows flow diagrams of series and parallel circuit
models of hepatic elimination for an in vitro perfusion
model. When the number of BAL cartridges in a series
circuit is n, the equations for the reservoir and BAL car-
tridges are:

V,dC,
T:Qa(can—CrHR (18)

Valdcal

=Q,(C,-C,)-CL
dt Qa( r al)

intal Cal . (19)

Biotechnol. Bioprocess Eng. 2005, Vol. 10, No. 1

Vazztcee -Q,(C, -C,)-CL, ,C., (20)
Vv _dC
% = Qa (Ca(n—l) - Can )= CLim an Can @b

After a plateau value is achieved, and if the functions
and volumes of each BAL cartridge are assumed to be the
same, Eqgs. (18) to (21) become

Q. +CL._)"
C. /R = a int
Qa (Oa +CLy, ) - Qan+1 22
QcC,
C./R= il
a/ Q, +CL,, )
C./R= _Of%_ (24)
a2 (Qa + CLim)2
Q,"C
C R=_—_—3a "m
n/R=0, v Loy )
[Va = Va] = Va2 = Van B CLim= CLimal= CLima2
= CLim an]
Parallel Mode/

In the case of BAL cartridges in a parallel model, under
complete mixing conditions, where R is the constant-rate
infusion in the reservoir, the mass balance in the reservoir
and BAL cartridges can be expressed as,

V,—dtc £ = (1/m)0Q,(Cy = C)+(1/m)Q,(C,, ~C,)

d (26)
+(1/mQ,(C,, -C.)+R

Valdcal + VaZdCa2 + Vandcan -
dt dt dt
(1 / n)Oa (Cr - Cal) + (1 / n)Qa ((janl - CaZ)

(1 / H)Qa (Ca2 - CaS) + (1 / n)Qa (Ca(nfl) - Can)
- CLim alCal - CLinabZCa2 - CLint anCan (27)
[Va = Val = VaZ = V

an’Ca = Cal = Ca2 =
Can 4 CLint = CLintal = CLinta2 = CLintan]

In a steady state, Eqgs. (26) and (27) become:
1

C,/R=C,/R=C, /R= :
al / a2 / an / I’lCLim

(28)

Q, +nCL,,
nQaCLint

C./R= (29)
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Fig. 4. Dependence of toxic plateau level on type of model with
increasing number of BAL cariridges. [— ; series circuit, ---- ;
parallel circuit], [R =100 pg/min, CL,, =50 mL/min, Q, =
200 mL/min].
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Fig. 5. Model of in vivo BAL assistance system with two BAL
cartridges in series.

A comparison of the toxin plateau levels in the reser-
voir for the series and parallel circuit models is shown in
Fig. 4. A model simulation was carried out for R =100
pg/min, Q, =200 mL/min, and CL;,, =50 mL/min. Al-
though the plateau levels in both models decreased
sharply and then slowly with an increasing number of
BAL cartridges, the series model had a lower plateau level
than the parallel model. The difference in the toxic pla-
teau levels between the parallel and series models in-
creased with an increasing number of BAL cartridges.

Thus, a two-BAL-cartridge series model can be set up
as an in vivo perfusion model. Also, several research
groups [13,14] have used plasmapheresis to raise the
survival rate of a BAL cartridge before it is connected to a
patient. For such a system, Fig. 5 shows a perfusion
model between the body and two BAL cartridges in series
for in vivo application with a reservoir. The changes in
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the toxic concentrations in the reservoir, body (C,), and
two BAL cartridges can be expressed as:

v,%:ob(cb ~C)+0,(C,r-C,) (30)
Vb%c;b—=0b(cr—cb)+P—CLmbe G1)
v, d—iﬂ -Q,(C, -C,)~CL,,,C,, (32)
V. d_%z’ =Q,(C,,~C,))~CL,.Cop (33)

where Q, is the blood flow rate between the body (dog or
patient) and the reservoir, P is the toxin production rate
in the body, V, is the volume of the body, and CLy,, is the
intrinsic clearance of toxin in the body. Whole blood per-
fusion is a relatively creeping flow condition that must
balance the fluid flow rate, the effect of shear force on the
blood cellular components, the risk for coagulation,
hemolysis, and thrombocytopenia. Therefore, the liver
support system is used to perfuse with plasma. As such,
the reservoir is usually inserted between the BAL car-
tridge and the patient to effectively separate the plasma
by plasmapheresis. The charcoal hemoperfusion term was
considered in the current analysis due to its insignificant
effect on detoxifying metabolic and hemodynamic sup-
ports compared to a BAL {15]. Egs. (30) to (33) can be
solved numerically by the RKG method. In a steady state,
from Egs. (30) to (33), the accumulated toxin concentra-
tion in the body becomes

C/P= Qb(Oa +CLinlz)
‘ (Qy + QO +CLy  )(Q, +CLy ) - sz(oa +CL,, ) -Q,7(Q, +CLyy)

(34)

The important parameters characterizing the plateau
level in the body are the blood flow rates (Q, and Q,) and
metabolic rates (CL;,, and CL;y).

A number of hollow fiber bioreactors have been pro-
posed for the mass culture of mammalian cells [16] and a
bioartificial pancreas [17]. The problem associated with
these applications is limiting the mass transfer, especially
the oxygen transfer. Axial and radial oxygen depletions
are believed to be critical scale-limiting factors in the de-
sign of cell culture hollow fiber bioreactors. A limited
oxygen supply to the hepatocytes in the hollow fibers can
cause necrosis of the hepatocytes. Sardonini and DiBi-
asio studied the growth profiles of hybridoma cells in the
extracapillary space of a single hollow fiber [18]. The
medium was equilibrated with 20% oxygen and passed
through the inside of single hollow fibers. Cells located
within 370 um from the surface of the hollow fibers re-
mained viable and formed a continuous cell mass,
whereas cells further away did not grow because of hy-
poxia, suggesting that a sufficient amount of oxygen was
supplied to the hepatocytes located even in the central
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part of the internal hollow fibers. Therefore, for an in vivo
perfusion model, although a series model is better than a
parallel one as regards lowering the plateau level in the
body, the oxygen transfer across the membranes within
the BAL cartridge should also be considered. A series
model has a larger axial oxygen depletion than a parallel
model. As such, the mass transfer of chemicals within a
BAL cartridge, including flow rate-limited and enzyme-
limited chemicals involving oxygen, is required to deter-
mine the optimal operation conditions of a BAL, which is
currently under investigation.

CONCLUSION

A new perfusion model for BAL functions was devel-
oped to describe the absorption, distribution, and elimi-
nation of administered drugs. The model also provides
various useful concepts for quantitatively evaluating the
metabolic capacities of a BAL. In this study, equations
were derived to quantitatively evaluate the metabolic
functions of in vitro and in vive BALs. For an in vitro BAL
device, two methods, an initial bolus loading and con-
stant-rate infusion plus initial bolus loading, were dem-
onstrated to derive the same clearance characterized by
an interrelationship between the perfusate flow-rate and
intrinsic clearance. The interrelationship indicated that
the CL increased with an increasing perfusate flow rate
and approached its maximum value, i.e. intrinsic clear-
ance. In addition, to set up an in vivo BAL system, the
toxic plateau levels in the BAL system were calculated for
both series and parallel circuit models. The series model
had a lower plateau level than the parallel model.

NOMENCLATURE

Aand B Constant [ug/min]

C Concentration of drug [pug/mL]

CL Clearance [mL/min]

CL,, Intrinsic clearance [mL/min]

D Drug administration [mg]

f Fraction of free drug in plasma [-]

K Mass transfer coefficient {[cm/min]

KA Overall mass transfer coefficient [mL/min]

K, Michaelis-Menten constant [-]

n Number of BAL cartridges

P Production rate of toxin in body [ug/min]

Q, Perfusate flow rate between BAL cartridge
and reservoir [mL/min]

Q, Perfusate flow rate between reservoir and

body [mL/min]

Constant-rate infusion [pg/min]
Volume [mL]

Maximum elimination rate [mg/min]
Distribution constant [min!]
Constant of elimination rate [min']

™R <X
&
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Subscripts

a BAL cartridge

b Body (dog or patient)

f Free

i Inner space of hollow fiber
T Reservoir

s Shell space of hollow fiber
ss Steady state
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