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Abstract Lidocaine and galactose loading tests were performed on a bioartificial liver (BAL), an
extracorporeal medical device incorporating living hepatocytes in a cartridge without a trans-
port barrier across the membranes. The concentration changes were analyzed using pharma-
cokinetic equations to evaluate the efficacy and limitation of the proposed method. Lidocaine
and galactose were found to be suitable drugs for a quantitative evaluation of the BAL func-
tions, as they did not interact with the plasma proteins or blood vessels, making their concentra-
tions easy to determine. The drug concentration changes after drug loading were easily ana-
lyzed using pharmacokinetic equations, and the BAL functions quantitatively expressed by
pharmacokinetic parameters, such as the clearance (CL) and galactose elimination capacity
(GEQ). In addition, these two drugs have already been used in clinical tests to evaluate human
liver functions over long periods, and lidocaine C/ values and GEC values reported for a normal
human liver. Thus, a comparison of the CZ and G£C values for the BAL and a natural liver re-
vealed what proportion of normal liver functions could be replaced by the BAL.
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INTRODUCTION

Various research groups have already developed bioar-
tificial livers (BALs) [1-7], however, since there is no
universal standard method for analyzing their functions,
it ishard to compare the functions of different BALs, and
difficult to evaluate what proportion of normal liver func-
tions can be replaced by a BAL in clinical practice. There-
fore, the development of methods capable of quantita-
tively determining the functions of a BAL is very impor-
tant. Pharmacokinetic equations have already derived that
can describe the concentration changes in drugs loaded
in a BAL maintained in an in vitro circuit, plus pharma-
cokinetic parameters, such as clearance (CL), have been
introduced to express BAL functions. The drugs used to
evaluate the BAL functions must fulfill several require-
ments, i.e. exert the least adverse effects on the hepato-
cytes in the BAL, and have a clear metabolic pathway in
the hepatocytes, and its concentration be easy to deter-
mine. Plus, drugs that have already been used for the
evaluation of liver functions in clinical tests are preferable,
because the functions of a BAL need to be compared with
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those of a normal human liver. In the current study, lido-
caine and galactose were used as the loaded chemicals to
evaluate the functions of a BAL device developed by the
present authors. The concentration changes were ana-
lyzed using pharmacokinetic equations derived to clarify
the efficacy and limitations of methods developed in a
previous paper [7].

MATERIALS AND METHODS
Preparation of BAL Cartridge

Institutional guidelines were applied in the care and
use of pigs obtained from a local pig breeder. Hepato-
cytes were harvested from pigs with a body weight of ap-
proximately 12 kg using the method reported by Sielaff et
al. [8] with modifications [7], as briefly described in the
following. After the surgical procedures, an EDTA solu-
tion was perfused into the liver through the portal vein at
a rate of 800 mL/min at 37°C for 7 min. The solution
from the intrahepatic inferior vena cava was discarded to
wash out the blood and remove any calcium ions. A col-
lagenase solution (0.5 g/L) was then circulated from the
portal vein at a rate of 800 mL/min at 37°C for approxi-
mately 20 min until the liver was digested and became



280

soft. The two solutions were well oxygenated using a
membrane oxygenator (Menox AL-2000, Kuraray, Osaka,
Japan), which was set between the reservoir and the por-
tal vein. After digestion, the liver was placed into a sterile
basin. Next, the liver capsules were incised on all lobes
and the hepatocytes released with gentle agitation into
1,600 mL of a calcium- and magnesium- free Hanks’
balanced salt solution (HBSS) at 4°C. The cell suspen-
sion was gently filtered through a nylon mesh with a
100 pm opening. The filtrate was then divided into eight
225-mL polypropylene test tubes and gently centrifuged
at 50 x g for 3 min. Thereafter, the supernatant was dis-
carded, and the cells resuspended in 1,600 mL of iced
HBSS. This washing procedure was repeated two more
times to remove the collagenase. The cell number and
viability were then assessed by the dye exclusion test, us-
ing 0.4% trypan blue in phosphate buffered saline (PBS)
and a hemocytometer.

Next, the cell suspension was centrifuged at 50 x g for
3 min, then the cell concentration was adjusted to 1 x
108 cells/mL by adding an appropriate amount of HBSS.
A hollow fiber cartridge (Duo-Flux M170D, JMS, Hi-
roshima, Japan), as used for clinical hemo-dialysis, was
employed to prepare a BAL cartridge. The hollow fibers
in the cartridge were made of cellulose diacetate, and
their internal and external diameters were 195 pm and
225 um, respectively. With a conventional hemo-dialysis
procedure, such hollow fibers are able to reject 97% of
albumin (MW: 68,000). The total volume of the inner
space of the hollow fibers was 99 ml, while the volume of
the shell space between the hollow fibers and the car-
tridge housing was 145 mL. One hundred milliliters of
hepatocytes, suspended in HBSS at a final concentration
of 1 x 10% cells/mL, were immediately inoculated through
the arterial end of the cartridge into the inner space of
the hollow fibers. Both the blood inlet and outlet of the
hollow fiber cartridge were closed using plastic caps.

In vitro Maintenance of BAL Cartridge

To evaluate the BAL cartridge functions, a simple in vi-
tro circuit, was set up,consisting of a 1,000 ml glass bot-
tle reservoir, a roller pump (BP-02, JMS, Hiroshima, Ja-
pan), dense membrane oxygenator (Menox AL-2000),
and BAL cartridge that were all connected by poly (vinyl
chloride) tubes. The total volume of the circuit was about
250 mL, excluding the reservoir. The perfusate was a
mixture of 800ml of Dulbecco’s modified Eagle’s me-
dium (DMEM) and 200 mL of human whole blood sup-
plemented with 3.7 g of bicarbonate, 2,500 units of hepa-
rin, 40 units of insulin, 10 units of penicillin, and 0.1 g
of streptomycin. Since a sufficient supply of oxygen to
the hepatocytes is of vital importance during the perfu-
sion culture of a BAL, human whole blood containing
erythrocytes as an oxygen carrier was added to the per-
fusate to a final concentration of 20%. The perfusate in
the reservoir was well mixed using a magnetic coupled
stirring bar. Theereafter, the perfusate, oxygenated using
the membrane oxygenator based on a gas mixture of 95%
air and 5% carbon dioxide, was circulated between the
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hollow fibers and the cartridge hc;using at 200 mL/min.
One thousand units of heparin were added to the per-
fusate by bolus every 24 h.

Bolus Loading test

A lidocaine (Research Biochemicals International, Na-
tick, MA, USA) solution of 10 mg/mL was added by bo-
lus to the perfusate to a final concentration of 12 pg/mL
through the reservoir port. Three ml of the perfusate was
collected from the same port 0.05, 1, 3, 6, 9, 18, 30, 60,
and 90 min after the bolus administration, then the su-
pernatant was collected after centrifugation at 1,800 x g
for 7 min and stored at -20°C until assayed. The lido-
caine remaining in the perfusate samples was quantified
using a TDX analyzer (Dainabot, Tokyo, Japan).

Galactose dissolved into DMEM was added to the per-
fusate to a final concentration of 6.25 mg/mL. Thereafter,
one mL of the perfusate was collected every 3 h over a
24 h period after the bolus administration, then the su-
pernatant was collected after centrifugation at 1,800 x g
for 7 min. The galactose concentration in the perfusate
was determined using a K-kit Food analysis Lactose/D-
Galactose (Boehringer Mannheim, Germany).

Constant Infusion Test

The lidocaine solution was infused into the perfusate
frrom 20 pg/min up to 100 pg/min. When a drug solu- .
tion is infused into the reservoir at a constant rate with-
out bolus administration, a long tail in the concentration
increase in incurred until a plateau is reached. Thereafter,
to remove this, a certain amount of lidocaine was added
to the perfusate by bolus at the beginning of each infu-
sion study. The amount of lidocaine added is discussed in
the Results and Discussion.

During the continuous infusion of the lidocaine solu-
tion, 3 mL of the perfusate was collected from the reser-
voir port every 15 min. The lidocaine remaining in the
perfusate samples was then quantified as mentioned
above. :

RESULTS AND DISCUSSION

Generally, drugs exist freely in blood, either bound to
proteins or included in the blood cells. The equations
used in the analyses of the drug loading tests are ex-
pressed using the drug concentrations in the blood, C,,
yet since most of the drug concentrations determined in
the current were the unbound drug concentrations in the
plasma, C, the values of C, were determined from the
values of C,based on the following relationship.

C,={0-H)+H,K}C, /f (1
where H, is the hematocrit, K is the partition ratio of the
drug between the blood cells and plasma, and f is the
fraction of unbound drug in the plasma. K and f are ex-
pressed by:
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Fig. 1. Schematic representation of in vitro system as two-
compartment model: The drug solution was infused at a con-
stant-rate (R) immediately following an initial bolus (D).

¢ (2

3)

where C. and C, are the drug concentrations in the blood
cells and plasma, respectively.

Great care should be taken when selecting the drugs to
evaluate the metabolic functions of a BAL. Rowland e al.
already carried out extensive studies on lidocaine phar-
macokinetic in vitro and in vivo [9,10], and reported that
lidocaine neither binds to plasma proteins nor is en-
trapped in blood cells. Thus, the values of the above men-
tioned parameters of K and f are units, and the lidocaine
concentrations in the plasma, which can be easily deter-
mined experimentally, are equal to those in the blood.
The experimental results are also straightforward to ana-
lyze. Similarly, galactose has been reported not to inter-
act with plasma proteins or blood cells [11], which is why
the current study used these two drugs for the loading
tests to evaluate the metabolic functions of the BAL.

Bolus Injection Test of Lidocaine

The elimination kinetics of chemicals in a BAL car-
tridge can be investigated using a perfusion model [12].
When lidocaine (D) with a constant infusion rate (R) is
administered to the BAL to evaluate its functions, the
drug is removed by a process that includes adsorption
and elimination. The concentration profile of the drug
that is removed from the perfusate to the cell compart-
ments is represented as the combination of the metabolic
function of the hepatocytes and mass transport of the
drug in the perfusate of the BAL without a diffusion bar-
rier between the perfusate and the hepatocytes. For the
initial bolus loading test, the models used for the mass
transfer mechanism of the drug are shown in Fig. 1.
Fig. 2 shows a plot of the concentration decay curve
against time after the bolus administration of lidocaine
without a constant infusion rate. The initial rapid fall fol-
lowed by a slower decline can be reproduced by two ex-
ponential terms. The pharmacokinetic equation in the
reservoir that can describe the concentration decay curve
is as follows:
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Fig. 2. Lidocaine concentration profiles for in vitro perfusate
system after initial bolus loading of 10 pg of lidocaine.

C,(¥) = AExp[-at]+ BExp[-f] 4)
A:Da(l/Vl—ﬂ/CL) 5)
a-p
BzD,H(a/CL—l/V]) 6)
a-p
_ CLQ
aff = Vv, (7)
Qv +Vy)
+f= _——Vle (®)

where C, is the lidocaine concentration in the reservoir,
V, is the total volume of the reservoir and oxygenator, V,
is the volume of the BAL cartridge, Q is the circulating
rate of the perfusate, and A and B are constants. In addi-
tion, the pair of parameters, « and S, are expressed by:

a,f=1/20Q/V,+Q/ V) £{(Q/V,+Q/V,)

vy, 4P

9)

Since it is quite tedious to evaluate the CL value from the
experimental data shown in Fig. 2 using these equations,
the simple relationships between the set of parameters, «
and S, and A and B, with an another set of parameters, D
and CL were deduced:

;.. D _ D
[cdt Ala+B/p

(10)

Various computer software is now available for determin-
ing the parameters, A and B, and « and Bbased on fitting
Eq. (4) to the experimental data. The CL value can then
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Table 1. Metabolic functions of BAL and natural liver

CL, mL/min Cl,,, mL/min GEC, mg/min

BAL 36.1 46.0 1.34
Human liver® 720 - 432
Porcine liver® - 124
Isolated porcine liver? - - 93

a); Ref. 10, b); Ref. 14, ¢); Ref. 15

be easily determined from the values of these parameters
using Eq. (10). The lidocaine CL values for the BAL are
listed in Table 1, along with those for whole human liver.

Constant Infusion Test Using Lidocaine

When lidocaine was infused into the perfusate at a
constant rate, R, its concentration monotonously in-
creased to a plateau value. The pharmacokinetic equation
that can describes the concentration increase curve was
derived as:

OR . (Da-R)(Q-aV,)
ViVap, ViV,a(f-a)

(DE-RQ-M)
VViBa—p A

C,()= Expl—at] +

(1D

When a drug solution is infused for an infinite time, the
lidocaine concentration in the reservoir continues to in-
crease to a plateau value expressed by:

Chpmn =i = L (12
) Viap  CL

Thus, the clearance value can easily be determined from
the constant infusion rate, R, and plateau concentration,
C oo

The evaluation method described above is simple, how-
ever, the experiment is time-consuming, as there can be a
long delay between the start of the infusion and the
establishment of the plateau concentration. The concen-
tration change exhibits biexponential disposition charac-
teristics, as expressed by Eq. (11). The half-lives of the
second and third terms of Eq. (11) are given by:

t,12 =0.693/a (13)

t51/2 = 0.693/ B (14)

Since fis assumed to be smaller than a, the long tail of
the concentration increase is mainly caused by the third
term on the right side of Eq. (11). If a bolus amount of
lidocaine:

p-KR (15)
B

is added at the beginning of the experiment followed by a
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Fig. 3. Lidocaine concentration changes in in vitro circulation
system during constant infusion at rates indicated in figure.

constant infusion rate, under such conditions, Eq. (11) is
reduced to

QR RQ/V,-a)

G = Ve, Vap pl-at] 6
_R _RQVima)p o
CL Vof

thereby removing the long tail. Fig. 3 shows the results of
the constant rate infusion tests. The plateau level, which
is given by

Co =R (17)
’ CL

can be rapidly attained by a combination of the bolus
administration of R/f and a constant infusion at R. After
the plateau lidocaine concentration was achieved, the
next infusion test was initiated by continuous administra- -
tion at an increased infusion rate in combination with the
bolus administration:

AD = AR (18)

B

Based on a series of infusion tests, stepwise increases in
the lidocaine concentration were observed, as shown in
Fig. 3. The steady state concentrations were plotted
against the infusion rates as shown in Fig. 4. As expected
from Eq. (18), this produced a linear relationship be-
tween the plateau concentrations and the infusion rates.
The clearance value for the BAL cartridge was estimated
to be 15 mL/min from the slope using Eq. (18).

When the lidocaine was administrated with R/f as the
initial bolus loading, the result is shown in Fig. 5. The
initial bolus amount, 4.35 mg under R = 40 pg/min, was
determined from the initial bolus loading in the previous
experiment. The concentration of lidocaine dropped, then
rapidly reached a plateau level. As such, the initial bolus
drug amount determined from the previous experiment
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Fig. 4. Linear relationship between plateau concentrations and
infusion rates observed in constant lidocaine infusion tests.
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Fig. 5. Lidocaine concentration changes with constant-rate
infusion plus initial bolus loading.

was important to rapidly achieve a plateau level with C-I-
B, and had to be administrated at the level of R/p.

As seen in the series of lidocaine loaded tests shown in
Figs. 3 and 5, the CL value was determined much more
precisely in the constant infusion test than in the bolus
loaded test. However, there is an inherent contradiction
in the method mentioned above for determining the CL
value, as the CL value should be known beforehand to
calculate the amount of bolus administration. Therefore,
this method can only be applied to confirm the CL value
obtained by other methods.

Intrinsic Clearance

As can be found from the experimental procedure to
determine the CL value for the BAL, the CL value de-
pends on various expetimental setups, such as the inter-
action of the drugs with the blood components, hema-
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Fig. 6. Galactose concentration changes in reservoir after load-
ing with 5 mg/mL galactose.

tocrit values and plasma protein concentration in the per-
fusate, flow pattern in the BAL cartridge, and circulation
rate of the perfusate. The CL value does not directly show
the intrinsic metabolic functions of a BAL, as it can only
express the metabolic function of a BAL under certain
experimental conditions. As such, the intrinsic clearance
(CL,,), which represents the intrinsic metabolic capacity
of a BAL cartridge, must be introduced. Detailed discus-
sions related to this subject can be found elsewhere [12].
Various models, such as the well-stirred model and
parallel tube model, are used in pharmacokinetic. The
current study used the well-stirred model, as the resulting
derived equations are simple and give clear images of the
dependence of the CL value on various factors, plus Row-
land et al. reported that it effectively expresses the in vivo
pharmacokinetic of lidocaine [13]. The well-stirred
model also provides a relationship between CL and CLy,:

cr - QCLuf (19)
Q +CLintf

When the circulation rate was low, the drug metabolic
rate was mainly determined by the amount of drug ad-
ministered into the BAL within a time unit by the perfu-
sion flow. The CL value increased with an increase in the
circulation rate, then reached a plateau maximum at an
infinite circulation rate. Table 1 also lists the average li-
docaine CL and CL,, values for 8 BAL cartridges deter-
mined during the initial 24-h circulation, along with
those for the whole human [10].

Bolus Loading of Large Amount of Chemical

A galactose loading test, which is clinically used for pa-
tients with hepatic failure to determine the functional
liver cell mass, was also applied to evaluate the BAL
metabolic function. When the concentration of galactose
loaded in the BAL was as high as that employed in a
clinical test, a linear decline in the galactose concentra-
tion was observed, as seen in Fig. 6. The galactose elimi-
nation capacity (GEC) instead of the galactose CL was
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used to express the metabolic ability of the BAL, as em-
ployed in the representation of the metabolic capability of
a natural liver in clinical tests. The GEC value was easily
determined from the slope of the linear plot of the galac-
tose concentration in the perfusate, C,, relative to the
perfusion time using the following equation [9]:

Ve IGEC 20)

max

V4V, WY,

C] _Cl,z=o =

The average GEC values for 8 BAL cartridges determined
during the initial 24-h circulation are listed in Table 1,
along with those for whole human and porcine livers.

As mentioned above, the BAL cartridges exhibited 1/13
of the lidocaine metabolic function of a whole human
liver, yet the GEC of the BAL device was only 1/322 of
that of a human liver. The human liver can eliminate ga-
lactose 3 times more efficiently than a porcine liver, as
seen in Table 1. The GEC of a porcine liver in situ is 50%
higher than that of an isolated perfused liver [14,15].
Thus it would seem that the small GEC value for the cur-
rent BAL reflected two effects.

CONCLUSION

Lidocaine and galactose are suitable drugs for the
quantitative evaluation of BAL functions without a trans-
port barrier across the membranes. They are free from
interaction with the plasma proteins and erythrocytes,
‘making their concentrations easy to determine. The re-
sults of drug loading tests can then be easily analyzed
using pharmacokinetic equations, plus BAL functions can
be quantitatively expressed by pharmacokinetic parame-
ters, such as the CL and GEC. In addition, these two
drugs have already been used in clinical tests to evaluate
liver functions over long periods. Accordingly, a compari-
son of the CL values for a BAL and natural liver can re-
veal the proportion of normal liver functions that can be
replaced by a BAL.
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Nomenclature

Aand B Constant [pug/min]

C Concentration of chemical [pug/mL]

CL Clearance [mL/min]

CL,, Intrinsic clearance [mL/min]

D Drug administration [mg]

f Fraction of unbound drug in plasma

GEC Galactose elimination capacity [mg/min]

H, Hematocrit [-]

K Partition ratio of drug between blood cells and
plasma [-]

Q Perfusate flow rate [mL/min] or oxygen con-

sumption rate [mmHg/min]
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R Constant-rate infusion [ug/min]
\% Volume [mL]
Voax Maximum elimination rate [mg/min]

Greek letters

o Distribution constant [min']

B Constant of elimination rate [min™']
Subscripts

1 Total volume of reservoir

2 Total volume of BAL cartridge

c Blood cell

u Plasma

p Plasma for unbound drug
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