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Abstract

Liver targeting of drugs has wide therapeutic implications due to numerous liver-related diseases. Using conjugates
of methotrexate (MTX) to variously galactosylated bovine serum albumin (BSA), we studied whether we could
enhance the liver targeting of MTX, a model drug, via galactose receptors selectively abundant on the hepatocytes.
Here, we report that the galactosylation of the carrier protein BSA significantly enhanced the hepatocyte uptake and
liver targetability of MTX. In vitro, the amount of MTX taken up by rat hepatocytes was positively correlated with
the galactose content in BSA. MTX conjugates were relatively stable in plasma, but released MTX with time in liver
homogenates. These results imply that the conjugates would exert low toxicity in the blood, but have therapeutic
activity in the liver by liberating MTX. In vivo, MTX-galactosylated BSA conjugates (MTX–L24BSA) showed
significantly different pharmacokinetics from free MTX or MTX–BSA conjugates. The plasma level of free MTX
rapidly declined in a biexponential fashion with an apparent terminal half-life of 0.35 h. MTX–BSA conjugates
showed the slowest decline with an apparent terminal half-life of 6 h, whereas MTX–L24BSA showed a biphasic
pattern; a rapid distributive phase with a half-life of 0.567 h and a slow terminal phase. MTX–L24BSA showed the
highest liver targetability, when evaluated in terms of two indices based on the area under the total amount of
radioactivity–time curve (AUQ); Te*(liver), % AUQliver to total AUQ, and te*, the ratio of AUQliver to AUQkidney.
Compared with free MTX and MTX–BSA, MTX–L24BSA showed about twofold higher Te*(liver) of 87.5%. The
te* of MTX–L24BSA was 25- and fourfold higher than those of free MTX and MTX–BSA, respectively. Moreover,
MTX–L24BSA showed a gradual increase in the therapeutically active intact form of MTX in the liver while showing
the lowest level of intact MTX in the kidney. These results suggest that galactosylated BSA has a great potential as
an hepatocyte-directed and more effective liver targeting carrier of drugs for liver diseases. © 1999 Elsevier Science
B.V. All rights reserved.
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1. Introduction

Chemotherapy using highly potent drugs such
as anticancer agents has been restricted due to
the lack of selectivity toward target sites. If the
distribution of chemotherapeutic agents is di-
rected to specific sites, it could dramatically en-
hance their therapeutic efficacy while decreasing
toxic side effects at other sites of the body. In
this respect, the liver has been one of the most
desirable target organs in the body due to vari-
ous liver-related metabolic, infectious diseases,
and primary and metastatic cancers (Johnson,
1993; Rettinger et al., 1994).

Numerous efforts have been made to achieve
liver targeting of chemotherapeutic agents. One
approach is based on the active phagocytosis of
the reticuloendothelial system in the liver by de-
livering drugs in particular carriers such as lipo-
somes (Kim et al., 1994; Kim and Han, 1995)
and microspheres (Kim et al., 1993; Anderson et
al., 1994). Another approach is to use the recep-
tor-mediated endocytosis by attaching drugs to
carrier molecules that can interact with liver-as-
sociated receptors (Seymour et al., 1991; Sett et
al., 1993). The major advantage of this approach
is that one may design a more defined cellular
level of drug targeting via cell type-specific sur-
face receptors.

Of liver-associated surface receptors, the
asialoglycoprotein receptor (galactose receptor) is
known to be present only on the hepatocytes
(Ashwell and Harford, 1982) with high density of
500 000 receptors per cell (Schwartz et al., 1980)
and retained on several human hepatoma cell
lines (Fallon and Schwartz, 1988). In addition,
once a ligand binds to the galactose receptor, the
ligand-receptor complex is rapidly internalized
and the receptor recycles back to the surface
(Ciechanover et al., 1983), which would allow the
high binding capacity and efficient cellular up-
take of galactosylated ligands. Thus, designing
drug delivery systems for galactose receptor-me-
diated endocytosis would be useful for achieving
hepatocyte/liver targeting, and further developing
hepatoma cell targeting of chemotherapeutic
agents.

Methotrexate has been widely used for the

treatment of various neoplastic diseases including
hepatoma and other liver disease such as cirrho-
sis (Tucker, 1992). Currently, chemotherapy us-
ing methotrexate is limited due to its toxic effects
on the kidney and intestinal mucosa (Shen and
Azarnoff, 1978). It has been reported that albu-
min conjugates of methotrexate (MTX) could al-
ter the pharmacokinetics and tissue distribution
of MTX (Kim and Hwang, 1993; Sett et al.,
1993).

In the present study, to achieve more effective
liver targeting of drugs via galactose receptors,
galactosylated albumin and MTX were used as a
carrier and model drug, respectively. Galactosy-
lated albumin was chosen as a carrier since it is
known to be non-immunogenic (Fiume et al.,
1982). Using the covalent conjugates of MTX-
galactosylated albumin, we tested whether we
could modulate the tissue distribution and hepa-
tocyte uptake of MTX. It was observed that
MTX–galactosylated albumin conjugates not
only enhanced the hepatocyte uptake and liver
targetability of MTX with minimal distribution
to the kidney, but also provided a higher level of
intact MTX in the liver over a prolonged period.

2. Materials and methods

2.1. Materials

Lactose monohydrate was purchased from
Junsei (Tokyo, Japan). Bovine serum albumin
(BSA, fraction V), 1-ethyl-3-(3-dimethy-
laminopropyl)-carbodiimide (EDC) and sodium
cyanoborohydride were from Sigma (St Louis,
MO). [3H]MTX ([L-glutamyl-3,4-3H]MTX) was
from Dupont deNemours (Wilmington, DE).
Lumasolve® (quaternary ammonium hydroxide),
a tissue solubilizer, was from Lumac (Olen, Bel-
gium). Scinti-A® XF scintillation cocktail and
Soluene-350® (0.5 N quaternary ammonium hy-
droxide in toluene) were from Packard Instru-
ment (Downers Grove, IL). MTX was kindly
provided by Choong Wae Pharmaceutical (Seoul,
South Korea). All other chemicals were of
reagent grade and used without further purifica-
tion.
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2.2. Synthesis of galactosylated albumin–MTX
conjugates

2.2.1. Synthesis of galactosylated BSA
Galactosylated BSA was synthesized by cou-

pling lactose to the lysine residues of BSA via
reductive amination of sodium cyanoborohydride
(Schwartz and Gray, 1977). In brief, the mixture
of 200 mM BSA, 23.4 mM lactose and 127.2 mM
sodium cyanoborohydride in 0.2 M phosphate
buffer (PB, pH 8.0) was incubated at 37°C for
variable periods, dialyzed at 4°C and lyophilized.
To determine the molar ratio of lactose/BSA,
lactose content was measured by the phenol/sul-
furic acid method (Dubois et al., 1956) and BSA
was assayed by a slight modification of the Lowry
method (Lowry et al., 1951). In this study, two
types of galactosylated BSA were further used for
conjugation with MTX; one with the lactose/BSA
molar ratio of 5:1 (L5BSA), the other with the
ratio of 24:1 (L24BSA). When stored at −10°C,
galactosylated BSA was stable for at least 1 year
without any changes in sugar content.

2.2.2. Conjugation of MTX to galactosylated
BSA

MTX was conjugated to BSA or galactosylated
BSA (L5BSA, L24BSA) by a slight modification of
the method of Kim and Oh (1988). A mixture of
12.6 mM MTX and 0.25 mM (galactosylated)
BSA was acidified to pH 6.0 with 0.1 N HCl, and
slowly added with EDC (final concentration, 65
mM). In some experiments, [3H]MTX (96.2 mCi)
was added to the mixture of MTX. The reactants
were stirred overnight at 4°C and the product was
separated from unreacted molecules by ultrafiltra-
tion and then lyophilized. The amount of MTX
per conjugate was determined by measuring its
absorbance at 373 nm for MTX and 660 nm for
BSA by the Lowry method. For [3H]MTX-con-
taining conjugates, the content of MTX was mea-
sured by counting the radioactivity of [3H]MTX
in a liquid scintillation counter (Rack Beta, LKB-
Wallac, Turku, Finland). The molar ratio of
MTX to the carrier protein was in the range of
10–12 regardless of the degree of galactosylation
of BSA.

2.3. In 6itro uptake of MTX conjugates by
hepatocytes

2.3.1. Preparation of hepatocytes
Male Wistar Albino rats (180–200 g, Experi-

mental Animal Breeding Center of Seoul Na-
tional University, Seoul, South Korea) were used
as the source of hepatocytes, which were har-
vested according to the method of Seglen (1976).
The liver was first perfused through the portal
vein with Hanks balanced salt solution (HBSS)
and removed to a recirculating liver perfusion
system (Dunn et al., 1979). After HBSS was recir-
culated for 5 min, 0.05% collagenase in HBSS
with 4 mM CaCl2 was perfused for 15 min. The
liver was then minced, diluted with 20 vol. of
HBSS and filtered successively through gauze.
Hepatocytes were purified by three cycles of sedi-
mentation and resuspended in HBSS to 1×105

cells/ml. The tryphan blue test showed that at
least 85% of the cells were viable.

2.3.2. Hepatocytes uptake
The mixtures of [3H]MTX and MTX in free or

conjugated forms were incubated with 10 ml of
hepatocytes (1×105 cells/ml) at 37°C. During this
incubation period, 0.5 ml of the suspension was
collected at certain time points, mixed with 20 ml
of 2 N HCl to stop the uptake and centrifuged at
3000 rpm for 5 min. The pellet of hepatocytes was
resuspended and washed twice with pH 7.4 phos-
phate buffer(PB) by centrifugation. The cell pellet
was then dissolved in Soluene-350®. The amount
of cell-associated MTX was determined by mea-
suring the radioactivity of the cell lysates.

2.4. In 6itro release of MTX from the conjugates

Conjugate forms of MTX equivalent to 2 mg of
free MTX were incubated at 37°C in 50 ml of PB
(pH 7.4), 20 ml of rat plasma, or 20 ml of rat
liver homogenates. At each time point, 0.1-ml
aliquots were sampled in duplicate, deproteinized
with acetonitrile and subjected to HPLC assay for
MTX at 313 nm (Chen and Chiou, 1981).
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2.5. In 6i6o pharmacokinetics and tissue
distribution

The mixtures of [3H]MTX and MTX in free or
conjugated forms (equivalent to 5 mg/ml MTX)
were injected into male Wistar Albino rats via the
femoral vein. At each time point, blood samples
were collected from the femoral artery and in
parallel, rats were sacrificed to obtain various
organs. Blood samples were centrifuged immedi-
ately to avoid the potential ‘blood storage effect’
that can interfere with the MTX assay in plasma.
Tissue samples were rinsed with cold saline, blot-
ted dry and weighed. Total radioactivities in three
forms of [3H]MTX (free, conjugated and metabo-
lized forms) contained in each tissue sample were
measured by a scintillation counter. Amounts of
intact form of MTX were determined by HPLC.

2.5.1. Pharmacokinetic analysis
Area under the plasma concentration–time

curve from time zero to 24 h (AUC0�24h) was
calculated by the trapezoidal method. Mean resi-
dence time (MRT), time-averaged total body
clearance (CL) and apparent volume of distribu-
tion at steady state (Vss) were calculated using the
noncompartmental analysis method (Gibaldi and
Perrier, 1982).

2.5.2. E6aluation of li6er targetability
The targeted delivery of MTX to the liver was

evaluated using two indices based on the area
under the total amount of radioactivity–time
curve (AUQ); one is the weight-averaged overall
drug targeting efficiency (Te*, Gallo et al., 1989);
the other is the weight-averaged drug targeting
efficiency against a given non-targeting tissue (te*,
Gupta and Hung, 1989; Kim and Jeong, 1997).

Te*=
AUQi

%(AUQ)j

×100

te*=
AUQi

AUQnon-target tissue

where i is the target organ and j is each organ.

2.6. Statistical analysis

ANOVA was used to analyze data for statisti-
cal significance (PB0.05).

3. Results and discussion

3.1. In 6itro uptake of MTX conjugates by
hepatocytes

To test whether the hepatocyte delivery of
MTX can be enhanced by galactose receptor-me-
diated endocytosis, the uptake of variously galac-
tosylated conjugates was studied at the cellular
level. In this study, hepatocytes were chosen as
target cells of MTX–galactosylated BSA conju-
gates since these are known to be the principal
cells of the liver involved in the clearance of
proteins with galactosyl ligands (Wall et al.,
1980). The least amount of cellular uptake was
observed in free MTX (Fig. 1). The uptake in-
creased as MTX-carrying BSA conjugated with a
greater number of galactose, implying that the
increased uptake of the conjugates was via galac-
tose receptors on hepatocytes. The extent of
galactosylation also affected the cellular uptake
rates of the conjugates. Free MTX, MTX–BSA
and MTX–L5BSA showed significant uptake only
during the initial period of incubation, whereas
MTX–L24BSA conjugates showed a gradual in-
crease of uptake throughout the test period. The
enhanced uptake of MTX–L24BSA conjugates
appears to be due to the higher affinity of L24BSA
to the galactose receptors on the hepatocytes
(Krantz et al., 1976).

3.2. In 6itro release of MTX from conjugates

Conjugated MTX may have a lower binding
affinity to dihydrofolate reductase, the target en-
zyme of MTX (Fitzpatrick and Garnett, 1995).
To minimize the side effects of MTX on other
sites in the body, MTX conjugates thus need to be
stable in the blood as an inactive conjugate form.
However, once the conjugates have reached the
liver, they should liberate MTX as a free, thera-
peutically active form. In this regard, we evalu-
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ated the release of MTX from its variously galac-
tosylated conjugates in different environments:
PB, rat plasma and liver homogenate. PB was
used as a control medium. Rat plasma and liver
homogenate were used as the model system to test
the stability of the conjugates in the blood and the
liberation of MTX from its conjugates in the liver,
respectively.

The release rates of MTX from its conjugates
were not affected by the extent of galactosylation
of BSA (Fig. 2). In all three conjugates, MTX–
BSA, MTX–L5BSA and MTX–L24BSA, liver ho-
mogenates (Fig. 2C) significantly accelerated the
release of MTX as compared with PB (Fig. 2A)
and rat plasma (Fig. 2B). In liver homogenates,
MTX was liberated in a biphasic pattern of an
initial rapid release over 2 h followed by slower
release. At 24 h of incubation in liver homogenate
under current experimental conditions, the per-

centage release of MTX from BSA, L5BSA, and
L24BSA conjugates was approximately 11.59
0.75, 1290.53, and 12.790.80, respectively.

We observed that these conjugates having simi-
lar contents of MTX (10–12 MTX per conjugate)
showed similar release rates of MTX. This obser-
vation is in good agreement with the previous
report that the release rates of MTX from its
conjugates is controlled by the quantity of MTX
in the conjugates (Halbert et al., 1987; Kim et al.,
1989). The slower release of MTX in rat plasma
reflects the stability of MTX conjugates in the
blood, which is the desired property for lowering
the side effects. Furthermore, the higher stability
of conjugates in the blood could greatly enhance
the delivery of conjugates to the target place.

The biphasic release pattern in liver ho-
mogenates could be interpreted such that ‘physi-
cally adsorbed’ and ‘covalently bound’ MTX
contributed to the initial rapid release and the
slow later phase, respectively (Kim et al., 1989;
Yoon et al., 1991). It is thought that lysosomal
enzymes abundant in liver homogenates might
have played a role in releasing covalently bound
MTX from the conjugates (Ciechanover et al.,
1983). The slow gradual release of covalently
bound MTX in liver homogenates suggests the
potential of conjugates as sustained delivery sys-
tems in the target organ.

3.3. Pharmacokinetics

Based on the in vitro hepatocyte uptake of
MTX (Fig. 1), we chose MTX–L24BSA as the
most promising conjugate for in vivo study and
compared the pharmacokinetics of MTX-equiva-
lent as [3H]MTX delivered in L24BSA conjugates
with those delivered as the free form of [3H]MTX
or [3H]MTX–BSA conjugates. MTX-equivalent
was determined based on the total radioactivity of
[3H]MTX, which cannot differentiate between the
conjugated/liberated [3H]MTX or the unmetabo-
lized/metabolized [3H]MTX. [3H]MTX–L24BSA
conjugates showed clearly different pharmacoki-
netics from free [3H]MTX and [3H]MTX–BSA
conjugates (Fig. 3). The plasma level of free
[3H]MTX most rapidly declined in a biexponential
fashion with an apparent terminal half-life of 0.35

Fig. 1. Uptake of free MTX and MTX-conjugates by rat
hepatocytes. The mixtures of [3H]MTX and MTX in free or
conjugate forms were incubated with rat hepatocytes at 37°C.
At indicated time points, the amount of cell-associated MTX
or MTX-conjugate was determined by the radioactivity of cell
lysates. Each point represents the mean value9S.D. (n=5).



J.-H. Han et al. / International Journal of Pharmaceutics 188 (1999) 39–4744

Fig. 2. In vitro release of MTX from three different conjugates of MTX. MTX–BSA, MTX–L5BSA and MTX–L24BSA were
incubated at 37°C in 50 ml of PB (A), 20 ml of rat plasma (B), or 20 ml of rat liver homogenates (C). The amount of MTX released
at each time was assayed by HPLC at 313 nm. Each point represents the mean value9S.D. (n=5).

h. [3H]MTX administered in BSA conjugates
showed the slowest decline with an apparent ter-
minal half-life of 6 h. In contrast, [3H]MTX–
L24BSA showed a biphasic pattern; a rapid
distributive phase with a half-life of 0.57 h, and a
subsequent slow terminal phase. The pharmacoki-
netic parameters of these three groups are summa-
rized in Table 1.

The lowest CL of [3H]MTX–BSA seems to be a
result of two factors; first, relatively lower uptake
of [3H]MTX–BSA by hepatocytes (Fig. 1), sec-
ond, the high molecular weight of [3H]MTX–BSA
conjugates since the molecular size has been
shown to be a limiting factor for renal excretion
(Data and Nies, 1974). [3H]MTX–L24BSA
showed about fivefold higher CL than [3H]MTX–
BSA. Considering the similar molecular size of
[3H]MTX–L24BSA to [3H]MTX–BSA and the
low distribution of [3H]MTX–L24BSA to the kid-
ney (Table 2), it is unlikely that [3H]MTX–
L24BSA would have a higher renal clearance than
[3H]MTX–BSA. Rather, it appears to be more
feasible that the higher CL of [3H]MTX–L24BSA
might be due to the preferential uptake by the
liver via galactose receptors on hepatocytes.

3.4. Tissue distribution and li6er targetability

Free [3H]MTX, [3H]MTX–BSA and
[3H]MTX–L24BSA showed significantly different
tissue distribution patterns (Table 2). In the

spleen, heart, kidney and lung, Te* values de-
creased in the order of free [3H]MTX, [3H]MTX–
BSA and [3H]MTX–L24BSA. However, in the
plasma, [3H]MTX–BSA showed the highest Te*
value; five- and sixfold higher than that of free
[3H]MTX and [3H]MTX–L24BSA, respectively.
Such a high Te* of [3H]MTX–BSA in the plasma
seems to have resulted from the lowest CL as
shown in Table 1.

The liver targetability of MTX in various forms
was evaluated with two indices, Te* and te*,
based on the tissue distribution of [3H]MTX
(Table 2). Free [3H]MTX and [3H]MTX–BSA
showed similar Te* values in the liver (Te*liver). In
contrast, [3H]MTX–L24BSA showed 87.5% of
Te*liver, almost twofold higher than others, which
appears to be contributed by the superior uptake
of [3H]MTX–L24BSA by the hepatocytes (Fig. 1).
This result indicates that the liver targetability of
MTX could be substantially enhanced by admin-
istering MTX in the form of conjugate, MTX–
L24BSA.

As another index of testing the liver targetabil-
ity against undesirable targeting organ, te* was
used. By defining the denominator of te* formula
as an organ that undergoes the most severe toxic-
ity, we may predict the balance between the thera-
peutic effect and the toxicity of various MTX
forms. In this study, we defined te* as the ratio of
AUQliver to AUQkidney since MTX is known to
have severe toxicity mainly in the kidney (Shen
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and Azarnoff, 1978). Though free [3H]MTX and
[3H]MTX–BSA did not significantly differ in
Te*liver, they showed a significant difference in te*.
The te* of [3H]MTX–BSA was about sixfold
higher than that of free [3H]MTX, which seems to
be due to diminished distribution of higher molec-
ular weight [3H]MTX–BSA to the kidney.
[3H]MTX–L24BSA showed a 25-fold increase in
te* compared with free [3H]MTX. The highest te*
value of MTX–L24BSA suggests that MTX given
in the L24BSA conjugate would exert maximal
therapeutic effects on the target organ, liver, but
minimal toxic effects on the kidney.

3.5. Tissue le6els of intact MTX

Above, both Te* and te* were measured based
on the total radioactivity of [3H]MTX, which

Table 1
The noncompartmental pharmacokinetic parameters of total
radioactivity as expressed in terms of MTX-equivalent after
i.v. injection of free [3H]MTX, [3H]MTX–BSA and [3H]MTX–
L24BSA conjugates to ratsa

[3H]MTX–L24BSAParameter Free [3H]MTX–BSA
[3H]MTX

898944.7**AUC 189933.8**16.693.03
(mg h ml−1)

0.79090.103*MRT (h) 8.4290.606*0.41090.091
Vss (ml kg−1) 245920.6 93.793.36** 42.393.46**
CL 11.290.570** 54.799.77**6269130
(ml h−1 kg−1)

a Values are mean9S.D. (n=4).
* PB0.01 when compared with the values for free MTX.
** PB0.001 when compared with the values for free MTX.

cannot differentiate between the conjugate/liber-
ated [3H]MTX or the unmetabolized/metabolized
[3H]MTX. Since it is known that bound or metab-
olized MTX loses its affinity to the target enzyme,
dihydrofolate reductase (Shen and Azarnoff,
1978), the amount of unbound and intact forms
of MTX will be a more accurate indicator of
therapeutic/toxic effects. Thus, to have more in-
sight on the therapeutic/toxic effects of the vari-
ous forms of MTX, the tissue concentration–time
profiles of MTX in its intact form were measured
by HPLC.

In the liver, free MTX showed the highest level
of intact MTX at 5 min after injection followed
by the fastest decline. Such a fast disappearance
of intact MTX might have resulted from the
highest accessibility of free MTX to its metaboliz-
ing enzymes. MTX given in MTX–BSA conju-
gates showed the lowest level of intact MTX for
120 min after injection. MTX administered in
MTX–L24BSA showed a gradual increase of in-
tact MTX over 4 h (Fig. 4A), suggesting that
MTX–L24BSA may exhibit therapeutic activity in
the liver for a prolonged period as a sustained
delivery system of MTX.

On the other hand, in the kidney, free MTX
showed the highest level of intact MTX for 120
min after injection (Fig. 4B). MTX–BSA and

Fig. 3. Plasma concentration–time profiles of MTX-equivalent
following intravenous administration of the mixtures of
[3H]MTX and MTX in free or conjugate forms. Blood samples
were collected at indicated time points. Total amounts of
MTX were measured by 3H radioactivity, and divided by
initial dose to obtain the percentage dose. Each point repre-
sents the mean percentage dose9S.D. (n=4).
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Table 2
The AUQ24h (mg day) and Te* of total radioactivity as expressed in terms of MTX-equivalent after i.v. injection of free [3H]MTX,
[3H]MTX–BSA and [3H]MTX–L24BSA conjugates to rats

[3H]MTX–BSA [3H]MTX–L24BSA)Free [3H]MTX

Te* (%) AUQ24h (mg day)AUQ24h (mg day) Te* (%) AUQ24h (mg day) Te* (%)

49.2 10 600Liver 42.21240 31400 87.5
8.85 337 1.34223 463Spleen 1.29

39.2Heart 1.56 188 0.746 27.0 0.0752
683Kidney 27.1 889 3.53 682 1.90

3.40 600 2.3885.6 349Lung 0.972
10.0 12 600 50.0Plasmaa 2980252 8.30

100 25 200 100Total 35 9002520 100

Teb 1.81 11.9 46.0

a Total blood volumes were considered as 6 ml per 100 g body wt of rat.
b Ratio of AUQliver to AUQkidney.

as sustained delivery systems. These results sug-
gest that galactosylated albumin could be further
developed as promising liver-targeting carriers of
other drugs for liver diseases.
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