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In order! to prepare cytotoxic drug-low density lipoprotein (LDL)
particles, we have synthesized lipophilic prodrugs of two broad-
spectrum antineoplastic agents, methotrexate (MTX) and 5-fluoro-
deoxyuridine (FUdR), by coupling them to oleic acid. *H-Labeled
prodrugs were incorporated in '**I-LDL carriers, allowing the study
of both drug and carrier simuitaneously. Utilizing the dry film pro-
cedure, monooleoyl FUdR showed the highest incorporation effi-
ciency with over 40% of the initial drug associated with LDL. The
prepared prodrug-LDL solution was found to be a single complex of
30 molecules of prodrug per LDL particle when examined by aga-
rose gel electrophoresis and density gradient ultracentrifugation. No
unbound FUdROY, could be recovered, indicating that all dissolved
prodrug associates with LDL. After incubation of FUdROI, with
human serum, 22% of the compound associates with lipoproteins
and 78% was recovered in the albumin-containing fraction. When
human serum was pretreated with oleic acid in order to saturate
albumin’s fatty acids binding sites, a strong decrease (from 78 to
22%) in association to the albumin-containing fraction was ob-
served, accompanied by a threefold increase (from 22 to 67%) in
lipoprotein association. It is concluded that existing hydrophilic an-
tineoplastic agents can be successfully modified in order to achieve
association with LDL. This may ultimately lead to an increased
delivery of cytotoxic drugs to tumor cells.

KEY WORDS: 5-fluorodeoxyuridine (FUdR); methotrexate (MTX);
low-density lipoprotein (LDL); high-density lipoproteins (HDL);
phosphate-buffered saline (PBS); monooleoyl FUdR (FUdROI,).

INTRODUCTION

The LDL receptor pathway can be considered an attrac-
tive possibility for the specific delivery of antineoplastic
agents to their target tissues (1-3). A variety of tumor cell
types, in vitro (4,5) as well as in vivo (6,7), expresses high
amounts of LDL receptors on their cell membranes. By ac-
tive internalization of LDL these rapidly dividing cells ac-
quire the cholesterol necessary for the stability of cell mem-
branes. The LDL receptor pathway (8) can potentially intro-
duce large amounts of LDL-associated drugs into the cell.

Essential for a successful delivery of a compound via
this mechanism is an adequate incorporation into LDL. Only
lipophilic drugs or prodrugs such as the anthracycline AD-32
(9), “‘compound 25’ (10), or oleoyl-ellipticine (11) were re-
ported to be incorporated into LDL. The degree of li-
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pophilicity was assumed to be an important factor for drug
incorporation into LDL.

Water-insoluble drugs, however, require rigorous pro-
cedures for LDL incorporation, e.g., the delipidation-
reconstitution method, which can introduce hundreds of
drug molecules per LDL but impairs the physiological rec-
ognition of the particle (12).

Drugs with a mixed hydrophobic/hydrophilic character
such as cyclosporin A (13) and Tris-gal-chol (14) possess a
natural affinity for lipoproteins and can spontaneously asso-
ciate with lipoprotein particles.

In the present investigation, we have derivatized two
broad-spectrum antineoplastic drugs, methotrexate and 5-
fluorodeoxyuridine (FUdR; floxuridine) with oleic acid, in
order to study the possibilities for nondestructive incorpo-
ration into LDL. All syntheses were performed with *H-
labeled antineoplastic drugs, which facilitated the determi-
nation of incorporation efficiency and possible redistribu-
tion.

We have compared the spontaneous association of dio-
leylmethotrexate (MTXOl,), monooleoylfloxuridine
(FUdROL,), and dioleoylfloxuridine (FUdROI,) with LDL,
as analyzed by agarose gel electrophoresis and density ul-
tracentrifugation. Further, their affinity for lipoproteins is
compared with their binding to albumin.

MATERIALS AND METHODS

Materials

1251 sodium salt (98.5% pure), was obtained from Am-
ersham, UK. [3',5',7-3H]Methotrexate (sodium salt, 98.5%
pure) was obtained from Amersham. 5-[6-*H]JFUdR (99.9%
pure, No. NET 774) was from New England Nuclear, Bos-
ton, MA. Agarose was purchased from Sigma Chemical Co.,
St. Louis, MO. Potassium bromide was purchased from
J. T. Baker, Deventer, The Netherlands. 5-Fluorodeoxy-
uridine was kindly provided by Hoffmann-LaRoche Ltd.,
Mijdrecht, The Netherlands. Methotrexate was a gift from
Pharmachemie, Haarlem, The Netherlands. [*H]Dioleyl-
methotrexate was synthesized by the neutral esterification of
methotrexate with alkylhalide and cesium carbonate accord-
ing to the method of Rosowsky and Yu (15). The procedure
as described by Nishizawa and Casida (16), utilizing oleoyl-
chloride, was followed to convert PH]FUdR to [*Hlmo-
nooleoyl FUdR and [*Hldioleoyl FUdR. Purity of the ob-
tained lipophilic prodrugs was 98% as assessed by thin-layer
chromatography (TLC) and nuclear magnetic resonance
(NMR).

Lipoproteins

LDL was isolated from human plasma at density 1.024
< d < 1.055 g/ml by two repetitive centrifugations according
to the method of Redgrave et al. (17) as described previously
(14). The LDL preparation contained solely apolipoprotein
B (99.97%, MW 514,000), and no degradation products were
noticeable when checked by electrophoresis in sodium do-
decyl sulfate gels. Radioiodination of LDL was done accord-
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ing to the '*’I-iodine monochloride method described by Bil-
heimer et al. (18).

Incorporation of Lipophilic Prodrugs in LDL

[*H]Monooleoylfloxuridine (150 pl, 32 pg, and 63 nmol,
dissolved in toluene) was added to a glass tube. The drug
was coated on the surface of the tube by evaporation under
N,. After complete evaporation of all solvent, 200 pl of a
solution of '>’I-LDL (260 pg LDL protein, in phosphate-
buffered saline (PBS)-1 mM EDTA, pH 7.4) was added. The
mixture was incubated for 4 hr at 37°C under N, while shak-
ing continuously.

For the experiment described in Fig. 1, 25 nmol of
MTXOI,, FUdROI,, and FUdROI, was coated onto the sur-
face of a glass tube and, after extensive evaporation under
N,, incubated with 200 pl of a solution of LDL (520 pg
protein, 1 nmol LDL protein, in PBS-1 mM EDTA, pH 7.4).
The mixture was incubated for 4 hr at 37°C under N, while
shaking continuously. Samples of the incubation mixture
were then analyzed by agarose gel electrophoresis as de-
scribed below.

The log P of the lipophilic prodrugs was determined
according to a modification of the procedure described by
Yeh and Higuchi (19) and Hobbelen et al. (20). Forty nano-
moles of the *H-labeled compound was coated on 4-ml stop-
pered glass vials. Octanol, 1.0 ml, and PBS-1 mM EDTA,
pH 7.4, 1.0 ml, were added and the samples were incubated
on a Luckham Multimix MM1 Rollerbank for 24 hr at room
temperature. Samples of octanol and aqueous phase were
then assayed for *H radioactivity utilizing a Packard 1500
Tri-Carb liquid scintillation analyzer.
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Fig. 1. Efficiency of incorporation of lipophilic derivatives of MTX
and FUdR into LDL in relation to the octanol/water distribution.
3H-Labeled prodrugs (25 nmol) were incubated with a solution of 1
nmol of LDL according to the dry film procedure (21). After incu-
bation for 4 hr at 37°C, samples were subjected to agarose gel elec-
trophoresis. The LLDL-containing segments in the gels were excised
and counted for radioactivity. In addition, the octanol/water distri-
bution of the prodrugs was determined (expressed as log P).
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Agarose Gel Electrophoresis

Aliquots of *H-drug-'>’I-LDL complexes or *H-
FUdROI,~human serum albumin (HSA) preparations were
subjected to electrophoresis in agarose gels at pH 8.8 (Tris—
hippuric acid buffer). After electrophoresis, the gel was cut
into segments, which were then treated with 750 pl of solu-
ene. After 20 hr, 10.0 ml scintillation cocktail was added and
the samples were assayed for *H radioactivity (*H-
FUdROI,-HSA preparation) or *H and '*°I radioactivity uti-
lizing a Packard 1500 Tri-Carb liquid scintillation analyzer
equipped with software validated for *H-'>*I-double-labeled
samples.

Distribution over Serum (Lipo)Proteins—Density
Gradient Ultracentrifugations

[*H]Monooleoylfloxuridine (20 pl, 4.2 pg, dissolved in
toluene) was added to a glass tube. After coating of the com-
pound on the surface after extensive evaporation under N,,
1.0 ml of human serum was added and the solution was
incubated for 4 hr at 37°C under N, while shaking continu-
ously.

For the redistribution studies, FUdROI,~LDL particles
were prepared as described under Incorporation of Li-
pophilic Prodrugs in LDL. Twenty microliters of this solu-
tion was then added to either 500 wl human serum or 500 pl
human serum that was preincubated with 3 mg oleic acid.
The solutions were subsequently incubated for 4 hr at 37°C
under N, while shaking continuously.

After the incubations were completed, the samples were
transferred to polyallomer centrifuge tubes. Thereafter, 1106
mg of solid KBr and PBS-1 mM EDTA, pH 7.4, was used for
the complete dissolution of KBr to a final volume of 4.0 ml.
Consecutive layers of 3.0 ml of KBr solution (1.063, 1.019,
and 1.006 g/ml, respectively) were then added. After centrif-
ugation, 500 pl samples, starting from the bottom of the
tube, were taken and the gradient was subdivided according
to density. Three hundred microliters of the fractions was
mixed with 5.0 ml of scintillation cocktail and the samples
were assayed for radioactivity.

RESULTS

Incorporation of Lipophilic Prodrugs into LDL

The efficiency of incorporation of lipophilic prodrugs
for LDL was investigated by determining their spontaneous
incorporation from a drug-coated glass tube. Twenty-five
nanomoles of *H-labeled prodrug was coated onto a glass
vial and subsequently incubated at 37°C with a solution con-
taining 1 nmol of LDL in buffer. The resulting solution was
then subjected to agarose gel electrophoresis in order to sep-
arate potentially solubilized LDL-unbound prodrugs from
LDL-associated prodrugs. The LDL-containing fraction was
then removed from the agarose gel and counted for radioac-
tivity. Less than 2% of MTXOI, and FUdROI, became as-
sociated with LDL, while this value was over 40% for
FUdROI, (Fig. 1). A determination of the hydrophobicity of
the three prodrugs (octanol/water distribution) indicates in-
creasing hydrophobicity from dioleylmethotrexate to mo-
nooleoyl FUdR and dioleoyl FUdR.
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Agarose Gel Electrophoresis

Because of the low incorporation of MTXOI, and
FUdROL, into LDL compared to the excellent association of
FUdROI,, we have further analyzed the LDL-association
properties of this compound.

After incubation of *H-FUdROI, with '*I-LDL at 37°C
for 4 hr, the drug-LDL-containing solution was subjected to
agarose gel electrophoresis. Figure 2A shows that both *H
and '?°I radioactivities were recovered at the same position
in the gel. As a control, *H-FUdROI, was incubated with
human serum albumin and analyzed by the same technique.
*H Radioactivity was now recovered at a distinct position.
Control '*I-LDL migrated to a position 2.75 cm from the
starting spot (Fig. 2C), which is similar to the FUdROI,-
LDL complex.

Density Ultracentrifugation

*H-FUdROI,/***I-LDL solutions were analyzed by den-
sity-gradient ultracentrifugation in order to assess if the in-
corporated drug changed the density of LDL. Upon density-
gradient ultracentrifugation, both *H and '?°I radioactivities
were recovered in the fractions of the LDL density range
between 1.019 and 1.063 g/ml (Fig. 3A).

In order to analyze the distribution of FUdROI, in se-
rum, the compound was incubated with 1.0 ml of freshly
prepared human serum for 4 hr at 37°C. The solution was
then analyzed by density-gradient ultracentrifugation (Fig.
3B). Approximately 78% of FUdROI, was recovered in the
fraction at density >1.21 g/ml. Twenty-two percent had dis-
tributed over the lipoprotein-containing fractions.

When preformed drug-LLDL complexes are incubated
with human serum, a density ultracentrifugation pattern sim-
ilar to that in Fig. 3B is observed (Fig. 4A). Pretreatment of
human serum with oleic acid and subsequent incubation with
preformed FUdROI,-LDL particles result in a significant
decrease (from 78 to 33%) in radioactivity in the fraction at
density >1.21 g/ml. The HDL- and LDL-containing frac-
tions show a threefold increase in *H activity, while the
VLDL/chylomicron-containing fractions (d < 1.006) do not
show any significant change in radioactivity.

DISCUSSION

We have derivatized two broad-spectrum antineoplastic
agents, FUdR and MTX, with oleic acid side chains. Oleic
acid was chosen as ““LDL anchor,”” as previous investiga-
tions have reported successful incorporation of ‘‘compound
25"’ (10) and a lipophilic doxorubicin derivative (6), both
compounds that are coupled to oleyl side chains. The syn-
thesis of oleyl derivatives of two drugs allowed identification
of possible structural requirements that may be favorable for
incorporation.

Of the three prodrugs investigated, the monooleoyl de-
rivative of FUdR clearly had the highest incorporation effi-
ciency. The method used to measure the incorporation effi-
ciency is based on the dry film procedure described earlier
by Shaw et al. (21). In this experimental setup, both water
solubility and affinity for the lipoprotein will determine the
final outcome. For a compound that is too water insoluble,
as is the case with FUdROIL, [log P(oct/H,0) = 4.33], the
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Fig. 2. Agarose gel electrophoresis of FUdROL-LDL solutions
compared to albumin-bound FUdROI, or native LDL. Thirty-two
micrograms of [PH]JFUdROI,, coated on a glass vial, was incubated
with 260 pg of '>’I-LDL (A) or with 6.8 mg of human serum albumin
(B) for 4 hr at 37°C. (C) Native LDL. After agarose gel electropho-
resis, the gels were cut into segments which were then assayed for
*H and/or '*°1 radioactivity.

initial partitioning from the glass surface in the aqueous
phase may become the rate-limiting step. The data suggest
that log P (oct/H,0) gives only a limited indication about the
incorporation efficiency. Structural requirements clearly
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Fig. 3. Density ultracentrifugation of solutions of FUdROI, that
were incubated with LDL (A) or human serum (B). [*’HIFUJRO],
was incubated with LDL or human serum according to the dry film
method. After density ultracentrifugation, tubes were subdivided
according to density and assayed for radioactivity. LPDS, lipopro-
tein-deficient serum; VLDL, very low-density lipoprotein-
containing fraction.

play a role since dioleyl MTX, which has a superior water
solubility, has a significantly lower incorporation efficiency
than FUdROI,.

All further experiments were focused on FUdROI,, as
this was the compound with the most favorable incorpora-
tion efficiency. Synthesis of this compound was carried out
with >H-labeled FUdR precursors, allowing to prepare dou-
ble-labeled drug-LDL carrier particles by incubating *H-
FUdROI, with '*[-LDL.

Two independent physicochemical methods were cho-
sen to analyze *H-FUdROI,-LDL solutions in order to ex-
amine the purity of the complex. When *H-FUdROI,-'*I-
LDL solutions were analyzed by agarose gel electrophore-
sis, a single *H/"®’I peak was recovered in the gel with the
same relative electrophoretic mobility as native LDL. No *H
radioactivity was located in the gel other than at the LDL
position. This indicates that all FUdROI, that partitions from
the glass vial into the aqueous phase associates with LDL.
The control *H-FUdROI,—albumin preparation was found to
migrate to a clearly different position in the agarose gels.

Analysis of >H-FUdROI,-!'*I-LDL solutions by density
ultracentrifugation also indicated that a single drug-LDL
particle had formed, with no unbound drug present in the
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Fig. 4. Effect of the preincubation of human serum with oleic acid
on the association of FUdROI, with serum (lipo)proteins. Preformed
3H-FUdROI,-LDL particles were incubated for 4 hr at 37°C with 0.5
ml of human serum (A) or with 0.5 ml of human serum that was
preincubated with 3 mg of oleic acid (B). After density ultracentrif-
ugation, the tubes were subdivided according to density and assayed
for radioactivity.

solution. The drug-LDL particles had an average incorpo-
ration of 30 molecules of FUdROI, per LDL particle. Initial
efforts to measure the effect of incorporation of FUdROI, on
the size of the lipoproteins by a light-scattering method (Mal-
vern system 4700 C particle analyzer) indicate that the drug—
LDL particle has the same size as native LDL (23 nm).

In order to examine the distribution of FUdROI, over
the different serum (lipo)proteins, >H-FUdROI, was incu-
bated with human serum (dry film method) and the mixture
was subsequently analyzed by density gradient ultracentrif-
ugation. Seventy-eight percent of the compound was recov-
ered in the lipoprotein-deficient fraction (LPDS) of serum,
and 22% associated with HDL, LDL, and VLDL/
chylomicrons. As albumin, which is one of the main proteins
in the LPDS fraction, is known to bind a variety of endog-
enous and exogenous compounds, we tried to examine if
albumin was possibly responsible for the high association of
FUdROI,. Albumin is known to possess high-affinity sites
for fatty acids (22). After saturation of these binding sites by
pretreatment of human serum with a solution of oleic acid
and subsequent incubation with *H-FUdROI,, a significant
decrease (from 78 to 33%) in the amount of FUdROI, recov-
ered in the albumin density fraction was observed. This was
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accompanied by a strong increase (from 22 to 67%) in the
amount of FUdROI, associated with HDL and LDL. The
data suggest that an equilibrium exists between FUdROI,
bound to fatty acid binding sites on albumin and lipoproteins
present in serum. This equilibrium can be influenced by
compounds that compete for the fatty acid binding sites on
albumin.

It is concluded that existing antineoplastic drugs can be
modified in order to increase their affinity for lipoproteins.
Further modifications are now being explored that will in-
crease and stabilize incorporation into LDL, resulting in a
favorable delivery of the compound into tumor cells.
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