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Abstract

Solid lipid nanoparticles (SLNs) were prepared using trilaurin as the SLNs solid core and a mixture of neutral and
negatively charged phospholipid. To produce SLNs with a poly(ethylene glycol) (PEG) coating, PEG was incorpo-
rated in SLNs using dipalmitoylphosphatidylethanolamine-N-[poly(ethylene glycol)2000] (PE-PEG). 3%-azido-3%-de-
oxythymydine palmitate (AZT-P) with [3H]-AZT-P as tracer were synthesized and incorporated in SLNs. Their
subsequent retention in SLNs with and without PEG was determined after incubation in 50% bovine plasma.
Biodistribution studies were performed in mice using free AZT-P, AZT-P incorporated in SLNs or AZT-P
incorporated in PE-PEG coated SLNs (SLN-PE-PEG). The presence of PE-PEG significantly reduced the SLN zeta
potential from −22 to −5 mV. Although AZT-P was rapidly released from SLNs during incubation in bovine
plasma, the release rate was significantly slower in SLN-PE-PEG. AZT-P was rapidly removed from blood following
i.v. injection in mice. The decrease in AZT-P blood level was biphasic and rapid, and the major excretory route of
AZT-P was the kidney. Higher levels were observed after i.v. injection of AZT-P incorporated in SLNs. This effect
was further increased using SLN-PE-PEG. Both SLN and SLN-PE-PEG incorporation of AZT-P significantly
decreased the urinary excretion of AZT-P and increased the localization of AZT-P in the liver. The results obtained
in this study indicate that using SLNs as a drug carrier increases the bioavailibility of incorporated AZT-P, and that
the pharmacokinetic behaviour of the incorporated drug can be modified by changing the surface characteristics of
SLNs by using the amphiphilic solvation enhancer PE-PEG. © 1998 Elsevier Science B.V. All rights reserved.
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1. Introduction

3%-azido-3%-deoxythymidine (Zidovudine®,
AZT) is an analog of deoxythymidine in which
the 3% hydroxyl has been replace by an azido (N3)
group. The drug is activated to its mono-, di-, and
triphosphate forms by cellular enzymes in both
human immunodeficiency virus (HIV) infected
and uninfected cells (Furman et al., 1986). The
active metabolite of AZT, AZT triphosphate, in-
hibits HIV-1 reverse transcriptase as well as mito-
chondrial DNA polymerase-g (König et al., 1989).
AZT was initially found to be of benefit to pa-
tients with HIV infection (Yarchoan et al., 1986),
but longer treatment periods can lead to AZT-in-
duced bone marrow toxicity (Gill et al., 1987;
Pizzo et al., 1988; Kennedy et al., 1991). Several
investigators have converted this nucleoside ana-
logue into a variety of lipophilic derivatives as a
mean of increasing its antiviral activity (Hostetler
et al., 1990; Kawaguchi et al., 1990; Steim et al.,
1990; Sqalli-Houssaini et al., 1994; van Wijk et
al., 1994). The use of liposomal drug carriers has
shown to reduce the toxicity of associated drugs
such as doxorubicin (Rahman et al., 1985) and
amphotericin B (Lopez-Berestein et al., 1987). The
incorporation of AZT in liposomal carriers results
in decreased bone marrow toxicity, increased
bioavailibility and enhanced antiviral activity
(Phillips et al., 1991; Phillips and Tsoukas, 1992),
and such formulations have been evaluated clini-
cally (Deutsch et al., 1993). Liposomal incorpora-
tion and antiviral activity of a number of
lipophilic derivatives of AZT (Schwendener et al.,
1994) has also been evaluated.

Phospholipid-triglyceride emulsions such as
Intralipid®, which are known from parenteral
nutrition studies to be non-toxic (Davis et al.,
1987), have been used as carriers for a variety of
drugs (Caillot et al., 1993; Higashi et al., 1995;
Tibell et al., 1995; Yamaguchi et al., 1995). Solid
lipid nanoparticles (SLN), which are comprised of
a high melting point triglyceride (TG) as the solid
core and a phospholid (PL) coating (Heiati et al.,
1996), have been already used as a drug carrier
for lipophilic drugs (Schwarz et al., 1994; Müller
et al., 1996; Heiati et al., 1997). One of the
characteristic of colloidal drug carriers such as

liposomes and fat emulsion is their rapid clear-
ance from the blood stream by the mononuclear
phagocyte system (MPS), characterized primarily
as uptake by liver Kupffer cells and splenic
macrophages. (Gregoriadis and Neerunjun, 1974;
Kimelberg et al., 1976). Such carrier systems have
been employed for the passive targeting of drugs
(Haynes and Cho, 1988; Scieszka et al., 1988;
Bender et al., 1994). The profound involvement of
the macrophage in the pathogenesis of HIV infec-
tion (Meltzer et al., 1990) presents a unique op-
portunity for evaluating cell-specific drug
targeting via the use of colloidal carriers.

It has been shown that PEG conjugated to
phosphatidylethanolamine (PE) can modify the
circulation time of liposomes and fat emulsions if
the conjugate is incorporated into the PL bilayers
(Klibanov et al., 1990; Lundberg et al., 1996) The
ability of PE-PEG to prolong liposome circula-
tion time appears to be greater than that of GM1

gangloside on a molar basis (Klibanov et al.,
1990).

In a previous communication from our labora-
tory we reported the incorporation and the in
vitro retention of the lipophilic prodrug, AZT
palmitate (AZT-P) in SLNs (Heiati et al., 1997).
The objective of the present study was to investi-
gate the in vitro release of AZT-P in the presence
of bovine plasma and to determine the biodistri-
bution of AZT-P in mice after intravenous injec-
tion of free AZT-P and SLNs containing AZT-P
with and without a PE-PEG coating.

2. Materials and methods

2.1. Materials

Trilaurin (TL), palmitoyl chloride, 3%-azido-3%-
deoxythymidine-methyl-3H (8.18×1010 Bq/
mmol), carbonic anhydrase (from bovine erythro-
cytes), mouse IgM and gentamycin (1000× solu-
tion) were purchased from Sigma (St. Louis,
MO). Dipalmitoylphosphatidylcholine (DPPC),
dimyristoylphosphatidylglycerol, sodium salt
(DMPG), and dipalmitoylphosphatidylethanola-
mine-N-[poly(ethylene glycol)2000] (PE-PEG) were
obtained from Avanti (Alabaster, AL). Sephadex
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G-25M PD-10 columns and Sepharose 2B were
purchased from Pharmacia Biotech (Uppsala,
Sweden). Bio-Rad protein assay reagent was
from Bio-Rad (Richmond, CA). TLC silica gel
60 F254 plates were obtained from Merck
(Darmstadt, Germany). Silica gel (60–200 mesh)
was from Baker (Phillipsburg, NJ). 3%-azido-3%-
deoxythymidine (Zidovudine®, AZT) was sup-
plied by GlaxoWellcome, (Research Triangle
Park, NC). Bovine albumin fraction V and N-2-
hydroxyethylpiperazine-N %-2-ethanesulfonic acid
(HEPES) were purchased from Boehringer
Mannheim (Mannheim, Germany). Bovine
plasma containing citrate phosphate/dextrose/
adenine solution USP (CPDA-1 USP, 0.14 ml/ml
blood) as the anticoagulant agent, was supplied
by the Faculté de Medicine Veterinaire, Univer-
sité de Montréal (Québec, Canada). The buffer
used in the experiments was 10 mM HEPES
buffer at pH 7.4, prepared with saline/gen-
tamycin solution (sterile 0.9% saline containing
0.1 m l/ml gentamycin 1000× solution as the
preservative agent). Hyamine hydroxide, 1 M so-
lution in methanol was purchased from ICN
(Irvine, CA). All materials were used without
further purification, and all other chemicals were
of analytical or USP grade. Spectroscopic deter-
minations were carried out using an HP 8452A
diode array spectrophotometer (Hewlett Packard,
CA). Radioactivity was counted in a liquid scin-
tillation cocktail (CytoScint™ ES, ICN, Costa
Mesa, CA) using a LKB-Wallac Rackbeta
(Turku, Finland) at an efficiency of 40% with
automatic quench and chemiluminescence cor-
rection. Female CD-1 mice, 5–7 weeks old,
weighing approximately 25–30 g were sup-
plied by Charles River (St. Constant, Quebec,
Canada).

2.2. Methods

2.2.1. Synthesis of AZT-P
AZT-P and [3H]-AZT-P were synthesized ac-

cording to the procedure of Kawaguchi et al.
(1990) with the modifications described in our
previous report (Heiati et al., 1997).

2.2.2. Preparation of SLN
To prepare SLNs, 400 mg TL, 160 mg DPPC,

16 mg DMPG and 40 mg AZT-P (spiked with
16.2×107 Bq 3H-AZT-P) were dissolved in chlo-
roform (20 ml) in a sterile round bottom flask at
room temperature. SLNs with a PE-PEG2000

coating (SLN-PE-PEG) were prepared by adding
10% (mol ratio) PE-PEG (PE-PEG: PL) to the
lipid mixture. After removal of the organic phase
by rotary evaporation in vacuo at 5090.5°C, an
oily lipid film was obtained on the flask wall.
The lipid film was hydrated with 20 ml of saline/
gentamycin solution and rotated for 5 min at
5090.5°C. The emulsion obtained (mean diame-
ter 1–2 mm) was homogenized for ten cycles at
60–70°C and 15000 psi, using a high pressure
homogenizer (Emulsiflex®-30, Avestin, Ottawa,
Canada) to produce SLNs. In order to minimize
bacterial contamination, the high pressure ho-
mogenizer was washed with 70% ethanol and
rinsed with saline/gentamycin solution prior to
use. SLN preparations were collected in sterile
polyvinyl containers and allowed to cool to 209
0.5°C over a period of 1 h. A saline/gentamycin
suspension of AZT-P was prepared using only
AZT-P.

2.2.3. Particle size measurement and zeta (z)
potential

The mean particle size of the samples was de-
termined using photon correlation spectroscopy
(N4 Plus, Coulter, Hialeah, FL). SLNs were di-
luted with saline/gentamycin solution to give a
particle count rate between 5×104 and 1×106

counts/s. Mean particle diameter was calculated
in size distribution processor mode (SDP) using
the following conditions: fluid refractive index
1.33; temperature 20°C; viscosity 0.93 centipoise;
angle of measurement 90.0°; sample time 10.5 ms,
and sample run time 90 s.

The z potential was measured using a Delsa
440SX (Coulter, Hialeah, FL) using the follow-
ing conditions: current 0.7 mA; frequency range
500 Hz; temperature 20°C; fluid refractive index
1.33; viscosity 0.93 centipoise; dielectric constant
78.3; conductivity 16.7 ms/cm; on time 2.5 s, off
time 0.5 s, and sample run time 60 s.
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2.2.4. Determination of incorporated AZT-P by
gel permeation chromatography

Retention of AZT-P in SLNs was determined
by gel permeation chromatography on cross-
linked dextran (Sepharose 2B, Pharmacia Biotech,
Uppsala, Sweden). Preliminary calibration of the
Sepharose 2B column (13×1 cm bed volume) was
carried-out using SLN or SLN-PE-PEG, AZT-P
and AZT. SLN preparations (0.2 ml) were applied
to the Sepharose 2B column and eluted with
HEPES buffer (0.5 ml/min). Fractions (0.5 ml)
containing SLNs were collected, to which 4.5 ml
scintillation cocktail was added prior to b-count-
ing. The percentage of AZT-P incorporated in the
SLNs was calculated relative to the radioactivity
of 0.2 ml of SLN suspension before gel perme-
ation chromatography.

2.2.5. AZT-P retention in SLNs in the presence
of 50% bo6ine plasma

The Sepharose 2B column was calibrated with
plasma and with protein molecular weight mark-
ers as follows: Plasma (0.2 ml) or protein solution
(0.2 ml containing albumin fraction V, 10 mg/ml;
IgM, 1 mg/ml or carbonic anhydrase, 1 mg/ml)
were applied separately to the Sepharose 2B
column and eluted with HEPES buffer (0.5 ml/
min). Fractions of 0.5 ml were collected. To each
fraction 2 ml HEPES buffer and 0.2 ml Bio-Rad
protein assay solution was added. The samples
were immediately vortexed, and the absorbance
determined at 595 nm.

SLNs with or without a PEG coating were
incubated in bovine plasma (50:50, V/V) at 379
0.5°C. At timed intervals samples (0.2 ml) were
applied to the Sepharose 2B column and the

amount of AZT-P associated with the SLNs was
determined as described above.

2.2.6. Biodistribution studies
Female CD-1 mice were injected with 0.2 ml of

each preparation via a lateral tail vein. The ani-
mals were sacrificed at timed intervals, blood and
urine taken and the organs removed and weighed.
Tissue samples (100–200 mg) were digested in
hyamine hydroxide (2 ml) for 5 days at 55°C
before determination of radioactivity. The ra-
dioactivity of the samples (0.1–0.2 ml) was deter-
mined by adding 4.5 ml scintillation liquid. Blood
samples were centrifuged at 23000×g for 20 min.
Serum was collected and 4.5 ml of scintillation
liquid was added to 0.1 ml of each serum sample
prior to radioactivity counting. The radioactivity
of the urine samples was determined by adding
4.5 ml scintillation liquid to 0.1 ml of urine.

3. Results

3.1. AZT-P incorporation in SLNs

The incorporation of AZT-P in SLNs was not
affected by the presence of PE-PEG. The incorpo-
ration of AZT-P was 9892% in SLNs or SLN-
PE-PEG. Although the PE-PEG coating did not
significantly change the mean diameter of the
SLNs, a significant reduction in SLN z potential
was observed (Table 1). The SLNs and SLN-PE-
PEG containing AZT-P were physically stable
during all experiments, and no particle aggrega-
tion or changes in z potential were observed fol-
lowing their incubation with plasma.

Table 1
Mean diameter and z potential of SLN and SLN-PE-PEG in the presence and absence of plasmaa

z potential (mV) Diameter (nm)

HEPES buffer Plasma HEPES buffer Plasma

181926SLN −2294 −2095 183948
152942 182944SLN-PE-PEG −593 −694

a SLN preparations were incubated with bovine plasma (50:50, V/V) for 30 min. At 3790.5°C. Mean 9S.D. of three experiments.
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Fig. 1. Sepharose 2B column elution profiles of SLN, AZT-P and AZT (a), plasma and protein standards (b) and SLNs containing
AZT-P or SLNs containing AZT-P incubated with plasma (c). MW of the protein standards were as follows: IgM, 800000 Da;
albumin fraction V, 67000 Da; and carbonic anhydrase, 29000 Da.

3.2. AZT-P retention in SLNs in the presence of
50% bo6ine plasma

Fig. 1a,b show the calibration of the Sepharose
2B chromatography column with SLN containing
AZT-P, AZT-P, and AZT (Fig. 1a) or plasma and
protein molecular weight markers (Fig. 1b). SLNs
were rapidly eluted in the void volume between
1.5 and 3 ml, AZT-P in two fractions, between 3.5

and 5.5 ml and between 7 and 9 ml, and AZT was
eluted between 10 and 11.5 ml. The apparent
molecular weight (MW) of the small and large
AZT-P micelles in the two fractions were deter-
mined using the calibration curve obtained from
the protein standards (Fig. 2). The gel chromatog-
raphy profile of plasma showed a broad peak
starting from fraction 9 (Fig. 1b). Incubation of
SLNs containing AZT-P with plasma for 4 h
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resulted in a reduction in the SLN peak followed
by a broad peak of radioactivity having a maxi-
mum corresponding to that of the plasma protein
albumin (Fig. 1c).

AZT-P was rapidly released from SLNs during
incubation with bovine plasma (Fig. 3). However,
the retention of AZT-P in the presence of plasma
was significantly enhanced using PEG coated
SLNs.

3.3. Blood clearance and tissue distribution
studies

Blood levels and tissue distribution of AZT-P
were calculated on the radioactivity found in
blood or the respective tissue. Higher blood levels
of AZT-P were observed after the administration
of SLNs containing AZT-P compared to the ad-
ministration of free AZT-P (Fig. 4). This effect
was further increased by using SLNs with a PEG
coating. Tissue distribution studies showed that
following the i.v. administration of free AZT-P, a
high level of radioactivity was found in the kid-
ney, urine and spleen (Fig. 5). Administration of
AZT-P incorporated in SLNs or SLN-PE-PEG

Fig. 3. AZT-P retention in SLNs and SLN-PE-PEG in the
presence of 50% bovine plasma at 37°C. Mean 9S.D. of three
experiments.

significantly increased the radioactivity level in
liver and significantly decreased the radioactivity
levels in kidney. No significant difference was
observed in tissue radioactivity after the adminis-

Fig. 4. Percentage of the initial injected radioactivity found in
blood after i.v. administration of free AZT-P, SLNs contain-
ing AZT-P and SLN-PE-PEG containing AZT-P in mice.
Mean 9S.D. (three mice).

Fig. 2. Calibration curve of Sepharose 2B obtained with IgM,
albumin fraction V and carbonic anhydrase. The apparent MW

of the micelles was calculated from the two fractions corre-
sponding to AZT-P.
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Fig. 5. Radioactivity found in different organs after i.v. administration of free AZT-P, SLNs containing AZT-P and SLN-PE-PEG
containing AZT-P in mice. Mean 9S.D. (three mice).

tration of AZT-P incorporated in SLNs or SLN-
PE-PEG.

4. Discussion

4.1. Gel chromatographical profiles

Because of their high MW, SLNs were eluted
rapidly from the Sepharose 2B column. Palmitic
acid ester drugs are amphiphilic (Benameur et al.,
1993). The palmitoyl fatty acid chain and the
AZT head group of AZT-P may give amphiphilic
characteristics to AZT-P, resulting in the forma-
tion of micelles in aqueous medium which are in
equilibrium with AZT-P monomers (Heiati et al.,
1998). The two different molecular weights (MW)
ranges observed in the gel chromatographical
profile of AZT-P (approximate MW of 30000 and
700000 Da respectively) (Fig. 1a and Fig. 2) may
therefore correspond to large AZT-P micelles
composed of approximately 1000 molecules and
small AZT-P micelles of approximately 60
molecules (Fig. 2). These peaks were not the result
of hydrolysis of AZT-P, as AZT was eluted be-
tween 10 and 11.5 ml, after the elution of AZT-P
(Fig. 1a). Plasma proteins eluted from fraction 9
with a peak concentration in fraction 13 (Fig. 1b).
The plasma protein peak maximum between frac-
tions 13–15 represents albumin, which is present

at a concentration of about 50 mg/ml in plasma
(Fig. 1b). The reduced radioactivity of the SLN
peak after the incubation with plasma was con-
comitant the appearance of a broad peak of ra-
dioactivity and is consistent with a release of
incorporated AZT-P from the SLNs and subse-
quent binding to plasma proteins (Fig. 1c). This
supposition is supported by the similarity between
the large peak seen in the SLN/plasma gel chro-
matographical profile and the plasma protein
profile. The results also indicate that free AZT-P
is mainly drug bound to plasma albumin.

4.2. Retention of AZT-P in the presence of
bo6ine plasma

Data obtained from the in vitro experiments is
useful in predicting the behavior and the physical
characteristics of drug carriers in vivo (Amselem
et al., 1993). Because of the potential interaction
with plasma components, the behavior of drug
carriers is not always the same as it is in buffered
aqueous solutions. Several studies have demon-
strated that drug release from PL-based drug
carriers such as liposomes is substantially differ-
ent in plasma than in buffer (Gaber et al., 1995;
Nagayasu et al., 1995). In a previous experiments
we reported excellent retention of AZT-P in SLNs
incubated in buffer at 37°C over a prolonged
period of time (Heiati et al., 1997). The present



H. Heiati et al. / International Journal of Pharmaceutics 174 (1998) 71–8078

study shows that incubation of SLNs in plasma
results in rapid release of AZT-P (Fig. 3). This
may be due to enzymatic degradation of the PL
membrane surrounding the SLNs core (Miller et
al., 1992), to an interaction with specific plasma
proteins such as complement factors in plasma
(Devine et al., 1994; Liu et al., 1995) or to an
interaction with lipoproteins (Chonn et al., 1992;
Hernández-Caselles et al., 1993), followed by the
subsequent release of AZT-P from the SLNs.

The ability of PEG to act as a hydrophilic
shield surrounding the SLN was demonstrated by
the observation that the z potential of the SLN-
PE-PEG was significantly lower than that of the
SLNs (Table 1). The ability of amphiphilic PEG
to act as a hydrophilic shield in drug carriers has
been shown in many studies (Klibanov et al.,
1990; Tröster et al., 1992; Gaber et al., 1995;
Lundberg et al., 1996). The release of AZT-P in
the presence of plasma was slower in SLN-PE-
PEG than in SLNs (Fig. 3). These results indicate
that PEG is capable of sterically preventing the
approach of destabilizing plasma components to-
wards the surface of the SLNs, thus reducing their
specific interaction with the PL membrane and
increasing the retention of AZT-P.

4.3. Biodistribution studies

Fig. 4 shows that the removal of all prepara-
tions from the circulation was biphasic, with a
rapid initial phase (0–60 min) following by a
much slower rate of elimination. The rapid loss of
AZT-P is consistent with clearance via the kidney
and a minimal degree of plasma protein binding.
However, higher blood level radioactivity was ob-
served after the administration of SLNs contain-
ing AZT-P compared to free AZT-P. This effect
was further increased using SLNs with a PEG
coating. A 6-fold increase in blood radioactivity
was observed between free AZT-P and SLN-PE-
PEG containing AZT-P. The steric barrier pre-
sented by the PEG is consistent with a reduction
in the uptake of SLNs by tissue-fixed
macrophages, thus resulting in a higher blood
level of radioactivity following the administration
of SLN-PE-PEG. The major route of AZT excre-
tion is the kidney (Howe et al., 1992). The tissue

distribution obtained in the present study demon-
strated that the major excretory route of AZT-P is
also the kidney (Fig. 5). A significant proportion
of the initial dose of AZT-P (42%) was found in
the urine 1 h following i.v. injection. Both SLN-
and SLN-PE-PEG-incorporation of AZT-P sig-
nificantly decreased the urinary excretion of AZT-
P, and increased the localization of AZT-P in
liver. These results indicate that although the
presence of PEG does result in higher blood lev-
els, it does not ultimately prevent the uptake of
SLNs containing AZT-P by this reticulendothelial
organ.

5. Conclusion

This study demonstrates that the surface prop-
erty of SLN drug carriers can be significantly
modified following of the incorporation of am-
phiphilic PEG. The release of the amphiphilic
prodrug AZT-P from SLN carriers in the presence
of plasma was significantly retarded by the pres-
ence of amphiphilic PEG. The incorporation of
AZT-P in SLNs increased the blood level of the
prodrug. PEG coating of the SLNs increases fur-
ther the blood level of AZT-P comparing to the
non-coated SLNs. Free AZT-P is excreted rapidly
from the kidney; however incorporation of AZT-
P in SLNs (with or without PEG) significantly
reduces the urinary excretion. Incorporation of
AZT-P within SLNs resulted in a rapid accumula-
tion of the drug in the liver, which may be used as
a means of targeting this drug to the reticulen-
dothelial organs.
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1993. Influence of liposome charge and composition on
their interaction with human blood serum proteins. Mol.
Cell. Biochem. 120, 119–126.

Higashi, S., Shimizu, M., Nakashima, T., Iwata, K.,
Ushiyama, F., Tateno, S., Tamura, S., Setogushi, T., 1995.
Arterial-injection chemotherapy for hepatocellular car-
cinoma using monodispersed poppy-seed oil microdroplets
containing fine aqueous vesicles of epirubicin. Initial medi-
cal application of a membrane-emulsification technique.
Cancer 75, 1245–1254.

Hostetler, K.Y., Stuhmiller, L.M., Lenting, H.B., van den
Bosch, H., Richman, D.D., 1990. Synthesis and antiviral
activity of phospholipid analogous of azidothymidine and
other antiviral nucleosides. J. Biol. Chem. 265, 6112–6117.

Howe, J.L., Back, D.J., Colbert, J., 1992. Extrahepatic
metabolism of Zidovudine. Br. J. Clin. Pharmacol. 33,
190–192.

Kawaguchi, T., Ishikawa, K., Seki, T., Juni, K., 1990. Ester
prodrugs of Zidovudine. J. Pharm. Sci. 79, 531–533.

Kennedy, C.A., Griffith, H.S., Mathison, G.E., 1991. Erythro-
cytosis after Zidovudine for AIDS. Ann. Int. Med. 114,
250–251.

Kimelberg, H.K., Tracy, T.F., Biddlecome, S.M., Bourke,
R.S., 1976. The effect of entrapment in liposomes on the in
vivo distribution of [3H]-methotrexate in primate. Cancer
Res. 36, 2949–2957.

Klibanov, A.L., Maruyama, K., Torchilin, V.P., Huang, L.,
1990. Amphiphilic polyethylenglycols effectively prolong
the circulation time of liposomes. FEBS Lett. 268, 235–
237.

König, H., Behr, E., Löwer, J., Kurth, R., 1989. Azi-
dothymidine triphosphate is an inhibitor of both human
immunodeficiency virus type 1 reverse transcriptase and
DNA polymerase gamma. Antimicrob. Agents Chemother.
33, 2109–2114.

Liu, D., Song, Y.K., Liu, F., 1995. Antibody dependent,
complement mediated liver uptake of liposomes containing
GM1. Pharm. Res. 12, 1775–1780.

Lopez-Berestein, G., Boday, G.P., Frankel, L.S., Mehta, K.,
1987. Treatment of hepatosplenic candidiasis with liposo-
mal amphotericin B. J. Clin. Oncol. 5, 310–317.

Lundberg, B.B., Mortimer, B.C., Redgrave, T.G., 1996. Sub-
micron lipid emulsions containing amphipathic
poly(ethylene glycol) for use as drug carriers with pro-
longed circulation time. Int. J. Pharm. 134, 119–127.

Meltzer, M.S., Skillman, D.R., Gomatos, P.J., Kalter, D.C.,
Gendelman, H.E., 1990. Role of mononuclear phagocytes
in the pathogenesis of human immunodeficiency virus in-
fection. Annu. Rev. Immunol. 8, 169–194.

Miller, I.F., Hoag, J.M., Rooney, M.W., 1992. On the interac-
tion of the liposomal membrane with blood components.
Biomater. Artif. Cells Immobilization Biotechnol. 20, 627–
634.

Müller, R.H., Maassen, S., Weyhers, H., Specht, F., Lucks,
J.S., 1996. Cytotoxicity of magnetite-loaded polylactide,
polylactide/glyconide particles and solid lipid nanoparti-
cles. Int. J. Pharm. 138, 85–94.



H. Heiati et al. / International Journal of Pharmaceutics 174 (1998) 71–8080

Nagayasu, A., Shimooka, T., Kiwada, H., 1995. Effect of
vesicle size on in vivo release of daunorubicin from hydro-
genated egg phosphatidylcholine-based liposomes into
blood circulation. Biol. Pharm. Bull. 18, 1020–2023.

Phillips, N.C., Skamene, E., Tsoukas, C., 1991. Liposomal
encapsulation of 3%-azido-3%-deoxythymidine (AZT) results
in decreased bone marrow toxicity and enhanced activity
against murine AIDS-induced immunosuppression. J. Ac-
quired Immune Defic. Syndr. 4, 959–966.

Phillips, N.C., Tsoukas, C., 1992. Liposomal encapsulation of
azidothymidine results in decreased hematopoietic toxicity
and enhanced activity against murine acquired im-
munodeficiency syndrome. Blood 79, 1137–1143.

Pizzo, P.A., Eddy, J., Falloon, J., Balis, F.M., Murphy, R.F.,
Moss, H., Wolters, P., Brouwers, P., Jarosinski, P., Rubin,
M., Broder, S., Yarchoan, R., Brunetti, A., Maha, M.,
Nusinhof-Lehrman, S., Poplack, D.G., 1988. Effect of
continuous intravenous infusion of Zidovudine (AZT) in
children with symptomatic HIV infection. New Engl. J.
Med. 319, 889–896.

Rahman, A., White, G., More, N., Schein, P.S., 1985. Phar-
macological, toxicological and therapeutic evaluation of
doxorubicin entrapped in cardiolipin liposomes. Cancer
Res. 45, 796–803.

Schwartz, C., Mehnert, N., Lucks, J.S., Müller, R.H., 1994.
Solid lipid nanoparticles (SLN) for controlled drug deliv-
ery. I. Production, characterization and sterilization. J.
Control Rel. 30, 83–96.

Schwendener, R.A., Gowland, P., Herber, D.H., Zahner, R.,
Schertler, A., Schott, H., 1994. New lipophilic alkyl/acyl
dinucleoside phosphate as derivatives of 3%-azido-3%-de-
oxythymidine: Inhibition of HIV-I replication in vitro and
antiviral activity against Rauscher leukemia virus infected
mice with delayed treatment regimens. Antiviral Res. 24,
79–93.

Scieszka, J.F., Vidmar, T.J., Haynes, L.C., Cho, M.J., 1988.
Biochemical stability in serum of a lipid soluble probe

molecule entrapped in an o/w emulsion as carrier for
passive targeting. Int. J. Pharm. 45, 165–168.

Sqalli-Houssaini, H., Pierlot, C., Kusnierz, J.P., Parmentier,
B., Martin-Nizard, F., Lestavel-Delattre, S., Tartar, A.,
Fruchart, J.C., Sergheraert, C., Duriez, P., 1994. Prepara-
tion of anti-HIV-low-density lipoprotein complexes for
delivery of anti-HIV drugs via the low-density lipoprotein
pathways. Biotechnol. Ther. 5, 69–85.

Steim, J.M., Camaioni-Neto, C., Sarin, P.S., Sun, D.K., Seh-
gal, R.K., Turcotte, J.G., 1990. Lipid conjugates of an-
tiretroviral agents. I. Azidothymidine-monophosphate-
diglyceride: anti-HIV activity, physical properties and in-
teraction with plasma proteins. Biochem. Biophys. Res.
Commun. 171, 451–457.

Tibell, A., Lindholm, A., Sawe, J., Chen, G., Norrlind, B.,
1995. Cyclosporin A in fat emulsion carriers: experimental
studies on pharmacokinetics and tissue distribution.
Pharm. Toxicol. 76, 115–121.

Tröster, S.D., Wallis, K.H., Müller, R.H., Kreuter, J., 1992.
Correlation of surface hydrophobicity of 14C-poly(methyl
methacrylate) nanoparticles to the body distribution. J.
Control. Release 20, 247–253.

van Wijk, G.M.T., Hostetler, K.Y., Kroneman, E., Richman,
D.D., Sridhar, C.N., Kumar, R., van den Bosch, H., 1994.
Synthesis and antiviral activity of 3%-azido-3%-de-
oxythymidine triphosphate distearoylglycerol: a novel
phospholipid conjugate of the anti-HIV agent AZT. Chem.
Phys. Lipids 70, 213–222.

Yarchoan, R., Weinhold, K.J., Lyerly, E., Gelmann, E., Blum,
R.M., Shearer, G.M., Mitsuya, H., Collins, J.M., Myers,
C.E., Klecker, R.W., Markham, P.D., Durack, D.T.,
Nussinhof-Lehrman, S., Barry, D.W., Fischl, M.A., Gallo,
R.C., Bolognesi, D.P., Broder, S., 1986. Administration of
3%-azido-3%-deoxythymidine, an inhibitor of HTLV-III/
LAV replication, to patient with AIDS or AIDS related
complex. Lancet 1, 575–580.

Yamaguchi, T., Fukushima, S., Itai, S., Hayashi, H., 1995.
Rate of release and retentivity of prostaglandin E1 in lipid
emulsion. Biochim. Biophys. Acta 1256, 381–386.

..


