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The pharmacokinetics of doxorubicin (DOX) encapsulated in lipo-
somes containing polyethylene glycol-derivatized distearoylphos-
phatidylethanolamine (PEG/DSPE) were investigated in rodents and
dogs. The plasma levels of DOX obtained with PEG/DSPE-
containing liposomes were consistently higher than those without
PEG/DSPE or when PEG/DSPE was replaced with hydrogenated
phosphatidylinositol (HPI). Despite the inclusion of PEG/DSPE in
liposomes, there was a significant drop in the plasma levels of DOX
when the main phospholipid component, hydrogenated phosphati-
dylcholine, was replaced with lipids of lower phase transition tem-
perature (dipalmitoylphosphatidylcholine, egg phosphatidylcho-
line), indicating that phase transition temperature affects the phar-
macokinetics of liposome-encapsulated DOX. In beagle dogs,
clearance was significantly slower for DOX encapsulated in PEG/
DSPE-containing liposomes than in HPI-containing liposomes, with
distribution half-lives of 29 and 13 hr, respectively. In both in-
stances, almost 100% of the drug measured in plasma was liposome-
associated. The apparent volume of distribution was only slightly
above the estimated plasma volume of the dogs, indicating that drug
leakage from circulating liposomes is insignificant and that the dis-
tribution of liposomal drug is limited mostly to the intravascular
compartment in healthy animals.

KEY WORDS: liposome; doxorubicin; pharmacokinetics; polyeth-
ylene glycol.

INTRODUCTION

Polyethylene glycol-derivatized phospholipids and cer-
tain glycolipids have been shown to prolong the residence
time of liposomes in the circulation of experimental animals
(1-9). Further, there is a direct correlation between circula-
tion time of liposomes in mice and their accumulation in
transplanted tumors (2,7,10,11). Thus, long-circulating lipo-
somes may enhance the delivery of anticancer drugs to tu-
mors. The therapeutic index of anthracyclines was found to
be increased by encapsulation in polyethylene glycol- or hy-
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drogenated phosphatidylinositol-containing liposomes
(7,11). Particularly, a small fraction of negatively charged
polyethylene glycol-distearoyl phosphatidylethanolamine
(PEG/DSPE), a semisynthetic phospholipid, appears to be
useful in the development of an anticancer drug carrier.

In the present study, we examined the pharmacokinet-
ics of the chemotherapeutic agent, doxorubicin, encapsu-
lated in PEG/DSPE-containing liposomes in rodents and
dogs. Several long-circulating liposome formulations were
compared and the role played by the gel-to-liguid crystalline
phase transition temperature (T,,) of the matrix liposome
component was addressed.

MATERIALS AND METHODS

Liposome Preparation. Egg phosphatidylcholine
(EPC), fully hydrogenated soybean phosphatidylcholine
(HPC), and fully hydrogenated soybean phosphatidylinositol
(HPI) were from Avanti Polar Lipids (Birmingham, AL).
HPI was also obtained from Karlshamns LipidTeknic (Swe-
den). PEG/DSPE, molecular weight ca. 2600, was provided
by Liposome Technology Inc. (Menlo Park, CA). Choles-
terol (Ch), dipalmitoylphosphatidylcholine (DPPC), and
a-tocopherol were from Sigma (St. Louis, MO). DOX (doxo-
rubicin hydrochloride RDF) was a gift from Farmitalia-Carlo
Erba (Milano, Italy). For dialysis, dilutions, and intravenous
injections, sterile and pyrogen-free fluids from the Hadassah
University Hospital Pharmacy were used. Liposomes were
prepared by thin lipid film hydration and downsized by ex-
trusion as previously described (11). The molar ratio of the
lipid components was as follows: HPC:Ch, 10:8; HPI:
HPC:Ch, 1:9:8; PEG/DSPE:HPC:Ch, 0.75:9.25:8; PEG/
DSPE:DPPC:Ch, 0.75:9.25:8; and PEG/DSPE:EPC:Ch,
0.75:9.25:8. a-Tocopherol was present in all liposomes for-
mulations at a ratio of 1:100 of total phospholipid. Doxoru-
bicin encapsulation into the liposome water phase was
achieved through a proton gradient generated by ammonium
sulfate, following a technique previously reported (12). Un-
encapsulated DOX was removed by passage trough a Dowex
resin column (13). The liposomes obtained had the following
characteristics: a mean vesicle size between 65 and 95 nm
with a monodisperse distribution as determined by dynamic
laser scattering; less than 5% free drug in the stored prepa-
ration; a final drug concentration in the range of 1.5 to 2.5
mg/mL; and a drug-to-phospholipid ratio in the range of 40 to
60 pg/umol. DOX and phosphate determinations were done
as previously reported (11).

Animals. The rodents used in this study were outbred
Sabra (25-30 g) female mice and Sprague-Dawley (150-200
g) female rats from the Hebrew University Animal Breeding
Center. Beagle dogs (11-19 kg, 6 females and 4 males) were
obtained from the Research Animal Unit of Hadassah Uni-
versity Hospital.

Pharmacokinetic Studies. Drug preparations were di-
luted using 5% dextrose to 1 mg/mL for rodent injections and
1.8 mg/mL for dog injections. In rodents, the drug was in-
jected by IV bolus through the tail vein. Blood (0.5-1 mL)
was collected from the retroorbital sinuses under ether an-
esthesia. Mice were sacrificed immediately after bleeding.
Rats were allowed to recover, to enable daily blood sampling
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over 3 consecutive days. Dogs were randomly assigned to
three groups (free DOX, two females and one male; DOX
encapsulated in HPI:HPC:Ch liposomes—hereafter referred
to as HPI-DOX, two females and two males; DOX encap-
sulated in PEG/DSPE:HPC:Ch liposomes—hereafter re-
ferred to as PEG-DOX, two females and one male). Each
treatment group was started on a different day to cope with
the logistic difficulties resulting from the crowded sampling
in the first couple of hours. Twenty-four hours before injec-
tion, the animals were weighed and their upper and lower
limbs shaved. An 18-G Venflon IV catheter was inserted in
a superficial limb vein. The drug was injected by quick bolus
(approx. 15 sec). After drug injection, the catheter was
rinsed with physiologic saline and then with 1 mL diluted
heparin (250 U/mL) to prevent clotting. Four-milliliter blood
samples were obtained before drug injection and at $, 10, 15,
30, and 45 min, 1, 2, 4, 6, 8, 10, 12, 24, 48, and 72 hr following
drug injection. In the liposome groups, blood was also ob-
tained after 96, 120, 144, and 168 hr. Before each sampling,
2 mL of blood was withdrawn and discarded as dead space
volume. After each sampling, the catheter was flushed with
diluted heparin. After the 12-hr time point, the catheter was
removed and further sampling was done by vein puncture.
Blood was collected in Vacutainer tubes with K;-EDTA an-
ticoagulant and kept at 5°C. Plasma was separated by cen-
trifugation within less than 24 hr after blood collection. To
determine the total amount of drug (liposome-bound, pro-
tein-bound, and free drug) and its metabolites in dog plasma,
HPLC analysis was used (see next section). To determine
liposome-associated drug in plasma, a simpler total fluores-
cence assay was used (see next paragraph).

A fraction of plasma (0.1 to 0.2 mL in rodents, 0.5 mL
in dogs) from liposome-injected animals was passed through
a Dowex resin column to separate the liposome-associated
fraction from free and protein-bound drug which are bound
by the resin (12,14). The Dowex resin also binds and re-
moves from plasma the daunosamine-containing metabo-
lites, such as doxorubicinol, and a fraction of the deoxy-
aglycones (14). The plasma samples were stored at —20°C.
To determine DOX and DOX equivalents by a fluorescence
assay, the samples were treated with 0.075 N HCl in 90%
isopropanol as described previously (11). Measurement was
made by determining the intensity of fluorescence emission
at 590 nm, with an excitation wavelength of 470 nm. The
fluorimetric reading was transformed to pg/mL by interpo-
lation with the readings of a standard curve of DOX in the
linear range.

Plasma Determination of DOX and Its Metabolites in
Dogs by HPLC. DOX and its metabolites were extracted by
a procedure modified from Andrews et al. (15). For extrac-
tion 400 p.L plasma was pipetted in an Ependorff test tube, to
which 400 pL isopropanol, 400 pL chloroform, and 0.5 g
ammonium sulfate were added. After 15 sec of vigorous vor-
texing, the test tube was centrifuged for 15 min at 10,000
rpm. Two phases and an interphase were formed: the clear
chloroformic enriched upper phase was transferred to an-
other Ependorff test tube. The solvents were evaporated by
a stream of nitrogen at 30°C. The samples were stored dry at
—20°C. The desired volume of isopropanol (100-200 pL)
was added before injection to the HPLC system. HPLC
- analysis of DOX and metabolites was done following the
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procedure of Beijnen et al. (16) with modifications as previ-
ously reported (17). The system includes Kontron 420 HPLC
pump, Kontron HPLC 460 autosampler, and Kontron 450
data system (Kontron, Switzerland).

Detection and quantification are based on the intensity
of fluorescence emission of doxorubicin and were deter-
mined using a Jasco FR-210 spectrofluorometer (excitation,
470 nm; emission, 580 nm) equipped with 75-W xenon
ozoneless lamp. A reverse-phase column (RP-C8, Alltech,
Deerfields, IL) measuring 150 X 4.6 mm was used. The col-
umn was eluted with a solvent system of acetonitrile—water
(4:6, v/v) containing 10 mg/L desipramine HCI to reduce
adsorption of DOX to glassware and column. The pH of the
mobile phase was adjusted to 2.60 with perchloric acid. The
following metabolites were prepared as described elsewhere
(18): doxorubicinol {retention time (RT), 3.16 min], DOX
aglycone (RT, 1.95 min), and 7-deoxydoxorubicin aglycone
(RT, 2.83 min). The RT of DOX was 4.46 min. All standard
metabolites were stored in HPLC-grade ethanol at —20°C in
the dark. In all cases, recovery of doxorubicin after extrac-
tion was better than 80%, and in most cases better than 90%
as determined by data obtained from measurements of total
plasma fluorescence emission intensity at 590 nm (excita-
tion, 470 nm) after solubilization of plasma samples with 9
vol of 0.075 N HCl in 90% isopropanol (11). To correct for
losses due to the extraction procedure a known amount of
daunorubicin (RT, 8.00 min) was added to plasma samples as
internal standard before extraction.

The above HPLC extraction procedure has been previ-
ously validated for human pharmacokinetic studies with a
formulation of liposome-associated DOX containing low
phase transition-temperature phospholipids (19). To ensure
that this extraction is also applicable to liposomes composed
of high phase transition-temperature phospholipids such as
those used in this study, dog and human plasma were spiked
with known amounts of PEG-DOX. Daunorubicin was
added as internal standard. We then compared the DOX
concentration obtained by HPLC analysis after either of the
following extraction procedures:

(i) isopropanol/chloroform/(NH,), SO, extraction, as

described above; and

(ii) solubilization by 0.075 N HCI in 90% isopropanol.
The agreement between the two methods was excellent. The
relationship between the measured and the spiked doxoru-
bicin level, in the range of 0.05-15 pg/mL, was described by
a straight line in both cases. For i, [DOX] measured = 0.07
+ 1.0585 = [DOX] spiked (> = 0.996). For ii, [DOX] mea-
sured = 0.04 + 1.08 * [DOX] spiked (* = 0.998).

Pharmacokinetic Analysis. The terminal slope of logC
(DOX plasma concentration) versus time (f) was calculated
by the method of least squares. The terminal half-life ()
was calculated from the quotient In2/slope. The area under
the C versus ¢ curve (AUC) was calculated by the trapezoi-
dal rule with extrapolation to infinity (20). Clearance (CL)
was calculated by dividing dose over AUC. Volume of dis-
tribution (V) was calculated by dividing CL over the termi-
nal slope. Volume of distribution at steady state ( V) and
mean residence time (MRT) were calculated using Eqs. (1)
and (2), respectively (21,22):

Vi = Dose * AUMC/(AUC?) )
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MRT = AUMC/AUC 2)

AUMC is the area under the product of C * ¢ versus ¢, from
time 0 to infinity, and was calculated by the trapezoidal rule
with extrapolation to infinity. All pharmacokinetic parame-
ters were calculated in a noncompartmental manner based
on the statistical moment theory (20,23).

RESULTS

Effect of Liposome Compeosition on the Plasma Levels of
Liposome-Associated DOX in Rodents

Table I shows the plasma levels of liposome-associated
DOX, 24 hr after the iv administration in mice of DOX en-
capsulated in a variety of liposome formulations. The PEG/
DSPE:HPC:Ch formulation produced the highest plasma
levels. When PEG/DSPE was replaced with HPI or deleted
from the formulation, as in the case of HPC:Ch, plasma
levels were significantly lower. When HPC was replaced
with phospholipids of lower 7,, (DPPC, EPC), while retain-
ing PEG/DSPE in the liposome composition, lower plasma
levels were observed in the order of decreasing 7,,,: HPC >
DPPC > EPC. In addition, in in vitro stability tests with
DOX-containing, PEG/DSPE liposomes in human plasma,
the percentage of DOX retained in liposomes after 1 hr of
incubation was 85, 60, and 38%, for PEG/DSPE:HPC:Ch,
PEG/DSPE:DPPC:Ch, and PEG/DSPE:EPC:Ch, respec-
tively. Thus, the trend observed is superior drug retention in
the following order, HPC > DPPC > EPC.

When three of these formulations were injected into
Sprague-Dawley rats, the plasma levels of liposome-
associated DOX examined at 4, 24, and 48 hr (Fig. 1) agree
with the mouse data, with the order of length of circulation
time: PEG/DSPE:HPC:Ch > HPI:HPC:Ch > HPC:Ch.

Pharmacokinetics of DOX Encapsulated in HPI- and
PEG/DSPE-Containing Liposomes in Dogs

The next step was to assess the pharmacokinetic behav-
ior of DOX-encapsulated in long-circulating liposomes in a
large mammal species, such as dogs, for eventual scale-up to
humans. In view of our results in rodents, we chose for the
dog studies the two best-rating liposome preparations:
HPI:HPC:Ch and PEG/DSPE:HPC:Ch. A third group of

Table 1. Effect of Liposome Composition on Plasma Levels of Li-
posome-Associated DOX in Mice?

Liposome wg DOX/mL %ID in
composition plasma (SD) plasma
Experiment 1
HPC-Ch 3.6 (0.9) 1.8
HPI-HPC-Ch 12.5(0.3) 5.6
PEG/DSPE-HPC-Ch 34.8 (9.1) 17.4
Experiment 2
PEG/DSPE-HPC-Ch 374 (2.4) 16.1
PEG/DSPE-DPPC-Ch 16.4 (0.7) 7.4
PEG/DSPE-EPC-Ch 0.7 (0.0) 0.3

@ Sabra female mice injected iv with 10 mg/kg DOX and bled 24 hr
after dosing. Each experimental group consisted of four mice.
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Fig. 1. Effect of liposome composition on plasma clearance of lipo-
some-encapsulated DOX in rats. DOX dose, 10 mg/kg iv. Each point

represents the mean value of two rats. Liposome composition: O,
PEG/DSPE:HPC:Ch; A, HPI:HPC:Ch; O, HPC:Ch.

dogs was injected with free DOX. The dose given was rela-
tively subtoxic (0.5 mg/kg) to avoid any complications (vom-
iting, dehydration) which could distort the results.

Figure 2 and Table II show, respectively, the plasma
concentration/time curves and mean pharmacokinetic pa-
rameters for the two liposome preparations tested based on
the total DOX levels in plasma measured by HPLC. The
plasma concentration/time curve of free DOX is also de-
picted in Fig. 2, but the pharmacokinetic parameters were
not calculated since plasma levels during the terminal clear-
ance phase were undetectable with the dose used in this
study (0.5 mg/kg). However, it is well-known that the phar-
macokinetics of free DOX follows a biphasic pattern with a
rapid distribution phase (t;,, 5-10 min) and a slow terminal-
elimination phase (¢,,,, 25-30 hr), clearance in the order of 15
mL/min/kg, and a large volume of distribution (25 L/kg) (for
example, Ref. 24). Significant differences between the two
DOX liposome preparations were found. The mean clear-
ance value of HPI-DOX was four times greater than that of
PEG-DOX, although no significant difference was observed
in the volume of distribution. It appears, therefore, that the
relatively longer half-life and MRT of PEG-DOX result from
areduced clearance rate. Interestingly, the volume of distri-
bution for liposomal drug is only slightly greater than the
plasma volume pointing at the liposome restriction to the
central compartment. The distribution phase of free DOX
was extremely rapid, in the order of minutes (Fig. 2). The
peak plasma concentration of free DOX was significantly
below that observed for liposomal DOX. Clearly, the phar-
macokinetics of DOX is drastically changed by liposome en-
capsulation. No detectable amounts of DOX metabolites
were seen by HPLC in any of the experimental groups.

The plasma concentration/time curves of liposome-
associated DOX and total DOX as determined by fluoromet-
ric measurements on acidified isopropanol extracts were al-
most identical for both liposome preparations, HPI-DOX
and PEG-DOX (Fig. 3). Therefore, at least more than 90%
circulates in liposome-associated form. Since liposome-
associated drug is not exposed to metabolic processes, this
observation may account for the absence of detectable DOX
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Fig. 2. Comparison of the pharmacokinetics of DOX in three representative beagle dogs receiving either free DOX,
HPI-DOX, or PEG-DOX. DOX dose, 0.5 mg/kg iv. DOX levels in plasma determined by HPLC. B, free DOX; O,
HPI-DOX; @, PEG-DOX. A, 0- to 50-hr view; B, 0- to 10-hr view.

metabolites. Table III shows the pharmacokinetic parame-
ters for plasma liposome-associated drug after administra-
tion of PEG-DOX or HPI-DOX. In both groups, the clear-
ance of liposome-associated drug was accounted for by a
slow monoexponential distribution phase (#,,,; 13 and 29 hr
for HPI-DOX and PEG-DOX, respectively). The measured
peak plasma concentrations of liposome-associated drug in
HPI-DOX- and PEG-DOX-treated dogs were similar (7.5 *
0.9 and 7.4 = 0.5 mg/L,, respectively). In agreement with the
observations on total plasma doxorubicin (Table II), the
clearance of liposome-associated DOX was significantly
faster in the animals receiving HPI-DOX liposomes com-
pared to those receiving PEG-DOX, although no significant
differences in volume of distribution were noticed (Table
III). There was a remarkable similarity between the pharma-
cokinetic parameters obtained for plasma total DOX (Table

Table II. Pharmacokinetic Parameters of DOX Following iv Admin-
istration (0.5 mg/kg) of PEG-DOX and HPI-DOX Liposomal Prep-
arations to Beagle Dogs

Mean *+ SD

PEG-DOX HPI-DOX
ty, (hr)* 27 + 5 00 = 5
AUC*'%® (mg X hr/L) 281 + 108 57 %26
AUC*® (mg X hr/L) 304 + 118 70 0 *22
CL (mL/min) 042 = 0.12 1.5 = 03
CL (mL/min/kg) 0.031 = 0.014 0.13 = 0.04
Ve (L) 1.0 = 0.1 1.2 = 0.4
Ve (L/kg) 007 = 0.02 0.11 = 0.05
Vs (L) 09 = 0.1 09 = 03
V. (L/kg) 0.07 = 0.02 0.07 = 0.02
MRT (hr) 37 + 7 1 = 7

* The differences between the terminal slope and the half-life mean
values of PEG-DOX and HPI-DOX were statistically significant (P
< 0.01, Student’s ¢ test).

IT) and those for plasma liposome-associated DOX (Table
III) within each experimental group.

DISCUSSION

The pharmacokinetics of DOX can be drastically mod-
ified by encapsulation in long-circulating liposomes (12). Our
results are the first to document these pharmacokinetic
changes in a large mammalian species, such as dogs, and to
compare various long-circulating liposomes as carriers of
DOX.

The in vivo clearance rate of liposome-encapsulated
DOX after iv injection is determined by two main factors: (i)
clearance of the intact liposomes; (ii) leakage of drug from
circulating liposomes. Liposome clearance is determined to
a large extent by the liposome uptake activity of the reticu-
loendothelial system (RES) of liver, spleen, and bone mar-
row (25). Liposome localization in non-RES tissues, as in the
case of tumors, is a slow process requiring prolonged lipo-
some stay in circulation (2,11) and apparently related to in-
creased microvascular permeability and neovascularization
(26). Stable retention of the liposome contents for prolonged
circulation times is another prerequisite to achieve optimal
drug delivery to extra-RES tissues. In fact, as liposome for-
mulations with longer circulation times are designed, the sta-
bility requirements become more stringent since the vesicles
remain longer in the blood but must retain their contents.
One important factor controlling vesicle bilayer permeability
is the T_of the matrix phospholipid (25). As seen in Table I,
the use of phospholipids with lower T, resulted in lower
plasma levels of liposome-associated DOX. This is likely to
be the result of reduced stability rather than shortened ves-
icle circulation time. The in vitro stability data in plasma (see
Results) and the fact that no significant differences in circu-
lation time between radiolabeled PEG/DSPE-HPC-Ch and
PEG/DSPE-EPC-Ch liposomes have been reported (27)
strongly support this point. Thus, despite the presence of a
PEG-derivatized phospholipid, the T, of the bulk compo-
nent of the liposome bilayer is an independent factor con-
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Fig. 3. Comparison of the pharmacokinetics of liposome-associated DOX in receiving either HPI-
DOX or PEG-DOX. DOX dose, 0.5 mg/kg iv. DOX levels in plasma determined by a fluorescence
assay. Each point represents the mean value of three (PEG-DOX) or four (HPI-DOX) dogs. Filled
symbols and solid lines stand for total DOX concentration in plasma. Open symbols and dashed
lines stand for liposome-associated DOX concentration on plasma. (¥, V), HPI-DOX; (A, A)
PEG-DOX. (A) 0- to 8-hr view; (B) 8- to 96-hr view.

trolling vesicle stability. An increased permeability to pro-
tons or ammonium ions in liposomes with low T compo-
nents would lead to a gradual loss of the ion gradient holding
DOX in ionized form in the vesicle aqueous phase (G. Haran
and Y. Barenholz, unpublished results).

Small (<100-nm), neutral vesicles made with high-T,,
(>37°C) phospholipids and Ch are known to be stable in
plasma and have long half-lives in circulation (reviewed in
Ref. 25). Further prolongation in blood residence time can be
obtained by addition of a small molar fraction of certain
negatively charged glycolipids or PEG-derivatized phospho-
lipids (2-9). The mechanism accounting for this extended
vesicle survival in the circulation appears to be related to a
phenomenon of steric stabilization (28). In agreement with

Table III. Pharmacokinetic Parameters of Liposome-Associated
DOX Following iv Administration (0.5 mg/kg) of PEG-DOX and
HPI-DOX Liposomal Preparations to Beagle Dogs

Mean = SD

PEG-DOX HPI-DOX
ty, (hr)* 29 + 8 13 + 1
AUC*®® (mg x hr/L) 241 + 58 102 +29
AUC*® (mg x hr/L) 276 + 88 106 + 28
CL (mL/min) 048 = 0.15 1.0s + 0.30
CL (mL/min/kg) 0.032 = 0.009 0.086 = 0.017
Ve (L) L1 = 02 L1 = 04
Vs (L/kg) 0.07 = 0.01 0.09 = 0.03
Ve (L) 1.1 = 03 1.0 = 03
Vi (L/kg) 0.07 = 0.02 0.08 = 0.02
MRT (hr) 40 +10 18 + 2

* The differences between the terminal slope and half-life mean val-
ues of PEG-DOX and HPI-DOX were statistically significant (P <
0.01, Student’s ¢ test).

results obtained with radiolabeled liposomes, DOX encap-
sulated in PEG/DSPE liposomes stay longer in blood than
DOX encapsulated in other stable formulations (HPI:
HPC:Ch and HPC:Ch). Since the accumulation of liposome-
associated drug in tumors depends on its circulation resi-
dence time (11), this study indicates that PEG/DSPE lipo-
somes are more efficient DOX carriers than any other for-
mulations tested thus far across rodents and dogs.

When the pharmacokinetic parameters in dogs after
HPI-DOX injection are compared to those after PEG-DOX
injection (Tables II and III), the latter group shows a longer
half-life and slower clearance. These differences must be
accounted for by reduced RES uptake and/or reduced leak-
age rate. The respective contribution of each of these pro-
cesses cannot be directly assessed from these experiments.
Nevertheless, the fact that we could not detect any signifi-
cant amount of nonliposome-associated drug in plasma in
either treatment group (Fig. 3) suggests that the rate of RES
uptake is the main factor accounting for the differences be-
tween PEG-DOX and HPI-DOX. Since there were no differ-
ences in the small volume of distribution between HPI-DOX
and PEG-DOX, both preparations appear to be restricted to
the central compartment to a similar degree.

In a preliminary report on the pharmacokinetics of
PEG-DOX in humans (29), a half-life of 42 hr was found for
liposome-associated DOX. This value is consistent with the
ty, of PEG-DOX in dogs (29 hr) (Table III), indicating that
the present study can predict the pharmacokinetic behavior
of DOX liposomes in humans.

The finding most relevant to clinical applications is the
drastic change of the pharmacokinetics of DOX achieved
through encapsulation in liposomes of specific compositions
(Fig. 2). The differences in half-life, clearance, and volume
of distribution between free and liposomal drug are striking
in magnitude, emphasizing the complete control of drug
pharmacokinetics with the liposome carrier. It is thus con-
ceivable that significant changes in the tissue distribution



708

and pharmacodynamics of DOX will be achieved using op-
timized liposome formulations.
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