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Pegylated  liposomal doxorubicin  (doxorubicin  HCl liposome injection;Abstract
Doxil or Caelyx) is a liposomal formulation of doxorubicin, reducing uptake
by the reticulo-endothelial system due to the attachment of polyethylene glycol
polymers to a lipid anchor and stably retaining drug as a result of liposomal
entrapment via an ammonium sulfate chemical gradient. These features result in a
pharmacokinetic profile characterised by an extended circulation time and a
reduced volume of distribution, thereby promoting tumour uptake.

Preclinical studies demonstrated one- or two-phase plasma concentration-time
profiles. Most of the drug is cleared with an elimination half-life of 20–30 hours.
The volume of distribution is close to the blood volume, and the area under the
concentration-time curve (AUC) is increased at least 60-fold compared with free
doxorubicin. Studies of tissue distribution indicated preferential accumulation
into various implanted tumours and human tumour xenografts, with an enhance-
ment of drug concentrations in the tumour when compared with free drug.

Clinical studies of pegylated liposomal doxorubicin in humans have included
patients with AIDS-related Kaposi’s sarcoma (ARKS) and with a variety of solid
tumours, including ovarian, breast and prostate carcinomas. The pharmacokinetic
profile in humans at doses between 10 and 80 mg/m2 is similar to that in animals,
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with one or two distribution phases: an initial phase with a half-life of 1–3 hours
and a second phase with a half-life of 30–90 hours. The AUC after a dose of 50
mg/m2 is approximately 300-fold greater than that with free drug. Clearance and
volume of distribution are drastically reduced (at least 250-fold and 60-fold,
respectively). Preliminary observations indicate that utilising the distinct pharma-
cokinetic parameters of pegylated liposomal doxorubicin in dose scheduling is an
attractive possibility.

In agreement with the preclinical findings, the ability of pegylated liposomes
to extravasate through the leaky vasculature of tumours, as well as their extended
circulation time, results in enhanced delivery of liposomal drug and/or radio-
tracers to the tumour site in cancer patients. There is evidence of selective tumour
uptake in malignant effusions, ARKS skin lesions and a variety of solid tumours.

The toxicity profile of pegylated liposomal doxorubicin is characterised by
dose-limiting mucosal and cutaneous toxicities, mild myelosuppression,
decreased cardiotoxicity compared with free doxorubicin and minimal alopecia.
The mucocutaneous toxicities are dose-limiting per injection; however, the
reduced cardiotoxicity allows a larger cumulative dose than that acceptable for
free doxorubicin.

Thus, pegylated liposomal doxorubicin represents a new class of chemothera-
py delivery system that may significantly improve the therapeutic index of
doxorubicin.

The application of drug delivery vectors to can- stable encapsulation with minimal drug leakage
while in circulation.[6-9]cer chemotherapy represents an important ongoing

effort to improve the selectivity and efficacy of Once the pharmacological relevance of vesicle
antineoplastic drugs. Recent studies have focused on composition and size became established, studies of
developing drug delivery strategies to achieve con- liposome-encapsulated formulations of various
trolled release and enable drug targeting to specific drugs concentrated on the relationship between li-

posomal formulation, pharmacokinetics, biodis-tissues. The use of liposomes as drug carriers for
tribution and pharmacodynamics. Three variableschemotherapeutic agents, proposed originally by
affect the biological activity and toxicity profile of aGregoriadis in 1981,[1] offers a potential means of
liposome formulation: (i) the composition of themanipulating drug distribution to improve an-
lipid bilayer and liposomal water compartment; (ii)titumour efficacy and reduce toxicity. Early studies,
the properties of the drug; and (iii) the nature of thehowever, demonstrated rapid recognition and re-
interaction between the drug and the lipid vesiclemoval of liposomes from the circulation by the
compartments. In addition, there are three mainreticulo-endothelial system (RES).[2,3] Other limita-
clearance pathways controlling the pharmacokine-tions of liposomal preparations included premature
tics and biodistribution of intravenously injecteddrug leakage and difficulties in liposome extravasa-
liposome-entrapped drugs:[10]tion from the blood stream into the tumour intersti-
• uptake of circulating liposomes by cells of thetial fluid. Particle size and composition were found

RES of liver, spleen and bone marrow, followedto be important factors affecting circulation time.[4,5]

by metabolism and excretion of the drug;In parallel to advances in controlling liposome cir-
culation time and clearance, important develop- • leakage of drug from liposomes in circulation,
ments in the technology of drug loading have result- followed by rapid and extensive tissue distribu-
ed, for certain liposome products, in efficient and tion and elimination of free drug;
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• accumulation of liposome-encapsulated drug in tory sites and tumours may be of great pharmacolog-
tissues with increased microvascular permeabili- ical relevance. Indeed, tumour liposome concentra-
ty other than RES, including solid tumours. tions per gram tissue are comparable to liver

concentrations, and in nude mice it has been shownDepending on the respective rate of drug elimina-
that the skin represents the major anatomical site oftion via the different pathways, large variations in
liposome accumulation when the overall skinliposomal drug pharmacokinetics with major clin-
weight (about twice that of liver) is taken into ac-ical implications may occur. Reducing affinity for
count.[16]the RES and improving stability will slow these first

two pathways of elimination, enabling slower pro- In an attempt to address the need for improved
cesses such as accumulation of drug-loaded lipo- chemotherapeutic agents, our laboratories have de-
somes in tumours to take place. Changes in vesicle voted their efforts during the last 20 years to the
size, and in surface properties including charge or development of liposomal encapsulated antitumour
hydrophilicity, can substantially modify liposome drugs, with emphasis on liposomal doxorubicin.
recognition, opsonisation and clearance processes Here, we will review the preclinical and clinical
via the RES. pharmacology of pegylated liposome-encapsulated

doxorubicin, including the general literature and ourA major breakthrough in prolonging circulation
own contribution. Doxil/Caelyx is currently ap-time was the coating of liposomes with polyethylene
proved for the treatment of AIDS-related Kaposi’sglycol (PEG), a synthetic hydrophilic polymer.[11]

sarcoma (ARKS) and recurrent ovarian cancer inThe bulky PEG headgroup serves as a barrier
North America, Europe and other countries, and forpreventing interactions with plasma opsonins as a
metastatic breast cancer in Europe. In breast cancer,result of the concentration of highly hydrated groups
it has significant antitumour activity as a singlethat sterically inhibit hydrophobic and electrostatic
agent and in combination, and a comparative studyinteractions of a variety of blood components at the
against free doxorubicin show equal activity andliposome surface,[12] thereby retarding recognition
reduced cardiotoxicity.[17] It is also being tested inby the RES. These PEG-coated liposomes are re-
other solid tumours and in myeloma.[10,18,19]ferred to as sterically stabilised or STEALTH1

liposomes.[13] The STEALTH technology has re- For simplicity, we will use Doxil throughout
sulted in a commercial pharmaceutical formulation this review to refer to the current commercially
of pegylated liposomal doxorubicin, known as Dox- available formulation of pegylated liposomal doxo-
il in the US and Caelyx in Europe, that is the rubicin as well as to similar laboratory-made prepa-
subject of this review. rations and to earlier and slightly different versions

of the Doxil formulation.The second pathway affecting clearance rate is
drug leakage. Leakage rates are controlled by the
method of drug loading and the lipid bilayer compo- 1. Formulation
sition, both of which are important for stable drug
retention. New methodologies based on chemical Doxil consists of a liquid suspension of single
gradient mediated encapsulation of drugs have sub- lamellar vesicles with an approximate mean size in
stantially reduced drug leakage.[14,15] the range of 80–90nm (figure 1). The active ingredi-

The third mechanism of clearance, i.e. distribu- ent in Doxil is doxorubicin hydrochloride
tion into non-RES tissue, is minor or even negligible (C27H29N1O11-HCl, molecular weight 579.99), an
for most of the conventional liposome formulations, established cytotoxic anthracycline antibiotic ob-
which have a short half-life in circulation. However, tained from Streptomyces peucetius var. caesius.
for long-circulating pegylated liposomes, distribu- The total lipid content of Doxil is approximately
tion into extra-RES tissues such as skin, inflamma- 16 mg/mL and the doxorubicin concentration is 2

1 Use of tradenames is for product identification only and does not imply endorsement.
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85nm

Internal aqueous
compartment contains doxorubicin

Liposome surface
coated with PEG polymer layer

Lipid bilayer membrane
composed of HSPC: cholesterol

Fig. 1. Cross-sectional view of a Doxil liposome. A single lipid bilayer membrane separates an internal aqueous compartment from the
external medium. Doxorubicin is encapsulated in the internal compartment. Drug molecules are tightly packed (10 000–15 000 molecules
per liposome) in a gel phase. Polymer groups (linear 2000Da segments) of polyethylene glycol (PEG) are engrafted onto the liposome
surface and form a protective hydrophilic layer providing stability to the vesicle. The mean diameter of the liposome is approximately 85nm.
HSPC = hydrogenated soy phosphatidylcholine.

mg/mL. Doxil is stored at 5°C in liquid form in a bilayer of the liposomes and provides a stable
histidine-buffered 10% sucrose solution. Prior to anchor for the hydrophilic PEG chains (molecular
intravenous administration, Doxil is diluted in weight 2000, 45-mers) covalently bound to the etha-
250mL of 5% dextrose. nolamine head of DSPE and extending into the inner

and outer water phase. A schematic cross-section of
a Doxil liposome is presented in figure 1.1.1 Liposome Composition

There are three lipid components in Doxil: (i) 1.2 Vesicle Size
the high phase-transition-temperature (Tm) phos-
pholipid hydrogenated soy phosphatidylcholine To facilitate delivery to tumours, liposomes re-
(HSPC; Tm 52.5°C); (ii) cholesterol; and (iii) dis- quire a diameter small enough to allow extravasa-
tearoyl-phosphatidylethanolamine (DSPE) conju- tion into malignant tissue via gaps present in the
gated to PEG (N-carbamoylmethoxypolyethylene highly permeable nascent tumour blood ves-
glycol 2000 1,2-distearoyl-sn-glycerol-3-phospho- sels.[21,22] The cut-off size for particle extravasation
ethanolamine sodium salt) in a molar percentage based on the size of fenestrated liver sinusoids is
ratio of 56 : 38 : 5.[20] Phosphatidylcholine, choles- <150nm. However, one study of tumour xenografts,
terol and phosphatidylethanolamine are dietary using the mouse skinfold chamber model, suggests
lipids and normal components of the cellular plasma that liposomes up to 400nm diameter can extrava-
membrane. The ratio of HSPC and cholesterol used sate across the tumour microvessels.[23] The overall
provides a rigid bilayer at 37°C and below, promot- conclusion from a large number of liposome phar-
ing drug retention. DSPE is incorporated into the macological studies is that the smaller the vesicle
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size, the better the chance to prevent nonspecific tumour area at a satisfactory rate to ensure its bio-
availability and pharmacological activity.sequestration by the spleen and to enable extravasa-

tion into solid tumours. Doxil vesicle size, just An optimal formulation has to balance between
two opposing needs: vesicle downsizing and highbelow 100nm, is consistent with this strategy.
drug payloads. Small vesicle size conflicts with the
need for efficient drug loading, since reducing vesi-

1.3 Drug Entrapment
cle size causes a large reduction in vesicle-trapped
aqueous volume and thus in drug/lipid ratio.[24] To

Despite the small vesicle size of Doxil limiting overcome this problem, the drug loading method
the physical space for drug entrapment, it is critical should bypass the restrictions of passive loading of
to achieve a rich drug payload to ensure that extrava- agents into the liposome, i.e. liposome trapped vol-
sated liposomes can supply therapeutically effective ume and drug solubility.[14,25]

drug concentrations in the tumour area. In addition, For Doxil, a high and stable drug/lipid ratio
liposomes must retain their drug payload without was achieved through loading  by ammonium  sul-
leakage throughout the long circulation period re- fate gradients in which [(NH4)2SO4]liposome/
quired for optimal tumour localisation. Finally, the [(NH4)2SO4]medium > 1000. The mechanism of this
drug ought to be released from liposomes in the loading is presented in figure 2. This loading

Liposome aqueous phase (inside)

(NH4)2SO4

2NH3 + 2H+ 2NH4 + SO4
2-

(DXR-NH3)2SO4
Gel-like precipitate

2DXR-NH2

External medium (outside)

2DXR-NH3CI

2DXR-NH3
+ + 2CI+

2DXR-NH2 + 2H+

2NH3

Fig. 2. Ammonium sulfate gradient driven loading of doxorubicin into the intraliposomal aqueous phase. Liposomes are prepared at the
desired concentration of ammonium sulfate. The gradient {[(NH4)2SO4]in/[( NH4)2SO4]out ≥1000} was formed by removing the ammonium
sulfate from the external liposome medium either by dialysis or gel filtration. Intraliposomal NH4+ dissociates into NH3, which easily escape
from the liposome, and H+ which are retained in the liposome water phase. Doxorubicin HCl is added to the liposome dispersion at a
temperature above the phase transition of the liposomal lipids. Doxorubicin (DXR), a cationic amphiphile with a primary amino group in its
sugar moiety, is in equilibrium between an ionised form and a non-ionised form. The latter form shuttles across the liposome bilayer,
becomes ionised once exposed to the rich internal proton environment, and forms a salt with the SO42– anions. This leads to gradual
liposome entrapment of doxorubicin with high efficiency (>95%) and within short incubation times (~1 hour). The concentration of
encapsulated doxorubicin is determined using gel filtration or cation-exchange chromatography (reproduced from Bolotin et al.,[29] by
courtesy of Marcel Dekker Inc). 
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method, referred to as remote (active) loading, leads the case of another STEALTH formulation loaded
with cisplatin (SPI-77), the drug release rate is ex-to highly efficient accumulation of doxorubicin in-
tremely slow and probably ineffective when the inside the liposome aqueous phase (about 15 000
vivo kinetics of tumour growth are considered, re-doxorubicin molecules/vesicle) with most of the
sulting in reduced antitumour efficacy.[32]drug (>90%) present as a crystalline-like precipitate,

lacking osmotic effects and thus contributing to the
2. Preclinical Pharmacokineticsstability of the entrapment.[26-28] Raising the concen-

tration of ammonium sulfate from 155 mmol/L used Early work was done with laboratory-made prep-
in the initial pilot formulation to 250 mmol/L in the arations of pegylated liposomal doxorubicin similar
final approved formulation resulted in enhanced sta- to Doxil, or with earlier versions of the Doxil
bility and shelf-life.[20] Ammonium sulfate plays formulation slightly different from the current com-
multiple roles in the loading mechanism, as de- mercial preparation. The basic biological observa-
scribed in detail elsewhere.[14]

tions are not substantially affected by these minor
Due to the mechanism of doxorubicin remote changes.

loading, it is important to evaluate if and to what The plasma pharmacokinetics of a single dose of
extent the precipitation/gelation is irreversible, thus Doxil studied in rats and dogs differ substantially
reducing drug bioavailability. This can be done with from those of free doxorubicin (table I). Free doxo-
the aid of the ionophore nigericin, which collapses rubicin displays biphasic curves with a rapid decline
the ammonium gradient by exchanging protons of the initial plasma concentration.[20] The first
from the liposome aqueous phase with potassium phase is a rapid distribution phase with a half-life of
ions (K+) added to the medium. Gradient collapse by 5–10 minutes. The second phase is an elimination
nigericin induces complete release of doxorubicin. and terminal clearance phase with a half-life of 29
The drug, when released, retains full biological ac- hours. Clearance is in the order of 121 mL/h/kg, and
tivity.[30] This indicates that intraliposomal precipi- the volume of distribution is very large (~5 L/kg). In
tation of doxorubicin is not a ‘dead end’ but a Doxil-treated animals, the plasma concentration-
reversible process. This loading technology pro- time profile often also displays a two-phase
vides great stability with negligible drug leakage in curve,[20] but these two phases actually represent two
circulation, while still enabling satisfactory rates of sections of the distribution phase from the central
drug release in tissues and malignant effusions.[31] In compartment. In the initial distribution phase, a

Table I. Pharmacokinetic parameters of doxorubicin administered to animals as the free drug (doxorubicin) or entrapped in pegylated
liposomes (Doxil)

Animal species/ Dose (mg/kg) Cmax (mg/L) AUC (mg • h/L) CL (mL/h/kg)a Vβ (mL/kg)a t1/2 (h) Reference
drug form

Rat

Free doxorubicin 0.9 NA 11.1 121 5070 0.16/29.1b 20

Doxil 1 ~20 683 2.0 65 1.8/23.6 20

Doxil 6 ~90 3821 1.57 79 35.0 33

Dog

Doxil 0.5 7.4 304 1.86 70 27.0 34

Doxil 0.5 11.8 360 1.39 46 23.1 35

Doxil 1.5 NA 656 1.03 40 0.2/25.9 20

a For weight normalisation of CL and Vβ, average rat and dog weights were estimated at 200g and 15kg, respectively.

b Elimination phase.

AUC = area under the concentration-time curve; CL = total plasma body clearance; Cmax = peak plasma concentration after single dose
administration; NA = not available; t1/2 = half-life associated with the exponents of distribution phase and, where indicated, of elimination
phase; Vβ = apparent volume of distribution of β phase.
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Pegylated Liposomal Doxorubicin 425

100

10

1
0 8 16 24 32 40 48 56 64 72

In
je

ct
ed

 d
os

e 
in

 p
la

sm
a

Time (h)

Doxorubicin
3H

Fig. 3. Clearance of [3H]cholesterol-labelled pegylated liposomal doxorubicin from plasma in mice. The curves depict percentage of injected
dose in plasma of liposome-associated doxorubicin and [3H]cholesterol hexadecyl ether, a non-exchangeable liposome radioactive tracer.
Note that up to 24 hours after injection the curves are superimposable, indicating that at least two-thirds of the liposome dose has been
cleared with an intact drug payload. At 48 and 72 hours the curves diverge, indicating that a detectable amount of drug has leaked from the
liposomes (reproduced from Gabizon et al.,[38] by courtesy of Marcel Dekker Inc).

minor fraction of the injected dose is cleared from saturation of clearance and a disproportionate in-
crease of plasma concentrations.[37]circulation with a half-life of about 1 hour. During

the second extended phase of distribution, account- Figure 3 shows a pharmacokinetic study with
ing for most of the area under the plasma concentra- pegylated liposomal doxorubicin in mice in which
tion-time curve (AUC), Doxil is cleared with a the fates of a lipid label and of doxorubicin are
half-life ranging between 20 and 35 hours. The measured in plasma to determine whether liposome

and liposome-entrapped drug are cleared simultane-differences in plasma concentration between the
ously. It can be seen that the clearance curves arefree drug and the pegylated liposomal formulation
superimposable during a long initial period with aare substantial (table I): at least 60-fold increase in
slight drop in the doxorubicin curve at later timesAUC for the liposomal drug, with plasma concentra-
after injection, indicating that the leakage of drugtions of doxorubicin several hundred-fold greater
from circulating liposomes accounts for a minorseveral hours after injection in liposome-treated ani-
fraction of drug clearance.mals than in animals treated with free drug.[20,33-35] It

should however be stressed that most (~95%) of the
drug found in plasma remains encapsulated in the 3. Tissue Distribution in
liposomes and is therefore not yet bioavailable. Preclinical Models
Consistent with this, the volume of distribution of

A number of studies have investigated the tissueDoxil is very small and approximates the blood
distribution of doxorubicin after injection of doxo-volume in each species, whereas that of free doxo-
rubicin entrapped in pegylated liposomes in rodentsrubicin is very large and indicative of rapid distribu-
with syngeneic or xenogeneic tumour models. Thesetion/dispersion into the tissues. Altogether, it can be
studies have relied on fluorescence detection meth-seen that Doxil treatment results in an increased
odology, either from tissue-extracted drug or byAUC of doxorubicin equivalents and a longer mean
confocal laser scanning microscopy. The latter ap-residence time, whereas clearance and volume of
proach is, however, problematic from a quantitativedistribution are significantly decreased when com-
point of view since doxorubicin fluorescence is par-pared with free doxorubicin treatment. Studies with
tially quenched when doxorubicin binds DNA.[39]drug-free liposomes have indicated linear, dose-in-

dependent pharmacokinetics for pegylated lipo- An important advantage of liposomal entrapment
somes.[36] However, recent data from our laboratory of doxorubicin is its reduced uptake in the heart
with Doxil indicate that dose escalation results in compared with free doxorubicin.[40] The tissue bi-

 Adis Data Information BV 2003. All rights reserved. Clin Pharmacokinet 2003; 42 (5)
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odistribution of pegylated liposomal doxorubicin in
an experimental model where N87 human gastric
carcinoma or A375 melanoma were implanted sub-
cutaneously into nude mice is presented in figure 4
and figure 5.[16] Liver uptake of pegylated liposomal
doxorubicin was increased above that of free doxo-
rubicin from the first time point tested (4 hours after
injection). Skin drug concentrations were also in-
creased by liposome delivery but only at a later time
point (48 hours after injection). In the tumour, there
is a clear concentration advantage for the liposomal
drug but, as in the skin, the peak concentration is
delayed to 48 hours after injection.

Similar results were found in other mouse
tumours and human xenografts by various investiga-
tors.[41,42] The enhanced tumour accumulation of
pegylated liposomal doxorubicin appears to be a
general phenomenon. A 14-fold higher peak tumour
concentration was observed in a brain-implanted rat
sarcoma when Doxil and free doxorubicin were
compared (11 versus 0.8 mg/kg, respectively, 48
hours after injection), whereas drug concentration in
normal brain tissue was equally low with both forms
of treatment.[33] Enhanced liposomal penetration
into intracerebral tumours and sparing of normal
brain tissue represent an important advantage over
free drug.

Scanning confocal microscopy exploiting the flu-
orescent properties of doxorubicin permitted an ana-
lysis of tumour accumulation of free doxorubicin
versus Doxil in a mammary carcinoma (MC2)
murine model.[43] This study demonstrated free
doxorubicin in the vascular regions of the tumour 1
hour after administration, with no detectable drug
after 48 hours. In Doxil-treated animals, drug was
detectable in tumour up to 9 days after injection. In
human prostate (PC-3) and pancreatic tumour
(AsPC-1) xenografts in nude mice, the tumour AUC
of Doxil was at least five times greater than that of
free drug.[44,45] The nuclei of malignant and stromal
cells in MC2, PC-3 and AsPC-1 xenografts dis-
played doxorubicin fluorescence after Doxil injec-
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Fig. 4. Concentrations of free doxorubicin and pegylated (PEG)-
liposomal doxorubicin in (a) plasma, (b) liver and (c) skin of nude
mice. Nude mice bearing subcutaneous implants of N87 or A375
tumours were injected intravenously with free doxorubicin or PEG-
liposomal doxorubicin, 10 mg/kg. Each time point is the mean of
three or four mice (reproduced from Gabizon et al.,[16] with permis-
sion from Elsevier). 

tion, indicating that the drug is released from lipo-
somes and finds its way to the target site of action. were also found in liver after Doxil treatment
Higher and protracted concentrations of doxorubicin compared with free drug.[44,45]
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4. Mechanism of Liposome spaces immediately surrounding the blood ves-
Accumulation in Tumours sels.[47]

In addition to the above observations pointing to 5. Preclinical Efficacy and Toxicity
enhancement of drug accumulation in tumours after

In preclinical therapeutic studies using a varietyDoxil therapy, a number of studies have addressed
of rodent tumours and human xenografts inthe mechanism of liposome accumulation in
immunodeficient mice, Doxil was more effectivetumours. A basic premise is that long circulation is
than free doxorubicin and other (non-pegylated) for-critical for liposome accumulation in tumours, as
mulations of liposomal doxorubicin.[41,42] In a fewindicated by a well-established correlation between

liposome circulation time and tumour uptake.[8]

Microscopic observations with colloidal gold-la-
belled liposomes,[46] and morphological studies with
fluorescent liposomes in the skin-fold chamber
model,[47] have demonstrated that liposomes extrav-
asate into the tumour extracellular fluid through
gaps in tumour microvessels and are found predom-
inantly in the perivascular area with minimal uptake
by tumour cells. Studies with ascitic tumours[48,49]

demonstrate a steady extravasation process of long
circulating liposomes into the ascitic fluid with
gradual release of drug followed by drug diffusion
into the ascitic cellular compartment.

All this leads to the following hypothesis: Circu-
lating liposomes appear to cross the leaky tumour
vasculature, moving from plasma where drug con-
centration is relatively high into the interstitial fluid
of tumour tissue. This is a slow process, in which
long-circulating liposomes possess a distinct advan-
tage because of the repeated passage through the
tumour microvascular bed. Cellular delivery of drug
depends on release of drug from liposomes in the
interstitial fluid, since pegylated liposomes are sel-
dom taken up by tumour cells (see model in figure
6). The factors controlling this process and its kinet-
ics are not well understood and may vary among
tissues. A gradual loss of the liposome gradient
retaining doxorubicin and disruption of the integrity
of the liposome bilayer by phospholipases may be
involved in the release process. Uptake by tumour-
infiltrating macrophages could also contribute to
liposomal drug release and should be investigated.
In any case, once doxorubicin is released from lipo-
somes, it may diffuse freely through the tumour
space and reach deep layers of tumour cells, whereas
most of the liposomes appear to remain in interstitial
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Fig. 5. Concentrations of free doxorubicin and pegylated (PEG)-
liposomal doxorubicin in human tumours implanted in nude mice.
Nude mice bearing subcutaneous implants of (a) N87 or (b) A375
tumours injected intravenously with free doxorubicin or PEG-li-
posomal doxorubicin, 10 mg/kg. Each time point is the mean of
three or four mice. N87 median tumour weight: 113mg for free
doxorubicin, 165mg for PEG-liposomal doxorubicin. A375 median
tumour weight: 182mg for free doxorubicin, 270mg for PEG-li-
posomal doxorubicin (reproduced from Gabizon et al.,[16] with per-
mission from Elsevier). 
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tion.[20,38] However, this finding should be inter-
preted cautiously because mice seldom develop
Doxil-induced skin toxicity, which is a dose-limit-
ing toxicity in dogs and humans.[53,54]

In a rabbit multidose study using well-established
histopathological parameters, the cardiac toxicity of
Doxil was significantly less when compared with
that of doxorubicin.[55] For a summary of the
preclinical toxicology of Doxil, see Working &
Dayan.[20]

6. Clinical Pharmacokinetics

The pharmacokinetic features that distinguish
Doxil from free doxorubicin in animals are also
found in humans. A summary of pharmacokinetic
studies of Doxil compared with free doxorubicin is
presented in table II. These studies included patients
with a variety of solid tumours, including breast
cancer, prostate cancer and AIDS-related Kaposi’s
sarcoma (ARKS). In an initial pharmacokinetic
study with a pilot Doxil formulation prepared with
a low ammonium sulfate concentration (155 mmol/
L), two distribution half-lives were clearly identi-
fied.[56] The initial half-life was 1–3 hours, during

Blood Organ spaces

L-drug
Vascular

Interstitial

L-drug

Free drug

Intracellular

Free drug

Blood

Lymph

L-drug L-drug

L-drug

Fig. 6. Delivery of liposome-associated drug (L-drug) to peripheral
tissues and tumours. Circulating liposomal drug extravasates to the
interstitial fluid compartment in tissues with increased microvascu-
lar permeability following convection and diffusion processes in a
similar way to other particulate and macromolecular systems.
Thereafter, liposomes gradually release the drug in the extracellular
fluid compartment. The rate of drug release depends on liposome
composition, type of drug, method of loading and other unknown
microenvironmental factors. Cellular uptake is in the form of free
drug. Drug efflux and wash-back to the circulatory compartment
may occur as with free drug. In tissues with functional lymphatic
drainage, liposomal drug may also be drained, as other particu-
lates, into lymphatic channels and through the lymphatic system
back into circulation if not sequestered in draining lymph nodes. In
tumours, liposomal drug remains trapped in the interstitial fluid
compartment due to the lack of a functional lymphatic drainage.

which ~30% of the injected dose was cleared. The
half-life of the second phase, which includes moreinstances, the activity of Doxil-like preparations
than 95% of the AUC in humans, is longer than inwas matched, but not surpassed, by other, non-
rodents (~20 hours) or dogs (~30 hours), lasting ~45pegylated, long-circulating preparations of li-
hours and results in nearly a 300-fold difference inposomal doxorubicin.[50,51] In most of these studies,
AUC when compared with free doxorubicin (figurethe improved efficacy of Doxil was obtained at
7).milligram-equivalent doses to the maximal tolerated

Further pharmacokinetic studies done with thedose (MTD) of free doxorubicin, indicating that
approved Doxil formulation prepared with a 250there was a net therapeutic gain per mg of drug,
mmol/L ammonium sulfate gradient often resultedindependent of toxicity buffering. An elegant study
in mono-exponential distribution kinetics with evenaddressed this issue directly by examining the activ-
longer half-lives in the range of 50–80 hours (table

ity of escalating doses of Doxil and free doxo-
II). Clearance and volume of distribution were lower

rubicin against implants of the mouse 3LL tumour
for Doxil than for free doxorubicin, roughly by

(Lewis lung carcinoma) and concluded that the ac- two orders of magnitude. Replacing HSPC with
tivity of Doxil 1–2 mg/kg was approximately equi- distearoyl phosphatidylcholine (DSPC) in the li-
valent to that of doxorubicin 9 mg/kg, i.e. a 6-fold posomal formulation has apparently minimal effect
enhancement in efficacy.[52]

on the pharmacokinetic profile of pegylated li-
In mice, the 50% lethal dose of pegylated li- posomal doxorubicin.[58]

posomal doxorubicin is approximately twice that of A trend to shorter half-lives and faster clearance
free doxorubicin after single intravenous injec- in three of the studies was noted, one of which, as
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Table II. Pharmacokinetics of doxorubicin administered to humans as the free drug or entrapped in pegylated liposomes (Doxil)

Drug form Tumor type Dose n Cmax AUC CL Vss t1/2 Reference
(mg/m2) (mg/L) (mg • h/L) (mL/h)a (L)a (h)

Free Misc. solid 50 4 5.9 3.5 25 300 365 0.06/10.4c 56
doxorubicinb

Doxilbd Misc. solid 25 8 12.6 609 80 4.1 3.2/45.2 56

50 14 21.2 902 90 5.9 1.4/45.9

Doxilb Misc. solid 60 8 23 1355 75 5.6 56 7

70 6 58 4698 25 2.1 60

80 3 39 4846 29 3.3 79

Doxile Misc. solid in 40-70 10 36-48 1333–2333f 30 1.45g 36.4 57
children

DSPC-PLDbh Misc. solid 30 9 17.4 1124 30 2.3 6.2/59.3 58

40 4 23.2 1786 23 2.1 6.8/70.9

50 5 26.8 2115 25 2.6 5.4/69.3

Doxilb Breast 35 6 13.9 1572 32 3.8 78.9 59

45 5 20.7 2005 40 3.5 86

60 6 26.9 2325 43 4.0 62

70 7 32.6 3724 32 3.5 80.3

Doxile Breast 60 7 33.7 4082c 23 3.0 83.7 60

70 8 42.6 4965c 21 2.8 80.2

Doxilb Prostate 45 5 17.5 1710 44 4.9 70.5 61

60 7 21 2359 45 5.1 89.8

Doxilb ARKS 10 31 4.1 233 73 4.6 3.2/50.2 62

20 34 8.5 570 60 4.7 3.1/54.5

Doxile ARKS 10 3 4.3 184 140 7.9 41.1 63

20 3 10.1 341 170 10 43.5

40 3 20.1 642 150 6.5 33.3

a For body surface normalisation, values were corrected for an average body surface area of 1.7m2, except for the study in
children.[57]

b Median values.

c Elimination phase.

d Study with an early version of the Doxil formulation containing a lower ammonium sulfate concentration and stored in frozen form.

e Mean values.

f Values for AUC not directly provided by authors; approximated from AUC = dose/CL.

g Volume of central compartment per m2 body surface.

h Study with a non-commercial formulation of pegylated liposomal doxorubicin (PLD) similar to Doxil but where hydrogenated soy
phosphatidylcholine is replaced with distearoyl phosphatidylcholine (DSPC).

ARKS = AIDS-related Kaposi’s sarcoma; AUC = area under the concentration-time curve; CL = total plasma body clearance; Cmax = peak
plasma concentration after single dose administration; Misc. = miscellaneous; t1/2 = half-life associated with the exponents of distribution
phase and, where indicated, of elimination phase; Vss = volume of distribution at steady state.

described above, used an early version of the Doxil variation was significant with regard to clearance
formulation.[56] The second study involved a small and half-life, while other pharmacokinetic para-
number (three per group) of patients with advanced meters remained within a narrow range. In other
ARKS.[63] Doxil half-life was also significantly studies, the half-lives, clearances and volumes of
shorter in children (36 hours, range 22–55 hours), as distribution determined for Doxil in the dose range
a result of a slightly faster clearance at doses of 35–80 mg/m2 were of the same order of magnitude
40–70 mg/m2.[57] In the study of Amantea et al.,[62] with a maximal variation of about 2- to 3-fold in all
interpatient variability as assessed by coefficient of cases.[59-61] When the ARKS patients receiving low
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m2 dose and are substantially lower than after free
doxorubicin (~6 mg/L).

Although the cardiac toxicity of anthracylines is
related to the cumulative dose, the schedule of ad-
ministration (bolus, continuous infusion, small split
doses) also affects the extent of toxicity. Since part
of doxorubicin-induced cardiotoxicity appears to be
related to a high peak concentration of free drug,[64]

the low free drug peak of Doxil is at least one
explanation for the low cardiotoxicity of Doxil.

Doxorubicin is released from Doxil and meta-
bolised in tissues in vivo as indicated by the exten-
sive presence of metabolites in urine for several
days following treatment.[65] However, metabolite
accumulation in plasma is negligible, indicating that
the rate of metabolite formation is slower than that
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Fig. 7. Plasma mean concentrations of doxorubicin in patients re-
ceiving a single intravenous dose of free doxorubicin (n = 4) or
Doxil (n = 14), 50 mg/m2 (reproduced from Gabizon et al.,[56] with
permission from Cancer Research).

with free doxorubicin and lags behind the rate of
doses of Doxil are compared with other solid tu- excretion.[56]

mour patients receiving higher doses, a trend to
7. Pharmacokinetic-longer half-life and slower clearance with dose is
Pharmacodynamic Relationshipdetectable. Whether this is the result of interpatient

variability due to the disparity in clinical condition
Establishing a pharmacokinetic-pharmacody-

and patient population, or a phenomenon of clear-
namic correlation based on the unique pharmaco-

ance saturation due to dose-dependent pharmaco- kinetics of Doxil may provide a guide for clini-
kinetics of Doxil, remains unclear. cians on the choice of an optimal dose schedule for

It has also been shown that practically all of the different tumour types. In ARKS, the pharmacokin-
circulating drug (>98%) is in liposome-encapsulated etic parameter best correlated with antitumour effi-

cacy of Doxil is peak concentration (Cmax), orform, indicating that the pharmacokinetics of li-
rather average Cmax, i.e. Cmax/dose interval inposomal doxorubicin are dictated by the liposome
days.[62] Thus, for a dose interval of 21 days, thecarrier and most of the drug is delivered to tissues in
probability of response in ARKS sharply increasedliposome-associated form.[56] To obtain an indirect
from 18–83% (4.6-fold) when Cmax rose fromestimate of plasma concentrations of free doxo-
2.1–8.4 mg/L. For dose intensity, the probability ofrubicin after administration of Doxil, the reported
response increased from 23–72% (3.1-fold) whenratio between doxorubicinol, the major doxorubicin
dose intensity rose from ~1.75–7.0 mg/m2/week. In

metabolite, and doxorubicin concentration in plas-
breast cancer, a strong correlation is also found

ma after administration of standard doxorubicin can
between dose and Cmax (Spearman correlation coef-

be used. Based on the measurement of doxorubici- ficient of 0.91, p < 0.0001), and a weaker but signif-
nol, which usually represents 40–50% of the free icant correlation between dose and AUC (0.64, p =
doxorubicin concentrations, plasma concentrations 0.0008).[59] Although ARKS and breast cancer re-
of free doxorubicin after liposomal administration present very different tumour types, and interpatient
remain very low, approximately 0.25–1.25% of the variations in clearance may reduce the predictability
total measured drug.[6,62] Thus, peak concentrations of AUC, these parameters may offer an important
of drug in free form after Doxil administration predictive tool in Doxil therapeutics. Regarding
probably never surpass 0.1–0.2 mg/L for a 50 mg/ other solid tumours, one should note that in the
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published literature on single-agent Doxil in solid patients[59] across four dose levels (35, 45, 60, and
tumours no responses have been reported with initial 70 mg/m2 at 3, 3, 4, and 6-week intervals, respect-
doses lower than 35 mg/m2 and/or dose intensities ively) indicate that dose and Cmax correlated strong-
lower than 10 mg/m2/week. ly with risk of stomatitis and myelosuppression (leu-

copenia), whereas half-life was the only parameterA possible dose-dependence of the antitumour
correlated with risk of PPE (see the correlationactivity of Doxil is suggested by data from a phase
analysis, table III). The relative risk of developingII breast cancer study[66] and from a small study in
PPE grade 2–4 for patients with a Doxil half-lifehormone-refractory prostate cancer showing more
>85 hours was 2.73-fold greater than for patientsresponses in patients receiving 60 mg/m2 as opposed
with shorter half-life in this small group of 21to 45 mg/m2. Dose dependence may also account for
patients. Since PPE develops generally after a mini-conflicting reports on the antitumour activity of
mum of two courses of Doxil, continued monitor-Doxil in soft tissue sarcomas, where positive re-
ing of pharmacokinetic parameters may allow re-sponse data at 60 mg/m2 was obtained by one
evaluation of dose and schedule after the firstgroup,[67] and negative results at lower doses were
course, preventing this distressing complication.seen in another study.[68]

A recently published study on a combination ofDose intensity appears to be an important deter-
cisplatin and Doxil lends further support to the linkminant in palmar-plantar erythrodysaesthesia (PPE),
between circulation half-life and PPE.[70] Patientsa form of skin toxicity that is dose-limiting and
treated with cisplatin and Doxil seldom developedcharacteristic of Doxil, whereas dose level is rela-
PPE, unlike patients receiving a similar dose oftively unimportant. A study in dogs demonstrated a
Doxil as single agent. It was found that althoughstrong relationship between lesion severity and dose
the Doxil Cmax values were similar for patientsintensity, correctly predicting a human-equivalent
treated with Doxil plus cisplatin and Doxil as adose intensity of 10–12.5 mg/m2/week as the thres-
single agent, plasma Doxil concentrations at 7hold or MTD for PPE risk.[35] Dose reduction in
days post-treatment were significantly lower forhuman patients from 60 to 45 mg/m2 has much less
patients treated with Doxil plus cisplatin. Thus,impact on the severity of skin toxicity than lengthen-
cisplatin appears to stimulate Doxil clearance,ing the dose interval from 3 to 4 weeks.[66,69] Data

from a pharmacokinetic study in breast cancer shortening its circulation half-life and thereby re-

Table III. Correlation analysis of dose and pharmacokinetic parameters with leucocyte nadir count, stomatitis grade and palmar-plantar
erythrodysaesthesia grade (reproduced from Lyass et al.,[59] with permission from John Wiley & Sons Inc. 2000 Am Can Soc).

Parameter Correlation coefficient (p-value)a

leucocyte nadir countb stomatitis gradec PPE graded

Dose –0.49 (0.0151) 0.63 (0.0009) –0.36 (NS)

Cmax –0.53 (0.0084) 0.52 (0.0089) –0.28 (NS)

AUC –0.17 (NS) 0.31 (NS) 0.03 (NS)

t1/2 0.27 (NS) –0.35 (NS) 0.56 (0.0083)

CL –0.10 (NS) 0.15 (NS) –0.28 (NS)

Vss 0.08 (NS) –0.10 (NS) –0.08 (NS)

a Spearman’s rank coefficient (with correction for ties for stomatitis and PPE grades).

b Correlation made with leucocyte nadir count after first course of Doxil (n = 24).

c Correlation made with stomatitis grade (0–4) after first course of Doxil (n = 24).

d Correlation made with worst PPE grade (0–4) during three courses of Doxil in patients receiving two or more courses on schedule (n =
21).

AUC = area under the concentration-time curve; CL = total plasma body clearance; Cmax = peak plasma concentration after single dose
administration; NS = not significant; PPE = palmar-plantar erythrodysaesthesia; t1/2 = half-life associated with the exponents of distribution
phase and, where indicated, of elimination phase; Vss  = volume of distribution at steady state.
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ducing the risk of skin toxicity. Although the physi- Selective delivery of Doxil to tumours in
ological basis for a putative link between half-life humans has been documented in a number of stud-
and PPE is unknown, it is conceivable that a long ies. Drug concentrations in biopsies of Kaposi’s
half-life may facilitate increased deposition of Dox- sarcoma lesions ranged from 10- to 15-fold higher
il in skin areas susceptible to transient increases in than those in adjacent normal skin when measured
microvascular permeability. Obviously it is of para- 48–96 hours after the administration of Doxil at
mount importance to determine in future studies doses ranging from 10–20 mg/m2.[71] In metastatic
whether half-life, in addition to Cmax and dose inten- breast cancer to bone, two patients who had their
sity, plays a role as a determinant of antitumour bone tumour and adjacent muscle sampled several
response. days after Doxil administration had 10-fold greater

drug concentration in tumour than in muscle.[72]

These studies suggest that Doxil delivers more8. Tissue Distribution in Clinical Studies
drug to tumours than to adjacent normal tissues, and
more than free drug would deliver to tumours.

The ability of liposomes to extravasate through
The most convincing data on this issue comesleaky blood vessels in tumour, coupled with their

from biodistribution studies based on the use oflong circulation time, are the key factors promoting
STEALTH liposomes labelled with radioimagingthe accumulation of liposome-encapsulated drug
tracers. A recent study by Harrington et al.,[73] in 17into the tumour vasculature. What is the evidence in
patients with a variety of locally advanced solidhumans for enhanced liposomal drug delivery to
tumours followed liposomal uptake into tumour tis-tumours as compared with free drug, and for selec-
sue using 111In-DTPA-labelled, drug-free, pegylat-tive liposome accumulation in tumour tissue as com-
ed liposomes  of identical lipid composition topared with non-tumour tissues? In experimental
Doxil. Tumours were visualised in 15 of 17animal models, these issues have been clearly set-
patients by nuclear medicine whole body γ-cameratled. However, in humans the investigation of tissue
imaging (figure 8). The greatest concentration ofbiodistribution of liposomes or liposomal drug is
labelled liposomes, comprising 33% of the injectedcomplicated by the need either for imaging analysis
dose per kg tumour (ID/kg), was detected in headwith radiolabelled liposomes or for invasive proce-
and neck tumours. In a patient with ARKS, multipledures to sample tissues. We will review here the
areas of uptake corresponded to the location of skinlimited data available.
lesions. Tissue concentrations in surgically removedDuring initial phase I studies of Doxil, drug
tumours of two patients with squamous cell carcino-accumulation in malignant effusions was evaluated
ma of the head and neck showed high liposomeand found to peak between 3 and 7 days after
uptake with 8.8 and 15.9% ID/kg. Appreciable lo-injection.[56] The accumulation of doxorubicin in
calisation, representing normal organ uptake of lipo-malignant effusions and cells was dose-dependent.
somes, was found in the RES of liver, spleen andA 4- to 16-fold increase in pleural effusion drug
bone marrow, indicating ultimate RES involvementconcentrations was achieved with Doxil when
in liposome clearance despite the STEALTH PEGcompared with free doxorubicin administered in the
coating strategy.same patient 3 weeks apart. These data are in agree-

Another important observation of Harrington etment with animal data on extravasation of long-
al.[73] was a trend to higher liposome uptake incirculating liposomes into ascitic tumour fluid.[48,49]

smaller tumours. A recent report pointing to tumourIn a study in ARKS patients who were randomly
size as a strong prognostic factor for response toassigned free doxorubicin or  an equal dose of
Doxil in ovarian cancer[74] suggests that the tumourDoxil, the drug concentrations in skin tumour le-
size dependence of liposome uptake is clinicallysions were between 5- and 11-fold higher after Dox-
relevant. More information is needed on other fac-il.[63]
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Pegylated liposomes also accumulate in skin and
mucous membranes, and when loaded with doxo-
rubicin produce a toxicity profile that, when com-
pared with free doxorubicin, is characterised by
harsher and dose-limiting mucosal and cutaneous
toxicities, milder myelosuppression and a greatly
reduced incidence of alopecia. We do not have, as
yet, a clear understanding of the reasons for the
particular distribution of Doxil skin toxicity and
the lack of alopecia. Due to mucocutaneous toxici-
ties, the single-dose MTD and maximal dose inten-
sity of Doxil are lower than those of standard
doxorubicin. Indeed, the MTD and dose intensity of
Doxil are 50 mg/m2 every 4 weeks and 12.5 mg/
m2/week respectively, which are lower than for
standard free doxorubicin (60 mg/m2 every 3 weeks
and 20 mg/m2/week).[10,19] In contrast, owing to its
reduced cardiotoxicity, the maximal cumulative
dose of Doxil appears to be significantly greater
than that of doxorubicin. No cardiotoxicity has been
seen in 40 patients receiving cumulative doses of
500–1500 mg/m2 of Doxil,[78] although the cumu-
lative dose of free doxorubicin is commonly restrict-
ed to 450–550 mg/m2.

Lung tumour

Spleen Liver

Bone marrow

Fig. 8. Gamma scintigraphy (posterior view) of patient with lung
cancer 48 hours after injection of 111In-radiolabelled STEALTH

(pegylated) liposomes. The liposomes are taken up by a large
tumour in the right upper lung. Prominent uptake can also be seen
in the liver, spleen, and bone marrow (reproduced from Harrington
et al.,[73] with permission from Clinical Cancer Research).

9. Conclusions
tors that may affect liposome accumulation in solid
tumours, such as anatomical location, primary ver- Doxil (Caelyx), a pegylated liposomal doxo-
sus metastatic tumours, prior irradiation and con- rubicin formulation approved for the treatment of
comitant drug treatment affecting vascular permea- ARKS and recurrent ovarian cancer, has unique

pharmacokinetic properties resulting from the longbility, such as corticosteroids.
circulation time and restricted volume of distribu-Koukourakis et al.,[75-77] have studied patients
tion of pegylated liposomes, and from the stablewith lung, head and neck cancers, brain tumours and
retention of drug in the liposome water phase. De-sarcomas by direct labelling of Doxil with 99mTc-
spite the formidable retention of drug while in circu-

DTPA. Although this labelling technique has not yet
lation, Doxil effectively releases the drug after

been validated by other investigators, and in vivo extravasation in the tissue interstitium. The end re-
dissociation of the label from Doxil has not been sult is a dramatic change in the pharmacokinetics,
ruled out, some of the pictures obtained undoubtedly biodistribution and metabolic rate of doxorubicin
reflect selective enhancement of liposome localisa- dictated by the liposome carrier. As expected from
tion in tumours compared with surrounding normal the magnitude of these changes, the pharmaco-
tissue. Microvessel density assessed with anti-CD1 dynamics of Doxil can be clearly distinguished
monoclonal antibodies correlated with the degree of from those of free doxorubicin, as indicated by
liposomal accumulation, stressing the importance of major differences in the toxicity profile.
tumour microvasculature in liposome localisa- The current data on a pharmacokinetic-pharma-
tion.[75] codynamic relationship for Doxil is scarce but
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