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Over the past decade, particulate drug formulations have been success-
fully employed to reduce undesired side effects and improve drug biodistri-
bution. Despite numerous experimental data, there are relatively few theo-
retical studies regarding the pharmacokinetics of such formulations. A quan-
titative pharmacokinetic description of particulate drug forms requires
serious adjustments in existing theoretical approaches, due to formulation
size. Thus, blood vessel permeabilization and the immunological system
need to be accounted for. In this paper, we present a pharmacokinetic model
intended to describe the distribution of glucocorticoid (prednisolone phos-
phate) encapsulated in long-circulated liposomes and its qualitative analysis.
In order to achieve qualitative and quantitative agreement with experimental
patterns of time-dependent liposome concentration changes in blood, liver
and spleen, the existence of two hypothetical liposome populations was as-
sumed. The two populations differ in their accumulation capacities, dosage
and time constants. The first population is accumulated in the liver with
a time constant of 50 s–1 and a saturation level of 0.005 �mol/animal,
whereas the second with 0.003 s–1 and 50 �mol/animal, respectively. Such
liposome parameterization results from the theoretical model used, however,
it may have a physiological foundation. If the two opsonin and/or macro-
phage types that interact with the liposomes are assumed to have different
characteristics, then the pharmacokinetic data obtained experimentally in an
animal model can be described correctly.
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INTRODUCTION

Liposomal formulations are frequently used to

improve drug efficacy, distribution and to reduce

undesirable side effects [8, 13, 19]. Such particu-

late drug formulations allow for the manipulation

of a variety of pharmacological parameters, such as

drug circulation time and selective accumulation,

which depend on formulation physicochemical

properties and the pathopysiology of the target tis-

sue [5, 7, 14, 17, 18]. Since the behavior of liposo-

mal drug formulations is different from that of free

drugs, their pharmacokinetic assessment differs

from that of the latter. The important differences in-

clude the early phase of the plasma concentration-

time profile (in the case of a liposome formulation,

this profile is affected by elimination through the

mononuclear phagocyte system (MPS)), the tissue

distribution phase and free drug release.

Many drugs show poor accumulation in target

tissue in vivo. Due to rapid elimination (short half-

life) and large distribution volumes, effective sys-

temic treatment often requires multiple dosing of

the free drug. In order to improve the in vivo per-

formance of these drugs, encapsulation in long-

circulating liposomes has been shown to be valu-

able. These liposomes have a carefully selected size

(about 100 nm) and are covered with a covalently

attached polyethyleneglycol polymer (“stealth” lipo-

somes [9]). The application of such a formulation

results in a number of improvements: circulation

time is enhanced, free drug concentration in blood

is low (side effects are substantially reduced), the

chosen liposome size ensures its selective accumu-

lation in target tissues, and localized drug release

from liposomes ensures its high concentration in

target tissue for an extended period of time [18,

20].

In order to create a suitable pharmacokinetic

model, which will accurately describe drug distri-

bution as a function of time, and the subsequent

analysis of drug concentration in the target tissue,

a number of assumptions resulting from liposome

properties are needed. In this paper, we present

a compartmental approach to the pharmacokinetics

of glucocorticoid liposomal formulation. Resulting

pharmacokinetic parameters are correlated with the

data obtained from experiments in a rat model and

finally their interpretation is proposed.

MATERIALS and METHODS

Liposome drug formulation

Liposomes were prepared by the film-extrusion
method. Briefly, a lipid solution was prepared in
ethanol, containing dipalmitoyl phosphatidylcho-
line (DPPC) (Lipoid GmbH, Ludwigshafen, Ger-
many) and cholesterol (Sigma Chemical Co., Poole,
UK) at a molar ratio of 2.0:1.0. For PEG-liposomes
7.5% of DPPC was replaced by PEG 2000-di-
stearoyl phosphatidylethanolamine (DSPE) conju-
gate (Avanti Polar Lipids Inc, Alabaster, AL), re-
sulting in a composition containing DPPC, PEG-
DSPE and cholesterol at a molar ratio of 1.85:0.15:
1.0. A lipid film was created by rotary evaporation.
The film was hydrated with a solution of 100 mg/ml
of prednisolone phosphate (PLP) in sterile water.
The resulting lipid dispersion was sized by re-
peated extrusion through a series of polycarbonate
filter membranes. Unencapsulated prednisolone
was removed by dialysis against 0.9% phosphate
buffered saline using Slide-A-Lyzer dialysis cas-
settes with a molecular weight cut-off of 10,000
(Pierce, Rockford, IL). Mean particle size was de-
termined by dynamic light scattering with a Mal-
vern 4700 system (Malvern Ltd., Malvern, UK).
Phospholipid content was determined with a phos-
phate assay in the organic phase after extraction of
liposomal preparations with chloroform. The aque-
ous phase after extraction was used for determining
the PLP content. With high performance liquid
chromatography, using a mobile phase containing
an 25:75 acetonitrile-water mixture pH 2 and moni-
toring the eluens with a UV-detector, which was set
to 254 nm, both prednisolone and its phosphate es-
ter could be measured in a single run. The flow rate
was 1 ml/min, HPLC column – a reversed phase
RP 18, temperature: 25°C and the detection limit
50 ng of PLP. The liposomal preparation contained
around 5 mg of PLP/ml and an average of 60 �mol/
ml of phospholipid. The cholesteryloleyl ether in
liposomes was used as a probe by labeling it with
tritium (a half life of 12.3 years).

Animal model and treatment protocols

Male Wistar rats with an approximate body
weight of 200 g were used (outbred, SPF-quality,
Utrecht University, The Netherlands). Single-dose
intravenous injections of liposomal preparations
containing from 0.005 up to 5 �mol of total lipid
and approximately 50 kBq of radioactivity, were
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injected into the tail vein. Blood samples of 100 mg

were collected from the opposite tail vein of each

rat at the following time points after injection: 5 min

and 1, 4, 8, 24 and 48 h. Radioactivity in blood

samples was determined by adding Solvable tissue

solubilizer (NEN, Dreieich, Germany) and 35%

hydrogen peroxide. After overnight incubation, the

samples were assayed in Ultima Gold scintillation

cocktail (Packard BioScience B.V., Groningen, The

Netherlands) and counted for radioactivity with

a Philips PW 4700 liquid scintillation counter. At

48 h after injection the liver and spleen were dis-

sected, homogenized and processed according to

the same method as described for the blood sam-

ples. Besides tissue and blood samples also the ra-

dioactivity of the injected dose was counted. The %

injected dose in the organs was calculated by divid-

ing the total radioactivity of the organs by the in-

jected dose. To obtain the % injected dose values in

the circulation, the radioactivity of the blood sam-

ples was multiplied with a factor of 10 times the to-

tal mass of the blood in grams (calculated as 7% of

the total body weight) and divided by the injected

dose. The results are presented as the mean ± stan-

dard deviation of the percentage of the injected

dose of 4 rats.

Numerical calculations

Pharmacokinetic parameters (distributions, ab-

sorption and elimination coefficients) have been es-

timated using the nonlinear last squares fitting

method [16]. All computations were carried out

using custom-made programs and selected applica-

tions from Mathcad, GraphPad Prism, Excel and

based on data presented in Tables 1 and 2.
The aim of the presented simulations is to intro-

duce a limited set of time- and dose-dependent pa-

rameters which are intended to take into account

a given liposomal formulation and the physiology

of the animal model. These parameters include

maximum liver and spleen capacity for liposome

uptake and kinetic constants describing the uptake

of liposomes by relevant organs.
The compartmental pharmacokinetic model was

constructed based on the following assumptions:
a) there are four relevant compartments, i.e. blood,

body, liver and spleen (schematically shown be-
low in Figure 1); liposome accumulation in the
lungs is negligible, according to available lit-
erature [10, 12],

b) injected intravenously PEG-liposomes circulate
in the blood-stream long enough to achieve pas-
sive accumulation in the inflamed tissue,
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Fig. 1. The compartmental model used in the pharmacokinetic
analysis of the intravenously delivered encapsulated glucocorti-
coid. All relevant fluxes are indicated (more details in text)

Table 1. Percent of the injected dose in blood at 4 time points
after injection

Average I II III IV

time PEG 2000
5 �mol

PEG2000
0.5 �mol

PEG2000
0.05 �mol

PEG2000
0.005 �mol

0 97.95 103.65 93.16 19.88

4 66.24 70.51 45.72 5.12

4 28.66 25.95 11.56 0.65

8 11.01 7.26 2.70 0.16

SD

0 3.59 7.36 1.90 4.36

4 6.79 13.53 7.05 2.71

24 5.51 5.29 3.30 0.42

48 1.75 1.59 0.73 0.04

Table 2. Percent of the injected dose in the liver and spleen at
48 h after injection

PEG 2000 liver spleen SD liver SD spleen

5 �mol 8.44 6.55 1.29 1.92

0.5 �mol 8.62 6.08 0.30 1.54

0.05 �mol 18.06 4.79 2.27 0.82

0.005 �mol 6.43 1.06 2.35 0.23



c) the prednisolone phosphate-containing PEG lipo-

somes do not leak drug in the circulation prior

to uptake by peripheral organs, which means that

drug and liposome distributions are equivalent,
d) the pro-drug becomes active only when release

from liposomes is followed by enzymatic hy-

drolysis,
e) in the targeted tissue, the released drug leaks

back to the blood compartment and is rapidly

eliminated there,
f) the capacity of selected compartments are lim-

ited, i.e. the amount of accumulated drug satu-

rates with time,
g) the drug was injected intravenously, hence its

bioavailibility was assumed to be 100%.
Drug flow between compartments can be de-

scribed according to general formula:

dm t

dt
t t t ti ( )

– ( ) ( ) – ( ) ( )� � �
�
�

�
�

� � � � �ji

j 1
j 1

ij 0i i0

j 1
j

n

1

n

�

(1)

where �ij and �ji represent fluxes from compart-
ment j to i and i to j, respectively. �0i and �i0 in
turn depict the injected amount and the efficiency
of clearance.

For the proposed compartmental model (Fig. 1),

the specific set of differential equations is:

Y (t)

dt
(t) – (t)L �� �21 12 (1.1)

Y (t)

dt
(t) – (t)s �� �31 13 (1.2)

Y (t)

dt
(t) – (t)b �� �41 14 (1.3)

Y (t)

dt
(t) + (t) (t) (t) –b1 � � �� � � �10 12 13 14

– (t) – (t) – (t) – (t)� � � �01 21 31 41 (1.4)

Additional assumptions regarding selected fluxes
and compartments have been made based on the
analysis of experimental data.

1. Shortly after injection, a fraction of the lipo-

somes (de) is rapidly degraded presumably by op-

sonic blood components. The elimination process,

according to experimental data, is rapid enough not

to interfere with the liposome distribution analysis.

According to available experimental data, the eli-

minated liposome fraction reaches 80% when the

dose is 0.005 �mol, whereas only about 8% is re-

moved when the dose is 0.05 �mol. The estimated

amount of eliminated liposomes at saturating doses

is about 0.004 �mol.
2. The function describing the amount of lipo-

somes in the liver depends on both time and dose.

Consequently, liver uptake YL(d,t) was calculated

according to the formula:

� �Y (d,t) W 1 – eL L
kLt t� � 	 � (2)

where:

� �W Y 1 – eL Lmax
kLd (d de )� � 	 � 	 (3)

and YLmax is the maximum liver uptake (in the long
time and high dose limits), and kLt and kLd are con-
stants.

3. In addition, the numerical analysis of drug

concentration in the liver as a function of time re-

quires the assumption that two processes exist:

� �Y (d,t) W 1 – eL L1
kLt1 t� � �	 �

� �� � 	 �W 1 – eL2
kLt2 t (4)

� �W Y 1 – eL1 Lmax1
kLd1 (d de )� � 	 � 	 (5)

� �W Y 1 – eL2 Lmax2
kLd2 (d de )� � 	 � 	 (6)

where suffices 1 and 2 indicate the two processes.
Fitting the function YL(d,t) for low doses allows
the determination of parameters YLmax1, kLd1, YLmax2

and kLd2. The dependence of YL(d,t) on dose (d) as
a function of time was approximated assuming that
1-exp(-kLt·t) = 1.0 when t = 48 h). The two pro-
cesses differ in both intake capacities and time con-
stants, indicating that a small pool of high affinity-
binding sites efficiently accumulates liposomes
(detectable at low doses: d < 0.2 �mol/kg), whereas
a large pool of low affinity-binding sites becomes
dominant at high liposome doses. Fitting the
YL(d,t) dependence in time at a fixed dose yielded
time constants kLt1 and kLt2.

4. It was sufficient to assume a single process

in order to describe liposome uptake by the spleen

Ys(d,t), represented by the formula:
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� �Y (d,t) W 1 – es s
kst t� � 	 � (7)

� �W Y 1 – es smax
ksd (d– de – YL (d,t))� � 	 � (8)

Fitting Ys (d, t = 48 h) as a function of dose (D)
(where 1-exp(-kst·t) 
 1.0), gives the values of Ysmax

and ksd. Fitting Ys (d = constant, t) as a function of
time allows kst to be determined.

5. The amount of liposomes that accumulates in
the body compartment can be calculated by sub-
tracting the accumulated amount of liposomes in
all remaining compartments from the applied dose:

Y (d,t) d – d – Y (d,t) – Y (d,t) (1– e )b e L s
–k bt t� � �

(9)

The numerical fit of Yb (fixed dose) as a function
of time yielded kbt.

6. Finally, the amount of liposomes remaining
in the blood Ybl(d,t) at a particular time is described
by:

Y (d,t) d – d – Y (d,t) – Y (d,t) – Y (d,t)b1 e L s b�
(10)

RESULTS and DISCUSSION

The major objective in applying particulate
drug formulation is to affect the biodistribution and
pharmacokinetics of the drug that is to be incorpo-
rated. In contrast to the drug in free form, the phar-
macokinetic behavior of a particular drug formula-
tion is often complicated and difficult to predict. In
this paper, we address pharmacokinetic properties
of long-circulating PEG-liposomes. Liposomes had
well-defined size (about 100 nm), which ensured
their accumulation within pathological target tis-
sue. The presence of the polyethylene glycol poly-
mer covalently attached to the liposome surface
prevents their interaction with serum proteins,
hence making them less recognizable by the mono-
nuclear phagocyte system. Such an alteration in
surface properties allows for a substantial exten-
sion of liposome circulation lifetime [20].

In order to numerically analyze experimental
pharmacokinetic data, an appropriate compartmen-
tal model was constructed (Fig. 1). In the model, it
was assumed that, as the free drug is rapidly
cleared from the body, the biodistribution of the li-
posomal drug is determined primarily by its encap-
sulated form.

The dependence of liposome concentration in

blood on time is presented in Figure 2. It shows that

when a low lipid dose (0.005 �mol/rat) is applied,

the fraction of liposomes remaining in circulation

directly after injection is only 20% of the injected

amount. The most likely explanation of this phe-

nomenon is that opsonic factors in the blood circu-

lation, such as complement, eliminate a certain

amount of liposomes independently of the lipid

dose. The amount of liposomes removed from cir-

culation appeared to be approximately 0.004 �mol/

rat. The elimination time of the fraction is too short

to be explained by a distribution throughout tissues.
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PEG 2000 5 µmol

PEG 2000 0.5 µmol

PEG 2000 0.05 µmol

PEG 2000 0.005 µmol

Dose dependence of pharmacokinetics of PEG
liposomes

Time (h)

%
ID

Fig. 2. The amount of labeled lipid detected in the blood as
a function of time. Time dependences for particular doses are
labeled as follows: triangles – 0.005 �mol, rhombs – 0.05 �mol,
circles – 0.5 �mol and filled squares – 5 �mol. The amount of
liposome is shown as a fraction of applied dose
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Fig. 3. The biodistribution of labeled lipids in rats as a function
of the applied dose, measured 48 hours after injection. The
amounts of labeled liposomes in the compartments are shown in
a logarithmic scale



The intake of liposomes by the spleen and liver at
various doses is presented in Figure 3. In both cases,
the accumulated amount increases with rising dose.
As stated above, in order to parameterize liposome
intake by the spleen, it suffices to assume a single
process (equations 7 and 8; Fig. 5B). Liposome ac-
cumulation in the liver, however, has a more com-
plex character [1]. In order to obtain good agree-
ment between the measured amount of liposomes
at various time points, the existence of two pro-
cesses is needed (equations 4, 5 and 6). The sum of

two theoretically derived exponential functions and

corresponding experimental data are also shown

(Fig. 4). The two processes differ in all calculated

parameters, i.e. the accumulation capacity, and

dose and time constants (Tab. 3). These findings

are in line with earlier studies [2]. The first process

(Fig. 4) reached saturation within the first experi-

mental time point (a time constant of 50 s–1) and its

saturation level was relatively low (0.005 �mol).

The second process was slow with a time constant

of 0.003 s–1 and a relatively high capacity of 50

�mols per rat. This capacity is so high that even at

the latest time point (48 h) saturation is not

reached. The character of liver uptake also depends

on the applied dose. Namely, when the dose is low

the fast process dominates, whereas at high doses

the second process is the major factor. The observa-

tion that at low lipid doses, rapid uptake by the

MPS organs occurs is in line with earlier observa-

tions [11, 12]. The comparison of calculated values

agrees well with those obtained experimentally,

showing excellent correlation (Fig. 4C). Figure 5

compares experimental data with calculated values

for the liposome concentration in the blood, liver,

spleen and body. Presented numerical results are in

a good agreement with experimentally derived val-

ues, which validates the model used.
In summary, a theoretical analysis of liposome-

encapsulated drug proves useful in describing the

biodistribution as well as its pharmacokinetics.

Certain modifications in the classical pharmacoki-

netic approach are needed to account for in vivo li-

posomal drug formulation specificity behavior.

Modifications are needed at both the compartmen-

tal model construction level and later, when spe-

cific analysis of experimental data is carried out.
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Fig. 4. The amount of labeled lipid in the liver as a function of
the applied dose (squares in panel C). In order do describe this
dependence, two processes are needed. Panel A (a slow process)
and B (a fast process) show those processes as calculated
according to the model (details in the text). Panel C presents
a comparison between the cumulative calculated values (conti-
nuous line) and the experimentally derived data (squares). The
amount of lipid in all panels is presented on a logarithmic scale

Table 3. Calculated constant values used in the pharmacokinetic
simulation

Accumulation
capacity (�mol)

Dose
constant

Time
constant

Liver slow
uptake

YLmax1 = 30 kLd1 = 0.003 kLt1 = 10

Liver fast
uptake

YLmax2 = 0.005 kLd2 = 50 kLt2 = 5

Spleen
uptake

Ysmax = 50 ksd = 0.0015 kst = 0.1

Body kbt = 0.05



As indicated in the paper, numerical analysis re-
quired certain theoretical adjustments, thereby de-
manding assumptions regarding the character or
number of processes that are not easily obtainable
by other means. For example, the observed elimi-
nation of the liposome fraction from the blood im-
mediately after application may indicate a process
associated with jet unidentified blood components
(there are opsonic factors known that eliminate
bacteria and also other membrane-containing struc-
tures, such as liposomes by affecting the integrity
of the lipid structure). As such assumptions need
experimental justification, further experimental
studies are necessary.
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