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The systemic degradation and reticuloendothelial system (RES) up-
take of cisplatin (CDDP)-encapsulated thermosensitive liposomes
composed of dipalmitoylphosphatidylcholine (DPPC) and di-
stearoylphosphatidylcholine (DSPC) (DPPC/DSPC = 9/1, 7/3, and
5/5, w/w) after intravenous administration to rats were examined by
measuring the platinum (Pt) levels in the blood and RES (liver and
spleen). The blood liposome level profile showed first-order rate
elimination for each liposome administration. The elimination rate
(K, was faster when the content of DSPC was lower (K;: 1.3/hr for
9/1-liposomes, 0.7/hr for 7/3-liposomes, 0.5/hr for 5/5-liposomes). On
the other hand, the RES liposome level profile showed distribution
of liposomes followed by elimination therefrom. The RES level of
the liposomes was lower when the content of DSPC was smaller
(maximal level: 25% for 9/1-liposomes at 1 hr, 32% for 7/3-liposomes
at 1 hr, 37% for 5/5-liposomes at 2 hr). The kinetic analysis demon-
strated that the RES uptake rate (K,.,) was ailmost the same among
the liposomes (0.4/hr), while the systemic degradation rate (K;c.; Ko
— K,.,) became larger as the content of DSPC decreased (0.9/hr for
9/1-liposomes, 0.3/hr for 7/3-liposomes, and 0.1/hr for 5/5-liposomes)
and that the RES liposome distribution amount was dependent not
only on the K, but also on the K., and the rate of RES liposome
degradation. The K., for each type of liposome corresponded with
the systemic CDDP release rate.
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INTRODUCTION

Combination of thermosensitive liposomes with hyper-
thermia has been proposed as a useful targeted-tumor drug
delivery system (1). In its concept, the liposomes have hy-
perthermia-dependent phase transition characteristics and
therefore release and distribute the encapsulated drug spe-
cifically to the heated tumor. In our previous study, we found
that administration of thermosensitive large unilamellar lipo-
somes encapsulating cisplatin (CDDP) with hyperthermia in-
creased the tumor CDDP level by 5 times (2,3). However,
before such liposomes can be used therapeutically in hu-
mans, more must be known about their pharmacokinetics.

When administered intravenously, liposomes generally
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tend to be taken up by the reticuloendothelial system (RES)
existing in the liver and spleen, and even when RES uptake
can be avoided, they tend to be decomposed in the systemic
circulation (4). Among many reports on the pharmacokinet-
ics of liposomes encapsulating active agents, none afford a
quantitative evaluation of the rates of systemic liposome
degradation and RES liposome uptake (5-8).

In the present study, therefore, we evaluated the sys-
temic degradation rate and the RES uptake rate by examin-
ing the levels of liposome-encapsulated CDDP in the blood
and RES (liver and spleen) when administering CDDP-
encapsulated liposomes prepared in different heat-sensitive
formulations to rats.

THEORETICAL

Clearance Kinetics for Liposomes

The systemic elimination of liposomes after intravenous
administration can be explained by RES uptake of liposomes
and systemic degradation of liposomes (Fig. 1). The admin-
istered liposomes are immediately mixed with the systemic
blood. During circulation, some of the liposomes are de-
graded therein, while others are taken up by the RES when
they pass through the RES compartment. Lacking in extrav-
asation ability, however, liposomes will not be eliminated via
distribution into other tissues or organs except liver and
spleen (4).

According to a clearance theory (9,10), the average rate
of systemic liposome elimination, K., can be expressed as

K = [100 — B, ())/AUC(¢) (1)

where By, () and AUC(#) refer to the blood liposome level at
time ¢ and the area under the curve (AUC) of blood liposome
level between time 0 and time ¢, respectively.

If the liposomes taken up by the RES are not redistrib-
uted to the systemic blood, the average rate of RES liposome
uptake, K., can be expressed as

Kres = CRlip(t)/AUCb(t) (2)

where CR;; (¢) refers to the percentage of cumulative dose
taken up by the RES after time ¢. K, can also be expressed
as a function of RES extraction ratio (E,.,) and blood-flow
rate at the RES (Q,.,):

Kres = Qres Eres/Vb (3)

where V, refers to the total volume of the blood in the body.
If liposomes taken up by the RES are not eliminated from the
RES (RES is a ‘“‘deadend”’), CR;;,(¢) can be represented by
RES liposome level at time ¢, Ry;(1}, and K, can be calcu-
lated by using Ry;,(¥). However, if the RES liposome elimi-
nation cannot be neglected, K, calculated using R;,(2) is
smaller than the actual one. Yet the obtained K, can afford
us a useful index for the intrinsic RES uptake rate.

Upon the assumption that systemic liposome elimina-
tion rate is determined by the rates of the RES uptake and
systemic liposome degradation, K, is the sum of K, and
the systemic liposome degradation rate (Kg..), and there-
fore, we can estimate K., from K; and K, _:
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Fig. 1. Elimination of liposomes after intravenous administration.

Kdeg =K, — Kres (4)

Systemic liposome degradation results in the release of
the encapsulated drug to the systemic blood. Therefore, we
can also evaluate the systemic liposome degradation rate
with the rate of drug release from liposomes in the systemic
blood. By assuming that liposomes distributed in the RES do
not release the encapsulated drug back into the systemic
circulation and applying a convolution equation to the sys-
temic release of drug from liposomes, the blood level of the
released drug (free drug) can be expressed as

Bioo( = [ In(X) G — x)dx )

where Bg,..(#) refers to the level of the released drug in the
blood at time ¢ after liposome administration, G(¢) refers to a
multiexponential function describing the level of the free
drug at time ¢ after solution administration, and In(X) refers
to an input rate function at time ¢ and is equal to the release
rate (fraction/unit time). Then, using the same deconvolution
method as that reported (11), we can estimate the cumulative
percentage of dose released after time £.

el

MATERIALS AND METHODS

Liposome Characteristics

Three types of liposomes encapsulating CDDP were
prepared using different heat-sensitive lipid compositions
[dipalmitoylphosphatidylcholine (DPPC)/distearoylphos-
phatidylcholine (DSPC) = 9/1, 7/3, and 5/5 (w/w)]. The prep-
aration method was the same as that reported previously
(reverse-phase evaporation vesicle method) (2). The unen-
capsulated CDDP was removed by dialysis against saline.

The amount of CDDP encapsulated in liposomes was
determined by measuring the concentration of platinum (Pt)
using an atomic absorption spectrometer (flameless, F7000,
Hitachi) and the concentration of liposomal lipids (DPPC
and DSPC) was determined by HPLC [pnBondasphere, Sp.-
C4-100A, Waters; methyl alcohol/0.1 M KH,PO, = 9/1
(v/v); refraction index analyzer, Showadenko] (Table I). The
average size for each type of liposome was approximately
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Table I. The Liposomal Characteristics of CDDP-Encapsulated
Thermosensitive Liposomes

Composition CDDP content Lipid content

Liposomes (w/w) (pg/mL) (mg/mL)
9/1 DPPC/DSPC = 9/1 202 28.8
7/3 DPPC/DSPC = 7/3 194 26.7
SIS DPPC/DSPC = 5/5 224 26.1

0.2 pm (N4 submicron particle analyzer, Coulter Electron-
ics).

Blood- and Organ-Level Experiments

SD-JCL rats (male, 8 weeks old, weighing about 300 g)
were given a single bolus intravenous dose of liposomes (2
mg CDDP/kg) via the femoral vein. The blood samples (n =
3) were periodically taken from the tail vein. The blood total
Pt (encapsulated Pt + free Pt) levels were determined by
measuring the Pt concentration using an atomic absorption
spectrometer. Prior to the assay, the blood sample was sol-
ubilized with methylbenzethonium hydroxide. The blood
free-Pt levels were determined by forming an adduct of Pt
with diethyldithiocarbamate and measuring its concentration
using HPLC [Zorbax CN; heptane/isopropyl alcohol = 9/1
(v/v); UV 254 nm] (3). Prior to the assay, the blood sample
was diluted with 10 vol of 5% glucose and centrifuged, and
the liposome-encapsulated Pt in the supernatant was sepa-
rated using a filter (Centrisart; molecular weight cutoff,
20,000; Sartorius) (3). To express the blood level as a per-
centage of the administered dose, the content of the whole
blood in the body was assumed to be 8% (12).

In order to examine the organ liposome distribution,
rats (n = 3) given an intravenous dose of liposomes were
sacrificed at appropriate time intervals by exsanguination
from the abdominal aorta, and the liver, spleen, left kidney,
and lung were removed. Each organ sample was homoge-
nized with 10 vol of water and solubilized with methylben-
zethonium hydroxide and the total Pt concentration in the
solubilized sample was measured using an atomic absorption
spectrometer. To express the liver- and spleen-Pt levels, the
amount of Pt in the blood contained by these organs was
subtracted by assuming that the blood contents in these or-
gans were 7% (12).

RESULTS AND DISCUSSION

Systemic Clearance of Free CDDP After
Solution Administration

When administered as a solution, CDDP is rapidly elim-
inated from the systemic circulation (13). In the present
study, similar results were obtained (Fig. 2). The free Pt was
eliminated rapidly at a first-order rate from the blood (elim-
ination half-life, about 10 min). Some portion of the Pt in the
blood existed as Pt bound with the plasma protein (13) and
the total Pt (free Pt + bound Pt) resulted in slower elimina-
tion as compared with the free Pt (Fig. 1). However, the
elimination of the total Pt was much more rapid as compared
with the total Pt after liposome administration (Fig. 3A).
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Total Pt or free Pt in blood
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Fig. 2. The levels of total-Pt (free CDDP + bound CDDP; @) and
free-Pt (free CDDP; O) in the blood after administration of a CDDP
solution to rats (dose: 2 mg CDDP/kg). The dashed line shows

the result of curve fitting with a mono-exponential function
[13.2exp(—3.441)].

Systemic Clearance of Encapsulated CDDP After
Liposome Administration

The levels of the total-Pt (liposome-encapsulated CDDP
+ free CDDP + bound CDDP) and the free Pt (free CDDP)
after liposome administration are shown in Fig. 3A. In each
liposome administration, the total Pt levels were much
higher than the corresponding free Pt levels so that they
were approximately equal to the levels of encapsulated
CDDP. The percentages of dose remaining as encapsulated
CDDP (liposomes) in the whole-body blood after adminis-
tration are shown in Fig. 3B. Liposomes were ecliminated
gradually from the systemic circulation at a first order rate
(4- and 6-hr levels for 9/1-liposomes do not represent the
liposome levels but the blood-associated Pt levels). The li-
posome level at 6 min after administration indicated that
almost all of the administered dose remained in the blood at
this time.

K,,’s calculated using Eq. (1) and various time point
data for each liposome administration are shown in Table II.
They were almost constant with time and similar to the rates
estimated from the slope of the blood level curve (9/1-
liposomes, 1.3/hr; 7/3-liposomes, 0.7/hr; 5/5-liposomes,
0.5/hr).

Generally, reentering of liposomes into the systemic cir-
culation after RES distribution results in a biexponential
blood drug level curve. However, this characteristic was not
obtained with the present liposomes.

RES Uptake of Encapsulated CDDP After
Liposome Administration

The levels of total Pt in various organs after liposome
administration were shown in comparison with solution ad-
ministration in Fig. 4. The total Pt levels in the liver and
spleen after liposome administration were much higher than
those after solution administration, indicating that the Pt lev-
els in these organs after liposome administration were nearly
equal to the encapsulated Pt levels. They were also higher
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Fig. 3. The levels of total-Pt (liposome-encapsulated CDDP + free
CDDP + bound CDDP; solid line) and free-Pt (free CDDP; dashed
line) (A) and the levels of encapsulated CDDP (B) in the blood after
administration of CDDP-encapsulated thermosensitive liposomes to
rats (dose: 2 mg CDDP/kg). 9/1-liposomes (@); 7/3-liposomes ((0);
5/5-liposome (O).

compared to the other organs (kidney and lung), indicating
that the liver- and spleen-Pt distribution resulted from the
RES uptake of liposomes. The RES (liver + spleen) level for
each liposome administration was maximal at 1 or 2 hr and
thereafter decreased gradually with time. The maximal level
was larger with liposomes prepared using larger amount of
DSPC (25% at 1 hr for 9/1-liposomes, 32% at 1 hr for 7/3-
liposomes, 37% at 2 hr for 5/5-liposome).

Rates of RES Uptake and Systemic Degradation

At early times when RES liposome elimination is as-
sumed to be neglected, we can estimate K. theoretically,
using Eq. (2) and RES levels (Table II). In all types of lipo-
somes, K,..'s calculated using the 30-min and 1-hr RES lev-
els were the same (approximately 0.4/hr), while K, s cal-
culated using the RES level at later times when the RES
liposome elimination cannot be neglected were lower. Thus
K,., of 0.4/hr may be an adequate representation of the RES
uptake rate for all liposomes. The value accounts for approx-
imately 1% uptake at a single pass through the RES [E,., =
K. Vi/Qres = 0.4(/hr) X 24 (mL)/1060 (mL/hr) = 0.009]
(11). One may assume that the RES liposome elimination
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Table II. The Systemic Elimination Rate (K,), RES Uptake Rate (K,.), and Systemic Degradation Rate (K.,) for Liposome-Encapsulated
CDDP After Administration of CDDP-Encapsulating Thermosensitive Liposomes to Rats

9/1-liposomes 7/3-liposomes 5/5-liposomes

Time Kel Kres Kdeg Kel Kres Kdeg Kel Kres Kdeg

(hr) (/hr) (/hr) (/hr) (/hr) (/hr) (/hr) (/hr (/hr) (/hr)

0.5 1.31 0.43 0.88 0.65 0.39 0.26 0.48 0.40 0.08

1 1.30 0.42 0.88 0.68 0.47 0.21 0.47 0.42 0.05

2 1.28 0.25% 0.62 0.27° 0.48 0.29°

4 1.28¢ 0.60 0.46
6 1.28¢ 0.59 0.42

Expected value 1.3 0.4 0.9 0.7 0.4 0.3 0.5 0.4 0.01

2 Blood liposome level at this time point was assumed to be zero.
® Elimination of liposomes from RES could not be neglected.

40 20
A Liver B Spleen

10 20 30 40 50

C RES (Liver + spleen)

30

20

Total Pt level

(% of dose in the whole organ)
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Fig. 4. The levels of total-Pt in the liver (A), spleen (B), RES (liver + spleen; C), kidney (D), and lung (E)
after administration of CDDP-encapsulated thermosensitive liposomes (solid line) and a CDDP solution
(dashed line) to rats (dose: 2 mg CDDP/kg). 9/1-liposomes (@); 7/3-liposomes ([]); 5/5-liposome (O).
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cannot be neglected at early times and therefore K| is larger
than such an estimate. However, this possibility is small by
considering that K., value does not exceed the value of K.

The percentage of X, to K., (approximately 30% for
9/1-liposomes, 60% for 7/3-liposomes, and 80% for 5/5-
liposomes) represents a hypothetical RES level as that ob-
tained at infinity by assuming liposomes taken up by the
RES are not eliminated from the RES. The time profile of the
difference between this hypothetical infinity level and the
actual RES Pt level demonstrates biphasic or triphasic RES
liposome elimination (data not shown). The early phase elim-
ination (relatively fast elimination during the first 4 hr post-
administration) suggests that the elimination rate was faster
in the liposomes containing smaller amount of DSPC. It also
suggests the partial lysis of liposomes during their incorpo-
ration into the phagocytic cells in the RES.

Using Eq. (4) and assuming K,., = 0.4/hr, we can esti-
mate the systemic liposome degradation rate, K,.,. The
K4eg's for 9/1-liposomes, 7/3-liposomes, and 5/5-liposomes
were 0.88, 0.23, and 0.06/hr, respectively (Table II). The rate
became smaller as the content of DSPC increased. This re-
sult appears realistic in light of a general consideration that a
lamellar membrane constructed with the larger amount of
DSPC was more stable in the blood (4).

Rate of Encapsulated-CDDP Release into Systemic Blood

The free CDDP levels in the blood (Fig. 3A) suggested
that the drug release from liposomes in the systemic circu-
lation was responsible for the systemic liposome degrada-
tion. Using Eq. (5) {G(r) = 13.2 exp(—3.44¢): curve-fitting
result in Fig. 2] and the blood free drug levels at early time
points when the drug release from the RES back into the
systemic circulation is assumed to be neglected, we can es-
timate the release rate (Fig. 5). The result showed that in all
liposomes, the release amounts obtained as such were some-
what larger but corresponded fairly well with those calcu-

lated using K.,
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Fig. 5. The time-dependent rate of systemic CDDP release from
liposomes calculated using Eq. (5) and the blood free-Pt levels at
early times in Fig. 3A. 9/i-liposomes (@); 7/3-liposomes (M); 5/5-
liposome (O).
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CONCLUSION

Measuring the levels of liposome-encapsulated CDDP in
the blood and RES and applying clearance kinetics to these
data, we could evaluate the rates of systemic elimination
(K.), RES-uptake (K,.,), and systemic degradation (K.,.)
for the liposomes. K.,’s for 9/1-liposomes, 7/3-liposomes,
and 5/5-liposomes were approximately 1.3, 0.7, and 0.5/hr,
respectively. K., s for all three liposomes were 0.4/hr. K4,
for 9/1-liposomes, 7/3-liposomes, and 5/5-liposomes were
0.9, 0.2, and 0.1/hr, respectively. The systemic degradation
accounted for a larger part of the systemic elimination than
the RES uptake clearance did particularly with the lipo-
somes prepared using smaller amount of DSPC. The RES
was not a ‘‘dead end”’ with regard to the present liposomes;
the liposomes distributed in the RES were eliminated therein
gradually. The described pharmacokinetics will offer useful
information when investigating factors that control the effi-
cacy of thermosensitive liposome-based CDDP delivery.

NOMENCLATURE

K, Systemic elimination rate for encapsulated
drug (liposomes) (L/hr)

K. RES-uptake rate for encapsulated drug (lipo-
somes) (L/hr)

Kieo Systemic-degradation rate for liposomes
(L/hr)

By, (1) Blood liposome level at time ¢ (% of dose)

AUCL(D) Area under the curve of blood liposome level
between time 0 and time ¢ (% of dose hr)

CRy;(1) Percentage of cumulative dose taken up by the
RES after time ¢ (% of dose)

Ry;,(0) RES liposome level at time ¢ (% of dose)

O.es Blood-flow rate at the RES (mL/hr)

E... RES-extraction ratio

Vi Total volume of the blood in the body (mL)

B (D Blood free-drug level at time ¢ after liposome
administration (pg/mL)

In(») Input rate function at time ¢ (fraction/hr)

G(1) Multiexponential function describing blood
free-drug level at time ¢ after solution ad-
ministration (p.g/mL)
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