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Abstract Purpose: SPI-077 and SPI-077 B103 are for-
mulations of cisplatin encapsulated in pegylated
STEALTH liposomes that accumulate in tumors.

However, the extent to which active platinum (Pt) is re-
leased from the liposome is unknown. Thus, we evaluated
the disposition of encapsulated and released Pt in plasma
and tumors after administration of STEALTH liposomal
and nonliposomal cisplatin. Methods: Cisplatin (10 mg/
kg), SPI-077 (10 mg/kg), and SPI-077 B103 (5 mg/kg)
were administered i.v. to mice bearing B16 murine mel-
anoma tumors. Microdialysis probes were placed into the
right and left sides of each tumor, and serial samples were
collected from tumor extracellular fluid (ECF) after
administration of each agent. After each microdialysis
procedure, tumor samples were obtained at each probe
site to measure total Pt and Pt-DNA adducts. In a sep-
arate study, serial plasma samples (three mice per time
point) were obtained. Unbound Pt in tumor ECF and
plasma, and total Pt in tumor homogenates were
measured by flameless atomic absorption spectropho-
tometry. Area under the tumor ECF (AUCECF) con-
centration versus time curves of unbound Pt were
calculated. Intrastrand GG (Pt-GG) and AG (Pt-AG)
Pt-DNA adducts were measured via 32P-postlabeling.
Results: Mean±SD peak concentrations of total Pt in
tumor homogenates after administration of cisplatin,
SPI-077, and SPI-077 B-103 were 3.2±1.9, 11.9±3.0,
and 3.5±0.3 lg/g, respectively. After cisplatin,
mean±SD AUCECF of unbound Pt was 0.72±0.46 lg/
mlÆh. There was no detectable unbound Pt in tumor ECF
after SPI-077 or SPI-077 B-103 treatment. Mean±SD
peak concentration of Pt-GG DNA adducts after
administration of cisplatin, SPI-077, and SPI-077 B-103
were 13.1±3.3, 3.5±1.3, and 2.1±0.3 fmol Pt/
lg DNA, respectively. Conclusion: This study suggests
that more SPI-077 and SPI-077 B103 distribute into
tumors, but release less Pt into tumor ECF, and form
fewer Pt-DNA adducts than does cisplatin.
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Introduction

Cisplatin has antitumor activity against a wide range of
solid tumors, especially in the treatment of epithelial
malignancies [1]. STEALTH liposomal cisplatin for-
mulations (SPI-077 and SPI-077 B103) were developed
for the treatment of cancers that are generally sensitive
to platinum (Pt), but may be resistant to conventional
cisplatin, and to reduce toxicities by preferentially
delivering drug to the tumor [2, 3, 4, 5, 6]. SPI-077
B103, an alternative formulation of SPI-077, was
developed to enhance the release of Pt from the lipo-
some. The plasma, tissue, and tumor disposition of
liposomal encapsulated drugs is dependent on the
liposomal vehicle [2, 3, 4, 5]. SPI-077 has a prolonged
elimination phase with a systemic t1/2 of 30 to 40 h and
40 to 55 h in animals and humans, respectively [3, 4, 5].
After the cisplatin is released from the liposome, its
disposition follows the pharmacokinetics of cisplatin
[7, 8]. The clearance of cisplatin is rapid (i.e., t1/2 of
unbound Pt is 15 to 20 min) and primarily represents
irreversible binding to plasma proteins (i.e., 99% pro-
tein bound) [7, 8].

In theory, STEALTH liposomes accumulate in the
intracellular spaces within tumors, and as the liposome
disintegrates the encapsulated drug (e.g., cisplatin) is
gradually released [9, 10]. However, the exact mecha-
nisms for the rate and extent of drug release are
unknown. In preliminary studies comparing SPI-077
and cisplatin tumor disposition in tumor-bearing mice,
the Pt exposure in tumors was severalfold higher and
prolonged after SPI-077 administration than after cis-
platin administration [6]. However, because the Pt
exposure was measured in tumor homogenates as total
Pt, it is unclear what portion of the Pt measured was
SPI-077 (i.e., encapsulated Pt), released active unbound
Pt, or inactive protein-bound Pt. Even though there is a
severalfold higher exposure of total Pt in tumors after
SPI-077 compared to cisplatin, this did not translate into
significant antitumor response in clinical trials [2, 3, 4].
In addition, there were high plasma concentrations of
total Pt in patients, but no detectable ultrafilterable Pt in
the plasma after administration of SPI-077 at doses
<200 mg/m2 [2, 3, 5]. Since previous studies have shown
that the intact liposome does not enter cells [6], one
possible explanation for the inconsistency between the
high tumor exposure in preclinical animal models and
low antitumor effect in clinical trials could be the lack of
release of active unbound Pt from the liposome into the
tumor extracellular fluid (ECF).

Although concentrations of SPI-077 and cisplatin in
the tumor ECF represent exposure in the immediate
vicinity of the tumor cells, the mechanism of cytotoxicity
of Pt-containing antitumor drugs is related to the for-
mation of Pt-DNA adducts [11, 12]. Therefore, a more
appropriate marker of cytotoxic exposure to liposomal
encapsulated cisplatin and nonliposomal cisplatin may
be the formation of Pt-DNA adducts. In addition, the

relationships between unbound Pt in tumor ECF and
total Pt in tumor homogenates, and formation of
Pt-DNA adducts have not been evaluated for
STEALTH liposomal cisplatin formulations.

Microdialysis is a relatively new in vivo sampling
technique applied to the study of pharmacokinetics and
drug metabolism in the blood and ECF of tissue [13, 14,
15]. Microdialysis has recently been used to evaluate
tumor ECF disposition of anticancer agents in tumor
xenografts and in patients with solid tumors [15, 16, 17,
18, 19]. Microdialysis is based on the diffusion of non-
protein-bound drugs from interstitial fluid across the
semipermeable membrane of the microdialysis probe.
Due to the pore cut-off size (20 kDa) of the semiper-
meable membrane and size of the liposome (110 nm),
use of microdialysis allows differentiation between
liposomally encapsulated or protein-bound Pt and active
released Pt in the tumor ECF. In addition, microdialysis
provides a technique to obtain serial samples of drugs in
tumor ECF from which a concentration versus time
profile can be determined within a single tumor [13, 14,
15, 19].

The objectives of this study were: (1) to evaluate the
in vitro recovery and release of Pt in solutions contain-
ing SPI-077 or SPI-077 B103 alone and in solutions
containing cisplatin in combination with SPI-077 or SPI-
077 B103; (2) to evaluate the disposition of unbound Pt
in plasma and in tumor ECF using microdialysis meth-
odology, and total Pt in tumor and tissue homogenates
after administration of cisplatin, SPI-077, and SPI-077
B103; and (3) to determine the formation of intrastrand
GG (Pt-GG) and AG (Pt-AG) platinum-DNA adducts
within the tumor after administration of cisplatin,
SPI-077, and SPI-077 B103.

Materials and methods

In vitro calibration studies

To characterize the recovery and release of Pt from STEALTH
liposomes, and the effect of STEALTH liposomes on the recovery
of Pt, we performed in vitro recovery studies of Pt in solutions
containing SPI-077 or SPI-077 B103 alone, and in solutions
containing cisplatin in combination with SPI-077 or SPI-077
B-103. CMA20 microdialysis probes (CMA 20, Stockholm, Swe-
den) with a molecular weight cut off of 20 kDa were used [14, 15,
19]. The microdialysis probe was perfused using a microdialysis
microperfusion pump (CMA 102, Stockholm, Sweden). Dialysate
samples were collected using a microfraction collector (CMA 142,
Stockholm, Sweden). Each probe was placed into a 250-ml glass
beaker that contained the following in vitro base solutions:
(1) 0.5 lg/ml of cisplatin alone; (2) 0.5 lg/ml of SPI-077 alone;
(3) 0.5 lg/ml of SPI-077 B-103 alone; (4) 0.5 lg/ml of cisplatin
and 0.5 lg/ml of SPI-077; or (5) 0.5 lg/ml of cisplatin and
0.5 lg/ml of SPI-077 B103. The microdialysis probe was perfused
with Ringer�s solution at 2 ll/min. Dialysate samples were
collected every 30 min for four samples. In vitro recovery was
calculated as the ratio of Pt concentration in the dialysate solution
to the concentration of Pt in the in vitro base solution [14, 15, 19].
Pt concentrations in the dialysate and base solutions were mea-
sured by a flameless atomic absorption spectrophotometry
(FAAS) [7, 8, 19].
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Mice

All mice were handled in accordance with the Guide for the Care
and Use of Laboratory Animals (National Research Council,
1996), and studies were approved by the Institutional Animal
Care and Use Committee at the University of Pittsburgh Medical
Center. Mice (female C57Bl/6, 4–6 weeks of age, and specific-
pathogen-free) were obtained from the NCI Animal Production
Program (Frederick, Md.), and were allowed to acclimate to the
animal facilities at the University of Pittsburgh for 1 week prior
to initiation of the study. Mice were housed in microisolator cages
and allowed Teklad LM-484 autoclavable rodent chow (Harlan
Tekla Diets, Madison, Wis.) or ISDPRO RMH3000 irradiated
rodent chow (PMI Nutrition International, Brentwood, Mo.) and
autoclaved water ad libitum. Body weights and tumors were
measured twice weekly and clinical observations were made twice
daily.

Tumor line

B16 murine melanoma cells was obtained from the DCTD Tumor
Repository (Frederick, Md.) and were mouse antigen production
test-negative. B16 tumors, as approximately 25-mg fragments, were
implanted subcutaneously into the right flank of C57BL/6 mice
using aseptic techniques. Pharmacokinetic and microdialysis stud-
ies were performed when the tumors were approximately 1000 to
1500 mm3 (1 to 1.5 g) in size.

Formulations and administration

SPI-077 is a formulation of cisplatin encapsulated in the aqueous
core of sterically stabilized liposomes [2, 4, 5, 6]. Approximately
80% of the lipid in STEALTH liposomes is fully hydrogenated
soy phosphatidylcholine (HSPC) and cholesterol. Methoxypoly-
ethylene glycol (MPEG) is covalently bound to phosphatidyleth-
anolamine and a component of the lipid bilayer. The mean
particle size of the liposomes is approximately 110 nm, and cis-
platin encapsulation exceeds 90%. The drug-to-lipid ratio is
approximately 14 g cisplatin per milligram of lipid. The cisplatin
concentration is 1 mg/ml, and doses of SPI-077 refer to actual
doses of cisplatin.

A second formulation, SPI-077 B103, was developed to enhance
the release of cisplatin from the STEALTH liposomes. The main
difference between the two formulations is that the HSPC was
replaced with unsaturated phospholipids in the SPI-077 B103
formulation (Alza Corporation, data on file). Previous in vivo
studies have shown that liposomes with unsaturated phospholipids
have more rapid leakage (Alza Corporation, data on file).

The concentrations of encapsulated and released cisplatin in
the formulations of SPI-077 and SPI-077 B103 were measured in
each vial. For analysis of encapsulated Pt plus released Pt (i.e.,
total Pt), 0.5 ml SPI-077 or SPI-077 B103 was diluted in 0.9%
NaCl (USP, Baxter, Deerfield, Ill.), and then analyzed by FAAS.
For analysis of the released Pt, the dosing solutions were ultra-
filtered by placing 50 ll of the dosing solution into an Amicon
Centrifree micropartition device (Amicon Division, W.R. Grace,
Beverly, Mass.), and then centrifuged at 2000 g for 20 min at 4�C
[11, 12]. The resulting ultrafiltrates were stored at )70�C until
analyzed. Total and ultrafilterable Pt were measured by FAAS [7,
8, 19].

Cisplatin (10 mg/kg), SPI-077 (10 mg/kg), and SPI-077 B103
(5 mg/kg) were administered as a bolus via a lateral tail vein over
approximately 30 s. The dose of SPI-077 B-103 was reduced to
5 mg/kg due to the onset of toxicity (weight loss, significant
necrosis of the intestinal lining and bone marrow suppression) at
>96 h after administration of SPI-077. Cisplatin and SPI-077 were
diluted to 1 mg/ml in sterile 0.9% NaCl (USP, Baxter), and SPI-
077 B103 was diluted to 0.5 mg/ml in sterile 0.9% NaCl. Doses
were delivered at 0.01 ml/g of body weight.

Sample processing for plasma and tissue pharmacokinetic studies

Due to the limited blood volume of a mouse, plasma and tissue
pharmacokinetic studies, and microdialysis studies were per-
formed in separate groups of mice. Mice (three per time point)
were killed with carbon dioxide, and heparinized blood samples
(approximately 0.8 to 1 ml) were collected by cardiac puncture
5 min after administration of vehicle, and at 5, 15, 30, 45, 60,
90, and 120 min after cisplatin administration. Mice (three per
time point) were killed with carbon dioxide, and heparinized
blood samples (approximately 0.8 to 1 ml) were collected by
cardiac puncture at 0.08 h after administration of vehicle, and at
2, 24, 96, and 144 h after administration of SPI-077 and SPI-077
B103.

Blood samples were centrifuged at 12,000 g for 4 min. For the
analysis of total Pt in plasma, the resulting plasma was decanted
into screw-top tubes, immediately frozen in liquid nitrogen, and
stored at )70�C until analyzed. For analysis of unbound Pt in
plasma, the plasma was immediately ultrafiltered by placing 50 ll
of plasma into an Amicon Centrifree micropartition device
(Amicon Division, W.R. Grace, Beverly, Mass.) and then centri-
fuged at 2000 g for 20 min at 4�C [11, 12]. The resulting ultrafil-
trates were stored at )70�C until analyzed. Unbound Pt in the
ultrafiltrate and total Pt in the plasma were measured by FAAS [7,
8, 19].

Tumor, liver, kidneys, and spleen were also obtained from each
mouse used for the plasma pharmacokinetic studies described
above. Tissues were removed, weighed, frozen in liquid nitrogen,
and stored at )70�C until analyzed. For analysis of total Pt, tissue
samples were thawed, homogenized in phosphate-buffered saline
(PBS) (tissue:PBS at 1:3, w/v), and the homogenate was analyzed
for Pt using FAAS [7, 8, 20].

Unbound Pt in tumor ECF, and total Pt and Pt-DNA
adducts in tumors

To evaluate the variability in Pt exposure within a single tumor,
dual microdialysis probe studies were performed in each tumor
[15, 19]. Commercially available microdialysis probes (CMA 20,
Stockholm, Sweden) with a molecular cut-off of 20 kDa, a
membrane length of 4 mm, and an outer diameter 0.5 mm were
used. Due to the pore cut-off size of the semipermeable mem-
brane and size of the liposome (110 nm), only the unbound
Pt released from the liposome into the tumor ECF could cross
the semipermeable membrane and be collected. Additionally,
only Pt not bound to large plasma proteins, such as albumin,
could cross the semipermeable membrane and be collected [19].
Therefore, Pt samples collected by microdialysis from tumor
ECF were defined as unbound Pt [19]. The microdialysis probe
was perfused using a microdialysis microperfusion pump (CMA
102). Dialysate samples were collected using a microfraction
collector (CMA 142).

Prior to administration of cisplatin, microdialysis probes were
placed at parallel sites on the left and right sides of the tumor. For
implantation of the probes, mice were anesthetized with pento-
barbital (75 mg/kg i.p.), and 2-mm incisions were made in the skin
3 to 4 mm from the right and left ends of the tumor, and the probes
were inserted 6 mm into the tumor. The incision sites were closed
and probes were held in place with surgical glue. Probe placement
was confirmed at necropsy.

After probe placement, 45 min was allowed for probe and
tumor ECF equilibration [13, 14, 15]. The in vivo recovery of Pt
by each probe in each tumor was assessed according to the
retrodialysis method [13, 14, 15]. After the retrodialysis proce-
dure, a washout period was performed, during which Ringer�s
solution USP without cisplatin was perfused through the system.
After administration of cisplatin, microdialysis sampling of tu-
mor ECF was performed every 12 min for 120 min. The Pt
concentration measured in each 12-min sample represented the
average Pt concentration of that interval, and thus the time of
the sample was defined as the mid-point of that interval (i.e., 6,

331



18, 30, 42, 54, 66, 78, 90, 102, and 114 min). The microdialysis
samples were stored at 4�C until analyzed for Pt by FAAS [7, 8,
20].

After administration of SPI-077 or SPI-077 B103, microdial-
ysis sampling of tumor ECF was performed every 0.2 h from 0 to
2, 24 to 26, 96 to 98, and 144 to 146 h. Individual mice were
used for each 2-h sampling interval. For the 0 to 2-h collection
period, the same procedures for probe placement, retrodialysis
calibration, washout, and sample recovery were performed as in
the cisplatin studies. For the 24 to 26-h, 96 to 98-h, and 144 to
146-h collection periods, the same procedures for probe place-
ment and sample recovery were performed, but retrodialysis
calibration was not performed because the drug had been
administered.

At the end of the microdialysis procedures, tumor samples were
obtained at each probe site and analyzed for total Pt. Tumor ho-
mogenates were processed, and total Pt was analyzed by FAAS. In
addition, bifunctional intrastrand DNA adducts between Pt and
two adjacent guanines (Pt-GG), and between Pt and adjacent
adenines and guanines (Pt-AG) were measured in B16 tumor
samples. A 32P-postlabeling assay was used to quantitate Pt-GG
and Pt-AG platinum-DNA adducts [11].

Pharmacokinetic analysis

ADAPT II was used to fit a two-compartment pharmacokinetic
model, with uncoupled distribution of the plasma and tumor
compartments, to the plasma and tumor ECF concentration versus
time profiles of unbound Pt [21]. The estimated systemic parame-
ters for unbound Pt included volume of the central compartment
(Vc) and elimination rate constant (k10) [21]. The estimated model
for the plasma concentration versus time data was then used to
represent the time-course of drug delivery to the tumor. Uptake
and disposition in the tumor ECF were modeled separately [19, 21,
22]. The equation defining the concentration of unbound Pt in
tumor ECF was defined as follows:

dCECF =dt ¼ kP�ECF =VECFð Þ � AP � kECF�P � CECF ð1Þ

where CECF (ng/ml) denotes the concentration of unbound Pt in
the tumor ECF, kP-ECF (h)1) is the rate of transfer of unbound Pt
from plasma into tumor ECF, VECF (ml) is the volume of tumor
ECF, kECF-P (h)1) is the rate constant of transport of unbound Pt
out of tumor ECF, and Ap (ng) represents the fitted exponential
function describing the amount of unbound Pt in the plasma. The
kECF-P (h)1) represents the summation of the movement of drug
from the tumor ECF. The model represented by Eq. 1 was fitted
to the concentrations of unbound Pt in the tumor ECF. For each
mouse and each tumor site, the maximum likelihood estimates of
the ratio kP-ECF/VECF (plasma to tumor ECF transport rate
constant per unit volume (ml) of tumor) and kECF-P were
obtained.

The pharmacokinetic model was used to calculate the systemic
clearance of unbound Pt (CL), and area under the plasma (AUCP)
and tumor ECF (AUCECF) concentration versus time curves of
unbound Pt from time zero to infinity [21, 23]. The penetration of
unbound Pt into the tumor ECF was calculated as the ratio
of AUCP to AUCECF [15, 19, 22].

Statistical analysis

The Wilcoxon rank sum test was used to compare the AUCECF,
total Pt in tumor homogenates, and Pt-GG and Pt-AG DNA ad-
ducts, after administration of cisplatin and SPI-077 [24, 25]. In
addition, the Sample t-test assuming equal variances was used to
compare the peak concentrations of total Pt in plasma, tumor,
liver, kidney, and spleen [24, 25]. StatXact-3 software (Hearne
Scientific Software, Melbourne, Australia) was used to perform the
Wilcoxon rank sum test.

Results

Total and ultrafilterable cisplatin in stock solutions
of SPI-077 and SPI-077 B-103

The total and ultrafiltrate concentrations of cisplatin in
the stock solution of SPI-077 were 1.1 and 0.02 mg/ml,
respectively. The total and ultrafiltrate concentrations of
cisplatin in the stock solution of SPI-077 B103 were 1.0
and 0.06 mg/ml, respectively.

In vitro calibration studies

There was no detectable Pt in the dialysate solutions
after in vitro recovery studies of SPI-077 and SPI-077
B103 alone. At room temperature, the mean±SD in
vitro recoveries of cisplatin from solutions containing
cisplatin alone, cisplatin and SPI-077, and cisplatin and
SPI-077 B103 were 0.43±0.07, 0.45±0.03, and
0.37±0.04, respectively (P>0.05).

Plasma, tumor, and tissue pharmacokinetic studies

The plasma concentration versus time profiles of total
Pt and unbound Pt after administration of cisplatin are
presented in Fig. 1. After cisplatin administration,
unbound Pt in plasma was detectable in all mice from
5 min to 2 h. The concentration versus time profile of
unbound Pt was best fitted with a one-compartmental
model, and the CL, k10, and Vc, were 500 l/h/m2,
2.3 h)1, and 143 l/m2, respectively. Unbound Pt was not

Fig. 1 Concentration versus time profiles of total Pt and unbound
Pt in plasma, and unbound Pt in tumor ECF after administration
of cisplatin at 10 mg/kg. The mean and SD of total Pt in plasma
(m), unbound Pt in plasma (n), and unbound Pt in tumor ECF (s)
are presented. The mean and SD of total Pt and unbound Pt in
plasma were calculated from three mice at each time-point.
The mean and SD of unbound Pt in tumor ECF was calculated
at the mid-point of each interval from the 12 microdialysis studies.
The concentration of Pt measured in each 24-min sample of tumor
ECF from 0 to 120 min represents the average concentration of
that interval. Thus the time of the sample was defined as the mid-
point of that interval (i.e., 6, 18, 30, 42, 54, 66, 78, 90, 102, and
114 min)
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detectable in plasma after administration of SPI-077
and SPI-077 B-103.

The concentrations of total Pt in plasma, tumor,
kidney, liver, and spleen after administration of cisplatin,
SPI-077, SPI-077 B103 are presented in Table 1.
Because SPI-077 and cisplatin were both administered at
10 mg/kg and SPI-077 B103 was administered at
5 mg/kg, statistical comparisons were only performed on
data after administration SPI-077 and cisplatin. Total Pt
was detectable in plasma from 0.083 h to 2 h after
administration of cisplatin. Total Pt was detectable in
plasma from 2 h to 144 h after administration of SPI-077
and SPI-077 B103. The peak plasma concentrations of
total Pt were significantly greater after administration of
SPI-077 (104.6±33.6) than after administration of cis-
platin (14.2±5.7 lg/ml; P<0.05). The peak concentra-
tions of total Pt in tumor were approximately 4-fold
greater after administration of SPI-077 than after ad-
ministration of cisplatin (P<0.05). In addition, the time
to peak concentrations of total Pt in tumor were longer
after administration of SPI-077 (48 h) and SPI-077 B103
(96 h) than after administration of cisplatin (0.5 h). The
peak concentrations of total Pt in liver were approxi-
mately 2-fold higher after administration of SPI-077 than
after administration of cisplatin (P<0.05). The peak
concentrations of total Pt in spleen were approximately
28-fold higher after administration of SPI-077 than after
administration of cisplatin (P<0.05). However, the peak
concentrations of total Pt in kidney were approximately
2-fold higher after administration of cisplatin than after
administration of SPI-077 (P<0.05).

Unbound Pt in tumor ECF, and total Pt
and t-DNA adducts in tumors

The concentration versus time profiles of unbound Pt in
tumor ECF are presented in Fig. 1. Unbound Pt was

detectable in the tumor ECF of each tumor evaluated,
but the concentrations of unbound Pt and the time that
unbound Pt was detectable in the tumor ECF were
highly variable. In addition, the unbound Pt concen-
trations were higher at later time-points in tumor ECF
as compared to plasma concentrations in some tumors.
A summary of the unbound Pt in tumor ECF, total Pt in
tumor extracts, and Pt-DNA adducts after administra-
tion of cisplatin, SPI-077, SPI-077 B-103 is presented in
Table 2. Mean±SD kP-ECF/VECF and kECF-P were
0.003±0.002 h)1/l/m2 and 3.8±1.3 h)1, respectively,
after administration of cisplatin. Mean±SD unbound
Pt AUCECF was 0.72±0.31 lg/mlÆh. Mean±SD ratio of
unbound Pt AUCECF to unbound Pt AUCP was
0.29±0.18.

There was no detectable Pt in the tumor ECF at 0 to
2 h, 24 to 26 h, 96 to 98 h, and 144 to 146 h after
administration of SPI-077 or SPI-077 B-103 (Table 2).
Total Pt and Pt-DNA adducts in tumors were detectable
at all time-points evaluated after administration of SPI-
077 and SPI-077 B-103 (Tables 1 and 2). The peak
concentrations of total Pt measured in tumor homo-
genates were 5-fold greater after administration of SPI-
077 than after administration of cisplatin (P<0.05).
However, the peak concentrations of Pt-GG and Pt-AG
DNA adducts were 3.6-fold lower after administration
of SPI-077 than after administration of cisplatin
(P<0.05; Table 2).

Discussion

Although the tissue and tumor disposition of pegylated
and nonpegylated liposomal anticancer agents have been
evaluated [2, 6, 26, 27, 28, 29], this is the first study in
which the exposure of encapsulated and released drug in
in vitro systems, plasma, and tumors have been evalu-

Table 1 Total Pt concentrations in plasma and tissue after administration of cisplatin, SPI-077, and SPI-077 B103. Means±SD are
presented for concentrations of total Pt in plasma, tumor, kidney, liver, and spleen after administration of cisplatin, SPI-077, and SPI-077
B-103

Treatment Time-point (h) Plasma (lg/ml) Tumor (lg/g) Liver (lg/g) Kidney (lg/g) Spleen (lg/g)

Cisplatin (10 mg/kg)a 0.08 14.2±5.7 3.1±1.9 8.7±2.7 23.7±6.8 2.6±0.2
0.25 8.0±2.0 2.2±0.5 9.4±2.9 19.1±2.5 1.8±0.3
0.5 3.4±0.6 3.2±0.5 5.9±1.1 15.9±2.2 2.5±0.4
0.75 2.2±0.5 2.6±0.4 7.9±3.5 13.4±3.0 2.1±0.6
1 1.6±0.1 1.9±0.1 9.0±3.3 11.8±1.0 1.5±0.3
1.5 1.5±0.2 2.7±0.4 11.4±1.4 11.3±1.1 1.8±0.3
2 1.7±0.1 2.1±0.2 9.4±0.4 15.8±2.0 1.7±0.5

SPI-077 (10 mg/kg) 2 183.4±3.5 4.2±0.2 15.5±1.0 10.1±1.3 26.2±6.2
24 104.6±33.6 9.7±0.7 21.6±8.9 12.8±3.2 37.5±10.9
48 89.5±10.3 11.9±3.0 20.0±1.0 12.4±0.3 53.8±0.4
96 20.1±11.9 9.9±0.8 21.2±0.2 10.6±1.0 70.4±16.1
144 1.6±1.2 6.7±2.5 21.9±0.6 7.5±0.1 61.2±37.4

SPI-077 B103 (5 mg/kg) 2 66.4±3.5 1.4±0.4 8.2±1.6 5.7±0.5 10.2±0.6
24 51.7±10.0 3.2±0.2 6.2±0.6 8.2±1.5 20.4±0.5
48 24.9±8.5 3.3±0.7 4.7±0.2 6.1±0.2 20.9±2.3
96 8.5±4.9 3.5±0.3 3.2±0.2 5.8±0.3 25.5±4.1
144 1.4±0.7 2.8±0.2 2.8±0.1 4.8±0.3 23.4±0.9

aData previously presented in reference 19
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ated after administration of conventional or STEALTH
liposomal formulations of anticancer agents. Previously,
we used microdialysis to evaluate the systemic and tu-
mor disposition of Pt after administration of cisplatin to
mice bearing murine tumors and human tumor xeno-
grafts [19]. However, this is the first study in which the
active unbound Pt exposure in tumor ECF and the
formation of Pt-DNA adducts after administration of
liposomal cisplatin have been compared to that after
administration of nonliposomal cisplatin. Administra-
tion of SPI-077 and SPI-077 B103 resulted in total Pt
tumor concentrations that were 2.2- to 5-fold higher
than after administration of cisplatin. However, the total
Pt measured is the sum of encapsulated and released Pt.
Moreover, there was no detectable Pt in the tumor ECF
after administration of SPI-077 or SPI-077 B103,
whereas unbound Pt concentrations were detectable in
the ECF of all tumors after administration of cisplatin.
In addition, the formation of Pt-DNA adducts was
approximately 3.5-fold higher after administration of
cisplatin than after administration of STEALTH lipo-
somal formulations of cisplatin. Although no unbound
Pt was detectable in the tumor ECF after administration
of the STEALTH liposomal Pt formulations, Pt-DNA
adducts were detectable. This presumably reflects the
slow release of Pt into the tumor ECF and uptake of the
tumor cells that was below the lower limit of detection
of our assay. These results suggest that SPI-077 and
SPI-077 B103 distribute into tumors, but release less
unbound Pt into tumor ECF and form fewer Pt-DNA
adducts than cisplatin.

Doxil and SPI-077 are STEALTH liposomal formu-
lations of doxorubicin and cisplatin, respectively [2, 3, 4,
6, 30, 31, 32]. Doxil is approved for the treatment of
AIDS-related Kaposi�s sarcoma and relapsed ovarian
cancer [30, 31, 32]. The results of Doxil and SPI-077
preclinical and clinical studies show that both have
extended systemic half-lives and exposure durations,
higher exposures in liver, spleen, and tumor as measured
in tissues homogenates, and reduced toxicity as compared
to non-liposomal formulations of doxorubicin and cis-
platin [2, 3, 4, 5, 30, 31, 32, 33]. Administration of SPI-077

in phase I and II trials at doses (>320 mg/m2) severalfold
greater than the maximum tolerated dose of cisplatin did
not result in clinical responses or cisplatin-associated
toxicities [5]. In addition, pharmacokinetic studies as part
of these trials have shown very low levels of released (i.e.,
ultrafilterable) Pt in plasma [3, 4, 5]. Thus, an alternative
formulation of STEALTH liposomal cisplatin (i.e., SPI-
077 B103) with a greater theoretical propensity for the
release of cisplatin was developed (Alza Corporation,
data on file). However, we were not able to detect released
cisplatin in in vitro systems, plasma, or tumor ECF after
administration of either formulation of STEALTH
liposomal cisplatin. In addition, the in vitro recovery of
Pt was similar in studies of cisplatin alone or in combi-
nation with SPI-077 or SPI-077 B103. Thus, the presence
of SPI-077 or SPI-077 B103 does not alter the recovery of
cisplatin. This suggests that our in vivo results were not
due to altered recovery of Pt after SPI-077 or SPI-077
B103 administration.

A potential explanation for the differences in phar-
macokinetics, toxicity, and antitumor effect of Doxil and
SPI-077 may be associated with differences in the char-
acteristics of doxorubicin and cisplatin and the make-up
of the liposomal bilayer [12, 34, 35]. The differences in
the engineering and formulation of the STEALTH
liposomes for Doxil and SPI-077 may explain the dif-
ferences in release rates and antitumor activity of these
liposomal agents. Thus, tumor disposition and release of
drug from the liposomal carrier used for various anti-
cancer agents, and different liposomal formulations of
the same anticancer agent should be evaluated.

The plasma and tumor disposition of the drug
encapsulated in liposomes depends on the physiochem-
ical characteristics of the liposomes (i.e., size, surface
charge, membrane lipid make-up and packing process,
steric stabilization, and dose) rather than the charac-
teristics of the encapsulated drug [26, 27, 36, 37, 38, 39].
Liposomal agents accumulate in areas, such as tumors,
that contain a discontinuous microvasculature or in
organs, such as liver or spleen, containing the macro-
phages of the reticuloendothelial system [36, 38, 40]. The
high concentrations of total Pt measured in tumor, liver,

Table 2 Unbound Pt, total Pt, and Pt-DNA adducts after admin-
istration of cisplatin, SPI-077, and SPI-077 B103. Means±SD
(range) are presented for unbound Pt area under the tumor ECF

concentration versus time profile (AUCECF), total Pt measured
from tumor homogenates, and Pt-GG and Pt-AG DNA adducts
(ND not detectable)

Treatment Microdialysis sampling
interval (h)

Unbound-Pt AUCECF

(lg/mlÆh)
Total Pt
tumor (lg/g)

Pt-GG DNA adducts
(fmol Pt/lg DNA)

Pt-AG DNA adducts
(fmol Pt/lg DNA)

SPI-077
(10 mg/kg)

0–2 (n=4) ND 1.9±1.0 (0.6–3.4) 1.0±0.5 (0.5–2.0) 0.2±0.1 (0.1–0.4)
24–26 (n=6) ND 8.4±2.5 (4.9–12.4) 3.6±1.3 (2.0–5.1) 0.7±0.3 (0.4–1.6)
96–98 (n=8) ND 3.8±2.0 (1.6–7.1) 1.1±0.8 (0.8–2.1) 0.2±0.1 (0.1–0.3)
144–146 (n=4) ND 5.0±2.7 (3.0–9.8) 1.3±0.3 (0.9–1.6) 0.2±0.04 (0.1–0.2)

SPI-077 B103
(5 mg/kg)

0–2 (n=4) ND 1.4±0.4 (0.8–1.8) 1.5±0.3 (1.0–1.9) 0.2±0.1 (0.1–0.3)
24–26 (n=4) ND 1.2±0.3 (0.7–1.6) 2.0±0.3 (1.6–2.5) 0.4±0.1 (0.2–0.5)
96–98 (n=6) ND 2.0±0.6 (1.3–2.8) 1.2±0.4 (0.6–1.7) 0.2±0.1 (0.1–0.3)
144–146 (n=3) ND 1.4±0.3 (1.0–1.5) 1.3±0.1 (1.1–1.4) 0.2±0.01 (0.2–0.3)

Cisplatin
(10 mg/kg)a

0–2 (n=12) 0.7±0.5 (0.1–1.6) 1.6±0.8 (0.2–2.5) 13.1±3.3 (8.4–20.1) 2.2±0.6 (1.3–3.2)

a Data previously presented in reference 19
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and spleen homogenates after administration of
STEALTH liposomal formulations are consistent with
these prior studies.

The use of liposomal formulations of various anti-
cancer agents (e.g., 9-nitrocamptothecin, topotecan, lur-
totecan, andpaclitaxel) to enhance the deliveryof the drug
to the tumor are being evaluated in several pharmaceuti-
cal companies and research centers [41, 42, 43, 44, 45, 46,
47]. In addition, other carrier molecules or substances
(e.g., PEG) are being developed to achieve greater expo-
sure or disposition of anticancer agents in tumors [48].
However, the processes involved in the delivery of these
carriers and the release of the active agent, the variability
in these processes, and the degree towhich the active agent
is released into the tumor ECF or into the tumor cell are
unknown. After extravasation, the STEALTH liposomes
lodge in the interstitial spaces among tumor cells. Once in
the tumor, STEALTH liposomes are localized in the ECF
surrounding the tumor cell, but do not enter the cell [26,
27, 28]. Thus, for the STEALTH and other liposomes to
deliver the active form of the anticancer agent, such as
doxorubicin or cisplatin, the drug must be released from
the liposome into the ECF and then diffuse into the cell
[26, 27, 28]. As a result, the ability of the liposome to carry
the anticancer agent to the tumor and release it into the
ECF are equally important factors in determining the
antitumor effect of liposomal encapsulated anticancer
agents. The kinetics of this local release were unknown as
it was difficult to distinguish liposomal encapsulated drug
from free drug in solid tissue. The development of mic-
rodialysis techniques used in our study allows the differ-
entiation of agents encapsulated in and released from
liposomes [13, 14, 15, 16, 17]. The clinical importance of
these studies is underscoredby the need to select liposomal
anticancer agents with high tumor penetration and
delivery of the active drug to the tumor. Moreover, we
have shown that microdialysis is an effective method to
distinguish between liposomally encapsulated drug and
released drug, and should be used to evaluate future
liposomal and other carrier-mediated drug delivery
formulations.
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