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Abstract. — BACKGROUND: Breast cancer
is the most frequently diagnosed cancer and
the leading cause of cancer death among fe-
males owing.

AIM: This study aimed to construct a kind of
PEG-coated irinotecan cationic liposomes for
investigating its efficacy and mechanism of ac-
tion in the treatment of breast cancer in preclin-
ical models.

MATERIALS AND METHODS: Evaluations
were performed on the MDA-MB231 breast can-
cer cells, the xenografted MDA-MB231 cancer
cells in Female nude mice and Sprague-Dawley
(SD) rat. The liposomes were characterized
through assays of cytotoxicity, intracellular up-
take, nuclei morphology, antitumor activities,
pharmacokinetics and tissue distribution.

RESULTS: The zeta potential of PEG-coated
irinotecan cationic liposomes was approximately
23 mV. The PEG-coated irinotecan cationic lipo-
somes were approximately 66nm in diameter, sig-
nificantly increased the intracellular uptake of
irinotecan, and showed strong inhibitory effect
on MDA-MB231 breast cancer cells. A significant
antitumor efficacy in the xenografted MDA-
MB231 breast cancer cells in nhude mice was evi-
denced by intravenous administration of PEG-
coated irinotecan cationic liposomes. PEG-coat-
ed irinotecan cationic liposomes also improved
the irinotecan blood circulation time and showed
an enhanced drug concentration in tumor.

CONCLUSIONS: PEG-coated irinotecan
cationic liposomes had significant inhibitory ef-
fect against breast cancer in vitro and in vivo,
hence providing a new strategy for treating
breast cancer.
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Introduction

Breast cancer is one of the most frequent can-
cers among women worldwide. It is a disease
that can affect women of various ages where the
risk of developing breast cancer increases with
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age'?. Approximately one in eight women will be
diagnosed with breast cancer during their life-
time. As a consequence, there is a great need to
develop a treatment strategy that can successfully
reduce the incidence of breast cancer and pro-
long the life of affected women3*,

Irinotecan (CPT-11), a water-soluble camp-
tothecin, is commonly in clinical used for the
cancer treatment. It exerts anti-tumor activity by
inhibiting the intranuclear enzyme topoisomerase
3¢, In tumor cells, the level of topoisomerase I
enzyme is higher than in normal cells. Irinotecan
was shown to exert its cytotoxic activity through
inhibition of DNA replication while acting upon
DNA topoisomerase I enzyme’®. DNA topoiso-
merase relieves the torsional stress that develops
during DNA replication by inducing single strand
breaks. The irinotecan binds to the topoisomerase
I-DNA complex, thereby leading to replication
arrest and the formation of double-strand DNA
breaks which, while not repaired, can lead to the
cancer cell death. However, the main adverse ef-
fects of irinotecan in humans are gastrointestinal
toxicity and myelosuppression which limits its
usage and administration®!°,

Liposomes have been widely used in the thera-
peutic drug delivery to enhance permeability and
retention (EPR) effects in tumor tissues and re-
duce systemic side effect of anticancer agent, in-
cluding small molecular drugs, proteins, genes
(DNA or RNA) and diagnostic contrast
reagents'!'2. PEGylated lipids (PEG,q,,-DSPE)
can inhibit opsonization by plasma proteins and
contribute longer circulation for liposome be-
cause of the “steric stabilization” effect. With the
surface hydrophilic protective layer from PEG
chain, PEGylated liposome showed characteriza-
tions of more stability, sustained release, pro-
longed blood circulation time and reduced reticu-
loendothelial system uptake'*!4,

Although liposomes have been successfully
applied in the clinic, further efforts on the com-
ponent optimization are still a hot topic in the re-
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search for satisfying requirements from clinic. A
change of the liposomes’ charge is believed to be
one of the key factors affecting cellular adhe-
sion/uptake and drug delivery®. Liposomes with
cationic charge are prone to binding cells than li-
posomes with neutral or anionic lipids due to
electrostatic interaction with negatively charged
molecule on tumor cell membrane (glycopro-
teins, anionic phospholipids and proteoglycans).
This is the reason that cationic liposomes were
frequently used to improve in vitro and in vivo
efficacy for drug delivery!'®!7.

The objectives of the present study are to pre-
pare polyethylene glycol (PEG)-coated irinote-
can cationic liposomes by incorporating octade-
cylamine into the lipophilic bilayer, as shown in
Figure 1A. Irinotecan was entrapped into the
aqueous cores by ammonium sulfate gradient
method in order to get high encapsulation effi-
ciency'®. The aim of present study was to explore
the preparation of PEG-coated irinotecan cationic
liposomes, to define the action mechanisms, to
evaluate the efficacy in treating of breast cancer,
and to evaluate the pharmacokinetics and distrib-
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Figure 1. A, Schematic representations of two liposomal constructs consisting of PEG-coated irinotecan cationic liposomes
and PEG-coated irinotecan liposomes. B, Size distribution of PEG-coated irinotecan cationic liposomes by dynamic light scat-
tering (DLS) analysis. C, The release profiles of irinotecan from two different liposomes in PBS solution containing 10%
serum protein at 37°C respectively. Data are presented as the mean + SD (n=3).
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ution of irinotecan after intravenous administra-
tion of PEG-coated irinotecan cationic lipo-
somes.

Materials and Methods

Preparation of PEG-Coated Irinotecan
Cationic Liposomes

PEG-coated irinotecan cationic liposomes
were prepared as previously described. Soybean
phosphatidylcholine (SPC) (Sigma-Aldrich Cor-
poration, Beijing local agent, China), cholesterol
(Sigma-Aldrich Corporation, Beijing local agent,
China), polyethylene glycol-distearoylphos-
phatidylethanolamine (PEG,,,-DSPE, Avanti Po-
lar Lipids, Alabaster, AL, USA) and octadecy-
lamine (Johnson Matthey Company, London,
UK) (54/23/4/2.5, wmol ratio) were dissolved in
chloroform in a pear-shaped flask. The chloro-
form was evaporated to dryness under vacuum
with a rotary evaporator, and then the formed
lipid film was hydrated with 250 mM ammonium
sulfate by sonication in the water bath for 5 min,
followed by sonication using a probe-type soni-
cator for 10 min. The suspensions after hydration
were successively extruded through polycarbon-
ate membranes (Millipore, Bedford, MA, USA)
with the pore size of 400 nm, and 200 nm for 3
times, respectively. Afterwards, the blank PEG-
coated cationic liposomes were obtained®.

To prepare PEG-coated irinotecan cationic li-
posomes, the blank PEG-coated cationic lipo-
somes were then dialyzed (8,000-15,000 molecu-
lar mass cutoff) (Beijing Dingguo Biotechnology
Limited Company, China) in the 500 ml physio-
logical saline (0.9%NaCl) for two times. Irinote-
can was loaded using an ammonium sulfate gra-
dient loading method, as reported previously. Ap-
propriate amounts of irinotecan hydrochloride
(Jiangsu Henrui Medicine Corporation, China)
were added to the blank PEG-coated cationic li-
posomes. After mixing, the suspensions were in-
cubated at 50 °C in water bath, and intermittently
shaken for 30 min to produce the PEG-coated
irinotecan cationic liposomes.

To prepare PEG-coated irinotecan liposomes,
the blank PEG-coated liposomes were made with
the same procedures of blank PEG-coated cation-
ic liposomes, excluding the addition of octadecy-
lamine during film forming. Then irinotecan was
loaded into the blank PEG-coated liposomes us-
ing an ammonium sulfate gradient loading
method as above.

Characterization of PEG-coated
Irinotecan Cationic Liposomes

PEG-coated irinotecan cationic liposomes and
PEG-coated irinotecan liposomes were passed
over a Sephadex G-50 column (Sigma-Aldrich
Corporation, Beijing local agent, China) to re-
move the free irinotecan. The encapsulation effi-
ciency of irinotecan was calculated with the for-
mula: EE = (W,,.,./W ,..)x100%, where EE is the
encapsulation efficiency of irinotecan, and W,
is the measured amount irinotecan in the liposo-
mal suspensions after passing over the column.
The irinotecan concentration was determined by
using fluorospectrophotometer.

In vitro release of irinotecan in the liposomes
was performed by the dialysis against the release
medium containing serum protein (phosphate
buffered saline containing 10% fetal calf serum). A
volume of 2.5 ml liposomes plus 2.5 ml of release
medium in dialysis tubing was immersed in 30.0 ml
of the release medium, and oscillated with a shaker
at a rate of 150 times per minute at 37 °C. A volume
of 0.5 ml release medium was taken at 0, 0.25, 0.5,
1,2,4,6,8, 12, 24 and 48 h, respectively, and im-
mediately replaced with the same volume of fresh
release medium after each sampling. The irinotecan
content in the release medium was determined by
fluorospectrophotometer as above. The release rate
was calculated with the formula: RR = (W/W,,,) X
100%, where RR is the drug release rate (%), W; is
the measured amount of irinotecan at the time-point
of ith h in release medium, and W, is the total
amount of irinotecan in the equal volume of lipo-
some suspensions prior to dialysis®.

The particle sizes and zeta potential values of
all nanovesicles were measured with Zetasizer
3000HSA (Malvern Instruments Ltd., Malvern,
Worcestershire, UK).

Culture of MDA-MB231 Cells

The culture medium was prepared with DMEM
(Sigma-Aldrich Corporation, Beijing local agent,
China) supplemented with 10% heat-inactivated
fetal bovine serum (Sigma-Aldrich Corporation,
Beijing local agent, China), 100 units/ml penicillin
(Sigma-Aldrich Corporation, Beijing local agent,
China), and 100 units/ml streptomycin (Sigma-
Aldrich Corporation, Beijing local agent, China).
The cells were cultured in the incubator at 37°C
and in the presence of 5% CO.,.

Cytotoxicity to MDA-MB231 Cells

MDA-MB231 cells were seeded into 96-well
culture plates at a density of 9.0x10? cells per well
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and grown in culture medium in the incubator at
37°C and in the presence of 5% CO, for 24 h. Free
irinotecan (0-5 uM), PEG-coated irinotecan lipo-
somes (0-5 uM) and PEG-coated irinotecan cation-
ic liposomes (0-5 uM) were added into 96-well
culture plates, respectively. The survival rate was
measured at 48 h by the sulforhodamine B (SRB)
staining assay, and the absorbance was read on a
microplate reader at 540 nm. The survival percent-
ages were calculated using the following formula:
Survival % = (As., for the treated cells/Asy ., for
the control cells) x 100%, where A, ., s the ab-
sorbance value. Each assay was repeated in tripli-
cate. Finally, the dose-effect curves were plotted.

Intracellular Uptake of PEG-coated
Irinotecan Liposomes

Intracellular uptake of PEG-coated irinotecan
liposomes was determined by flow cytometry as-
say. MDA-MB231 cells were seeded onto six-
well plates at 3.0 x 103 per well and cultured for
24 h at 37°C and in the presence of 5% CO,, fol-
lowed by adding PEG-coated irinotecan lipo-
somes (2.5 uM) and PEG-coated irinotecan
cationic liposomes (2.5 uM). Phosphate buffered
saline (PBS) (pH 7.4) was added as a blank con-
trol. The cells were further incubated for 5 h and
then enzymatically dissociated by adding trypsin
(0.25%, g/100 ml). Cells were resuspended in
PBS (pH 7.4). The samples were determined by
flow cytometry with a FACScan (Becton Dickin-
son, San Jose, CA, USA). Data were collected of
10,000 gated events and analyzed with the CELL
Quest software program.

Morphology of Nuclei Induced by
PEG-coated Irinotecan Cationic
Liposomes

Hoechst staining of nuclei was performed to
observe morphological changes of nuclei in
MDA-MB231 cells. Briefly, MDA-MB231 cells
were seeded at 3.8x10* cells per well in 24-well
plates and cultured in the incubator at 37°C and
in the presence of 5% CO, for 24 h, then treated
with free irinotecan (2.5 uM), PEG-coated
irinotecan liposomes (2.5 uM) and PEG-coated
irinotecan cationic liposomes (2.5 pM), and fur-
ther incubated for 6 h. Afterwards, cells were
fixed with 4% paraformaldehyde for 0.5 h and
stained with Hoechst 33342 (120 mg/ml) for 25
min. Cells were examined with a fluorescence
microscope (Leica, Heidelberg, Germany) for
observing the fragmentation of nuclei. Cells were
treated with PBS (pH 7.4) as control.
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Animals

For each optimized PEG-coated irinotecan
cationic liposomes studied, female BALB/c nude
mice and Sprague-Dawley (SD) rats were ob-
tained from Vital Laboratory Animal Center of
Hebei Medical University. All of the animal ex-
periments adhered to the principles for care and
use of laboratory animals and were approved by
the institutional Animal Care and Use Committee
of Hebei Medical University.

In vivo Inhibition of the Tumor Growth
and Effects on the Indicators of Bone
Marrow

Female BALB/c nude mice, initially weighing
18-20 g, were used for investigating the antitu-
mor efficacy in vivo. Briefly, approximately
2.0x10” MDA-MB231 cells were resuspended in
100 wl of serum-free medium, and injected sub-
cutaneously into the right flanks of the nude
mice*'. When tumors reached 100 to 150 mm? in
volume, mice were randomly divided into four
treatment groups (6 for each group). At day 19,
22, 25, and 28 post inoculation, physiological
saline (blank control), free irinotecan (20.00
mg/kg), PEG-coated irinotecan liposomes (20.00
mg/kg), and PEG-coated irinotecan cationic lipo-
somes (20.00 mg/kg) were given intravenously to
mice which had been randomly divided into four
treatment groups (6 for each) via tail vein, re-
spectively. The presence of each tumor mass was
confirmed by necropsy at day 31 since the inocu-
lation. Mice were weighed and tumors were mea-
sured with a caliper every one or every two days.
Tumor volumes were calculated with the formula
(Iength x width?/2).

At day 31, the mice were sacrificed. Blood
specimens of the mice were collected immediate-
ly. The blood specimens were used for measuring
the indicators of bone marrow in peripheral
blood (white blood cells, WBC; hemoglobin, Hb;
platelet, PLT).

Pharmacokinetics and Tissue Distribution

Female Sprague-Dawley (SD) rats were used
for investigating the pharmacokinetics and ran-
domly divided into three groups (6 for each
group). Free irinotecan (20.00 mg/kg), PEG-coat-
ed irinotecan liposomes (20.00 mg/kg) and PEG-
coated irinotecan cationic liposomes (20.00
mg/kg) were given intravenously to rats via tail
vein, respectively. After administrations, a 1ml
volume of plasma was collected in a heparinized
microcentrifuge tube from retro orbital sinus at the
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following time points: 15 min, 30 min, 1h, 2h, 4h,
8h, 12h, 24h and 48h. The plasma was separated
by centrifugation at 12,000 rpm for 10 min and
stored at —20°C 2. A 3.0-ml volume of methanol
was added to the 100 wl plasma and mixed for 3
min with a vortex, followed by centrifugation at
10,000 rpm for 5 min. The liquid phase was trans-
ferred to a clean tube and dried under a gentle N,
gas stream to obtain residues containing the
irinotecan. The irinotecan residue was reconstitut-
ed with 100 ul mobile phase and centrifuged at
10,000 rpm for 5 min. Finally, a 20 ul volume of
supernatant was injected into the HPLC system.
Female BALB/c nude mice were used for in-
vestigating the tissue distribution after xenograft-
ing MDA-MB231 breast cancer cells and ran-
domly divided into three groups (6 for each
group). Free irinotecan (20.00 mg/kg), PEG-coat-
ed irinotecan liposomes (20.00 mg/kg) and PEG-
coated irinotecan cationic liposomes (20.00
mg/kg) were given intravenously to mice via tail
vein, respectively. After administration, heart, liv-
er, spleen, lung, kidney and tumor were also col-
lected at 1h, 4h, 8h, 24h and 48h after sacrifice by
cervical dislocation. The tissues were washed
with physiological saline, dried with filter paper,
weighted accurately and stored at —20°C 2. The
tissue samples were homogenized with a homog-
enizer in physiological saline. A 3.0-ml volume of
methanol was added to 100 ul tissue homogenate
(0.15 g of tissue) and mixed for 3 min with a vor-
tex, followed by centrifugation at 10,000 rpm for
5 min. The liquid phase was transferred to a clean
tube and dried under a gentle N, gas stream to ob-
tain residues containing the irinotecan. The
irinotecan residue was reconstituted with 100 ul

Table I. Characterizations of two irinotecan liposomes.

mobile phase and centrifuged at 10,000 rpm for 5
min. Finally, a 20 ul volume of supernatant was
injected into the HPLC system.

The samples were analyzed by HPLC with flu-
orescence detection (Waters Technologies Inc.,
Cotati, CA, USA). Irinotecan was separated by a
Diamonsil C5 column (200x4.6 mm, 5 wm). The
mobile phase consisted of acetonitrile and water
containing 2.1% citric acid and 0.2% triethy-
lamine (40/60, v/v) with a flow rate of 1.0 ml/min
under isocratic conditions. pH was 3.8 settled by
30% natrium hydroxydatum. The fluorescence
detection was set at A, 370 nm and A, 530 nm.

Statistical Analysis

Data are presented as the mean + standard de-
viation. One-way analysis of variance was used
to determine significance among groups, after
which post hoc tests with the Bonferroni correc-
tion were used for multiple comparisons between
individual groups. A value of p < 0.05 was con-
sidered to be significant.

Results

Characterization of PEG-coated
Irinotecan Cationic Liposomes

Table I represents the characterization results
of two liposomes. In two kinds of liposomes
prepared, the encapsulation efficiency of
irinotecan was = 90%. The mean particle sizes
of PEG-coated irinotecan liposomes and PEG-
coated irinotecan cationic liposomes were
68.65 £ 5.19 and 66.32 + 3.06 nm (Figure 1B),
respectively. Their corresponding potential val-

1. Encapsulation efficiency of irinotecan

Results (%)

PEG-coated irinotecan liposomes
PEG-coated irinotecan cationic liposomes

93.66 +3.12%
91.39 +2.58%

2. Size of irinotecan liposomes

Results

Mean size (nm)

PEG-coated irinotecan cationic liposomes
Each point represents means + SD (n=3).

PEG-coated irinotecan liposomes 68.65 +£5.19
PEG-coated irinotecan cationic liposomes 66.32 +3.06

3. Zeta potential of irinotecan liposomes Results
PEG-coated irinotecan liposomes —15.19 £ 0.68 mv

23.13 £0.59 mv
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ues were -15.19+0.68 mV and 23.13+0.59 mV,
respectively.

Figure 1C shows the release rates of irinotecan
from two different liposomes in PBS solution
containing 10% serum protein oscillated at a rate
of 150 times per minute at 37°C. Release rate of
irinotecan from the two kinds of liposomes was
negligible under the same release condition. The
release rates at 48 h of irinotecan from PEG-
coated irinotecan liposomes and PEG-coated
irinotecan cationic liposomes were 29.92 +
0.81% and 28.20 + 1.36%, respectively.

Cytotoxicity to MDA-MBZ231 Cells

Figure 2A shows the inhibitory effects to
MDA-MB231 cells after applying various formu-
lations. As compared to free irinotecan and PEG-
coated irinotecan liposomes, PEG-coated irinote-
can cationic liposomes showed the strongest in-
hibitory effects at various dose levels. For exam-
ple, the rank of survival rates after applying 5 pM
irinotecan were PEG-coated irinotecan liposomes
(23.77 £ 1.43%) > free irinotecan (5.57 £ 1.14%)
> PEG-coated irinotecan cationic liposomes
(3.48 £ 1.01%).
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Figure 2. A, Survival rates of MDA-MB-231 cells after applying various irinotecan formulations measured by SRB staining
assay. Data are presented as the mean + SD (n=3). a, p < 0.05, versus free irinotecan; b, p < 0.05, versus PEG-coated irinotecan
liposomes. B, MDA-MB-231 cellular uptakes after applying various irinotecan formulations measured by FAScan flow cytom-
etry. Notes: a, PBS; b, PEG-coated irinotecan liposomes; ¢, PEG-coated irinotecan cationic liposomes.
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Figure 3. Image of the nu-
clear morphological changes
of MDA-MB-231 induced
by applying various formu-
lations, including PBS as
blank control [fA), Free
irinotecan (BJ, PEG-coated
irinotecan liposomes (C)
and PEG-coated irinotecan
cationic liposomes (D), re-
spectively. Arrows: frag-
mented nuclei.

Intracellular Uptake of PEG-coated
Irinotecan Liposomes

Figure 2B shows semi-quantitative drug con-
tent observed by flow cytometry in the MDA-
MB231 cells after applying PEG-coated irinote-
can liposomes and PEG-coated irinotecan cation-
ic liposomes at 5 h.

In quantitative evaluation for ten thousands of
events, the geometric mean intensity value was
8.62 for PBS (a) < 15.36 for PEG-coated irinote-
can liposomes (b) <22.19 for PEG-coated
irinotecan cationic liposomes (c).

Morphology of Nuclei Induced by
PEG-Coated irinotecan Cationic
Liposomes

Figure 3 shows images for nuclei of MDA-
MB231 cells after applying free irinotecan, PEG-
coated irinotecan liposomes and PEG-coated
irinotecan cationic liposomes.

After applying PEG-coated irinotecan cationic
liposomes, nuclei of MDA-MB231 cells became

broken and evident fragment occurred as early as
6 h, showing characteristics of nuclei as MDA-
MB231 breast cancer cells death. As compared to
free irinotecan and PEG-coated irinotecan lipo-
somes, PEG-coated irinotecan cationic liposomes
showed the strongest inhibition effect of MDA-
MB231 cancer cells.

In vivo Inhibition of the Tumor Growth
and Effects on the Indicators of Bone
Marrow

Figure 4A shows the efficacy of PEG-coated
irinotecan cationic liposomes in treating the
MDA-MB231 cells xenografts tumor model. After
inoculation of MDA-MB231 cells in nude mice,
the tumors reached suitable masses for treatment
at day 19. As compared to blank control group, the
inhibitory effects of tumor growth were obviously
observed in all treatment groups. The rank of in-
hibitory effects was PEG-coated irinotecan cation-
ic liposomes > PEG-coated irinotecan liposomes >
free irinotecan > the blank control.
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Figure 4. A, Effect of PEG-coated irinotecan cationic liposomes on the MDA-MB-231 cells xenografts in female nude mice. At
day 19, 22, 25 and 28 after inoculation, physiological saline as control group, free irinotecan (20.00 mg/kg), PEG-coated irinotecan
liposomes (20.00 mg/kg), and PEG-coated irinotecan cationic liposomes (20.00 mg/kg) were given intravenously to mice via tail
vein, respectively. Data are presented as the mean + SD (n=6). a, p < 0.05, versus physiological saline; b, p < 0.05, versus free
irinotecan; ¢, p < 0.05, versus PEG-coated irinotecan liposomes. B, Body weight changes for the tumor-bearing mice after intra-
venous administration of physiological saline, free irinotecan, PEG-coated irinotecan liposomes and PEG-coated irinotecan cationic
liposomes to mice. Data are presented as the mean + standard deviation (n=0). a, p < 0.05, versus free irinotecan; b, p < 0.05, versus
PEG-coated irinotecan liposomes. € Time course of irinotecan levels in plasma after intravenous administration of free irinotecan
(20.00 mg/kg), PEG-coated irinotecan liposomes (20.00 mg/kg) and PEG-coated irinotecan cationic liposomes (20.00 mg/kg). Each

point represents means + SD (n=6). a, p < 0.05, versus PEG-coated irinotecan liposomes; b, p < 0.05, versus PEG-coated irinotecan
cationic liposomes.
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Table Il. Effect on the hematological indicators of bone marrow after intravenous administration of physiological saline
(blank control), free irinotecan, PEG-coated irinotecan liposomes and PEG-coated irinotecan cationic liposomes in female

BALB/c nude mice.
PEG-coated irinotecan PEG-coated irinotecan
Indicator Blank control Free irinotecan liposomes cationic liposomes
WBC (10°/L) 9.63 +0.53 6.01 = 0.56* 8.59 £0.72* 9.43 +0.81
Hb (g/L) 106.33 £9.12 7526 £ 11.13* 91.55 £ 10.02* 101.29 £ 11.23
PLT (10°/L) 988.65 + 35.69 633.61 +48.12° 901.31 £57.42* 971.32 £39.61

Data are presented as means = SD (n = 6). WBC: white blood cell; Hb: hemoglobin; PLT: platelets. *p < 0.05, versus blank

control.

Figure 4B shows the body weight changes of
the tumor-bearing mice during the study of anti-
tumor efficacy. In view of results observed in all
treatment groups, body weight loss was not ob-
served significantly in the mice after giving PEG-
coated irinotecan cationic liposomes but found in
the mice after giving PEG-coated irinotecan lipo-
somes and free irinotecan.

Table II shows the effects of various formula-
tions on the hematological indicators of bone
marrow. After administration of PEG-coated
irinotecan cationic liposomes, the levels of WBC,
Hb, and PLT in blood specimens were slightly
decreased, but without significant difference as
compared to those in control group. After admin-
istration of PEG-coated irinotecan liposomes, the
levels of WBC, Hb, and PLT in blood specimens
were decreased. However, the levels of WBC,
Hb, and PLT were severely lowered after admin-
istration of free irinotecan.

Pharmacokinetics of Irinotecan in Plasma

After administration of free irinotecan, the
plasma irinotecan level dropped rapidly. While
after administration of PEG-coated irinotecan

liposomes and PEG-coated irinotecan cationic
liposomes, the plasma irinotecan concentration
decreased relatively slowly in the initial phase
and remained at higher concentration levels in
the terminal phase (Figure 4C), resulting in
longer blood exposure.

The pharmacokinetic parameters were calcu-
lated according to a two-compartment model
(Table III).The order of AUC in plasma was:
PEG-coated irinotecan cationic liposomes
(312.93%£62.49 ug-h-ml!) = PEG-coated irinote-
can liposomes (299.79+ 58.91 ug-h-ml!) > free
irinotecan (8.97 + 2.73 ug-h-ml!). With respect
to the elimination half-life in the terminal
phase, the rank order of t,, p values in plasma
was: PEG-coated irinotecan cationic liposomes
(21.71 = 5.41h"") = PEG-coated irinotecan lipo-
somes (19.66 + 6.35h!) > free irinotecan (13.29
+ 6.94h-1). The t,, a value of PEG-coated
irinotecan cationic liposomes was longer than
that of free irinotecan but similar to that of
PEG-coated irinotecan liposomes. The C,,, and
MRT value of free irinotecan were significantly
decreased relative to PEG-coated irinotecan li-
posomes and PEG-coated irinotecan cationic li-

Table Ill. Pharmacokinetics of irinotecan after intravenous administration of free irinotecan, PEG-coated irinotecan liposomes
and PEG-coated irinotecan cationic liposomes in female rats at a dose of 20.00 mg/kg.

Pharmacokinetic Free PEG-coated irinotecan PEG-coated irinotecan
parameters irinotecan liposomes cationic liposomes
t, o (h) 1.65+0.82 1.93+0.22 1.88 £0.39

ti, B (h) 13.29 £ 6.94 19.66 + 6.35 2171 £5.41

Cnax (Lg/ml) 091 +£0.33 89.52 +18.33 93.26 £ 20.03

CL (ml/h/kg) 1.85+0.29 0.05 +0.01 0.04 £0.01
MRT,_g, (h) 9.85+3.51 14.22 +0.68 15.86 £ 1.12

AUC 45, (ug-h/ml) 8.97+2.73 299.79 + 58.91 312.93 +62.49

Data are presented as means + SD (n = 6). t;,a (h), distribution half life; t,,, § (h), elimination half life; C,,,,, peak concentra-
tion; CL (ml/h/kg), total body clearance; MRT,, 4, mean residence time; AUC, g, (ug/ml-h), area under the plasma concentra-

tion-time curve.
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posomes. But the CL value of free irinotecan
was higher than those of PEG-coated irinotecan
liposomes and PEG-coated irinotecan cationic
liposomes.

Tissue Distribution of Irinotecan

Figure 5 and Table IV present the irinotecan
levels in heart, liver, spleen, lung, kidney and tu-
mor after intravenous administration of free

irinotecan, PEG-coated irinotecan liposomes and
PEG-coated irinotecan cationic liposomes at 1.0
h, 4.0 h, 8.0 h, 24 h and 48 h.

In heart, lung and kidney tissues, the irinote-
can levels were approximately similar treated
with free irinotecan, PEG-coated irinotecan lipo-
somes and PEG-coated irinotecan cationic lipo-
somes. But in liver and spleen tissue, the irinote-
can level was lower in animals treated with PEG-
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Figure 5. Irinotecan level in
heart (A, liver (B, spleen (C),
lung (D), kidney (E) and tumor
(F) after intravenous injection
of free irinotecan, PEG-coated
irinotecan liposomes and PEG-
coated irinotecan cationic lipo-
somes in female BALB/c nude
mice. Each point represents
means = SD (n=6). a, p <0.05,
versus PEG-coated irinotecan
cationic liposomes; b, p < 0.05,
versus PEG-coated irinotecan
liposomes.
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Figure 5. Continued.
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coated irinotecan cationic liposomes and PEG-
coated irinotecan liposomes than in those treated
with free irinotecan. The rank order of AUC val-
ues in liver tissue was: free irinotecan
(81.56+3.73 ng-h/g) > PEG-coated irinotecan
cationic liposomes (55.21£2.26 ng-h/g) = PEG-
coated irinotecan liposomes (49.91+3.51 ng-h/g).
The rank order of AUC values in spleen tissue
was: free irinotecan (51.82+3.04 ng-h/g) > PEG-
coated irinotecan liposomes (45.56+3.89 ng-h/g)

= PEG-coated irinotecan cationic liposomes
(39.7243.14 ng-h/g).

In tumor masses (Figure 5F), the irinotecan
level was significantly higher in the mice treated
with PEG-coated irinotecan cationic liposomes
than in those treated with free irinotecan and
PEG-coated irinotecan liposomes at the 4, 8, 24
and 48h time points. The rank order of AUC, 4,
values in tumor was: PEG-coated irinotecan
cationic liposomes (59.24+1.87 ng-h/g) > PEG-
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Table IV. AUC0-48h (ug-h/g) after intravenous administration of free irinotecan, PEG-coated irinotecan liposomes and PEG-
coated irinotecan cationic liposomes in female BALB/c nude mice at a dose of 20.00 mg/kg (n = 6).

PEG-coated irinotecan PEG-coated irinotecan cationic

Tissue Free irinotecan liposomes iposomes

Heart 18.71 £4.18 17.63 £2.34 16.78 + 3.39
Liver 81.56 + 3.73® 4991 £3.51 55.21 £2.26
Spleen 51.82 +3.04® 45.56 +3.89 39.72 +£3.14
Lung 15.46 £3.25 15.80 +3.33 14.88 £3.41

Kidney 22.72 +4.35 16.69 = 4.64 18.19 £3.30
Tumor 12.49 +2.08® 30.20 £ 4.17* 59.24 + 1.87°

Data are presented as means+SD. p < 0.05, versus PEG-coated irinotecan liposomes; °p < 0.05, versus PEG-coated irinotecan

cationic liposomes.

coated irinotecan liposomes (30.20+4.17 ng-h/g)
> free irinotecan (12.49+2.08 ng-h/g).

Discussion

Nowadays, research into the rational delivery
and targeting of pharmaceutical agents is at the
forefront of projects in cancer treatment. These
treatments based nanoparticles can improve the
specificity and help treatment cancer that cannot
be treated with traditional ways, provide more ef-
fective and more convenient routes of administra-
tion, lower therapeutic toxicity, extend the prod-
uct life cycle, and ultimately reduce health-care
costs?*?3, In the past few years, a number of
nanoparticle-based therapeutic agents have been
developed for the treatment of cancer. As a com-
plicated therapeutic delivery system, liposome is
one of the most successful nanoparticles in the
market approved by FDA for the chemotherapeu-
tic drug loading and delivery?*?’.

In this study, a kind of PEG-coated irinotecan
cationic liposomes was developed for treating
breast cancer. Polyethylene glycol (PEG,,-
DSPE) has been used widely in nanoparticle for-
mulations as a strategy to inhibit opsonization by
plasma proteins and to prolong nanoparticle plas-
ma circulation time. The specified uptake of
PEG-coated irinotecan cationic liposomes proba-
bly relies on electrostatic interaction with nega-
tively charged target structures on MDA-MB231
breast cancer cells membrane®®. Among the can-
cer cells associated target structures, there are
negatively charged cell surface molecules such as
glycoproteins, anionic phospholipids and proteo-
glycans. These are potential binding sites for
cationic liposomes®*3°. The selectivity of PEG-
coated irinotecan cationic liposomes offers the
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possibility of targeted delivery of irinotecan or
other therapeutic agents to tumor cells.

Results demonstrate that PEG-coated irinote-
can cationic liposomes have the following
physicochemical features: high encapsulation ef-
ficiency (Table I), well-distributed particle size
(Figure 1B), and delayed drug release (Figure
1C). A lower drug release will be beneficial for
preventing the rapid leakage during the process
of delivery and blood/lymphatic circulation of
PEG-coated irinotecan cationic liposomes, there-
by possibly increasing the accumulation of the
irinotecan into the tumor masses.

Cytotoxicity results demonstrate that the PEG-
coated irinotecan cationic liposomes exhibit strong
inhibitory effect to MDA-MB231 cancer cells (Fig-
ure 2A). The enhanced inhibitory effects of the
PEG-coated irinotecan cationic liposomes are ex-
plained by MDA-MB231 cancer cells uptake study
in which the PEG-coated irinotecan cationic lipo-
somes are the most strongly endocytosed by MDA-
MB231 cancer cells. In a semi-quantification way,
flow cytometric measurement gives the relative
drug content in the cancer cells. Results show that
the PEG-coated irinotecan cationic liposomes evi-
dently increase the irinotecan content in the MDA-
MB231 breast cancer cells (Figure 2B).

The morphological studies demonstrate the ex-
istence of the nuclei fragment induced by PEG-
coated irinotecan cationic liposomes. In view of
the fluorescent microscopic images stained by
chromatin dye Hoechst 33342 (Figure 3), the
irinotecan binds to the topoisomerase [-DNA
complex, thereby preventing re-ligation of DNA
breaks resulting in the formation of irreversible
double-strand breaks and existence of the nuclei
fragment after applying PEG-coated irinotecan
cationic liposomes, showing the change of nuclei
as MDA-MB231 cancer cells death®'.
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The inhibitory effects on tumor volume in the
MDA-MB231 breast cancer cells xenografted fe-
male nude mice demonstrate that, by intravenous
injection administration, the PEG-coated irinote-
can cationic liposomes exhibit significantly high-
er antitumor activity as compared to PEG-coated
irinotecan liposomes and free irinotecan (Figure
4A). As compared to free irinotecan and PEG-
coated irinotecan liposomes, PEG-coated irinote-
can cationic liposomes do not cause an apprecia-
ble reduction in body weight (Figure 4B).

After administering PEG-coated irinotecan
cationic liposomes to the MDA-MB231 breast
cancer cells xenografted female nude mice, the
bone marrow indicators (WBC, Hb, and PLT) are
mildly decreased, suggesting that PEG-coated
irinotecan cationic liposomes may have no sig-
nificant influences on bone marrow (Table II). At
least, the potential myelosuppression effect may
be no more than those after administering free
irinotecan and PEG-coated irinotecan liposomes.
Gastrointestinal toxicity (diarrhea) is frequent
observed after administration of free irinotecan.
It was controlled with the administration of PEG-
coated irinotecan cationic liposomes and PEG-
coated irinotecan liposomes.

When comparing the concentration-time pro-
file of free irinotecan with that of PEG-coated
irinotecan liposomes or PEG-coated irinotecan
cationic liposomes, irinotecan blood exposure
was clearly extended by the pegylated liposomes,
showing a long-circulatory effect*>33. Pegylation
with PEG,,-DSPE prevents adsorption of op-
sonin proteins onto the surface of irinotecan lipo-
somes, thereby prolonging the circulation time of
the liposomes by avoiding rapid uptake by the
reticuloendothelial system (Figure 4C).

The liver and spleen are major sites of drug
metabolism and are rich in reticuloendothelial
cells**35. No significant difference in irinotecan
levels was detected between animals adminis-
tered PEG-coated irinotecan cationic liposomes
and those given PEG-coated irinotecan lipo-
somes. But after administration of PEG-coated
irinotecan cationic liposomes or PEG-coated
irinotecan liposomes, the irinotecan level in liver
and spleen tissue was lower than free irinotecan
after administration. This may be explained by
the pegylated liposomes escaping rapid uptake
by the reticuloendothelial system in the liver and
spleen (Figure 5B and C).

Administering PEG-coated irinotecan cationic
liposomes resulted in higher drug concentrations
in the tumor masses than the other formulations.

The higher level of irinotecan in the tumor could
be attributed to specificity bind of PEG-coated
irinotecan cationic liposomes by electrostatic in-
teraction (Figure 5F). Furthermore, PEG-coated
irinotecan cationic liposomes demonstrate a robust
anticancer activity against the tumor xenografted
with MDA-MB231 breast cancer cells.

Conclusions

In the present work, the PEG-coated irinotecan
cationic liposomes were successfully developed
with high entrapped efficiency, perfect size distri-
bution, and slow releasing. The efficacies are
confirmed in vitro and in the breast tumor by
xenografting MDA-MB231 breast cancer cells
into female nude mice. Mechanism studies
demonstrate that PEG-coated irinotecan cationic
liposomes improve the circulation time of
irinotecan in the blood by escaping rapid uptake
by the reticuloendothelial system and specificity
bind into tumor masses by electrostatic interac-
tion with negatively charged target structures on
breast cancer cells membrane, resulting in en-
hancing the concentration of irinotecan in tumor
area and exhibiting strong inhibitory effect to
breast tumor volume. The present study provides
a new strategy for treatment of the breast cancer.
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