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ABSTRACT

Purpose To investigate the influences of stability of doxorubicin
(DOX) retained in PEG-PE/HSPC micelles on its biodistribu-
tion, toxicity and anti-tumor activity in mice.

Methods We incorporated HSPC into PEG-PE micelles at
various molar ratios by a self-assembly procedure. Micelles
were characterized by dynamic light scattering, transmission
electron microscope, atomic force microscopy. Agarose gel
electrophoresis assay was used to detect stable retention of
DOX in micellar preparations. Biodistribution, toxicity and anti-
tumor activity of doxorubicin encapsulated in PEG-PE/HSPC
micelles in mice were investigated.

Results HSPC incorporation not only changed the size and shape
of PEG-PE micelles, but also decreased the ability of DOX stable
retained in PEG-PE micelles, resulting in a great discrepancy in
biodistribution, toxicity and anti-tumor activity among micellar
DOX preparations. DOX encapsulated in PEG-PE micelles (M-
DOX), with narrower size distribution and greater stability, dem-
onstrated better cytotoxicity in vitro and low systemic toxicity with
superior anti-tumor metastasis activity in vivo.

Conclusions Encapsulation of DOX into PEG-PE micelles
showed the best therapeutic activity and lowest systemic toxic-
ity compared to other HSPC-incorporated PEG-PE micellar
preparations. Stable retention of drugs within micelles is impor-
tant and is determined by compatibility between drugs and
polymer blocks.
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INTRODUCTION

Nanoparticle is an emerging nanomedicine platform for can-
cer therapeutic application due to their small size (10-100 nm)
and surface properties (1,2). It has been reported that nano-
particle therapeutics can enhance anticancer efficacy, while
reduce the side-effects, owing to properties including preferen-
tial accumulation in tumor tissue as a result of enhanced
permeation and retention (EPR) effect (3) and active intracel-
lular uptake (4). Nanosized self-assembled constructs, such as
micelles, have shown many advantages as potential drug de-
livery systems (5,6). These spherical carriers are formed from
the self-assembly of amphiphilic molecules in water. The en-
trapment of poorly soluble drugs into the hydrophobic core of
micelles has been shown to improve the bioavailability and
pharmacokinetics of the drugs, as well as provide protection
from destruction i vivo (7).

Polyethylene glycol-phosphatidylethanolamine (PEG-PE)
conjugate, a block copolymer, has been widely used in
stealth liposome formulation. It has been reported that
micelles comprised of PEG-PE can load with a variety of
poorly soluble drugs such as paclitaxel and tamosifen (8),
and are capable of delivering their load into low cutoff size
tumor in mice with higher efficiency than even PEG-
modified liposomes (9). We have demonstrated the nano-
assemblies of PEG-PE and DOX increasing cytotoxicity
vitro and enhancing anti-tumor activity m viwo with low
systemic toxicity (10). Recently, we have used a one-step
self-assembly procedure to load water-soluble amphiphilic
drugs, such as DOX hydrochloride, epirubicin hydrochlo-
ride, vinorelbine tartrate and vincristine sulfate, into PEG-
PE micelles in aqueous medium. DOX- and vinorelbine-
loaded PEG-PE micelles had a very high drug-loading effi-
ciency (> 99 %) (11).
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Polymeric micelles, as a drug delivery system, meet a signif-
icant challenge that is their stability after administration i vivo.
This 1s due to micelle stability is a function of both thermody-
namic and kinetic parameters. When the concentration of
polymers below the critical micelle concentration (CMC), pre-
mature micelle should disassemble rapidly and release its pay-
loads quickly (12). To overcome this drawback, two strategies
are often used to develop these micelles are able to stably retain
the drug for a prolonged time in the circulation before micelles
arriving their target for releasing their payloads. One is cova-
lently conjugated drug with copolymer through a pH-sensitive
linker (13). Another one is the crosslinked micelles that formed
from these polymers with the functionalized groups (14). We
have shown that encapsulation of DOX into PEG-PE micelles
has a tightly packed structure compared to the PEG-PE
micelles without DOX,, which allows a longer circulation in
plasma and a controlled drug release responded to pH change
(10). This is possibly due to the amphiphilic nature of the two
molecules as well as their specific structures. In order to distin-
guish the molecular fitting, instead of the drug molecule wrap-
ping in the PEG-PE micelles encapsulating DOX, we
incorporated HSPC into PEG-PE micelles at various molar
ratios and used a self-assembly procedure to load DOX into
PEG-PE based micelles. HSPC has a higher gel transition
temperature (~55 °C) than other PCs, and is one component
approved by FDA for liposomal doxorubicin (Doxil). We ex-
pect that the incorporated HSPC could have a influence on the
mteraction between DOX and PEG-PE copolymer, thus, in
turn alters the release profile of DOX from the micelles i vitro
and changes the pharmacokinetics of DOX in viwo, resulting in
the differences in toxicity and anti-tumor activity. In this study,
we investigate how DOX stably retained in micelles influences
its biodistribution, toxicity and anti-tumor activity in mice.

MATERIALS AND METHODS
Materials

Distearoyl-sn-glycero-3-phosphoethanolamine-n-[methoxy
(polyethylene glycol) -2000] (PEG-PE) was obtained from
Avanti Polar Lipids, Inc. (Alabaster, AL). Hydrogenated phos-
phatidylcholine (HSPC) was purchased from LIPOID GmbH
(Ludwigshafen, Germany). DOX hydrochloride was kindly
provided by HaiZheng Pharmaceutical Co. Ltd (Taizhou,
Zhejiang, China). Water used throughout was distilled and
deionized in a Milli-Q) water purification system (Millipore,
Bedford, U.K.) All other reagents used were of analytical grade.

Cell Line

MDA-MB-231 human breast adenocarcinoma cells (ATCC
No.HTB-26) and 4T'1 mouse mammary tumor cells (ATCC
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No.CRL-2539) were purchased from American Type Cul-
ture Collection (ATCC; Manassas, VA). MDA-MB-231
cells and 4T1 cells were cultured in L.15 and RPMI 1640
medium supplemented with 10 % heat-inactivated fetal
bovine serum (FBS), respectively. Cell culture medium and
IFBS were from Invitrogen (Carlsbad, CA). Culture flasks
and dishes were from Corning (Corning, New York, NY).

Animals

BALB/c female mice (6—-8 weeks old) were provided by
Institute of Materia Medica, Chinese Academy of Medical
Sciences. Food and water were provided ad lLbitum. All
animal procedures were performed following the protocol
approved by the Institutional Animal Care and Use Com-
mittee at the Institute of Biophysics, Chinese Academy of
Sciences.

Preparation of DOX Loaded in Micelles

DOX-loaded micelles were prepared by a one-step self-
assembly method. Briefly, DOX hydrochloride was dissolved
and PEG-PE was suspended in Milli-Q) water. PEG-PE/
HSPC mixed suspension was prepared by co-dissolving PEG-
PE and HSPC in chloroform, and then slowly evaporated by
rotary evaporator. The lipid film was hydrated with Milli-Q)
water. Equal volume of drug solution and PEG-PE/HSPC
suspension was mixed and incubated for 30 min at 60 °C.
Followed by addition of mannitol (5 %, w/v) to the mixture,
the micelle preparations were filtered using 0.22 pm polyether-
sulfone syringe membrane. The final concentration of doxoru-
bicin in the filtered micelles was 2 mg/ml as determined by
high-performance liquid chromatography (HPLC), and then
were lyophilized and stored at 4 °C for further investigation.
The degraded products of doxorubicin incorporated in
micelles were detected using HPLC after defined periods of
storage. Based on the molar ratios of PEG-PE/HSPC/DOX,
the three micellar preparations were named as M;-DOX
(PEG-PE:HSPC:DOX=1:0:1), My-DOX (PEG-PE:HSPC:
DOX=1:0.5:1) and M;-DOX (PEG-PE:HSPC:DOX=
1:1:1), respectively.

Characterization of Three Micellar Preparations

Particle size distribution and zeta potential of doxorubicin-
loaded micelles were determined by dynamic light scattering
(DLS) analysis using Nano Particle Analyzer (Malvern Instru-
ment Ltd, Malvern, UK). The morphology of three micellar
preparations was observed via transmission electron microscope
(TEM, FEI Tecnai G-20, Netherlands) and atomic force mi-
croscopy (AFM, Multimode SPM, Nanoscope IIIA, USA). In-
tegrity and stability of micellar DOX preparations in 5 % (v/v)
serum were examined through 1 % agarose gel electrophoresis.
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The samples (containing 1 mg/ml of DOX) were incubated
with or without 5 % serum at 37 °C for 30 min before electro-
phoresis. Drug encapsulation efficiency of DOX was deter-
mined by ultrafiltration. Briefly, 500 pL of micellar
doxorubixin formulations or free-doxorubicin (2 mg/ml) were
added in amicon ultra centrifugal filter devices (MWCO
30,000, Millipore), and then centrifuged at 12000Xxg for
10 min at 4 °C.. The concentrations of free drugs in filtrate were
quantified by reverse-phase HPLC with a C18 column (Hyper-
si, ODS2, 5 um, 4.6 150 mm, National Chromatography
R&A Center, Dalian, China). The detection wavelength was
254 nm, and the mobile phase was composed of sodium dode-
cylsulfate (SDS) solution (1.44 g of SDS and 0.68 mL of phos-
phoric acid were co-dissolved in 500 ml of Milli-Q) water)-
acetonitrile-methanol (500:500:60, v/v/v). The i wvitro release
profile of DOX from three micellar preparations was monitored
using equilibrium dialysis method as described previously (11).

Cellular Uptake and Cytotoxicity of DOX from Three
Micellar Preparations

To measure the internalization of DOX quantitatively, MDA-
MB-231 cells were cultured on 6-well plates (10” cells/well) for
24 h to achieve approximately 80 % confluence. Each of three
micellar DOX preparations or F-DOX (DOX concentration,
1.7 uM) was then added to designated wells. After incubation
for 12 h, the cells were washed and collected in ice-cold
phosphate-buffer saline for measurement of DOX fluores-
cence. The fluorescence from individual cells was detected with
a flow cytometer (FACS Calibur, BD, San Jose, CA) as de-
scribed previously (10). For detection of doxorubicin-derived
fluorescence, excitation was with the 488 nm line of an argon
laser and emission fluorescence between 564 and 606 nm was
measured. For all experiments in which the intracellular doxo-
rubicin was quantified using flow cytometer at least 10000 cells
were measured from each sample.

The Cytotoxicity of F-DOX and three micellar DOX
preparations against MDA-MB-231 cells was evaluated by
MTT assay. Cells were seeded in 96-well plates (5% 107
cells/well) and allowed to attach to the plate surface for
24 h, and then exposed to a series of concentrations of F-
DOX or three micellar DOX preparations for 48 h, and the
viability of cells was measured. The mean percentage of cell
survival relative to that of untreated cells and 95 % confidence
intervals (Cls) were estimated from data in three individual
experiments. The concentration of DOX at which 50 % cell
killed was calculated by curve fitting using SPSS software.

Biodistribution Study
Subcutaneously, 0.1 ml of cell suspension containing 1.5 % 10°

4T1 cells was injected into a mammary gland in the lower
right quadrant of the abdomen of BALB/c female mice.

When the diameter of primary tumor reaches to about 5—
10 mm, 144 mice were randomly divided into the following
four treatment groups (n=36 mice per group): F-DOX, M-
DOX, My-DOX and M3-DOX. Each treatment group was
given by tail vein injection at a dose of 10 mg/kg DOX. Blood
samples were collected at 1, 3, 6, 12 and 24 h. Heart, liver,
spleen, lung, kidney and tumors were collected at 3, 12 and
24 h, and then washed, weighted and homogenized in 5
volumes of acidic ethanol (0.3 M HCLEtOH, 3:7, v/v) with
tissue homogenizer (IKA®, T10 basic Homogenizer Work-
center, Sigma). The amount of DOX in plasma and tissue
homogenate was detected with a fluorometer. For pharmaco-
kinetics, DOX concentration is expressed as microgram per
milliliter of blood plasma. For biodistribution, DOX concen-
tration is expressed as microgram per gram of tissue. Area
under the plasma time-curve from 0 to 24 h (AUC, »,) was
calculated using the trapezoidal rule.

Toxicity Assay

The acute toxicity was generally defined as the adverse
effects occurring within a short time after administration of
a single dose or multiple doses of a substance, continuously
observed for 7-14 days. The acute toxicity of F-DOX, M-
DOX, My-DOX and M3-DOX were evaluated by admin-
istering intravenously via the tail vein to BALB/c female
mice, and 0.9 % sodium chloride was serviced as control.

420 BALB/c femal mice were randomized into one of
the following five groups: control, F-DOX and three micel-
lar preparations. The each of F-DOX and three micellar
DOX preparations groups were further divided into five
sub-groups that correspond to the dose levels of 9.6, 12.7,
16.9, 22.5 and 30 mg/kg with a fixed-dose increment
(1:1.33) between consecutive doses (z=20 mice per group).
Animals were monitored for possible signs of toxicity includ-
ing the general conditions and body weight, and the survival
situation were monitored daily for two weeks. On day 7, 6
mice from 9.6 and 16.9 mg/kg treatment groups were
sacrificed by cervical vertebra dislocation, blood samples
were collected for blood routine analysis (Sysmex kx21
autoanalyzer, Japan) and blood chemistry analysis (Hitachi
7600p autoanalyzer, Japan). Heart, liver, spleen, lung and
kidney were preserved in 10 % buffered formaldehyde.
Once the tissue processed and embedded in paraffin, 5 pm
sections were cut and stained with routine Haematoxylin
and Eosin staining for histopathological examination.

To further determine the toxicity of F-DOX and three
micellar DOX preparations to major organs from Balb/C
mice, an i siu cell death detection kit (Fluordescein, Roche
diagnostics, USA) according to the manufacturer’s instruc-
tions was used. Mice were randomly divided into the fol-
lowing five treatment groups: control, F-DOX, M;-DOX,
M,-DOX and M3-DOX. The drugs were given by bolus tail
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vein injection at a dose of 16.9 mg/kg. There were 5
animals for each treatment. After 6 h, major organs includ-
ing liver, heart, spleen, lung and kidney were collected and
fixed in 4 % paraformaldehyde in PBS for paraffin embed-
ding. The sections were used for detection of apoptotic cells
by TUNEL method.

In Vivo Therapeutic Study

BALB/c mice bearing 4T'1 tumors were subjected to exam-
ne i vivo anti-tumor metastasis activity. When the primary
tumor volume reaches to about 100-200 mm?, Mice were
randomly assigned to one of the following five treatment
groups (n=10 mice per group): control, F-DOX and three
micellar DOX preparations (10 mg/kg each). Mice were
treated through tail vein injection on day 7 and day 14.
Mice were sacrificed by cervical vertebra dislocation on day
28, and their lungs were immediately harvested and weight-
ed. Pulmonary metastasis was also evaluated by counting
tumor nodules in the each lung.

Statistical Analysis

Data were expressed as means®SD unless noted otherwise.
Statistical analysis was performed by one-way ANOVA and
followed by Bonferroni’s post-test using Stata software (ver-
sion 7.0). Survival was assessed with the Kaplan-Meier
method, and Log-rank (Mantel-Cox) test was used to compare
the survival curve. P values less than 0.05 were considered to
be statistically significant.

RESULTS

Preparation and Characterization of PEG-PE-Based
Micelles Encapsulating DOX

We incorporated HSPC into PEG-PE micelles up to a
molar ratio of HSPC to PEG-PE of 1 to 1. The mean
diameter of M;-DOX made from PEG-PE copolymer was
14.5£1.2 nm, consistent with our previous works (10,11).
The increased sizes were observed in the micelles incorpo-
rated 33 % (My-DOX) and 50 % (M5-DOX) of HSPC, with
diameter of 22.4+0.9 nm, and 34.2+ 1.3 nm, respectively.
Meanwhile, the morphology of micelles observed by TEM
showed that HSPC incorporation led to change the size and
shape of PEG-PE micelles encapsulating DOX, as shown in
Fig. la—c. The morphology of M;-DOX was intact and
well-defined spherical style with narrow size distribution,
while the incorporated HSPC reached to 33 % or 50 %
mole, size distribution became broad, and the morphology
of micelles were altered from spherical to ellipsoidal or the
rod-like, especially for M3-DOX. The phenomenon
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observed by TEM was further confirmed by AFM
(Fig. 1d—f). Rod or worm-like micelles formed from the
increasing ratio of phospholipid in PEGylated phospholipid
have been demonstrated by the works of Hristoval ez al. (15)
and Ashok et al. (16,17), which are in agreement with our
observations.

To determine the effect of HSPC incorporation on the
encapsulation and release of DOX, we examined the en-
capsulation efficiency and release profile of DOX in these
micelles. HSPC incorporation did not change the loading
efficiency (99.9 % for three micellar preparations) and the
release profile of DOX from the micelles using dialysis
method (Fig. 1g). DOX was slowly released from three
micellar preparations without initial burst release. Less than
50 % DOX was released from the micelles up to 24 h, and
the percent of released DOX was 41.9 %, 38.7 % and
39.1 % for M;-DOX, My,-DOX and M3-DOX, respective-
ly. After 24 h, the remains of DOX in dialysis bag were
48.6 %, 48.4 % and 51.6 % for M;-DOX, My-DOX and
M;3-DOX, respectively. In contrast, 100 % free DOX was
released from dialysis bag within 3 h (data not shown).
These data indicate that HSPC incorporation has no obvi-
ous effect on the release profile of DOX from three prepa-
rations n vitro.

Our previous work has revealed that electrostatic inter-
action between PEG-PE and DOX play a critical role in
stable drug encapsulation in the micelle. However, HSPC
incorporation did not influence the encapsulation and re-
lease of micelle-loading DOX. To test the effect of HSPC
incorporation on the stability of DOX retained in PEG-PE
micelles, the agarose gel electrophoresis method was used.
The same amount of DOX in each preparation was loaded
in the wells, F-DOX as a control. As shown in Fig. 1h, free-
and released-DOX was moved to the negative electrode due
to DOX molecule with a positive charge. However, DOX
encapsulated in micelles was moved to positive electrode
because their zeta potential was negative, and the value of
M;-DOX, My-DOX and M3-DOX were —35.3, —=37.1 and
—36.3 mV, respectively. We calculated the released DOX
from all three micellar preparations using Bio-capt software
(Automatic gel image analyzing system, Infinity 3026,
Vilber, French). In the absence of serum, M;-DOX showed
the least released DOX (12.1 %), M3-DOX showed the
most released DOX (28.6 %), and the drug release of Mo-
DOX was 22.4 %. When all samples were incubated with
5 % serum for 30 min, the result showed that more than
70 % DOX was released from M3-DOX while only 13.1 %
DOX was released from M;-DOX. For M,-DOX, the
released DOX in the presence of serum (43.6 %) was two
times than in the absence of serum. Taken together, these
results indicated that DOX can stably retain in the PEG-PE
micelles and is able to resist to serum induced destruction,
while HSPC incorporation reduced the interaction of DOX
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PBS using dialysis method. (h) Gel electrophoresis analysis of three micellar DOX preparations. The released DOX from micelles was measured by
semiquantitative analysis. Each point represents the mean =SD (n=3) from individual experiments. a, P<0.05, ¢, P<0.001 versus F-DOX.

with PEG-PE copolymer, thus led to a decreased stability of
drug load in PEG-PE micelles and a lowered resistance to
serum.

In Vitro Cytotoxicity of DOX Encapsulated in Micelles

Firstly, we performed the cellular uptake experiment in
MDA-MB-231 cells. Cells were treated with F-DOX or
cach micellar preparation containing DOX at 1.7 pM for
12 h, and then the cells were collected for measurement of
DOX-derived fluorescence intensity by flow cytometry. As
shown in Fig. 2a, DOX encapsulated in micelles was taken
up by cells much more than its free form, 1.82, 2.01 and
1.83 times more than F-DOX for M;-DOX, M,-DOX and
M;-DOX, respectively. The intracellular DOX fluorescent
intensity of M;-DOX (128.25%2.78), My,-DOX (142.04*
0.11) and M3-DOX (129.41£2.08) had no significant dif-
ference. Next, cytotoxicity induced by DOX to MDA-MB-
231 cells was determined by MTT assay. The IC5, Values
of F-DOX, M;-DOX, M,-DOX and M3-DOX were 596.4

+125.9nM, 378.4£85.3 nM, 321.3£86.3 nM and 299.6 +
60.2 nM, respectively (Fig. 2b). This data indicated that the
concentration of DOX in three micellar preparations that
caused 50 % killing was much lower than that of F-DOX.
For three micellar preparations, the value of 1G5 slightly
decreased with the increased HSPC ratios, but no significant
difference. In general, encapsulation of DOX in PEG-PE
micelles plays an important role in the enhancement of its
cytotoxic activity while HSPC incorporation has a slight
influence.

Biodistribution of DOX Encapsulated in Micelles

Many studies have demonstrated that drugs encapsulated in
nanoparticles with different stability displays diverse behav-
iors m viwo (18,19). In order to determine PEG-PE-based
micelles with different drug retention abilities have an influ-
ence on their load biodistribution, the PEG-PE-based
micelles prepared by HSPC incorporation showed different
drug retention abilities. We then determined the
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pharmacokinetics and biodistribution of DOX encapsulated ~ 0.07 pg/ml, respectively, and approximately 1.74, 1.61 and
in these micelles As shown in Fig. 3a, at 1 h post-injection, the 1.44 times more than F-DOX. Within 12 h, three micellar
drug concentration of M;-DOX, My-DOX and M3-DOX in ~ DOX preparations showed higher serum drug concentrations
plasma was 1.34+0.07 pg/ml, 1.24+0.09 ng/ml and 1.11+ than free drug, and M;-DOX provided the highest peak
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concentration (C,,,,) values. M3-DOX displayed the lowest
serum drug concentration among three micellar preparations
of DOX. AUC)y 54 of F-DOX, M,-DOX, My-DOX and M3-
DOX was 11.42, 16.71, 15.43 and 13.73 pg-h/L, respective-
ly. M5-DOX, the formulation with the worst stability in the
presence of serum, presented minimum AUC). o, in all three
micellar DOX preparations, indicating that the stability of
micelles play an important role in the blood drug clearance.
Drug concentrations of M;-DOX, My-DOX and M3-DOX
in tumor were 1.15 1.16 and 1.29 at 12 h (Fig. 3¢), and 1.44,
1.71 and 1.78-fold at 24 h (Fig. 3d), higher than that of free
DOX respectively. These results indicate that EPR effect in
tumor besides stability plays an important role in the accumu-
lation of nanocarriers of drug. On the other hand, drug
concentrations of M;-DOX, My-DOX and M3-DOX in liver,
lung and kidney showed slight size-dependent accumulation
of DOX (Fig. 3b—d) throughout our observation times. As
shown in Fig. 3b, for F-DOX, drug concentration at 3 h in
heart and lung was 9.94+3.42 pg/g, 19.47+£4.65 pg/g, re-
spectively, which was higher than that of all micellar DOX
preparations, while in kidney was 19.8+£3.42 pg/g, higher
than that of M;-DOX and M,-DOX, and slight lower than
that of M3-DOX, indicating the potential toxicity of F-DOX
to these organs. Interestingly, M ;-DOX showed a lymph node
tropism, the increased drug concentration in lymph node was
observed throughout our experiment times, was 2.72+0.98
pg/g, 3.79+£0.59 pg/g and 4.88£0.89 png/g at 3, 12, and
24 h after injection, respectively. This data indicated that M-
DOX may have a potential to treat tumor metastasis through
lymphatic pathway.

Acute Toxicity of DOX Encapsulated in Micelles
We tested survival and toxicity in mice received a single

dose. Mice received F-DOX or each micellar DOX prepa-
ration with different dosages showed adynamia, tremor,
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piloerection, diarrhoea and loss of weight. These adverse
effects were dose-dependent for all preparations of DOX.
The adverse effects caused by micellar DOX preparations
were less than F-DOX. Diarrhoea was observed on day 2 at
the dose of 30 mg/kg in mice treated with F-DOX and
three micellar DOX preparations. The dead mouse was
associated with continuous loss of weight, adynamia, tremor
and piloerection. Peaks of death after administered 30 mg/
kg dose of F-DOX and three micellar DOX preparations
were observed on days 3—5 and 57, respectively. All mice
treated with the maximal dose of F-DOX and three micellar
DOX preparations were dead within 7 days. When the dose
decreased to 22.5 mg/kg, mortality of mice between F-
DOX and micellar DOX preparations was markedly differ-
ence. At day 7, mortality was 100 %, 30 %, 60 % and 70 %
for F-DOX, M;-DOX, My-DOX and M3-DOX, respec-
tively. Mice treated with M;-DOX showed increased life
span compared to Mp-DOX;, M3-DOX or F-DOX (Fig. 4a).
The survival curve of M;-DOX (P<0.01) was significant
difference from F-DOX. When the dose further decreased
to 16.9 mg/kg, the survival curves of mice were also mark-
edly different (P<0.01 versus F-DOX). Mortality of F-DOX,
M,;-DOX, My-DOX and M3-DOX was 80 %, 0 %, 40 %
and 60 % respectively (Fig. 4b). The results indicate that
DOX encapsulated in PEG-PE-based micelles can reduce
its systemic toxicity. The more stability of DOX in micelles
is related to the less toxicity.

On day 7, blood samples were taken from the following
groups of mice administered with 9.6 mg/kg (low dose) and
16.9 mg/kg (high dose), biochemical parameters including
alanine amiotransferase (ALT), aspartate amiotransferase
(AST), total protein (TP), albumin (ALB), creatine kinase
1soenzyme (CK-MB), lactate dehydrogenase (LDH), urea ni-
trogen (BUN) and creatine kinase were measured in the serum
as markers of organic injury. Regarding liver function, com-
pared to normal control, elevations in ALT were always
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Fig. 4 Kaplan-Meier graphs showing survival of BALB/c mice treated with a single dose of 22.5 mg/kg (a) and 16.9 mg/kg (b) of three micellar DOX

preparations or F-DOX.
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detected in each group of mice administered DOX, and were
dose-dependent. At high dose of 16.9 mg/kg, the ALT con-
centrations of mice received F-DOX, M;-DOX, M,-DOX
and M3-DOX were 48.38£9.98 IU/L, 42.89£8.27 TU/L,
39.00£7.15 TU/L and 44.89+3.92 TU/L, respectively. Al-
though F-DOX induced much more elevated ALT concen-
tration, the difference between F-DOX and micellar DOX
preparations had no statistical significance. At low dose of
9.6 mg/kg, the elevated concentration of ALT induced by
micellar DOX preparations was almost similar (Fig. 5a). Ele-
vations in AST were not observed in each group of mice
administered with DOX (data not shown). At low dose of
9.6 mg/kg, F-DOX and micellar DOX preparations did not
have an influence on the concentration of TP and ALB.
However, increasing dose to 16.9 mg/kg, F-DOX and three
micellar DOX preparations resulted in the remarkable drop
compared with normal control. The TP and ALB concentra-
tion of mice received F-DOX, M;-DOX, M,-DOX and Ms3-
DOX were 42.53+3.10 and 19.94+2.26 g/dL, 47.78£3.92
and 26.341+4.77 g/dL, 46.42+7.15 and 26.34£4.77 g/dL,
and 48.09£3.58 and 27.34+4.42 o/dL, respectively. F-DOX
caused the decrease of ALB and TP was much more than
three micellar DOX preparations. There was no difference
between three micellar DOX preparations (Fig. 5b and ¢). A
profound reduction in peripheral leukocyte count, character-
ized by marked reductions in white blood cell (WBC) and
lymphocytes (LYM) was observed on day 7 after F-DOX
administration in the dose-dependent manner, the number
of WBC and LYM were (6.2310.94)x 10” and (4.80+0.83) x
10%/L at the dose of 9.6, and (4.20+0.72)x 10? and (3.10+
0.68)x 10°/L at the dose of 16.9 mg/kg. At low dose of
9.6 mg/kg, the reduction in WBC and LYM was not observed
after three micellar DOX preparations administration. The
number of WBC treated with M;-DOX, My-DOX or Ms-
DOX at high dose of 16.9 mg/kg was (5.80+0.81)x 10%/L,
(5.4410.95)x 10?/L and (5.50%0.70)x 10?/L, respectively.
Compare with control, micellar DOX preparations adminis-
tration resulted in a marked reduction in the number of WBC,
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while less than that of F-DOX administration (Fig.6a). Ms-
DOX and M3-DOX at high dose of 16.9 mg/kg also resulted
in a marked reduction in LYM [M,-DOX: (4.16+0.52) %
107/L; M3-DOX: (4.67+0.24)x10°/L], but M;-DOX
[(6.17%0.89)x 10°/1]] did not (Fig. 6b). Platelet counts were
normal after F-DOX and micellar DOX administration (data
not shown).

Histopathology and TUNEL assay of major organs from
mice that treated with 16.9 mg/kg of F-DOX or three
micellar DOX preparations were performed. Compared
to control, there were significant histologic changes in kid-
ney in all treated groups, including homogeneous red exu-
dates in the cavity of glomerular capsule, swelling of renal
tubular epithelial cell, and erythro-stained protein casts in
some lumina of renal tubule. F-DOX treatment showed
more serious kidney lesion than that of micellar DOX
preparations. M;-DOX demonstrated mild kidney lesion
in all three micellar DOX preparations (Fig. 7a). There
were significant differences in the number of apoptotic cells
in kidney and liver between F-DOX and micellar DOX
preparations, M;-DOX showed the very slight kidney dam-
age that TUNEL-positive cells was minimum (Fig. 7b). The
degree of apoptosis in kidney further confirmed the results
of histopathologic observation. The kidney injury induced
by DOX is due to its elimination through kidney (20). The
numbers of apoptotic cells in the liver were significant
difference between F-DOX and micellar DOX preparations
(6 h), while obviously pathological changes were not ob-
served (7 d), this discrepancy may be due to the strong
recovery function of liver. Compared to other organs, pul-
monary collapse and more apoptotic cells were only ob-
served in the lungs from those mice received F-DOX,
which could relate to the high drug concentration in the
lungs (Fig. 3b). On the other hand, no significant histopath-
ological change was observed in the lungs from all animals
in these groups administrated micellar DOX preparations
(Fig. 7a). We did not find any significant histological changes
and DNA fragment in heart from all treated mice. In
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Fig. 5 Serum biochemical parameters (ALT, TP ALB) of BALB/c mice treated with each preparation at 9.5 and 16.9 mg/kg of DOX. FL, ML, M,L and M5L
are the abbreviation of F-DOX, M;-DOX, M,-DOX and M3-DOX at dose of 9.5 mg/kg, FH, M H, M,H and MsH are the abbreviation of F-DOX, M-
DOX, My-DOX and M3-DOX at dose of 16.9 mg/kg, respectively. Data represent mean = SD (n=6) from individual experiments. (a) P<0.05, (b) P<

0.01, () P<0.001 versus Control, (e) P<0.01 versus F-DOX, respectively.
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Fig. 6 Blood routine analysis
(WBC, LYM) of BALB/c mice
treated with each preparation at
9.5and 16.9 mg/kg of DOX. Data

represent mean =+ SD (n=6) from _I_
individual experiments. (a) P <
0.05, (b) P<0.01, (c) P<0.001
versus Control, (d) P<0.05, (e)
P<0.01, (f) P<0.00I

versus F-DOX, respectively.
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general, three micellar DOX preparations, M;-DOX in
particular, showed less toxicity than F-DOX. This may
due to the released DOX form M;-DOX is the least among
three micellar DOX preparations.

In Vivo Anti-tumor Metastasis

To address whether PEG-PE-based micelles encapsulating
DOX have a superior anti-tumor metastasis to F-DOX,
BALB/c mice-bearing 4T1 tumors were treated with
10 mg/kg of F-DOX or each micellar DOX preparation.
At day 28, we weighted the lungs weight and counted the
number of metastatic nodules in the lungs. Mice treated
with M;-DOX showed a few metastases (Fig. 8b and d),
which was 2-fold fewer tumor cell metastases than the mice
treated with F-DOX (Fig. 8a and c). However, the mice
treated with Mo-DOX or M3-DOX had an extensive tumor
burden in the lungs that was similar to the mice treated with
F-DOX (Fig. 8a and d). The inhibitory effect on metastasis
of M|-DOX was reflected in a statistically significant reduc-
tion in tumor weight in the lung at day 28 compared with
control (Fig. 8c). Treatment with F-DOX, M,-DOX and
M;3-DOX did not cause a statistically significant reduction
in the lung tumor burden weight compare with control. The
differences among micellar DOX preparations in their anti-
tumor metastasis ecffects mainly reflected in the different
stability of DOX in these micelles.

DISCUSSION

In this study, we have prepared PEG-PE based three micellar
DOX formulations by incorporation of HSPC: at various molar
ratios with a self-assembly procedure. HSPC incorporation not
only changed the size and shape of the micelles formed from
PEG-PE copolymers, but also decreased the ability of DOX
stable retained in PEG-PE micelles resulting in a great discrep-
ancy 1n biodistribution, toxicity and anti-tumor activity among
micellar DOX preparations.

Chemotherapeutic agents usually caused the does-
dependent severe side effects, which most directly related
to peak plasma and/or tissue concentration of each drug,

CON FL FH ML MH ML MH ML MH

such as DOX, most serious being specific cardiotoxicity (21).
To reduce exposure of normal tissues to high concentration
of chemotherapeutic agents, a successful approach is used to
decrease the rate of drug release into blood from carriers,
one of them is liposome. Only those liposomes that retain
their drug load over several hours to days can obtain a good
therapeutic effect and a lower toxicity to body. If liposomes
release their drug content at a rate that is faster than the rate
of tissue accumulation, then their therapeutic activity could
be compromised (19). However, the released drug must
reach a minimum cytotoxic concentration, thus bioavailable
drug then is able to exert its therapeutic activity. In the
current study, administration of M;-DOX yielded not only
the lowest systemic toxicity, but also the best therapeutic
activity of the preparations tested, even though M;-DOX
had the slowest rate of DOX release. This suggests that drug
is bioavailable at levels above the minimum therapeutic
dose.

Using a conventional dialysis method to measure the
release of DOX from micelles, we did not discriminate what
difference in drug release feature among three micellar
DOX preparations. Previous study in our laboratory has
demonstrated that there is a strongly electrostatic interac-
tion between DOX and PEG-PE molecules (11). Incorpo-
ration of DOTAP, a lipid with positive charge, disrupted
this interaction and markedly decreased the encapsulation
of DOX into PEG-PE micelles, while HPSC incorporation
did not influences the loading efficiency of DOX in micelles,
this might be due to the HPSC without positive charge. To
test the effect of HPSC incorporation on the interaction
between DOX and PEG-PE, the agarose gel electrophoresis
method was employed. We found that the increase of the
incorporated HSPC proportion induced more drug release
from micelles under the electric field, suggesting that the
HSPC incorporation decreases the electrostatic interaction
of doxorubicin with PEG-PE by increasing the distance
between these two molecules.

Animal experiments revealed different behaviors among
the tested four DOX preparations: F-DOX, M;-DOX, M-
DOX and M3-DOX (Fig. 3). F-DOX showed the fastest
clearance from the blood. At 3 h, F-DOX showed the highest
drug accumulation in heart and lung, suggesting its toxicity to
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<« Fig. 7 Histological changes and apoptosis of BALB/c mice treated with a
single dose of 16.9 mg/kg of three micellar DOX preparations or F-DOX.
Liver, heart, lung and kidney were harvested and subjected to H&E staining
(@) and TUNEL assay (b). x 200 in the original.

these organs are more than M;-DOX, My,-DOX and Mj;-
DOX. This result was similar to liposomal DOX, that showed
less signs of toxicity to heart and kidney is due to a lower
cumulative dose of DOX in these tissues, compared to ad-
ministration of free drug (22). DOX from the M3-DOX with a
large size and the lowest drug retention was the fastest cleared
from the blood and more accumulated in kidney among three
micellar DOX preparations. The distribution of drug in
lymph nodes was large different in all DOX preparations.
M,;-DOX showed a high accumulation in the lymph nodes
compared to other preparations, which could contribute to its
good anti-tumor metastasis activity.

We tested the toxicity of DOX u vitro and in viwo, and found
that three micellar preparation of DOX showed more toxicity
to MDA-MB-231 cells than F-DOX by improving the cellular
drug concentration (Fig. 2), while they had the low toxicity
vwo compared to F-DOX (Figs. 4-7). In comparison to F-
DOX, M,-DOX and M3-DOX, administration of M;-DOX
resulted in the delayed and reduced mortality of mice, and
protected lung and kidney injury. Which was due to the
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slowest release of drug from M;-DOX and the resistance to
the induced destroy by plasma.

In infectious hepatitis and other inflammatory conditions
affecting the liver, ALT and AST in serum are typically
much higher than their normal levels. These are specific
signs of liver damage. There are significant changes for both
liver-specific enzymes (ALT and AST) after administration
of DOX to animals (23). Our results only observed the
elevation of ALT in a dose-dependent manner but not
AST for both F-DOX and three micellar DOX prepara-
tions treatments. Micellar DOX preparations induced ALT
elevation was less than F-DOX. An increase of ALT without
significant changes in AST may be typical of liver injury
because ALT is a more liver-specific enzyme. In TUNEL
test, M;-DOX induced apoptosis was less then F-DOX and
M,-DOX and M3-DOX other two micellar preparations.
This result further confirmed that F-DOX and micellar
DOX preparations with incorporated HSPC led a stronger
liver injury due to the exposure of liver to a high drug
concentration. Recent study has demonstrated that DOX-
induced heart injury is associated with high AST concen-
tration in serum without significant changes in ALT (24).

The elevation of serum concentration of cardiac isoen-
zymes such as creatine kinase isoenzyme (CK-MB) and
lactate dehydrogenase (LDH) is well know quantitative
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Fig. 8 Anti-tumor metastatic activity of three micellar DOX preparations or F-DOX in 4T | -bearing BALB/c mice subcutaneous model. (b) P<0.01 versus

Control.
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index of compromised cell integrity, and is also considered
as an indicator of myocardial damage induced by DOX.
We examined the serum concentrations of CK-MB and
LDH from each group of mice treated with F-DOX or
three micellar preparations of DOX. In comparison to
normal control mouse, we did not observe a significant
change of CK-MB or LDH in serum. Furthermore, we
determined the histopathological changes and apoptosis in
heart tissue induced by DOX. No histopathological change
and obvious apoptosis were observed in the heart from all
animals in a single dose of 16.9 mg/kg F-DOX or three
micellar DOX preparations (Fig. 7). Taken together with
the change of AST, these findings suggest that DOX induces
an acute toxicity to other organs such as liver, kidneys and
lung rather than heart. The toxicity of DOX to heart is a
chronic and lethiferous.

As shown in this study, DOX may have chronic effects on
the kidney. Renal function in those mice administrated
DOX was fairly well preserved until the terminal of experi-
ments. Both BUN and serum creatinine on day 7 were as
the same as the controls, even at high dose of drugs. How-
ever, the renal destruction and apoptosis were observed in
all animals administrated each DOX preparation. These
findings are compatible with previous observations in rats
(25,26). The minimal changes in the kidney tissue were seen
at week 4, and vacuolation and swelling of epithelial cells
were observed at week 8. DOX encapsulated in the micelle
significantly alleviated the kidney damage compared to its
free form (Fig. 7). In contrast to animals, consistent DOX-
induced nephrotoxicity in humans is not evident. Species-
related variations in the toxicity of anthracycline have been
demonstrated in the kidney and heart (27). Unique long-
term toxic effects on kidneys have been observed only in
rats and rabbits, while effects on the heart were seen in
humans, rabbits, monkeys, and dogs (28). We also ob-
served the toxic effects of DOX on lungs in mice in this
study (Fig. 7).

There are two reasons to explain for the observed the
reduction of systemic toxicity after administration of M-
DOX: 1) DOX encapsulated in PEG-PE micelles showed
the slowest release of drug and the resistance to the induced
destroy by plasma, thus avoids the exposure of the impor-
tant organs such as heart, liver and kidney to high concen-
tration of free drug. 2) Serum albumin levels do not
decrease so much as free DOX due to less toxicity to kidney.
This may indirectly have a favorable effect on myocardial
function and structure (29).

For the preventing lung metastases, Administration of
M,-DOX demonstrated the least metastatic nodes in lung
compared to the other two preparations of DOX. A high
level of DOX both in the circulation and in the lymph nodes
was found after administration of M;-DOX, thus may con-
tribute to its enhanced anti metastatic effect.

@ Springer

CONCLUSION

DOX encapsulated in PEG-PE micelles, M;-DOX, with
narrower size distribution and greater stability, demonstrat-
ed a high cytotoxicity i vitro and a low systemic toxicity with
superior anti-tumor metastasis activity i viwo, which resulted
from the changes of pharmacokinetics and biodistribution of
DOX by stably retained in micelles.
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