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The aim of this work was to demonstrate the advantage of using paclitaxel (PTX)-loaded Pluronic P123/
F127 mixed micelles (PF-PTX) against non-small cell lung cancer (NSCLC) compared to Taxol. Modulation
of multidrug resistance (MDR) by Pluronic mixed micelles was evaluated in lung resistance protein (LRP)-
overexpressing human lung adenocarcinoma A-549 cell line. Influence of PF-PTX on in vitro cytotoxicity
was determined by MTT assay, while cellular apoptosis was detected by cell nuclei staining and Annexin
V-FITC apoptosis detection kit. Cell cycle arrest was also confirmed by flow cytometry. Additionally,
in vivo fate and antitumor efficacy of PF-PTX were extensively evaluated in comparison with Taxol. It
was demonstrated that PF-PTX had superior anti-proliferation activity against A-549 cells compared with
Taxol as measured by IC50. The enhanced anti-cancer efficacy of PF-PTX was associated with PTX-induced
apoptosis and cell arrest in the G2/M phase. Intracellular ATP depletion and decreased mitochondrial
potential caused by Pluronic copolymers were found to be related to modulation of MDR. PF-PTX also
exhibited significant advantages in pharmacokinetics and A-549 xenograft tumor model versus Taxol.
The PF-PTX formulation achieved 3.0-fold longer mean residence time in circulation, 2.2-fold larger area
under the plasma concentration–time curve than Taxol. At 28 days, tumor volume in PF-PTX group was
only 31.8% that of the Taxol. Therefore, PF-PTX significantly enhanced the anti-cancer activity of PTX and
might be considered a promising drug delivery system to overcome MDR in lung cancer.

Crown Copyright � 2010 Published by Elsevier B.V. All rights reserved.
1. Introduction

Lung cancer is the leading cause of cancer-related deaths
throughout the world, with a higher annual death rate than prostate,
colon and breast cancers combined and a dismal 5-year survival rate
of 15% [1]. Non-small cell lung cancer (NSCLC) comprises approxi-
mately 75–80% of all lung cancers. It is well known that multidrug
resistance (MDR) is a major obstacle in the chemotherapy of NSCLC.
Clinically, several resistance proteins, including P-glycoprotein
(P-gp), lung resistance protein (LRP) and multidrug resistance-asso-
ciated protein (MRP), are proved to be simultaneously involved in
MDR of NSCLC [2,3]. Take human lung adenocarcinoma A-549 cell
line for example, a high expression level of LRP was detected at
the nuclear envelope and cytoplasm in A-549 cells [4], and it was
investigated that LRP was involved in resistance to doxorubicin,
paclitaxel, vincristine and etoposide [5]. Additionally, a number of
010 Published by Elsevier B.V. All
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ATP-binding cassette (ABC) efflux pumps such as P-gp, MRP and
breast cancer resistance protein (BCRP) were also reported in A-
549 cells [6–9]. Taken together, we use A-549 cell line as a lung
MDR tumor cell model in the study for further in vitro and in vivo
investigation [10].

Paclitaxel (PTX) that works by interfering with normal microtu-
bule breakdown during cell division has been one of the most suc-
cessful anti-cancer drugs and has shown its potency against a
broad spectrum of cancers, especially against NSCLC, metastatic
breast cancer and refractory ovarian cancer [11,12]. However, be-
cause of the poor aqueous solubility and low therapeutic index of
PTX, its clinical application is extremely limited. One commercial
preparation of PTX is Taxol, a concentrated solution composed of
a 50:50 (v/v) mixture of Cremophor EL (polyoxyl 35 castor oil)
and dehydrated alcohol, which is diluted 5–20-fold in normal
saline or dextrose solution before administration. Unfortunately,
serious side effects attributable to Cremophor EL, such as hyper-
sensitivity, nephrotoxicity and neurotoxicity have been reported
[13]. To overcome the problems caused by Cremophor EL and to
improve the drug efficacy, some research work has been focused
rights reserved.
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on developing new drug delivery systems. Several new formula-
tions of PTX are in clinical trials or also marketed. Abraxane, an
injectable suspension of albumin-bound PTX nanoparticles, is
approved for use in patients with metastatic breast cancer or re-
lapse within 6 months of adjuvant chemotherapy [14]; One novel
formulation of PTX is Genexol-PM (Samyang Co., Seoul, Korea), a
form of PTX formulated with sterile, lyophilized polymeric
micelles that allow intravenous delivery of PTX without Cremo-
phor EL. Additionally, Genexol-PM has already reached Phase II
stage and appears a promising new PTX in view of significant effi-
cacies [15]. However, PTX resistance is found in more than 70% of
patients at the time of initial diagnosis and almost in all patients
upon relapse [16].

It has been reported that the common causes for MDR include
overexpression of membrane spanning ATP-dependent drug efflux
pumps from the ABC transporter family (most notably P-glycopro-
tein, P-gp), modifications in drug metabolism through glutathi-
one-S-transferase or cytochrome P450 activity, alterations in DNA
repair mechanisms and modifications in apoptotic signaling
[17,18]. For this purpose, formulation strategies, including colloidal
delivery systems such as liposomes, nanocapsules and nanoparti-
cles [19–23], polymer–drug conjugates [24,25] and polymeric mi-
celles [26,27], have been developed to potentially overcome MDR
tumors. These multi-functional nanocarriers are developed to en-
hance drug delivery and overcome MDR by either simultaneous or
sequential delivery of resistance modulators (P-gp substrates),
agents that regulate intracellular pH, agents that lower the apopto-
tic threshold (ceramide and curcumin) or in combination with
energy delivery (sound, heat and light) to enhance the effectiveness
of anti-cancer agents in refractory tumors [28]. One promising
nanomedicine-based technology is polymeric micelles, which have
been evaluated in several clinical trials as carriers for anti-cancer
drugs [29–32]. In particular, doxorubicin-loaded mixed micelles
composed of Pluronic L61 and F127 (SP1049C) have already reached
Phase III stage [33].

Moreover, recent developments indicate that selecting proper
polymer nanomaterials can implement more than one inert carrier
function by being biological response modifiers [34]. One represen-
tative of such materials is Pluronic block copolymers that are
amphiphilic synthetic polymers containing hydrophilic poly(ethyl-
ene oxide) (PEO) blocks and hydrophobic poly(propylene oxide)
(PPO) blocks arranged in triblock structure: PEO–PPO–PEO. It has
been reported to inhibit the P-gp efflux system by ATP depletion
in MDR cancer cells, as well as to reduce the glutathione/glutathi-
one-S-transferase detoxification system and to alter apoptotic sig-
nal transduction. However, very little research has investigated the
use of Pluronic polymeric micelles as both drug nanocarrier and
MDR modulator. Therefore, to combine the MDR tumor-sensitizing
properties of Pluronic copolymers with the long circulation effect
of Pluronic polymeric micelles, we previously developed PTX-
loaded Pluronic P123/F127 mixed polymeric micelles (PF-PTX)
[35]. In this study, we attempted to perform a systematic evalua-
tion of the antitumor efficacy of PF-PTX by performing intracellular
accumulation, subcellular distribution, in vitro cytotoxicity, cellu-
lar apoptosis and cell cycle assay in A-549 cells and an in vivo
study in xenograft nude mice model.
2. Materials and methods

2.1. Materials and animals

Paclitaxel was purchased from Xi’an Sanjiang Bio-Engineering
Co., Ltd. (Xi’an, China). Samples of Pluronic P123, F127 and Crem-
ophor EL were kindly supplied by BASF Ltd. (Shanghai, China).
Taxol injection (prepared according to the commercial formulation
of Taxol). 3-(4,5-dimethyl-thiazol-2-yl)-2,5-diphenyl-tetrazolium
bromide (MTT) and trinitrobenzenesulfonic acid (TNBS) were pur-
chased from Sigma (St. Louis, MO, USA). Penicillin–streptomycin,
RPMI 1640, fetal bovine serum (FBS) and 0.25% (w/v) trypsin–
0.03% (w/v) EDTA solution were purchased from Gibco BRL
(Gaithersberg, MD, USA). RNase A, propidium iodide (PI), rhoda-
mine B isothiocyanate (RITC) and Hoechst 33342 were purchased
from Sigma (St. Louis, MO, USA). Micro BCA Protein assay kit, An-
nexin V-FITC Apoptosis Detection kit, ATP assay kit, Mitochondrial
membrane potential assay kit with JC-1, MitoTracker Green and
TritonX-100 were purchased from Beyotime� Biotechnology Co.,
Ltd. (Nantong, China). Purified deionized water was prepared by
the Milli-Q plus system (Millipore Co., Billerica, MA, USA). All other
reagents and chemicals were of analytical grade and were used
without further purification.

The lung resistance protein (LRP)-overexpressing human lung
tumor cell line A-549 was obtained from the Institute of Biochem-
istry and Cell Biology, Shanghai Institutes for Biological Sciences,
Chinese Academy of Sciences (Shanghai, China). The cells were cul-
tured in RPMI 1640 medium, supplemented with 10% FBS, 100 IU/
ml penicillin and 100 lg/ml streptomycin sulfate. All the cells were
cultured in incubators maintained at 37 �C with 5% CO2 under fully
humidified conditions. All experiments were performed on cells in
the logarithmic phase of growth.

Male Sprague–Dawley (SD) rats (220 ± 20 g), Kunming strain
mice (20 ± 2 g), and male BALB/c nude mice (22 ± 2 g), supplied
by Department of Experimental Animals, Fudan University (Shang-
hai, China), were acclimated at 25 �C and 55% of humidity under
natural light/dark conditions for 1 week before dosing. All animal
experiments were carried out in accordance with guidelines eval-
uated and approved by the ethics committee of Fudan University
(Shanghai, China).

2.2. Synthesis of RITC-Pluronic P123

2.2.1. Synthesis of amino-terminated Pluronic P123
Amino-terminated P123 (P123-NH2) was synthesized by a

modified procedure as described earlier [36]. Briefly, Pluronic
P123 was purified by dissolving in acetone and precipitating into
an excess amount of cooled hexane and dried under vacuum. The
purified Pluronic P123 (5.75 g, 1 mmol) was dissolved in dry aceto-
nitrile (15 ml) and added dropwise to an excess amount of N,N0-
carbonyldiimidazole (CDI) (1.62 g, 10 mmol) in dry acetonitrile
(15 ml) at room temperature during a 2-h period under nitrogen
atmosphere. After the addition, the mixture was kept stirring for
an additional 2 h. After reaction, the mixture was treated with
0.2 mL of water for 20 min to neutralize the nonreacted CDI and
then added dropwise to 10 ml of 1,2-ethylenediamine at room
temperature in 2 h. The mixture was allowed to react overnight.
The unreacted 1,2-ethylenediamine was removed by evaporation,
and the resulting viscous oil was dialyzed for 5 days against water.
Finally, the dialyzed solution was freeze-dried to yield P123-NH2

(4.86 g, 84.5%). As shown in Fig. 1A, 1H NMR spectrum (400 MHz,
CDCl3, ppm) of P123-NH2 showed the peaks at d (ppm) = 1.02 (d,
3H � 69, –CH3 of PPO), 3.40–3.50 (m, 3H � 69, 4H � 40, –CH2CHO
of PPO and –CH2CH2O– of PEO), 2.75 (t, 2H � 2, –CH2N), 3.20 (q,
2H � 2, CNCH2–). FT-IR spectrum of P123-NH2 confirmed the pres-
ence of carbonyl groups in the polymer chain (1765 cm�1, data not
shown). Furthermore, trinitrobenzenesulfonic acid (TNBS) assay
for amino groups also confirmed that 94.02% of P123 terminals were
conjugated with amino groups.

2.2.2. Synthesis of RITC-Pluronic P123
The lyophilized P123-NH2 (0.25 g, 42 lmol) was added to

67.5 mg (126 lmol) of RITC in 10 ml DMF and stirred in a nitrogen
atmosphere at room temperature in the dark overnight. Then, the



Fig. 1. (A) The 1H NMR spectrum of P123-NH2. (B) Representation of the strategy of developing Pluronic P123/F127 mixed polymeric micelles. (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version of this article.)

W. Zhang et al. / European Journal of Pharmaceutics and Biopharmaceutics 75 (2010) 341–353 343
mixture was subsequently dialyzed (MWCO 3500) for a week
against weakly alkaline aqueous solution (pH 8.0). RITC-labeled
Pluronic P123 was obtained by freeze-drying. The conjugation per-
centage was calculated by determining the amount of RITC conju-
gated in RITC-P123. A known amount of lyophilized RITC-P123 was
dissolved in ethanol, and a UV absorbance value at 550 nm was
measured to determine the concentration of conjugated RITC. Seri-
ally diluted concentrations of RITC in ethanol were used to con-
struct a calibration curve. The conjugation percentage of RITC to
Pluronic P123 was 82.37% on a molar ratio basis.

2.3. Preparation and characterization of PF-PTX polymeric micelles

PF-PTX polymeric mixed micelles were prepared by thin-film
hydration method as described earlier [35] (Fig. 1B). Briefly, 4 mg
of PTX and 270 mg of Pluronic mixture composed of P123 and
F127 (2:1, w/w) were dissolved in 10-ml acetonitrile in a round-
bottom flask. The solvent was evaporated by rotary evaporation
at 50 �C for about 1 h to obtain a solid PTX/copolymer matrix.
Residual acetonitrile remaining in the film was removed under
vacuum overnight at room temperature. The resultant thin film
was hydrated with 4-ml water at 60 �C for 30 min to obtain a mi-
celle solution, which was then filtrated through 0.2-lm filter
membrane to remove the unincorporated PTX aggregates, followed
by lyophilization. RITC-labeled Pluronic P123/F127 mixed poly-
meric micelles (RITC-PF) were also prepared by the method de-
scribed above except that Pluronic P123 was substituted by a
mixture of 10 wt.% RITC-labeled P123 and 90 wt.% P123. The
RP-HPLC analysis of PTX in vitro was achieved on a C18 Gemini col-
umn (5 lm, 150 � 4.6 mm, Phenomenex, California, USA) with a
mobile phase consisting of acetonitrile and ammonium acetate
buffer solution (10 mM, pH 5.0) (50:45, v/v) at a flow rate of
1.0 ml/min. The effluents were monitored at 230 nm and quanti-
fied by comparing the peak areas with the standard curve.

Drug-loading coefficient (DL%) and encapsulation ratio (ER%)
were calculated by the following equations. Polymeric mixed mi-
celles were characterized on a Malvern Zetasizer Naso ZS (Malvern,
UK) and by transmission electron microscopy (TEM) on a Philips
CM 120 instrument. In order to create pseudo-sink condition, the
in vitro release behavior of PTX from PF-PTX was monitored in
PBS (pH 7.4) with 0.2% Tween-80 by dialysis method. One milliliter
of PF-PTX (containing 0.1 mg PTX) was introduced into a dialysis
bag (MWCO = 5000 Da, Greenbird Inc., Shanghai, China), and the
end-sealed dialysis bag was submerged fully into 40 ml of PBS
(pH 7.4) with 0.2% Tween-80 at 37 �C with stirring at 100 rpm
for 96 h. At appropriate time intervals (0, 1, 4, 8, 12, 24, 48, 72
and 92 h), 0.5-ml aliquots were withdrawn and replaced with an
equal volume of fresh medium. The concentration of PTX in sam-
ples was extracted with acetonitrile and determined by HPLC as
described above with correction for the volume replacement.

DL% ¼ weight of the drug in micelles
weight of the feeding polymer and drug

� 100% ð1Þ

ER% ¼ weight of the drug in micelles
weight of the feeding drug

� 100% ð2Þ
2.4. Cellular accumulation of Rhodamine-123 and PTX

Cellular uptake of Rhodamine-123 (R-123) and PTX was deter-
mined in the presence or absence of known various concentrations
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of blank Pluronic P123/F127 mixed micelles or unimers (PF) rang-
ing from 0.001% to 1%. Cyclosporine A (CsA) was used as positive
control and the inhibition concentration was 5 lM. A-549 cells
were seeded in 24-well plates at densities of approximately
1 � 105 per well and grown until they reached 90–95% confluence.
Solutions of 5 lM R-123 or 0.5 lg/ml PTX in RPMI 1640 medium
with various concentrations of PF or CsA were equilibrated for a
minimum of 1 h at 37 �C before use. The cells were washed with
ice-cold PBS (pH 7.4) twice and allowed to equilibrate in RPMI
1640 for 30 min at 37 �C. Then, the medium was removed and cells
treated with the treatment solutions. After 90 min of incubation, the
supernatant was removed, and cells were washed with ice-cold PBS
to remove all the traces of R-123 or PTX on the cell surface. In addi-
tion, in order to evaluate the kinetics of R-123 and PTX accumula-
tion, cells were exposed to solutions of the mixed micelles (0.01%)
containing 5 lM R-123 or 0.5 lg/ml PTX. At predetermined time
intervals, experiments were conducted as described above. In the
case of R-123, cells were lysed with PBS containing 1% Triton X-
100 and centrifuged at 6000g for 6 min. R-123 concentrations in
supernatants were measured using a fluorescence microplate reader
(Tecan Safire2, Switzerland). As for PTX, the sample treatment was
performed as reported earlier with minor modification [37–39].
Briefly, cells were lysed with 0.4 ml PBS containing 1% Triton X-
100. After incubation, 100 ll cell lysate was withdrawn and ex-
tracted with methanol (200 ll/sample), and the mixture was then
subjected to probe-type ultrasonic treatment (400 W, 10 cycles with
2 s active-3 s duration, JY92-II, Scientz Biotechnology Co., Ltd., Chi-
na) in ice bath for further PTX extraction. The extracts were centri-
fuged at 6000g for 6 min, and the supernatants were subjected to
HPLC analysis as described above. Cellular accumulation of R-123
and PTX was normalized with respect to total protein content. The
protein content was determined using the BCA protein assay kit in
accordance with the method specified by the manufacturer.

2.5. Determination of intracellular ATP

Cells were seeded in 12-well plates at a density of 2 � 105 per
well and incubated overnight. Various concentrations of Pluronic
empty mixed micelles or unimers (PF) in RPMI 1640 medium were
added to cells and incubated at 37 �C for 2 h. 0.01% Pluronic P85
and FBS-free RPMI 1640 were used as positive and negative con-
trols, respectively. After treatment, the cells were washed twice
with ice-cold PBS and lysed with PBS containing 1.0% Triton X-
100 at 37 �C for 30 min. Then, intracellular ATP was determined
using ATP assay kit based on luciferin/luciferase assay and normal-
ized for protein content. Light emission was measured with Ultra-
Weak Luminescence Analyzer (model BPCL, Institute of Biophysics
Academia Sinica, Beijing, China). Raw data were collected as rela-
tive light units integrated over 20 s for samples and converted to
ATP concentrations with the aid of a standard calibration curve
obtained using ATP standards.

2.6. Mitochondrial transmembrane potential measurement

Cells were seeded in 12-well plates at a density of 2 � 105 per
well and incubated overnight. Various concentrations of PF in RPMI
1640 medium were added to cells and incubated at 37 �C for 2 h.
After washing, mitochondrial transmembrane potential (DW)
was detected using the JC-1 mitochondrial membrane potential as-
say kit. To measure the mitochondrial transmembrane potential,
0.01% Pluronic P85 and FBS-free RPMI 1640 were used as positive
and negative controls, respectively. Mitochondrial transmembrane
potential (DW) was expressed as follows:

DW ¼ ðJC-1 red=greenÞtreatment=ðJC-1 red=greenÞnontreatment � 100%

ð3Þ
2.7. Subcellular localization of RITC-PF

For this study, Pluronic P123 was labeled with rhodamine B iso-
thiocyanate (RITC) as described above. A-549 cells grown on 14-
mm2 glass coverslips that were placed in 6-well plates were incu-
bated with 0.1% RITC-PF in FBS-free RPMI 1640 medium for 2 h at
37 �C followed by treatment with organelle-selective dyes. Cells
were incubated with 50 nM MitoTracker Green (30 min) and
10 lM Hoechst 33342 (10 min) to visualize mitochondria and nu-
clei, respectively. Then, the loading solution was removed, the cell
monolayers were washed three times with ice-cold PBS and exam-
ined by confocal laser scanning microscopy (Leica TCS SP2,
Germany).

2.8. In vitro cytotoxicity assay

Cells were seeded in 96-well plates at the density of 5 � 103

cells per well. After 24 h of incubation at 37 �C with 5% CO2, the
old growth medium was removed, and the cells were incubated
for 24 h, 48 h and 72 h in the media containing either PTX formu-
lations—PF-PTX and Taxol injection with various concentration or
different excipients—Pluronic P85, P123, F127, Cremophor EL and
blank mixed micelles with concentration ranging from 10 to
1000 lg/ml. Cell survival was then measured using tetrazolium
salt MTT assay. Then, 180 ll of fresh growth medium and 20 ll
of MTT (5 mg/ml) solution were added to each well. The plate
was incubated for an additional 4 h, and then 200 ll of DMSO
was added to each well to dissolve any purple formazan crystals
formed. The plates were vigorously shaken before taking measure-
ment of relative color intensity. The absorbance at 570 nm of each
well was measured by a microplate reader (Tecan Safire2,
Switzerland).

2.9. Cell apoptosis

The cell apoptosis was first detected by assessment of nuclear
morphology staining with Hoechst 33342. Briefly, A-549 cells were
seeded in 6-well plates containing a coverslip with 5 � 105 cells
per well and cultured at 37 �C for 24 h. Cells were then incubated
for another 24 h with Taxol, PF-PTX (PTX concentration of 0.1 lg/
ml) and culture medium as control. Samples were then fixed with
4% paraformaldehyde in PBS (pH 7.4) at room temperature for
15 min, stained with 10 lg/ml Hoechst 33342 in PBS at room tem-
perature for 15 min and washed twice with ice-cold PBS. Cover-
slips were mounted onto glass slide which were then examined
under the fluorescent microscope (OLYMPUS, IX 71, Japan) and
documented by photography. For the quantitative analysis of
apoptosis, cells were left untreated or were treated with Taxol or
PF-PTX for 24 h with drug (0.1 lg/ml). At the completion of treat-
ment, non-adherent and adherent cells were trypsinized, centri-
fuged at 1000g for 5 min, washed three times with ice-cold PBS
and resuspended in 200 ll of binding buffer. Thereafter, 5 ll of An-
nexin V-FITC and 10 ll of PI were added and mixed for 15 min in
the dark. The stained cells were analyzed using a flow cytometer
(FACSCalibur, BD, USA). Data analysis was performed using Cell-
Quest software (Becton Dickinson, USA).

2.10. Cell cycle analysis

A-549 cells seeded on the 6-well plates were treated with Taxol
and PF-PTX (PTX concentration of 0.1 lg/ml) at 37 �C for 4 to 24 h.
Cells treated with culture medium served as control. At various
time intervals, adherent and non-adherent cells were recovered.
Cells (1 � 106) were collected by centrifugation, washed twice with
ice-cold PBS and then fixed with 70% cold ethanol and stored at
4 �C for 24 h. Cells were centrifuged again, washed with cold PBS



Fig. 2. (A) Micelle size and size distribution and (B) TEM image of PF-PTX. (C)
Release profile of PF-PTX in PBS with 0.2% Tween-80 at 37 �C. Each point represents
mean ± SD (n = 3). (For interpretation of the references to colour in this figure
legend, the reader is referred to the web version of this article.)
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twice, incubated with RNase A (0.1 mg/ml) for 1 h at 37 �C and
stained with PI (0.1 mg/ml) for 30 min in the dark. The DNA con-
tent was measured by flow cytometry (FACSCalibur, BD, USA),
and the percentage of cells in each phase of the cell cycle was eval-
uated using the ModFit software.

2.11. Pharmacokinetic and biodistribution

Twelve Sprague–Dawley (SD) rats were randomly assigned to
two groups for pharmacokinetic investigation. Groups 1 and 2 re-
ceived an i.v. injection of Taxol or PF-PTX through the tail vein,
respectively at an equivalent dose of 6 mg/kg PTX versus the body
weight. At time points of 0 (pre-dose), 5, 15, 30 min, 1, 2, 4, 6, 8, 10,
12 and 24-h post injection, 0.5 ml of blood was collected into hep-
arinized polyethylene tubes via the femoral artery and centrifuged
at 1000g for 10 min to obtain plasma. The plasma was stored at
�70 �C prior for analysis by HPLC. To examine the biodistribution
of PF-PTX and Taxol, 80 Kunming strain mice were divided into
two groups at random and given a single 6 mg/kg dose of PTX by
the tail vein injection. At 5, 15, 30 min, 1, 2, 4, 6, 8, 10 and 12 h after
injection, four mice in one group were sacrificed by cervical dislo-
cation after drawing blood from the eyeball. Following closely, the
blood was immediately treated as described above. The organs of
heart, liver, spleen, lung and kidney were excised and thoroughly
washed with ice-cold saline, then blotted dry, weighted and stored
at �70 �C until assessed for PTX concentration by HPLC. The tissues
were homogenized in a mixed solution of acetonitrile and water
(50:50, v/v) before extraction.

Liquid–liquid extraction was performed prior to analysis.
Briefly, 200-ll samples of plasma or tissues were mixed with
3 ml of diethyl ether containing 50 ll of 1.0 lg/ml diazepam as
an internal standard. The samples were extracted on vortex-mixer
for 2 min and then centrifuged at 6000g for 10 min. Next, the or-
ganic layer was transferred to a clean tube and evaporated under
a gentle stream of nitrogen. The extraction residue was reconsti-
tuted in 100-ll acetonitrile and centrifuged at 1500g for 5 min be-
fore HPLC analysis. BAPP 2.0 (Bioavailability program package 2.0,
2002, China) was utilized to analyze the pharmacokinetic parame-
ters such as the area under the plasma concentration–time curve
(AUC), the apparent volume of distribution (Vd), total body clear-
ance (CL), elimination half-life (t1/2b) and mean residence time
(MRT) of PTX for each formulation. The Akaike’s information crite-
rion (AIC) rule was observed in the determination of the appropri-
ate compartment model.

2.12. In vivo antitumor efficacy

The therapeutic effect of PF-PTX was estimated using male
BALB/c nude mice model (5–6 weeks, 18–22 g), which was inocu-
lated subcutaneously with 5 � 106 A-549 human lung cancer cell
line. When the tumor volume reached about 50–100 mm3, mice
were randomly assigned to three groups (n = 6): group 1 for saline
solution, group 2 for Taxol injection (10 mg/kg) and group 3 for PF-
PTX (10 mg/kg), respectively. Mice were administrated injection
through the tail vein every 4 days for three times. The tumor diam-
eters were measured every other day with a vernier caliper in two
dimensions. Individual tumor volume (V) was calculated using the
formula: V = (L �W2)/2, wherein length (L) is the longest diameter
and width (W) is the shortest diameter perpendicular to length. In
addition, for safety evaluation of the control and PTX formulations,
the body weight of each mouse was determined every alternate
day. At the end of the experiment, the animals were sacrificed by
cervical dislocation, and the tumor mass was harvested, photo-
graphed and weighted. Last, the liver tissue was processed rou-
tinely into paraffin, sectioned at a thickness of 5 lm and stained
with hematoxylin and eosin (H&E) for histopathological analysis.
2.13. Statistical analysis

Statistical analysis was performed by Student’s t-test for two
groups and one-way ANOVA for multiple groups. All results were
expressed as the mean ± standard deviation (SD). A probability
(p) of less than 0.05 is considered statistically significant.

3. Results and discussion

3.1. Preparation and characterization of PF-PTX polymeric micelles

The DL% and ER% calculated by Eqs. (1) and (2) were
1.39 ± 0.04% and 95.09 ± 2.91%, respectively. The blank micelles
obtained were close to 20 nm, with an acceptably good polydisper-
sity index (PDI) between 0.09 and 0.12, and the surface charge was
�4.17 ± 0.78 mV. Upon loading with PTX, the mean diameter and
surface charge remained at 21.34 ± 1.99 nm (Fig. 2A) and
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�4.43 ± 1.17 mV, respectively. Lack of change in particle size and f
potential were indicative that the drug was distributed in the
hydrophobic micelle core rather than adsorbed to the surface of
polymeric micelles [16,40]. As seen from Fig. 2B, PF-PTX exhibited
spherical shape of moderate uniform particle size, and the particle
size measured from the TEM image was in good agreement with
that measured by the laser scattering technique. Furthermore,
the �20 nm diameter of polymeric micelles is below the pore size
of the permeable vasculature found in many solid tumors, suggest-
ing that PF-PTX should be able to selectively accumulate in solid
tumors by means of the enhanced permeability and retention
(EPR) effect. The in vitro release profile of PF-PTX shown in
Fig. 2C indicated that nearly 75% of PTX was released within 4 days.
This result showed that the micelle carrier can not only solubilize
the poorly soluble drugs, but also sustain PTX release. The release
profiles of polymeric micelles were fitted with four different model
equations, including zero kinetics, first kinetics, Higuchi and Rit-
ger–Peppas equations. The highest correlation coefficient indicated
the best-fit release kinetics. The results showed that PTX release
from PF-PTX was best fitted with the first kinetics (r = 0.9985) in
PBS (pH 7.4) with 0.2% Tween-80.

3.2. Cellular accumulation of Rhodamine-123 and PTX

To evaluate the effects of the PF on MDR transporters-mediated
efflux, the accumulation of R-123 and PTX was examined in A-549
cell line. As shown in Fig. 3A and B, following 90-min incubation,
both R-123 and PTX showed an increase in accumulation with
increasing concentrations of PF followed by a decline in their accu-
mulation. Furthermore, the accumulation was greater than or
equal to the standard P-gp inhibitor CsA over a wide range of con-
centrations of PF (0.001–0.1%). Interestingly, accumulation of R-
123 and PTX was all reached a maximum at 0.01% block polymer
concentration, which was close to the CMC value of mixed micelles
(0.0059%) [35]. In other words, the enhancement in accumulation
began below the CMC and increased up to a critical concentration
Fig. 3. Effect of blank Pluronic P123 and F127 mixed micelles or unimers (PF) on cellul
accumulation of (C) R-123 and (D) PTX in the presence of 0.01% blank mixed micelles in
near the CMC of the mixed micelles, which was also in agreement
with the previous studies reported by Batarkova et al. [41]. Addi-
tionally, the reduction in drug in accumulation at higher concen-
trations (>0.1%) of the block copolymer could be attributed to
partitioning of the drug into micelles that decreased the free drug
concentration available for uptake [42,43]. However, it was also
reported recently that above the CMC, although micellar trapping
could contribute to decreased accumulation, inhibition of P-gp
was not affected [44]. Noteworthy, it is well known that above the
CMC, the concentration of unimers remains constant with any fur-
ther increase in Pluronic copolymers resulting in the formation of
micelles that are in dynamic equilibrium with the unimers. Since
the concentration of unimers is constant above the CMC, the ability
of Pluronic micelles to modulate MDR would not be diminished at
concentrations above the CMC. Therefore, it is possible that the
PF-PTX system can result in not only passive targeting to the tumor
tissue through the enhanced permeability and retention (EPR) ef-
fect, but also modulation of drug resistance in MDR tumor cells by
Pluronic block copolymers. Additionally, the time dependence of
drug accumulation was assessed over 3 h with or without block
copolymers at peak effect concentrations (Fig. 3C and D). It was
shown that there were a large and rapid increase in R-123 and
PTX accumulation compared to R-123 and PTX alone over the first
60 min, which then increased at a slower rate within the rest time.
Furthermore, for NCI/ADR-RES cell, a breast MDR tumor cell overex-
pressed with P-gp, the R-123 and PTX accumulation situation was
found to be similar to that of A-549 (data not shown). Thus, although
whether Pluronic copolymers can modulate LRP is still not clear, the
results described above suggested that PF could effectively enhance
drug accumulation in MDR lung tumor cell line A-549.

3.3. Effects of PF on intracellular ATP and mitochondrial potential

To further understand the mechanisms by which Pluronic blank
mixed micelles or unimers (PF) inhibited MDR, intracellular ATP
and mitochondrial membrane potential (DW) levels were mea-
ar accumulation of (A) R-123 and (B) PTX at 37 �C for 90 min. The time-dependent
A-549 cells. Each point represents mean ± SD (n = 3).



Fig. 4. The effects of Pluronic blank mixed micelles or unimers (PF) on intracellular ATP level (A) and mitochondrial transmembrane potential (B) in A-549 cells.
Mitochondrial potential detection was based on the ratio of red fluorescence caused by the accumulation of JC-1 in mitochondrial and green fluorescence caused by the
accumulation of JC-1 in cytoplasm. Each point represents mean ± SD (n = 3). (C) The confocal microscopy images showing the intracellular localization of RITC-PF in A-549
cells. The cells were exposed to 0.1% of RITC-PF for 2 h, washed with PBS and stained with 100 nM MitoTracker Green. Scale bar = 10 lm. (For interpretation of the references
to colour in this figure legend, the reader is referred to the web version of this article.)
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sured after exposure to various concentrations of PF. As shown in
Fig. 4A and B, in A-549 tumor cells, it appeared that ATP and DW
levels all decreased in a concentration-dependent manner after
treatment with PF. Over all tested concentrations (0.001–1%) of
PF, ATP levels decreased from 81.52 ± 7.74% to 52.25 ± 2.15%, while
DW levels decreased from 94.26 ± 3.16% to 50.00 ± 1.91%. And the
change of 0.01% PF in ATP and DW was comparable to that of 0.01%
Pluronic P85. Compared to control group, a significant effect on en-
ergy depletion and DW was observed at 0.01% or higher concentra-
tions of PF. Furthermore, after RITC-PF treatment, most of the RITC-
PF was localized to mitochondria, as evidenced by colocalization of
red fluorescence with that from MitoTracker Green (Fig. 4C). In this
respect, indications that RITC-PF can reach and affect mitochondria
in A-549 cells become crucial, because majority of proapoptotic
stimuli including anti-cancer drugs require a mitochondrion-
dependent step that involves permeabilization of the outer mito-
chondrial membrane and the release of mitochondrial proteins
[45,46]. In addition, the loss of DW is a hallmark for apoptosis.
Apoptosis is a cellular process involving a genetically programmed
series of events leading to the death of a cell. During this process,
several key events occur in mitochondria, including loss of DW,
changes in electron transport and the release of caspase activators
such as cytochrome c. For this reason, DW is an important param-
eter of mitochondrial function and has been used as an indicator of
cell health [47]. It is also well known that mitochondria are ATP
factory in cells and also are responsible for regulating apoptosis
by releasing cytochrome c [47–49]. It appeared that there might
be some additional mechanisms for modulation of MDR in A-549
cells besides ATP depletion. Thus, the exact molecular mechanism
of action of PF needs to be further elucidated.

3.4. In vitro cytotoxicity assay

In vitro biocompatibility study of Pluronic P85, P123, F127,
Cremophor EL and empty mixed micelles was carried out using
A-549 cell line. In the concentration ranges (610 lg/ml) used in
this study, the cytotoxic effects of Pluronic F127, blank mixed
micelles and Cremophor EL were negligible, as shown in
Fig. 5A, C and E. However, it was shown that Pluronic P85,
P123 and blank mixed micelles displayed increasing cytotoxic-
ity as the concentration and incubation time increased, and this
effect might be partly due to the cytostatic action of Pluronics.
Rapoport et al. demonstrated that even 48-h incubation with
Pluronic P105 micelles did not kill the A-2780 ovarian carci-
noma cells but effectively prevented cell proliferation [50].
Additionally, it was shown by others that the cytotoxic effect
of Pluronic unimers and micelles on non-cancerous cells was
significantly lower than that on cancerous cells [50,51].
Although the growth inhibition of blank micelles against A-
549 cells was significant (35.63 ± 2.74% of cell viability) at
1 mg/ml after 72 h of incubation, Cremophor EL exhibited much
higher cytotoxicity than blank micelles at identical concentra-
tion. The viable A-549 cells after 3 days exposure with Cremo-
phor EL were 18.68 ± 1.89%. As reported previously, Cremophor
EL was significantly cytotoxic at concentration above 1 mg/ml
[52,53]. In addition, the in vitro cytotoxicity of PF-PTX was
investigated and compared with that of Taxol injection using
A-549 cells (Fig. 5B, D and F). After 24 h, the cell viability
was more inhibited by PF-PTX than by Taxol at all concentra-
tions of PTX. The IC50 values at 24 h of Taxol and PF-PTX were
5.79 ± 1.37 and 1.60 ± 0.69 lg/ml, respectively (p < 0.05). Instead
after 72-h treatment, the IC50 values of Taxol and PF-PTX de-
creased to 0.36 ± 0.17 and 0.059 ± 0.012 lg/ml, respectively
(p < 0.05). It was straightforward to understand that both incuba-
tion time and concentration played a major role in the in vitro
cytotoxicity of PTX, viz. higher drug concentration and longer
incubation time would cause lower cell viability. For longer incu-
bation, periods a larger number of cells could enter the G2/M
phase during which PTX was more active [54]. Furthermore, the
in vitro cytotoxicity studies suggested that Pluronic may act as
a chemosensitizer and potentiate cytotoxic effects of PTX in A-
549 lung MDR tumor cell, partly due to the selective energy-
depleting effects of Pluronic copolymers, which was in close
agreement with the results reported by Batrakova et al. [55].
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3.5. Cell apoptosis

To examine whether the encapsulation of PTX in mixed micelles
modifies cell apoptosis, we used the Hoechst 33342 staining meth-
od to provide evidence for the PTX-induced apoptotic cell death.
The nuclei of untreated A-549 cells showed homogenous fluores-
cence with no evidence of segmentation and fragmentation after
Hoechst 33342 staining. In contrast, segregation of the cell nuclei
into segments, indicating possible DNA condensation, became
apparent in the cells after 24 h of incubation with Taxol as pre-
sented in Fig. 6A. Nuclear integrity was, however, relatively intact
Fig. 5. Viability of A-549 cells as a function of varying concentrations of excipients (Pluro
and day 3 (E); In vitro cytotoxicy of Taxol and PF-PTX at various concentrations of PT
mean ± SD (n = 3).
in these cells. On the other hand, the cell nuclei became severely
fragmented when the cells were treated for 24 h with PF-PTX, sug-
gesting the nuclei were segmentated into dense nuclear parts and
further distributed into apoptotic bodies. To measure the apoptotic
effect of Taxol and PF-PTX quantitatively, A-549 cell apoptosis was
evaluated, and the percentage of cell apoptosis treated with Taxol
and PF-PTX was determined by flow cytometer as shown in Fig. 6B.
Annexin V is a 35–36 kDa Ca2+-dependent phospholipid-binding
protein that has a high affinity for membrane phospholipid phos-
phatidylserine, which is translocated from the inner to the outer
leaflet of the plasma membrane in cell apoptosis. PI is a standard
nic P85, P123, F127, Cremophor EL and blank mixed micelles) at day 1 (A), day 2 (C)
X against A-549 cells at day 1 (B), day 2 (D) and day 3 (F). Each point represents
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flow cytometric viability molecular probe and is used to distin-
guish viable from nonviable cells. Viable cells with intact mem-
branes exclude PI, whereas the membranes of dead and damaged
cells are permeable to PI. Thus, Annexin V-FITC staining in conjunc-
tion with PI can distinguish early apoptosis from late apoptosis or
living cells from necrotic cells. The percentage of early and late
apoptosis of Taxol-treated A-549 cells was 5.67 ± 1.89% and
13.60 ± 2.11%, respectively, while PF-PTX caused 4.90 ± 0.37% and
21.26 ± 2.73% of both early and late cell apoptosis, which was con-
sistent with the observed results of cellular nulceus staining and
in vitro cytotoxicity and indicated that PF-PTX induced more late
apoptosis due to more uptake of PTX and produced higher cytotox-
icity than Taxol. This effect may be attributed to the inhibition of
the most clinically relevant drug efflux transporters and the signif-
icant regulation of the intracellular levels of antiapoptotic and
proapoptotic genes in MDR tumor cells by Pluronic block copoly-
mers [56–59].

3.6. Cell cycle analysis

It has been reported that PTX could impair mitosis and induce
cell cycle arrest [54]. Drug-induced G2/M arrest is associated with
double-strain DNA breakage and extensive chromosome damage
[60]. Therefore, the increased G2/M phase arrest indicates cell divi-
sion inhibition and cell growth restrain [61]. In this study, Taxol
and PF-PTX were investigated to determine whether they could in-
duce the cell cycle arrest in A-549 cells. Distribution of the A-549
cells into the various phases of the cell cycle following the incuba-
tion of PTX formulations at different time points was shown in
Fig. 7. It was obvious that when A-549 cells were treated with Tax-
ol or PF-PTX with 0.1 lg/ml PTX, a reduction in the fraction of cell
in the G0/G1 and S phase, and a higher accumulation of cells in the
G2/M phase were found with increasing incubation time. As for the
Fig. 6. Induction of apoptosis on A-549 human lung cancer cells by Taxol and PF-PTX. (A)
incubation with Taxol and PF-PTX at equivalent PTX concentration (0.1 lg/ml). (B) Cell a
and PI. The cells that took up PI but did not bind Annexin V-FITC would most likely be ne
V-FITC and PI in upper right quadrant; early apoptotic cells binding Annexin V-FITC in lo
quadrant. (For interpretation of the references to colour in this figure legend, the reader
percentage of the G2/M phase, there was nearly no difference be-
tween Taxol and PF-PTX after 4-h incubation (16.62% and 19.01%,
respectively), but it obviously increased from 8 to 24 h in PF-PTX
group compared to Taxol. Quantitative analysis of the cell cycle
distribution after 24-h incubation with PTX formulations revealed
that only 11.40% of the cells were in the G2/M phase for control
cells, whereas the G2/M populations for Taxol and PF-PTX were
65.94% and 81.23%, respectively. These data may suggest that the
boosted cytotoxicity observed for PF-PTX was a result of enhanced
intracellular PTX concentration. Thus, the results demonstrated
that ATP depletion by PF played an important role in PTX-induced
apoptosis and cell arrest in the G2/M phase.

3.7. Pharmacokinetic and biodistribution

The pharmacokinetic of PF-PTX in comparison with that of Tax-
ol after i.v. administration to SD rats at the same 6 mg/kg PTX dose
was shown in Fig. 8A. We can see from this figure that the PF-PTX
formulation achieved much larger AUC and much longer half-life
compared to Taxol. The concentrations of PTX delivered by mixed
micelles were higher than Taxol during all experimental hours. The
PTX plasma concentration–time curves for both PF-PTX and Taxol
were all fitted well with the two-compartment model. The phar-
macokinetic parameters for PTX in plasma were estimated by com-
partmental method shown in Table 1. In the case of PF-PTX, the
AUC0?1 was 14505.14 lg/L/h which was 2.2 times higher than
that of Taxol. In addition, elimination half-life (t1/2b) and MRT for
the formulation of PF-PTX were 3.13-fold and 2.96-fold higher than
Taxol, respectively. In contrast, CL for PF-PTX was significantly
lower than that of Taxol implying a longer retention of the drug
in blood circulation. Although Taxol can alter the biodistribution
of PTX as a result of entrapment of the drug into the circulating
Cremophor EL micelles [62,63], the pharmacokinetic results indi-
Fluorescence micrographs at 40�magnification of A-549 cell nuclei following 24-h
poptosis analysis of A-549 cells by flow cytometry using staining of Annexin V-FITC
crotic were shown in the upper left quadrant; late apoptotic cells that bind Annexin
wer right quadrant; viable cells binding neither Annexin V-FITC nor PI in lower left
is referred to the web version of this article.)



Fig. 7. The cell cycle distribution determined by FACS analysis and expressed by
percentages. The experiment was performed in duplicate, and the values presented
here are the mean of the two replicates. (For interpretation of the references to
colour in this figure legend, the reader is referred to the web version of this article.)
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cated that the PF-PTX formulation had longer systemic circulation
time and slower plasma elimination rate than those of Taxol,
which was in good agreement with the studies reported by Han
Fig. 8. (A) Plasma concentration–time curves of PF-PTX and Taxol after i.v. administ
concentration of PF-PTX and Taxol in tissues at different times following i.v. administrati
distribution (AUC0?12 h) of PTX formulations (mean ± SD, n = 4). �p < 0.05, ��p < 0.01, comp
the reader is referred to the web version of this article.)
and Wang [64,65]. The effect of PTX-loaded Pluronic P123 or
P105 micelles all resulted in higher t1/2b (>2.3-fold) and AUC0?t

(>2.9-fold) than Taxol injection (p < 0.01). This long blood circula-
tion may be attributed to the long hydrophilic shell of mixed mi-
celles formed by PEO segments of Pluronic block copolymer that
reduce the rate of mononuclear phagocyte system (MPS) uptake
[66,67]. Therefore, these results illustrated the potential utility of
Pluronic polymeric micelles as long circulating nanocarriers for
poorly soluble anti-cancer drugs.

PTX concentrations investigated in blood and organs of heart,
liver, spleen, lung and kidney after i.v. administration of PF-PTX
and Taxol were presented in Fig. 8B. The total amount of drug accu-
mulated in each organ within 12 h (AUC0?12 h) was calculated by
trapezoidal rule, and the results were shown in Fig. 8B. The PTX
concentrations in blood changed over time demonstrated the same
trends revealed in pharmacokinetic studies. PTX was widely and
rapidly distributed into most tissues following i.v. administration
of Taxol injection. The AUC0?12 h in these tissues for Taxol group
was decreased in the following order: liver > spleen > lung > kid-
ney > heart > plasma. In contrast, the corresponding order for
PF-PTX was lung > liver > spleen > kidney > plasma > heart. The
PTX AUC0?12 h of PF-PTX was higher in plasma and lung, lower
ration to SD rats at the same 6 mg/kg PTX dose (mean ± SD, n = 6). (B) The PTX
on to KM mice at a single 6 mg/kg dose of PTX. Inset shows that comparative tissue
ared with Taxol. (For interpretation of the references to colour in this figure legend,



Table 1
Comparative pharmacokinetic parameters of PTX formulations (n = 6).

Parameters Formulations

Taxol PF-PTX

t1/2(a) (h) 0.91 ± 0.13 2.82 ± 1.71*

t1/2(b) (h) 2.64 ± 0.34 8.26 ± 5.32*

AUC0?t (lg/L/h) 6330.58 ± 1773.51 13,370.82 ± 4758.70*

AUC0?1 (lg/L/h) 6603.57 ± 1894.07 14,505.14 ± 4448.11**

MRT (h) 2.37 ± 0.65 7.02 ± 2.61**

CL (L/h/kg) 1.00 ± 0.34 0.47 ± 0.17**

Vd (L/kg) 3.72 ± 0.96 5.96 ± 5.53

* p < 0.05.
** p < 0.01, compared with Taxol.
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in liver and spleen compared to Taxol. There were significantly
different concentrations in plasma, liver, spleen and lung between
PF-PTX and Taxol (p < 0.05). Therefore, the PEO hydrophilic shell of
PF-PTX efficiently decreased the adsorption of plasma protein to
micelles, and greatly reduced the elimination by MPS and accumu-
lation in the liver and spleen. Additionally, PTX concentrations of
PF-PTX group in lung maintained a great higher level than those
of Taxol as shown in Fig. 8B. This may be due to the distribution
nature of Pluronic mixed micelles followed by a slow release of
the drug [68,69]. Furthermore, it was reported that Pluronics could
Fig. 9. (A) In vivo anti-cancer efficacy of different PTX formulations in A-549 tumor xeno
Change in body weight of animals as a function of time in subcutaneous A-549 xenograft
the time of sacrifice. (E) Liver sections isolated in the last day and stained with hematoxyl
71 fluorescence microscope using a 40� objective. �p < 0.05, ��p < 0.01, compared with T
legend, the reader is referred to the web version of this article.)
interact with the lung surfactant lipid monolayers (DPPC or choles-
terol/DPPC monolayers) through hydrophobic interaction, van der
Waals forces and hydrogen bonding effect [70], which probably in-
duced aggregation of the mixed micelles in lung. Therefore, the PF-
PTX was expected to be a potential drug delivery system of PTX for
overcoming MDR in lung cancer.
3.8. In vivo antitumor efficacy

The average tumor growth rate in close comparison with those
of the control (saline only) and the Taxol group was shown in
Fig. 9A. We can see that the antitumor efficacy of PF-PTX was supe-
rior to that of all other treatments. For example, tumor growth in
the PF-PTX group was inhibited to such an extent that, at 28 days,
tumor volume in this group was only 31.8% that of the Taxol group.
In other words, the PF-PTX formulation showed about three times
more effective than Taxol in controlling tumor growth. By consid-
ering the overall slope of all the curves in Fig. 9A, it can be con-
cluded that the PF-PTX had significant advantages over Taxol in
suppressing A-549 solid tumors. The antitumor efficacy in vivo
for PF-PTX and Taxol was consistent well with the cell experiment
in vitro. Furthermore, from ANOVA with a confidence interval of
95%, most experimental data points obtained from the PF-PTX
group after day 6 were found to be statistically significantly differ-
grafts. (B) Photographs of tumors from each treatment group excised on day 28. (C)
-bearing male nude mice. (D) The weight of tumor mass of each treatment group at
in and eosin for histopathological analysis. Images were obtained under Olympus IX
axol (mean ± SD, n = 6). (For interpretation of the references to colour in this figure
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ent from those of Taxol injection. In addition, on the day of sacri-
fice, tumor mass was excised and photographed, as presented in
Fig. 9B. The weights of excised tumor mass from the A-549 xone-
graft model after treatments were shown in Fig. 9D. The untreated
tumor weighted 1.00 ± 0.35 g, while the animals treated with Taxol
and PF-PTX had tumor weights of 0.70 ± 0.20 g and 0.21 ± 0.12 g.
Taken together, it was shown that the antitumor efficacy of PF-
PTX formulation was greatly superior to that of Taxol injection in
A-549 MDR tumor model. These results might be explained by
the increased local concentration of PTX in the tumor tissue, since
accumulation of PF-PTX in tumors was favored by their long circu-
lation time and by EPR effect. Thus, PF-PTX appeared to retain the
desirable effects of passive targeting because of the long PEO shell
and also exhibit the drastic sensitization of MDR tumors conferred
by Pluronic copolymers. Additionally, the change in body weight as
a function of time in tumor-bearing animals was used as one of the
marker of safety. As shown in Fig. 9C, the body weights of mice
treated with PF-PTX and Taxol recovered after cessation of drug
treatment. Neither complete tumor growth regression nor toxic-
ity-induced death was observed in any experimental group. There
was no serious body weight loss in mice treated with PF-PTX and
Taxol, but the size of tumors treated by PF-PTX showed continuous
reduction for 2 weeks after the i.v. injection. Furthermore, the liver
tissue histology was done to determine cellular infiltration due to
inflammatory response. There was no evidence of acute liver toxic-
ity from either PF-PTX or Taxol therapy (Fig. 9E). However, intrave-
nous administration of Taxol at the same dose of PF-PTX resulted
in development of immediate ataxia, decreased activity and en-
hanced respiration which were reversed after a few minutes. These
results implied that PF-PTX not only induced less systemic toxicity,
but also inhibited MDR tumors, probably attributed to less random
PTX release in the body while sustaining micellar integrity and the
sensitization effect of multi-functional Pluronic copolymers.

4. Conclusions

In this study, we have investigated the potential for PF-PTX to
enhance the antitumor efficacy in MDR human lung tumor cell line
A-549. PF-PTX was able to effectively enhance the in vitro cytotox-
icity and modify the cell apoptosis and cell cycle arrest compared
to Taxol. In addition, the pharmacokinetic and biodistribution
studies demonstrated that PF-PTX could significantly increase the
blood circulation time of PTX. The therapeutic improvement of
PF-PTX in vivo against MDR A-549 tumor was also obtained based
on the synergistic effect of passive tumor targeting and MDR
reversing ability of Pluronic copolymers. Taken together, PF-PTX
seems to be a potential drug delivery system of PTX for lung
MDR cancer chemotherapy.
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