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Paclitaxel (PTX) is an effective anti-cancer drug currently used to treat a wide variety of cancers. Unfor-
tunately, nonaqueous vehicle containing Cremophor� EL is associated with serious clinical side effects.
This work aimed to evaluate the ability of polymeric micelles to (i) solubilize PTX without Cremophor�

EL and to be used as a (ii) safe and (iii) effective delivery system for PTX. Hence, we developed novel self-
assembling poly(ethyleneglycol)750-block-poly(e-caprolactone-co-trimethylenecarbonate) (PEG-p-(CL-
co-TMC)) polymeric micelles which form micelles spontaneously in aqueous solution. The solubility of
PTX increased up to three orders of magnitude. The PTX-loaded micelles showed a slow release of PTX
with no burst effect. The HeLa cells viability assessed by the MTT test was lower for PTX-loaded micelles
than for Taxol� (IC50 10.6 vs. 17.6 lg/ml). When solubilized in micelles, PTX induced apoptosis compara-
ble with Taxol�. The maximum tolerated doses (MTD) of PTX-loaded micelles and Taxol� in mice were
80 mg/kg and 13.5 mg/kg, respectively, after intraperitoneal administration; and 45 mg/kg and
13.5 mg/kg, respectively, after intravenous administration. Similar anti-tumor efficacy of PTX-loaded
micelles and Taxol� was observed at the dose of 13.5 mg/kg on TLT-tumor-bearing mice, while the body
weight loss was only observed in Taxol� group. However, as higher dose was tolerated (80 mg/kg – IP), a
higher growth delay was induced with PTX-loaded micelles. These results demonstrated that PTX-loaded
self-assembling micelles present a similar anti-tumor efficacy as Taxol�, but significantly reduced the
toxicity allowing the increase in the dose for better therapeutic response.

� 2009 Elsevier B.V. All rights reserved.
1. Introduction

Polymeric micelles have been described as promising nanocar-
riers. Their hydrophobic core increases the solubility of poorly
water-soluble drugs, whereas the hydrophilic corona allows a long
circulation of the drug by preventing the interactions between the
core and the blood components [1,2]. Due to their prolonged circu-
lation time, polymeric micelles are able to accumulate at certain
biological sites characterized by vascular abnormalities, such as tu-
mors, through the enhanced permeation and retention (EPR) effect.
Endothelial cells of tumors are poorly aligned and present wide
fenestrations. Polymeric micelles, which generally have a diameter
less than 100 nm, are able to penetrate inside the tumors (en-
hanced permeation). Typically, this phenomenon is coupled with
defective lymphatic drainage which allows the polymeric micelles
to remain in the tumor (retention) [3,4].
ll rights reserved.
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Recently, novel self-assembling diblock copolymers made up of
e-caprolactone (CL), trimethylene carbonate (TMC) and mme-
PEG750 (mmePEG750-p-(CL-co-TMC)) have been shown to form mi-
celles spontaneously upon gentle mixing with water. Neither
organic solvent nor the dialysis or evaporation step is required
for the entrapment of the drug. PEG-p-(CL-co-TMC) micelles show
a high kinetic and thermodynamic stability (CMC = 20 lg/ml).
These copolymers are also biocompatible, noncytotoxic and non-
hemolytic (up to 10% w/v). They increase the solubility of poorly
soluble-water drugs by one to four orders of magnitude [5–7].

Paclitaxel (PTX) is known as one of the most effective anti-can-
cer drugs marketed today. Significant anti-tumor activity has been
demonstrated in clinical trials against a wide variety of tumors,
including ovarian carcinoma, metastatic breast cancer, head and
neck cancers and nonsmall lung cancer [8–10]. PTX has a low ther-
apeutic index and a very low aqueous solubility [11]. PTX is cur-
rently formulated (Taxol�) at the concentration of 6 mg/ml
dissolved in mixture of Cremophor� EL (polyethoxylated caster
oil) and ethanol (50:50, v/v). However, Cremophor� EL induces sig-
nificant toxicity, including hypersensitivity, nephrotoxicity and
neurotoxicity. Therefore, the current challenge is to formulate
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PTX in a nontoxic vehicle. Accordingly, a number of alternative for-
mulations were investigated for the solubilization of PTX, including
liposomes, microspheres, nanoparticles (e.g. Abraxane�) and poly-
meric micelles [12–15].

The aim of this work was to investigate whether the self-assem-
bling PEG-p-(CL-co-TMC) system can be used both to solubilize
PTX avoiding the use of Cremophor� EL and to constitute a safe
and effective delivery system for PTX. Therefore, the solubility of
PTX in the PEG-p-(CL-co-TMC) micellar solutions was determined.
The in vitro release of PTX from the micelles was assessed. The
in vitro anti-tumoral activity and the induction of apoptosis of
PTX-loaded micelles were performed using Human Cervix Epithe-
lial Carcinoma cells (HeLa). Biodistribution studies were performed
on TLT-tumor-bearing mice with C14-labelled polymers. The safety
of PTX-loaded micelles was evaluated in vivo. Finally, in vivo anti-
tumor efficacy was also investigated on TLT-tumor-bearing mice.

2. Materials and methods

2.1. Materials

PTX was purchased from Calbiochem (Darmstadt, Germany).
Taxol� was obtained from Brystol-Myers Squibb. The mme-
PEG750-p(CL-co-TMC) (50:50 M ratio) diblock copolymers were
synthesized by the Johnson and Johnson Center for Biomaterials
and Advanced technologies (Somerville, NJ, USA). Monomethyl
ether polyethylene glycol with a chain length of 750 g/mol (mme
PEG750) was purchased from Fluka (Milwaukee, WI, USA). e-Capro-
lactone (CL) was purchased from Union Carbide (Danbury, CT,
USA), and trimethylene carbonate (TMC) from Boehringer Ingel-
heim (Petersburg, VA, USA). [14C]-PEG-p(CL-co-TMC) (50:50 M
ratio) polymer was synthesized by Perkin Elmer employing e-[cap-
rolactone-2,6-14C]. HeLa (Human Cervix epithelial Carcinoma) cells
were acquired from ATCC (American Type Culture Collection,
Manassas, VA, USA). Cremophor� EL, 4,6-diamidino-2-phenylin-
dole (DAPI) and 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl tetra-
zolium bromide) (MTT) were purchased from Sigma–Aldrich
(St. Louis, MO, USA). Dulbecco’s modified Eagle’s medium (DMEM),
fetal bovine serum, trypsin–EDTA and penicillin–streptomycin
mixtures were from Gibco� BRL (Carlsbad, CA, USA). Ultra-purified
water was used throughout, and all other chemicals were of
analytical grade. Male NMRI mice were purchased from Janvier,
Genest-St. Isle, France.

2.2. Micelles formulation

2.2.1. Polymer synthesis and characterization
The copolymer was synthesized by ring-opening polymeriza-

tion as described previously [5] (Fig. 1.). Briefly, the reaction was
initiated by PEG monomethylether of 750 Da (mmePEG750) at a
molar monomer/initiator ratio of 13.3:1. e-Caprolactone or
[14C]e-caprolactone and trimethylene carbonate were added at
1:1 molar ratio. The reaction was catalyzed by stannous octoate
and was allowed to run for 24 h at 160 �C. The polymer was then
devolatilized under vacuum at 90 �C for 48–72 h. The molecular
weight and the polydispersity of the diblock polymer were
determined by gel permeation chromatography and the monomer
ratio in the polymer was determined by NMR spectroscopy.
Fig. 1. Representation of the structure of mmePEG750-p(CL-co-TMC) copolymers.
Radiolabelling of mmePEG750-p(CL-co-TMC) was generated by
replacing unlabelled e-caprolactone by e-[caprolactone-2,6-14C]
during the polymerization. The radiochemical purity of [14C]-mme-
PEG750-p(CL-co-TMC) was checked by a HPLC system equipped
with a radioactivity detector as described earlier (>97%) [16,17].

2.2.2. Preparation of PTX-loaded micelles: solubility studies
The solubility of PTX in 1%, 5% and 10% (w/v) of PEG-p(CL-co-

TMC) in water was determined. A stock solution of PTX (2.5 mg/
ml) in acetonitrile was evaporated. The liquid polymer was added
to the vial and mixed overnight at 37 �C. Water was then added
drop wise to form the micelles. The excess drug was removed by
filtration through 0.45 lm PVDF filters [5,6,18–19].

The amount of PTX solubilized was determined in triplicate by
HPLC (Agilent 1100 series, Agilent Technologies, Diegem, BE). The
mobile phase consisted of acetonitrile/water (70:30 v/v). The re-
verse phase column was a CC 125/4 Nucleod UR 100-5 C18. The
column temperature was maintained at 30 �C. The flow rate was
set at 1.0 ml/min, and the detection wavelength was 227 nm. Sam-
ple of 50 ll solution was injected. The HPLC was calibrated with
standard solutions of 5–100 lg/ml of PTX dissolved in acetonitrile
(correlation coefficient of R2 = 0.9965, LOD = 1.6 lg/ml, LOQ = 5 lg/
ml, coefficients of variation <4.3%). Micelles were dissolved in ace-
tonitrile [19,20].

2.2.3. Physicochemical characterization of PTX-loaded micelles
The particle size and f potential of the micelles were deter-

mined, respectively, by photon correlation spectroscopy (PCS)
and laser Doppler velocimetry, combined with phase analysis light
scattering (PALS) using a Zetasizer� Nano ZS (Malvern Instruments,
UK). The measurements were performed in triplicate in PBS (phos-
phate buffer solution, pH 7.4).

2.3. In vitro evaluation

2.3.1. Release of PTX from PTX-loaded micelles
The in vitro release of PTX from PEG-p(CL-co-TMC) micelles

and Taxol� was evaluated by a dialysis method. PTX-loaded mi-
celles (PTX = 1.8 mg/ml, 10% copolymers) were prepared in PBS,
and Taxol� was diluted in PBS (PTX = 1.8 mg/ml). A volume of
1.5 ml of these solutions were placed into dialysis membrane tub-
ing (Spectra/Por 7, regenerated cellulose, Spectrum Laboratories)
with a 2000 Da molecular weight cut-off and immersed into
50 ml PBS at 37 �C with stirring. Dialysis was performed for
24 h and the amount of PTX released into medium was measured
after 10 min, 1, 2, 4, 19 and 24 h. The PTX concentration in the
different samples was determined by HPLC as described in
Section 2.2.

2.3.2. Anti-tumoral activity
HeLa cells were grown in DMEM with 10% (v/v) fetal bovine ser-

um, 100 IU/ml of penicillin G sodium and 100 lg/ml of streptomy-
cin sulfate. The cells were maintained in an incubator supplied
with 5% CO2 at 37 �C.

In vitro cytotoxicity of Taxol�, PTX-loaded micelles, Cremophor�

EL and drug-free micelles was determined by the MTT assay. HeLa
cells were seeded in 96-well plates at the density of 2500 viable
cells per well and incubated for 24 h to allow cell attachment. Cells
were then incubated with the different formulations (PTX concen-
trations of 0.025, 0.25, 2.5, 12.5 and 25 lg/ml; Cremophor� EL con-
centrations corresponding to Taxol� formulation: 0.22–2.2 mg/ml
and 10% PEG-p(CL-co-TMC) copolymers) for 24, 48 and 72 h. The
supernatant of each well was removed. Wells were then washed
twice by PBS and incubated with DMEM containing MTT (5 mg/
ml) for an additional 4 h. MTT was aspirated off and DMSO was
added to dissolve the formazan crystals [21]. Absorbance was
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measured at 570 nm using a BioRad microplate reader. Untreated
cells were taken as control with 100% viability, and cells without
addition of MTT were used as blank to calibrate the spectropho-
tometer to zero absorbance. Triton X-100 1% was used as a positive
control of cytotoxicity [19,22]. The results were expressed as mean
values ± standard deviation of 5 measurements.

2.3.3. Apoptosis induced by PTX-loaded micelles
Apoptosis was identified morphologically by 4,6-diamidino-2-

phenylindole (DAPI) staining. HeLa cells were seeded in 6-well
plates containing a coverslip with 105 cells per well and cultured
at 37 �C for 24 h. Cells were then incubated for 4 h with Taxol�,
PTX-loaded micelles (PTX concentration of 25 lg/ml) or culture
medium as control. Samples were then fixed with 4% paraformal-
dehyde in PBS at room temperature for 15 min and stained with
0.2 lg/ml DAPI in PBS at room temperature for 15 min, then
washed twice with PBS and once with water. Coverslips were
mounted onto glass slides and the slides were examined using a
fluorescent microscope with a 340/380 nm excitation filter and
LP 430 nm barrier filter. Enumeration of apoptotic nuclei (about
200 cells were counted) were made on slides picked up at random
by two independent experimenters. Clusters of apoptotic bodies
were given as a single count [19].

2.4. In vivo evaluation

2.4.1. Tumor model
All experiments were performed in compliance with guidelines

set by national regulations and were approved by the ethical com-
mittee for animal care of the faculty of medicine of the Université
Catholique de Louvain. Transplantable liver tumors (TLTs) [23]
were implanted in the gastrocnemius muscle in the rear leg of
8 week-old male NMRI mice. The treatments were applied when
the tumor reached 8.0 ± 0.5 mm in diameter (approximately
7 days). This tumor model was chosen because it is a fast growing
model which presents intrinsic resistance. Indeed, when tumor
reaches 9–10 mm, tumor vasculature is totally changed and necro-
sis appears. The resultant high tumor interstitial fluid pressure is
described to constitute a barrier for efficient anti-cancer drug
delivery. It is a major cause of the unsuccessfulness of chemother-
apy. It is so a particularly interesting model to study the efficacy of
nanocarriers which are known to be less affected by this enhanced
IFP in tumors [24].

2.4.2. Biodistribution of PTX-loaded PEG-p(14C-CL-co-TMC) micelles
PTX-loaded [14C]-micelles with a volume of 200 ll was injected

through the tail vein of mice (1.5 mg/ml PTX and 100 mg/ml PEG-
p(CL-co-TMC)). Blood samples were taken via retro-orbital venous
plexus puncture from mice at 5, 20 min, 1, 4, 24 and 48 h after i.v.
administration of micelles. Three mice were used for each interval
time. The terminal half-life (t1/2b) was determined from the slope
of the terminal linear portion of the log blood concentration–time
profiles. Five mice per group were sacrificed at 24 and 48 h after i.v.
administration of PTX-loaded micelles. The organs and tissues
(heart, lung, liver, spleen, kidneys, tumor and contro-lateral mus-
cle) were removed and weighed. Tissue Solubilizer Biolute-S (Ser-
va, Germany) with a volume of 100 ll and 100 ll of hydrogen
peroxide (35%) were added to 50 ll of the blood samples or to
the tissues or organs, and these mixtures were incubated at room
temperature overnight. [16].

Ultima Gold� scintillation cocktail of 10 ml was added to these
samples before counting the radioactivity in a scintillation counter
(Packard Tricarb 2900 TR). The percent of administered dose and
the percent of administered dose per gram of wet tissue values
were calculated using the following equations:
% Administered dose ¼ Bq in tissue sample
Bq of injected micelles

� 100

% Administered dose=g tissue ¼ % Admnistered dose
Weight of wet tissue in g
2.4.3. Toxicity of PTX-loaded micelles
To determine the toxicity of PTX-loaded micelles, the maximum

tolerated dose (MTD) of PTX-loaded micelles and Taxol� adminis-
tered intraperitonealy or intravenously was investigated in mice.
To evaluate the intraperitoneal route, mice were injected once with
PTX-loaded micelles at the doses of 13.5, 30, 50, 80 and 120 mg/kg.
Taxol� was also injected intraperitonealy to mice at doses of 13.5,
30, 50 and 80 mg/kg. The intravenous route was also investigated
injecting PTX-loaded micelles at doses of 13.5, 22.5, 45 and
67 mg/kg (due to the volume needed to be injected, doses were di-
vided in three injections for 3 consecutive days). Taxol� was also
injected once intravenously to mice at doses of 13.5, 30 and
50 mg/kg. Mice were observed for 2 weeks in all groups, and the
number of surviving mice was recorded. The MTD was defined as
the allowance of a median body weight loss of 15% of the control
and causes neither death due to toxic effects nor remarkable
changes in general signs within 1 week after administration.

2.4.4. Anti-tumor efficacy of PTX-loaded micelles
The effect of PTX-loaded micelles on TLT growth was assessed

by daily measurement of the diameter of the tumors with an elec-
tronic caliper. When TLT tumors (implantation described above)
reached 8.0 ± 0.5 mm in diameter, the mice were randomly as-
signed to a treatment group. Four groups of mice (six mice per
group) were treated: group 1, PBS injection; group 2, nonloaded
micelles; group 3, Taxol� (PTX concentration of 13.5 mg/kg; di-
luted in PBS); group 4, PTX-loaded micelles (PTX dose of
13.5 mg/kg). The treatments were injected through the tail vein.
After treatment, tumors were measured daily until they reached
a diameter of 18 mm, at which time the mice were sacrificed. Body
weight was also monitored every day.

TLT-tumor-bearing mice were also treated with PTX-loaded mi-
celles at PTX doses of 30, 50 and 80 mg/kg, administered intraperi-
tonealy. Tumor diameters and body weights were also recorded
daily.

2.5. Statistics

All results are expressed as mean ± standard deviation. Two-
way ANOVA and Bonferroni post test were performed to demon-
strate statistical differences (p < 0.05); IC50 values were calculated
from a dose–response graph (not shown) with sigmoidal function
with variable Hill slope, using the software GraphPad Prism 5 for
Windows.

3. Results

3.1. Micelles formulations

3.1.1. Polymer and characterization
The chemical composition of the polymers (Fig. 1) determined

by proton NMR was in good agreement with the ratio of the
charged monomers: the CL/TMC molar ratio for mmePEG750-p-
(CL-co-TMC) was 50:50 mol/mole. The weight-averaged molecular
weights (Mws) of mmePEG750-p-(CL-co-TMC) and [14C]-mme-
PEG750-p-(CL-co-TMC) were 5242 Da (PD = 1.9) and 5188 Da
(PD = 1.6), respectively. The polymer critical micellar concentra-
tion was in the range of 20 lg/ml (0.002%; w/v) [16]. The polymers
were liquid at room temperature and formed micelles spontane-
ously in the presence of aqueous media.



Fig. 3. Cumulative PTX release from PTX-loaded micelles and Taxol�. The results
were expressed as mean values ± standard deviation of 3 measurements.
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3.1.2. Preparation and physicochemical characterization of PTX-loaded
micelles

The influence of the percentage of PEG-p(CL-co-TMC) on the
solubility of PTX is illustrated on Fig. 2. PEG-p(CL-co-TMC) in-
creased the solubility of PTX by three orders of magnitude. In the
formulations containing 10% of PEG-p(CL-co-TMC), the solubility
of PTX increased from the aqueous solubility of 1 lg/ml [11] to
1.82 ± 0.11 mg/ml. The higher the polymer concentration, the
higher the solubility. Micelles containing 10% of PEG-p(CL-co-
TMC) were chosen for the future experiments because this formu-
lation was able to solubilize therapeutic concentrations of PTX.

PEG-p(CL-co-TMC) block copolymers spontaneously formed mi-
celles [5,6]. Consistent with previous data [16], the size and f po-
tential of micelles containing 10% of PEG-p(CL-co-TMC) were
23.9 ± 0.6 nm (PDI: 0.08) and �3.1 ± 0.4 mV (width: 3.4), respec-
tively. The percentage of the polymer in the formulations and the
solubilization of PTX did not influence the size and f potential of
micelles (data not shown).

3.2. In vitro evaluation

3.2.1. Release of PTX from PTX-loaded micelles
The result of the cumulative PTX release profile from PEG-p(CL-

co-TMC) micelles at 37 �C in PBS (pH 7.4) is shown in Fig. 3. PTX
released from Taxol� was also investigated as control. Only 42%
PTX was released from the micelles in 4 h while 88% PTX was re-
leased from Taxol� during the same period. The PEG-p(CL-co-
TMC) micelles released 76% PTX during 24 h. No significant burst
release was observed as compared to Taxol�, as described by other
groups [15,25,26].

3.2.2. Anti-tumoral activity
In vitro anti-cancer activity of PTX-loaded micelles was per-

formed on HeLa cells. Cell viability was measured by the MTT assay
24, 48 and 72 h post treatment by Taxol�, Cremophor� EL, PTX-
loaded micelles and 10% PEG-p(CL-co-TMC) copolymers (Fig. 4).
The range of concentrations of PTX (0.025–25 lg/ml) corresponds
to plasma levels of the drug achievable in humans [27]. The range
of concentrations of Cremophor� EL (0.022–2.2 mg/ml) corre-
sponds to different concentrations of Taxol� tested and their rela-
tive concentrations in solution. After 24 h, the cell viability was
more inhibited by PTX-loaded micelles than by Taxol� at
12.5 lg/ml of PTX (p < 0.001) (Fig. 4A). The IC50 at 24 h of Taxol�

and PTX-loaded micelles treatments were 17.6 and 10.6 lg/ml,
respectively.

As reported previously [19,28], Cremophor� EL (2.2 and 1.1 mg/
ml) reduced cell viability to 59% and 54%, respectively, after 24 h of
Fig. 2. Solubility (mg/ml) of PTX in PEG-p(CL-co-TMC) copolymers. Each data
represents the mean ± standard deviation (n = 3).
incubation. In contrast, PEG-p(CL-co-TMC) (100 mg/ml) was not
cytotoxic (82% of cell viability).

After 48 h and 72 h of incubations, all concentrations of PTX
completely inhibited cell growth. This decrease in cell viability
measured by the MTT test could result from an inhibition of cell
growth or from cytotoxicity. Only the lowest concentration of
Cremophor� EL was not cytotoxic after 48 and 72 h of incubations,
whereas PEG-p(CL-co-TMC) copolymers did not decrease the cell
viability. For the lowest concentrations of PTX (0.025–0.25 lg/
ml), no significant difference between PTX-loaded micelles and
Taxol� was observed (data not shown).

3.2.3. Apoptosis induced by PTX-loaded micelles
DAPI staining of DNA was performed to evaluate if the solubili-

zation of PTX into polymeric micelles could maintain the apoptosis
induced by PTX. The nuclei of untreated HeLa cells showed homog-
enous fluorescence with no evidence of segmentation and frag-
mentation after DAPI staining. Exposure of the cells to Taxol�

and PTX-loaded micelles (25 lg/ml of PTX) for 4 h at 37 �C led to
segregation of the cell nuclei into segments, indicating breakdown
of the chromatin followed by DNA condensation. The percentage of
apoptotic cells induced by Taxol� (17 ± 4%) and PTX-loaded mi-
celles (15 ± 2%) was not significantly different (p > 0.05) (Fig. 5).
Similar results were observed for other PTX concentrations (2.5
and 12.5 lg/ml) and incubation time (8 h) (data not shown).

3.3. In vivo evaluation

3.3.1. Biodistribution of PTX-loaded PEG-p(14C-CL-co-TMC) micelles
The pharmacokinetics and the tissue distribution profiles of

PEG-p(14C-CL-co-TMC) micelles after intravenous administration
were evaluated in TLT-tumor-bearing mice to check if the PEG-
p(14C-CL-co-TMC) micelles could accumulate in tumors by an EPR
effect. The total radioactivity decreased in the blood with a t1/2b

of 13 ± 0.6 h. 3.6% of administered dose still remained in the blood
48 h post-injection (Fig. 6A). Blood concentrations remained at
least 48 h above the CMC.

After 24 h, PEG-p(14C-CL-co-TMC) micelles mainly accumulated
in lung, liver and spleen (8.9%, 7% and 6.6% administered dose/g,
respectively), followed by the heart and kidneys (4% and 1.2%
administered dose/g, respectively). More importantly, a significant
tumor accumulation (localized in the gastrocnemius muscle) was
observed after 24 h compared to the contro-lateral muscle (6.6%
vs. 3.4% administered dose/g) (p < 0.001). After 48 h, the accumula-
tion of PEG-p(14C-CL-co-TMC) micelles decreased in all organs and
reached 1.9% administered dose/g in the tumor (Fig. 6B).



Fig. 4. Viability of HeLa cells incubated with Taxol�, PTX-loaded micelles (PTX
concentrations 2.5, 12.5 and 25 lg/ml), Cremophor� EL (concentrations corre-
sponding to Taxol� formulation: 0.22, 1.1 and 2.2 mg/ml), and drug-free micelles
(10% copolymers) at day 1 (A), day 2 (B) and day 3 (C). Cell viability was determined
by the MTT assay as described in Section 2.5. Untreated cells were taken as a
negative control and Triton X-100 1% was used as a positive control. The results
were expressed as mean values ± standard deviation of 5 measurements of two
independent experiments. *p < 0.05, ***p < 0.001.
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3.3.2. Toxicity of PTX-loaded micelles
To examine the toxicity, mice were injected both intraperitone-

aly (IP) and intravenously (IV) with various doses of PTX-loaded
micelles and Taxol�. Firstly, after intraperitoneal injections, the
toxic response such as severe prostration, apathy and respiratory
distress were observed directly after injection for the highest dose
of Taxol� (80 mg/kg – IP); the death of mice was observed within
2 h after injection. Body weight loss, disheveled hair and apathy
were begun to be observed 1 and 2 days after injection for mice
treated by Taxol� at the doses of 30 and 50 mg/kg – IP, respec-
tively. For mice treated with PTX-loaded micelles, these symptoms
were only observed 4 days after injection for the highest dose
tested (120 mg/kg – IP). For the lowest doses of PTX-loaded mi-
celles, no change in body weight was observed. The dose–toxicity
relationship observed on day 6 is shown in Fig. 7. The increase in
the Taxol� doses induced a rapid decrease in the survival rate.
All mice died within 2 h when treated with 80 mg/kg – IP of Taxol�

while the survival rate fell to 0% for mice treated with PTX-loaded
micelles at the dose of 120 mg/kg – IP after 4 days. Interestingly, at
80 mg/kg – IP PTX-loaded micelles, the survival rate was 100%.
After intravenous injections, the death of mice was observed with-
in 2 h when treated with Taxol� (30 mg/kg – IV) while at the dose
of 13.5 mg/kg – IV, no adverse event and no body weight loss was
observed. For mice treated with PTX-loaded micelles, the death of
mice occurred from the dose of 67.5 mg/kg – IV after 3 days. Below
this concentration, no side effect and no body weight loss was
observed.

On the basis of these results, the intraperitoneal MTDs of 80 mg/
kg and 13.5 mg/kg were chosen for PTX-loaded micelles and
Taxol�, respectively, and the intravenous MTDs of 45 mg/kg and
13.5 mg/kg were chosen for PTX-loaded micelles and Taxol�,
respectively. Interestingly, the MTD of Taxol� was the same for
the intraperitoneal or the intravenous route.

Based on these results, in vivo anti-tumor efficacy studies of
PTX-loaded micelles compared to Taxol� will be performed by
the intravenous route at the PTX dose where all mice survive
(13.5 mg/kg). Other in vivo anti-tumor efficacy studies will be
assessed to evaluate intraperitoneal injections of PTX-loaded
micelles at doses until 80 mg/kg.

3.3.3. Anti-tumor efficacy
The in vivo anti-tumor efficacy of PTX-loaded micelles and

Taxol� was evaluated in TLT-tumor-bearing mice (Fig. 8). All treat-
ments were statistically different to the PBS control and nonloaded
micelles (p < 0.001). Taxol� displayed the similar tumor inhibition
rates as PTX-loaded micelles at the dose of 13.5 mg/kg. The time to
reach 18 mm (time where mice needed to be sacrificed) was
13 days for PTX-loaded micelles and 14 days for Taxol� (p < 0.05)
(Fig. 8A). However, the toxic effects (body weight loss) were only
observed in Taxol� group but not in PTX-loaded micelles group
(Fig. 8B).

Finally, we checked the hypothesis that PTX-loaded micelles
allow to administer higher doses of PTX than when formulated in
Cremophor� EL, to increase its efficacy. Hence, the in vivo anti-tu-
mor efficacy of PTX-loaded micelles at higher doses of PTX (30, 50
and 80 mg/kg) was evaluated in TLT-tumor-bearing mice (Fig. 9).
Due to the volume needed to be administered, treatments were in-
jected intraperitonealy. All treatments were statistically different
to the PBS control (p < 0.001). For mice treated with PTX-loaded
micelles (30, 50 and 80 mg/kg), the time to reach 18 mm was 11,
14 and 17 days (p < 0.001) as compared to 7 days for nontreated
mice (p < 0.001). No change in body weight was observed for mice
treated with PTX-loaded micelles for all doses tested (data not
shown).
4. Discussion

Polymeric micelles have widely been studied as drug carriers
due to their distinctive characteristics including the solubilization



Fig. 5. DAPI staining of HeLa cells after incubation for 4 h of culture medium as control, Taxol� and PTX-loaded micelles at PTX concentration of 25 lg/ml and PEG-p(CL-co-
TMC) concentration of 100 mg/ml. (A) Percentage of apoptotic cells induced by Taxol� and PTX-loaded micelles. (B) Fluorescent microscopy of apoptotic cells induced by PTX-
loaded micelles.

Fig. 6. (A) Plasma concentrations of PEG-p(14C-CL-co-TMC) micelles-related radioactivity after i.v. administration of 200 ll PTX solubilized in 10% PEG-p(CL-co-TMC) solution
(1.5 mg/ml PTX and 100 mg/ml PEG-p(14C-CL-co-TMC)) evaluated in TLT-tumor-bearing mice. Each point represents the mean ± SD (n = 3). (B) Biodistribution profiles after 24
and 48 h of PEG-p(14C-CL-co-TMC) micelles: percentage of the administered dose per gram of tissue. Each column represents the mean ± SD (n = 5).

Fig. 7. Toxicity of PTX-loaded micelles and Taxol� injected intraperitonealy or
intravenously to NMRI mice (n = 6). The survival percentage at day 6 is presented.
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of poorly water-soluble drugs, thermodynamic stability, long-cir-
culation potential and passive targeting to tumors by EPR effect [3].

In the literature, several studies describe the use of PEG-con-
taining polyesters as micellar carriers of drugs. Mainly biodegrad-
able polyesters consisting of lactide (L or DL), e-caprolactone,
glycolide or amino acids are described [26,29–33]. Compared to
most of the polyester-based polymeric micelles described in liter-
ature [34,35], the major advantage of our PEG-p(CL-co-TMC) mi-
celles is that they are self-assembling upon gentle mixing with
water and that not organic solvent neither dialysis or evaporation
step is required for the encapsulation of the drug. The solubiliza-
tion of drugs into micellar carriers described in the literature de-
pended largely on the manufacture method used. Moreover, the
toxicity of 10% polymer formulation was better than that of a
cyclodextrin formulation and of poly(ethylene oxide)-block-
poly(b-benzyl-L-aspartate) micellar system [36,37]. PEG-p(CL-co-
TMC) copolymers have shown to be biocompatible (slug test – data
not shown), noncytotoxic and nonhemolytic (up to 10% w/v) [5,6].

The aim of this work was to investigate if the self-assembling
PEG-p-(CL-co-TMC) could be used both to solubilize PTX and to
administer PTX efficiently without excipient-related toxicity. We
demonstrated that PEG-p(CL-co-TMC) micelles strongly increased
the solubility of PTX, leading to a formulation with potentially
therapeutic concentrations of PTX. We have previously shown that
PEG-p(CL-co-TMC) micelles can solubilize poorly water-soluble
drugs, owing to the high hydrophobic nature of the PCL/TMC
moiety [5,7,17].

The release of PTX from PEG-p(CL-co-TMC) micelles was
relatively slow, and no significant burst release was observed.
The release of PTX from micelles upon dilution is probably
controlled by diffusion as a result of portioning between the



Fig. 8. (A) Anti-tumor effect of PTX-loaded micelles and Taxol� on TLT-tumor-bearing mice. One week after intramuscular TLT-tumor implantation, treatments were injected
intravenously. The untreated control received PBS injection and nonloaded micelles; the treatment groups consisted of PTX-loaded PEG-p(CL-co-TMC) micelles and Taxol�

(PTX concentration 13.5 mg/kg). Each point represents the mean of tumor size ± SD (n = 6). (B) Body weight changes of the mice treated with PBS, nonloaded micelles, PTX-
loaded micelles and Taxol� (PTX concentration 13.5 mg/kg).

Fig. 9. Anti-tumor effect of PTX-loaded micelles on TLT-tumor-bearing mice. One
week after intramuscular TLT-tumor implantation, treatments were injected
intraperitonealy. The untreated control received PBS injection; the treatment
groups consisted of PTX-loaded micelles (PTX concentration 30, 50 and 80 mg/kg).
Each point represents the mean of tumor size ± SD (n = 6).
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hydrophobic core and the aqueous phase. This slow release of PTX
suggests that micelles could lead PTX into the tumors. Similar PTX
release profiles have been described in the literature [15,25,26].
The solubilization of PTX into micelles enhanced its in vitro anti-tu-
moral activity compared to Taxol�, showing a smaller IC50 than
Taxol�. PTX entrapped in PEG-p(CL-co-TMC) micelles were readily
available to interact with cancer cells, retaining its cytotoxic activ-
ity. In the case of Taxol�, a significant effect may be attributed to
the vehicle Cremophor� EL, whereas in the case of PTX-loaded mi-
celles the cytotoxicity observed was only caused by PTX. Indeed,
PEG-p(CL-co-TMC) micelles were not cytotoxic [6]. The anti-tumor
activity of PTX encapsulated in polymeric micelles is consistent
with other published data [38,39]. PTX entrapped in micelles was
also able to induce apoptosis as reported for Taxol� [40,41]. The
internalization of polymeric micelles into cells was previously re-
ported [17,42,43]. The cellular uptake of the radiolabelled PEG-
p(CL-co-TMC) copolymers was concentration dependent (data not
shown). Mathot et al. showed previously that unimers passively
diffused across enterocytes while PEG-p(CL-co-TMC) micelles uti-
lized fluid-phase pinocytosis for translocation [17]. Similar concen-
tration and time dependence was observed previously [44].
Corresponding with the anti-tumoral activity studies, HeLa cells
viability was almost completely inhibited after 24 h while a high
cellular uptake was achieved.

After intravenous injection, the blood clearance of radiolabelled
PEG-p(14C-CL-co-TMC) micelles (t1/2b) was 13 h, consistent with
their t1/2b in rats [16] but slightly higher than most polymeric
micelles described in literature [34,35]. It was shown previously
that PEG-p(14C-CL-co-TMC) micelles were not extensively taken
up by the RES as compared to nanoparticles or other polymeric mi-
celles. PEG chains diminish opsonization of proteins, which activate
clearance by the RES by steric hindrance and other mechanisms
[45,46]. PEG-p(14C-CL-co-TMC) micelles extravasated from the cir-
culation and were largely retained into the tumor tissue, probably
as a result of their small size, suggesting that PTX accumulate in
the tumor via the EPR effect. The predominant factor for effective
tumor accumulation is the small size of polymeric micelles [47].
PTX-loaded PEG-p(CL-co-TMC) micelles could constitute a long
delivery system that facilitates accumulation of the drug in tumors
by the enhanced permeation and retention (EPR) effect.

Dose-limiting toxicities by PTX may be related to PTX itself or to
the vehicle required to formulate the drug, Cremophor� EL. This
excipient is clearly responsible of a lot of serious side effects such
as hypersensitivity reaction and neuropathy. Cremophor� EL may
positively participate to the cytotoxic effect of PTX. Indeed, it
was shown that Cremophor� EL induces a cell cycle block and an
efflux pump inhibition independent from PTX. However, it was
not demonstrated whether the plasma concentration of Cremo-
phor� EL after Taxol� infusion is relevant in solid tumors [48,49].
Therefore, effective chemotherapy without toxicity using PTX is
relying on the development of new delivery systems. Toxicity stud-
ies revealed that the highest dose tested administrable intraperito-
nealy to mice (100% survival rate) was 13.5 mg/kg Taxol�, while
this dose was largely enhanced to 80 mg/kg for PTX-loaded mi-
celles. After intravenous injections, the highest dose administrable
was the same for Taxol (13.5 mg/kg) and 45 mg/kg for PTX-loaded
micelles. The absence of Cremophor� EL and the safety and bio-
compatibility of PEG-p(CL-co-TMC) copolymers in micelles formu-
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lations lead to the drastically reduced toxicity associated to PTX-
loaded micelles as compared to Taxol. In the literature, comparable
MTDs of Taxol� and PTX-loaded micellar formulation have been
described [33,34].

Based on MTDs determined from toxicity studies, in vivo anti-
tumoral activity of PTX-loaded micelles was assessed both by the
intravenous and by the intraperitoneal routes on TLT-tumor-bear-
ing mice. After intravenous injections at the same dose of PTX
(13.5 mg/kg), PTX-loaded micelles exhibited equal anti-tumor
activity on TLT tumor than Taxol�. Nevertheless, mice treated with
Taxol� presented a serious body weight loss while no toxic effect
was observed in the group of mice treated by PTX-loaded micelles.
Interestingly, the tumor growth of mice treated with PBS and non-
loaded micelles was similar, confirming that PEG-p(CL-co-TMC)
copolymers were not cytotoxic in vivo. The decreased toxicity of
PTX-loaded micelles allows the administration of higher dose of
PTX to mice. Hence, mice were treated with PTX-loaded micelles
at PTX doses of 30, 50 and 80 mg/kg by intraperitoneal injections.
At 80 mg/kg PTX, tumors presented a complete growth inhibition
during 8 days (tumor diameter <9 mm). For lower doses tested,
only a growth delay was observed. Because of intraperitoneal
injections, these results cannot be correlated to those obtained
with mice treated with PTX-loaded micelles injected by the intra-
venous route. Nevertheless, these results indicate that the
enhancement of dose induced a better tumor growth inhibition.
We clearly demonstrated that PEG-p(CL-co-TMC) copolymers, used
as vehicle for PTX, combined reduction in toxicity and improve-
ment of anti-tumor efficacy.

5. Conclusions

In conclusion, in comparison to existing diblock copolymers
which form polymeric micelles, PEG-p(CL-co-TMC) copolymers
have the following advantages: (i) they easily form micelles spon-
taneously in water (no dialysis or organic solvent are needed to
produce micelles), (ii) their CMC is very low which allowing them
to maintain their micellar form upon dilution in blood, (iii) they
enhance the solubility of PTX by three orders of magnitude, (iv)
they are not cytotoxic in vitro as compared to Cremophor� EL, (v)
they present a low blood clearance, a relatively weak capture by
the RES, and they accumulate by the EPR effect in tumors, (vi) they
allow the administration in vivo of PTX without excipient-related
toxicity as compared to Taxol�, and (vii) finally, in vivo, PTX-loaded
micelles allow the enhancement of doses of PTX as compared to
Taxol� for better therapeutic efficacy.
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