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ABSTRACT: A new paclitaxel (Ptx) prodrug was designed by
coupling a single terpene unit (MIP) to the hydroxyl group in
position 2′ of the drug molecule. Using a squalene derivative of
polyethylene glycol (SQ-PEG) as surface active agent, the resulting
bioconjugate (PtxMIP) self-assembled in water leading to the
formation of stable nanoparticles (PtxMIP_SQ-PEG NPs) with an
impressively high drug loading (82%). In vivo, the anticancer
activity of this novel Ptx nanoassembled prodrug was compared to
the conventional Cremophor-containing formulation (Taxol) on a
murine model of breast cancer lung metastasis induced by
intravenous injection of 4T1 tumor cells, genetically modified to
stably express firefly luciferase. Cell growth was assessed
noninvasively by bioluminescence imaging (BLI) which enabled
monitoring tumor metastatic burden in the same animals.
PtxMIP_SQ-PEG nanoparticles slowed metastatic spread and were better tolerated than the Cremophor-containing formulation
(i.e., free drug), thus demonstrating the potential of terpene-based nanoassembled prodrugs in the improvement of the
therapeutic index of Ptx in balb/c mice.

■ INTRODUCTION

Paclitaxel (Ptx) is a naturally occurring diterpene alkaloid
originally isolated in the 1960s from the bark of the Pacific Yew
tree (Taxus brevifolia).1 Ptx is a unique antimitotic agent able to
promote assembly of tubulin into extraordinary stable micro-
tubules, which are resistant to depolymerization. On the basis
of this action, it causes arrest of the cell cycle in the late G2/M
phase,2,3 which is the main mechanism of its toxicity. Although
the therapeutic potential of Ptx as anticancer agent is important
(action in the nanomolar range), its widespread use is
compromised by limited water solubility (<3 μg.mL−1)4 and
the absence of functional groups which would enable salt
formation. The currently clinically used formulation (Taxol)
consists of a Ptx emulsion in a mixture of Cremophor EL
(polyoxyl 35 castor oil) and absolute ethanol (50/50 v/v), then
diluted, prior to intravenous administration, with saline or 5%
dextrose solution5 which, however, shows short-term physical
stability and tends to precipitate. In addition, several studies
demonstrated that the use of this nonionic solubilizer and
emulsifier is associated with the insurgency of several side
effects such as hypersensitivity reactions, hematological toxicity,
peripheral neurotoxicity and neuropathy.5−7 Despite the
premedication with corticosteroids and antihistamines,8,9

adverse reactions are often observed in 1−3% of patients.10

Furthermore, it has been reported that the formation of
Cremophor micelles, which sequestrate the Ptx, reduces the
free fraction of the drug and may hamper tissue penetra-
tion.11−13

Several attempts have been made with the aim to develop a
suitable alternative to the oil/ethanol vehicle enabling intra-
venous administration of therapeutic doses of Ptx, while
overcoming the toxicity issues related to the use of Cremophor.
Thus, Ptx has been formulated in a large variety of nanoscaled
colloidal carriers including emulsions,14 liposomes,15,16 mi-
celles,17−20 nanoparticles (NPs),21−25 and dendrimers.26,27

Some of these new formulations are marketed or in clinical
trials. For instance, albumin-bound Ptx nanoparticles (Abrax-
ane) demonstrated better pharmacokinetics profiles and higher
therapeutic efficacy compared to Taxol, and was approved by
FDA in 2005 for the treatment of metastatic breast cancer after
failure of combination chemotherapy.28,29 Another formulation,
Genexol-PM, which consists of Ptx-loaded polymeric micelles,
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is currently in phase II clinical study and has already exhibited
promising results.30 Nevertheless, due to the low drug loading
and the problems associated with the potential initially high
rate of drug release from these colloidal formulations (that is,
the burst release), the prodrug approach has been proposed as a
valuable strategy to design water-soluble derivatives and to
achieve improvements over the conventional formulation.
Several prodrugs have been synthetized by covalent conjugation
of various molecules to the hydroxyl group in position C7 or
C2′ of Ptx. Position C2′ is widely used for derivatization due to
the critical role of this hydroxyl group for the microtubule
assembly activity. Prodrugs in which this position is engaged in
covalent modifications are thus inactive, due to loss of the
tubulin polymerization activity, and require in vivo hydrolysis to
release the active molecule.31−36 Water-soluble Ptx prodrugs
have been created by coupling small molecules such as amino
acids,37 carboxylic acid,31,38 sulfonate,39 phosphate,40,41 or sugar
derivatives.42,43 In order to achieve a controlled drug delivery to
the site of action, macromolecular prodrugs in which the Ptx is
linked to polysaccharides,44,45 peptides,46−51 polymers,52−54

and lipids55−61 have also been developed. Ptx derivatives
selectively targeted to the tumor tissues were designed as
well.62 Among the fatty acid derivatives, the docosahexaenoic-
acid-Ptx prodrug (DHA-Ptx, Taxoprexin) reached phase III
clinical trials for the treatment of metastatic malignant
melanoma.63 However, although it enabled increase of the
maximum tolerated dose compared to Taxol, this DHA-Ptx
formulation still contains 10% of Cremophor which, therefore,
might give rise to some toxicity issues.64,65

In this context, in order to design a novel Cremophor-free
Ptx formulation, we have previously conjugated Ptx to squalene
(SQ), a natural triterpene, which has allowed to obtain
nanoassemblies66−68 but with a dramatically lower anticancer
activity compared to the free drug.69 An improved cytotoxic
activity and an increased therapeutic index were, nevertheless,
achieved after the introduction of a dienic spacer between the
Ptx and the SQ molecule.70 In the recent past, using
gemcitabine as model drug, other isoprenoid-based prodrug
nanoparticles have been designed by using for conjugation
terpene molecules with a lower number of isoprene units
compared to squalene,71 or by growing polyisoprene chains
from the anticancer drug molecule.72 The remarkable results
obtained in vivo on pancreatic adenocarcinoma bearing mice
have clearly demonstrated the versatility of the “terpenoylation”
approach.
In the current study, we designed a novel isoprenoyl

nanoassembled prodrug for Ptx delivery. Bioconjugates were
prepared by coupling Ptx to a single isoprene unit and their
conanoprecipitation with polyethylene glycol conjugated to
squalene (SQ-PEG) allowed the construction of nanoparticles
with impressively high drug loading.
The anticancer activity of these paclitaxel-monoisoprenoyl

(PtxMIP_SQ-PEG) nanoparticles was tested in vitro on various
cancer cell lines and in vivo on a mouse model of breast cancer
lung metastasis, obtained by intravenous injection of luciferase-
expressing 4T1 cells in balb/c mice. Tumor progression was
sensitively monitored in real time by noninvasive bio-
luminescence imaging (BLI).

■ EXPERIMENTAL SECTION
Paclitaxel was purchased from Sequoia Research Product Ltd.
(UK). 2-Methyl-3-buten-2-ol, dicyclohexylcarbodiimide
(DCC), trimethyl orthoacetate, and 3-[4,5-dimethylthiazol-2-

yl]-3,5-diphenyl tetrazolium bromide (MTT) were purchased
from Sigma-Aldrich Chemical Co., France. Chemicals obtained
from commercial suppliers were used without further
purification. Purity of tested compound was determined by
elemental analysis to be >95% pure. IR spectra were obtained
as solid or neat liquid on a Fourier Transform Bruker Vector 22
spectrometer. Only significant absorptions are listed. Optical
rotations were measured on a Perkin-Elmer 241 Polarimeter at
589 nm. The 1H and 13C NMR spectra were recorded on
Bruker Avance 300 (300 and 75 MHz, for 1H and 13C,
respectively) or Bruker Avance 400 (400 and 100 MHz, for 1H
and 13C, respectively) spectrometers. Recognition of methyl,
methylene, methine, and quaternary carbon nuclei in 13C NMR
spectra rests on the J-modulated spin−echo sequence. Mass
spectra were recorded on a Bruker Esquire-LC spectrometer.
High-resolution mass spectra (ESI) were recorded on a ESI/
TOF (LCT, Waters) LC-spectrometer. Elemental analyses
were performed by the Service de microanalyse, Centre
d’Etudes Pharmaceutiques, Chat̂enay-Malabry, France, with a
Perkin-Elmer 2400 analyzer. The sizes of the obtained
nanoassemblies were measured using a Malvern particle size
analyzer (Zetasizer). Analytical thin-layer chromatography was
performed on Merck silica gel 60F254 glass precoated plates
(0.25 mm layer). Column chromatography was performed on
Merck silica gel 60 (230−400 mesh ASTM). CH2Cl2 was
distilled from calcium hydride, under a nitrogen atmosphere.
All reactions involving air- or water-sensitive compounds were
routinely conducted in glassware which was flame-dried under a
positive pressure of nitrogen.

Synthesis of 5-Methyl-hex-4-enoic Acid (3). A mixture
of 2-methyl-3-buten-2-ol (20.5 g, 0.23 mol) and 1 mL of
propionic acid in trimethyl orthoacetate (200 mL) was heated
at 140 °C during 4 h. The reaction mixture was slowly added
into an ice-cooled 1 N HCl solution (300 mL) and the mixture
was extracted with ethyl acetate (3 × 100 mL). The combined
organic layers were washed with aqueous sodium bicarbonate,
then brine, dried over MgSO4, and concentrated under reduced
pressure to leave an oil which was distilled under reduced
pressure (bp 75−80 °C, 15 mmHg) to afford 5-methyl-hex-4-
enoic acid methyl ester (24.2 g, 65%) as a colorless oil. A
solution of the above ester (20.0 g, 0.14 mol) in methanol (150
mL) was treated with 3 N NaOH (50 mL) and the resulting
mixture was stirred at reflux for 1 h. The mixture was
concentrated under reduced pressure and the residue was
acidified with 6 N HCl to pH 2. The resulting mixture was
extracted with ether. The organic layer was dried over MgSO4,
and the solvent was removed to leave a yellow oil 3 which was
distilled under reduced pressure (bp 120−125 °C, 15 mmHg)
to provide the acid 3 (15.2 g, 85%) as a colorless oil.73 1H
NMR (300 MHz, CDCl3) δ 10.5−8.5 (broad, 1H, OH), 5.15−
5.08 (m, 1H, (CH3)2CCH), 2.50−2.25 (m, 4H,
CH2CH2CO2H), 1.70 (s, 3H, (CH3)2CCH), 1.63 (s, 3H,
(CH3)2CCH); 13C NMR (75 MHz, CDCl3) δ: 179.8 (C,
CO2H), 133.4 (C, (CH3)2CCH), 122.1 (CH, (CH3)2C
CH), 34.2 (CH2, CH2CO2H), 25.6 (CH3, (CH3)2CCH),
23.3 (CH2, CH2CH2CO2H), 17.6 (CH3, CH3)2CCH).

Synthesis of Paclitaxel Conjugate (2, PtxMIP). To a
solution of Paclitaxel (1) (761 mg, 0.89 mmol) in dry CH2Cl2
(10 mL) were sequentially added at 0 °C acid 3 (120 mg, 0.93
mmol), DMAP (109 mg, 0.89 mmol), and DCC (550 mg, 2.67
mmol). The reaction mixture was stirred at 0 °C for 3 h and
then 2 h at room temperature. The mixture was filtered, and the
solid washed with CH2Cl2. The filtrate was concentrated under
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reduced pressure and the residue was purified by column
chromatography on silica gel eluting with AcOEt/petroleum
ether, 1:2, to give a white solid. Recrystallization in diethyl
ether at −20 °C yielded conjugate 2 a white fluffy solid (537
mg, 62%). (Scheme 1). Mp: 146−150 °C (Et2O). [α]D

21 =
−1.7 (c = 1.5, CHCl3); IR (neat): ν = 3500−3100, 3000−2900,
1744, 1724, 1714, 1638, 1538, 1451, 1375, 1270, 1240, 1177,
1143, 1110, 1070, 1049, 1026, 982, 904, 710, 701; 1H NMR
(400 MHz, CDCl3). Applying conventional taxoid numbering
δ: 8.14 (d, J = 7.1 Hz, 2H, PhCO2), 7.73 (d, J = 7.1 Hz, 2H,
PhCONH), 7.61 (t, J = 7.1 Hz, 1H, PhCO2), 7.55−7.46 (m,
3H, CH-ar), 7.45−7.31 (m, 7H, CH-ar), 6.89 (d, J = 9.3 Hz,
1H, NH), 6.30 (s, 1H, H-10), 6.26 (t, J = 8.4 Hz, 1H, H-13),
5.96 (dd, J = 9.3 Hz, J = 3.2 Hz, 1H, H-3′), 5.68 (d, J = 6.9 Hz,
1H, H-2), 5.52 (d, J = 3.2 Hz, 1H, H-2′), 5.01 (td, J = 7.0 Hz, J
= 1.3 Hz, 1H, (CH3)2CCH), 4.98 (dd, J = 9.9 Hz, J = 1.7 Hz,
1H, H-5), 4.45 (dd, J = 9.0 Hz, J = 7.9 Hz, 1H, H-7), 4.32 (d, J
= 8.4 Hz, 1H, H-20), 4.20 (d, J = 8.4 Hz, 1H, H-20), 3.82 (d, J
= 6.9 Hz, 1H, H-3), 2.59 (1 H, s, OH), 2.60−2.10 (m, 6H, 1H-
14, 1H-6, CHCH2CH2CO2Ptx), 2.45 (s, 3H, CH3CO2), 2.24
(s, 3H, CH3CO2), 1.94 (s, 3H, H-18), 1.95−1.83 (m, 1H, H-6),
1.68 (s, 3H, H-19), 1.66 (s, 3H, CHC(CH3)2), 1.59 (s, 3H,
CHC(CH3)2), 1.26 (s, 3H, H-16), 1.13 (s, 3H, H-17); 13C
NMR (100 MHz, CDCl3) δ: 203.9 (C, C-9), 172.3 (C,
PtxO2CCH2CH2CH), 171.2 (C, CH3CO2), 169.8 (C,
CH3CO2), 168.1 (C, C-1′), 167.1 (2C, PhCONH, PhCO2),
142.8 (C, C-12), 137.0 (C, C-ar), 133.8 (C, C-ar), 133.7 (CH,
CH-ar), 133.6 (C, (CH3)2CCH), 132.8 (C, C-11), 132.0
(CH, CH-ar), 130.2 (2CH, CH-ar), 129.2 (C, C-ar), 129.0
(2CH, 2CH-ar), 128.7 (4CH, CH-ar), 128.4 (CH, CH-ar),
127.1 (2CH, CH-ar), 126.5 (2CH, CH-ar), 121.7 (CH,
(CH3)2CCH), 84.5 (CH, C-5), 81.1 (C, C-4), 79.2 (C, C-
1), 76.5 (CH2, C-20), 75.6 (CH, C-10), 75.1 (CH, C-2), 73.8
(CH, C-2′), 72.1 (CH, C-7), 71.7 (CH, C-13), 58.5 (C, C-8),
52.8 (CH, C-3′), 45.6 (CH, C-3), 43.2 (C, C-15), 35.6 (CH2,
C-6 or C-14), 35.5 (CH2, C-6 or C-14), 33.9 (CH2,
CH2CH2CO2Ptx), 26.8 (CH3, C-16), 25.6 (CH3, (CH3)2C
CH), 23.3 (CH2, CH2CH2CO2Ptx), 22.7 (CH3, CH3CO2), 22.5
(CH3), 22.1 (CH3, C-17), 20.8 (CH3, CH3CO2), 17.7 (CH3,
(CH3)2CCH), 14.8 (CH3, C-18), 9.6 (CH3, C-19); HRMS
(+ESI) m/z calc for C54H61NO15Na [M+Na]+ 986.3933, found
986.3959; Anal. Calcd for C54H61NO15.2H2O, C 64.85, H 6.55,
N 1.40; found, C 65.05, H 6.40, N 1.42. The synthesis of
squalene coupled to polyethylene glycol (SQ-PEG, Trisnors-
qualene-MePEG) has been achieved in 60% yield, as previously
reported,74 by alkylation of the sodium alkoxide of MePEG
(MW 2000) with 1,1′,2-trisnorsqualenyl methanesulfonate.
Preparation of and Characterization of the Mono-

isoprenoyl Paclitaxel Nanoparticles (PtxMIP_SQ-PEG
NPs). Four mg of compound 2 (PtxMIP) mixed with 320 μg
of SQ-PEG (8%, w/w) were dissolved in ethanol (500 μL).
The resulting solution was added dropwise under stirring (1000

rpm) into 1 mL of Milli-Q water. Formation of NPs occurred
immediately. Ethanol was then evaporated at 30 °C in vacuo
using a Rotavapor (Buchi Sarl, France) and the organic solvent-
free colloidal dispersions of monoisoprenoyl Ptx nanoparticles
(final concentration 4 mg.mL−1) were stored at 4 °C. The NP
diameter (Dz) was measured by dynamic light scattering (DLS)
with a Nano ZS from Malvern (173° scattering angle) at 25 °C.
The NP surface charge was investigated by ζ-potential
measurement at 25 °C after dilution with 1 mM NaCl solution
applying the Smoluchowski equation and using the same
apparatus. Measurements were carried out in triplicate.
The surface (S) available for each PEG chain at the

nanoparticle surface (also called ρPEG) is described by S =
(6MnPEG)/ (dNA fρ), with d the nanoparticle mean diameter,
NA the Avogadro number (6.022 × 1023 mol−1), MnPEG the
number-average molar mass of PEG, f the PEG weight fraction
in the PtxMIP/SQ-PEG blend, and ρ the density of the
nanoparticles (1.3 g.cm−3). PEG distance represents the spatial
gap between each PEG chain at the surface, calculated as √S.
The morphology of the monoisoprenoyl Ptx nanoparticles

was examined by transmission electron microscopy (TEM) and
cryogenic transmission electron microscopy (Cryo-TEM). For
TEM imaging, 5 μL of NP dispersion at 4 mg.mL−1 was
deposed on Formvar-Carbon coated grids (400 mesh). After 5
min at room temperature, the excess of volume was eliminated
and the grids were observed with a JEOL 1400 120 kV electron
microscope operating at 80 kV at a nominal magnification of
5000 to 40000. For negative staining, nanoparticles were
stained with a 1% phosphotungstic acid solution filtered on
0.22 μm. Digital images were directly recorded on a CCD
postcolumn high resolution (11 MegaPixel) high speed camera
(SC1000 Orius, Gatan Inc.) using Digital Micrograph image
acquisition and processing software (Gatan Inc.).
For Cryo-TEM observation, 5 μL of NP dispersion at 4

mg.mL−1 was deposited on a Lacey Formvar/carbon 300 mesh
copper microscopy grid (Ted Pella). Most of the drop was
removed with a blotting filter paper and the residual thin films
remaining within the holes were vitrified after immersion in
liquid ethane. The specimen was then transferred using liquid
nitrogen to a cryo-specimen holder and observed using a JEOL
FEG-2010 electron microscope.
Drug loading (expressed in %) was determined by using the

following relationship: (weight Ptx) × 100/ (weight PtxMIP +
weight SQ-PEG).

Colloidal and Chemical Stability of Monoisoprenoyl
Paclitaxel Nanoparticles. The colloidal stability of
PtxMIP_SQ-PEG NPs was investigated by measuring the
nanoparticle mean diameter over a period of 21 days.
PtxMIP_SQ-PEG NPs were diluted at a concentration of 0.4
mg.mL−1 with (i) water; (ii) cell culture medium (Dulbecco
Modified Eagle’s Medium (DMEM, Lonza, France)) supple-
mented with 10% of fetal bovine serum (FBS); (iii) sodium

Scheme 1. Synthesis of Prodrug 2
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acetate buffer 0.1 M (pH 4.5); (iv) sodium phosphate buffer 0.1
M (pH 7.4); or (v) sodium borate buffer 0.1 M (pH 9.1); and
incubated at room temperature and at 37 °C.
The chemical stability of the paclitaxel−monoisoprenoyl

conjugate was investigated in the presence of serum. Practically,
PtxMIP_SQ-PEG NPs were incubated in human serum (Sigma
Aldrich, France) (final concentration 0.4 mg.mL−1) at 37 °C
with gentle shaking. At various time points, aliquots (80 μL)
were withdrawn and 5 μg of the internal standard (that is,
freshly prepared N-octylbenzamide) was added to each sample.
After addition of 820 μL of acetonitrile, aliquots were
centrifuged (500g, 10 min, 4 °C). 20 μL of water was then
added to 200 μL of supernatant and the released drug was
quantified by HPLC analysis (Waters, Milford, MA 01757,
USA). In order to avoid hydrolysis during sample workup, all
sampled were stored at −20 °C until analysis. Briefly, the
chromatographic system consisted of a Waters 1525 Binary LC
pump, a Waters 2707 Autosampler, a Symmetry C18 column
(5 μm, 39 × 150 mm, Waters), HPLC column temperature
controllers (model 7950 column heater and chiller; Jones
Chromatography, Lakewood, CO), and a Waters 2998
programmable photodiode-array detector. The HPLC column
was maintained at 35 °C. Detection was monitored at 227 nm.
The HPLC mobile phase was acetonitrile/water (55/45 v/v).
Elution was carried out at a flow rate of 1 mL.min−1 isocratically
for 7 min followed by a 20 min linear gradient to 95%
acetonitrile. This was followed by a 8 min hold at 95%
acetonitrile and a 2 min linear gradient back to acetonitrile/
water (55/45 v/v). The system was held at acetonitrile/water
(55/45 v/v) for 10 min for equilibration back to initial
conditions.
Cell Culture. Human pancreatic carcinoma cell line

MiaPaCa-2, lung carcinoma cell line A549, and breast
adenocarcinoma cell line MCF7 were obtained from the
American Type Culture Collection and maintained as
recommended. Briefly, A549 cells were maintained in Roswell
Park Memorial Institute medium (RPMI 1640 Lonza, France)
supplemented with 10% FBS (Lonza, France). MiaPaCa-2 cells
were grown in DMEM supplemented with 10% heat-
inactivated (56 °C, 30 min) FBS and 2.5% heat-inactivated
horse serum (Gibco, France). MCF7 cells were cultured in a
mixture of DMEM/Ham’s F12 (1:1) supplemented with 10%
heat-inactivated FBS.
Luciferase-expressing murine breast adenocarcinoma cell line

(4T1-luc2) was obtained from PerkinElmer (Roissy, France)
and maintained in RPMI Glutamax medium (Gibco, France),
supplemented with 20% D-glucose, 10 mM HEPES buffer, 1
mM sodium pyruvate, and 0.15% sodium bicarbonate (Gibco,
France). All media were further supplemented with 50 U.mL−1

penicillin and 50 U.mL−1 streptomycin (Lonza, France). Cells
were maintained in a humid atmosphere at 37 °C with 5% CO2.
Cytotoxicity Studies. The cytotoxicity of monoisoprenoyl

Ptx NPs and Ptx was investigated by MTT [3-(4,5-
dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium bromide] viabil-
ity test on MiaPaCa-2, A549 and MCF7 cell lines. Briefly, 3000
cells per well were incubated in 100 μL of complete culture
medium in 96-well plates for 24 h. The cells were then exposed
to a series of concentrations of NPs or free Ptx for 72 h. At the
end of the incubation period 20 μL of a 5 mg.mL−1 MTT
(Sigma Aldrich, Germany) solution in phosphate buffered
saline was added to each well. Two h incubation later, the
culture medium was gently aspirated and replaced by 200 μL of
dimethylsulfoxide (ACS grade, BioBasic Inc., France) in order

to dissolve the formazan crystals. The absorbance of the
solubilized dye was measured spectrophotometrically with a
microplate reader (LAB Systems Original Multiscan MS,
Finland) at 570 nm. The percentage of viable cells in each
well was calculated as the absorbance ratio between treated and
untreated control cells. The inhibitory concentration 50%
(IC50) of the treatments was determined from the dose−
response curve. All experiments were set up in triplicate to
determine means and SDs.

In Vivo Study. Four to six week old female balb/c mice
were purchased from Harlan Laboratory (France). All animals
were housed in appropriate animal care facilities during the
experimental period, in isolated ventilated racks with free access
to food and water, and were handled according to the principles
of laboratory animal care and legislation in force in France. The
systemic toxicity of the PtxMIP_SQ-PEG NPs was first
investigated on healthy mice, comparatively to paclitaxel by
determining the maximum tolerated dose (MTD) after
repeated intravenous injection. The MTD was estimated
based on the threshold at which all animals survived with a
body weight loss less than 10%. Practically, animals received
five intravenous injections on days 0, 1, 2, 3, and 4 in the lateral
tail vein (10 μL.g−1 of body weight). Six groups of balb/c mice
received monoisoprenoyl paclitaxel NPs at a paclitaxel
equivalent dose of 5, 10, 15, 20, 25, or 30 mg.kg−1; and six
groups of balb/c mice received paclitaxel at a dose of 5, 10, 15,
20, 25, or 30 mg.kg−1. Paclitaxel solution was prepared by
dissolving 6 mg of Ptx in 1 mL of Cremophor EL/dehydrated
ethanol mixture (50/50 v/v), further diluted to 1.5 mg.mL−1

with 5% dextrose solution before administration (i.e.,
corresponding to the formulation and administration con-
ditions of Taxol). The body weight change and physical status
of mice were monitored for a period of 29 days.
The antitumor efficacy of PtxMIP_SQ-PEG NPs and

paclitaxel was further evaluated at equitoxic doses (i.e.,
MTD). Practically, 200 μL of the 4T1-luc cell suspension,
equivalent to 1.5 × 105 cells, was injected intravenously in the
lateral vein, to obtain a breast cancer lung metastasis model.
Three days after injection of 4T1-luc cells, mice were
randomized according to bioluminescence intensity in the
lungs and assigned into 3 groups of 12 mice each and all groups
received five intravenous injections on days 0, 1, 2, 3, and 4 in
the lateral vein with (i) PtxMIP_SQ-PEG NPs at paclitaxel
equivalent dose of 25 mg.kg−1, (ii) paclitaxel at dose of 15
mg.kg−1, or (iii) 5% dextrose control solution. The injected
volume was 10 μL.g−1 of body weight. The mice were
monitored regularly for changes in weight and health status.
Mice were humanely sacrificed 48 h after the last treatment. Ex-
vivo pictures of excised lung were taken with a digital
photocamera.

Bioluminescence Imaging. BLI was performed before the
first treatment and then every two days (day 0, 2, 4 and 6)
using the IVIS-Lumina-II imaging system (PerkinElmer, Roissy,
France). Mice were injected intraperitoneally with luciferin
potassium salt (Promega, France) at a dose of 100 mg.kg−1 and
imaged after 6 min. Animals under gaseous anesthesia (2%
vaporized isofluorane) were placed inside the dark box of a high
sensitivity charge coupled device camera cooled to −90 °C.
Acquisition settings (binning and duration) were set up
depending upon tumor activity. Signal intensity was quantified
as the sum of all photons detected from both the ventral and
dorsal positions within a manually drawn region of interest.
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Emitted light was measured using the Living Image software
(PerkinElmer, Roissy, France).

■ RESULTS AND DISCUSSION
Compound 2 was simply prepared by acylation of Paclitaxel (1)
with 5-methyl-hex-4-enoic acid (3) using DCC/DMAP as

coupling agent taking into account the difference in reaction
rates between the PTX 2′- and 7-OH groups.31 Under these
conditions only a minute amount of 2′,7-diacylated products
was observed and the product was easily purified by column
chromatography. Interestingly the use of EDCI/DMAP was
found less selective giving a significant amount of 2′,7-
diacylated material.
Nanoparticles (NPs) were prepared by co-nanoprecipitation

in water of an ethanolic solution of the resulting bioconjugate 2
mixed with SQ-PEG, followed by ethanol evaporation under
vacuum. The obtained milky dispersion (4 mg.mL−1) contained
NPs with a mean diameter of 190−210 nm and a narrow
particle size distribution (0.08 ± 0.03) (Figure 1a). NPs were
found to be negatively charged with a mean ζ-potential value of
around −15 mV. The isoprenoyl Ptx NPs showed an
impressively high drug loading (82%), while conventional

colloidal formulations of Ptx rarely achieved drug payloads
higher than a few percent. In addition, formulated NPs showed
physical stability for an extended period of time at 4 °C (up to
six months). On the contrary, when nanoprecipitation was
performed using the free drug instead of the bioconjugate, Ptx
immediately precipitated in the aqueous phase forming typical
needle crystals. These results highlight the crucial contribution
of just a single isoprene moiety to the physicochemical behavior
of the bioconjugate. PtxMIP_SQ-PEG NPs were highly stable
also at room temperature as well as at 37 °C, with no significant
variation of their mean diameter both at different pH values
(i.e., pH 4.5 and pH 9.1) and in a cell culture medium, over a
period of 21 days. A lower stability was, however, observed at
pH 7.4, which caused size increase and larger particle size
distribution but only after 21 days at room temperature and
after 24 h at 37 °C (Figure S1, S2). Size of nanoparticles was
confirmed by transmission electron microscopy (TEM) (Figure
1b) and cryo-transmission electron microscopy (Cryo-TEM)
(Figure 1c), which revealed spherical-shaped structures, with
mean diameters and size-distribution in good agreement with
the dynamic light scattering. According to the particle size and
the PEG content, it was possible to calculate that the surface
area available for each PEG chain at the surface of the NPs was

Figure 1. Dynamic light scattering (DLS) data giving the average diameter in intensity (a); transmission electron microscopy (TEM) (b); and
cryogenic transmission electron microscopy (Cryo-TEM) (c) of PtxMIP_SQ-PEG NPs. Scale bars: 500 nm (b) and 100 nm (c).

Table 1. Anticancer Activity of PtxMIP_SQ-PEG
Nanoparticles and Ptx after 72 h Incubation (Expressed as
IC50 ± SD in nM)a

cell line PtxMIP_SQ-PEG NPs Ptx

MCF7 238 ± 31 25 ± 3
A549 187 ± 17 16 ± 1
Mia PaCa-2 85 ± 5 8 ± 1

aDetermined by cell viability assay (MTT test).

Figure 2. Images of the tail of representative mice after 5 consecutive
injections of PtxMIP_SQ-PEG NPs (a) and free Ptx at 25 mg.kg−1

(b).

Figure 3. Tumor progression monitored by BLI as a function of time
following intravenous administration of PtxMIP_SQ-PEG NPs (green
- -●- -, 25 mg.kg−1 Ptx equivalent dose), Ptx (red - -●- -, 15 mg.kg−1),
and control 5% dextrose solution (--Δ--). Values represent means ±
SEM, n = 12, for each group. Red arrows indicate the injection days.
Statistical difference between PtxMIP_SQ-PEG NPs and Ptx-treated
groups (Student’s t-test with Bonferroni correction for multiple
comparisons) is marked by * (p < 0.05).
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of 1.23 nm2, which corresponded to a distance of 1.11 nm
between two neighboring PEG chains. In agreement with the

literature,75 a value below 2.2 nm is expected to enhance NPs
stability in the blood compartment and prevent the adsorption
of plasma proteins on their surface, thus prolonging NPs blood
circulation time, due to reduction of macrophage uptake.76,77

Incubation of PtxMIP_SQ-PEG NPs in human serum resulted
in a very low release of free Ptx. After 72 h of incubation at 37
°C, approximately 1.3% of the total paclitaxel content was
released (Figure S3). Despite these in vitro data and because it
is well documented that esterification at C-2′ OH of paclitaxel
results in a loss of microtubule protein assembly activity,
leading to an inactive conjugate that requires hydrolysis back to
paclitaxel to be active,31−34,36 it is suggested that paclitaxel
should, however, be released in vivo to allow the cytotoxic
activity of PtxMIP_SQ-PEG NPs to be exerted, as previously
reported also by other groups,35,60,61,78 The more aggressive in
vivo intracellular enzymatic content, comparatively to serum,
the possible inhibition in vitro of serum enzymes after 72 h
incubation as well as the fact that the in vitro release experiment
was performed over a shorter period compared to the length of
the in vivo efficacy experiment, may account for a more
important release of paclitaxel in in vivo conditions.
The cytotoxic activity of monoisoprenoyl Ptx nanoparticles

(PtxMIP_SQ-PEG NPs) was assessed in vitro on three human
cancer cell lines (i.e., hormone-dependent breast adenocarci-
noma cells (MCF 7), lung adenocarcinoma cells (A549), and
pancreatic adenocarcinoma cells (MIA PACA-2)), using free
Ptx as a control. Half maximal inhibitory concentration (IC50)

Figure 4. Ex vivo exemplificative pictures of excised lung and bioluminescent images of mice treated with the PtxMIP_SQ-PEG NPs (a), free Ptx
(b), and control 5% dextrose solution (c). Metastasis can be identified as white spots (see arrows).

Figure 5. Relative body weight change as a function of time following
intravenous administration of PtxMIP_SQ-PEG NPs (green - -●- -, 25
mg.kg−1 Ptx equivalent dose), Ptx (red - -●- -, 15 mg.kg−1), and
control 5% dextrose solution (--Δ--). Values represent means ± SEM,
n = 12, for each group. Red arrows indicate the injection days.
Statistical difference between PtxMIP_SQ-PEG NPs and Ptx-treated
groups (Student’s t-test with Bonferroni correction for multiple
comparisons) is marked by ** (p < 0.02).
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values are reported in Table 1. As expected, owing to their
prodrug nature, PtxMIP_SQ-PEG nanoparticles showed lower
cytotoxicity (around 10-fold) compared to the free drug, which
was active in the nanomolar range. Noteworthy is that the
cytotoxic activity of PtxMIP_SQ-PEG NPs was significantly
increased compared to the Ptx-SQ NPs, which showed IC50
values of 1750, 2700, and 450 nM in MCF7, A549, and
MiaPACA-2 cells, respectively.70 This highlights that a short
isoprene chain may provide the Ptx prodrug with an improved
activity on these cancer cells, maintaining the ability to self-
assemble as nanoparticles.
According to the approved use of paclitaxel as a first line

treatment in woman with advanced breast cancer,79 the
antitumor activity of the PtxMIP_SQ-PEG NPs was then
assessed in vivo in a murine model of lung metastatic mammary
carcinoma in balb/c mice. The 4T1 breast cells, which derived
from a spontaneously arising balb/c mammary tumor,80 were
injected intravenously to mice in order to develop a lung
mestastatic model of stage IV breast cancer.81,82 In this study,
4T1 cells which stably integrated the luciferase gene were used
in order to allow noninvasive quantitative monitoring of tumor
progression by bioluminescence imaging (BLI) during the
whole experiment period.
In a preliminary experiment, the systemic toxicity of both Ptx

free and PtxMIP_SQ-PEG NPs was determined in healthy
mice by measuring the maximum tolerated dose (MTD, i.e., the
threshold at which all animals survived with a body weight loss
less than 10%). MTD was found to be 25 mg.kg−1 (equiv Ptx)
for PtxMIP_SQ-PEG NPs and 15 mg.kg−1 for free Ptx.
Moreover, after 5 intravenous injections of PtxMIP_SQ-PEG
NPs at 25 mg.kg−1 (equiv Ptx), no visible tissue irritation could
be observed at the injection site (Figure 2a), whereas
hypersensitivity reaction, with clear necrosis of soft tissues,
ulceration, edema, and erythema, was observed in the group
treated with free Ptx formulation containing Cremophor
(Figure 2b). According to those toxicity investigations, the
treatment of the tumor-bearing animals was further performed
at the MTD value (i.e., 25 mg.kg−1 (equiv Ptx) for
PtxMIP_SQ-PEG NPs and 15 mg.kg−1 for free Ptx
formulation).
According to the rapid 4T1 cells growth, the first

bioluminescence investigation was performed three days after
cell injection (lung bioluminescence signal was measured in
100% of mice). Immediately afterward, according to the in vivo
bioluminescence intensity, mice were randomized into treat-
ment and control groups, and received the first treatment (d =
0). Bioluminescence imaging was then performed every two
days (day 0, 2, 4, and 6). Mice received a total of 5 intravenous
injections at MTD (corresponding to a cumulative dose of 125
mg.kg−1 (equiv Ptx) of PtxMIP_SQ-PEG NPs and 75 mg.kg−1

of Ptx free drug).
After 5 days treatment, BLI analysis showed a significant

reduction of the lung intensity (corresponding to the metastatic
dissemination rate) in mice treated with PtxMIP_SQ-PEG
NPs, as compared to free drug or control (i.e., 5% dextrose)-
receiving groups (Figure 3). Bioluminescent imaging pictures
and ex vivo photographic images of excised lungs confirmed the
slower formation of metastatic nodules in mice treated with the
prodrug formulation (Figure 4). Still, complete inhibition of the
metastatic spread was not observed. According to body weight
change, it was observed that monoisoprenoyl Ptx NPs, even at
higher dose (MTD 25 mg.kg−1 vs 15 mg.kg−1 for the free drug),
were better tolerated than the conventional Ptx formulation.

Indeed, although a decrease of the body weight was observed in
both groups during the treatment period, mice treated with
PtxMIP_SqPEG NPs had already recovered initial weight 48 h
after the last injection, which was not the case with free Ptx
(Figure 5).

■ CONCLUSIONS
The chemical linkage of a single isoprene unit to paclitaxel was
found to enable, in the presence of SQ-PEG, the self-assembly
of the resulting paclitaxel−isoprene conjugate as nanoparticles
decorated with polyethylene glycol and carrying an impressively
high drug payload. This formulation was better tolerated than
the conventional Ptx Cremophor-containing formulation, thus
allowing administration of higher doses. In addition, the
prodrug nanoformulation slowed the metastatic burden in the
lungs and showed a higher safety compared to the free drug. In
a nutshell, the single addition of a monoisoprenoyl unit to
paclitaxel allowed design of a novel promising nanoassembled
prodrug which opens the way for further pharmacological
studies.
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■ NOTE ADDED AFTER ASAP PUBLICATION
This paper was published on the Web on October 17, 2013,
with two errors in the first paragraph of the In Vivo Study
section. The corrected version was reposted on October 22,
2013.
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