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Poly(ethylene oxideplockpoly(styrene oxide) (PE®-PSO) and PE@-poly(butylene oxide) (PE®-PBO) of

different chain lengths were synthesized and characterized for their self-assembling properties in water by dynamic/
static light scattering, spectrofluorimetry, and transmission electron microscopy. The resulting polymeric micelles
were evaluated for their ability to solubilize and protect the anticancer drug docetaxel (DCTX) from degradation.
The drug release kinetics as well as the cytotoxicity of the loaded micelles were assessed in vitro. All polymers
formed micelles with a highly viscous core at low critical association concentratie@® (ng/L). Micelle
morphology depended on the nature of the hydrophobic block, with PBO- and PSO-based micelles yielding
monodisperse spherical and cylindrical nanosized aggregates, respectively. The maximum solubilization capacity
for DCTX ranged from 0.7 to 4.2% and was the highest for PSO micelles exhibiting the longest hydrophobic
segment. Despite their high affinity for DCTX, PEB®PSO micelles were not able to efficiently protect DCTX
against hydrolysis under accelerated stability testing conditions. Only?EBO bearing 24 BO units afforded
significant protection against degradation. In vitro, DCTX was released slower from the latter micelles, but all
formulations possessed a similar cytotoxic effect against PC-3 prostate cancer cells. These data suggest that PEO-
b-P(SO/BO) micelles could be used as alternatives to conventional surfactants for the solubilization of taxanes.

1. Introduction hydrophobic blocks form the micelle core and the hydrophilic
segments make up the corona. The hydrophobic core serves as
Docetaxel (DCTX) is an anticancer drug that displays a broad a reservoir for poorly water-soluble drugs, while the hydro-
spectrum of antitumor activity. It is currently approved for the philic shell interacts with the biological milieu and can alter
treatment of advanced breast cancer, which remains a majorthe pharmacokinetics and biodistribution of the incorporated
cause of morbidity and mortality in women worldwidié. drug?’

Fur.thermore, it .has bgen used with success in patients with Among the different amphiphilic block copolymers that have
various tumors, including adyanced non-small-cell I_u_ng cancer peen evaluated for drug delivery applications, diblock copoly-
and ovarian cancer. Due to its poor aqueous solubility, DCTX mers of poly(ethylene oxide) (PEO) and poly(butylene oxide)
is currently formulated in polysorbate 80 (Taxotere). This (pBO) or poly(styrene oxide) (PSO) are of particular interest.
formulation is devoid of water because DCTX degrades over These polymers can self-assemble at low concentrations into
time in protic solvents. The polysorbate 80 formulation is  mjcelles of various shapes, depending on relative block lengths,
known to cause severe allergic reactions and peripheral neur-concentration, and temperatdfe?! Their hydrophobic seg-
opathy?# Early clinical studies of Taxotere revealed that the ments exhibit low glass transition temperatures (ca°@j
incidence of hypersensitivity reactions ranged from 5 to 40%.  4jj0wing for the incorporation of drugs at temperatures that are
Moreover, after dilution with the hydroalcoholic vehicle pro- compatible with thermolabile ager#&2 Although PSO- and
vided, the Taxotere formulation is physically unstable and must pgo-pased copolymer micelles have been characterized in
be administered to the patient within 8 h. several studie¥ 2 their role as solubilizers has been reported

To overcome the disadvantages of the current formulation only for the antifungal drug griseofulvin, which is of low clinical
and to increase the therapeutic index of DCTX, various colloidal sjgnificance as it is currently administered orally in a micronized
drug carriers, such as emulsidriposomes’, and nanoparticles, form.22.24

are currently being investigated. L"‘e.W'SG' block cppolymer The aim of this project was to characterize the self-assembling
micelles have recently attracted considerable attention for theproperties of short PE®-PBOs and PE®-PSOs and assess
delivery of taxane$*? In aqueous media, amphlphlllc block . their ability to dissolve and chemically protect DCTX. The
copolymers can spontaneou_sly s_elf-assemble INt0 NANOSCOPIGy e cylar weight of the PEO segment was fixed at 2000, while
core-shell-type structures having d_|fferent molrgpholog|e_s (Spheres, ihe nature and length of the hydrophobic block were varied.
small rods, worm-like geometries, eté?)!® wherein the  rpo micelles were analyzed by light scattering, transmission
electron microscopy (TEM), and fluorescence spectroscopy. The
64;g°':;"xr_‘°(’;‘12;3g§35%%%9Ecrenasi?OS‘éianC ;‘r?s%%iseel‘_’érzﬂggdm(gnlt‘r‘ga?‘ég'effect of micellar solubilization on the aqueous stability of
PRt _ e i : ~“DCTX was examined by high-performance liquid chromatog-
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E Advanceﬁ Polymer Materials, Inc. raphy (HPLC). In agdmon, drug release and cytotoxicity were
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Solubilization of DCTX in PEO-b-PBO/PSO Micelles
2. Materials

Methoxy-PEO and BO were purchased from Fluka via Sigma-
Aldrich (Oakville, ON, Canada). Pyrene, SO, polysorbate 80, and
3-[4,5-dimethylthiaolyl]-2,5-diphenyl-tetrazolium bromide (MTT) were
procured from Sigma-Aldrich. DCTX was kindly provided by the
Shanghai Fudan Taxusal New Technology Co. (Shanghai, Chf@a).
labeled DCTX (60 mCi/mmol) was obtained from American Radio-
labeled Chemicals, Inc. (St. Louis, MO). 1,3-bis-(1-pyrenyl)propane,
RPMI medium, penicillin G, and streptomycin were obtained from
Invitrogen Canada Co. (Burlington, ON, Canada). Two hundred-mesh
copper grids, poly(L-lysine), and uranyl acetate for TEM sample
preparation came from Canemco & Marivac, Inc. (Montreal, QC,
Canada). Franz diffusion cells and membrane filters were purchase
from Cole Parmer (Vernon Hills, IL) and Avestin (Ottawa, ON,
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3.1.2. Determination of the Critical Association Concentration
(CAC).The apparent CAC of the polymers was estimated by a
steady-state pyrene fluorescence metifdoased on shifts of
the third excitation band of pyrene from 333 to 336 and 339
nm due to its incorporation into the hydrophobic cores of PEO-
b-PBO and PE-PSO micelles, respectively. Serial dilutions
of stock solutions of different copolymers were prepared to
contain 2x 1077 M of pyrene and stirred overnight in the dark.
Their excitation spectra were recorded at room temperature in
an Aminco Bowman Series 2 luminescence spectrometer
(Spectronic Instruments, Inc., Rochester, NYji&t= 390 nm
(bandpass—= 2 nm). The CAC was determined from the

dintersection of two straight lines (the horizontal line with an

almost constant value of the rafligzsorzzdl 33z and the vertical

Canada), respectively. PC-3 prostate cancer cells were purchased fromin® With & steady increase in the ratio value) on the graph of

American Type Culture Collection (Manassas, VA). Fetal bovine serum
was purchased from Hyclone (Logan, UT). Ultima Gold was obtained
from Perkin-Elmer (Woodbridge, ON, Canada). Deionized water was
generated by a Millipore Milli-Q system (Bedford, MA).

3. Methods

3.1. Characterization of Unloaded Polymeric Micelles.
3.1.1. Synthesis and Characterization of PolymEf;s—SOys,
EO45—SOi5, EOy5—B0O24, and EQs—BO;5 (subscripts denote
number-average block lengths in repeat units) diblock copoly-
mers were prepared by sequential oxyanionic polymerization,
as described elsewhetfeMethoxy-PEO with a number-average
molecular weight ) of 2000 was partly converted to its
potassium salt to initiate BO and SO polymerization. The
monomers were dried over Caind were vacuum-transferred
to ampoules containing activated PEO. The polymerization
temperature was set at 80. Weight-average molecular weight
(My) and M, were determined at 28C using a Waters gel

the fluorescence intensity ratigssorsadl 33z versus log polymer
concentration. Experiments were performed in triplicate.

3.1.3. Measurement of Core Viscosily3-Bis-(1-pyrenyl)-
propane, a hydrophobic probe similar to pyrene, diffuses from
an aqueous phase to the hydrophobic core of micelles. Given
that the extent of excimer formation depends on the viscosity
of the surrounding environment, the ratio of the excimer to
monomer intensityl¢/l,) at 376 and 480 nm can be exploited
to measure effective micelle core viscosity. 1,3-Bis-(1-pyrenyl)-
propane was dissolved in 5 mL of chloroform to give a final
concentration of 2« 107 M. The solvent was then evaporated
and replaced by 5 mL of aqueous polymer solutions at
concentrations above the CAC (0.5 mg/mL). Sodium dodecyl
sulfate (SDS) at 5 mg/mL served as a control, low molecular
weight surfactant. The solutions were stirred for 24 h in the
dark. The emission spectrum of 1,3-bis-(1-pyrenyl)propane was
obtained at room temperature with an Aminco Bowman Series
2 luminescence spectrometer. The excitation wavelength and
the emission bandwidth were set at 333 and 4 nm, respectively.
All measurements were done in triplicate.

permeation chromatography (GPC) system equipped witha 1515 3 1 4. Dynamic Light Scattering (DLS) Measuremefitse

isocratic pump and a 2410 refractive index detector (Waters,
Milford, MA). Choloroform was the eluent, and monodisperse
PEO was employed as standaitd. NMR spectra were recorded
on a Bruker ARX400 spectrometer (Bruker, Milton, ON,

mean hydrodynamic diametersiy and the polydispersity

indices (PDIs) of polymeric micelles were measured by DLS
with a Malvern Autosizer 4800 instrument (Malvern Instru-
ments, Worcestershire, UK). All samples were filtered (Acrodisc

Canada) in deuterated choloroform. The number of SO and BO 13.mm syringe filter with 0.45:m nylon membrane, Pall Co.,

units in each polymer was determined ¥y NMR from egs 1
and 2, respectively:

3

2(14.2-5.0ppm T n(4 + 4_5) = l32-3.9ppm 1)
3\ _

3(l0.6-1.0ppm T ”(4 + 4_5) = 32 3.9ppm 2

In both casesn refers to the number of EO units, while the
factor 3/45 takes into account the contribution of the methoxy
end group of the PEO chaiMg = 2000). In eq 1)4.2-5.0ppm
corresponds to the intensity of the methylene proton of the
PSO backbone (OCIH(CeHs)) and was set to 1. In turn,
I3.2-3.9ppmCOIresponds to the intensity of the methylene groups

Mississauga, ON, Canada) prior to analysis. The different
polymers were dissolved in water to a final concentration of 2
mg/mL. Measurements were taken at a fixed scattering angle
of 90°. DLS measurements were also performed at different
angles (56-140) to examine micelle sphericity. For spherical
particles, diameter is independent of detection angle due to the
undetectable rotational motiéfA.The CONTIN program was
used to extract size distributions from the autocorrelation
functions. Measurements were performed in triplicate at room
temperature.

3.1.5. Multiangle Static Light Scattering (MASLS) Measure-
ments.Polymer solutions were prepared in Millipore water at
room temperature and stirred overnight. All samples were passed
through a 0.45¢m nylon filter prior to analysis. Then, samples
were subjected to MASLS measurements in a Malvern Autosizer

of the PEO chain and methylene protons of the PSO backbone4800 at six angles ranging from 50 to £2@or five polymer

(OCH,CH(CsHs)). Solving the equation fom allows the
determination of an SO/EO ratio (where $SO1) that can be

concentrations above the CAC (0-28 mg/mL). TheM,, values
of the micelles were extracted from eq 3, which describes the

balanced for PEO 2000 (45 EO units). Equation 2 is used in a intensity of light scattered from a dilute solution of macromol-

similar fashion. In this caselpg-1.0ppm COrresponds to the
intensity of the methyl protons of the PBO pendant group
(OCH,CH(CH,CH3)) and was set to 3. On the other hand,

I3.2-3.9ppmCOrresponds to the methylene groups of the PEO and

PBO backbones.

ecules:

Ke_ 1
R M,P(0)

3)
CbV

+ 2Ac + 3AC
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In this equationg stands for the polymer concentratid®, is
the Rayleigh ratio of the solution, aid andAs are the second
and third virial coefficientsK is, in turn, defined by

Mznoz(g—n)z
K=—702 % (4)
AN
whereng is the refractive index of the solvemt,is the laser
wavelength in vacuo, anbl is Avogadro’s number. Specific
refractive index increments iittlc) were determined using a
differential Rudolph J157 automatic refractometer (Rudolph
Research Analytical, Flanders, NJ), at a wavelength of 589.3
nm. The av/dc values for EQs— SO, EOy5—SOy5, EOs5—BOs4,
and EQs—BO;5 solutions were 0.160, 0.154, 0.112, and 0.120
cm?/g, respectively. Aggregation numbe g was calculated
by dividing the micelleM,, by that of the corresponding
polymer. Radii of gyrationr() were also extracted from the
MASLS analysis.

3.2. TEM. Copper grids (200 mesh) were coated with a drop
of aqueous poly(L-lysine) solution (0.1% w/v) 5 min prior to
sample deposition to ensure good adhesion between the sampl
and the grids. Excess solution was wicked off, the grids were
allowed to dry, and a drop of different micelle solutions (2 mg/
mL) was placed on the grid for 2 min. After the removal of
excess solution, a droplet of uranyl acetate (3% w/v in water)
was added to provide negative staining. After 5 min, the grids
were gently washed with water, and excess fluid was removed
with filter paper. The samples were then analyzed under a
Philips CM100 transmission electron microscope (FEI Com-
pany, Tokyo, Japan) operating at 60 kV. Micrographs were taken
at a magnification of 50 000.

3.3. Characterization of DCTX-Loaded Polymeric Mi-
celles.3.3.1. Preparation and Characterization of DCTX-Loaded
Micelles. Both DCTX and the polymer were dissolved in

ethanol. The solvent was then evaporated under vacuum at room

temperature and replaced by Millipore water, and the solutions
were stirred overnight prior to analysis. The solutions of drug-
loaded micelles were centrifuged (18 @030 min), the
supernatant was collected and passed through ar@.2ylon

filter. Drug concentration was assayed in the supernatant using

a Waters HPLC system equipped with a 1525 binary pump, a

2487 dual wavelength absorbance detector, and Breeze chro

matography software (Waters, Milford, MAN-Heptylbenza-

mide served as the internal standard. The mobile phase consiste

of acetonitrile, methanol, and water (48:11:41 v/v). The column
was a Waters Nova-Pack C18, 60 Aum (3.9 x 300 mm).
The flow rate, detection wavelength, temperature, and injection
volume were set at 1 mL/min, 232 nm, €, and 55uL,
respectively. Size analyses were performed by DLS on freshly

prepared micelles and freeze-dried formulations after reconstitu-

tion in water.

3.3.2. Determination of the Partition Coefficient JKDCTX-
loaded micelles were prepared with the drug present in large
excess (2 mg) and increasing polymer concentrations (from 2
to 10 mg/mL). The solutions were stirred overnight and then
centrifuged (18 00g, 30 min). Drug concentration was assayed
in the supernatant with the HPLC method detailed abéye.
values were obtained by plotting the ratio of DCTX solubility
in the presence of polymeric micelleS«) over that in pure
water §, = 2 ug/mL) against micellar concentration according
to eq 528

SO[/SN =1+ KV'Cmic'vm (5)

€
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whereCyc is the micellar concentration (defined as the polymer
concentration minus the CAC divided bgg). Vi is given by

Vm = (Mwmic'Qh)/dh (6)

where Vy, is the micellar partial molar voluméyymic is the
micellar molecular weight (as determined by MASLS), &yd

is the hydrophobic block weight fraction. The density of the
core, dn, was assumed to be that of a homopolymer of a
hydrophobic segment of similar molecular weight.

3.4. Chemical Stability of DCTX-Loaded Micelles.DCTX-
loaded micelles were subjected to accelerated stability testing
by heating the polymer solutions at 30 for 24 h. The polymer
concentrations (5 mg/mL) were kept above the CAC, and the
drug concentration was set at;@/mL in all solutions. At
scheduled time intervals, samples were withdrawn and assayed
by HPLC for intact DCTX, as described above. An aqueous
solution of free DCTX was used as the control.

3.5. Calculation of Solubility Parameters by the Group
Contribution Method. Total (0;) and partial §4, dp, anddnp)
solubility parameters of the drug, PEO, PBO, and PSO blocks
were calculated by the following four equations according to
the group contribution method:

5, 2Fa
v

()
F,2
0 =" : (8)
Eni
&= % (©)
8 =0s + 0,7+ 06, (10)

whereFq;, Fpi, andEy; describe the functional group contribu-
tions from van der Waals dispersion forces, dipadépole
interactions, and hydrogen bonding, respecti‘élfhe total
molar volumes V) of DCTX, PEO, PBO, and PSO polymer
repeat units were obtained by the Fedors mefdod.

3.6. In Vitro Release Kinetics. DCTX-loaded polymeric
micelles (0.7% (w/w) for EQs—BO,4, 0.7 and 3.5% (w/w) for
5045—8025), spiked with'“C-labeled DCTX (2Ci/mg DCTX)
were prepared in phosphate buffered saline (PBS, pH 7.4) as
previously described. The release of DCTX from the different
formulations was studied by following the time course of drug
transfer from the donor to the acceptor compartment using
jacketed Franz diffusion cells. Both compartments were sepa-
rated from each other by two superimposed 50-nm polycarbon-
ate membranes. The release medium was maintained under
continuous agitation (700 rpm) and at a constant temperature
of 37 + 0.2 °C using a circulating water bath. To ensure sink
conditions, DCTX-loaded polymeric micelles were dispersed
to a final drug concentration of 0.zg/mL in the donor
compartment. At various time points, a 200-aliquot was
withdrawn from the acceptor compartment and replaced by 200
uL of fresh PBS. Ultima Gold scintillation cocktail (5 mL) was
added to the sample, and DCTX was quantified by radioactivity
counting (Liquid Scintillation Analyzer, Tri-Carb 2100TR,
Packard, Meridan, CT).

3.7. In Vitro Cytotoxicity Assay. PC-3 prostate cancer cells
were maintained in RPMI 1640 supplemented with fetal bovine
serum (10%) and penicillin G/ streptomycin (100 units/m&bv



Solubilization of DCTX in PEO-b-PBO/PSO Micelles Biomacromolecules, Vol. 8, No. 7, 2007 2253

Table 1. Molecular Characteristics of PEO-b-PBO and

PEO-b-PSO
copolymer 2 M2 MpP My® My | M
EO45—BOss 3080 2700 2900 1.05
EQO45—B0O24 3730 3400 3600 1.05 ;
EQO45—S01s 3800 3000 3350 1.11 Es
EQO45—S026 5120 3460 4150 1.20 D
[}
aThe subscripts denote the number of repeat units as measured by £
1H NMR. » Measured by GPC.
Table 2. Size, CAC, and Core Viscosity of Unloaded Micelles?
copolymer dy(nm) PDI  CAC (mg/L) + SD le/ln = SD i i . it
EOs—BO;s 16 0.04 95+05 0.15 + 0.01 400 450 500 850 600
EO4s—B024 21 007 40402 0.12 + 0.02 Wavelength (nm)
EQ45—S0s1s 19 0.06 454+0.2 0.05 +0.01 Figure 1. Fluorescence emission spectra of 1,3-bis-(1-pyrenyl)-
EO4s—S0z6 21 017 1.5+0.1 0.04 + 0.01 propane in EOss—BO5 (O), EO45—BOz24 (@), EO45—S01s (1), EOss—

SOz (M), and SDS (a) micellar aqueous solutions.

2 Mean of three independent experiments.
Table 3. MASLS Analysis of Unloaded Micelles

For the cytotoxicity assays, DCTX-loaded polymeric micelles copolymer Mumic Nagg TolTh®
(0.7% (W/W) for EQ5—BC)24, 0.7 and 3.5% (W/W) for EQ,— EO45—BOss 263 500 90 0.9
SOy6) Were passed through 0.48n nylon filters, then the drug EO45—BOss 1193 700 330 0.9
content was assayed by HPLC. DCTX-loaded micelles and the  E0,s—S0;5 1030 700 307 1.3
control DCTX solution mimicking Taxotere (polysorbate 80/ EO45—S02 1 235 000 310 3.6

ethanol/DCTX 72.8:24.3:2.9 W) were serially diluted in cell
culture medium prior to their addition. Control unloaded micelles
were tested at polymer/polysorbate 80 concentrations ranging  3s -
from 7 x 1077 to 4.2 mg/mL. Cells were seeded in 96-well

plates at a density of & 10® cells/well and cultured for 24 h 30 1
at 37°C in a humidified atmosphere containing 5% £0he

a r, is the hydrodynamic radius.

medium was then refreshed (1@Q) prior to the addition of - ®

20uL aliquots of either the micelle solutions or medium alone. E 20

After a 72-h incubation period, cells were rinsed with PBS, fed g

with 100 uL of fresh medium, and exposed to A0/well of a g 151 O—0—0—0—0—06 o202
MTT solution (5 mg/mL in PBS). After a 3.5-h incubation, 100 & . |

uL of an SDS solution (10% in HCI 0.01 N) was added to each
well to dissolve the blue formazan product generated by the 5
oxidation of MTT by living cells. The absorbance was read 16
h later at 570 nm using a Tecan Safire plate reader (Durham, 0 0 2 "‘ é 8 1‘0 1‘2
NC). K? (10"%cm?)
Figure 2. Change of diameter with the magnitude of K2 for EO4s—
. . BO1s (O), EO45—BOy4 (.), EO45—S0;5 (D), and EO45—S02 (.)
4. Results and Discussion micelles (detection angles 50—140°). Each value is the mean of three
experiments + SD. The mean diameter was found to be independent
4.1. Characterization of the Polymers and Unloaded of the polymer concentration above the CAC.
Micelles. The molecular characteristics of PEHEPBO and
PEObH-PSO copolymers are reported in Table 1. Given that al3*ranked the relative hydrophobicities of various oxyalkylene
these polymers are not biodegradable, relatively low molecular units and attributed values of 1, 6, and 12 to propylene oxide,
weights were targeted<(6000) to avoid exceeding the renal BO, and SO, respectively. All polymeric micelles possessed
filtration threshold for the elimination of unime?$32 GPC highly viscous cores, as evidenced by the lglly, ratios (0.05-
revealed that PE®-PBOs had narrow distribution peaks, while  0.12) compared to that of SDS (0.69), which is liquid-like
the curves of PE®-PSOs showed a small shoulder on the low (Figure 1 and Table 2). PSO-based micelles presented higher
volume side of the main narrow peak, which was attributed to core viscosity than their PBO counterparts. The latter showed
the initiation of homo-PSO by moisture (data not included). The Il values similar to those of PE®poly(L-aspartamide)
PEObH-PSOs were further purified by precipitation of the derivatives®®
copolymers from a product solution of dichloromethane into  The size of micelles is controlled by various factors, among
hexane to give the final products with a single peak in GPC. which the length and nature of the core-forming segment and
'H NMR spectra were recorded and confirmed the compositions corona-forming chain are predominant. As reported in Table 2,
of the block copolymer& the meardh, of the micelles ranged from 16 to 21 niggvalues
All polymers exhibited low CAC, ranging from 1to 10 mg/L  were above 300 for all copolymers except £6BO;5, which
(Table 2). The CAC was found to decrease upon increasing was about one-third of this value (Table 3). This polymer also
hydrophobic chain length and substituting BO for SO. Indeed, formed the smallest micelles, as determined by DLS (16 nm).
the CAC of EQs—BO;s was twice that of the E@—SOis In all cases, size distribution was unimodal and of low
copolymer, reflecting the stronger hydrophobic interactions polydispersity. Micelle diameter was augmented when the chain
conferred by the aromatic ring. In a recent review, Booth et length of the oxyalkylene block was increased. The IagBrV
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Figure 3. TEM imaging of unloaded (i) and DCTX-loaded (ii) EO45—BO15 (A), EO45—B0O24 (B), EO45—S015 (C), and EO45—SOy (D) micelles.

observation is in agreement with earlier data obtained for similar anticipated, PEQ-PBO formed nearly spherical micelles in
systems?21 DLS measurements were also performed at water (Figure 3, panels A-i and B-i), whereas the PE@SOs
different angles (56 14(°) to assess whether the micelles were self-assembled into small rods (Figure 3, panels C-i and D-i).
spherical. Figure 2 shows the mean diameter as a function ofUnder TEM, the diameters of all micelles were close to those
the scattering vectokf). No angular dependence was found obtained by DLS, while the mean length of the 5F6S0;5 and
for EO45—BO,4 and EQs—BO;5 copolymers, the mean diam- EO45—SOy6 rods were approximately 8& 15 and 90+
eters being almost identical at every angle. This suggests thatl0 nm @ = 20), respectively. PSO-based micelles have been
the BO polymers probably self-assembled into spheres. In proposed to adopt both spherical and cylindrical arrange-
contrast, angular dependence was evidenced in the case of botments, depending on the length of the respective PSO and PEO
EOss—SO1s and EQs—SOps copolymers, indicating that the self-  blocks. Indeed, Crothers et #lfound that therg/r, of EOus-
assemblies were not spherical in shape. b-SOyp micelles (same PEO length but shorter PSO block)
The morphology of the unloaded micelles was then examined was consistent with spherical micelle formation, thus confirming
by computing they/ry ratio for the different polymers (Table the determining role of polymer hydrophilic/ hydrophobic
3). For PEOb-PBO micelles, they/r, values were close to that  balance on micelle morpholod§.In another study, Yang et
of a hard sphere (0.78), in agreement with the formation of al2! compared thé\agq of EO17—BOs and EQ;—SGOs. These
nearly spherical micelles. On the other hand, the ratios found polymers have lower molecular weight than that of those studied
for PEOb-PSO copolymers were more than 1, consistent with in the present work, but their EO/BO and EO/SO ratios are
significantly elongated micell€§.TEM imaging was undertaken ~ comparable. They found that substituting BO for SO brought
in order to directly visualize the shape of the aggregates. As about a rise ofNagg Which was superior to the theoretic&bv
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Table 4. Characteristics of DCTX-Loaded Micelles Table 5. Total (6;) and Partial (04, 0p, and dp) Solubility
ivi 1/2
Scp + SD o o Parameters of DCTX and Individual Polymer Blocks (MPa'/?)
copolymer  (mg/g)?  Qn (g/cm3)® K, x 10~* (nm) PDI molecule g O On O
EOs—BO;s 4.2+08 0.35 0.973 3.9 17 0.07 DCTX 20.6 3.1 14.6 25.5
EO4s—BOx 7.4+11 046 0973 5.3 22 0.08 PEO 17.8 111 9.1 22.9
EOs;s—SOis 348+ 17 047 1150 35.3 19 0.07 PBO 16.6 5.8 6.6 18.8
EO4;—SOz 41.7+1.2 0.60 1.150 36.7 21 019 PSO 20.8 4.6 5.8 22.1

2 Solubilizing capacity expressed as milligrams of DCTX per gram of
copolymer. ? The densities of the hydrophobic block were taken from the 110
literature.2-.24

1
increase expected for spherical micelles. They hypothesized that .,

the difference inNagg between these two polymers could be £ 90 -

explained by elongation of the micelles to accommodate the  §

high Nagg While the formation of rod micelles with PE®- 2 807

PSO has been predicted theoretic&h§? this is the first time 270

that the cylindrical morphology of PSO-based micelles has been

observed. Although the difference in shape between the two 60 -

types of micelles can be related to differences in the hydro-

phobicity (being twice for the S&) and conformations of BO 50 ' ' ' ‘ '
and SO, it is worth mentioning that the possible residual 0 5 10 15 20 25

Time (h)

Figure 4. Effect of micellar solubilization on DCTX stability in EO4s—
BOis (O), EQO45—B0O24 (O), EQO45—SO015 (D), and EO45—S0 (.)

homopolymer of SO dissolved in the micelle core may also have
contributed to the formation of cylindrical PE®PSO mi-

celles? . . micelles. The stability of free DCTX in water (a) is also shown. The

4.2. Characterization of DCTX-Loaded Micelles.The drug- experiments were carried out at a fixed temperature (50 °C) for 24 h.
loaded micelles were prepared according to a procedure thatbCTX loading and concentration were set at 0.04 (% w/w) and 2 ug/
was initially proposed for PE®-poly(D,L-lactide) (PEOL- mL, respectively. Mean + SD (n = 3).

PDLLA).%0 Attempts at dissolving DCTX into preformed

micelles resulted in low drug loading, probably because of slow . . S . ’
diffusion of the drug into the viscous micelle core (data not interactions, and miscibility between drugs and various carrier

shown). Accordingly, it was decided to first codissolve both systems:! The difference in loading capacity and the affinity
the drug and polymer in a pharmaceutically acceptable organic Of. PEOb_PSO. .and PEQ-PBO for the drug were Corr.el.ated
solvent (i.e., ethanol) to form a homogeneous polymeric matrix, with the solubility parameters and the enthalpy of mixing of
evaporate the organic solvent, and then add the water phasebmh the drug and the p_o_lymers. As expected, the difference
The size of the DCTX-loaded micelles was measured by DLS between the total solubility parameters of DCTX and each
(Table 4), and no difference was observed compared to unloade olymer block was foulnq to be least important for PSO (Table
micelles. Moreover, the loaded micelles preserved their initial )- Th4e2 enthalpy of mixing4Hw) was then calculated using
shape (Figure 3, panels A-iD-ii). The micelles could be readily eq 11°
freeze-dried, and recovered their initial size distribution upon _ 2 2
reconstitution in aqueous media (data not shown). In solution, AHy = ¢1¢5[(0a1 = 04)™ + (Opy = O™ +
no crystallization was apparent for at least 14 days. The (01 — 0?1 (11)
solubilizing capacity &p) of each system was evaluated
(Table 4). PSO-based micelles incorporated more DCTX where ¢1 and ¢, are volume fractions of the drug and the
(~3—4%) than did PBO micelles{(1%), most likely because  polymers. TheAHy values for PSO and PBO were 79.7 and
of the better compatibility between DCTX and PSO (see 87.3 MPa, respectively, corroborating the experimental data.
below) and the micelle morphology. Micelles of cylindrical Considering the differences in both the solubility parameters
shape are usually associated with gredes, given their and AHy, PSO is more suitable than PBO for solubilizing
higher Nagg and core volumé?24 Indeed, Crothers et &f. DCTX.
demonstrated that griseofulvin was also incorporated to a 4.3. In Vitro Evaluation of Micelle Formulations. The
greater extent into PSO versus PBO micelles having comparableeffect of micellar solubilization on the chemical stability of
characteristics. For both polymerS;p rose when the length  DCTX in water was investigated over a period of 24 h at60
of the hydrophobic block was increased. More than 4% (w/w) (Figure 4). For comparison between the different systems, all
drug loading could be achieved with &5 SOy With such micelles were loaded at the same drug level (0.04% w/w).
loading, hydrosolubility exceeding 2 mg/mL was reached, Despite their higher affinity for the drug, both PSO-based
which was more than 1000 times the aqueous solubility of free micelles were inefficient at protecting DCTX from degradation
DCTX. under accelerated stability testing conditions. Likewise,=0
The K, of DCTX between water and the copolymer BOssdid not afford any protection compared to the control drug
micelles was calculated using eqs 5 and 6 (Table 4). Khe  solution. Surprisingly, only E@—BO,4 was able to preserve
values ranged from 4 10*to 53 x 10% The high affinity of most of the DCTX chemical integrity (92%) after 24 h. This
DCTX for another hydrophobic block, that is, PDLLA, was protective effect cannot be accounted for by differences between

Solubility parameters are useful to estimate compatibility,

reported previously by our gro.The K, value of DCTX in the drug affinity or core microviscosity of the Bgblock, since
poly(N-vinyl-2-pyrrolidone)blockPDLLA micelles was found both parameters were inferior to those of the PSO block and
to be 2.46x 10 It is similar to theK, of the drug in PEQe- almost similar to the B@ segment (Tables 2, 4, and 5). One
PBO micelles, but substantially lower than g for PEOb- possible explanation for the observed effect is the difference in

PSO. specific surface area between the micelles. The specific sug?ﬁ?
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Figure 5. In vitro release kinetics of DCTX from EQ45—BO24 (0.7% DCTX) (@), and EO45—SO26 () (0.7% DCTX), and (3.5% DCTX)

DCTX) (@), EO45—S0O26 (0.7% DCTX) (O), and EO45—S0O26 (3.5%
DCTX) (m) micelles. DCTX diffusion in the absence of micelles is
represented by (a). The experiments were carried out at 37 °C in
PBS (pH 7.4). Mean + SD (n = 3). The dotted lines represent the
simulated release kinetics.

EQ45-SO2 (W) DCTX-loaded micelles. A polysorbate 80/ethanol
formulation of DCTX was used as control (a). The data represent
the mean of three experiments. For the purpose of clarity, the error
bars of the standard deviation are omitted (coefficient of variation <
12%).

104 g'm2d~1 vs KnpodS = 7.56 104 g-m~2-d~1) tends to
ascribe this difference to the surface dissimilarities between
formulations, as previously discussed. Comparison of the release

area §) was estimated for spherical and cylindrical micelles
using eqs 12 and 13, respectively:

S= 47r’IM (12) profiles of EQs—SOys formulations with different drug loadings
W (0.7 and 3.5% DCTX) revealed that surface area was not the
S=2arLIM,, (13) only factor affecting drug release. Indeed, similar release profiles

were obtained despite the fact that there was a 5-fold difference
whereL is the length of the cylindrical micelles, which was in micelle concentrations between the two formulations. The

extracted from TEM analysis,is the micelle radius (Table 4), ~ drug loading may influence DCTX distribution in the micelles
andM,, is the molecular weight of micelles as ascertained by ©F its initial partition between micelles and the d(_)nor compart-
MASLS. BO,, micelles yielded the lowest specific surface area Ment and therefore affect the drug release profile.
(760 n#/g), whereas the calculated values for 8505, and The antimitotic activity of DCTX-loaded micelles was the'n'
SOy micelles were 2050, 2800, and 2906/g) respectively. evaluated on human prostate cancer cells PC-3. The c_ytotoxmlty
Thus, the greater protection conferred by £€BO,,4 micelles assays revealed that B2BOz4 and EQs—SOs micelle
could be partially ascribed to decreased interactions of DCTX formulations were as efficient as the control commercial
with the aqueous medium at the watenicelle interface due fqrmulatlon to inhibit the growth of these cells (Figure 6_). No
to the lower specific surface area. difference was found between the tested systems with IC
The release of DCTX from E@—BO,, and EQs—SOs vglues ranging from 2.2 to 2.5 nMi:Q.B nM). Indeed, the in
micelles was studied in vitro (Figure 5). The free drug diffused Vitro relgase da}ta can be used to rationalize these results. After
completely in about 24 h, indicating that the two superimposed 72 h of incubation, most of the DCTX had been released from
50-nm membranes influenced the release rate. However, thisth® polymeric micelles and was thus available to exert its
particular setting was necessary to prevent the transfer of Cytotoxic activity. Indeed, Le Garrec et.@bbtained similar
micelles in the acceptor compartment5% after 5 days as flndlngs with b|odegradable poIM(vmyIpyrroI|done)bI?[?LLA
estimated by DLS). All micelle formulations displayed similar Micelles loaded with DCTX. These micelles exhibitedsdC
profiles characterized by a fast initial releasés(% within 12 values comparable to those of Taxptere, |nd|c_at|ng the complete
h) followed by a decelerated rate over 5 days. In order to re!ease of drug from the hydrophobic core..Nellt.her the unloadeq-
eliminate the background effect, mathematical kinetic modeling Micelles nor polysorbate 80 caused a significant decrease in
was performed. In the model, the drug release measured in thec€!l viability up to a polymer/polysorbate 80 concentration of
acceptor compartment was divided into two different transfer 0-01 mg/mL (corresponding to a DCTX concentration of 5.4
rates, namely, one from micelles to the donor compartment and10~° M for the micelles loaded with 0.7% drug) (data not
one from the donor to the acceptor compartment. Each transfershown). At high concentration (0.7 mg/mL), &3S0z was
relation was defined by a simple first-order linear differential fairly less toxic (86% viability) than polysorbate 80 (51%
equation defined by microconstalt, for the rate of DCTX viability) and EQs—BO24 (24% viability). Altogether, these data
release from micelles anidy for the transfer of DCTX to the ~ Suggest th.at, at high drug concentrations, REPSO may
acceptor compartment (see Supporting Information). To assesgPotentially improve the therapeutic index of DCTX by decreas-
the effect of the two superimposed 50-nm membranes on theind the formulation’s nonspecific toxicity.
releaseKq was determined by fitting the equation on the free
DCTX release curve and was subsequently used to obtain the
specificKy, of each formulation. Comparison of the release rates
of the formulations with 0.7% DCTX showed that release was
faster for EQs—SOy6 than for EQs—BO,4 micelles Knsoze= assembled at low concentrations to form spherical and cylindri-
1.31 d! vs Kmeo24 = 0.57 d1, and 83% of the drug had cal micelles, respectively. These micelles possessed diameters
diffused out in 72 h vs 73%, respectively). However, normaliza- ranging from 16 to 21 nm, which make them suitable for
tion of the constants by specific surface argdo2dS= 4.51 sterilization by filtration and administration by intravenoef)v

5. Conclusion

In water, PEOb-PBO and PE(»-PSO block copolymers self-



Solubilization of DCTX in PEO-b-PBO/PSO Micelles

Biomacromolecules, Vol. 8, No. 7, 2007 2257

injection. PSO-based copolymers were associated with higher (15) Castelletto, V.; Hamley, I. WAdv. Polym. Technol2006 17, 137.

solubilizing capacities for DCTX~4% w/w) than PBO due to
the aromatic structure of the core-forming polymer and the
cylindrical morphology of the resulting micelles. However, the

PBO copolymer offered a greater protective effect against the

hydrolytic degradation of DCTX. Nevertheless, the long-term

stability for all these systems is guaranteed by the fact that the

micelles investigated in this work could be lyophilized and thus
stored in dried form. Such polymers could provide useful
alternatives to low molecular weight surfactants for the solu-
bilization of taxane derivatives.
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