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Purpose. To develop self-assembling systems increasing the solubility
of poorly water-soluble drugs.

Methods. Low molecular weight liquid biodegradable copolymers
were synthesized by ring-opening polymerization using caprolactone
(CAP) and trimethylenecarbonate (TMC) as monomers. Various ini-
tiators were evaluated. The emulsifying and self-assembling proper-
ties were investigated by a water titration method. The self-
assembling systems were characterized for size, shape, isotropic be-
havior, cloud point, surface charge, and critical micellar
concentration in order to optimize the polymer synthesis. Finally, the
improvement of solubility of model drugs was assessed.

Results. Only diblock monomethyl ether PEG-CAP/TMC copoly-
mers synthesized with monomethyl ether polyethyleneglycol 550 to
2000 as initiator have shown self-assembling properties: upon dilu-
tion, these copolymers formed an isotropically clear solution with
droplet sizes in the range of 20 to 100 nm. The hypothesis that these
diblock polymers form micelles was confirmed by their low critical
micellar concentration (10~ g/ml). The copolymers initated with
mmePEG750 had a higher cloud point and better colloidal stability
than those initiated with mmePEG 550. The solubility of the poorly
water-soluble drugs was increased by 1 to 2 orders of magnitude.
Good reproducibility was observed from batch to batch.
Conclusions. The polyester diblock copolymer mmePEG750-CAP/
TMC forms spontaneously stable micelles in aqueous medium and
increases the solubility of lipophilic drugs. They are very promising
vehicles for the oral delivery of poorly water-soluble drugs.
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INTRODUCTION

The advent of high throughput screening has been a
boon to research and development in the pharmaceutical in-
dustry. These methodologies, however, select for highly lipo-
philic derivatives given the nature of the screening and, as a
result, there is a general trend for new drug candidates to be
poorly water-soluble, of high molecular weight, and to possess
poor oral bioavailability (1). The formulation of such com-
pounds into systems that allow for the absorption of the drugs
represents, therefore, a real challenge to the formulator. Nu-
merous approaches have been suggested to improve the oral
bioavailability of poorly water-soluble drug candidates in-
cluding micronization (particle size reduction), complexation,
formation of a solid solution, preparation of amorphous solid
oral dosage forms, lipid based systems (microemulsions,
emulsions, liposomes), surfactant and polymer micelles, poly-
mer-based systems (microparticles, microcapsules, etc.), and
many others (2-8).

Surfactant micelles are interesting systems as they form
spontaneously upon dilution in an aqueous medium. Surfac-
tant molecules possess a hydrophilic and a hydrophobic part,
which enables the molecule to adopt different types of orga-
nization depending on the surfactant concentration and the
properties of the dissolution medium. In general, a surfactant
solution consists of three components in dynamic equilibrium:
surfactant monomers, micellar aggregates and monomers ab-
sorbed as a film at the interfaces (9). In an aqueous medium,
above a given concentration called critical micellar concen-
tration (CMC), the surfactant molecules self-assemble with
minimal contact between the hydrophobic domain and water,
allowing the solubilization of hydrophobic compounds in the
core.

Besides conventional surfactants, which have extensively
been used for micellar solubilization of drugs, amphiphilic
block copolymers can also form micelles and be used as car-
riers for hydrophobic drugs. In the aqueous environment, the
hydrophobic moiety of the ABA block copolymers (e.g.,
Pluronics: poly(ethylene oxide)-poly(propylene oxide)-
poly(ethylene oxide)) or AB block copolymers (e.g., poly-
(ethylene oxide)-poly(B-benzyl-L-aspartate), poly(ethylene
oxide)-poly(pL-lactic-coglycolic acid), poly(ethylene oxide)-
poly(e-caprolactone)) forms the core of the micelle while the
hydrophilic block poly(ethylene oxide) forms the stabilizing
corona. Polymeric micelles have been intensively investigated
as parenteral drug vehicles. However, the incorporation of
drugs into diblock polymeric micelles is usually a long and
multi-step procedure, which often requires the use of organic
solvents (for reviews, see Refs. 2,3,10-14). There are various
methods for the incorporation of drugs in the block-
copolymer micelles. If the copolymers are water-soluble and
can form micelles upon dilution with water, a solution of the
drug in an organic solvent may be mixed with an aliquot of
the copolymer solution followed by solvent evaporation. Al-
ternatively, the drug in a solvent can be added dropwise to the
micellar solution in water and the drug is then incorporated as
the solvent evaporates. The direct dissolution may require
working at elevated temperatures. The micellization of co-
polymers, which do not dissolve easily in water, requires the
use of the dialysis method. The dialysis method involves dif-
ferent steps: i) dissolution of the copolymer in an organic
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solvent that is miscible with water, ii) dialysis of the solvent-
copolymer mixture against water. In this case, the drug is first
added to the copolymer in the organic solvent (for review, see
Ref. 2).

The aim of this study was to develop biodegradable poly-
mers that form self-assembling systems in contact with water.
In order to achieve this goal, the polymers will require the
following properties: i) The polymer needs to be liquid at
room temperature and/or 37°C to allow spontaneous self-
emulsification without the addition of organic solvents or
heat. Hence, low molecular weight random copolymers were
identified as possible leads. ii) The polymer must be biode-
gradable and non-toxic. Novel biodegradable polyesters were
therefore synthesized based on monomers which are gener-
ally recognized as safe for use as implantable materials such
as surgical sutures. The polymers should be self-assembling to
avoid the use of surfactants or organic solvents. Hence, the
polymers were designed to possess a lipophilic and a hydro-
philic moiety.

Based on these criteria, we have developed self-
assembling copolymers which form micelles spontaneously
and increase the solubility of poorly water-soluble drugs.

MATERIALS AND METHODS

Chemicals

The polymers were synthesized by J&J-Center for Bio-
materials and Advanced Technologies (Somerville, NJ,
USA). e-Caprolactone (CAP) was purchased from Union
Carbide (Danbury, CT, USA), and trimethylene carbonate
(TMC) from Boehringer Ingelheim (Petersburg, VA, USA).
1,3-Propanediol, trimethylol propane, stannous octoate and
toluene were from Aldrich (Milwaukee, WI, USA). Polyeth-
yleneglycol with a molecular weight of 600 (PEG 600) and
1000 g/mol (PEG 1000) as well as monomethyl ether polyeth-
yleneglycol with a molecular weight of 350, 550, 750 and 2000
g/mol (mmePEG 350, mmePEG 550, mmePEG 750 and
mmePEG 2000) were purchased from Fluka (Milwaukee, WI,
USA). Albumin (fraction V) was purchased from Sigma. All
chemical reagents necessary to prepare the different media
were purchased from Acros Organics (Pittsburgh, WI, USA).
Poloxamer 105 was a gift from ICI surfactants (Cleveland,
UK). Pyrene (>99% purity) was purchased from Aldrich. Ris-
peridone, *C-labeled risperidone and ketoconazole were
provided by Janssen Pharmaceutica (Beerse, Belgium). Hy-
drocortisone and indomethacin were purchased from Omega
Pharma (Nazareth, Belgium).

Polymer Synthesis and Characterization

The synthesis of the various “liquid” random copoly-
mers, triblock copolymers and diblock copolymers was per-
formed according to a ring-opening polymerization process
(15-17). Preliminary experiments with different monomers
had shown that caprolactone and trimethylene carbonate had
the best emulsifying and self-assembling properties (data not
shown). Hence, three groups of polymers formed from similar
ratio of the same monomers: caprolactone (CAP) / trimeth-
ylene carbonate (TMC) 50/50 were synthesized and the influ-
ence of the initiator used was studied.
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Preparation of the Liquid Random Copolymers

Briefly, the synthesis of CAP/TMC 50/50 polymers (see
Table I) was carried out as follows: In a glove box, 50 pmol of
a stannous octoate solution in toluene, 150 mmol of 1,3-
propanediol or trimethylol propane, 1.25 mol of trimethylene
carbonate and 1.25 mol of e-caprolactone were transferred
into a silanized 500 ml single neck round bottom flask
equipped with a stainless steel mechanical stirrer and a nitro-
gen gas blanket. The reaction flask was placed in an oil bath
set at 160°C for 24 h. The polymer was then devolatilized
under vacuum at 90°C for 48 to 72 h (Table I).

Preparation of Triblock Copolymers

A similar reaction to the synthesis of random copolymer
was used to synthesize the triblock copolymers. PEG 600 or
PEG 1000 were used as initiators at a monomer/initiator ratio
of 12.5/1. (Table I)

Preparation of the PEG Diblock Copolymers

A similar synthesis procedure was used for the manufac-
ture of PEG diblock copolymers. Monomethyl ether PEG
was used as initiator at a monomer/initiator ratio of 13/1 un-
less stated. Different PEG chain lengths (350, 550, 750, 2000
g/mol) were compared (Table I and Fig. 1).

Characterization of the Polymers Synthesized

The polymer composition and residual monomer content
were analyzed by proton NMR employing a Unity-plus 400
spectrometer from Varian (Palo Alto, CA, USA). Gel per-
meation chromatography was used to determine the molecu-
lar weight and the polydispersity of the polymers. The gel
permeation chromatography was performed with a Waters
Alliance 2690 system (Milford, MA, USA) equipped with a
Wyatt Optilab DSP refractometer, a Dawn multi-angle laser
photometer (Wyatt), and Waters Styragel HR 3-4 columns
(Table I).

Formulation of Emulsifying and Self-Assembling Systems

The feasibility of obtaining microemulsions (18,19) with
the liquid copolymers as lipophilic phase was evaluated by the
construction of ternary phase diagrams (see Fig. 2). The sur-
factant used was Poloxamer 105. This surfactant was selected
because of the presence of a PEG chain, its liquid phase at
room temperature and 37°C and its cloud point superior to
37°C. Briefly, 9 binary systems containing various ratios of
polymer and surfactant ranging from 10/90 to 90/10 w/w were
prepared and equilibrated at 37°C. Ultrapure water at 37°C
was then added to the mixture aliquot by aliquot.

The self-assembling properties of the liquid copolymers
were assessed by adding water gradually under gentle stirring
at 37°C. The formation of a clear fluid was evaluated visually.
Isotropic solutions were also observed under polarized light.

Physicochemical Characterization of the
Self-Assembling Systems
Size and Shape of the Droplets

The size of the droplets was determined by photon cor-
relation spectroscopy (PCS) using a Coulter N4MD (Coulter
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Table I. Some Properties of CAP/TMC 50/50 mol/mol Copolymers [+Mean (xSD)]

CAP/TMC ratio  Self-emulsifying Self-assembling

Copolymers* Initiators$ Mw§ Polydispersity§  in final polymer{ properties! properties**
Random
R1 1,3-propanediol 4567 1.6 49%/50% W/O No
R2 trimethylol propane 4185 3.36 61%/39% W/O No
Triblock
T1 1,3-propanediol + 3159 1.7 51%/48% W/O No
PEG 600
T2 1,3-propanediol + 3344 1.7 52%/48% Ww/O No
PEG 1000
Diblock
mmePEG350-CAP/TMC  Monomethyl ether 4350 2.1 Oo/W No
PEG 350
mmePEGS550-CAP/TMC  Monomethyl ether 4885 (+822) 1.8 (x0.2) 49.3 +0.4/50.3 + 0.4 O/W Yes
(n = 6)% PEG 550
mmePEG750-CAP/TMC  Monomethyl ether 5320 (x505) 1.9 (£0.1) 49.3 + 0.4/50.1 £ 0.8 O/W Yes
(n = 4)% PEG 750
mmePEG2000-CAP/TMC Monomethyl ether 6500 1.9 Oo/wW Yes
PEG 2000

* The copolymers were synthesized by ring opening polymerization using CAP and TMC as monomers at a molar ratio of 50/50 and stannous

octoate as catalyst.
tn = number of batches synthesized.

i Initiators were added at a monomer/initiator ratio of 13/1 for the synthesis of the diblock and random copolymers and at a ratio of 12.5/1

for the synthesis of the triblock copolymers.
§ Mw and polydispersity were measured by GPC.
9 The monomer composition was evaluated by NMR.

I Emulsifying properties were determined by water titration with various poloxamer 105/polymer ratios, W/O = water in oil microemulsion,

O/W = oil in water microemulsion.

** Self assembling properties were determined by water titration of the polymer.

Electronics, Beds, UK) or Malvern 4700 (Brookhaven Instru-
ments Corp, Worcestershire, UK) at 25°C and at 37°C. The
micelles were also observed by cryo-transmission electron mi-
croscopy (cryo-TEM) which allows the observation of the
micelles in their wet state and thus avoiding deformations
resulting from the drying of the sample occurring in regular
TEM sample preparation. Therefore, a 10 mg/ml aqueous
polymer solution was prepared. A small droplet of the sample
was placed on a TEM-grid. The excess of solution was elimi-
nated with a filter paper in order to obtain a thin film (<100
nm). The sample was then treated with cryogenic liquid
ethane. The grid was transferred and mounted under liquid
nitrogen on a cryo-TEM holder that was inserted into a TEM
Philips CM12. The analyses were performed at —172°C, at
120 kV.

Surface Charge

The zeta potential of the micelles was determined with a
photon correlation time electrophoretic device (Zetasizer
2000, Malvern, Worcestershire, UK). The analyses were per-
formed on samples diluted in water at different pHs (2.45, 3.8,
7.2, 9.3) or a phosphate buffer (pH 6.7, 0.05 M). The pH was
adjusted with NaOH or HCI 0.1 M. The results are the mean
of at least 15 measurements.

Surface Tension and Critical Micellar Concentration (CMC)
by Tensiometer Method

The surface tension of the polymers was determined at
37°C by the ring method using Du Noiiy tensiometer (Kriiss,
Hamburg, Germany). The reference was ultrapure water.

To investigate if the copolymers form micelles, the sur-
face tension of aqueous solutions containing increasing
amounts of mmePEG-CAP/TMC polymer (10~ to 107® g/ml)
was measured. To determine the CMC of the copolymers, the
surface tension was plotted against the polymer concentra-
tion. The CMC was determined as the intersection of 2 linear
regression lines.

Microenvironment and Critical Micellar Concentration by
Fluorescence Probe Method

Three milliliters of a pyrene stock solution (107 M) in
acetone was evaporated. Then, 5 ml of an aqueous solution of
the copolymer was added to the pyrene. The pyrene concen-
tration was fixed at 6 x 10~ M for all samples. The polymer
concentration varied from 0.1 to 10~® g/ml. Solutions were
placed in a water bath at 70°C with stirring for one hour and
were then degassed by bubbling oxygen-free nitrogen for 5
min through the solution before recording the spectrum at
room temperature (20).

Fluorescence spectra were recorded with a Perkin-Elmer
LS50B spectrofluorimeter with a slit smaller than 2.5 nm
(emission). The excitation wavelength corresponded to the
maximum intensity obtained (= 336 nm) in the excitation
spectrum. The selected emission wavelengths were the maxi-
mum intensities of the first (I;: 372 to 373 nm) and third peak
(I;: 383 to 384 nm) in the emission spectrum. Each spectrum
was corrected for scattering caused by the aqueous polymer
solution using a blank solution with an identical polymer con-
centration in absence of pyrene.

To analyze the microenvironment and the CMC of the
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Fig. 1. Chemical reaction schemes of the synthesis of the mme PEG-CAP/TMC copolymers.

polymers, the ratio I,/I; was determined in triplicate. The
emission spectrum and hence the I,/I; ratio of pyrene de-
pends strongly on the polarity of the environment surround-
ing the probe molecules. This covers a wide range of polarity
from water (I,/I; = 1.9) to cyclohexane (I,/I; = 0.6). This
scale was used to evaluate the microenvironment in the mi-
celle core (21).

To determine the CMC, the I,/I; values were averaged
over 3 values and plotted vs. the polymer concentration. As
the polymer concentration in the aqueous solution increased,
the I,/1; ratio decreased and then reached a plateau. The
CMC was determined at the intersection of the 2 lines ob-
tained by linear regression.

Micellization Energy

The micellization energy was calculated from the CMC
by the following calculation, for non-ionic micelles (22)

AG,=RTh X,,,

where R = gas constant = 8.3143 J/K. mole, T = tempera-
ture in °K, X_,,. = concentration at CMC in molar fraction,
and AG, = micellization energy in kJ/mole.

Cloud Point

Since non-ionic surfactants usually display a cloud point,
the cloud point of the polymers was assessed. A solution with
1% of polymer was heated over time. The cloud point was
defined as the temperature at which the solution becomes
cloudy i.e., when the solution becomes turbid at 400 nm or
when it looses its clear isotropic appearance (23,24).

Colloidal Stability

The colloidal stability of the micelles to added electro-
lytes was studied as described by Riley et al. (25) wherein 0.5
ml of polymeric solution (10> g/ml) was added to 2.5 ml
Na,SO, (0 to 0.6 M). After 15 min incubation, the turbidity
was measured at 400 nm using a Unicam 8625 Spectropho-
tometer. The critical flocculation point was determined as the
ionic strength where turbidity starts to increase.

Influence of the Dilution Medium

The influence of the ionic strength, pH and composition
of the dilution medium on the self-assembling properties of
the diblock copolymers was analyzed. The following media
were tested: 1) NaCl 9%, 0.9%, 0.09%, ii) phosphate buffer
0.1 mM pHS5, 6,7, 8 and 9, iii) HCI 0.1 N, iv) albumine 1 and
2%, v) fasted state-simulated intestinal fluid (FASSIF) (3
mM sodium taurocholate, 0.75 mM lecithin, pH 6.5, ionic
strength 0.15 M), and vi) fed-state—simulated intestinal fluid
(FESSIF) (7.5 mM sodium taurocholate, 3.75 mM lecithin,
pH 7.5, ionic strength 0.3 M) (26).

Solubilization of Poorly Water-Soluble Drugs

Since the polymers will be used for the development of
new drug delivery systems for poorly water-soluble drugs, the
solubility of 4 BCS class II model drugs in the mmePEG550-
CAP/TMC and mmePEG750-CAP/TMC solutions was as-
sessed. The influence of the lipophilicity and the acidity/
basicity of the drugs on the solubilization properties of the
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Fig. 2. Ternary phase diagrams obtained by the titration of various mmePEG-CAP/TMC 50/50 copoly-
mer (L)-poloxamer 105 (S) mixtures with water (W). (A) random copolymer R2, (B) triblock copolymer
T1, (C) diblock copolymer mmePEGS550-CAP/TMC, and (D) diblock copolymer mmePEG750-CAP/
TMC. The experiments were performed at 37°C. Gray region = clear solution = microemulsion area.

Black thick line = self-assembling properties

micelles was evaluated using risperidone, ketoconazole, hy-
drocortisone and indomethacin as model compounds. The li-
pophilicity, acidity and solubility of these drugs in water are
reported in Table II.

To measure the drug solubility in the polymeric micelles,
an excess of drug was mixed with the polymer at room tem-
perature for 24 h (magnetic stirrer). Water was then added to
reach a polymer concentration of 1, 3.15, 10 or 31.5% w/v.

Table II. Log P, pKa, and Solubility of Risperidone, Ketoconazole,
Indomethacin, and Hydrocortisone

Solubility at pH 7

Drug Log P pKa (/100 ml)*
Risperidone 3.04 pKal = 3.11 5x1073
pKa2 = 8.24
Ketoconazole 3.78 pKal = 3.0 <1x1073
pKa2 = 6.5
Hydrocortisone 1.5 5.1 1.2x1073
Indomethacin 43 45 2x10™*

* The solubility data reported were measured as described in Mate-
rials and Methods. The solubility of indomethacin in water was
below the detection limit. Therefore, the value reported for this
compound is obtained from FDA data.

The drug-polymer-water mixture was stirred for 24 h. The
suspension was then filtered through a 0.45-pm PVDF filter.
The filtered solution was immediately diluted to allow the
determination of the drug concentration. The solubility of the
drug in water was measured by mixing an excess of the drug
with water for 24 h.

The drug concentration in the micelles was determined
by UV spectroscopy. Preliminary experiments showed that
accurate determinations of the drug concentration in the mi-
celles were possible with this method using as the blank a
polymer solution of the same concentration as the sample to
be analyzed. Wavelengths of 275 nm, 230 nm, 278 nm, and 247
nm were used for risperidone, ketoconazole, indomethacin
and hydrocortisone, respectively. The absorbance of the
drugs remained constant at various polymer concentrations
(CV < 4%). The plot of the absorbance vs. the drug concen-
tration in the presence of 107 g/ml of copolymer was linear
within the range of drug concentrations tested (R? > 0.99).
The CV was less than 3%. The filtration of the samples con-
taining the polymer and the solubilized drug through 0.45-pm
PVDF filter (Millipore) induced no significant decrease of the
absorbance (less than 1.5%). The absorbance of the solutions
was measured using a UNICAM 8625, KONTRON Uvikon
940 or Hewlett Packard HP8453 UV/Visible spectrometer.
The data are expressed as the mean of three determinations.
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Drug content (% w/w) was calculated as follows:

Mass of drug solubilized

Mass of polymer

In vitro Release of Risperidone from the Micelles

Two hundred fifty microliters of a stock solution of *C
radiolabelled risperidone in ethanol (10 mg drug/ml) was
placed in vial and the solvent evaporated under a nitrogen
flux. 50 mg of the mmePEG750-CAP/TMC polymer was then
added and mixed for 24h before adding 5 ml of water and
filtering through 0.45-pm PVDF filter (Millipore). A control
experiment to check the release of free risperidone was per-
formed in the same experimental conditions. 1 ml of solution
was placed in a 1 ml dialysis bag with a molecular weight
cutoff of 1000 Da (SpectroPor Dispodialyzers) and 2 bags
were dialyzed against 225 ml of water.

The release of risperidone was conducted at 37°C.
Samples (5 ml) were withdrawn at specific time points for 10
days. The release medium was replaced by 5 ml of water. The
radioactivity of the samples was determined with a Liquid
Scintillation Counter Wallac 1410 (Pharmacia) using Ultima
Gold (Packard Bioscience) as the liquid scintillation analyzer.
The cumulative amount of drug released at each sampling
point was corrected with the volume of the release medium.

RESULTS

Optimization of the Synthesis of the
Self-Assembling Polymers

To obtain self-assembling polymers increasing drug solu-
bility, the novel polymers should be liquid, amphiphilic and
biodegradable. Monomers and initiators selected to form
these polymers were chosen based on these criteria. To be
liquid, the polymers had a low molecular weight and were
synthesized with 2 monomers. Monomers forming polyester
bounds were selected as they can be synthesized by ring-
opening polymerization and are biodegradable. Preliminary
experiments with different monomers including glycolic acid
and para-dioxanone showed that the liquid copolymers
formed with caprolactone (CAP) and trimethylene carbonate
(TMC) had the best emulsifying properties (data not shown).
Hence, CAP and TMC were selected as monomers at a molar
ratio of 50/50 for the synthesis of lipophilic random copoly-
mers.

According to the type of initiators used, different types
of copolymers could be obtained: i) random copolymers when
1,3-propanediol or trimethylolpropane were used as initiator,
ii) triblock copolymers with 1,3-propanediol and PEG 600 or
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1000 as initiators, iii) diblock copolymers when initiated with
mmePEG (see Table I).

The ability of these copolymers to form microemulsions
in the presence of a surfactant was first evaluated by adding
water to various surfactant/polymer ratios. The random co-
polymers and the triblock copolymer formed W/O micro-
emulsions whereas the diblock copolymers formed O/W mi-
croemulsions (Fig. 2).

As expected, the random copolymers had no self-
assembling properties. The triblock copolymers did not form
clear solutions upon dilution in water. In contrast, the
mmePEG-CAP/TMC diblock copolymers formed spontane-
ously clear solutions upon dilution in water. This spontaneous
self-assembling property was observed with the mmePEGS550,
mmePEG750 and mmePEG2000 chain length and not with
the mmePEG350 (Table I). The mmePEG2000-CAP/TMC
polymer is solid at room temperature but after hydration for
one hour at room temperature or 37°C (addition of 20 to 30%
of water) micelles could be formed.

The monomer/initiator ratio had no influence on the self-
assembling properties (data not shown).

Physicochemical Characterization of the
Self-Assembling Systems

As the mmePEGS550-CAP/TMC and mmePEG750-CAP/
TMC copolymers form spontaneously clear solutions in wa-
ter, the physicochemical properties of these self-assembling
systems were assessed. Due to their diblock structure with a
lipophilic and a hydrophilic moiety and the submicronic size
of the self-assembling systems, it was hypothesized that these
polymers formed micelles. Hence, their size, zeta potential
and CMC were measured. Their colloidal stability was also
assessed.

Size and Shape of the Droplets

PCS analysis was carried out to determine the size of the
self-aggregating structures formed upon the addition of water
to the mmePEG-CAP/TMC copolymers. The size of the
mmePEGS550-CAP/TMC vesicles measured by PCS was 95.4
+ 18 nm. The mmePEG750-CAP/TMC copolymers formed
droplets with a size in the range of 20 nm. Different batches
of mmePEG750-CAP/TMC copolymer gave vesicles with
very similar sizes 17 + 3.6 nm (Table III).

Cryo-TEM observations showed that the polymers
mmePEG550-CAP/TMC and mmePEG750-CAP/TMC
formed spherical structures. Their mean sizes were respec-
tively 10 + 3 and 18 + 2 nm (Fig. 3). Comparison of PCS and
cryo-TEM measures suggests that mmePEG550-CAP/TMC
micelles could form small aggregates.

Table III. Physicochemical Characterization of Self-Assembling mmePEGS550-CAP/TMC and mmePEG750-CAP/TMC Systems

Micellization  Flocculation
Size by Cloud point CMC ring CMC pyrene energy point (ionic
Polymer PCS (nm) (°C) method (g/ml) (g/ml) 1,/15 (kJ/mol) strength M)
mmePEGS550-CAP/TMC
(n=5) 95.4 (+18) 28 1.7x107° (+8.3.107) 1.5x107° 1.64  -39.1 (£3.5) 0.125
mmePEG750-CAP/TMC
(n=4) 17 (£3.6) 533 (x¥2.1)  1.2x107° (x1.5.107%) 3x107° (£1.107°)  1.61  —41.1 (£5.6) 1.5

For more Information about the polymers, see Table I. [Mean (+SD)].
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Fig. 3. Cryo-TEM picture of mmePEG550-CAP/TMC and
mmePEG750-CAP/TMC polymeric micelles. Scale bar: 100 nm

Surface Charge

The zeta potential of aqueous solutions of the
mmePEG750-CAP/TMC indicated that the polymeric mi-
celles were very slightly charged: the surface charge varied
between -3 mV and -7 mV.

Critical Micellar Concentration (CMC)

To confirm the hypothesis that the mmePEG-CAP/TMC
form micelles, their CMC were determined by two methods,
the tensiometer method and the fluorescent probe method.

Upon dilution in water, the surface tension of the
mmePEGS550-CAP/TMC and mmePEG750-CAP/TMC solu-
tions decreased with increasing polymer concentration until
the surface tension remained constant, indicating that a CMC
was reached (Fig. 4). The CMC of both copolymers deter-
mined by this method, were in a range of 10~>g/ml (Table III).

The surface tension of the pure polymers was in the
range of 46 mN/m for all polymers investigated.
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Fig. 4. Surface tension (O) and I,/I; ratio (M) versus copolymer con-
centration of (A) aqueous solutions of mmePEG550-CAP/TMC and
(B) aqueous solutions of mmePEG750-CAP/TMC .
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The fluorescence probe was the second method used to
determine the CMC of copolymers. Increasing the concentra-
tion of the diblock copolymer mmePEG-CAP/TMC in an
aqueous pyrene solution led to several changes in the fluo-
rescence properties. Very small shifts were observed in the
excitation (from 335 to 338 nm) and emission spectra (I,. from
372 to 373 nm and I5: from 383 to 384 nm) of pyrene since the
dye molecules moved from a water environment to a more
hydrophobic medium (20,21). The I,/I; ratio decreased with
increasing polymer concentrations to reach a constant base
line (Fig. 4). The CMC of the polymers were in a range of 10~
g/ml (Table III). These results were consistent with those
determined by the ring method. Similar CMC values were
measured in an aqueous solution pH 2 at 37°C (data not
shown).

The plots also allowed the determination of the polarity
of the micelle core. The I,/I; values above the CMC of the
polymer solution indicated that the microenvironment in the
micelle core is rather hydrophilic. Indeed the I,/I; values
range between 1.64 and 1.61 which corresponds on the py-
rene-scale to ethyl acetate (21).

Micellization Energy

The micellization energy of the different polymers cal-
culated from the CMC is reported in Table III. The negative
values of the micellization energy indicate, as expected, that
the micellization is spontaneous (it did not require supple-
mentary energy). The difference between the polymers is not
significant.

Cloud Point

As it is the intention to use the proposed systems as a
drug delivery system, it is important that the systems remain
stable under various temperature conditions. Therefore, the
cloud point was determined. The clouding temperatures of
mmePEG550-CAP/TMC and mmePEG750-CAP/TMC co-
polymers were respectively 38 and 58°C when evaluated vi-
sually and 28 and 53°C when evaluated by turbidimetry
(Table III), indicating that the cloud point of mmePEGS550-
CAP/TMC at 13/1 monomer/initiator ratio might be too close
to the physiologic temperature.

Colloidal Stability

To check the colloidal stability of the polymeric particles
to electrolytes, the critical flocculation point was determined.
It was lower for the mmePEG 550-CAP/TMC copolymers
than for the mmePEG 750-CAP/TMC copolymers. The floc-
culation points were respectively 0.1 and 1.5 M ionic strength,
indicating that colloidal stability increased with the PEG
chain length (Table IIT and Fig. 5).

Solubility of Poorly Water-Soluble Drugs in the
Polymeric Micelles

The self-assembling polymers were developed to in-
crease the solubility of poorly water-soluble drugs. Therefore,
the solubility of 4 BCS class II model drugs (Table II) in
aqueous solutions of mmePEG-CAP/TMC polymers was
evaluated (Table IV and Fig. 6). Different batches of the
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Fig. 5. Turbidity of aqueous solutions of copolymers mmePEG550-
CAP/TMC and mmePEG750-CAP/TMC as function of ionic
strength.

mmePEGS550-CAP/TMC and of mmePEG750-CAP/TMC
were tested for their ability to solubilize these drugs.

The average solubility of risperidone, ketoconazole, hy-
drocortisone and indomethacin in a solution containing 1%
w/v mmePEG750-CAP/TMC were respectively 33, 17, 43 and
36 mg/100 ml. Comparison with their solubility in water (re-
spectively 5, <1, 1.2, and 0.2 mg/100 ml) shows that the poly-
meric micelles can significantly enhance the water-solubility
of the model drugs. The drug contents were in the range of
1-4% wiw.

Neither the PEG chain length (Table IV) nor the mono-
mer/initiator ratio (data not shown) had an influence on the
solubilization properties of the mmePEG-CAP/TMC poly-
mers.

The influence of polymer concentration on the solubility
of the model drugs was also assessed. As shown in Fig. 6, the
solubility of the drugs increased linearly (R? close to 1) with
the polymer concentration ranging from 1 to 10 or 31.5% wi/v.

In vitro Release of Risperidone from the Micelles

The stability of the encapsulation of the drug in the mi-
celles was assessed by dialysis equilibrium. As compared to a
control with free risperidone, the kinetic of release of risperi-
done from the micelles was slow: less than 50% of the drug
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came out of the mmePEG750-CAP/TMC micelles in 2 days.
No significant burst release was observed (Fig. 7).

DISCUSSION

The aim of this study was to develop novel biodegradable
polymers that show self-assembling properties in physiologic
conditions and increase the solubilization of poorly water-
soluble drugs. Hence, liquid amphiphilic polymers were syn-
thesized by ring opening polymerization using different
monomers and initiators. Diblock mmePEG (550 or 750)-
CAP/TMC 50/50 copolymers with a low molecular weight
(<5000) were shown to form, spontaneously, clear solutions in
water without requiring heat or solvent. The droplet sizes
were in the range of 20 to 100 nm. Moreover, mmePEG2000-
CAP/TMC 50/50 could also form spontaneously clear solu-
tions in water but the polymer is solid at room temperature
and needed to hydrate for one hour at room temperature or
37°C (addition of 20% to 30% of water). The mixing duration
required for the hydration indicates that this polymer would
not be an optimal emulsifying polymer to enhance drug solu-
bility.

Due to their amphiphilic diblock structure and to the
small size of the droplets, it was very likely that these poly-
mers form micelles in water. To check this hypothesis, two
complementary methods were used to assess the CMC. For
the diblock copolymers initiated with mmePEG550 or 750, a
CMC could be determined confirming that the mmePEG-
CAP/TMC copolymers form, spontaneously, micelles in wa-
ter. The CMC values are in the range of 10~> g/ml. The CMC
values reported in the literature for block copolymers com-
posed of mmePEG or PEG and various polyesters generally
range between 10™* and 107 g/ml depending on their com-
position, the ratio between PEG and polyester chain length,
their molecular weight (3,27-33). The values are much lower
than CMC of low molecular weight surfactants.

Since the micelles will be diluted in vivo, the CMC should
be as low as possible to retain the polymers in their micellar
form upon dilution and thus retain the drug in the micelles.
The CMC of the studied polymers fulfils this requirement: the
concentration of the polymers in the gastro-intestinal tract
will remain well above the CMC. The mmePEG-CAP/TMC
form micelles at different ionic strength, pH and solution

Table IV. Solubility of Risperidone, Ketoconazole, Hydrocortisone, and Indomethacin (g/100 ml) in Aqueous Solutions of the Self-
Assembling System Formed by mmePEG-CAP/TMC

Polymer concentration (w/v%)

1% 3.15% 10% 31.5%

Risperidone

mmePEGS550-CAP/TMC 0.038 0.079 0.29 ND

mmePEG750-CAP/TMC (n = 3) 0.03 (+0.001) 0.08 (+0.013) 0.22 (+0.028) 0.64 (£0.07)
Ketoconazole

mmePEGS550-CAP/TMC 0.022 0.055 0.22 0.65

mmePEG750-CAP/TMC (n = 2) 0.02 (+0.001) 0.06 (+0.004) 0.18 (+0.005) 0.39 (£0.29)
Hydrocortisone

mmePEG750-CAP/TMC (n = 2) 0.04 (+0.001) 0.06 (+0.006) 0.14 (+0.006) ND
Indomethacin

mmePEG750-CAP/TMC 0.036 0.123 0.37 ND

The solubility was determined in triplicate at room temperature. For more information about the type of polymers, see Table 1. Results are

expressed as Mean (+SD). ND = not determined.
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Fig. 6. Solubility (g/100ml) of risperidone, ketoconazole, hydrocorti-
sone, and indomethacin in mmePEG750-CAP/TMC copolymers. The
solubility data for ketoconazole are the mean of 2 batches of copoly-
mers. For risperidone the data represent the mean of 3 batches of
copolymers while for hydrocortisone the data are the mean of 2
batches. For indomethacin the results of 1 batch are shown. The
solubility was determined by UV spectrometry at 25°C.

composition including simulated gastric and intestinal fluids.
Moreover, the drug included in the micelles was slowly re-
leased, indicating that the drug will remain in the micelles and
will not precipitate out of these micelles. These data indicate
that the copolymers could be used for oral delivery of drugs.

As both mmePEG550-CAP/TMC and mmePEG750-
CAP/TMC form, spontaneously, micelles in aqueous media, a
thorough characterization was performed to evaluate the ef-
fect of the PEG chain length and select the optimal polymer.
The length of the CAP/TMC chain remained constant (be-
tween 4000 and 4500) The clouding temperature of surfac-
tants and polymers containing PEG groups depends strongly
on the poly(ethylene oxide) chain length but is less influenced
by the size of the hydrophobic portion of the polymer (24). As
shown in Table III, the clouding temperature of the
mmePEG-CAP/TMC increased with the PEG chain length.
Since the cloud point of mmePEGS550-CAP/TMC polymer is
close to the physiologic temperature, the copolymer with a
PEG chain length of 750 might be more appropriate for phar-
maceutical applications. The stability of the colloidal system
to the addition of electrolytes was also higher for the
mmePEG750-CAP/TMC than for the mmePEG550-CAP/
TMC polymeric micelles. This is in analogy with results re-
ported previously for PEG-poly(lactic acid) or PEG-CAP col-
loidal systems and for PEGylated liposomes. Comparison of
the size of the mmePEGS550-CAP/TMC micelles measured by
PCS and cryo-TEM also suggests that the steric hindrance by
PEGS550 could be too low to achieve a good stabilization of
the micelles.

To check if the mmePEG-CAP/TMC copolymers could
be used as delivery systems for poorly water-soluble drugs,
their effect on the solubility of 4 model drugs with different
log P and pKa was assessed. The data clearly demonstrate
that the polymers enhance the solubility of the 4 drugs in
water: the higher the polymer concentration, the higher the
solubility. Depending on the physicochemical properties of
the drugs, the solubility of the drugs was enhanced up to
180-fold (for indomethacin) in presence of 1% w/v solution of
the polymer. The PEG chain length does not seem to influ-
ence the solubilizing properties of the polymer. The drug-
polymer compatibility and interactions are the key factors
influencing the extent of incorporation of a solubilizate into
polymeric micelles. The method of preparation can also affect
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drug loading efficiency (for review, see Refs. 3,11). Rather
low drug content (2% to 4% w/w) were achieved compared to
the drug content in micelles formed from other PEG-
polyesters. For example, indomethacin content in micelles
formed from PEG-CAP or PEG-poly(benzyl-L-aspartate)
reached respectively 42.2% (dialysis method) and 20.4 or
22.1% (dialysis or o/w emulsion method) (32-33). However,
the mmePEG750-CAP/TMC micellar solution is several
times more effective than hydroxypropyl-B-cyclodextrin, a
well known solubilization enhancer for solubilizing most of
the drug tested (data not shown). In addition, the reproduc-
ibility of the solubilization properties of the copolymers from
one batch to another was excellent.

In the literature, several studies describe the use of PEG-
containing polyesters as micellar carriers of drugs. Mainly
biodegradable polyesters consisting of lactide (L or bL), e-cap-
rolactone, glycolide or copolymers thereof (27-33) or of
amino acids (13) are described. To our knowledge, no papers
dealing with micellar carriers of mmePEG-CAP/TMC co-
polymers exists, at the very least concerning the spontaneous
formation. In addition, the solubilization of drugs into the
micellar carriers described in literature depended largely on
the manufacture method used. Generally high entrapment
efficiencies could only be achieved when complex methods
were used to prepare the drug loaded micelles or nanopar-
ticles. Often the use of organic solvents and/or heat were
necessary (2,3,10,28-33). In contrast, the mmePEG750-
initiated CAP/TMC copolymers described in this paper form
spontaneously a clear solution upon dispersion in water and
solubilize in an easy way poorly water-soluble drugs.

CONCLUSIONS

In comparison to existing diblock copolymers which form
polymeric micelles, the copolymers composed by
mmePEG750-CAP/TMC have the following advantages: i)
they form micelles spontaneously in water and in physiologic
conditions (no heat or organic solvents are needed to produce
micelles and to incorporate drugs), ii) their concentration in
the gastro-intestinal tract or blood will remain above the
CMC after administration, iii) they enhance the solubility of
water soluble drugs.
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Fig. 7. In vitro release of free risperidone () and risperidone en-
capsulated in mme PEG750-CAP/TMC micelles (®). The percentage
of risperidone released was measured by dialysis equilibrium at 37°C.
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Due to their self-assembling properties, they may be ad-
ministrated orally as “self-microemulsifying drug delivery sys-
tems” which will form a clear solution upon agitation in the
gastrointestinal tract and enhance the aqueous solubility of
the drug solubilized in the polymers. Alternatively, they could
also be administered intravenously as micellar solutions.

Diblock mmePEG750-CAP/TMC copolymers seem to
be very promising as an interesting drug delivery system for
oral delivery of poorly water-soluble drugs.
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