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Purpose: The block copolymers PEG3gp0-b-PLA2200, PEG2000-b-PCL3g00 and PEGsggo-b-PCLsggo have been
currently identified as optimal solubilizing agents for Sagopilone, a poorly water-soluble anticancer drug.
In the present study, the stability, formulation feasibility and in vitro as well as in vivo toxicity were eval-
uated.

Methods: Dispersion media, storage conditions, and dilutions were varied for stability assessment. The

’;fy";"’rds-' | el critical micelle concentration (CMC) was determined using a fluorescent probe technique. Lyophilizates
E;;;SZEE ymer micetes and polymeric films were investigated as formulation options. Furthermore, the toxicity was studied

in vitro and in vivo using HeLa/MaTu cells and a nude mouse model, respectively.
Results: A drug-polymer ratio as low as 1:20 (w/w) was sufficient to solubilize Sagopilone effectively and
to obtain stable dispersions (24 h: drug content >95%). Although the micelles exhibited a similar ther-
modynamic stability (CMC: 1077-107° M), PEG-b-PCL micelles were kinetically more stable than
PEG2000-b-PLA2200 (24 h at 37 °C: drug content >90% compared to 30%, respectively). Lyophilization of
PEG-b-PCL micelles and storage stability of solid drug-loaded PEG,gpo-b-PLA2>00 films (3 m, 6 °C: drug
content of (95.6 + 1.4)%) were demonstrated for the first time. The high antiproliferative activity has been
maintained in vitro (ICsp<1 nM). Carrier-associated side effects have not been observed in vivo and the
maximum tolerated dose of micellar Sagopilone was determined to be 6 mg/kg.
Conclusion: The results of this study indicate that polymeric micelles, especially PEG-b-PCL micelles, offer
excellent potential for further preclinical and clinical cancer studies using Sagopilone.

© 2010 Elsevier B.V. All rights reserved.
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1. Introduction parenterally [3,4]. The epothilones present a novel class of micro-

tubule-stabilizing anticancer drugs originally occurring in Soran-

Solubilization represents one of the major challenges in formu-
lation development nowadays since approximately 40% of the new
compounds in drug discovery are poorly water-soluble [1]. This is
of particular concern in the parenteral delivery field because the
number of approved excipients is limited. Furthermore, currently
used solubilizers such as Cremophor®EL have been implicated in
clinically important adverse effects and unfavourable alterations
of the pharmacokinetics of drugs as shown for paclitaxel [2].

Sagopilone (Fig. 1) is a novel, poorly water-soluble anticancer
drug belonging to the group of epothilones that is administered
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gium cellulosum. Their mechanism of action is similar to
paclitaxel, but they exhibit superior features relative to the latter.
Besides their activity against various tumour types, they show
low susceptibility to key tumour resistance mechanisms in vitro,
and most importantly, in vivo [5]. Thus, they are effective in tu-
mours resistant to paclitaxel making them very likely to become
successors to taxane therapy. Sagopilone (Fig. 1) is a synthetic epo-
thilone derivative, which is currently under clinical trial evaluation
[6]. Dosing of Sagopilone is limited due to the occurrence of
peripheral neuropathy. This is a typical side effect of epothilones,
which recently gave reason to the refusal of the marketing author-
isation for the epothilone derivative Ixabepilone by the European
Medicines Agency (EMEA) [7]. The agency concluded that the ben-
efits in the treatment of breast cancer with Ixabepilone did not
outweigh its risks due to neuropathy.

Thus, an optimal delivery system for this class of anticancer
drugs requires (a) solubilization of the drug, (b) accumulation of
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Fig. 1. Structural formula of (A) Sagopilone, (B) PEG-b-PLA and (C) PEG-b-PCL.

the drug at the tumour site due to enhanced permeation and reten-
tion (EPR-effect) [8,9], and (c) reduction of drug-related adverse ef-
fects at non-tumour sites. Among several approaches, polymeric
micelles offer great potential to meet these demands [10-13] with
regard to solubilization [1,14-16], vehicle safety after administra-
tion [17,18] and passive tumour targeting [19,20].

Until now, numerous publications have described various poly-
meric micellar systems with respect to solubilization and in vivo
performance using different drugs and various animal models.
For this reason, the results are difficult to compare. In our previous
study, amphiphilic block copolymers composed of poly(ethylene
glycol) (PEG) and a biodegradable polyester block of poly(lactide)
(PEG-b-PLA) or poly(e-caprolactone) (PEG-b-PCL) were investi-
gated with regard to the solubilization of Sagopilone for parenteral
delivery [21]. As a result, three polymers along with the appropri-
ate method of preparation were selected as optimal solubilizing
agents. The polymers used were: PEGqo0-b-PLA3200, PEG2000-b-
PCLzg00 and PEGSOOO'b'PCLSOOO (Flg ]) abbreviated as PZLA(]]),
P2CL(1.3) and P5CL(1.0), respectively, in which the number in
parentheses details the hydrophobic/hydrophilic ratio (w/w) of
the block copolymer.

A critical point for formulation development is the stability of
polymeric micelles [22]. They have to be stable both prior to clin-
ical application and after intravenous (i.v.) administration, since
intact micelles are considered an important prerequisite for pas-
sive tumour targeting. The stability of polymeric micelles is often
considered sufficient in general due to their low critical micelle
concentration (CMC) values. However, this view disregards the ki-
netic stability, which may exhibit serious differences depending on
the nature and state of the micellar core [1], especially important
in the field of drug delivery. Thus, the selection of a core-forming
block providing a high degree of kinetic stability in conjunction
with a slow rate of disassembly is described as a strategy for the
preparation of micelles that stay intact until reaching the tumour
site [23] besides other approaches such as core-crosslinking [24]
or the chemical modification of the core-forming block [25,26].
Examining a set of PEG-b-PCL polymers, Liu et al. showed superior

in vitro as well as in vivo stability of P5CL(1.0) [23]. A significant
portion of the copolymer remained assembled as intact micelles
even 24 h after administration of thermodynamically unstable mi-
celles (2 mg/kg body weight) that would likely fall to concentra-
tions below the CMC following distribution [23]. In the present
work, a comparative study of the physicochemical stability of
PCL- and PLA-containing micelles was performed, assuming that
PCL-containing cores exhibit a higher stability due to their nature
(higher hydrophobicity) and state (semi-crystalline) compared to
amorphous poly(p,.-lactide).

In addition, the applicability of polymeric micelles to clinical
development requires stable formulations with sufficient shelf-life.
Since the polymers used are sensitive to hydrolytic degradation,
aqueous dispersions of the micelles are not suitable for ready-to-
use formulations. This issue has been rarely addressed, especially
for PEG-b-PCL micelles. With regard to the semi-crystalline nature
of PCL, potential aggregation has to be taken into account during
freeze-drying. With this in mind, the feasibility of lyophilization
was studied using different conditions to prevent crystallization
of PCL and provide a storable formulation of PEG-b-PCL micelles.
As an alternative to lyophilization, solid drug-loaded polymeric
films of PEG-b-PLA were investigated as a novel approach for sta-
bilizing parenteral formulations.

Following the physicochemical and formulation studies, the
in vitro as well as the preclinical in vivo toxicity has been studied
to determine the safety profile of the carriers and the maximum
tolerated dose (MTD) of the drug-loaded micelles for future
in vivo tumour efficacy studies.

2. Materials and methods
2.1. Materials

Sagopilone was obtained from Bayer Schering Pharma AG
(Berlin, Germany). The block copolymers poly(ethylene glycol)-b-
poly(e-caprolactone), namely PEGyggp-b-PCLyggp and PEGsgge-b-
PCLsggo (abbr.: P2CL(1.3) and P5CL(1.0), respectively), and the
poly(ethylene glycol)-b-poly(p,.-lactide) PEG,ggo-b-PLA2200 (abbr.:
P2LA(1.1)) were purchased from Polymer Source Inc. (Dorval, Can-
ada). Pyrene, sucrose, trehalose and mannitol were obtained from
Merck KGaA (Darmstadt, Germany). Hydroxypropyl-p-cyclodex-
trin (abbr.: HPBCD) was purchased from Roquette (Lestrem, Fance).
Polyvinylpyrrolidone (abbr.: PVP, Kollidon® 17PF, M, =7000-
11,000 g/mol) was purchased from BASF (Ludwigshafen, Ger-
many). All other ingredients were obtained in analytical quality.

2.2. Micelle preparation and drug loading

Loading of Sagopilone within block copolymer micelles was
done by the appropriate method of preparation as described previ-
ously [21]. In brief, sonication was used to prepare PEG-b-PCL mi-
celles by simply weighing the polymer and Sagopilone, adding
phosphate buffer (0.05 M, pH 7.4) and sonication for 10 min. Mi-
celles composed of the PEG-b-PLA polymer P2LA(1.1) were pre-
pared by a film formation method. The polymer and the drug
were dissolved in acetonitrile, and the organic solvent was evapo-
rated under reduced pressure at room temperature with subse-
quent drying at 0.1 mbar for 1h. Micelle formation took place
upon redispersion of the resulting film with phosphate buffer
(0.05 M, pH 7.4) while shaking without additional heating or soni-
cation. Unloaded micelles and blanks were prepared according to
the same procedures in the absence of Sagopilone or the polymer,
respectively. The resulting dispersions were sterilized by filtration
through 0.22-pum syringe filters (Millex®-GV 0.22 pm, Millipore,
USA).
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2.3. Determination of drug content and micelle size

The final Sagopilone concentration present in the micelles was
determined by reversed-phase high performance liquid chroma-
tography (RP-HPLC) using two Chromolith® Performance RP-18e
columns (100 x 4.6 mm, Merck, Germany) and an Agilent 1100
Series chromatography system (quaternary pump, auto-injector,
column heater at 25 °C and UV-detector) from Agilent Technolo-
gies (Santa Clara, USA). The method used has been described in de-
tail previously [21].

The solubilization efficiency (SE) and the loading (% and mol/
mol) of Sagopilone were calculated according to Eq. (1)-(3),
respectively.

SE (%) — mass of Sagopilqne—loadeq in mg
mass of Sagopilone fed in mg
mSagopilonein mg
Mpolymer in mg
mSagopilone in mol
Mpolymer iN MOl

x 100% (1)

Loading (%) x 100% (2)

Loading (mol/mol)

The micelle sizes and size distributions were measured by Dy-
namic Light Scattering (DLS) at a scattering angle of 173° using a
Zetasizer Nano (Malvern Instruments Ltd., Worcestershire, UK)
with a temperature controller set at 25 °C. Autocorrelation func-
tions were calculated and analyzed using the DTS v5.1 software
provided by Malvern. Measurements were done in triplicate with
15-20 runs each, and the calculated mean values of the hydrody-
namic diameter (dy) and the size distribution (PDI: polydispersity
index) were used.

2.4. Determination of critical micelle concentration

The critical micelle concentration (CMC) of the amphiphilic
block copolymers was determined by a fluorescent dye assay as re-
ported previously [15]. In brief, excitation spectra of pyrene were
obtained at a constant pyrene concentration of 6 x 10~7 M in the
presence of amphiphilic block copolymers at concentrations rang-
ing from 1 x 107> to 10 g/L using a Spex Fluorolog-2 spectrofluo-
rometer (Horiba Jobin Yvon, Edison, NJ). The ratio of the intensity
at 338-333 nm was plotted against the concentration of the block
copolymer on a logarithmic scale to determine the CMC.

2.5. Lyophilization

Different lyoprotectants were added to the micellar dispersions
(c(polymer) = 20 g/L) at varying polymer-lyoprotectant weight ra-
tios ranging from 1:0 to 1:20. Two millilitres of the dispersions
were filled in 6R-glass vials fitted with 13-mm lyophilization stop-
pers. The samples were frozen by either immersion in liquid nitro-
gen (—196 °C) or at —45 °C over 4.5 h. They were lyophilized for
56.5 h at 0.09-0.01 mbar in a Genesis Super XL (VirTis, USA) with
a condenser temperature of —60 °C. The resulting lyophilizates
were redispersed by adding 2 mL water and subsequent shaking.
When redispersion was complete, the drug content and the micel-
lar characteristics were determined.

2.6. X-ray powder diffraction (XRPD)

Data collection was carried out in transmission mode on the
automated STOE Powder Diffractometer STADI P using germa-
nium-monochromatized Cu Kot;-radiation (=1.5406 A). The X-ray
tube with copper anode was operated at 40 kV and 30 mA. The
20 scans were performed using the small linear position sensitive
detector with an angular resolution of 0.08° between
12° < 20 < 23° (step width 0.1°). The samples were enclosed be-

tween two polyacetate films. Data acquisition and evaluation were
performed using Version 2.07 of the STOE WinXP°" software
package.

2.7. In vitro cytotoxicity

For the in vitro cytotoxicity study, the human cervix carcinoma
cell line HeLa/MaTu (Epo GmbH Berlin) was used. The cytotoxic
activity was evaluated at five dilutions ranging from 107° to
200 puM Sagopilone using the crystal violet assay according to the
standard method [27]. In brief, cells were harvested from exponen-
tial phase cultures growing in DMEM/HAMS F12 (Biochrom AG)
medium supplemented with 2 mM L-Glutamine and 10% fetal calf
serum, counted and seeded onto 96-well plates with a density of
3000 cells per well. After a 24-h recovery at 37 °C in a humidified
atmosphere with 5% CO,, the cells were incubated with 200 puL of
medium containing free Sagopilone or Sagopilone-loaded micelles.
Each sample and concentration step was plated in octuplicate. Un-
treated (medium) and positive controls (paclitaxel) were included
as well. Following 4 days of exposure, the cells were treated with
glutaraldehyde solution (10%) for 15 min and washed three times.
Afterwards, the viable cells were stained with crystal violet for
20 min, which was detected at 595 nm using a Tecan Sunrise
Microplate reader after the addition of 10% acetic acid. As a result,
the inhibitory concentration ICso, which is the concentration of
Sagopilone producing 50% inhibition of cell proliferation, was
determined as a mean from three independent experiments.

2.8. In vivo toxicity

In vivo tolerability studies were performed in healthy female,
adult NMRI: nu/nu mice (6-8 weeks of age, lack of mature T-lym-
phocytes, Taconic, 4623 Lille Skensved, Denmark). To determine
the acute tolerability of the carriers, unloaded micellar dispersions
were administered intravenously at a dose of 200 mg/kg to two
animals per carrier type. Mice were monitored daily for acute reac-
tions and variation in body weight over 1 week. In the absence of
toxic effects of the carriers, the maximum tolerated doses (MTD)
of the drug-loaded dispersions were determined according to
OECD guideline No. 425 for one drug. Therefore, groups of adult
NMRI: nu/nu mice (female, 33.5+2 g) with three animals per
group received slow i.v. bolus injections of Sagopilone-loaded
micellar dispersions (application volume: 0.2 mL per 20 g mouse
body weight) at a dose of 6, 8 and 10 mg/kg. Mice were inspected
daily for treatment-related toxicity. The body weight was deter-
mined daily, and changes in the body weight served as a parameter
of toxicity. The MTD was defined as the dose where the median
body weight loss does not exceed 15% nor leads to remarkable
changes in general behaviour or to death due to toxic side effects
within 2 weeks after administration. Animals showing weight loss
exceeding 20% were sacrificed.

All animal experiments were conducted in accordance with
Recommendations from the Declaration of Helsinki, the UKCCCR
regulations for the welfare of animals and the German animal pro-
tection law, in addition to approval by local authorities.

2.9. Statistics

Data were recorded as mean + standard deviation. All experi-
ments were done at least in triplicate as specified in the results
section. Means were analyzed for statistical significance using un-
paired student’s t-test. Differences were considered significant at
p-values <0.05.
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Table 1
Solubilization of Sagopilone (n = 3).

Sample Polymer c (g/L) Preparation Method Sagopilone Loading of Sagopilone
c (mg/L) SE (%) (wt.%) (mol/mol)

Blank - FF 56.7 +8.5 5.7 - -

P2LA(1.1) 10 FF 739.8+8.1 74.0 7.40 +0.08 0.571 £ 0.006
P2LA(1.1) 20 FF 997.2+11.4 99.7 498 £0.24 0.385 +0.004
Blank - Nej 83+0.2 0.8 - -

P2CL(1.3) 10 NeJ 761.3+159 76.1 7.61+0.16 0.644 +0.013
P2CL(1.3) 20 NeJ 996.8 +48.5 99.7 5.06 +0.16 0.422 +0.021
P5CL(1.0) 10 SO 703.1 £41.9 70.3 7.03 £0.42 1.293 +0.078
P5CL(1.0) 20 NeJ 1011.0+31.8 101.1 4.99 £ 0.06 0.930 +0.029

3. Results and discussion
3.1. Solubilization capacity and stability of micellar dispersions

Sagopilone was solubilized by polymeric micelles with the
appropriate method of preparation for PLA- and PCL-containing
block copolymers, using the film formation and sonication method,
respectively. The aim was to reach the clinically relevant Sagopi-
lone concentration of 1g/L necessitating an 83-fold solubility
enhancement compared to the solubility in water (12 pg/mL).
Using a polymer concentration of 10 g/L resulted in comparable
molar drug-loading capacities of (0.57 +0) and (0.64 + 0.01) mol
Sagopilone per mol polymer for P2LA(1.1) and P2CL(1.3), respec-
tively (Table 1). This is distinctly lower compared to the loading
capacity of the higher molecular weight polymer P5CL(1.0) at
(1.29 £ 0.08) mol Sagopilone per mol polymer (Table 1). Assuming
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Fig. 2. Size characteristics of micellar dispersions. (A) Particle Characteristics of
unloaded (mm/e) and Sagopilone-loaded (==/ o ) polymeric micelles as a function of
the polymer concentration. (B) Appearance of Sagopilone-loaded micellar disper-
sions at a polymer concentration of 20g/L. n=3. (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version
of this article.)

that the drug was solubilized by the hydrophobic blocks within the
micellar core, the corresponding loading capacities were almost
equal at 14% and 13-14% (w/w hydrophobic block) for PLA and
PCL, respectively. However, the block copolymer concentration
was too low to reach the target concentration of Sagopilone. There-
fore, the amount of the polymers was increased to 20 g/L, resulting
in micellar dispersions that contained Sagopilone at a satisfactory
concentration of 1 g/L (Table 1), equivalent to a Sagopilone loading
of 5% (w/w). The corresponding solubilization efficiency was 100%,
indicating the absence of any drug loss during the preparation for
all polymers used.

The hydrodynamic diameters of the drug-loaded micelles were
(20.2+0.1), (38.6+0.9) and (68.4+3.3) nm for P2LA(1.1),
P2CL(1.3) and P5CL(1.0), respectively (Fig. 2A). PEG-b-PCL micelles
exhibited a higher polydispersity (PDI: 0.13-0.21) compared to
PEG-b-PLA micelles (PDI: 0.01-0.05), independent of the drug load-
ing and polymer concentration (Fig. 2A). As previously shown in a
cryoTEM study [21], the PEG-b-PCL micelles exhibited a uniform
size distribution despite their higher PDI values, and aggregation
was not observed. In contrast to the clear dispersions comprised
of P2LA(1.1), unloaded as well as drug-loaded PCL-containing for-
mulations showed a slight or intense white to pale blue opales-
cence (Fig. 2B), indicative of crystalline light scattering structures
in the submicron size range. The particle sizes as well as the PDI
did not differ between the unloaded and drug-loaded micelles ex-
cept for P5CL(1.0) at a concentration of 10 g/L (Fig. 2A). The excep-
tion revealed a significant increase in the micellar size (p = 0.01)
while size distribution (PDI) did not change significantly
(p=0.25). This phenomenon may be due to the formation of a
small amount of drug nanocrystals with diameters less than
0.22 um. However, they may only account for a marginal propor-
tion of the total number of particles, since they have not been de-
tected as a single size population at DLS, and the corresponding
blank samples exhibited negligible Sagopilone concentrations
(Table 1).

The dispersions were stored at room temperature, and their
remaining drug content was determined after 24 h to assess their
stability. As shown in Fig. 3A, all dispersions were stable at a poly-
mer concentration of 20 g/L while precipitation of the drug oc-
curred at a P2LA(1.1)-concentration of 10 g/L. Thus, a further
requirement for clinical development or processing, namely the
stability of the dispersions for a specific time period, was met.
The previously described ‘supersaturation’ effect of P2LA(1.1)-dis-
persions prepared by a film formation method was not observed at
the higher polymer concentration. The lower Sagopilone loading
(5wt.%, Table 1) did not exceed the loading capacity of the
P2LA(1.1)-micelles, circumventing a subsequent precipitation of
excessive Sagopilone, and (97.2 £ 1.3)% of the drug still remained
solubilized after 24 h (Fig. 3A). In addition, the time-dependent
behaviour of the P2LA(1.1)-micelles was monitored by DLS
(Fig. 3B). The “supersaturated” dispersions revealed a slightly
ascending PDI during the first 9 h (PDI: 0.05-0.11) with a subse-
quent sharp increase from 0.11 to 0.20, whereas the polydispersity
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Fig. 3. Stability of micellar dispersions. 24-h Stability of Sagopilone-containing
micellar dispersions (target conc. 1 g/L) at room temperature. (A) Remaining drug
content after 24 h at a polymer concentration of 10 g/L (==) and 20 g/L (mmm) in
phosphate buffer (0.05 M, pH 7.4). (B) Absence of the ‘supersaturation’ effect of
P2LA(1.1) at c(polymer) of 20 g/L (e) compared to 10 g/L (o) shown by a 24-h DLS-
measurement. (C) Remaining drug content after 24 h in dispersions comprising
phosphate buffer (0.05 M, pH 7.4) (mmm) and phosphate buffer saline (0.05 M, pH 7.4)
(==m) at a polymer concentration of 20 g/L. n=3.

of the micelles comprising a higher polymer concentration of
20 g/L did not change for at least 48 h (Fig. 3B). This points to the
importance of determining the drug content at multiple time
points in addition to a single measurement after preparation. The
latter often leads to a misinterpretation of the micellar loading
capacity especially if the film formation method is used due to
the ‘supersaturation’ effect.

The previously described dispersions were prepared in phos-
phate buffer (0.05 M, pH 7.4) as a dispersion medium. The higher
concentration of sodium chloride present in the phosphate buffer
saline (0.05M, pH 7.4) remarkably decreased the stability of
P2LA(1.1)-micelles as drug content dropped to (16.0 + 3.8)% after
24 h (Fig. 3C). Conversely, the stability of the PEG-b-PCL micelles
was not affected after 24 h. Thus, phosphate buffer (0.05 M,
pH 7.4) was used for further investigations.

3.2. Critical micelle concentration and stability upon dilution

Using a fluorescent probe technique, the critical micelle concen-
tration (CMC) was determined as a thermodynamic parameter
characterizing the micelles’ stability during dissolution. The three
polymers tested exhibited a very low CMC on an order of magni-
tude of 1077-10% M as shown in Table 2. Furthermore, the free en-
ergy (AG°) of the micelle formation process was calculated
according to Eq. (4), where the CMC is expressed in units of mole
fraction, R is the gas constant and T is the absolute temperature
of the system [28].

AG® = RT In(CMC) (4)

The obtained AG° values were negative, independent from the
polymers used, indicating a self-assembly process. Thus, the
spherical nanoparticles detected at DLS (Fig. 2A) and visualized
by cryoTEM [21] were proven to be thermodynamically stable,
self-assembled micelles. Based on their CMC values, the micellar
dispersions (c(polymer)=20g/L) of P2LA(1.1), P2CL(1.3) and
P5CL(1.0) may be diluted by a factor of 2740, 2990 and 3780,
respectively, to fall below the CMC. As previously stated, the mi-
celles are not necessarily destroyed after dilution below the CMC,
depending on their kinetic stability [1,20]. By definition, unimers
exist in equilibrium with polymeric micelles at concentrations
above the CMC. The rate of the exchange of polymer unimers be-
tween the micelles as well as the dissociation defines the kinetic
stability. It may occur rapidly, gradually or not at all, depending
on the state of the core (liquid-like, glassy or crystalline), whereas
the latter are known as ‘frozen’ micelles [1].

To define the kinetic stability at concentrations above the CMC,
dilution experiments were performed by mixing the micellar dis-
persions (1 g/L Sagopilone, 20 g/L polymer) with normal saline
(0.9%) in a ratio of 1:10. Subsequently, the dilutions were stored
at 4 and 37 °C for 24 h, and the remaining drug content was deter-
mined thereafter (Fig. 4). In contrast to P2LA(1.1), the PEG-b-PCL
micelles exhibited a high stability upon dilution. (97.2 £2.2)%
and (97.3 £0)% of the drug content remained solubilized after
24 h at 4 °C using P5CL(1.0) and P2CL(1.3), respectively, in contrast

Table 2
CMC-values (determined at 25 °C, n = 3).

Polymer CMC (pg/mL) CMC (105 M) AG® (kJ/mol)
P2LA(1.1) 73+19 1.7+0.5 -32.9+0.7
P2CL(1.3) 6.7+2.7 1.5+0.6 —335+1.1
P5CL(1.0) 53+3.2 0.5+0.3 —-36.1+x14
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Fig. 4. Stability upon dilution. Stability demonstrated by the remaining drug
content of the dilutions after 24 h stored at 4 °C (=) and 37 °C (mmm). Dilution of
micellar dispersions (1 g/L Sagopilone; 20 g/L polymer) in phosphate buffer (0.05 M,
pH 7.4) with normal saline (0.9%) in a ratio of 1:10 (v/v). n=3.
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to (87.1 £ 2.2)% for P2LA(1.1). The superior stability of the PCL-con-
taining micelles was even more obvious at 37 °C. At this tempera-
ture, more than 70% of the initially solubilized drug substance
precipitated in micellar dispersions of P2LA(1.1), whereas
(96.4 £1.7) and (90.1 +3.6)% of the drug remained solubilized in
P2CL(1.3) and P5CL(1.0), respectively.

By summarizing the dilution (Fig. 4) and stability experiments
in the presence of sodium chloride (Fig. 2C), a remarkable differ-
ence in the stability of PLA- and PCL-containing micelles was ob-
served. P2LA(1.1) and P2CL(1.3) exhibited similar values in their
CMC, but P2LA(1.1)-micelles were less stable, both in phosphate
buffer saline and after dilution with normal saline despite the fact
that the polymer concentration was beyond the CMC for all poly-
mers tested. Hence, PEG-b-PCL micelles exhibited a superior ki-
netic stability despite the similar thermodynamic stability
parameters for the PLA- and PCL-containing polymers. This is most
likely due to the semi-crystalline core of the PEG-b-PCL micelles.
As the amorphous portion of PCL solubilizes Sagopilone [21], the
partial crystallinity leads to “frozen” micelles with very slow ex-
change rates between unimers and micelles and consequently an
increased kinetic stability. In contrast, P2LA(1.1)-micelles comprise
glassy cores at ambient temperature, which are kinetically less sta-
ble due to the absence of crystalline structures and subsequent
unhampered exchange between unimers and polymeric micelles.
Consequently, these systems are more susceptible to having their
equilibrium affected by a higher amount of sodium chloride to-
wards a destabilized state. The kinetic stability was additionally
decreased at 37 °C since the glass transition temperature of PLA
(approximately 38 °C) was reached, resulting in (a) an increased
fluidity and exchange rate of the liquid-like core and (b) a shift to-
wards free unimers since the polymer is more soluble at higher
temperatures. The observed superior stability of P5CL(1.0) at con-
centrations above the CMC coincides with the described superior
kinetic stability and a slow rate of disassembly of P5CL(1.0) at con-
centrations below the CMC [23]. Thus, CMC values can be used to
provide evidence of a self-assembly process, but all facets of stabil-
ity have to be considered.

3.3. Formulation development

Using different types and amounts of lyoprotective agents, both
blank and Sagopilone-containing dispersions (1 g/L Sagopilone,
20 g/L polymer) were freeze-dried as described in Table 3.
Lyophilized P2LA(1.1)-micelles were completely redispersed even
without the addition of lyoprotective agents. As shown in Fig. 5a,
the micelles did not change in size after lyophilization (prior:
20 nm; after: 19-22 nm), and this behaviour was not altered in
the presence of Sagopilone (prior: 21 nm; after: 21-24 nm).

For PEG-b-PCL micelles, a lyoprotective agent such as polyvinyl-
pyrrolidone (PVP) or Hydroxypropyl-g-cyclodextrin (HPBCD) was
necessary to obtain complete redispersion of the unloaded as well
as drug-loaded samples. In addition, the dispersions were frozen
by immersion in liquid nitrogen prior to lyophilization to avoid po-
tential sedimentation and aggregation of the micelles. Interest-
ingly, redispersion of lyophilizates containing P5CL(1.0) and a
sufficient amount of sucrose were completely redispersible, but
their drug-loaded counterparts were not.

The addition of PVP or HPBCD to the micelle dispersions prior to
lyophilization led to an alteration in the sizes measured by DLS as
seen in Fig. 5b and c. This is very likely to be due to a measurement
artefact by the altered composition and viscosity of the dispersion
medium affecting the micelle mobility, which in turn presents the
basis for size calculations at DLS. A change in the micelle morphol-
ogy is very unlikely, since the polydispersity and size distributions
did not change and precipitation phenomena were not detected.
The altered sizes were used as comparative values in the assess-
ment of the redispersion behaviour of the corresponding lyophili-
zates. Micelles comprised of P5CL(1.0) revealed similar sizes
prior to and after lyophilization (Fig. 5c¢), independent of the lyo-
protective agent and drug loading. On the other hand, lyophilizates
comprised of P2CL(1.3) and HPBCD exhibited a remarkable in-
crease in their micellar size despite complete redispersion. This
was also observed for the drug-loaded micelles of P2CL(1.3) using
PVP as a lyoprotectant. Irrespective of the polymer used, the drug
content did not change after redispersion (data not shown).

Overall, lyophilization was feasible using the specified condi-
tions and can be considered a viable option for parenteral formula-
tions. The results of P2LA(1.1) are in good agreement with the
described freeze-drying of Paclitaxel-loaded PEG-b-PLA micelles
[29]. To date, the preparation of freeze-dried PEG-b-PCL micelles
for storage and redispersion later on has not been addressed exten-
sively. There are only few reports addressing refreezing that pres-
ent storable forms for PEG-b-PCL micelles [30]. Application of the
same conditions used for PEG-b-PLA was not feasible for the
lyophilization of PEG-b-PCL micelles. Again, the different nature
of the hydrophobic blocks had a great impact. The amorphous
structure of PLA itself was superior to semi-crystalline PCL with re-
gard to the redispersion behaviour and the need for lyoprotection.
Embedding of the latter within a dense matrix of PVP or HPRCD
preserved the micellar structures resulting in complete redisper-
sion. Despite the large molecular weight of PEG and PCL,
P5CL(1.0) was superior to P2CL(1.3) with regard to aggregation
behaviour. This may be due to the higher PEG content of
P2CL(1.3) (0.22 mmol PEG per g polymer) compared to P5CL(1.0)
(0.1 mmol PEG per g polymer). Previous freeze-drying studies of
PEG-b-PLA nanoparticles [31] showed a clear relationship between

Table 3

Redispersion behaviour after lyophilization (n = 3).
Lyo-protectant Ratio? Freezing” P2LA(1.1)¢ P2CL(1.3)° P5CL(1.0)°

No drug Sago. 1 g/L No drug Sago. 1 g/L No drug Sago. 1 g/L

No lyoprot. - I I >1 um >1 um >1 um >1 um
Mannitol 1:1 v v >1 pm >1 pm >1 pm >1 pm
Sucrose 1:1 I I >1 um >1 pm >1 pm >1 um
Sucrose 1:20 X - - >1 pm >1 pm I >1 um
Trehalose 1:5 X - - >1 um >1 pm >1 pm >1 um
Trehalose 1:20 X - - >1 pm >1 pm >1 pm >1 pm
PVP 1:5 X = = >1 um >1 um >1 um >1 pm
PVP 1:20 X - - I v I I
HPBCD 1:20 X - - I I I 14

v+ Complete redispersion possible.
2 Polymer-lyoprotectant ratio (w/w).
® Freezing by immersion with liquid nitrogen (—196 °C) prior to lyophilization.
¢ c(polymer) = 20 g/L.
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Fig. 5. Lyophilization. Hydrodynamic diameter (dy) of unloaded (mmm) and Sagopilone-loaded (===) micelles, prior to lyophilization and after redispersion of the lyophilizates,
as a function of the lyoprotective agent added and its amount (polymer-lyoprotectant ratio (w/w)). The particle sizes of (b) and (c) prior to freeze-drying were measured in

the presence of HPBCD or PVP. n = 3.

100 g |

= 2z | B %

: "y b %

: 1 .
BN /

. 0 L §

s 0 WK W

Storage (months)

Fig. 6. Film stability. Stability of Sagopilone-loaded P2LA(1.1)-films as a function of
the storage time and temperature (6 °C: mmm, 25 °C: ==, 40 °C: mmm) represented by
the mean Sagopilone content of the micellar dispersions after redispersion (solid
bars) and subsequent storage at 2-8°C for 12 h (hatched bars). n=6. (For
interpretation of the references to colour in this figure legend, the reader is
referred to the web version of this article.)

the amount of grafted PEG and the degree of aggregation because
of the formation of stable PEG crystallized bridges between neigh-
bouring particles. This may also be due to an efficient shielding of
the PCL core by longer PEG chains and subsequent prevention of
the formation of PCL-aggregates. Optimization of the procedure
as well as an elaborative elucidation of the change in the particle
sizes will be the focus of future studies.

As an alternative to freeze-drying, solid polymeric films for
redispersion prior to clinical application were investigated. The
films were composed of P2LA(1.1) and Sagopilone at a drug loading

of 5% (w/w) to avoid
redispersion.

At a storage temperature of 6 °C, no crystallization of Sagopi-
lone was observed as shown in the XRPD pattern (Fig. 7D, blue dif-
fractogram). The observed peak at 19 2@ corresponded to the
crystalline PEG phase of the films, which was present in the blank
films of P2LA(1.1) as well (Fig. 7C). Redispersion by the use of sim-
ple shaking by hand was easy and complete resulting in micellar
dispersions with a mean drug content of (96 + 1)% (Fig. 6, blue
bars). Precipitation did not occur afterwards, and the dispersions
still exhibited (97 £2)% in drug content after 12-h storage at
2-8 °C (Fig. 6).

Thus, polymeric films of P2LA(1.1) comprising a Sagopilone
content of 5% have been demonstrated as a novel solid formulation
stable for at least 3 months of storage at 6 °C. Adjuvant excipients
were not required to maintain the capability to form micellar dis-
persions in an aqueous medium. This is in contrast to previous
publications [32] describing the necessity of the addition of PEG
to obtain storable liquid formulations because redispersion had
failed without it. The storage temperature has been identified as
a key factor in stability. Although complete film redispersion was
still possible after 1 month of storage at 25 °C, the resulting disper-
sions were not stable, and more than 60% of the initially solubilized
drug precipitated within the following 12 h (Fig. 6, grey bars). This
precipitation phenomenon was very likely to be due to an en-
hanced degradation of PLA resulting in shorter PLA blocks with a
subsequent decreased drug-loading capacity of the corresponding
micelles. After storage for another 2 months, Sagopilone crystalli-
zation occurred (Fig. 7D), impeding complete redispersion. At
40 °C, crystalline Sagopilone patterns were detected even after
1 month (Fig. 7B, red diffractogram) along with incomplete

‘supersaturation’ phenomena after
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Fig. 7. XRPD pattern of polymeric films. XRPD pattern of blank and Sagopilone-loaded P2LA(1.1)-films stored at 6 °C (=), 25 °C (=) and 40 °C (—) after 1 and 3 months
(m). As a comparison, the XRPD pattern of PEG (1500 Da) and Sagopilone is displayed below the blank and drug-loaded diffractograms, respectively. (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version of this article.)

redispersion (Fig. 6, red bars). Crystallization was promoted since
the glass transition temperature of PLA (approximately 38 °C)
was reached increasing the fluidity and coalescence of drug-loaded
phases. Additionally, the blank matrix changed to a liquid state
after 3 months with complete disappearance of the PEG peak
(Fig. 7C). This is a clear indication of a high degree of degradation
of PLA resulting in lactic acid, which is a colourless to slightly yel-
low syrupy liquid [33] dissolving the residual crystalline PEG. Thus,
the storage temperature has to be maintained at 6 °C to prevent
matrix degradation and drug crystallization.

3.4. In vitro cytotoxicity

The in vitro cytotoxic activity of micellar and free Sagopilone
was investigated in a proliferation assay using a human cervix car-
cinoma cell line (HeLa/MaTu). The activity is given as a concentra-
tion that inhibits cell proliferation by 50% (ICso). For comparison,
Sagopilone solutions containing HPBCD (drug-excipient ratio of
1:200) or ethanol (0.1%) were tested. Paclitaxel (ethanol solution)
was used as an internal standard to verify the reliability of the re-
sults obtained with the given in vitro test system. Sagopilone’s high
antiproliferative activity (ICso<1nM) compared to Paclitaxel
(IC50 > 1 nM) [3] was maintained. The ICso-values of the Sagopilone
samples tested were in a range of 0.14-0.26 nM (Table 4), showing
no significant differences between the respective formulations and
the ethanol solution (p > 0.05). Corresponding blanks did not show
any cytotoxicity within the effective concentration range of Sag-

Table 4
In vitro cytotoxicity of different Sagopilone-loaded polymeric micelles compared to
free Sagopilone and Paclitaxel in human HeLa/MaTu cells (n =3 x 8).

Vehicle Sagopilone Paclitaxel ICso (NM)
P2LA(1.1) x 0.21+0.03
P2CL(1.3) x 0.17 £ 0.04
P5CL(1.0) X 0.14 + 0.05
HPBCD x 0.19+0.08
Ethanol/medium x 0.26 £ 0.07
X 1.17 £0.21

opilone. Thus, micellar Sagopilone was proven to be still highly ac-
tive on a cellular level. Encapsulation in polymeric micelles did not
prevent drug internalization into the cells, a mandatory premise
for Sagopilone’s activity. Although in vitro experiments do not al-
low a prediction of the in vivo behaviour of nanocarriers, they are
considered as a necessary step towards in vivo testing.

3.5. In vivo toxicity

Following the in vitro investigations, the toxicity of the poly-
meric micelles as well as the maximum tolerated dose (MTD) of
the drug-loaded micelles were determined in vivo.

The polymeric micelles (c(polymer) =20 g/L) revealed no acute
toxicity or signs of hypersensitivity reactions after i.v. application
to non-tumour-bearing nude mice at a polymer dose of 200 mg/kg
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Fig. 8. Safety of vehicles. Mean relative body weight after i.v. injection of unloaded
polymeric micelles (c=20g/L) comprising P2LA(1.1) (e), P2CL(1.3) (A) and
P5CL(1.0) (o) at a dose of 200 mg/kg (Mean + Min/Max). n = 2.

(Fig. 8). The body weight of the mice did not change during 1 week.
Thus, the PEG-b-PLA as well as the PEG-b-PCL vehicles were proven
to be safe, which is an important requirement for the subsequent
dose-finding study. For this study, drug-loaded micelles (drug-poly-
mer ratio 1:20) were administered at increasing doses as shown in
Fig. 9.

The MTD was determined to be 6 mg/kg, independent of the
polymer used. At the higher dose of 8 mg/kg, the animals died or
had to be sacrificed due to a weight loss exceeding 20% with the
exception of the group receiving P2CL(1.3) micelles, in which only
1 of 3 mice died (Fig. 9*).

The MTD of micellar Sagopilone was decreased compared to a
cyclodextrin-based formulation of Sagopilone (MTD =10 mg/kg,
data not shown). This may be due to an enhanced effective dose
and biodistribution of Sagopilone accompanied by an enhanced
toxicity. Furthermore, the degradation of Sagopilone by serum
esterases may be hampered due to its encapsulation within poly-
meric micelles resulting in higher plasma levels of the effective
drug after i.v. administration. Comparatively, the MTD of micellar
Paclitaxel (Genexol®-PM, 60 mg/kg) was threefold higher than that
of conventional Paclitaxel (Taxol®, 20 mg/kg) using a polymer sim-
ilar to P2LA(1.1) in a nude mouse model [17]. Taxol® uses Cremo-
phor®EL, which is known to cause severe side effects limiting the
dose of Paclitaxel. Since the polymeric micelles (Genexol®-PM)
did not exhibit any hypersensitivity reactions, dosing of Paclitaxel
could be increased, resulting in a higher MTD. As shown in the
present study, the comparison with a cyclodextrin-based formula-
tion revealed a decreased MTD, suggesting an improved stability
after i.v. administration and an enhanced lysosomal internalization
of micellar Sagopilone into cells. The recommended dose was iden-
tified to be 6 mg/kg. The described micelles are believed to show
an increased in vivo antitumour efficacy due to a decreased degra-
dation of the drug and an enhanced permeation and retention of
micellar Sagopilone in solid tumours.

4. Conclusion

Polymeric micellar dispersions of P2LA(1.1), P2CL(1.3) and
P5CL(1.0) were successfully used to solubilize Sagopilone at a
clinically relevant concentration of 1 g/L, requiring a drug-polymer
ratio as low as 1:20 (w/w). The resulting micellar dispersions
exhibited sufficient stability, independent of the polymer type
and composition. Precipitation phenomena due to a ‘supersatura-
tion’ following particular preparation methods such as the film for-
mation must not be mistaken with instability of the micelles and
could be circumvented by simply adjusting the drug loading to
values not exceeding the loading capacity as seen for P2LA(1.1).
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Days following treatment

Fig. 9. Determination of MTD. Mean relative body weight after i.v. application of
Sagopilone-loaded polymeric micelles of (A) P2LA(1.1), (B) P2CL(1.3) and (C)
P5CL(1.0) at Sagopilone doses of 6 (e), 8 (A), and 10 (=) mg/kg and polymer doses of
120, 160 and 200 mg/kg, respectively. n = 3, except 8 mg/kg: one animal has died.

The demonstrated lyophilization of these dispersions, shown for
the first time with PEG-b-PCL, promotes the further development
of this kind of block copolymers as solubilizing agents. A novel so-
lid formulation concept, namely drug-loaded polymeric films for
redispersion prior to parenteral administration, was demonstrated
to be feasible for PEG-b-PLA even without additional excipients, in
contrast to previous studies. This approach could be of consider-
able commercial interest due to the prevention of complex and
costly lyophilization and the absence of water during the produc-
tion process. Altogether, amphiphilic block copolymers could lend
themselves to become standard solubilizing excipients. The PEG-b-
PCL micelles revealed a distinctly higher kinetic stability both in
the presence of isotonic additives and upon dilution. For this rea-
son, they may demonstrate superior stability after i.v. application
and passive tumour targeting. The in vivo evaluations revealed no
carrier-related side effects and decreased MTDs of Sagopilone-
loaded polymeric micelles, independent of the polymer used and
despite their different kinetic stability. The polymeric micelles
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are believed to be superior in terms of delivering higher amounts
of drugs to tumour tissue despite lower dosing due to an increased
stability of the encapsulated drug against blood esterases as well as
an enhanced permeation and retention of the delivery system in
solid tumours. To provide evidence of this EPR-effect, tumour effi-
cacy studies are needed, preferably using tumour models that rep-
resent the in vivo situation of leaky vessels.
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