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Abstract

Docetaxel (DCTX) and paclitaxel (PTX) are very potent anti-cancer drugs, but the currently marketed formulations, Taxotere� and
Taxol�, respectively, are associated with vehicle-related toxicity. An attractive alternative to formulate these hydrophobic cytotoxic
agents are polymeric micelles. In this study, the loading of taxanes into oligomeric micelles composed of mPEG750-b-oligo(e-caprolac-
tone)5 (mPEG750-b-OCL5) with a hydroxyl (OH), benzoyl (Bz) or naphthoyl (Np) end group was investigated. Next, the release char-
acteristics and cytotoxicity of the loaded micelles were studied. MPEG750-b-OCL5-OH micelles loaded with taxanes formed unstable
particles with rapid leakage of the drug. In contrast, the presence of an aromatic end group (Bz or Np) resulted in the formation of small
(10 nm), almost monodisperse micelles with stable encapsulation of 10% (w/w) of PTX or DCTX. This was ascribed to a better compat-
ibility between the micellar core and the drug as compared to the oligomers with the hydroxyl end group. 1H NMR studies showed that
the micellar core was liquid, and that PTX was molecularly dissolved in the core. The in vitro stability was studied in PBS at 37 �C, which
showed that leakage of PTX from 10% and 5% (w/w) loaded mPEG750-b-OCL5-Bz micelles started after 8 and 24 h, respectively. The
presence of albumin did not affect the stability, suggesting that the micelles are not destabilised and the drug was not extracted from the
micellar core by this protein. The in vitro cytotoxic effect of the taxane-loaded micelles on C26 carcinoma cells was comparable to that of
the commercial formulations, but the empty micelles were far less toxic than the Cremophor EL� vehicle. The results show that mPEG-b-
oligo(e-caprolactone) micelles hold good promise for the formulation of taxanes.
� 2007 Elsevier B.V. All rights reserved.

Keywords: Formulation; Polymeric drug carrier; Micelle; Poly(ethylene glycol)-oligo(e-caprolactone); Paclitaxel; Docetaxel; Particle size; Particle stabi-
lity; Drug solubilisation; Core composition
1. Introduction

Paclitaxel (PTX) and docetaxel (DCTX) (Fig. 1) belong
to the taxane family of anti-neoplastic agents, and have
been demonstrated to have good clinical efficacy among
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others in breast, ovarian, non-small cell lung and prostate
cancer [1,2]. Their cytotoxic effect is caused by interference
with the microtubule function in the cell, which results in
disrupted mitosis and cell death [1,3]. Both PTX and
DCTX are very potent anti-cancer agents, but they are
highly hydrophobic and therefore poorly soluble in water.
To overcome this solubility issue, for parenteral adminis-
tration PTX is currently formulated in a mixture of Crem-
ophor EL� (CrEL�), a polyoxyethylated castor oil vehicle,
and ethanol (EtOH) (1/1 v/v). DCTX is slightly less hydro-
phobic than PTX, and is solubilised using Tween 80 (Tw80,
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Fig. 1. Chemical structures of the taxanes paclitaxel (PTX, left) and docetaxel (DCTX, right).
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polysorbate 80) [2,4]. The commercially available formula-
tions of PTX and DCTX are called Taxol� and Taxotere�,
respectively. Both CrEL� and Tw80 are not inert and have
been associated with a number of adverse effects, such as
hypersensitivity reactions and neurotoxicity [2,4]. The
occurrence of vehicle associated toxicities has led to the
development of alternative methods to formulate the
poorly soluble taxanes [2,5], such as drug-polymer conju-
gates [6], and nanoparticles composed of albumin-bound
PTX (Abraxane�) [7]. Because of the high hydrophobicity
of taxanes, polymeric micelles are of particular interest for
the formulation of these compounds. Polymeric micelles
are core-shell structures with a size of 10-100 nm, formed
by the self assembly of amphiphilic block copolymers [8–
14]. Their hydrophobic core can accommodate hydropho-
bic drugs such as taxanes, and their hydrophilic shell,
which usually consists of poly(ethylene glycol) (PEG), con-
fers the micelles long circulating behaviour. In combination
with their small size, this enables extravasation from the
leaky vasculature at the tumour site, resulting in passive
targeting and specific accumulation of the drug-loaded
micelles in the tumour (i.e., the so-called enhanced perme-
ability and retention (EPR) effect) [8–14], thus making
polymeric micelles highly suitable for the (targeted) deliv-
ery of hydrophobic drugs to tumour tissue.

Both PTX and DCTX have been loaded into a variety of
polymeric micelles, composed of, e.g., PEG-b-poly(D,L-lac-
tide) (PLA) [15–20], PEG-b-poly(benzylaspartate) [21],
poly(N-vinylpyrrolidone) (PVP)-b-PLA [22], PEG-b-
poly(N-2-hydroxypropyl methacrylamide dilactate)
(PHPMAmDL) [23], poly(2-ethyl-2-oxazoline)-b-poly(e-
caprolactone) (PEOx-b-PCL) [24], PEG-b-poly(styreneox-
ide) (PSO) [25] and core crosslinked PEG-b-PCL [26].
PTX-loaded PEG-b-PLA micelles have even reached clini-
cal trials [16]. Promising results were obtained with micellar
PTX with regard to drug accumulation in the tumour and
the anti-tumour effect in vivo compared to Taxol� [19–22].
However, these were mostly related to a lower toxicity and
a higher maximum tolerated dose (MTD), allowing higher
dosing, rather than a different biodistribution profile of the
(carrier loaded with) drug [15,19,22]. Likely, premature loss
of the drug occurred, due to micelle destabilisation and/or
extraction of the drug from the micelles by plasma proteins
[27–29]. This was illustrated by biodistribution studies of a
dual labelled system of PTX in PEG-b-PLA micelles, in
which rapid dissociation of the PTX from the micelle-form-
ing block copolymers was observed after intravenous injec-
tion [30]. Several papers have demonstrated that the
retention (and loading capacity) of a drug in the micelles
can be improved by optimising the compatibility between
the drug and the micellar core, i.e., ‘matching’ the drug
and the core-forming polymer [31–35].

We recently developed biodegradable oligomeric
micelles, based on PEG-b-oligo(e-caprolactone) [36].
Because of their small size (sub-20 nm), these micelles
may have better properties than the larger micelles used
so far, in terms of biodistribution and tumour penetration.
The PEG-b-oligo(e-caprolactone) micelles can be easily
prepared by the film-hydration method. Furthermore, the
end group of the PEG-b-oligo(e-caprolactone)s was modi-
fied with an aromatic group, which may serve as a tool to
improve the compatibility between the drug and the core.
Here, we investigated novel taxane formulations, com-
posed of PEG-b-oligo(e-caprolactone)-based micelles. The
aim of this study was to explore the effect of the composi-
tion of the hydrophobic block on the encapsulation and
retention of PTX and DCTX, and to investigate their
in vitro stability and cytotoxicity.

2. Materials and methods

2.1. Materials

Chloroform-d (CDCl3, 99.8%D), deuterium oxide (D2O,
99.9%), docetaxel (DCTX, >97.0%), Cremophor EL�

(CrEL�), Tw80, and albumin immobilised on crosslinked
4% beaded agarose (BSA-SepCL-4B, 14 mg BSA per mL
packed gel) were purchased from Sigma-Aldrich Chemie
BV (Zwijndrecht, The Netherlands). Dichloromethane
(DCM, peptide synthesis grade) and acetonitrile (ACN,
HPLC gradient grade) were obtained from Biosolve Ltd.
(Valkenswaard, The Netherlands). Paclitaxel (PTX) was
from MP Biomedicals Inc. (Illkirch, France), and EtOH
(absolute) from Mallinckrodt Baker BV (Deventer, The
Netherlands). Methoxy-poly(ethylene glycol)-b-oligo(e-
caprolactone) (mPEG-b-OCL) block oligomers with mono-
disperse hydrophobic blocks (4 or 5 CL-units) and different
end groups (Fig. 2) were prepared as described previously
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[36]. In brief, mPEG-b-OCL was synthesised by ring-open-
ing polymerisation of e-caprolactone (20 g, 175 mmol), ini-
tiated by mPEG750 (26 g, 35 mmol) and catalysed by
SnOct2 (0.71 g, 1.8 mmol) overnight at a temperature of
130 �C. Benzoylated and naphthoylated mPEG750-b-
OCL (mPEG750-b-OCL-Bz, mPEG750-b-OCL-Np,
respectively) (Fig. 2b and c) were obtained by reacting
the hydroxyl end group with a fivefold excess of benzoyl-
or 2-naphthoyl-chloride in the presence of an equimolar
amount of triethyl amine as HCl scavenger. To obtain
monodisperse hydrophobic blocks, the polydisperse block
oligomers were fractionated by preparative reversed phase
HPLC (RP-HPLC), as reported elsewhere [36]. In brief, a
system composed of a Waters 600EF Quaternary gradient
pump and a Waters 2700 sample manager was used, and a
solution of polydisperse block oligomer in ACN/1 M
ammonium acetate buffer pH 5 was injected onto the col-
umn (Waters Xterra Prep MS C18 10 lm, 19 · 250 mm,
including a guard column) followed by elution using a
water/ACN gradient. Phosphate-buffered saline (PBS, pH
7.4) was obtained from Braun Melsungen AG (Melsungen,
Germany), and was filtered through a 20 nm filter (Ano-
top�, Whatmann, Breda, The Netherlands) prior to use.
Taxol� (6 mg/mL PTX, 16.7 mL) and Taxotere� (10 mg/
mL DCTX in 2.0 mL premix solution) were purchased
from Mayne Pharma BV (Brussels, Belgium), and Aventis
Pharma S.A. (Antony Cedex, France), respectively.
2.2. Formation of taxane-loaded mPEG-b-OCL micelles

Micelles were formed by the film-hydration method,
as described previously [36]. Typically, a film of block
oligomer (10 mg) was formed by solvent evaporation
from a 10 mg/mL solution of oligomer in dichlorometh-
ane in a 10 mL round-bottomed flask. The film was dried
for 30 min under an N2 stream, followed by hydration
with 1.0 mL PBS at room temperature. The resulting dis-
persion was filtered through a 200 nm filter (Anotop�,
Whatmann, Breda, The Netherlands) [36]. Drug was
loaded into the micelles at different feed ratios by addi-
tion of 0.10, 0.20, 0.40 or 1.0 mL of a 5.0 mg/mL solu-
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Fig. 2. Chemical structures of mPEG750-b-oligo(e-caprolactone)5 (mPEG
naphthoylated mPEG750-b-OCL5 (-Np) (c). The average degree of polymerisa
tion of the taxane (PTX or DCTX) in EtOH to the
oligomer solution, prior to evaporation of the solvent,
representing feed ratios of 5%, 10%, 20% or 50% (w/w)
taxane/oligomer, respectively. As a control this procedure
was performed without the addition of a block oligomer
solution.
2.3. Analysis of the taxane-loaded mPEG-b-OCL micelles

2.3.1. Dynamic light scattering

The particle size and size distribution of loaded and
unloaded mPEG-b-OCL-based micelles were measured by
dynamic light scattering (DLS) using a Malvern CGS-3
multi-angle goniometer (Malvern Ltd., Malvern, UK),
consisting of a HeNe laser source (k = 632.8 nm, 22 mW
output power), temperature controller (Julabo Waterbath)
and a digital Correlator ALV-5000/EPP. Time correlation
functions were analysed using the ALV-60X0 Software
V.3.X provided by Malvern, to obtain the hydrodynamic
diameter of the particles (Zave) and the particle size distri-
bution (polydispersity index, PDI). The samples were mea-
sured at a scattering angle of 90�, at 25 or 37 �C, directly (at
10 min) after preparation, and after incubation for 30 min,
1, 2, 4, 8, and 24 h.
2.3.2. Loading efficiency
The amount of PTX or DCTX loaded into the micelles

was determined according to an adapted literature method
[23,37], using a Waters Acquity UPLC� system, consisting
of a binary solvent manager, a sample manager and a TUV
detector. An Acquity� BEH C8 1.7 lm column
(2.1 · 50 mm) was used, and a gradient was run from 60%
A (5/95 (w/w) ACN/H2O) to 90% B (ACN) in 120 s, fol-
lowed by isocratic elution at 100% B for 30 s, at a flow rate
of 0.5 mL/min, and a column temperature of 50 �C. The
detection wavelength was 200 nm (40 datapoints per sec-
ond), which enabled simultaneous detection of benzoylated
block oligomer (mPEG-b-OCL-Bz). Samples were taken
directly after micelle preparation and after storage at room
temperature for 24 h and diluted 30-60 times in 50/50 (w/w)
ACN/H2O, and 5 lL was injected. The chromatograms were
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analysed using Empower software (Empower Pro, Waters
Chromatography BV, Etten-Leur, The Netherlands).
The amount of taxane (PTX or DCTX) present was calcu-
lated using a calibration curve, prepared in 50/50 (w/w)
ACN/H2O. The loading efficiency was calculated using:

Loading Efficiency ¼ mass of drug loaded

mass of drug fed
� 100% ð1Þ
2.3.3. 1H NMR spectroscopy
1H NMR spectra were recorded using a Varian INOVA-

500 spectrometer (Varian Associates Inc. NMR Instru-
ments, Palo Alto, CA) operating at 500 MHz with CDCl3
or D2O as a solvent. As reference lines the chloroform peak
at 7.24 ppm and methyl peak of the mPEG-block at
3.40 ppm were used, respectively. Spatial information was
derived from NOESY experiments (sm = 300 ms). A spectral
width of 5 kHz was used for all spectra. Samples of 10 mg/
mL mPEG750-b-OLC5-Bz with 10% (w/w) PTX dissolved
in CDCl3 or dispersed in D2O were measured at 20 �C. Data
were processed using Varian VNMR 6.1C (1D spectra) or
NMRPipe (NOE spectra) software [38].

2.3.4. In vitro stability

The in vitro stability of 5 and 10% (w/w) PTX- and
DCTX-loaded mPEG750-b-OCL5-Bz micelles was studied
in PBS at 37 �C. Due to their low aqueous solubility, the
released taxanes crystallised and subsequently precipitated.
In detail, mPEG750-b-OCL5-Bz micelles loaded with 5% or
10% (w/w) taxane were prepared as described before, and
incubated at 37 �C. The Zave and PDI were monitored by
DLS. In addition, samples were taken from the dispersion
at regular time points (10 min, 30 min, 1, 2, 4, 8, and 24 h),
centrifuged at 10,000g for 1 min to remove the precipitate,
and after dilution of the supernatant in 50/50 (w/w) ACN/
H2O, the concentrations of taxane and block oligomer
were determined by UPLC�-UV, according to the method
described above. The stability of the loaded micelles was
also studied in the presence of bovine serum albumin
(BSA). BSA immobilised on crosslinked 4% beaded aga-
rose (BSA-SepCL-4B) was used, which has been applied
by others to remove albumin-binding compounds from
plasma, such as bilirubin and digitoxin [39]. In this study,
200 lL of a micelle dispersion in PBS (10 mg/mL
mPEG750-b-OCL5-Bz, containing 5% (w/w) PTX), was
added to 1.8 mL of PBS, or a 50% (v/v) BSA-SepCL-4B-
gel in PBS, corresponding to 12.6 mg BSA. The BSA con-
centration in the resulting dispersion was 6.3 mg/mL, and
the molar ratio of PTX/BSA was 1/1.6, which means that
a molar excess of BSA was present. Samples were taken
at regular time points, and centrifuged for 1 min at
10,000g to separate the micelles (supernatant) from the
BSA-SepCL-4B and/or precipitated PTX, which was
confirmed by dynamic light scattering. The supernatant
was diluted in 50/50 (w/w) ACN/H2O and both the
PTX- and oligomer-concentration were determined by
UPLC�-UV.
2.3.5. In vitro cytotoxicity studies

The in vitro cytotoxic effect of mPEG750-b-OCL5-Bz
micelles, empty or loaded with 10% (w/w) PTX or DCTX
on C26 murine colon carcinoma cells, was determined, and
compared to Taxol�, Taxotere�, and the empty vehicles,
CrEL�/EtOH and Tw80/13% (w/w) EtOH. Loaded and
empty micelles were prepared as described in the previous
section of this manuscript. Taxol� (6 mg/mL PTX) was
diluted sixfold with PBS, and the corresponding control
formulation without PTX was prepared according to Lee
et al. [24]. In detail, 1.0 mL of CrEL� and 1.0 mL of EtOH
were mixed, sonicated for 30 min, and subsequently diluted
sixfold with PBS. Taxotere� was prepared according to the
instructions on the package leaflet [40], i.e., the Tw80-solu-
tion containing DCTX was mixed gently with the 13% (w/w)
EtOH in water for injections, resulting in a 10 mg/mL
DCTX premix solution, which was subsequently diluted
10-fold with PBS. The control formulation without DCTX
was prepared in the same manner, using Tw80. All stock
solutions were diluted further with PBS to obtain taxane
concentrations of 0.0001-10 lg/mL, and the empty vehicles
were treated equally.

C26 murine colon carcinoma cells were cultured at 37 �C
in a 5% CO2-containing humidified atmosphere in Dul-
becco’s modified Eagle’s medium (DMEM), supplemented
with 10% (v/v) heat-inactivated foetal calf serum, 100 IU/mL
penicillin, 100 lg/mL streptomycin, and 0.25 lg/mL
amphotericin B (Gibco, Breda, The Netherlands). Cells
were seeded in a 96-well plate at a density of 5 · 103 cells
per well. After 24 h, the culture medium was refreshed,
and 100 lL of the different taxane and control formula-
tions was added. As a reference 100 lL of PBS was added.
The cells were incubated for 72 h at 37 �C in a humidified
atmosphere with 5% CO2. After incubation, the cell viabil-
ity was determined by an XTT colorimetric assay [41]. The
experiments were repeated twice.

3. Results and discussion

3.1. Loading of the micelles

Empty and taxane loaded micelles were prepared by
hydration of an mPEG750-b-OCL5-OH, -Bz, or -Np (see
Fig. 2) block oligomer film without or with different
amounts of drug with PBS. Block oligomers with 5 CL
units were used, because these oligomers (with an OH,
Bz, or Np end group) had an acceptable temperature sen-
sitivity profile, meaning a Krafft point below 4 �C and a
cloud point above 37 �C, and were able to form sub 20-
nm micelles, as reported elsewhere [36]. The Z-average
hydrodynamic diameter (Zave) of the formed particles
and the loading efficiency of taxanes at different feed ratios
into the micelles are presented in Fig. 3 and Table 1, respec-
tively. In the control samples, formed by hydration of a
taxane film, without the presence of block oligomers, tax-
anes were not detected by UPLC-UV�, not even after rel-
atively long hydration times. After hydration of a film
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Fig. 3. Particle size of (loaded) mPEG750-b-OCL5 micelles, with a hydroxyl, benzoyl or naphthoyl end group. The variation in the values was 5% (n = 2–
3). The polydispersity index (PDI) of the particles was <0.1, except for the loaded mPEG750-b-OCL5-OH micelles (*, >0.2). ** The particle size was out of
scale (>500 nm).

Table 1
Loading efficiency (%) of paclitaxel and docetaxel in oligomeric micelles at
different feed ratiosa

End group Paclitaxel Docetaxel

5% w/w 10% w/wb 20% w/wb 50% w/w 10% w/wb 20% w/wb

Hydroxyl NDc 87 8.5 6.8e 91 99
Benzoyl 80d 89 97 94e 89 96
Naphthoyl NDb 89 70 65e 96 100

The variation in the values is 5–10% (n=2–3).
a Feed ratios were 5, 10, 20, and 50 weight percentage (% w/w) of taxane

relative to the oligmer.
b The Zave and PDI are presented in Fig. 3.
c ND, not determined.
d The Zave was 12 nm, with a PDI of 0.06.
e The Zave was 23-200 nm with a PDI > 0.2.
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composed of mPEG750-b-OCL5 with a hydroxyl end
group and 10% (w/w) PTX, and subsequent filtration,
around 90% of the initially added drug was recovered
(Table 1), but DLS measurements demonstrated that very
large aggregates (Zave > 500 nm) rather than small micelles
were formed (Fig. 3). At a feed ratio of 20% (w/w) PTX in
mPEG750-b-OCL5-OH, less than 10% of the drug was
present in the final preparation, indicating a low loading
capacity. Again, relatively large and polydisperse particles
were detected by DLS (Fig. 3, Zave 20 nm, PDI 0.4).
DCTX-loading of mPEG750-b-OCL5-OH micelles resulted
in almost full recovery of the added drug (Table 1), but also
with this taxane, the mPEG750-b-OCL5-OH nanoparticles
were rather polydisperse (PDI of 0.2 and 0.3 for 10% and
20% DCTX (w/w) feed ratio, respectively). Interestingly,
when mPEG750-b-OCL5 with an aromatic end group (Bz
or Np) was used, almost the entire amount of added drug
was encapsulated at a feed ratio of both 10% and 20% (w/w)
of either PTX or DCTX (Table 1). The taxane concentra-
tions were nearly 1 and 2 mg/mL, respectively, which is
markedly higher than the aqueous solubility of PTX and
DCTX (<1 lg/mL). Moreover, DLS measurements
demonstrated that, in contrast to loaded mPEG750-b-
OCL5-OH particles, these particles were small (Zave

10-16 nm) and nearly monodisperse (PDI < 0.1) (Fig. 3),
indicating that the aromatic end group is essential for the
formation of well-defined taxane-loaded mPEG750-b-
OCL5 micelles. Even a feed ratio of 50% (w/w) PTX
resulted in much higher PTX recovery in end group modi-
fied mPEG750-b-OCL5-micelles than that in unmodified
ones, but at such high loading quite large and polydisperse
particles were formed (Table 1). The highest loading capac-
ity (approx. 20% w/w) observed in the small, monodisperse
micelles is considerably higher than those reported for both
taxanes in micelles composed of PVP-b-PLA (max. 5% w/w)
[22], PEOx-b-PCL (8%) [24], PEG-b-PSO (4%) [25], or core
crosslinked PEG-b-PCL (5%) [26], and comparable to
those reported for PTX in PEG-b-PHPMAmDL (22%
w/w) [23], or PEG-b-PLA micelles (25% w/w) [18].

At room temperature, the Zave and PDI of the micelles
composed of mPEG750-b-OCL5 with an aromatic end
group (Bz or Np), loaded with 10% PTX or DCTX,
remained stable for at least 24 h. Moreover, more than
75% of the initially loaded amount of taxane were retained
in these micelles during this time period, as determined by
UPLC�-UV analysis (Table 2). At 20% (w/w) loading, the
mPEG750-b-OCL5-Bz or -Np micelles retained their small
size and low polydispersity for 2–8 h, and after 24 h the
taxane concentration in the formulation was 25-50% of
the initially loaded drug (Table 2). The lower micellar sta-
bility upon higher drug loading was also observed in PTX-
loaded PEG-polyester micelles [30]. It may be related to
exceeding the solubilisation capacity of the micelles, result-
ing in ‘super-saturation’ of the micellar core, which causes
release in the continuous phase, followed by crystallisation
and precipitation of the drug [13]. In contrast to the end
group modified mPEG750-b-OCL5, it was not possible to
form small and stable micelles composed of mPEG750-b-
OCL5-OH at a feed ratio of 10% or 20% (w/w) PTX or
20% DCTX. At 10% (w/w) DCTX loading, the Zave and
PDI remained stable for 8 h at room temperature, but at
24 h around 60% of the loaded DCTX dose was released
(Table 2). These data further confirm that an aromatic
end group at the chain end of mPEG750-b-OCL5 improves
the solubilisation capacity of mPEG750-b-OCL5-based



Table 2
Stability of PTX- and DCTX-loaded oligomeric micelles at room temperature

End group 10% w/w PTX 20% w/w PTX 10% w/w DCTX 20% w/w DCTX

Stability
(h)a

PTX at t = 24 h
(%)b

Stability
(h)a

PTX at t = 24 h
(%)b

Stability
(h)a

DCTX at t = 24 h
(%)b

Stability
(h)a

DCTX at t = 24 h
(%)b

Hydroxyl <0.15 12 <0.15 8 8 43 <0.15 11
Benzoyl >24 88 4 23 >24 74 8 42
Naphthoyl >24 77 4 19 >24 84 2 52

a Time (hours) until Zave > 20 nm or POI >0.3.
b Amount of PTX or DCTX in the micellar dispersion at 24 h after preparation, presented as % of the amount of taxane fed; the variation in the values is

5–10% (n = 2–3).
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micelles, and that it is necessary for the formation of stable
taxane-loaded micelles.

The observed differences clearly demonstrate that the
drug loading and stability of these micelles depends on
both the micellar core and the taxane structure. This may
be partly explained by the differences in hydrophobicity
of both taxanes and the three micellar cores. The log P val-
ues of the OCL5-OH, -Bz and -Np cores of the micelles,
and of PTX and DCTX were calculated with the ClogP
program (Table 3), which is based on the additive, consti-
tutive character of partition coefficients, but also considers
the interactions between neighbouring groups [42]. Likely,
the higher hydrophobicity (reflected by the higher log P

value) of the micellar core composed of OCL5 with an aro-
matic end group (Bz or Np), when compared to OCL5-OH,
is responsible for the better encapsulation of both taxanes.
Similarly, Lin et al. demonstrated differences in indometh-
acin loading in a series of PEG-b-polyester micelles, which
was ascribed to differences in core hydrophobicity [43]. The
slightly lower hydrophobicity of DCTX (as reflected by its
lower log P value) when compared to PTX may be the rea-
son for the better encapsulation and retention of DCTX in
mPEG750-b-OCL5-OH micelles. It may be anticipated that
besides differences in hydrophobicity, specific interactions
between the drugs and the micellar core play a role. Both
taxanes contain several aromatic rings, which may form
p-p-interactions with the aromatic rings in the micellar core
of the micelles composed of mPEG750-b-OCL5-Bz or -Np.
These type of interactions have been suggested to be
involved in the encapsulation of another highly aromatic
drug, camptothecin, into micelles composed of PEG-b-
PBLA based block copolymers with different aromatic con-
tent. High contents of benzyl or methylnaphthyl in the
core-forming polymers resulted in the encapsulation of
Table 3
LogP values of both the taxanes and the three different micellar cores

Drug/micellar core LogPa

Paclitaxel (PTX) 4.7
Docetaxel (DCTX) 4.1
Oligo(e-caprolactone)5 (OCL5-OH) 5.6
Benzoylated oligo(e-caprolactone)5 (OCL5-Bz) 8.5
Naphthoylated oligo(e-caprolactone)5 (OCL5-Np) 9.7

a Calculated with the ClogP method, based on the additive–constitutive
character of partition coefficients [42].
camptothecin in high yields and high stability, which was
ascribed to p–p interactions between the drug and the
core-forming polymer [32].

In addition to the nature of the micellar core, its size
may affect the solubilisation capacity. Therefore the drug
loading efficiency and stability of mPEG750-b-OCL5-Bz
micelles as reported above was compared to that of
micelles composed of mPEG750-b-OCL4-Bz, i.e., one unit
of CL less. At a feed ratio of 10% (w/w) of PTX, it was
found that mPEG750-b-OCL4-Bz formed small and almost
monodisperse micelles (Zave 10 nm, PDI 0.02) with nearly
complete encapsulation efficiency (85%), similar to the
block oligomer with 5 CL units (Fig. 3, Table 1). However,
the size of the 10% (w/w) PTX loaded mPEG750-b-OCL4-
Bz micelles started to increase at 8 h after preparation, and
after 24 h around 60% of the loaded drug was released. In
contrast, the micelles containing a block oligomer with 5
CL units retained their small size for more than 24 h, and
after 24 h hardly any PTX was released. This suggests that
indeed a larger core size has a positive influence on the sol-
ubilisation capacity of the micelles.

One of the formulations, mPEG750-b-OCL5-Bz loaded
with 10% (w/w) PTX, was investigated by 1H NMR, both
as micelles in D2O and dissolved in CDCl3. The 1H NMR
spectrum of mPEG750-b-OCL5-Bz with 10% (w/w) PTX in
D2O is presented in Fig. 4. Interestingly, the D2O spectrum
revealed signals from both the OCL5-Bz block and the
PTX, besides the signals of the PEG-block. This is in con-
trast to 1H NMR studies with PEG-b-PLA, core cross-
linked PEG-b-PCL, and PEG-b-PHPMAmDL micelles in
D2O, where only the PEG signals were visible in the 1H
NMR spectrum [26,44–47]. The absence of the signals of
the hydrophobic blocks was related to the impaired mobil-
ity of these chains, as a result of the formation of a ‘solid-
like’ core [26,44–47]. Our data suggest that the core of
PTX-loaded mPEG750-b-OCL5-Bz micelles does not have
a ‘solid-like’, but a viscous nature. This can be explained
by the low melting temperature (5 �C) of this block oligo-
mer [36], causing a molten rather than a crystalline state
at room temperature. Expansion of the aromatic region
(7.0 to 8.4 ppm) of the spectra of mPEG750-b-OCL5-Bz
with 10% (w/w) PTX (inset Fig. 4) clearly shows the aro-
matic signals of the block oligomer end group (7.40, 7.53
and 7.95 ppm) and of PTX. Comparison of the D2O to
the CDCl3 spectra shows a shift of the PTX signals at
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6.25 and 7.90 ppm (D2O), which is related to a different
chemical environment. Furthermore, peak broadening is
observed, which indicates that the mobility of the oligomer
chains is restricted in the liquid core of the micelles, com-
pared to chains dissolved in CDCl3. Comparable results
were obtained with Pluronics� (PEG-b-polypropyleneox-
ide (PPO)-b-PEG) [12] and PEG–PLA micelles above the
glass transition temperature of PLA [45]. The presence of
PTX signals in the D2O spectrum suggests that these mol-
ecules are present in dissolved, rather than crystallised or
aggregated, form. PTX also has a lower mobility than in
CDCl3, since it is dissolved in the viscous core, which has
been shown for camptothecin and Reichardt’s dye upon
encapsulation in poly(glycerol succinic acid) dendrimers
as well [48,49].

To investigate the molecular interactions in the micellar
core, an NOE spectrum in D2O was recorded and com-
pared to an NOE spectrum in CDCl3. Fig. 5 shows the
expansion of the aromatic–aliphatic region in the spectrum
in D2O. The spectrum clearly demonstrates the presence of
several cross-peaks between the aromatic protons (from the
benzoyl-end group of the oligomer and PTX) and the ali-
phatic protons (from the OCL chain and the PTX mole-
cule). Specific cross-peaks between the core forming
block and the drug can be recognised between the methy-
lene protons of the OCL-chain at 1.28 ppm and the aro-
matic protons of PTX at 8.11, 7.88 and 7.26 ppm. The
recognition of other specific cross-peaks is hampered by
the overlap of the OCL5-Bz and PTX signals. All peaks
observed in this region were absent in the CDCl3 NOE
spectrum. This indicates that in D2O these protons are in
close proximity [48,50], as a result of the formation of a
micellar OCL5-Bz core encapsulating PTX, corroborating
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the results described above. NOE signals between the aro-
matic protons of PTX and the benzoyl end group of the
block oligomer could not be detected due to peak overlap.

3.2. In vitro stability

To study their in vitro stability, 5% and 10% (w/w) PTX-
and DCTX-loaded mPEG750-b-OCL5-Bz micelles were
incubated at 37 �C. The samples withdrawn were centri-
fuged to remove the precipitated taxane, and the concen-
tration of block oligomer and taxane was determined by
UPLC�-UV. Fig. 6 demonstrates that during the first
hours of incubation the concentration of both the block
oligomer and PTX remained constant. At 8 h, the concen-
tration of PTX in the 10% (w/w) sample started to
decrease, which was not observed in the 5% (w/w) sample,
whereas the oligomer concentration remained constant for
both formulations. Correspondingly, the Zave and PDI of
mPEG750-b-OCL5-Bz micelles loaded with 10% PTX
started to increase after approximately 4 h of incubation
at 37 �C, whereas at 5% (w/w) PTX loading, Zave and
PDI remained constant during at least 15 h (results not
shown). Similar results were obtained with DCTX loaded
micelles (results not shown). In a subsequent experiment
with 10-fold diluted 5% (w/w) loaded micelles, PTX release
was also only observed after more than 24 h of incubation
(vide infra, Fig. 7).

Previously, we demonstrated that empty mPEG750-b-
OCL5-Bz micelles are stable for two weeks at 37 �C in
PBS [36], and the degradation half-life of these micelles
in buffer (pH 7.4) was estimated at several years [51]. The
constant oligomer concentration observed here indicates
that the micelle stability is not affected by the presence of
PTX, but PTX slowly leaks from the micelles at relatively
high loading. This PTX leakage likely accounts for the
observed increase in size, since PTX has a low solubility
in water, and may crystallise into particles larger than the
micelles. Eventually PTX precipitated, resulting in the
decreased PTX concentration measured at 24 h.

Interaction with serum proteins is important for the
in vivo fate of drug delivery systems such as micelles. Serum
mPEG750-b-OCL5-Bz
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Fig. 6. Concentration of mPEG750-b-OCL-Bz (left) and PTX (right) upon i
presented as percentage of the concentration at time 0. The variation in the v
proteins may adsorb onto the micellar surface, thereby
inducing opsonisation and subsequent clearance by the ret-
iculo-endothelial system [29,52]. Furthermore, they may
accelerate the release of drugs from the micelles, especially
in case of drugs with a high protein affinity [27–29], such as
PTX, which has a protein binding of 90% in serum [53,54].
Therefore, the effect of BSA on the micellar integrity was
investigated. Because it was not possible to separate the
intact micelles from soluble BSA, albumin immobilised
on agarose beads (BSA-SepCL-4B) was used, which can
be easily separated by centrifugation. Such beads have been
used to remove a variety of albumin-binding compounds
from plasma, such as bilirubin and digitoxin [39].
MPEG750-b-OCL5-Bz micelles loaded with 5% (w/w)
PTX were incubated with BSA-SepCL-4B at a molar ratio
of PTX/BSA of 1/1.6, which represents an excess of BSA as
it is known that albumin can bind more than one PTX mol-
ecule [55,56]. As presented in Fig. 7a, again, the oligomer
concentration in the micellar dispersion remained constant
over time, which suggests that at the experimental condi-
tions, there is no adsorption of micelles or block oligomers
to the BSA-coated beads. The absence of BSA adsorption
at the micellar surface was also shown for ellipticine-loaded
mPEG-b-P(5-benzyloxytrimethylene carbonate) (PBTMC)
micelles [29], and Pluronics� [57], which may be related
to sufficient protection by the PEG-shell of the micelles.
Fig. 7b demonstrates that the presence of BSA-SepCL-4B
did not affect the PTX release from 5% (w/w) loaded
mPEG-b-OCL5-Bz micelles, as both curves coincide.
Although others did demonstrate binding of drugs loaded
in polymeric micelles to BSA or serum proteins, their bind-
ing was always lower than the free drug [27,29]. This indi-
cates that the encapsulation in micelles has a protective
effect with regard to protein binding, which is corroborated
by the data described here. Taken together, the presented
data suggest that albumin neither destabilised the
mPEG750-b-OCL5-Bz micelles, nor extracted the PTX
from the micellar core. This is an important result with
regard to their stability in vivo, and encourages future bio-
distribution studies in an in vivo tumour model. Consider-
ing their small size, these micelles are expected to be
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Fig. 7. mPEG750-b-OCL-Bz (left) and PTX (right) concentration upon incubation of 5% w/w loaded micelles with BSA immobilised on agarose beads
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especially suitable for passive targeting of drugs to tumours
with a low cut-off size of the vessel wall [58–60].

3.3. In vitro cytotoxicity

The cytotoxic effect of empty and 10% w/w taxane-
loaded mPEG750-b-OCL5-Bz micelles on C26 murine
colon carcinoma cells was tested, and compared with the
commercially available formulations Taxol� and Taxo-
tere�. Table 4 shows that the cytotoxicity of the PTX-
and DCTX-loaded micelles is comparable to that of
Taxol� and Taxotere�, respectively. Importantly, the
empty micelles are far less toxic than the CrEl�/EtOH 1/
1 (v/v) used in the Taxol� formulation, as reflected by
the higher cell viability upon incubation with the empty
vehicles (Table 4). Moreover, neither the empty
mPEG750-b-OCL5-Bz micelles nor Tw80 (used in the
Taxotere� formulation) showed any cytotoxicity at the
concentrations tested. Comparison of the cell viability after
incubation with the loaded vehicles and the empty ones
(Table 4), reveals that the cytotoxicity of Taxol� at
10 lg/mL PTX may be (partly) due to CrEL�/EtOH,
whereas the effect of the loaded micelles and Taxotere� is
solely caused by the drug. The results are in line with those
obtained elsewhere with other PTX-loaded micelles, which
were tested on C26 and other cancer cell lines [22–24]. The
cytotoxicity of other DCTX-loaded micelles, which was
similar to that of Taxotere�, has been demonstrated in lit-
erature as well [25]. The absence of vehicle-related cytotox-
Table 4
In vitro cytotoxic effect of taxane-loaded oligomeric micelles and Taxol�/Taxo

IC50

(lg taxane/mL)a

Taxol� (PTX) 0.02 ± 0.02
Taxotere� (DCTX) 0.01 ± 0.02
PTX-loaded mPEG750-b-OCL5-Bz micelles 0.03 ± 0.01
DCTX-loaded mPEG750-b-OCL5-Bz micelles 0.01 ± 0.01

Data are presented as mean ± SD (n = 3).
a IC50: concentration (lg/mL) of taxane-loaded formulation that causes 50%
b The concentration of the excipients (CrEL/EtOH, Tw80, block oligomer)
icity of Taxotere� may be explained by the better toxicity
profile of Tw80, when compared to empty Taxol�, com-
bined with the presence of a lower amount of excipient in
the formulation (only 25/1 (w/w) Tw80/DCTX vs 88/1
(w/w) CrEl�/PTX in Taxol�). However, since some of
the clinically observed side effects of Taxotere� have been
ascribed to Tw80, rather than DCTX [2,4,5], a Tw80-free
formulation may still be preferred, which can be obtained
by using the biodegradable and biocompatible block oligo-
mers described here. It may be anticipated that the low tox-
icity of the micelles allows higher dosing than Taxol� (and
possibly Taxotere�), thereby improving the anti-tumour
effect as observed with other PTX-loaded micelles
[15,19,22].

At the reported IC50 values of 0.03 and 0.01 lg taxane/
mL for 10% (w/w) PTX- and DCTX-loaded oligomeric
micelles, the block oligomer concentrations are 0.3 and
0.1 lg oligomer/mL, respectively. It is important to note
that these values are below the critical aggregation concen-
tration (CAC) of the block oligomers (10 lg/mL) [36], and
therefore the taxanes are likely present in their free form.
Calculations based on the administered dose of Taxol�

and Taxotere� in patients and their plasma volume revealed
a taxane concentration around 100 and 50 lg/mL in
plasma, respectively. In this study, at a taxane concentra-
tion of 10 lg/mL, where the mPEG750-b-OCL5-Bz concen-
tration (100 lg/mL) is above the CAC, the taxane-loaded
micelles have a cytotoxicity of 70%, which is comparable
to the toxicity of the commercial formulations at the same
tere� on C26 colon carcinoma cells after 3 days of incubation

Cell viability at
10 lg/mL taxane (% of PBS control)

Cell viability empty vehicleb

(% of PBS control)

38 ± 5% 42 ± 4%
30 ± 2% 96 ± 10%
31 ± 2% 87 ± 17%
29 ± 1% 87 ± 17%

cell death or growth inhibition.
is the same as in the loaded formulations at 10 lg/mL of taxane.
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drug concentrations (around 60% and 70% for Taxol� and
Taxotere�, respectively; Table 4). At this concentration,
the taxanes may exert their intracellular effect after uptake
of the loaded micelles or after extracellular release. The
mechanism responsible for the cytotoxic effect will be sub-
ject of future studies.

4. Conclusions

In this study, both paclitaxel and docetaxel were suc-
cessfully loaded in small (<20 nm) oligomeric micelles
based on mPEG750-b-oligo(e-caprolactone)5. It was shown
that the presence of an aromatic end group on the core-
forming block is necessary to improve the loading and
enhance the stability of the formulation of taxanes, indicat-
ing the importance of a good compatibility between the
loaded drug and the micellar core. The micellar core has
a liquid nature, in which paclitaxel is present in a dissolved
state. In vitro, the release of paclitaxel occurs through leak-
age from the micelles, which was not affected by the pres-
ence of albumin. This, in combination with the observed
low cytotoxic effect of the empty micelles on C26 cells dem-
onstrates the feasibility of a novel taxane formulation
based on mPEG-b-oligo(e-caprolactone) micelles.
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