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Abstract

Micelles from the mixture of poly(ethylene glycol)-phosphatidyl ethanolamine conjugate (PEG—PRB)catatopheryl
polyetheyene glycol 1000 succinate (TPGS) were prepared loaded with the poorly soluble anticancer drug camptothecin (CPT).
The solubilization of CPT by the mixed micelles was more efficient than with earlier described micelles made of PEG—PE alone.
CPT-loaded mixed micelles were stable upon storage and dilution and firmly retained the incorporated drug. The cytotoxicity
of the CPT-loaded mixed micelles against various cancer cells in vitro was remarkably higher than that of the free drug.
PEG-PE/TPGS mixed micelles may serve as pharmaceutical nanocarriers with improved solubilization capacity for poorly
soluble drugs.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction substantially improve solubility and bioavailability of
various hydrophobic drugd.gkyanov and Torchilin,
Currently, polymeric micelles are popular pharma- 2004). The small size (10-100 nm) of micelles allows
ceutical nanocarriers for the delivery of poorly water- for the micelle efficient accumulation in pathological
soluble drugs, which can be solubilized within the tissues with the permeabilized (“leaky”) vasculature,
hydrophobic inner core of a micellBéder etal., 1984;  such as tumors and infarcts, via the enhanced perme-
Jones and Leroux, 1999As a result, micelles can ability and retention (EPR) effectu et al., 1993;
Maeda et al., 2000; Torchilin, 20plin addition, this
"+ Corresponding author. Tel.: +1 617 373 3206: smaI.I size offerg thg advantage of simple sterilization
fax: +1 617 373 8886. of micelles by filtration through polycarbonate mem-
E-mail address: v.torchilin@neu.edu (V.P. Torchilin). branes with the cut off size of Ogm.
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Among other polymeric micelles, micelles pre-
pared from conjugates of polyethylene glycol (PEG)

and diacyllipids, such as phosphatidylethanolamine
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earlier Cortesi et al., 1997; Barreiro-Iglesiasa et al.,
2004; Opanasopit et al., 2004
One may expect that further increase in the effi-

(PE)—PEG—PE conjugates—have demonstrated highciency of micellar solubilization of CPT might be

stability and low toxicity Torchilin, 2002; Lukyanov
et al.,, 2002. The very low CMC value of PEG-PE
compounds (in a 16 M range) indicates that PEG-PE

achieved by using mixed micelles as shown for
some other poorly soluble drugKrishnadas et al.,
2003. Interestinglyp-a-tocopheryl polyetheyene gly-

micelles can preserve their integrity even upon the col 1000 succinate (TPGS), a derivative of the natu-

dilution in the blood pool during the supposed ther-
apeutic applicationlL{ukyanov and Torchilin, 2004

ral Vitamin E (-tocopherol) and polyetheyene glycol
1000 is used as solubilizer, absorption enhancer and

In our previous studies, we have successfully encap- a vehicle for lipid-based drug delivery formulations
sulated a number of poorly soluble anticancer drugs (Eastman, 1998; Mu and Feng, 200% was also

into PEG—PE micelles with high efficiency and stabil-
ity (Gao et al., 2002; Mu et al., 20D5

Camptothecin (CPT), a plant alkaloid fro@amp-
totheca acuminate (Wall et al., 196§ demonstrated

strong antitumor activity against lung, ovarian, breast,

pancreas, and stomach canc&myanella and Cheng,
1991; Wall and Wani, 1995by targeting intracellu-

reported that succinate esters of Vitamin E, such as
RRR-«-tocopheryl succinate, behave as potent, pro-
apoptotic agent selective for cancer ceMi (et al.,
2001; Neuzil et al., 2001 TPGS itself can hardly be
used as micelle-forming material to carry CPT because
of the relatively low CMC value (approximately
1.3x 10~*M for industrial grade TPGSHastman,

lar topoisomerase |, a nuclear enzyme that reduces1998, which may result in micelle dissociation in

the torsional stress of supercoiled DNAgiang and
Liu, 1988; Garcia-Carbonero and Supko, 2D@2ow-
ever, CPT is insoluble in wateH@tefil and Amsden,
2002 and exists in two forms depending on the pH
value: the active lactone forms at pH below 5 and
the inactive open ring-carboxylated CPT*Nform,
which present at neutral pH value®Vgll, 1969;
Fassberg and Stella, 1992lthough the lactone form
of CPT is crucial for its anticancer activity, at phys-
iological pH values most CPT molecules exist in the
inactive carboxylate form. Thus, sparing solubility and
labile lactone ring hinder the clinical application of
CPT.

the blood, however its lipophilic portion is relatively
bulky, which might allow for better drug solubilization

if TPGS is used as a component of the mixed micellar
drug delivery system. One can hypothesize that mixed
micelles made of TPGS and PEG—PE if used as CPT
carriers may allow for the better drug encapsulation
and high anticancer efficiency.

Here, we describe the preparation of CPT-loaded
mixed PEG—PE/TPGS micelles, some of their proper-
ties and increased in vitro cytotoxicity against several
tumor cell lines.

Various formulation strategies have been designed 2. Materials and methods

to increase the solubility of CPT, stabilize the lactone

ring, and reduce the systemic toxicity of this drug,
which involve solid lipid nanoparticlesyéng et al.,
1999, microparticles $henderova et al., 1987and
liposomes {ardi et al., 200 Polymeric micelles also
can effectively solubilize and stabilize CPTdrtesi

2.1. Materials

1,2-Distearoykn-glycero-3-phosphoethanolamine-
N-[methoxy(polyethylene glycol)-2000] (PEG-PE)
was purchased from Avanti Polar Lipids, Inc.

et al., 1997; Barreiro-Iglesiasa et al., 2004; Opanaso- (Alabaster, AL) and used without further purifi-

pit et al., 2004, and enhance the antitumor efficiency

of the encapsulated CPT due to the spontaneous accuSigma—Aldrich

mulation in tumor tissues via the EPR effebgeda
et al.,, 2000; Jain, 1997 CPT incorporation into
PEG-PE micelles recently described by udu(
et al., 2003, allowed for the preparations with sig-

cation. Camptothecin (CPT) was purchased from
(St. Louis, MO, USA). p-a-

Tocopheryl polyethylene glycol 1000 succinate
(TPGS) was received as a gift from Eastman Co.
(USA). All other reagents and components of buffer
solutions were analytical grade preparations. Distilled

nificantly higher CPT concentrations than described and deionized water was used in all experiments.
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2.2. Preparation of camptothecin-loaded micelles

CPT dissolved in acetonitrile adjusted with acetic
acid was added to a chloroform solution of TPGS

and PEG-PE (molar ratio of TPGS:PEG—PE was 2:1).
Organic solvents were removed by rotary vacuum evap-

oration. The film formed was additionally freeze-dried
in vacuum, then hydrated with a suitable amount o

a 5mM HEPES-buffered saline (HBS), incubated at

37°C for 30 min, and then sonicated for a few min-
utes. The resultant mixture was filtered throughyn2
Nylon filter (Fisher Scientific, USA) to remove the non-
incorporated crystalline CPTGao et al., 2002

2.3. HPLC analysis of micelles

L. Mu et al. / International Journal of Pharmaceutics 306 (2005) 142—-149

scattering (DLS) using a Coulf8N4-Plus Submicron
Particle Sizer (Coulter Corporation, Miami, FL).

2.6. Micelle stability

Drug-loaded or free PEG—PE/TPGS micelles were

f stored at either 4 or 25C for time periods varying

from few weeks up to 3 months, and the samples were
monitored for the changes in particle size and drug
content during the storage period. CPT-loaded micelles
were also incubated in HBS buffer solution (pH 7.4) at
37°C with shaking at the speed of 100 rpm for a few
days and their size was also monitored.

2.7. CPT release from various micelle

Size exclusion HPLC was used to analyze the formulations at “sink” conditions in vitro

micelle preparation (D-7000 based HPLC system
equipped with diode array and fluorescence detec-

tors, Hitachi, Japan). A size-exclusion ShoBeol-

The in vitro CPT release from TPGS/PEG2PE
micelles was investigated using a hydrotropic agent

umn (Shoko Co. Ltd., Japan) was used with HBS as sodium salicylate to create pseudo-sink conditions in a

mobile phase at a flow rate of 1.0 ml/min. Micelle

limited volume similar to previous studies with paxli-

peak was detected by UV detector at the wavelength of taxel release from polymeric micelldgl( et al., 2005;

220nm.
2.4. Efficiency of CPT incorporation

The quantity of the micelle-incorporated CPT was
also determined by HPLC using the analytical column
Waters Spherisoft 5pum ODS2, 4.6 mnx 250 mm
Analytical Cartridge (Waters, Ireland). After filtra-
tion of the CPT-containing micelle preparation through
the 0.2um nylon filter, the micelles were diluted by
200-300-fold with acetonitrile (to destroy micelles and
release CPT), and an aliquot of the diluted solution
was injected into HPLC system. The determination of
the micellar CPT was performed using the calibration

Cho et al., 200% First, the solubility of CPT in Na
salicylate solutions was investigated to confirm the
applicability of the approach. With this in mind, the
excess of CPT was added to a capped vial contain-
ing a fixed volume of Na salicylate solution in water
using various Na salicylate concentrations. The mix-
ture was stirred for 24 h and then filtered through a
0.2um nylon membrane. An aliquot of the sample was
collected and diluted with acetonitrile, and the concen-
tration of CPT was measured by HPLC as described
above.

Further, the in vitro CPT release from various
micelles was studied in an aqueous solution contain-
ing 1 M Na salicylate as a release medium. One mil-

curve of pure CPT. The mobile phase composed of 66% limeter of CPT-loaded micelles was introduced into
(v/v) acetonitrile (HPLC grade) and pure water (pH5.0 a dialysis membrane bag, MWCO = 1000 Da (Spec-
adjusted with acetic acid) was used with a flow rate trum Lab., CA, USA), and the end-sealed dialysis
of 1.2 ml/min. CPT was detected by the fluorescence bag was incubated in 20ml of 1 M sodium salicy-
detector using an excitation wavelength of 360 nm and late at 37C. The release system was shaken at a
an emission wavelength of 430 nm. speed of 100 rpm. At predetermined time intervals, 2 ml
aliguots were withdrawn and replaced with an equal
volume of the fresh 1 M Na salicylate. The concentra-
tion of CPT in the samples was measured by HPLC

The micelle size measurements and size distribu- as described above with the correction for the volume
tion analysis were performed by the dynamic light replacement.

2.5. Micelle size measurement
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2.8. Cell cultures

Murine Lewis lung carcinoma cells (LLC1), human
colorectal adenocarcinoma cells (HT-29), and human
breast adenocarcinomas cells (MCF7), all from the
ATCC (Manassas, VA) were grown in DMEM medium
(Cellgro, Kansas City, MO) with 2 mM.-glutamine
additionally supplemented with 10% (v/v) heat-
inactivated fetal bovine serum, 100 units/ml penicillin
G, 0.25pg/ml amphotericin B, and 100g/ml strep-
tomicin. Cultures were maintained at3Z in a humid-
ified 5% CQ sterile incubator.

2.9. Cytotoxicity assay

For the cytotoxicity analysis with PEG—PE/TPGS
micelles, cells were seeded ax3.0° of LLC cells,
20 x 10° of HT-29 cells, and 1& 10° of MCF-7 cells
per well of 96-well plates in four-replicates. After 24 h,
the medium was exchanged for the medium contain-
ing increasing concentrations of each of the tested
formulations—free drug alone, empty micelles and
drug-loaded micelles in the range of 0—100 ng/ml of
CPT and 0-15Q.g/ml of PEG-PE/TPGS. The cells
were reseeded with medium containing the listed for-
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Fig. 1. HPLC profile of CPT-loaded PEG-PE/TPGS micelles.

their mixture are within the 1 to 10-> M range and
well below micelle concentration) and with 1.2 wt%
of CPT added to the mixture, the micelle suspensions
were produced containing 302.0u.g of the drug per

mulations after 2 days, and after 4 days exposure to 1 ml of the micelle suspension. The mixed micellar

various formulations, the cell viability was determined
using CellTiter 96A& Kit (Promega, Madison, WI)
according to manufacturer’s instructions.

3. Results and discussion

3.1. Micelle size, stability and CPT incorporation

All prepared micelles, with or without CPT load,

had the mean diameter of approximately 12 nm and size

system increased the solubilization of CPT by at least
50% compared to the micelles made of PEG—PE alone
(Mu et al., 200%. The resulting CPT solubility is also
significantly higher than what was described in pre-
vious reports Cortesi et al., 1997; Barreiro-lglesiasa
et al., 2004 for CPT solubilization in polymeric
micelles made of polyoxyethylene—polyoxypropylene
block copolymer (the maximum of 66 of CPT
per 1 ml) or pluronic-g-poly(acrylic acid) copolymers
(7 g of CPT per 1 ml of the micellar suspension).

An enhanced CPT solubilization by mixed micelles

distribution from 6 to 20 nm. The single peak on HPLC compared to the micelles made of PEG-PE alone could
profile (Fig. 1) confirmed the formation of CPT-loaded be explained by anincreased inner micelle core volume
PEG-PE/TPGS mixed micelles (certain asymmetry of due to the bulky non-polar head of the TPGS molecule,
the baseline around the peak may be explained by toowhich allows for more CPT to be encapsulated. At the

high micelle concentration used since it diminished
with the dilution). The dilution of the micelle sam-

ple influenced only the amplitude of the HPLC peak,
without affecting its position or shape, confirming the
high stability of the mixed micelles. At11 mM, concen-

tration of mixed micelle components (TPGS:PEG2PE
molar ratio 2:1, CMC values of both components and

guantities used, drug loading does not influence the
micelle size significantly, indicating that the hydropho-
bic drug located in the hydrophobic core space of the
micelles has almost no impact on the whole particle
size.

Both drug-free and CPT-loaded micelle formula-
tions did not show any noticeable changes in the
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Fig. 2. PEG-PE/TPGS micelle size and size distribution pattern during incubatiof@i8id 100 rpm shaking (A: before incubation; B: after

24 h incubation; C: after 48 h incubation).

particle size after 3 months at either room tempera-
ture or at #C. Fig. 2 presents the particle size of the
CPT-loaded mixed micelles during 48 h incubation at
37°C with shaking at the speed of 100 rpm. No signif-
icant changes in micelle size or size distribution were
recorded, which supports the high stability of CPT-
loaded PEG-PE/TPGS micelles.

3.2. CPT release from PEG-PE/TPGS micelles at
sink conditions

The present work used the reported hydrotropic
agent, 1M Na salicylate, as a release meditviu (

20 1

Micelle size (nm)

T
0.5 1

T
1.5 2 2.5
Conc. of sodium salicylate (M)

0

Fig. 3. Mean diameters of CPT-loaded PEG-PE/TPGS micelles at
various molar concentrations of Na salicylate in aqueous solution
after one week long incubation.

etal., 2005; Choetal., 20Dt study the in vitro release
of CPT from micellar formulation under sink condition.
Preliminary, it was shown that the micelle integrity of
CPT-loaded PEG-PE/TPGS mixed micelles was not
affected by the Na salicylate solution up to 1M con-
centration even upon a one week long co-incubation
(Fig. 3. However, at higher Na salicilate concentra-
tions, micelles destabilize and solubilize as follows
from the gradual decrease in the micelle size till their
full disappearance.

The CPT release from PEG—PE and PEG-PE/TPGS
micelles is presented Fig. 4, which starts with an ini-
tial burst, followed by a very slow release phase. This

60

40

Cumulative Release (%)

40
Time (Hours)

60 80 100

Fig. 4. Release profile of CPT from PEG-PE/TPGS micelldr{
1.0 M aqueous Na salicylate at 3Z; CPT-loaded micelles made of
PEG-PE alon€e{]) were used for comparison.
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release behavior reflects the CPT incorporation stabil- It looks like mixed PEG—PE/TPGS micelle retain the
ity and can be explained through the geometry of CPT drug even better than “pure” PEG—PE micelles indicat-
location within the micelles. The initial burst happened ing that the presence of TPGS facilitates not only CPT
within the first few hours of incubation is attributed incorporation into micelles but also the stability of its
to the relatively small quantity of the drug associated entrapment, probably because of additional hydropho-
on the interface of the micelle hydrophobic core and bic interactions of CPT molecules with the aromatic
hydrophilic corona, or even within the micelle corona ring in TPGS non-polar head.

compartment and can proceed via both the hydration

of the interfacial drug molecules and their passive dif- 3.3. In vitro activity of CPT-containing micellar

fusion. The drug incorporated into the inner core com- formulations

partment stays firmly inside the micelles showing a

very slow release even at sink conditions with 75-80%  The in vitro cytotoxicity of CPT-loaded PEG-PE/
of the initially incorporated drug still being associated TPGS micelles was investigated and compared with

with the micelles even after 72 h incubation at°&% that of the free drug using murine LLC, human MCF7
Mixed PEG-PE/TPGS micelle concentration (ug/ml) Mixed PEG-PE/TPGS micelle concentration (ug/ml)
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Fig. 5. In vitro cytotoxicity of free CPT L) and of CPT-free®) and CPT-loaded)) mixed PEG-PE/TPGS micelles against various cancer
cell lines (A: LLC1 cells; B: MCF7 cells; C: HT29 cells).
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and human HT-29 cells. As a negative control, empty tothecin (CPT), than the micelles made of PEG-PE
mixed micelles were used. Cells were treated with alone. PEG-PE/TPGS mixed micelles firmly retain
the same concentrations of free or micellar CPT (as the incorporated CPT and demonstrate dramatically
CPT). Empty micelles were added in the same con- enhanced cytotoxicity against several tested murine
centrations as the tested CPT-micelles (same concen-and human cancer cell lines compared to the free
tration of PEG-PE/TPGS micelle-forming material). drug. The enhanced cytotoxicity of CPT-loaded mixed
After 4 days in the presence of micellar prepara- micelles can be attributed to several factors: enhanced
tions, cells were analyzed for their survival using the solubility of CPT in micelle solution, increased sta-
MTS colorimetric assay for the dehydrogenase activ- bility of the cytotoxic lactone form of CPT inside
ity of viable cell. In all studied cell linesKig. 5), the micelle core, and better uptake of CPT-containing
CPT in PEG-PE/TPGS micelles demonstrated a sig- micelles by the cells. Mixed PEG-PE/TPGS micelles
nificantly superior cytotoxicity compared to that of may represent a promising delivery platform for spar-
the free drug. The I6 values for various formulation  ingly soluble anticancer drugs.

towards LLC cells were 12& 12 ng/ml for free CPT

(extrapolated) and only 24 0.3 ng/ml for CPT-loaded

PEG-PE/TPGS micelles; towards MCF7 cells these Acknowledgement

valueswere 229 18 ng/mlfor free CPT (extrapolated)
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