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17-Allyamino-17-demethoxygeldanamycin (17-AAG) is a potent anticancer agent currently undergoing
phases I and II clinical trials. However, the clinical development of 17-AAG has been hindered by its
poor aqueous solubility and hepatotoxicity. This study aimed to devise novel micellar nanocarriers for

17-AAG that improve its solubility and retain the incorporated drug for a prolonged period of time. We
have found that 1,2-distearoyl-sn-glycero-3-phosphoethanolamine-N-[methoxy(polyethylene glycol)-

2000]/p-a-tocopheryl polyethylene glycol 1000 (PEG-DSPE/TPGS) mixed micelles (at a 1:2 molar ratio)

Keyword?" ) can deliver 17-AAG at clinically relevant doses. By modulating the concentrations of micelle-forming
ggg’gg;g micelles copolymers, the burst release of 17-AAG from PEG-DSPE/TPGS mixed micelles was substantially reduced
TPCS with a release half-life up to about 8 h. Our 'H NMR spectroscopy results revealed that the incorporation
17-AAG of TPGS into PEG-DSPE micelles restricted internal molecular motions of copolymers in both the corona

and core regions of the micelles, leading to the delayed drug release. Cytotoxicity of 17-AAG formulated
in PEG-DSPE/TPGS mixed micelles against human ovarian cancer SKOV-3 cells was comparable to that
of free 17-AAG. 17-AAG-loaded PEG-DSPE/TPGS mixed micelles may offer a promising alternative to the

Drug release

current 17-AAG formulations for the treatment of solid tumors.

© 2010 Elsevier B.V. All rights reserved.

1. Introduction

Heat shock protein 90 (Hsp90) is a highly conserved intracellular
chaperon protein that is responsible for conformational maturation
and stability of a myriad of signaling proteins, including HER2, BCR-
ABL, estrogen receptors, androgen receptors, insulin-like growth
factor 1 receptor, hypoxia-inducible factor 1a, B-Raf, cdk4 and
Akt among numerous others (Whitesell and Lindquist, 2005). Gel-
danamycin and its anaologs are able to compete with ATP at the
nucleotide binding site on the N-terminal domain of Hsp90 and
inhibit its essential ATPase activity, leading to the degradation of
its client proteins by the ubiquitin-proteasome pathway (Isaacs
et al., 2003). Because many of these oncogenic client proteins
are involved in hallmark traits of malignancy, such as deregu-
lated cell cycle progression, anti-apoptosis, angiogenesis, invasion
and metastasis, inhibition of Hsp90 confers a potent combinatorial
blockade on the cancer phenotype.

17-Allylamino-17-demethoxygeldanamycin (17-AAG) is the
first Hsp90 inhibitor entering clinical trials in patients with
advanced cancers including metastatic prostate, melanoma, lung,
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colon, pancreatic, head and neck, ovarian and breast cancers (Goetz
etal,, 2005; Grem et al., 2005; Solit et al., 2007; Weigel et al., 2007;
Heath et al.,2008; Solit et al., 2008). Based on the promising preclin-
ical results, 17-AAG is also being tested clinically in combination
with other targeted treatments or conventional chemotherapy
(Ramalingan et al., 2008; Tse et al., 2008; Modi et al., 2007). Due
to its poor aqueous solubility (~10 wg/ml, 17 M) and low oral
bioavailability, 17-AAG is formulated in intravenous solutions that
require 4% DMSO or 20% Cremophor EL as organic excipients.
DMSO causes serious side effects such as nausea, vomiting and mal-
odor, and is known to be potentially hepatotoxic and cardiotoxic.
Cremophor EL induces hypersensitivity reactions that necessitate
the pretreatment with antihistamines and corticosteroids. More-
over, 17-AAG causes serious hepatotoxicity, which is attributable
to extensive distribution and metabolism of the drug in the liver
(Egorin et al., 2001; Guo et al., 2008). Owing to these toxicities
associated with the currently available formulations, 17-AAG is
administered to patients no more frequently than twice a week.
Thus far, few objective responses have been observed in patients
receiving the single or combination therapy, suggesting that the
higher and/or more sustained concentration of 17-AAG in the
tumor is required to exert adequate Hsp90 inhibition. An improved
formulation for 17-AAG is therefore urgently needed to eliminate
the use of toxic organic excipients as well as to allow for better
drug delivery to the tumor tissue with alleviated hepatotoxicity.
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IPI-504, a highly soluble hydroquinone hydrochloride derivative of
17-AAG, is currently under clinical development (Erlichman, 2009).
However, due to its sensitivity to the oxidizing environment and
rapid interconversion with 17-AAG in cells and in vivo (Sydor et
al., 2006), IPI-504 is likely to share the clinical toxicities of 17-
AAG. 17-Dimethylaminoethylamino-17-demethoxygeldanamycin
(17-DMAG) is a second-generation geldanamycin derivative now
in phase I testing. 17-DMAG is administered orally owing to its
higher aqueous solubility and greater oral bioavailability than 17-
AAG (Egorin et al., 2002). Despite these apparent improvements,
preclinical studies have shown that the hepatotoxicity of 17-DMAG
is dose-limiting, and the maximum tolerated dose of 17-DMAG is
significantly lower than 17-AAG, suggesting intermittent treatment
breaks or weekly dosing will still be required (Glaze et al., 2005;
Hollingshead et al., 2005).

Biocompatible and biodegradable polymeric micelles
(10-100nm in diameter) are recognized as one of the most
promising nanovectors for poorly water-soluble drugs. Several
cytotoxic anticancer drugs (e.g. doxorubicin, paclitaxel and cis-
platin) formulated in such nanovectors are presently in clinical
trials with encouraging results (Nishiyama and Kataoka, 2006;
Matsumura, 2008). Self-assembled from amphiphilic copolymers,
polymeric micelles can solubilize hydrophobic drugs by incor-
porating the drug molecules in the vicinity of the hydrophobic
core, and remain intact upon dilution in a large volume of blood
(Gaucher et al., 2005). Restricted from the normal vasculature
(1-2nm fenestrations in most healthy tissues), long-circulating
nanovectors can extravasate and accumulate at the tumor site
via the enhanced permeability and retention (EPR) effect, owing
to the leaky vasculature (usually >100 nm fenestrations) and the
impaired lymphatic drainage in solid tumors (Matsumura and
Maeda, 1986). The conjugates of polyethylene glycol (PEG) and
diacyllipids, such as PEG-distearoylphosphatidylethanolamine
(PEG-DSPE), form stable micelles in aqueous environment because
of strong hydrophobic interaction between double acyl chains
of phospholipid residues (Gao et al., 2002). PEG-DSPE micelles
are spheroidal and have a narrow size distribution of 7-35nm,
depending on the molecular size (750-5000 Da) of the PEG block.
With a critical micelle concentration (CMC) in 1076 to 10> M
range, PEG-DSPE micelles retain their size even after 48-h incu-
bation in plasma (Lukyanov et al., 2002). A number of sparingly
water-soluble anticancer drugs, such as paclitaxel, tamoxifen and
doxorubicin, can be incorporated into PEG-DSPE micelles (Gao et
al., 2002; Musacchio et al., 2009; Tang et al., 2007). The small and
uniform particle size of PEG-DSPE micelles offers a distinct advan-
tage in terms of targeted drug delivery to the tumor tissue via the
EPR effect. The administration of doxorubicin-loaded PEG-DSPE
micelles lead to extensive drug accumulation and penetration in
the tumor, greatly enhancing the anticancer efficacy of the drug in
tumor-bearing mice (Tang et al., 2007).

In the present work, we report on the design of PEG-DSPE micel-
lar nanocarriers for 17-AAG without the inclusion of any organic
solvent. We found that by modulating the PEG-DSPE concentra-
tion and incorporating p-a-tocopheryl polyethylene glycol 1000
succinate (TPGS) in the micelle composition, the burst release
of 17-AAG from the micelles was significantly reduced. These
PEG-DSPE/TPGS mixed micelles have the potential to be further
functionalized to achieve active targeting of 17-AAG to tumor
cells.

2. Materials and methods
2.1. Chemicals

1,2-Distearoyl-sn-glycero-3-phosphoethanolamine-N-
[methoxy(polyethylene glycol)-2000] (ammonium salt, PEG-DSPE)

was purchased from Avanti Polar Lipids, Inc. (Alabaster, AL) and
used without further purification. p-a-Tocopheryl polyethy-
lene glycol 1000 succinate (TPGS) was a gift from Eastman Co.
(Kingsport, TN). 17-AAG was purchased from LC Laboratories
(Woburn, MA). All other chemical reagents used were of analytical
or reagent grade.

2.2. Preparation of 17-AAG-incorporating micelles

Drug-loaded micelles were prepared by a dry film method
(Musacchio et al., 2009). Briefly, varying amounts of PEG-DSPE,
TPGS and 17-AAG were dissolved in chloroform in a round-bottom
flask. Chloroform was removed under vacuum, resulting in the for-
mation of a homogenous film. The drug-polymer film was hydrated
in 10mM HEPES-buffered saline (pH 7.4, HBS), and sonicated
at the room temperature for 10 min. The resulting mixture was
centrifuged at 12,000 x g for 10 min to yield clear micelle disper-
sion.

2.3. Quantification of 17-AAG by HPLC analysis

The content of 17-AAG loaded in micelles was quantified by
reverse phase HPLC based on a previously reported method (Egorin
etal., 2001), which consisted of a Waters (Milford, MA) 2795 pump
with an autosampler, a Waters 996 photodiode array detector and
a C8 column (5 pm, i.d. 4.6 x 150 mm). The isocratic mobile phase
was comprised of 75% (v/v) methanol and 25% sodium phosphate
buffer (25 mM, pH 3.0) with 10 mM triethylamine at a flow rate
of 1.2 ml/min. a-Naphthoflavone (Sigma, St. Louis, MO) was used
as an internal standard at a concentration of 2 wM. The detection
wavelength for 17-AAG and a-naphthoflavone were 333 nm and
281 nm, respectively. The standard curve of 17-AAG in phosphate
buffer waslinear between 0.1 wM and 10 .M. Micelle samples were
diluted with the HPLC mobile phase, and injected into the HPLC
system.

2.4. Invitro release of 17-AAG from micellar nanocarriers

The release of 17-AAG from micelles was evaluated by a dialysis
method (Shin et al., 2009). The drug-loaded micelles were prepared
with 5.3-12.5 mM PEG-DSPE, 10.6-25.0 mM TPGS and 0.6 mM 17-
AAG. Post micelle preparation, each sample was diluted with HBS,
avolume of 1 ml of which was loaded into a 3 ml Slide-A-Lyzer dial-
ysis cassette (Pierce, Rockford, IL) with a MWCO of 20,000 g/mol.
Each cassette was placed in 1.0 I phosphate-buffered saline (20 mM,
pH 7.4), which was changed every 4 h to ensure the sink condition
for the drug. A sample of 20-40 .l was drawn from each cassette
at 1h, 2h, 4h, 6h, 9h and 12 h, which was replaced by the same
volume of fresh HBS. The concentration of 17-AAG in each sample
was quantified by HPLC as described above.

The fraction of the drug remaining inside the dialysis cassette
as a function of the release time (t) was fitted to the first-order
kinetics using the following equation: C;/Cy=e~t, where C; and
Cp are the drug concentration within the dialysis cassette at the
sampling time (t) and at the initiation of the study, respectively;
and k is the first-order release rate constant. The release rate con-
stant (k) was derived from the best-fit nonlinear regression (Sigma
Plot, San Jose, CA), which was used to calculate the release half-life
(t172, release = 0.693/k).

2.5. Micelle size measurement

The size of the micelles was determined by dynamic light scat-
tering using a ZETASIZER Nano-ZS (Malvern Instruments Inc., UK)
equipped with He-Ne laser (4 mW, 633 nm) light source and 90°
angle scattered light collection configuration. The hydrodynamic
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diameter of micelles was calculated based on the Stokes—Einstein
equation. All measurements were repeated three times, and data
were analyzed in terms of volume-weighted particle size distribu-
tion.

2.6. Storage stability of 17-AAG-incorporating micelles

Freshly prepared 17-AAG-loaded PEG-DSPE/TPGS micelles were
incubated at 37 °C for two weeks or stored at 4°C for five weeks.
At predetermined time points, the samples were centrifuged at
12,000 x g for 10 min, and the supernatant samples were analyzed
for the changes in the particle size and drug content.

2.7. Cell proliferation assay

Human ovarian cancer SKOV-3 cells were obtained from the
American Type Culture Collection (Manassas, VA) and grown in
DMEM medium (Invitrogen, Carlsbad, CA) with 2 mM L-glutamine,
which was supplemented with 10% (v/v) fetal bovine serum,
100 units/ml penicillin G and 100 pg/ml streptomycin. The cells
were maintained at 37 °C with 5% CO, in a humidified incubator.

SKOV-3 cells were seeded in 96-well plates and treated in trip-
licate with increasing concentrations (0.025-2.5 wM) of 17-AAG
either in the free form or in the micelle formulation for 72 h. Cells
were fixed with 1% glutaraldehyde (Sigma), stained with 0.1% crys-
tal violet (Sigma), and dissolved in 10% acetic acid. The plates were
read at 595 nm on a spectrophotometer (Bio-Tek, Winooski, VT).
The relative cell number was calculated as the percentage of the
optical density of the treated sample versus that of the untreated
control (Roforth and Tan, 2008).

2.8. TH NMR spectroscopy

Thin drug-containing lipid films were prepared as described
above, and hydrated with HBS in D,0. As controls, identical
drug-containing lipid films was prepared, and then dissolved in
DMSO-dg. The concentrations of PEG-DSPE, TPGS and 17-AAG were
5.3mM, 10.6 mM and 0.6 mM, respectively. All data were acquired
on a Varian 600 MHz NMR spectrometer (Palo Alto, CA) using a
3mm inverse probe at 20°C, with 512 transients and 7200 Hz
spectral width. For the D,O sample, the residual water signal
was suppressed using a saturation pulse with a field strength of
40Hz. 'H chemical shifts were referenced to internal sodium 3-
(trimethylsilyl) propionate-2,2,3,3-d4 (TSP, Sigma) at 0.0 ppm for
D,0 samples and to DMSO at 2.50 ppm for DMSO-dg samples. The
spectral full widths at half height (FWHH, Avy,) were calculated
using Varian VNMR] Software (Version 2.1B).

2.9. Statistical analysis

The Student’s t-test was used for the statistical analysis (Sigma
Plot). A p value less than 0.05 was considered statistically signifi-
cant.

3. Results
3.1. Invitro release of 17-AAG from PEG-DSPE micelles

To design an organic solvent-free formulation for 17-AAG, we
attempted to incorporate 17-AAG into PEG-DSPE micelles. The
drug-loaded micelles were formed efficiently, as evidenced by min-
imal precipitation of the starting materials. For these micelles to
function as true drug carriers for 17-AAG, it is essential that the
encapsulated 17-AAG molecules are retained within the micelles
for an extended period of time in order to promote the drug accu-
mulation in the tumor tissue via the EPR effect. Towards this goal,

we first examined the in vitro release profiles of 17-AAG from PEG-
DSPE micelles. The release of 17-AAG into the sink was examined by
monitoring the drug concentration inside the dialysis cassette. For
drug molecules to be released into the sink, they need to be first
liberated from the micelles and subsequently diffuse across the
dialysis membrane. To ascertain that the dialysis membrane was
not a significant barrier during the release process, the release of
free 17-AAG was also studied as a control. We found that, the incor-
poration of 17-AAG into PEG-DSPE micelles substantially reduced
the releaserate of 17-AAG into the sink, compared to that of free 17-
AAG (Fig. 1A), indicating that the release of 17-AAG from micelles
is indeed the rate-limiting step during the drug release from the
dialysis cassette. Importantly, the final PEG-DSPE concentration in
the micelle dispersion inversely affected the release rate of 17-
AAG from the micelles. As PEG-DSPE concentration was increased
from 0.40 mM to 0.94 mM, the time required for 50% of the drug
released from the micelles (15, release) Was prolonged from 2.5 h to
5.8 h. The release of 17-AAG in all formulations appeared to follow
the first-order kinetics (Fig. 1B), as suggested by goodness-of-fit
being close to unity (2 >0.99, Table 1). These results suggest that,
by modulating the concentration of the micelle-forming copoly-
mer, PEG-DSPE micelles may serve as drug carriers that retain
the encapsulated 17-AAG molecules for an extended period of
time.

3.2. Invitro release of 17-AAG from PEG-DSPE/TPGS mixed
micelles

In order to further reduce the burst release of 17-AAG from
PEG-DSPE micelles, we incorporated TPGS in the composition when
preparing the micelles. TPGS is a conjugate of a-tocopherol (vita-
min E) and PEG, which has been shown previously to form mixed
micelles with PEG-DSPE (Mu et al., 2005; Dabholkar et al., 2006).
We hypothesized that the incorporation of TPGS into PEG-DSPE
micelles will render a more stable micelle structure, thus decreas-
ing the release rate of 17-AAG from the micelles. We found that,
at an equal PEG-DSPE:TPGS molar ratio, TPGS had little effect on
the release rate of 17-AAG (data not shown). At a 1:2 molar ratio,
PEG-DSPE/TPGS mixed micelles caused over 25% reduction in the
release rate compared to their pure PEG-DSPE micelle counterparts
(Fig. 1A-D and Table 1). An additional increase of PEG-DSPE:TPGS
molar ratio to 1:3 did not further slow the drug release. There-
fore, we chose a 1:2 molar ratio of PEG-DSPE:TPGS for the rest of
our project. As the concentration of PEG-DSPE was increased from
0.40 mM to 0.94 mM, t12, release Of 17-AAG from the mixed micelles
was prolonged from 3.3h to 7.8 h (Table 1). Neither an increase
in the loading concentration of 17-AAG to 6-10 mM nor the pres-
ence of 10% fetal calf serum in the micelle dispersion affected the
release rate constant of 17-AAG (data not shown). These results
indicate that PEG-DSPE/TPGS (at a 1:2 molar ratio) mixed micelles
notably improve the retention of 17-AAG compared to pure PEG-
DSPE micelles.

3.3. Maximum loading of 17-AAG in PEG-DSPE/TPGS mixed
micelles

The maximum loading of 17-AAG into PEG-DSPE/TPGS mixed
micelles and pure PEG-DSPE micelles increased almost linearly
with PEG-DSPE concentration (Fig. 2). This can be rationalized that,
as the concentration of copolymer increases, the number of micelles
in the dispersion is increased proportionally. The addition of TPGS
into the micelle composition approximately doubled the loading
capacity for 17-AAG. PEG-DSPE (12.5 mM)/TPGS (25.0 mM) mixed
micelles solubilized about 10.6 mM 17-AAG, yielding an increase of
600-fold in the aqueous solubility of the drug.
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Fig. 1. Release profiles of 17-AAG from micelles under the sink condition. (A) The accumulation of the released 17-AAG from PEG-DSPE micelles as a function of the dialysis
time. (B) The retention of the encapsulated 17-AAG by PEG-DSPE micelles as a function of the dialysis time. (C) The accumulation of the released 17-AAG from PEG-DSPE/TPGS
mixed micelles as a function of the dialysis time. (D) The retention of the encapsulated 17-AAG by PEG-DSPE/TPGS mixed micelles as a function of the dialysis time. The initial
concentration of 17-AAG was kept constant at 45 wM in all samples. Each data point is the mean + SD of three independent experiments. The lines in (B) and (D) represent
the respective best-fit nonlinear regression line for each data set.

Table 1

The release parameters of 17-AAG from PEG-DSPE micelles and PEG-DSPE/TPGS mixed micelles as a function of the concentrations of micelle-forming copolymers.

Micelle composition Release rate constant (h~') tyy2 (h) Goodness-of-fit (R?)
Free 17-AAG 0.984 0.7 0.993
PEG-DSPE (0.40 mM) micelles 0.269 25 0.998
PEG-DSPE (0.67 mM) micelles 0.189 3.6 0.999
PEG-DSPE (0.94 mM) micelles 0.119 5.8 0.999
PEG-DSPE (0.40 mM)/TPGS (0.80 mM) mixed micelles 0.208 33 0.995
PEG-DSPE (0.67 mM)/TPGS (1.34 mM) mixed micelles 0.127 5.4 0.997
PEG-DSPE (0.94 mM)/TPGS (1.88 mM) mixed micelles 0.089 7.8 0.995
3.4. Size measurement of 17-AAG-loaded PEG-DSPE/TPGS
1 . PEG-DSPE/TPGS mixed micelles micelles
g 121 ~'&** PEG-DSPE micelles The size distribution of empty PEG-DSPE micelles, empty PEG-
£ DSPE/TPGS mixed micelles and 17-AAG-loaded PEG-DSPE/TPGS
‘(_-9' 10 1 mixed micelles are shown in Fig. 3 and Table 2. All micelles exhib-
g ited a unimodal and narrow distribution with a size range of
:_:_'. 8 6-25 nm, which were consistent with the sizes of PEG-DSPE-based
b micelles in the literature (Gao et al., 2002; Lukyanov et al., 2002;
s 61 Mu et al., 2005; Dabholkar et al., 2006; Musacchio et al., 2009).
% The inclusion of TPGS (PEG-DSPE:TPGS at a 1:2 molar ratio) in the
S 44 mixed micelles had no effect on the micelle size, suggesting that
2 TPGS causes little alteration in the aggregation among PEG-DSPE
w24 molecules during the micelle formation. The loading of 17-AAG
5 resulted in 1-2 nm upward shift in the size distribution of PEG-
0 é ;‘ é é 1'0 1'2 1'4 DSPE/TPGS mixed micelles, possibly caused by the expansion of

PEG-DSPE concentration (mM)

Fig. 2. The maximum loading of 17-AAG as a function of PEG-DSPE concentration
in PEG-DSPE micelles and PEG-DSPE/TPGS mixed micelles. Each data point is the
mean + SD of three independent experiments.

the micelle core due to the drug loading. The concentration of
PEG-DSPE (0.40-0.94 mM) in the micelle dispersion did not affect
the size of micelles, which is indicative that the micelle structure
remains constant within the studied concentration range of the
copolymer.
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Table 2

Representative size distribution of empty and 17-AAG-loaded PEG-DSPE/TPGS mixed micelles.

Micelle composition Size distribution (%)

6.5-7.5nm 7.5-8.7nm 8.7-10.1nm 10.1-11.7 nm 11.7-13.5nm 13.5-24.4nm
Empty PEG-DSPE micelles 20.8 24.6 228 15.6 8.8 74
Empty PEG-DSPE/TPGS mixed micelles 25.1 26.8 22.4 13.9 7.0 4.6
17-AAG-loaded PEG-DSPE/TPGS mixed micelles 3.9 17.0 29.5 26.3 15.0 7.7

3.5. Storage stability of 17-AAG-loaded PEG-DSPE/TPGS mixed
micelles

To evaluate the physical stability of the maximally loaded
micelles, freshly prepared 17-AAG-incorporating PEG-DSPE/TPGS
mixed micelles were incubated at 37°C or stored at 4°C, which
were evaluated for any changes in their size and drug con-
tent. We found that at both temperatures, the particle size of
micelles remained constant during the entire period, indicating lit-
tle structural breakdown or aggregation among micelles. At 37 °C,
PEG-DSPE/TPGS micelles retained over 99% of 17-AAG at 24h.
However, at 72 h there was visible drug precipitation and 17-AAG
concentration decreased to approximately 40% of the initial con-
centration. By the end of two weeks, there was only about 12%
17-AAG remaining in the micelle dispersion. In contrast, 17-AAG
concentration in the micelle dispersion remained practically unal-
tered (>99%) at 4°C throughout the studied duration, indicating
that the drug-incorporating micelles are stable and can be stored
at 4°C for at least five weeks without any loss of the drug loading.

3.6. Cytotoxicity of 17-AAG-loaded PEG-DSPE/TPGS mixed
micelles

To examine the anticancer effect of 17-AAG-loaded PEG-
DSPE/TPGS mixed micelles, we performed the cell proliferation
assay. Drug-loaded micelles were prepared using 12.5mM PEG-
DSPE and 25.0 mM TPGS, and the concentration of the incorporated
17-AAG was about 10.6mM according to the HPLC quantifica-
tion. As depicted in Fig. 4, 17-AAG-loaded PEG-DSPE/TPGS mixed
micelles inhibited the proliferation of human ovarian cancer SKOV-
3 cells in a similar manner as free 17-AAG, and there was no
statistical difference between these two treatments. As a control,
empty PEG-DSPE/TPGS mixed micelles at concentrations equiva-
lent to those present in the drug-loaded micelles caused less than
5% inhibition on the proliferation of SKOV-3 cells. The cytotoxicity

empty PEG-DSPE micelles
empty PEG-DSPE/TPGS mixed micelles

— 17-AAG-loaded PEG-DSPE/TPGS mixed micelles
B proeeeesensenes PR RTINS :

20 'k} EEEEETERTRRE . ...............

Number (%)

A0 roernrrranieand SERCYRYRLERRY 8 | EEERTERTETR Her j

0.1 1 10 100 1000 10000

Hydrodynamic diameter (nm)

Fig. 3. The size distribution of empty PEG-DSPE micelles, empty PEG-DSPE/TPGS
mixed micelles, and 17-AAG-loaded PEG-DSPE/TPGS mixed micelles. Each profile
shows representative data obtained from three independent experiments.

of 17-AAG towards SKOV-3 cells observed in this study was con-
sistent with the literature (Sain et al., 2006). These results indicate
that 17-AAG-loaded PEG-DSPE/TPGS mixed micelles maintain the
cytotoxicity of free 17-AAG.

3.7. TH NMR analysis of 17-AAG-loaded PEG-DSPE/TPGS mixed
micelles

To elucidate the structural features of 17-AAG-loaded micelles
and understand the mechanism that responsible for the delayed
drug release from PEG-DSPE/TPGS mixed micelles, we carried out
a series of TH NMR experiments. The change in NMR line width
can be utilized to examine the formation and dynamics of micelles,
and drug encapsulation within micelles. This is because when the
internal molecular motion is restricted, nuclear spin-spin relax-
ation (or T, relaxation) is decreased; consequently, the shortened
T, relaxation broadens the line widths (Avq,, FWHH) of NMR sig-
nals of the nuclei. The formation of micelles is therefore expected
to broaden FWHH of the 'H signals from protons located within
the micelle core due to the restricted motion in the hydrophobic
region, whereas the rapid motion of the hydrophilic chains in the
micelle corona should result in relatively sharper proton signals.
We first prepared 17-AAG-incorporating PEG-DSPE micelles with
HBS in D,0. As a control, identical amounts of 17-AAG and PEG-
DSPE were mixed and dissolved in DMSO-dg. The peaks of PEG,
DSPE and 17-AAG were assigned by comparing to those of the indi-
vidual standards in DMSO-dg (data not shown). As seenin Fig. 5A, all
detected 'H signals of PEG-DSPE and 17-AAG in the DMSO control
sample showed narrow line widths, since these protons experi-
ence fast molecular motions as expected. Upon the formation of
micelles (Fig. 5B), the line width of 'H signal at 3.71 ppm, which
originates from oxyethylene (O-CH,-CH,) protons of PEG, was
approximately as narrow as that in DMSO-dg (Avy,=2.81Hz in
D, 0 versus 1.83 Hz in DMSO-dg), indicating that the PEG moiety is
located at the corona region of the micelles, where the motion of
the protons is not affected significantly by the micelle formation.
In contrast, DSPE had much more broadened 'H peaks at 0.87 ppm,
1.28 ppm and ~5-8 ppm in the aqueous micelle sample than the
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Fig. 4. Cytotoxicity of 17-AAG-loaded PEG-DSPE/TPGS mixed micelles against

human ovarian cancer SKOV-3 cells. Results show representative data obtained from
three independent experiments and are reported as the means & SD (n=3).



T. Chandran et al. / International Journal of Pharmaceutics 392 (2010) 170-177 175

SEG DSPE
(O-CH,CHy), S
N Vit E 1, ¥
(D)
. —
PG DSPE
DSPE  (O-CHyCHy, [ VItE (Yl O
© i g N\ v ¢
DMSO
17-AAG g
17-AAG
I
PEG DSPE
(O-CH,-CHy), (CH,), CH,
(8) j
—, Fehioun,
PEG |water DSPE
pspE  (O-CHCHI || Fhpan  (CH. CH,

®

~
ARG UW 17-AAG

0 9 8 7 6 5 4 3 2 1
(ppm)

Fig. 5. "H NMR spectra of (A) the mixture of PEG-DSPE and 17-AAG in DMSO-dg;
(B) 17-AAG-incorporating PEG-DSPE micelles prepared in HBS/D,0 buffer; (C) the
mixture of PEG-DSPE, TPGS and 17-AAG in DMSO-dg; and (D) 17-AAG-incorporating
PEG-DSPE/TPGS mixed micelles prepared in HBS/D,O buffer. The concentrations
of PEG-DSPE, TPGS and 17-AAG were 5.3 mM, 10.6 mM and 0.6 mM, respectively.
The inserts in the region of 0.0-2.9 ppm and 5.0-10.0 ppm are the intensity-scale
expansions. The insert spectra are plotted with different y-scales to display the weak
peaks. The 'H signals of 17-AAG were not present in the insert of Band D even though
the intensity scale was expanded more times than those of A and C. The expanded
spectrum at lower frequency region in C is plotted with a y-scale larger than that
in A in order to display the peaks of the vitamin E moiety in TPGS. As a result, the
methylene peak of DSPE at 1.28 ppm was truncated.

DMSO sample. The FWHH of methylene (CH,) protons of DSPE
at 1.28 ppm was increased from 4.95Hz in DMSO-dg (Fig. 5A) to
41.45Hz in the aqueous micelle sample (Fig. 5B). Moreover, 'H sig-
nals of 17-AAG were no longer detectable in the micelle sample.
These results clearly demonstrate that the DSPE moiety and 17-AAG
in the micelle sample experience much slower motions compared
to the DMSO-dg control, indicating that they are buried within the
hydrophobic core of the micelles.

Next, 17-AAG-incorporating PEG-DSPE/TPGS mixed micelles
were studied, and identical amounts of PEG-DSPE, TPGS and 17-
AAG dissolved in DMSO-dg were used as a control. The proton
signals from both copolymers and 17-AAG were observed with
sharp line widths in the DMSO-dg sample (Fig. 5C). In the aque-
ous sample, the 'H signals from the vitamin E portion of TPGS
were broadened in the micelle sample and those from 17-AAG
not detectable (Fig. 5D), indicating that the vitamin E moiety of
TPGS and 17-AAG molecules are incorporated into the micelle core.
Importantly, the addition of TPGS in the micelle composition fur-
ther reduced the motion of methylene protons of DSPE as evidenced
by the broader peak at 1.28 ppm (Avy; =57.98 Hz in Fig. 5D) than
that of the PEG-DSPE micelles (Avq, =41.45 Hz in Fig. 5B), suggest-

ing the enhanced hydrophobic interactions within the core of the
mixed micelles. Furthermore, compared to the narrow line width in
the DMSO control sample, although FWHH of 'H signal of the PEG
moiety at 3.71 ppm was slightly increased (from Av;; =2.85Hz in
Fig. 5C to 3.41Hz in Fig. 5D), the base of the peak was increased
drastically (from 29.15Hz in Fig. 5C to 95.57 Hz in Fig. 5D). In con-
trast, the base of the PEG peak in PEG-DSPE micelles was 34.20 Hz
(Fig. 5B). As a result of broader line width of the PEG peak in the
PEG-DSPE/TPGS mixed micelles, the relative spectral intensity of
oxyethylene protons of PEG at 3.71 ppm to methyl (CH3) protons
of DSPE at 0.87 ppm was markedly decreased from 455 in PEG-
DSPE micelles (Fig. 5B) to 35 in PEG-DSPE/TPGS mixed micelles
(Fig. 5D). These data strongly indicate that the presence of TPGS
in the mixed micelles partially limits the mobility of the PEG moi-
ety, resulting in two partitions of PEG protons: one experiencing
fast motion and the other with restricted mobility. Taken together,
these results provide convincing evidence that the incorporation of
TPGS into PEG-DSPE micelles substantially reduces internal molec-
ular motions in both the corona and core regions of the mixed
micelles.

4. Discussion

There have been several recent reports on the devise of 17-AAG-
loaded polymeric micelles, with the specific intention to eliminate
the use of organic solvents and to improve tumor-targeted delivery
of the drug. For instance, 17-AAG was incorporated into PEG-
poly(p,L-lactide) (PEG-PLA) micelles with a maximum loading of
about 2.6-6.6 mM (Shin et al., 2009; Xiong et al., 2009). The release
kinetics of 17-AAG-loaded PEG-PLA micelles from the dialysis cas-
sette closely resembled that of free 17-AAG, indicating a very rapid
release of 17-AAG molecules from PEG-PLA micelles under the
sink condition. Consequently, the drug-loaded PEG-PLA micelles
had little impact on the biodisposition of 17-AAG in rats (Xiong
et al,, 2009). In another recent study, 17-AAG was formulated
into vasoactive intestinal peptide-conjugated PEG-DSPE micelles,
which exhibited similar cytotoxicity against human breast can-
cer MCF-7 cells as free 17-AAG. The optimal loading of 17-AAG
was determined to be about 0.5mM in 5mM PEG-DSPE micelles
(Onyiiksel et al., 2009). Yet the release of 17-AAG from these
micelles was not characterized.

In our current study, PEG-DSPE/TPGS mixed micelles were
investigated as nanocarriers for 17-AAG. Compared to pure PEG-
DSPE micelles, we found that the addition of TPGS in the micelle
composition significantly reduced the release rate constant of 17-
AAG. This is most likely because PEG-DSPE/TPGS mixed micelles
are thermodynamically more stable than pure PEG-DSPE micelles.
Owing to the very low transition temperature (12 °C) of PEG-DSPE
molecules, PEG-DSPE micelles are fluid and dynamic complexes
that undergo rapid exchange with monomer molecules in the
aqueous solution at 37°C (Kastantin et al., 2009). This thermal
motion may destabilize the drug-copolymer association within
the micelles, resulting in a fast release of the loaded drug from
the micelles. Being approximately half of the molecular size of
PEG-DSPE, TPGS molecules are believed to fill the “void” between
amphiphilic PEG-DSPE chains, as they spontaneously orient and
form spheroidal “core-shell” micelle structure (Fig. 6). As sup-
ported by our TH NMR results, the insertion of TPGS into PEG-DSPE
micelles strengthened the hydrophobic interactions within the
micelle core, as well as partially restricted dynamic motion of PEG
chainsin the corona region, which may collectively elevate the acti-
vation energy required for monomer desorption and thus decrease
monomer exchange kinetics of the micelles.

Furthermore, the incorporation of TPGS in the micelle compo-
sition strikingly enhanced the encapsulation capacity for 17-AAG.
This is believed to be a result of increased hydrophobic interac-
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Fig. 6. The proposed structure scheme of 17-AAG-loaded PEG-DSPE/TPGS mixed
micelle.

tions in the micelle core, which drive the micellar solubilization
of lipophilic molecules. In particular, PEG-DSPE (12.5 mM)/TPGS
(25.0mM) mixed micelles had a maximum loading capacity of
about 10.6 mM for 17-AAG, which makes these drug carriers well
suited for delivering clinically relevant concentration of 17-AAG to
the tumor cells in vivo. Similarly improved drug loading into PEG-
DSPE/TPGS mixed micelles has been previously observed for other
water-insoluble drugs such as camptothecin and paclitaxel (Mu et
al,, 2005; Dabholkar et al., 2006).

One crucial finding of our study is that the release rate con-
stant of 17-AAG from PEG-DSPE/TPGS mixed micelles was inversely
affected by the final concentration of PEG-DSPE, even though the
studied concentration range was well above the CMC of the copoly-
mer and the hydrodynamic diameter of these micelles remained
constant. To our knowledge, this is the first time that copoly-
mer concentration-dependent drug release from micelles has been
reported. While the molecular mechanism responsible for such
phenomenon remains to be elucidated, a plausible explanation to
consider is that, being fluid and dynamic complexes, PEG-DSPE
micelles are likely to cause fast oscillation of 17-AAG molecules
between the micelle core and the aqueous solution, a delicate bal-
ance determined by the physicochemical properties of 17-AAG.
Since an increased copolymer concentration gives rise to more
micelle entities, the probability of 17-AAG molecules returning into
micelles may therefore increase, leading to an apparent decline in
the release rate constant. This finding has important implication
when devising PEG-DSPE micellar nanocarriers for tumor-targeted
delivery of 17-AAG in vivo. It suggests that the plasma concentra-
tion of PEG-DSPE needs to substantially exceed its CMC, in order
to minimize premature drug release from micellar carriers to the
systemic circulation.

Compared to the extremely slow release of some chemothera-
peutic agents (Mu et al., 2005; Dabholkar et al., 2006), the release
of 17-AAG from PEG-DSPE/TPGS mixed micelles appears to be rel-
atively fast. This may be rationalized by the compatibility between
the incorporated drug and the micelle core, which is determined
by the physicochemical properties intrinsic to the drug molecules.
When administered in vivo, albeit some loaded 17-AAG molecules
will inevitably be prematurely released from these micellar
carriers, it is conceivable that a significant proportion of 17-AAG-
loaded PEG-DSPE/TPGS micelles may still be able to preferentially
accumulate at the tumor site via the EPR effect, improving the
pharmacokinetic characteristics of free 17-AAG. This is because
the extravasation of PEG-DSPE micelles to the tumor tissue occurs
rapidly following intravenous administration and reaches a plateau
by 4-5 h. The prolongation of the release half-life of 17-AAG from
micelles beyond this time frame will therefore be of critical conse-

quence in extending the circulation time of the drug-incorporating
micelles and achieving targeted drug delivery to the tumor tissue.

In summary, we have demonstrated the feasibility of utilizing
PEG-DSPE/TPGS mixed micelles as novel nanocarriers for 17-AAG.
The incorporation of TPGS in the micelle composition restricted
molecular motions of copolymers in both the corona and core
regions the micelles, significantly delaying the release of 17-AAG.
By optimizing the concentrations of micelle-forming copolymers,
therapeutically relevant concentration of 17-AAG could be dis-
pensed in PEG-DSPE/TPGS mixed micelles without the inclusion
of any organic solvents. PEG-DSPE/TPGS mixed micelles offer
a promising platform for facile generation of multifunctional
nanocarriers for delivering 17-AAG to tumor cells via active tar-
geting.
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