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Purpose. To investigate the self-assembly of polyethylene glycol (PEG)-phosphatidylethanolamine (PE)
conjugate with water-soluble drugs (doxorubicin hydrochloride, vinorelbine tartrate and vincristine
sulfate) and give insight into the mechanism of formation and mode of interaction of the drug with PEG-
PE as well as the general principles of self-assembly using pegylated lipid micelles.

Methods. One-step self-assembly method to prepare drug-loaded micelles was developed. The micelles
were characterized by dynamic light scattering, transmission electron microscopy, encapsulation
efficiency, and release study. NMR was used to study molecular assembly of PEG-PE with doxorubicin.
Results. Doxorubicin hydrochloride and vinorelbine tartrate were entrapped into micelles with high
efficiency of >99.0% at molar ratios of 1:1 and 2:1 of PEG-PE to drugs, respectively. Drug loading did not
measurably perturb either the geometry or the size. It was found that electrostatic interaction and
hydrophobic forces are responsible for the intercalation of drugs into PEG-PE micelles. NMR data
revealed that the anthracycline ring of doxorubicin was inserted between PE phospholipids, and its
amino sugar located in the outer shell of micelle between PEG chains.

Conclusion. Based on our results, the structure and self-assembly mechanism of water-soluble drugs

encapsulated in PEG-PE micelles were proposed.

KEY WORDS: doxorubicin; interaction; micelles; pegylated phospholipids; self-assembly.

INTRODUCTION

Polymeric micelles composed of amphiphilic block copoly-
mers have presented special interests because this carrier has
some advantages, including easy preparation, high stability, high
drug-loading capacity, biodegradability, controllable drug-
release profiles, long systemic circulation time, and enhanced
accumulation in tumor via the enhanced permeability and
retention (EPR) effect (1). Polymeric micelles are currently
used as nanoscale carriers for poorly soluble drugs (2,3). A few
micellar formulations are currently in clinical trials in different
countries (4-7). Paclitaxel micellar injection (Genexol-PM)
formulated with poly (ethylene glycol)-b-poly (d, I-lactide) has
been available commercially in South Korea (8).

Poly (ethylene glycol)-phosphatidylethanolamine (PEG-
PE) conjugate, a block copolymer, has been widely used in
stealth liposome formulations (9). In the past decade, it has
been reported that micelles comprised of PEG-PE can not
only effectively increase solubility of poorly soluble drugs but
also are stable and long-circulating in bloodstreams (10). A
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few poorly soluble drugs, such as paclitaxel and tamosifen,
have been loaded into PEG-PE micelles and evaluated in
vitro and in vivo (11-13). However, only a few studies have
reported water-soluble drugs loaded in PEG-PE micelles.

Anticancer drugs, such as anthracyclines, vinca alkaloids
and their derivates, are widely used for the treatment of many
malignancies (14,15). But the clinical uses of these drugs are
limited due to their serious dose-limiting toxicities, such as
cardio-toxicity, marrow depression and neurotoxicity (16-18).
Therefore, tumor-targeted drug delivery systems have gained
special interest. We have reported the nanoassemblies of PEG-
PE and doxorubicin increasing cytotoxicity in vitro and enhanc-
ing antitumor activity in vivo with low systemic toxicity (19).
Recently, we have used a one-step self-assembly procedure to
load water-soluble drugs, such as doxorubicin hydrochloride,
epirubicin hydrochloride, vinorelbine tartrate and vincristine
sulfate, into PEG-PE micelles in aqueous medium. We found
that doxorubicin- and vinorelbine-loaded PEG-PE micelles had
a very high drug-loading efficiency (> 99%) and superior
antitumor activities to free drug both in vitro and in vivo, with
a high stability in plasma and sustained release profile.

In this study, two water-soluble anticancer drugs, doxor-
ubicin hydrochloride and vinorelbine tartrate, both composed
of hydrophobic bulk and positive charged groups, (Fig. 1 A
and B), were chosen as model drugs, and the interaction of
these drugs with PEG-PE (Fig. 1C) in the process of their
self-assembly was investigated. The electrostatic and hydro-
phobic interactions between these drugs and PEG-PE were
found to play critical roles in their recognition and high
efficient assembly.
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Fig. 1. Chemical structures of (A) doxorubicin hydrochloride, (B) vinorelbine tartrate, and (C) PEG-PE.

MATERIALS AND METHODS
Materials

Distearoyl-sn-glycero-3-phosphoethanolamine-n-[methoxy
(polyethylene glycol) -2000] (PEG-PE) and 1, 2-dioleoyl-3-
trimethylammonium-propane (DOTAP) were purchased
from Avanti Polar Lipids (Alabaster, AL). Doxorubicin hydro-
chloride was kindly provided by Hisun Pharmaceutical Co.
Ltd (Zhejiang, China). Vinorelbine tartrate and gemcitabine
hydrochloride were obtained from Hansen Pharmaceutical
Co. Ltd (Jiangsu, China). Vincristine sulfate was purchased
from Hanfang Pharmaceutical Co. Ltd (Guangdong, China).
Paclitaxel was obtained from Huiang Biopharmaceutical Co.
Ltd (Guangxi, China). Water used throughout was distilled and
deionized in a Milli-Q water purification system (Millipore,
Bedford, U.K.). All other reagents used were of analytical
grade.

Preparation of Drug-Loaded PEG-PE Micelles

Water-soluble drugs, including doxorubicin hydrochlor-
ide, vinorelbine tartrate, vincristine sulfate and gemcitabine
hydrochloride, were dissolved and PEG-PE was suspended in
double-distilled water, respectively. The resulting drugs and
PEG-PE stock solutions were 5 mM, respectively. Then,
PEG-PE and drug stock solutions were mixed in a round-
bottom flask to obtain the desired PEG-PE:drug ratio. The
mixture was incubated at 60°C for 30 min to allow for drug
entrapment. After incubation, the resulting solution was
filtered using 0.22 pm polyethersulfone (PES) syringe mem-
brane. The filtered solution was stored at 4°C until use.
Empty micelles were prepared using an identical procedure
without drugs. For preparation of paclitaxel-loaded micelle,
paclitaxel powder was suspended in double-distilled water
and mixed with PEG-PE stock solution at 1:16 molar ratio
of paclitaxel:PEG-PE. The mixture was incubated at
60°C for 30 min with gentle shaking. After incubation, the
resulting suspension was filtered using 0.22 um PES syringe

membrane. Drugs in PEG-PE micelles were determined by
RP-HPLC method using a C18 column.

Dynamic Light Scattering

Particle size distribution and zeta potential of doxorubi-
cin-loaded micelle (M-Dox, 2:1 molar ratio of PEG-PE:Dox)
and vinorelbine-loaded micelle (M-Vino, 4:1 molar ratio of
PEG-PE:Vino) were determined by dynamic light scattering
(DLS) analysis using Malvern Zetasizer Nano ZS (Malvern
Instrument Ltd, Malvern, UK) with 633 nm laser at 25°C and
at a scattering angle of 90°. The empty micelles, M-Dox and
M-Vino were diluted to the lipid concentration of 1 mg/mL
with deionized water, respectively. Particle sizes were
expressed as intensity-weighted diameters. The values were
reported as the mean + standard deviation (SD) based on
three individual measurements performed in triplicate.

Cryogenic Transmission Electron Microscopy (Cryo-TEM)

The shape and size of the micelles were determined by a
Philips Tecnai 20 transmission electron microscope (FEI-
Philips, Oregon, USA) at 160 kV. Sample preparation was
carried out in a controlled environment vitrification system at
25°C and at saturation to avoid evaporation of water during
specimen preparation. 10pL. of the solution was placed on a
hydrophilized perforated carbon filmed grid. Excess fluid was
blotted to form a 100-250 nm thick liquid film, and the grid
was immediately plunged into liquid ethane (—184°C),
producing a vitrified specimen. The specimens were imaged
at —175°C sample temperature in the minimal electron dose
mode by CCD camera.

Measurement of Drug Encapsulation Efficiency

The encapsulation efficiency of drugs into micelles was
determined by ultrafiltration. Briefly, 500 pL of micellar
formulations, including doxorubicin hydrochloride, vinorelbine
tartrate, vincristine sulfate and gemcitabine hydrochloride
loaded in PEG-PE micelles, were added in amicon ultra
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centrifugal filter devices (MWCO 30,000, Millipore) and then
centrifuged at 12000 x g for 10 min at 4°C. The concentrations of
free drugs in filtrate were quantified by reverse-phase HPLC
with a C18 column. For the determination of paclitaxel
encapsulation efficiency, the content of paclitaxel in micelles
was evaluated by HPLC, and the encapsulation efficiency was
calculated by the ratio of incorporated paclitaxel to initial
paclitaxel added.

In Vitro Release Study

Drug release was assessed using equilibrium dialysis
method. M-Dox (PEG-PE:Dox = 2:1, molar ratio) or M-Vino
(PEG-PE:Vino=4:1, molar ratio) solutions were diluted to
1 mg/mL of doxorubicin or vinorelbine with PBS buffer or
fresh mouse serum and sealed in a dialysis bag (MWCO
10,000, Pierce). The dialysis bags were placed in 150 mL of
PBS buffers (pH 7.4) at 37°C with gentle shaking. Aliquots of
release medium were removed at designated time points. The
released drugs were quantified by RP-HPLC methods.

Preparations of Drug-Loaded Micelles at Different Ratios
of Lipid to Drug

Doxorubicin-loaded PEG-PE micelles were prepared at
different molar ratios of PEG-PE to doxorubicin ranging
from 1:0.5 to 1:4 using the identical method described above.
The encapsulation efficiency for each preparation was
evaluated by ultrafiltration method. Accordingly, the same
concentration of free doxorubicin solution as doxorubicin in
micelles was prepared and ultrafiltrated with ultra centrifugal
filter units for the evaluation of drug adsorption. The effect of
the ratio of lipid to drug on the encapsulation efficiency was
evaluated.

Addition of DOTAP into PEG-PE Micelles for Drug
Encapsulation

PEG-PE/DOTAP mixed micelles were prepared at 1:0,
1:0.5, and 1:1 molar ratios of PEG-PE:DOTAP using film
hydration method. Then, the mixed micelle solution was
incubated with doxorubicin solution at 1:0.5 and 1:1 molar
ratios of PEG-PE:Dox. The encapsulation efficiency of
doxorubicin and zeta potentials of PEG-PE micelles were
determined using method described above. The correlation
between drug loading efficiency and zeta potential was
evaluated.

Preparation of Drug-Loaded PEG-PE Micelles in Water
Containing Ca>*

PEG-PE stock solutions (5 mM) were incubated with
different concentrations of Ca”* solutions overnight. Then,
equal volumes of doxorubicin solutions (2.5 mM) and Ca>*
containing PEG-PE solutions were mixed and incubated at
60°C. The drug encapsulation efficiency was determined by
ultrafiltration. The zeta potentials of the drug-free micelles
were analyzed by DLS method. The effect of Ca®" on zeta
potential and the correlation between drug loading efficiency
and zeta potential was also evaluated.
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Preparation of Drug-Loaded PEG-PE Micelles with Different
Incubation Temperatures and Times

The drug loading efficiency in micelles as functions of
time and temperature was further examined. To analyze the
effect of time on assembly, equal volumes of PEG-PE (5 mM)
and drug (5 mM) stock solutions were mixed in a round-
bottom flask and incubated at 60°C, and aliquots of mixture
were withdrawn at designated time points for the evaluation
of drug encapsulation efficiency. For the effect of temper-
ature, equal volumes of PEG-PE (5 mM) and drug (5 mM)
stock solutions were mixed in different vials, and the mixtures
were incubated at different temperatures ranging from 4°C to
60°C for 30 min.

NMR Spectroscopy

PEG-PE (10 mM) and Dox (5 mM) stock solutions were
prepared by dissolving the weighed materials in deuterium
oxide. Samples for "H-NMR were prepared by mixing the
PEG-PE and Dox stock solutions (PEG-PE:Dox = 2:1, molar
ratio) and allowing for assembling at 60°C for 30 min. To
investigate interaction of doxorubicin and PEG-PE, PEG-PE
solution was used to titrate directly doxorubicin solution
(molar ratios of Dox:PEG-PE from 50: 0 to 50: 10).

All NMR spectra were acquired at 298 K with Bruker
DPX 400 spectrometer equipped with a Z-gradient BBO
probe. The 1D 'H NMR and 2D '"H-"H NOESY experiments
were performed on the samples containing 2.5 mM
doxorubicin in D,O. The 1D 'H and *'P NMR spectra of
PEG-PE were obtained for the samples containing 5 mM
PEG-PE in D,O. The 2D "H-"H NOESY experiment was run
on the doxorubicin and PEG-PE mixture at the NOE mixing
time of 500 ms. Triphenyl phosphate (TPP) in acetone-d6 was
used as an external standard for chemical shifts of 'H
resonances and *'P resonance as well.

RESULTS
Drugs Intercalated into PEG-PE Micelles

The average diameter of empty PEG-PE micelles as
determined by DLS was 15.8+0.4 nm, consistent with
previous studies (20). The size of doxorubicin-loaded micelles
and vinorelbine-loaded micelles was similar, with diameters
of 14.8+1.2 nm and 14.6+0.9 nm, respectively. The particle
sizes of both drug-loaded micelles were similar to that of
empty micelles (Figs. 2 and 3), implying that the encapsula-
tion of doxorubicin or vinorelbine into PEG-PE micelles did
not disrupt the structure of micelles. The morphology of these
micelles characterized by Cryo-TEM was spherical with a
uniform size distribution (Fig. 3).

Doxorubicin and vinorelbine incorporated into PEG-PE
micelles showed a high encapsulation efficiency: 99.2% for
doxorubicin at 1:1 molar ratio and 99.4% for vinorelbine at
1:2 molar ratio of drug to PEG-PE. Drug loaded in PEG-PE
micelles also demonstrated slow release, and the released
drugs up to 24 h were 36.7% and 16.5% for doxorubicin and
vinorelbine, respectively. These sustained-release profile and
high encapsulation efficiency could be related to the molec-
ular structures of both PEG-PE and drugs; PEG-PE is a
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Dox PEG-PE micelles
Fig. 2. Schematic illustration of the self-assembly of water-soluble
drugs, such as doxorubicin hydrochloride, and PEG-PE in double-
distilled water. (A) One-step self-assembly procedure. (B) Detailed
structure of nanoassemblies of PEG-PE with water-soluble drugs.

M-Dox

conjugate of PE with PEG through the amino group of PE,
and thus, PEG-PE remains a phosphate group with negative
charge at physiologic pH, in which an electrostatic interaction
between PEG-PE and doxorubicin and vinorelbine should
occur. Furthermore, the sustained release manner and
encapsulation efficiency of these two drugs encapsulated in
PEG-PE micelles are a consequence of the hydrophobic
interaction between two hydrocarbon chains of PE and
hydrophobic doxorubicin and vinorelbine. Thereby, we
propose a self-assembly procedure for water-soluble drugs
like doxorubicin or vinorelbine loaded in PEG-PE micelles
(Fig. 2). This procedure is very simple for preparing the drug
carriers with high drug encapsulation efficiency and con-
trolled drug release in aqueous solution and without organic
solvents.

Negative Charge of PEG-PE Plays an Important Role
to Trigger the Assembly of Drugs and PEG-PE

To determine the effect of ratio of drug to PEG-PE on
drug encapsulation efficiency, we changed molar ratios of
doxorubicin to PEG-PE ranging from 0.5:1 to 4:1. Up to
99.2% drug encapsulation efficiency was obtained at the 1:1
molar ratio of drug to PEG-PE. Decreasing molar ratio of
drug to PEG-PE at 0.5:1, drug encapsulation efficiency
(99.8%) was almost the same as 1:1, indicating that doxor-
ubicin was completely loaded into the PEG-PE micelles
(Table I). However, increasing the ratio of drug to PEG-PE
from 1:1 to 4:1, the drug encapsulation efficiencies linearly
decrease. We calculated the relationship between the exper-
imentally determined encapsulation efficiency (EE4) and
predicted drug encapsulation efficiency (EE,), which was
based on the presumption that the interaction of doxorubicin
and PEG-PE would occur at a molar ratio of 1:1, by linear
regression. The least squares regression equation is EE4=
0.9917xEE,+0.2803, and the correlation coefficient is 0.9994
(Table I). After removing unloading drug, ratios of drug to
PEG-PE in micelles using the different initial ratios of PEG-
PE to drug (1:1 to 1:4) were 1:1, indicating that to encapsulate
one molecule of doxorubicin in a micelle, at least one
molecule of PEG-PE is needed.

Wang et al.

To determine whether electrostatic interaction of PEG-
PE with doxorubicin plays an important role in doxorubicin
loaded into PEG-PE micelles, DOTAP, one kind of cationic
lipid, was incorporated into PEG-PE micelles to neutralize
negative charges of PEG-PE micelles. The zeta potentials of
PEG-PE micelles in the absence of DOTAP was —25.9 mV;
addition of DOTAP to PEG-PE to form the micelles at molar
ratio of 1:1 markedly decreased the zeta potentials of micelles
to —1.2 mV (Table II). Interestingly, DOTAP incorporated
into the PEG-PE micelles (1:1, molar ratio) significantly
decreased the amount of doxorubicin loaded into these
micelles; only 16.8% drug was encapsulated in the micelles
at the 1:1 molar ratio of drug to PEG-PE (Table IT). However,
decreasing the ratio of DOTAP to PEG-PE to 0.5:1 in the
micelles with the —5.9 mV zeta potential, the capacity of
PEG-PE encapsulated doxorubicin was partially rescued
(54.0% drug encapsulation efficiency, Table II). Vinorelbine
loaded in PEG-PE micelles had similar results to doxorubicin
(data not shown). These data demonstrate that electrostatic
interaction between PEG-PE and drug plays an important role
for drug loading.

To further verify the importance of electrostatic inter-
action in the self-assembling process of doxorubicin and
PEG-PE, we performed pre-incubation of PEG-PE micelles
with Ca®" at different concentrations for 24 h and then mixed
with doxorubicin solution. The results are shown in Fig. 4A.
Increase of Ca®* concentrations decreased the absolute value
of zeta potential of micelles, and correspondingly, decreased
the encapsulation efficiency of doxorubicin in the micelles.
These results further confirm that negative charge in PEG-PE
molecule is essential to recognize the guest molecule for their
high effective assembly.

Hydrophobic Block of PEG-PE Provides Stable Reservoir
for Drug Loading

As shown in Fig. 1, doxorubicin and vinorelbine have a
hydrophobic bulk and small groups with positive charges,
while PEG-PE di-block polymer contains the hydrophobic
block of PE and the hydrophilic block of PEG with one
negative charge. In water, PEG-PE molecules aggregate to
form a core-shell micelle; the core is composed of PE with
hydrophobic property, which should be suitable for hydro-
phobic drug loading. Our findings revealed that with neutral-
ization of PEG-PE micelles using DOTAP, 35.7% drug-
loading capacity remains, as shown in Table II. Hydrophobic
block of PEG-PE could provide stable reservoir for drug like
doxorubicin and vinorelbine. To broaden our understanding
of what structures of hydrophobic bulk in drugs are necessary
for their loading into PEG-PE micelles with high efficiency,
we selected several anticancer drugs with different structure-
based physicochemical properties. As shown in Fig. 4B,
gemcitabine hydrochloride, a nucleoside analog with a high
water solubility (>15 mg/mL at pH 2.7-9.0), could not be
incorporated into PEG-PE micelles (0.3% encapsulation
efficiency). Based on molecular structure of gemcitabine, we
can see that the basic group of gemcitabine with strong
polarity is both donor and accepter of hydrogen bonds, which
can not be stabilized using two aliphatic hydrocarbon chains
of PE, resulting in very low encapsulation efficiency. Fur-
thermore, we used a low water-soluble drug (~1 pg/mL),
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Fig. 3. Characterization of micelles in terms of particle size distribution, morphology and drug release kinetics. (A) Particle
size of empty micelle examined by dynamic light scattering analysis. (B) Particle size of doxorubicin-loaded micelle. (C)
Particle size of vinorelbine-loaded micelle. (D) Cryo-TEM image of empty micelle examined by cryogenic transmission
electron microscopy. (E) Cryo-TEM image of doxorubicin-loaded micelle. (F) Cryo-TEM image of vinorelbine-loaded
micelle. Scale bar is 50 nm. (G) In-vitro release profiles of drug-loaded micelles in pH 7.4 PBS buffer. Data represent
mean + SD (n=3) from individual experiments.

Table 1. Effect of the Ratio of Lipid to Drug on the Encapsulation Efficiency

Dox:PEG-PE (molar ratio) 0.5:1 1:1 2:1 31 4:1
EEq “ (%) 99.8 99.2 50.5 33.8 24.0
EE, ? (%) 100 100 50 33 25
Correlation equation & coefficient EE4=0.9917xEE,+0.2803, R=0.9994

“EEq: the determined encapsulation efficiency.
b EE,;: the predicted encapsulation efficiency based on the presumption that the interaction of doxorubicin and PEG-PE would occur at a molar
ratio of 1:1.
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Table II. Effect of DOTAP Incorporation on Zeta Potentials of
Micelles and Drug Encapsulation Efficiency

PEG-PE:DOTAP

(molar ratio) DOX Zeta potential (mV) EE (%)
1:0 0 —259+2.1 -
1:0.5 0 -15.3£3.2 -

0.5 -5.9+1.6 98.4+1.3

1 -2.5+1.1 54.0+£3.7
1:1 0 -1.2+0.5 -

0.5 32+1.3 35.7+4.5

1 7.7+2.6 16.8+2.1

paclitaxel, to incubate with PEG-PE micelles under the same
conditions as doxorubicin loading. Only 3.5% paclitaxel was
encapsulated into PEG-PE micelles (Fig. 4B). These results
suggested that the hydrophobic core of PEG-PE is not for all
drugs with hydrophobic or hydrophobic moiety to provide
stable reservoir, but is mostly structure-dependent.

We also determined other factors that affect the encap-
sulation efficiency, such as incubation temperature and time.
The results are shown in Fig. 4C. We changed incubation
temperatures from 60°C to 4°C and incubation time from
30 min to 30 s, and measured the doxorubicin encapsulation

Wang et al.

efficiency at the 1:1 molar ratio of doxorubicin to PEG-PE.
More than 99% doxorubicin was encapsulated into PEG-PE
micelles under all above conditions, indicating that assem-
bling process of doxorubicin and PEG-PE is both time- and
temperature-independent.

NMR Spectra Prove Drugs Intercalated into PEG-PE
Micelles

To interpret in detail the mechanism of assembly of
doxorubicin and PEG-PE, we performed the NMR experi-
ments. We first characterized the physical state and the
chemical composition of PEG-PE using 1D 'H NMR, 2D
"H-'"H NOESY, and *'P NMR spectra. The critical micelle
concentration (CMC) of PEG-PE in water is about 10°M
(10). The concentration of PEG-PE (10>M) in the NMR
samples for the present study was much higher than the CMC
value. Therefore, all of PEG-PE molecules in the sample are
supposedly in a form of the micelle.

1D 'H NMR spectrum of 5 mM PEG-PE was in good
agreement with the published spectrum of a mixture of
DPPC/DPPG/PEG-DSPE (21). Thus, the resonances in ‘H
NMR spectrum of PEG-PE were assigned by comparing the
chemical shifts and intensities of signals with those previously
assigned. The assigned proton resonances for chemical groups
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Fig. 4. Ca®*, structure of drug, incubation time and temperature effect on encapsulation of drugs in PEG-
PE micelles. (A) Corresponding correlation between zeta potentials and doxorubicin encapsulation
efficiency in the presence of Ca**. (B) Self-assembly of PEG-PE and drugs with different structures in
aqueous solution. Doxorubicin hydrochloride, vinorelbine tartrate, vincristine sulfate, gemcitabine
hydrochloride and paclitaxel were abbreviated as Dox, Vino, Vinc, Gem and PTX, respectively. (C)
Effect of incubation time and temperature on the self-assembly of PEG-PE and doxorubicin hydrochloride.
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of PEG-PE were indicated in (Fig. 5C). The signals of
protons in 1-CHj, 3-CH,, and 4-CH, of PE chains were
much broader than those in 14-CH30O and 11-CH, of PEG
chain at the concentration of PEG-PE higher than its CMC
value. The 'H resonances of bulk 2*-CH, of PE chains also
showed broader peak than those of bulk 13*-CH,O of PEG
chain. The difference in 'H spectral linewidth of PEG from
PE chains implies that PEG chain has higher mobility than
PE chains in PEG-PE micelles. Thus, the hydrophobic PE
chains construct a hydrophobic inner core, while the extended
PEG chains form a hydrophilic outer shell in aqueous media.

As shown in Fig. 5A, the '"H-NMR spectrum of M-Dox
in D,O also suggests the formation of the core-shell structure.
The micelle shell composed of PEG block was hydrated to a
high degree in D,O and showed the specific peak of PEG,
while the resonances of the PE core were significantly
reduced because of the insufficient mobility in D,O. Free
Dox showed intrinsic specific peaks at 1.0-8.0 ppm (Fig. 5B).

A
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In contrast, Dox was intercalated into the PE core of micelles,
and the specific peaks of Dox molecules disappeared as
shown in Fig. S5A.

For detecting the interactions of doxorubicin with PEG-
PE, 10 mM PEG-PE was titrated into the samples containing
5 mM doxorubicin and then measured by 'H NMR (Fig. 6).
The linewidths of 'H resonances for doxorubicin increased
with increasing molar ratios of PEG-PE in the mixtures of
doxorubicin and PEG-PE. The changes in linewidth of the
'H resonances of anthracycline ring (2-CH, 3-CH, and
4-CH) and of amino sugar (1’-CH, 5’-CH, and 5’-CH3) in
doxorubicin molecule were obviously observed. Usually,
intermolecular '"H-'"H dipolar interactions give rise to a
large amount of homogeneous line broadening. Thus, the
increase of the linewidths of "H resonances for doxorubicin
reflects the increase of 'H-'H dipolar interactions between
PEG-PE and doxorubicin with increasing molar ratios of
PEG-PE.
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Fig. 5. 'H-NMR spectra of (A) Doxorubicin-loaded PEG-PE micelles at molar ratio of PEG-PE to
doxorubicin at 2:1. (B) Doxorubicin hydrochloride. (C) PEG-PE copolymer in D,0.
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The 2D "H NOESY spectra recorded for the mixture of
Dox and PEG-PE (molar ratio of doxorubicin: PEG-PE=
50:5) at 298 K were shown in Fig. 7. The peaks indicated with
arrows in the NOESY spectrum of the mixture described the
NOEs between the protons of anthracycline ring of
doxorubicin (2-CH, 3-CH, and 4-CH) and the protons of PE
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Fig. 7. (A) 2D "H-"H NOESY spectrum of the mixture of doxorubicin and PEG-PE at a molar ratio of 50:5
for doxorubicin: PEG-PE. (B) Expansion of the small box in panel A.
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Fig. 8. *'P NMR spectra of PEG-PE collected in the absence (A) and
presence (B) of doxorubicin. The peak at about —16 ppm is a signal of
external standard TPP.

chain (1-CHj and 2*-CH,). The NOEs built between them
indicate that the aromatic ring of doxorubicin is close to PE
chains in the mixture. PE chains having fatty acid methyl (1-
CHj;) and bulk methylene (2#-CH,) groups and aromatic ring
(2-CH, 3-CH, and 4-CH) remote from amino sugar of
doxorubicin construct the hydrophobic core of the micelle.
Therefore, observed NOEs between the protons of
doxorubicin and PEG-PE suggest strongly that anthracycline
ring of doxorubicin inserts into hydrophobic core of PEG-PE
micelle.

The *'P NMR spectra of the PEG-PE micelles with
inserted doxorubicin (PEG-PE: doxorubicin = 2: 1) and
without doxorubicin showed a single symmetric peak
(Fig. 8), indicating that the insertion of the anthracycline
ring of doxorubicin between the PE lipids does not disturb
the arrangement of PE headgroup. This result was in good
agreement with that provided by TEM. Taken together, the
schematic nano-architecture of M-Dox was illustrated in
Fig. 2B. Doxorubicin is loaded in PEG-PE micelle in such a
way that the anthracycline ring of doxorubicin is inserted

" M AL
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between PE phospholipids, locating closely to glycerol
backbone of PE hydrophobic core, and amino sugar of
doxorubicin is in the outer shell of micelle between PEG chains.

DISCUSSION

The development of new drug delivery system of
anticancer drugs is a major challenge in tumor therapy. It
implies a full understanding of the drug-carrier interaction. In
the present work, water-soluble drugs were entrapped into
PEG-PE micelles using one-step self-assembly procedure. In
the past decades, the solubilization of poorly soluble drugs by
micelles has been extensively investigated (22). Organic
solvents, such as ethanol and chloroform, and equipments
were used in the preparation of hydrophobic drug-loaded
micelles. In addition, a novel one-step freeze-drying proce-
dure was developed to prepare paclitaxel and docetaxel-
loaded micelles; however, fert-butanol was used in this
process (23). In the present work, we prepared water-soluble
drug-loaded micelles with high drug encapsulation efficiency
using a very simple procedure. Organic solvents and rotary
evaporator were not required in this process.

Earlier, we reported some research data on the doxor-
ubicin-loaded PEG-PE micelles (M-Dox) in vitro and in vivo
(19). In that paper, M-Dox was successfully prepared by thin
film hydration method using chloroform and methanol as
solvents in the presence of triethylamine. Based on the
extensive investigation on the structure of PEG-PE molecule
and PEG-PE micelles as well as our previous data, we inferred
that the hydrophobic interaction and polar and electrostatic
interaction may play important roles in imparting this high
encapsulation efficiency. Interestingly, Sarthak er. al. had
investigated the roles of nonpolar and polar intermolecular
interactions in the improvement of the hydrophobic drug
loading capacity of PEG-PCL with increasing PCL content (24).

To design and prepare optimal pharmaceutical formula-
tions of drug-loaded micelles, a full understanding of the
interactions of PEG-PE with water-soluble drugs as well as
molecular architecture of micelles is very important. To
answer the above question, we used various NMR techniques
to analyze the molecular assembly mechanism of M-Dox.
NMR data demonstrated that anthracycline ring of doxor-
ubicin was inserted between PE phospholipids, and its amino
sugar located in the outer shell of micelle between PEG
chains. Furthermore, we also found that the electrostatic
interactions played an important role in the process of self-
assembly (Fig. 4A and Table II). This result was consistent
with the fact that the interaction of doxorubicin and PEG-PE
occurred at a molar ratio of 1:1, because the charges of
doxorubicin hydrochloride and PEG-PE are +1 and -1,
respectively (Table I). To further prove our hypothesis that
electrostatic interaction and hydrophobic forces play impor-
tant roles in the intercalation of water-soluble drugs into
PEG-PE micelles, we selected different types of anticancer
drugs to perform drug loading experiments. As shown in
Fig. 4B, vinorelbine tartrate and vincristine sulfate incorpo-
rated into PEG-PE micelles showed high encapsulation
efficiency of 99.4% (molar ratio of Vino to PEG-PE is 1:2)
and 99.2% (molar ratio of Vinc to PEG-PE is 1:2),
respectively. However, gemcitabine hydrochloride and pacli-
taxel had negligible incorporation into PEG-PE micelles.
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These results confirmed the importance of electrostatic and
hydrophobic interactions in the process of self-assembly of
PEG-PE and water-soluble drugs.

Based on the understanding of the interactions of PEG-PE
with drugs, we successfully prepared vinorelbine-loaded PEG-
PE micelles (M-Vino). Vinorelbine incorporated into PEG-PE
micelle has high encapsulation efficiency (99.8% at 1:4 molar
ratio of Vino to PEG-PE). After intravenous injection of M-
Vino (5 mg/kg vinorelbine tartrate and 50 mg/kg PEG-PE
micelles), M-Vino significantly reduced lung metastases in mice
bearing 4T1 tumors and increased their survival with low
systemic toxicity (to be published elsewhere).

CONCLUSION

In conclusion, we have shown that a number of water-
soluble drugs can be effectively incorporated into micelles
made from PEG-PE conjugates with high efficiency of
>99.0% using a one-step self-assembly procedure. The
molecular architecture of drug-loaded micelles, such as M-
Dox, was determined by NMR, showing that anthracycline
ring of doxorubicin was inserted between PE phospholipids,
and its amino sugar located in the outer shell of micelle
between PEG chains. In addition, we found that electrostatic
interaction and hydrophobic forces are responsible for the
intercalation of water-soluble drugs into PEG-PE micelles.
These findings can be applied in the optimal design of drug
nano-carrier for cancer therapy or other disease therapeutic
applications.
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