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derivative with a formyl terminal group and its application to

nanoparticulate formulation

Masanaho Sasatsu, Hiraku Onishi∗, Yoshiharu Machida

Department of Drug Delivery Research, Hoshi University, 2-4-41 Ebara, Shinagawa-ku, Tokyo 142-8501, Japan

Received 18 September 2004; received in revised form 12 January 2005; accepted 17 January 2005

Abstract

A novel poly(dl-lactic acid) (PLA) derivative with a diethoxy propanol ester at the end, named PLA-acetal, was synthesized
by ring opening polymerization usingdl-lactide and 3,3-diethoxy propanol. PLA-acetal was hydrolyzed to a PLA derivative
with a formyl group, named PLA-aldehyde, by acid treatment. Reductive amination between PLA-aldehyde and methoxy-
polyethylene glycol amine (MeO-PEG(N)) gave the block copolymer (PLA–(MeO-PEG(N))). Nanoparticles were prepared
by emulsification-solvent evaporation or solvent diffusion using PLA–(MeO-PEG(N)) or a conventional methoxypolyethylene
glycol–PLA block copolymer, PLA–(MeO-PEG(O)). PLA–(MeO-PEG(N)) nanoparticles had a particle size of 60–340 nm,
dependent on the preparative procedure, while PLA–(MeO-PEG(O)) nanoparticles prepared by solvent diffusion showed a
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article size of 60 nm. The PLA–(MeO-PEG) nanoparticles with a smaller PEG introduction degree exhibited a mo
ive zeta potential. 1,1′-Dioctadecyl-3,3,3′,3′-tetramethylindodicarbocyanine perchlorate (DiD) could be incorporated effic
n PLA–(MeO-PEG(N)) nanoparticles. It is suggested that PLA-aldehyde should be useful as a functional interme
erivatization of PLA, and PLA–(MeO-PEG(N)) can be used for the preparation of PEG-coated PLA nanoparticles.
2005 Elsevier B.V. All rights reserved.
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. Introduction

Biocompatible and biodegradable polymers have
een playing an important role in medical and pharma-

∗ Corresponding author. Tel.: +81 3 5498 5724;
ax: +81 3 3787 0036.

E-mail address:onishi@hoshi.ac.jp (H. Onishi).

ceutical fields. Poly(dl-lactic acid) (PLA) and poly(dl-
lactic acid-co-glycolic acid) copolymer (PLGA) a
clinically available as medical devices and drug
riers because of their biodegradability and biocomp
bility (Gilding and Reed, 1979; Ogawa et al., 1988a).
As they melt with heat treatment and are well s
ble in organic solvents such as dichloromethane,
have been used to produce various dosage forms
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as pellets, microcapsules, nanoparticles, etc. (Hirano
et al., 1984; Birnbaum et al., 2000; Xinteng et al.,
2002; Ozalp et al., 2002). Nanoparticles with PLA or
PLGA as a core component have attracted much atten-
tion because they can be infused directly into a vein
in order to deliver drugs to target sites and/or to con-
trol their release in the body. Simple PLA or PLGA
nanoparticles are delivered mostly into liver and spleen
possessing a reticuloendothelial system (Dunn et al.,
1997). However, their pharmacokinetic profiles can be
modified by changing particle size and surface proper-
ties. One way to modify the pharmacokinetic proper-
ties of PLA or PLGA nanoparticles is to use a surfac-
tant (Dunn et al., 1997; Onishi et al., 2003). Polyethy-
lene glycol–polypropylene glycol–polyethylene glycol
block copolymer such as poloxamer is useful to en-
hance the systemic retention of nanoparticles with PLA
as a core component. Furthermore, PLA derivatives
have recently been developed to modify the character-
istics of PLA or PLGA nanoparticles. Much attention
has been paid to the polyethylene glycol–PLA block
copolymer (PEG–PLA), which is a diblock copolymer
with hydrophilic and hydrophobic blocks, because it al-
lows the formation of a stable nanoparticulate suspen-
sion in an aqueous solvent, where PLA chains form
the core and PEG chains are located outside (Gref
et al., 1994; Bazile et al., 1995). The PEG shell pre-
vents the interaction of PLA core with biomolecules,
cells and tissues (Dunn et al., 1997; Mosqueira et
al., 1999), and can suppress opsonization (Nguyen et
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as antibodies, etc. (Noguchi et al., 1991; Maruyama,
2002). Surface modification of PEG–PLA has been ac-
tively studied by the Kataoka research group (Otsuka
et al., 2000; Nagasaki et al., 2001; Yamamoto et al.,
2001; Jule et al., 2003). They attached sugars, amino
acids, peptides, etc. to the end of the PEG moiety
of PEG–PLA. Sugar-installed PEG–PLA nanoparticles
specifically interacted with the lectin. Introduction of
amino acids or peptides changed a surface charge of
PEG–PLA, which appeared to influence the pharma-
cokinetic behavior of the nanopaparticles. With such
approaches, acetal-ended PEG–PLA is synthesized by
sequential polymerization of ethylene oxide anddl-
lactide. On the other hand, our present studies in-
volves the synthesis of acetal-ended PLA (PLA-acetal),
its conversion to PLA with a formyl terminal end
and modification using reductive amination (Fig. 1).
Namely, our approach was performed first by ring
polymerization ofdl-lactide using diethoxy propanol
as an initiation molecule to obtain PLA-acetal, and
subsequently PLA with a formyl group, called PLA-
aldehyde, was prepared by acidic hydrolysis of PLA-
acetal. PLA-aldehyde was reacted with the molecules
having amino groups by reductive amination. PLA-
aldehyde is considered to allow the direct modification
of PLA. In the present study, a methoxypolyethylene
glycol amine–PLA block copolymer (PLA–(MeO-
PEG(N))) was prepared by reductive amination be-
tween PLA-aldehyde and methoxypolyethylene glycol
amine, and used to prepare nanoparticles. The polymers
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l., 2003). Reportedly, PEG–PLA nanoparticles sh
particle size of several dozen to a few hund

anometers, and possess a hydrophilic and inactiv
ace of PEG, leading to a longer systemic circula
Gref et al., 1994; Bazile et al., 1995; Panagi et
001).

Thus, the surface modification of PLA or PLG
lays an essential role in the delivery of nanopa
les with PLA or PLGA as a core component. F
hermore, ligands bound specifically to the recep
re known to enable the active targeting of dru
alactose-bound macromolecules or liposomes
een utilized to specifically localize an incorpora
rug to the liver, based on the specific recogni
f the sugar by the asialoglycoprotein receptor
epatic cells (Pimm et al., 1993; Nishikawa et a
995; Kawakami et al., 2001). This specific recogn

ion is also a useful approach for other ligands s
nd nanoparticles were characterized and evalua
itro.

. Materials and methods

.1. Materials

Methoxypolyethylene glycol (MeO-PEG(O); M
000), methoxypolyethylene glycol amine (Me
EG(N); MW 2000), 3,3-diethoxy-1-propanol a
tannous octoate were purchased from Sigma Che
o. (St. Louis, MO, USA).dl-Lactide was obtaine

rom Tokyo Kasei Kogyo Co., Ltd. (Japan). 1,′-
ioctadecyl-3,3,3′,3′-tetramethylindodicarbocyanin
erchlorate (DiD) was purchased from Molecu
robes, Inc. (Oregon, USA). All other chemicals u
ere of reagent grade.
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Fig. 1. Synthetic procedure of PLA-derivatives.

2.2. Synthesis of poly(dl-lactic acid) with a
formyl group at the terminal end (PLA-aldehyde)

Acetal-ended poly(dl-lactic acid) (PLA-acetal) was
synthesized with ring opening polymerization. Briefly,
6 g of dl-lactide purified by recrystallization from an
ethyl acetate solution and 3,3-diethoxy-1-propanol (50,

100 or 150 mg) were placed in a three-neck flask, the
inside of which was filled with nitrogen gas in ad-
vance, 45 ml of toluene was added, and the mixture
was stirred and heated on an oil bath set at 120–160◦C
with stirring. After the temperature of the mixture
reached the set temperature, a toluene solution (5 ml)
of stannous octoate (30�g) was added to the reaction



236 M. Sasatsu et al. / International Journal of Pharmaceutics 294 (2005) 233–245

mixture. Then, the reflux was continued at the set tem-
perature with stirring for 5 h. After that, the stirring
was stopped, and the mixture was left at room temper-
ature for 24 h. The solvent was evaporated at 60◦C un-
der reduced pressure, 120 ml of dichloromethane was
added to the residue, and the mixture was filtrated with
a glass filter. The filtrate was put into 200 ml of water
stirred at 60◦C. After evaporation of dichloromethane,
the aqueous suspension was left at room temperature
for 24 h. The precipitate was obtained by filtration and
re-dissolved in dichloromethane. After drying the so-
lution with anhydrous sodium sulfate overnight, it was
filtered. The filtrate was evaporated to dryness to yield
PLA-acetal.

Aldehyde-ended poly(dl-lactic acid) (PLA-alde-
hyde) was obtained by acidic hydrolysis of PLA-acetal.
PLA-acetal (200 mg) was dissolved in 80 ml of acetone,
and 2% (w/v) hydrochloric acid (30 ml) was added. The
resultant suspension was stirred at room temperature
for 24 h. After the removal of acetone by evaporation
under reduced pressure, extraction from the remain-
ing aqueous suspension with dichloromethane was per-
formed. The entire organic phase was taken and dried
on anhydrous sodium sulfate overnight. After filtration,
the filtrate was evaporated to dryness to yield PLA-
aldehyde.

2.3. Synthesis of methoxypolyethylene glycol
amine-ploy(dl-lactic acid) block copolymer
(PLA–(MeO-PEG(N))) and methoxy polyethylene
g
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the suspension, the resultant aqueous suspension was
washed with an ultrafilter membrane with an MW
cut off of 10,000. After the remaining suspension
was lyophilized, the product was dissolved in acetone.
This acetone solution was suspended by addition of
water, and the suspension was washed in the same
manner as described above. PLA–(MeO-PEG(N)) was
obtained by lyophilization of the remaining aqueous
suspension.

PLA–(MeO-PEG(O)) was synthesized based on the
method of Bazile et al. (1995). Briefly, dl-lactide
(5 g), recrystallized from an ethyl acetate solution,
and MeO-PEG(O) (0.84 g) were put in a three-neck
flask, the inside of which was filled with nitrogen
gas in advance, 15 ml of toluene was added, and the
mixture was stirred and heated on an oil bath set at
120◦C with stirring. A toluene solution (5 ml) of stan-
nous octoate (20�g) was added to the reaction mix-
ture, and the reflux was continued at 120◦C with
stirring for 6 h. After that, the stirring was stopped,
and the mixture was left at room temperature for
24 h. The solvent was evaporated at 70◦C under re-
duced pressure, 20 ml of dichloromethane was added
to the residue, and the mixture was filtrated with a
glass filter. The filtrate was put into 200 ml of water
stirred at 60◦C. After evaporation of dichloromethane,
the aqueous suspension was left at room tempera-
ture for 5 h. The precipitate was obtained by filtration,
re-dissolved in dichloromethane, filtered, and the fil-
trate was evaporated to dryness to yield PLA–(MeO-
P
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lycol-poly(dl-lactic acid) block copolymer
PLA–(MeO-PEG(O)))

MeO-PEG(N) (300 mg), PLA-aldehyde (200 m
nd sodium cyanoborohydride (25 mg) were pu
5 ml of a tetrahydrofuran/methanol mixture (1:1, v

hen the mixture was stirred at room temperature
2 h, when the pH of the mixture was adjusted
H 6–7 with 0.1N HCl aqueous solution and 0.
aOH aqueous solution. After that, organic solve
ere evaporated, and the resultant suspension

yophilized. To the residue was added chloroform,
he supernatant underwent gel permeation chrom
aphy (GPC) to collect the fractions with a mol
lar weight larger than that of MeO-PEG(N). Af

he collected solution was evaporated, the residue
e-dissolved in acetone, and water was added to
ain a suspension. After evaporation of acetone f
EG(O)).

.4. 1H-NMR and GPC studies

1H-NMR spectra of PLA derivatives were measu
sing a JEOL JNM-GX270 spectrometer (Japan
etermine their chemical structures. Furthermore
olymerization degree of PLA moieties in the P
erivatives was calculated with the1H-NMR spectra
y comparing the integrated intensity of the meth
roton of the terminal lactic group of PLA to th
f the methine proton of the inside lactic groups
LA, which also allowed the calculation of the numb
verage molecular weight (MWn). GPC was perform
o determine the molecular weights of PLA-derivativ
alled MWGPC, using standard markers with kno
olecular weight, and to make the polymer prod
urified. The GPC analysis was performed as follo
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A Shimadzu LC-6AD equipped with the refractive in-
dex detector Shimazu RID-10A was used with chloro-
form as a mobile phase. MWGPCwere examined using a
GPC K-800 column (8 mm in inner diameter× 300 mm
in length; Shodex, Japan), and the flow rate of the mo-
bile phase was 1 ml/min. The preparative separation of
the polymers was performed using a column of GPC
K-2003 (20 mm in inner diameter× 300 mm in length;
Shodex, Japan), and the mobile phase was flowed at
3.5 ml/min. Several polystyrenes (PSs) of known MW
(Showa Denko K.K., Japan) were used as standard
markers.

2.5. Preparation of nanoparticles by
emulsification-solvent evaporation

PLA–(MeO-PEG(N)) (30 mg) was dissolved in 2 ml
of dichloromethane, and put in 20 ml of water. The mix-
ture was stirred with a vortex mixer for 30 min, and son-
icated at 45 kHz (100 W) for 5 min using an ultrason-
icator, VS-100III SUNPAR (Iuchiseieido, Japan), to
obtain an emulsion. The resultant emulsion was stirred
at room temperature for 2 h to give an aqueous suspen-
sion of the particles.

2.6. Preparation of nanoparticles by solvent
diffusion

As for the preparation by solvent diffusion,
three different methods were performed as follows:
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2.7. Particle characteristics

The particle size, its distribution and zeta poten-
tial of the particles were measured using an ELS-800
dynamic light scattering apparatus (Otsuka Electronic
Co., Ltd., Japan). Namely, the aqueous suspension of
particles was diluted adequately with water, and ana-
lyzed with this apparatus.

2.8. Preparation and characterization of
DiD-loaded nanoparticles

Nanoparticles containing DiD were prepared ac-
cording to the modified solvent diffusion method B.
Briefly, 35 mg of PLA–(MeO-PEG(N)) and 1 mg of
DiD were dissolved in a mixture of 1 ml of acetone
and 0.5 ml of ethanol, then dripped into 2.5 ml of water
stirred gently. The organic solvent was evaporated at
18◦C under reduced pressure to obtain a suspension of
nanoparticles. The nanoparticles were separated from
free DiD by gel-filtration with a Sephadex G-50 column
(2.5 cm× 15 cm), when 0.45% (w/v) sodium chloride
was used as an elution solvent.

A specified volume of the obtained suspension of
DiD-loaded nanoparticles was dried. The residue was
dissolved in dichloromethane, and measured spec-
trophotometrically at 644 nm to determine the amount
of DiD, which also provided the recovery of DiD. In ad-
dition, the residue was dissolved in CDCl3, a specified
amount of 4′-methoxyacetophenone was added as a
s nt
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A) PLA–(MeO-PEG(N)) or PLA–(MeO-PEG(O
30 mg) was dissolved in a mixture of 10 ml of a
one and 5 ml of ethanol, and an equi-volume of
er was added gradually. The organic solvent
vaporated at 18◦C under reduced pressure to g
n aqueous suspension of particles. (B) PLA–(M
EG(N)) (30 mg) was dissolved in a mixture of 2
f acetone and 1 ml of ethanol, and dropped gradu

nto 5 ml of water stirred gently. The aqueous susp
ion of particles was obtained by evaporation at 1◦C
nder reduced pressure. (C) PLA–(MeO-PEG(N)
LA–(MeO-PEG(O)) (30 mg) was dissolved in
ixture of 2 ml of acetone and 1 ml of ethanol, a
ropped gradually into 5 ml of water stirred with a v

ex mixer, and sonicated at 45 KHz (100 W) for 1 m
he organic solvent was evaporated at 18◦C under
educed pressure to obtain an aqueous suspens
articles.
tandard, and the1H-NMR spectrum of the supernata
f the mixture was measured. The polymer amo
as determined from comparison of the integrated

ensities between the methine proton of PLA–(M
EG(N)) and the methyl proton of the acetyl group
′-methoxyacetophenone, which also allowed the
ulation of the recovery of PLA–(MeO-PEG(N)). T
ncorporation efficiency of DiD was calculated as
atio of the observed DiD content to its ideal cont
he particle size was measured as stated above.

. Results

.1. Preparation of acetal-ended PLA (PLA-
cetal) and aldehyde-ended PLA (PLA-aldehyde)

Although the direct attachment of acetaldehyde
thylacetal to PLA was attempted by the reac
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Fig. 2. Representative1H-NMR spectra of PLA-acetal. The spectrum is for the product obtained with the formulation 4.

of acetaldehyde diethylacetal bromide with PLA in
dimethylformamide in the existence of potassium car-
bonate, the degree of introduction of acetaldehyde di-
ethyacetal was less than 10% (mol/mol).Therefore,
ring opening polymerization was performed to prepare
acetal-ended PLA (PLA-acetal). In the present study,
ring polymerization ofdl-lactide was executed using
3,3-diethoxy-1-propanol as an initiation molecule and
stannous octoate as a catalytic agent. The representa-
tive 1H-NMR spectrum of the PLA-acetal is shown
in Fig. 2. The introduction degree of 3,3-diethoxy-1-

propanol was obtained based on the1H-NMR spec-
trum of PLA-acetal. That is, the introduction degree
of 3,3-diethoxy-1-propanol to PLA in PLA-acetal was
calculated by comparison of the integrated intensity
of the methylene protons of the ethoxy group of 3,3-
diethoxy-1-propanol with that of the methine proton
of the terminal lactic group of PLA (Fig. 2). The ac-
etal end group was well introduced to PLA as shown in
Table 1.The degree of polymerization and the introduc-
tion degree of the acetal end were hardly affected by the
addition ratio of 3,3-diethoxy-1-propanol todl-lactide,

Table 1
Structural characteristics of PLA-acetal produced under various preparative conditions

Formulation dl-lactide (g) 3,3-Diethoxy-1–
propanol (g)

Reaction
temperature (◦C)

Polymerization degree
of PLA moietya

Diethoxy/PLAa

(%, mol/mol)

1 6 0.05 120 68–71 22–45
2 6 0.1 120 58–67 42
3 6 0.15 120 67–82 40
4 6 0.05 140 123–135 49–54
5 6 0.05 160 179–244 70–85

a The values were determined by1H-NMR measurement in CDCl3. The results are expressed as the range given by some experiments (n= 2–3).
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but by the reaction temperature (Table 1). Namely, the
degree of polymerization and introduction degree of
the acetal end group were raised with the increase in
the reaction temperature.

Although hydrolysis of PLA-acetal was attempted
using a diluted hydrochloric acid aqueous solution as
a hydrolytic solvent, the transformation from acetal to
aldehyde was insufficient. The conversion from acetal
to aldehyde proceeded well using a mixture of acetone
and 2% (w/v) hydrochloric aqueous solution as a hy-
drolytic solvent. In this reaction, the signals of e, f and
g in Fig. 1 disappeared, and formyl proton was gen-
erated at 9.74 ppm (singlet) in CDCl3. The polymer-
ization degree of PLA in PLA-aldehyde was similar to
that of PLA in PLA-acetal. The conversion degree from
PLA-acetal to PLA-aldehyde was approximately 80%
(mol/mol) from comparison between the integrated in-
tensity of the formyl proton and that of the methine
proton of the terminal lactic group of PLA (data not
shown), although the conversion degree slightly var-
ied.

3.2. Preparation and characteristics of
PLA–(MeO-PEG(N)) and PLA–(MeO-PEG(O))

PLA–(MeO-PEG(N)) was prepared by the forma-
tion of a Schiff’s base between PLA-aldehyde and

MeO-PEG(N), followed by the reduction with sodium
cyanoborohydride. Since the formulation 5 inTable 1
exhibited a higher introduction degree of 3,3-diethoxy-
1-propanol to PLA, PLA-aldehyde derived from PLA-
acetal obtained with the formulation 5 was used for
the preparation of all the PLA–(MeO-PEG(N))s. The
introduction degree of MeO-PEG(N) to PLA was cal-
culated based on the1H-NMR spectrum. That is, it
was calculated by comparing the integrated inten-
sity of MeO-PEG(N) methylene protons with that of
the methine proton of the terminal lactic group of
PLA. The representative GPC elution profiles of PLA-
acetal and PLA–(MeO-PEG(N)) derived from the same
PLA-acetal are shown inFig. 3. For PLA-acetal and
PLA–(MeO-PEG(N)) shown inFig. 3, the molecu-
lar weight from GPC (MWGPC) was calculated using
the calibration curve given by the standard markers, in
which the relationship between log MW and retention
time for the standard markers was linear. The MWGPC
values were parallel to the MWn values (Table 2). The
PLA–(MeO-PEG(N)) described inFig. 3 andTable 2
and PLA–(MeO-PEG(O)) were compared with re-
gard to the introduction degree or reaction efficiency
(Table 3). This PLA–(MeO-PEG(N)) showed the fairly
high introduction degree of MeO-PEG(N), that is 39%
(mol/mol), which was larger than those of the other lots
of PLA–(MeO-PEG(N)) (seeTables 4 and 5). However,

F LA–(M ): PS(MW
2 . The P
P 1% (m
ig. 3. Gel permeation chromatograms of PLA-acetal (A) and P
.86× 104) 6.86; PS(MW 1.09× 104) 7.83; PS(MW 3× 103) 9.14
LA–(MeO-PEG(N)) (B) was prepared using PLA-aldehyde (5
eO-PEG(N)) (B). Retention time of PS standard markers (min
LA-acetal (A) was obtained with the formulation 5 (Table 1). The

ol/mol) formyl/PLA), derived form the PLA-acetal (A).
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Table 2
Molecular weight characteristics of PLA-acetal and PLA–(MeO-
PEG(N))

PLA derivativea MWGPC
b MWnc MWGPC/MWn

PLA-acetal 22900 13100 1.7
PLA–(MeO-PEG(N))d 25300 15800 1.6

a The derivatives are the polymers shown inFig. 3.
b Determined by GPC.
c Determined by1H-NMR spectra in CDCl3.
d This product was synthesized using PLA-aldehyde (51%

(mol/mol) formyl/PLA).

Table 3
Introduction degree of Me-PEG(N) or MeO-PEG(O) to PLA

PLA derivative PEG/PLAa

(%, mol/mol)
Reaction
efficiencya (%)

PLA–(MeO-PEG(N))b 39 76
PLA–(MeO-PEG(O)) 73 73

a Determined by1H-NMR spectra in CDCl3.
b This product was the polymer shown inFig. 3andTable 2, and

synthesized using PLA-aldehyde (51% (mol/mol) formyl/PLA).

PLA–(MeO-PEG(O)) showed a much higher introduc-
tion degree of MeO-PEG(O) of 73% (mol/mol).

3.3. Particle characteristics of
PLA–(MeO-PEG(N)) and PLA–(MeO-PEG(O))
nanoparticles

PLA–(MeO-PEG(N)) varied to some extent in
molecular weight and introduction degrees of MeO-
PEG(N) among the lots obtained. In the preparation
of the nanoparticles, PLA–(MeO-PEG(N))s with dif-
ferent molecular weights and distinct introduction de-
grees of MeO-PEG(N) were used (Tables 4 and 5). An

aqueous suspension of PLA–(MeO-PEG(N)) particles
was prepared by the emulsification-solvent evaporation
method or different solvent diffusion methods. The re-
sults are shown inTable 4. The particle size of the
nanoparticles produced by the emulsification-solvent
evaporation ranged from 300–400 nm. The diameter of
the particles obtained from solvent diffusion method
A was approximately 240 nm. On the other hand, the
particle size was 100–140 nm when the particles were
made by solvent diffusion method B. Solvent diffusion
method C, in which an acetone–water mixed solvent
and sonication process were applied, gave the small-
est nanoparticles with a size of 50–80 nm. The particle
size of PLA–(MeO-PEG(N)) nanoparticles depended
on the preparation method rather than MW or compo-
sition of PEG/PLA. PLA–(MeO-PEG(O)) nanoparti-
cles, prepared by solvent diffusion methods A and C,
showed almost the same particle size of approximately
60 nm in both methods (Table 4).

Zeta potentials were compared among the nanopar-
ticles with a similar particle size of approximately
60 nm. As shown inTable 5, all the nanoparticles exhib-
ited negative zeta potential values, which were different
depending on the polymer species. The nanoparticles
prepared using a polymer with the smaller introduc-
tion degree of MeO-PEG showed a more negative zeta
potential.

3.4. Preparation and particle characteristics of
P
D

ng
D ified

Table 4
Particle characteristics of PLA–(MeO-PEG) nanoparticles produced b

Nanoparticles Polymer MWn of
polymer

PEG/PL
(%, mol/

NP-N1 PLA–(MeO-PEG(N)) 17600 33
NP-N2 PLA–(MeO-PEG(N)) 27900 30
NP-O1 PLA–(MeO-PEG(O)) 10100 73
NP-N3 PLA–(MeO-PEG(N)) 17600 31
NP-N4 PLA–(MeO-PEG(N)) 19000 25
NP-N5 PLA–(MeO-PEG(N)) 27900 30
NP-N6 PLA–(MeO-PEG(N)) 19000 25
NP-O2 PLA–(MeO-PEG(O)) 10100 73

a The results are expressed as the mean± S.D. (n= 3).
LA–(MeO-PEG(N)) nanoparticles containing
iD

PLA–(MeO-PEG(N)) nanoparticles containi
iD as a model drug were prepared using the mod

y various polymer species and different preparative methods

A
mol)

Method Mean diametera (nm)

Emulsification-evaporation 337.8± 48.2
Solvent diffusion A 244.7± 9.2
Solvent diffusion A 58.5± 0.4
Solvent diffusion B 107.7± 3.6
Solvent diffusion B 134.8± 4.4
Solvent diffusion C 59.4± 0.3
Solvent diffusion C 71.5± 0.6
Solvent diffusion C 58.2± 1.1
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Table 5
Comparison of electric surface potential of PLA–(MeO-PEG) derivative nanoparticles

Nanoparticles Polymer MWn of polymer PEG/PLA
(%, mol/mol)

Mean diameter (nm) Zeta-potentiala (mV)

NP-O2 PLA–(MeO-PEG(O)) 10100 73 58.2 −13.2
NP-N5 PLA–(MeO-PEG(N)) 27900 30 59.4 −22.2
NP-N7 PLA–(MeO-PEG(N)) 17900 24 62.3 −43.2

a The results are expressed as the mean (n= 1–2).

Table 6
Particle characteristics of DiD-containing PLA–(MeO-PEG(N)) nanoparticles obtained by the modified solvent diffusion method B

Mean diameter (nm) DiD content (%, w/w) Recovery of polymer (%, w/w) Recovery of (%, w/w) Incorporation efficiency (%)

218.5± 2.1 2.7± 0.3 55.8± 2.0 52.0± 4.0 96.1± 10.3

All the results are expressed as the mean± S.D. (n= 3).

solvent diffusion method B. This preparative method
was employed because the solvent diffusion method
B gave the nanoparticles with the mean particle size
of 100–140 nm (Table 4), which had been reported
as the best size for passive targeting to solid tumors
in polyethylene glycol-coated liposomes (Ishida et
al., 1999). As a result, DiD-containing PLA–(MeO-
PEG(N)) nanoparticles showed the mean particle
diameter of 218.5± 2.1 nm (Table 6). The recovery
of polymer was 55.8± 2.0% (w/w), the DiD content
was 2.7± 0.3% (w/w), and the recovery of DiD was
52.0± 4.0% (w/w). The incorporation efficiency of
DiD was 96.1± 10.3% (w/w).

4. Discussion

PLA derivatives have been attracting much interest
since PLA–PEG diblock copolymer (Gref et al., 1994;
Bazile et al., 1995), poly(l-lactide)–PEG–poly(l-lacti-
de) triblock copolymer (Ah et al., 2001) and PLGA–
PEG–PLGA triblock copolymer (Jeong et al., 2004)
were found to form a stable nanoparticulate aqueous
suspension. PLA is often used as a drug carrier be-
cause of its biocompatible and biodegradable charac-
teristics. However, simple PLA nanoparticles are sub-
jected to rapid systemic clearance because of their
lipophilic and opsonized characteristics (Gref et al.,
1994; Bazile et al., 1995; Dunn et al., 1997; Mosqueira
et al., 1999; Panagi et al., 2001; Nguyen et al., 2003).
O LA

nanoparticles can change the pharmacokinetic prop-
erties of PLA based on the characteristics of surface
moieties. In the nanoparticles prepared with the block
copolymers stated above, the surface PEG prevents the
particles from interacting with complements or the cel-
lular surface, leading to a good retention of the par-
ticles in the systemic circulation (Gref et al., 1994;
Bazile et al., 1995; Panagi et al., 2001). These prop-
erties of the nanoparticles prepared with hydrophobic
polymer–PEG block copolymers have been applied to
the passive targeting of drugs to diseased areas such as
solid tumors, based on the enhanced permeability and
retention (EPR) effect (Matsumura and Maeda, 1986;
Luo and Prestwich, 2002). The efficacy of an antitumor
drug has been reported to be improved extensively us-
ing PEG–PLA nanoparticles as a drug carrier (Miura
et al., 2004).

Recently, further modification of PLA–PEG has
been attempted in order to obtain nanoparticles with
better functionality. Macromolecular or liposomal car-
ries have already been modified with chemical moi-
eties such as sugars, antibodies, etc. Such modifica-
tions change the pharmacokinetic characteristics of
macromolecule–drug conjugates and drug-containing
liposomes. Recently, further chemical modification of
PLA–PEG has been found to modify the biological
characteristics of the polymeric nanoparticles (Otsuka
et al., 2000; Nagasaki et al., 2001; Yamamoto et al.,
2001; Jule et al., 2003). The present study focused on
the development of a method to easily obtain various
P LA-
n the other hand, the surface modification of P
 LA derivatives. Since the aldehyde-ended PLA (P
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aldehyde) was considered to be very useful due to high
reactivity, its preparation was attempted to realize the
simple modification of PLA.

PLA-acetal was not readily obtained by the di-
rect coupling of acetaldehyde diethylacetal bromide
with PLA, while ring opening polymerization ofdl-
lactide using 3,3-diethoxy-1-propanol as an initiation
molecule gave the introduction degree of 30–85%
(mol/mol). A reaction temperature of 160◦C was the
best for the introduction of the acetal end to PLA
and achievement of higher polymerization degree of
PLA. The higher temperature appeared to enhance
polymerization. A derivatization could not be achieved
completely, and the introduction degree of the acetal
end to PLA and polymerization degree of PLA var-
ied to some extent among the lots obtained. The co-
existing polymer in the product was possibly PLA
itself, which was considered to be formed by the
cleavage ofdl-lactide or the existence of a marginal
water.

PLA-aldehyde was prepared by acidic hydroly-
sis of PLA-acetal. The simple hydrolysis of PLA-
acetal with hydrochloric acid aqueous solution did
not give PLA-aldehyde well. This was considered due
to the less water-soluble property of PLA-acetal. On
the other hand, when PLA-acetal was suspended in
the acetone–hydrochloric acid aqueous solution, the
formyl group was generated efficiently without degra-
dation of PLA. The observed conversion degree from
PLA-acetal to PLA-aldehyde was approximately 80%
( lcu-
l ied.
T etal
m the
c y-1-
p pen
t in
P gi-
n de
s etal
t

by
r was
s
i n-
t LA
t the
P as

performed between MeO-PEG(N) and PLA-aldehyde
derived from PLA-acetal obtained with the formula-
tion 5. With the present method for the preparation and
purification of PLA–(MeO-PEG(N)), it could be com-
pletely separated from MeO-PEG(N). Since MWGPC
calculated by GPC paralleled MWn, GPC was use-
ful for the separation and calculation of the molecu-
lar weight of the PLA derivatives (Fig. 3, Table 2).
The introduction degree of MeO-PEG(N) to PLA
was 25–40% (mol/mol). The maximum reaction ef-
ficiency in the reductive amination was nearly 80%
(mol/mol) (Table 3). The incomplete introduction of
MeO-PEG(N) to PLA suggested the possibility that the
formyl group might slightly remain, the aldehyde itself
partially might undergo reduction or the ester bond at-
taching a formyl end group might be cleaved partially.
On the other hand, PLA–(MeO-PEG(O)) obtained by
ring opening polymerization using Me-PEG(O) as an
initiation molecule exhibited the introduction degree
of 70–80% (mol/mol). As this reaction is completed in
one step, a high substitution degree was considered to
be achieved (Table 3).

The nanoparticles obtained using PLA–(MeO-
PEG(N)) showed different particle characteristics de-
pendent on the preparative methods. Also, the particle
size tended to be influenced by the preparative method
rather than by the molecular weight or introduction
degree of MeO-PEG(N) (Table 4). The nanoparti-
cles prepared by the emulsification-solvent evapora-
tion method exhibited a larger particle size. Also, the
p om
a dif-
f O-
P size
e ion
m icles
p nd
P ase
i
e ))
h han
P les
w par-
t ciated
w the
s O-
P tion
m and,
mol/mol) of the complete conversion degree ca
ated, though the conversion degree slightly var
his incomplete conversion suggested that PLA-ac
ight slightly remain after the reaction or that

leavage of the ester bond between 3,3-diethox
ropanol and the carboxyl group of PLA might hap

o some extent. The polymerization degree of PLA
LA-aldehyde was similar to that of PLA in the ori
al PLA-acetal (Fig. 1), suggesting that PLA-aldehy
hould not degrade in the conversion from PLA-ac
o PLA-aldehyde.

MeO-PEG(N) was introduced to PLA-aldehyde
eductive amination, when the pH for the reaction
et at 6–7 according toBorch et al. (1971). As shown
n Table 1, the formulation 5 exhibited a higher i
roduction degree of 3,3-diethoxy-1-propanol to P
han the other formulations did. Therefore, for all
LA–(MeO-PEG(N))s, the reductive amination w
article diameter was larger in the precipitation fr
cetone solution by the addition of water (solvent

usion method A). On the other hand, PLA–(Me
EG(O)) nanoparticles showed a smaller particle
ven when they were prepared with solvent diffus
ethod A. Bazile et al. reported that the nanopart
roduced with a mixture of PLA–(MeO-PEG(O)) a
LA exhibited a larger particle size with the incre

n the ratio of PLA to PLA–(MeO-PEG(O)) (Bazile
t al., 1995). Therefore, since PLA–(MeO-PEG(N
ad a lower introduction degree of MeO-PEG t
LA–(MeO-PEG(O)) did, the former nanopartic
ere considered to be larger than the latter nano

icles. These phenomena appeared to be asso
ith the surface density of PEG moieties. With
olvent diffusion methods B and C, the PLA–(Me
EG(N)) nanoparticles were smaller, and sonica
ade the particle size smaller. On the other h
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the particle size of PLA–(MeO-PEG(O)) nanoparti-
cles produced by solvent diffusion method C did not
differ from that of the particles obtained by solvent
diffusion method A. PLA–(MeO-PEG(N)) nanopar-
ticles with a lower PEG density might be affected
more easily by the preparative method. As PLA–(MeO-
PEG(O)) nanoparticles exhibited a small particle size
even in solvent diffusion method A, the sonication in
solvent diffusion method C might little affect particle
size.

The zeta potentials were compared among the
nanoparticles with a similar particle size of approxi-
mately 60 nm. Those potentials were different among
the nanoparticles. The PLA–(MeO-PEG(O)) nanopar-
ticles showed a higher zeta potential (Table 5). This
was considered to be because carboxyl end groups
were highly substituted by MeO-PEG(O), that is, the
negative charge was masked to a great extent by
that ester bond. In PLA–(MeO-PEG(N)) nanoparticles,
the nanoparticles with a higher introduction degree
of MeO-PEG(N) showed a higher zeta potential. Al-
though the introduction of MeO-PEG(N) causes a posi-
tive charge, the low introduction degree was considered
not to raise the zeta potential of PLA–(MeO-PEG(N))
nanoparticles beyond that of the PLA–(MeO-PEG(O))
nanoparticles.

As to the preparation of DiD-containing PLA–
(MeO-PEG(N)) nanoparticles, the solvent diffusion
method B was applied because this method gave the
PLA–(MeO-PEG(N)) nanoparticles with a particle di-
a ve
t
r A–
( than
t th-
o g
P ely
2 to
s
e to
m rat-
i t be
p e in-
c o-
r igh
i f
p ely
h O-

PEG(N)) nanoparticles could be well loaded with a
lipophilic drug.

Although the data are not presented here, the present
PLA-aldehyde was applied to the introduction of a
fluorescent hydrazine derivative or polyethylene gly-
col diamine. These molecules were introduced well
to PLA-aldehyde (data not shown). The conjugate be-
tween PLA and fluorescent hydrazine derivative could
be prepared by simple mixing, and was considered to
be useful for the analysis of the in vivo behavior of PLA
itself due to the existence of the fluorescent marker. The
formation of the PLA derivative by the reductive am-
ination between PLA-aldehyde and polyethylene gly-
col diamine suggested that PLA-aldehyde should be
available for the preparation of other block copoly-
mers. Thus, it is suggested that the present approach
should be useful for the development of PLA deriva-
tives as carriers for drug delivery systems or for the
analysis of in vivo behaviors of PLA-based nanoparti-
cles.

5. Conclusion

A novel acetal-ended PLA (PLA-acetal) could be
prepared efficiently with conventional ring opening
polymerization ofdl-lactide. PLA-acetal was well
converted to aldehyde-ended PLA (PLA-aldehyde).
PLA-aldehyde was available to introduce molecules
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