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ABSTRACT: Amphiphilic poly(ethylene glycol)-b-polylactide (PEG/PLA) copolymers with an aldehyde
group at one end and a methacryloyl group at the other chain end were synthesized by anionic
polymerization. The efficiencies of the functionalization at both ends were almost quantitative. The
amphiphilic block copolymers formed micelles in aqueous media. Acetal groups on the micelle surface
were quantitatively converted to aldehyde groups by an acid treatment. The end methacryloyl group
located in the core of the micelle was polymerized effectively to form core-shell-type nanoparticles having
reactive aldehyde groups on the surface. The size of the reactive nanoparticle was 20-30 nm which was
constant with temperatures up to 60 °C. The stability of the micelle was also confirmed by a sodium
dodecyl sulfate (SDS) treatment. When SDS was added to the nanosphere solution to 20 mg/mL, the
particle was not collapsed. The particle was stable enough even in organic solvents. This functionalized
micelle having high stability is not only expected to have wide utilities in biomedical applications (including
drug delivery, diagnosis, and surface modification through the coupling of bioactive substances) but also
to be of great interest as a novel supramolecular architecture.

Introduction
A polymeric particle with micro- to nanometer diam-

eter is attractive in the field of nanofabrication chem-
istry.1 Polymeric particles of nanodimension in diameter
are especially important as novel drug delivery systems
in biomedical applications. A dendrimer is well-known
to provide particles of a few nanometers in diameter.2
In general, a dendrimer is prepared by successive 1:2
consecutive reactions to form a dendritic structure.
Thus, the surface of the dendrimer possesses many
reactive groups. This is one of the reasons for the
utilization of the dendrimer as the starting material in
nanofabrication chemistry. However, it is difficult to
complete the consecutive reactions for the preparation
of dendrimers. Actually, defects often appear after more
than the four generations. These defects sometimes
induce a serious problem for nano-supramolecular fab-
rication and also for the applications of the supra-
molecules such as in a drug delivery system.

Amphiphilic AB block copolymers form micellar struc-
tures in selective solvents.3 Though these nanospheric
particles are formed by intermolecular interactions of
one of the block segments, which is insoluble in the
selective solvents, they are fairly stable compared with
low molecular weight micelles. Such polymeric micelles
tend to form a spherical structure of a few tens to a few
hundreds of nanometers in diameter. The size of the
nanoparticle was promising not only as a drug targeting
carrier but also in nanofabrication chemistry. However,
most of the polymeric micelles prepared so far possess
no reactive group on the surface.4

Recently, we reported a facile and quantitative syn-
thetic method for the formation of the heterobifunctional

poly(ethylene glycol),5-9 which denotes PEG having a
functional group at one end and another functional
group at the other end. When one of the functional end
groups in the heterobifunctional PEG selectively ini-
tiates the polymerization of a hydrophobic monomer, a
new heterobifunctional AB block copolymer can be
created, retaining the other functional group at the PEG
chain end. In our previous work,10,11 lactide was chosen
as the hydrophobic segment, because (i) the ring-
opening polymerization of lactide can be initiated by
potassium alcoholate at the living PEG chain end
without any side reaction, (ii) PLAs are biodegradable
and nontoxic and are widely utilized as implant materi-
als, and (iii) nanoparticles consisting of block copolymers
of R-methoxypoly(ethylene glycol) and PLA are suitable
for drug delivery. The PEG/PLA block copolymer having
a functional group at the PEG end provides a polymeric
micelle possessing functional groups on the surface.
These reactive micelles are promising for biomedical
applications such as drug targeting.

For nanofabrication chemistry utilizing the surface
reactive groups, however, the physical coagulation force
of the hydrophobic core may not be stable enough. The
objective of this work was to create stable nanospheres
having reactive groups on the surface as a starting tool
for nano-supramolecular fabrication (Figure 1). To
stabilize the micelle, aldehyde-PEG/PLA-methacryloyl
which has a polymerizable group at the PLA end was
quantitatively synthesized and used for the creation of
a stable nanosphere having aldehyde groups on the
surface.

Experimental Section
Materials and Methods. Commercial tetrahydrofuran

(THF), 3,3-diethoxypropanol (Aldrich), 2-methoxyethanol
(WAKO), ethylene oxide (EO) (Sumitomo 3M), DL-lactide (LA)
(Tokyo Kasei), and methacrylic anhydride (Aldrich) were
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purified conventionally. Potassium naphthalene was used as
a THF solution, whose concentration was determined by
titration. Isopropyl alcohol and dimethyl acetamide were used
as received.

Analysis. GPC measurements in organic solvents were
carried out using a TOSO HLC-8020 equipped with a Shodex
gel permeation column (Shodex KD-806M‚2). DMF containing
10 mmol L-1 lithium bromide was used as the eluent at a flow
rate of 1.0 mL min-1 at 40 °C. GPC measurements in water
were carried out using a JASCO HPLC system equipped with
a Shodex gel permeation column (Shodex GF-7MHQ) and an
internal RI detector (RI-930). Water containing 0.1 wt %
sodium azide was used as the eluent at a flow rate of 0.5 mL
min-1 at 25 °C. 1H NMR spectra were obtained using chloro-
form-d solutions (1.0 wt %) with a JEOL EX400 spectrometer
at 400 MHz. Chemical shifts relative to CHCl3 (1H: δ ) 7.26)
were employed. A light-scattering spectrometer (DLS-7000
Photal, Otsuka Electronics) equipped with a 75 mW Ar laser
that produces vertically polarized incident beams at λ0 ) 488
nm was used in the present study for dynamic and static light
scattering measurements.

Polymer Synthesis. One of the representative procedures
for the preparation of R-acetal-ω-methacryloyl-PEG/PLA block
copolymer was described. R-Acetal-ω-methacryloyl-PEG/PLA
block copolymers have been synthesized by a one-pot anionic
ring-opening polymerization of EO followed by LA initiated
with potassium 3,3-diethoxypropanolate (PDP) as an initiator
at room temperature under argon. One millimole (0.16 mL) of
3,3-diethoxypropanol and 1 mmol of potassium naphthalene
were added to 30 mL of dry THF to form PDP. After stirring
for 10 min, 130 mmol (6.5 mL) of condensed EO was added
via a cooled syringe to the formed PDP solution. The polym-
erization of the EO proceeded for 2 days at room temperature,
resulting in highly viscous solution. Potassium naphthalene
(about 0.1 mmol) was added until the solution turned pale
green to stabilize the living chain end, 35 mmol (32.0 mL) of
an LA solution in THF (c ) 1.10 mol/L) was introduced, and
the polymerization proceeded for 120 min. After the polym-
erization, 20 mmol (3.10 mL) of a methacrylic anhydride was
introduced into the polymer solution, and the reaction pro-
ceeded for 2 days. The polymer was recovered by precipitation
into a 20-fold excess of cold isopropyl alcohol (-15 °C), stored
for 2 h in the freezer, and centrifuged for 30 min at 6000 rpm.
The polymer was then freeze-dried with benzene. The yield of
the obtained polymer was ca. 90%.

Polymer Characterization. The molecular weight of the
PEG prepolymer was determined by GPC using DMF as the
eluent at the end of the EO polymerization. PEG standard
samples were utilized to calibrate the molecular weight. The
molecular weight of the PLA segment was determined using
an 1H NMR spectrum by the ratio of methine protons in the
PLA segment and methylene protons in PEG segment based
on the Mn of PEG determined from the GPC results. The extent
of the conversion of the acetal to aldehyde groups at the end
of the polymer chain was estimated by 1H NMR spectroscopy
after acid treatment and purification.

Micelle Preparation. The procedure has been previously
detailed.10,11 Briefly, 280 mg of the copolymer was dissolved

in 40 mL of dimethylacetamide, and the polymer solution was
transferred into a preswollen membrane tube (Spectra/Por
molecular weight cutoff size 12 000-14 000), dialyzed against
2 L of water for 24 h with exchanging water at 2, 5, and 8 h
passage.

To convert the R-acetal-terminated micelle into a micelle
with aldehyde groups at the end of the PEG chain, the
polymeric micelle solution was adjusted to pH 2 with HCl.
After stirring for 2 h, the mixture was neutralized with NaOH,
and the solution was dialyzed against water to remove the salt.
The procedure was the same as previously described. The
aldehyde micelle thus obtained was directly analyzed by DLS.
A part of the micelle was frozen in liquid nitrogen and
lyophilized for several measurements, resulting in a yield of
about 90%.

Polymerization of Methacryloyl Group in the Core of
the Micelle. For core stabilization, the polymerization of the
methacryloyl end group of the block copolymer in their aqueous
micelle form was carried out. After azobis(2,4-dimethylvale-
ronitrile) (1.0 wt % polymer, V-65, Wako, t1/2 ) 51 °C) solution
in CH2Cl2 (1.5 mg/mL) was added into a micelle aqueous
solution in a 300 mL flask, the mixture was allowed to stir for
2 h at room temperature in order to disperse the initiator to
each of the micelle cores and evaporate the methylene chloride.
The resulting micelle solution was purged with argon for 30
min to remove the oxygen. The polymerization reaction was
carried out at 60 °C for 20 h. After the reaction, a part of the
micelle solution was used for several measurements.

Micelle Characterization. The size and shape of the
polymeric micelle were characterized by the DLS measure-
ments. The polydispersity factor (PDF: µ/Γ2) was used for
estimation of distribution of the obtained micelles, where µ is
the second moment of the distribution of the relaxation rates
and Γ is the intensity-weighted mean relaxation rate. The ratio
µ/Γ2 is a measure of the width the intensity distribution of
relaxation rates, which can be used to give an indication of
the polydispersity of the sample under investigation. The
confirmation of the aldehyde group on the micelle surface was
carried out using HPLC measurements with an aldehyde
selective probe (Cascade Blue hydrazide, tripotassium salt).

Results and Discussion

Synthesis of Acetal-PEG/PLA Block Copolymer
with Polymerizable Methacryloyl Group at the
PLA Terminus (Acetal-PEG/PLA-MA). For the syn-
thesis of heterotelechelic block copolymers, both initia-
tion and termination must be utilized for the function-
alizations. For this objective, a living polymerization
system must be employed. We utilized a living ring-
opening polymerization of ethylene oxide (EO) followed
by lactide (LA) to prepare the PEG/PLA living block.
To introduce the functional group at the PEG chain end,
an initiator-carrying functional group should be utilized.
We selected an aldehyde group as a functional group
because it is stable in aqueous media and easy to react
with amine even in aqueous media. The initiator with
an aldehyde group, however, cannot be used for the
anionic polymerization of EO, because the growing
species must be deactivated by the active hydrogen in
the aldehyde group. Therefore, we employed potassium
alcoholate possessing an acetal group as the initiator
for EO polymerization because the acetal group can be
easily converted to the aldehyde group by an acid
treatment and remains stable during the anionic po-
lymerization. For an ω-terminal functionalization, meth-
acrylic anhydride was used as an electrophilic agent and
added to the living block copolymer system (Scheme 1).
From GPC analysis, after the EO polymerization initi-
ated with PDP, the Mn and the molecular weight
distribution (MWD) were 5 800 and 1.04, respectively.
The MW of the obtained PEG was in good agreement

Figure 1. Fabrication of reactive nanosphere.
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with the initial monomer/initiator ratio. After the block
copolymerization of LA, the Mn and MWD determined
by the GPC data were 8 300 and 1.12, respectively. The
MW of the PLA segment calculated by subtraction of
the MW of the PEG segment from the total MW was
only 2500, which was lower than the value expected by
the initial monomer/prepolymer ratio. In the case of the
GPC analysis of acetal-PEG/PLA block copolymers using
DMF as the eluent, the block copolymer tends to appear
on the rather lower MW side due to the adsorption of
the block copolymer on the gel.

The segment length of the PLA in acetal-PEG/PLA
block copolymers was estimated from the 1H NMR
spectrum. The assignments of the spectrum were car-
ried out according to PEG/PLA block copolymers along
with the initiator and the nucleophile and are shown
in Figure 2. Signals based on both chain ends were
clearly confirmed in the spectrum. Two signals at 5.7
and 6.2 ppm can be assigned to vinyl â-protons at the
ω-chain end, while the acetal methine proton appears
at 4.6 ppm. The Mn of the PEG segment determined
from the 1H NMR assuming one acetal group per each
block copolymer agreed well with that from the GPC
results. The integration ratio of the acetal methine
proton versus the one of the vinyl â-proton was almost
one. These two results indicate the quantitative prepa-
ration of heterotelechelic block polymers. From the
methine protons of PLA and methylene protons of PEG
segments, the MW of the PLA segment was determined
to be 4000, which agreed with the initial molar ratio of
the initiator versus LA.

Preparation of Aldehyde-PEG/PLA-MA Micelle.
For the preparation of polymeric micelle, a dialysis
method was employed.10,11 Acetal-PEG/PLA-MA was
dissolved in a good solvent for both segments such as
DMF and then dialyzed against water. The conversion
of the surface acetal groups into aldehyde groups was
conducted directly after the micelle formation. The
acetal-PEG/PLA-MA micelle solution (1.8 mg/mL) was
adjusted to pH 2 with hydrochloric acid and stirred for
2 h at room temperature. After the pH of the mixture
was neutralized with NaOH(aq), the solution was
dialyzed against water to remove the salt. The conver-
sion reaction of acetal into aldehyde was monitored by
the 1H NMR of the polymer after freeze-drying with
water. The 1H NMR spectrum of PEG/PLA after the
hydrolysis reaction is shown in Figure 3. As can be seen
in the figure, the end-aldehyde proton appears at 9.8
ppm, and the acetal methine proton around 4.6 ppm
completely disappears, retaining two vinyl protons of
the methacryloyl end appearing at 5.7 and 6.2 ppm. The
extent of the conversion of the acetal group to the
aldehyde group was determined by the 1H NMR spec-
trum. More than 90% of the acetal was converted to
aldehyde by the 2 h reaction. The size and the shape of
the obtained polymeric micelle were estimated by the
DLS measurement. Representative data for the gamma
distribution of the obtained polymeric micelle are shown
in Figure 4. The aldehyde-PEG/PLA-MA micelles thus
obtained possess unimodal distribution in histogram
analysis. The average diameter and polydispersity factor
determined by a cumulant method were 34.8 nm and
0.09, respectively.

Scheme 1

Figure 2. 1H NMR spectrum of acetal-PEG/PLA-MA in
CDCl3.

Figure 3. 1H NMR spectrum of aldehyde-PEG/PLA-MA in
CDCl3.
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Polymerization of Methacryloyl Group in the
Core of the Micelle. One of the main driving forces of
polymeric micelle formation from the diblock copolymer
is known to be the solvophobicity of one of the segments
in the polymer in the selective solvent. The insolubility
of one of the block segments in the media causes the
segment to coagulate to form the core. The solvophilic
segment in the block copolymer stabilizes the core as
tethered chains from the core particle. A polymeric
micelle thus formed has stable size and aggregation
number. If the reactive groups on the polymeric micelle
are utilized for conjugation with a certain molecule or
substrate, however, its thermodynamic balance will be
varied, because of the decreased entropy factor of the
micelle shell chains due to the lowered mobility of the
free end via the conjugation. To utilize such polymeric
micelles, especially the reactive polymeric micelles, as
a functional nanomaterials, the stabilization of the
micelle must be one of the important objectives.

To stabilize the polymeric micelle, the dissociation of
the block copolymer must be prevented. Polymerization
(or cross-linking reaction) of each block copolymer in the
micelle is one method for the stabilization. As previously
stated, if the shell chains in the micelle are linked
together (polymerized), the entropy factor becomes
negative, which may work as the unstabilization of the
micelle. Core polymerization is one of the most effective
methods for the stabilization of the core-shell-type
polymeric micelle.

To polymerize a micelle core, several methods can be
envisaged, such as (1) entrapment of low molecular
weight monomers in the core followed by polymeriza-
tion, (2) introduction of the polymerizable group as the
side chain of the core segment followed by the cross-
linking reaction, and (3) introduction of the polymeriz-
able group at the core segment end followed by the
polymerization in the core.

The first method is based on the synthesis of the
polymer or polymeric gel in the core to form a kind of
semi-IPN core. Entanglement of the core segments to
the formed gel stabilizes the particle. However, it still
takes physical force to stabilize the micelle which may
not show enough stability. There are several reports on
the second method.13-18 Liu et al. prepared poly(2-
cinnamoylethyl methacrylate-b-acrylic acid) which forms
polymeric micelles in water.15,17 They cross-linked the

core segment by photochemically induced polymeriza-
tion of the cinnamoyl side groups, which formed a very
stable nanosphere. Though the cross-linking reaction
using the side chains in the core segment improves the
stability, at the same time it increases the core density,
indicating a decrease in the free volume of the core.
When the micelle core is envisaged as the container of
a certain molecule such as a toxic drug, the decrease in
the free volume should be avoided to improve the drug
loading capacity.

To retain such free volume in the micelle core, the
third method may be the best for the micelle stabiliza-
tion. Ishizu et al. reported on the polymeric micelle
formed by the microphase separation of AB-type block
copolymer having polymerizable vinyl benzyl end group,
followed by the polymerization of the end group.19-28

The resulting particle was fairly stable. Instead of the
microphase separation technique, we tried to polymerize
the end group of the core segment in selective solvents.12

The core polymerization proceeded smoothly not only
by conventional radical polymerization but also by the
photopolymerization technique. The obtained micelle
showed fairly high stability and maintained its small
size and polydispersity. As anticipated, the core polym-
erized micelle showed excellent solubilization of rather
larger molecules such as taxol.12 In this experiment, we
employed this method for the stabilized reactive micelle
(nanoparticle).

To solubilize a radical initiator in the micelle core, a
dispersion method was employed; viz. methylene chlo-
ride solution of AIBN was added to the prepared
reactive micelle solution followed by the evaporation of
methylene chloride at ambient temperature for 2 h.
From our detailed investigation, this method is conve-
nient and effective to introduce the initiator to the core.
After oxygen was removed by the bubbling technique,
the polymerization reaction was carried out at 60 °C for
20 h. The reaction mixture was transparent and homo-
geneous during the polymerization reaction, suggesting
no aggregation or cross-linking reaction between the
micelles. Actually, the resulting polymer was soluble in
organic solvents after the freeze-drying of the reaction
mixture. Figure 5 shows an 1H NMR spectrum of the
freeze-dried sample analyzed in CDCl3. The original
vinyl protons at 5.7 and 6.2 ppm completely disap-
peared, retaining the end-aldehyde proton intact at 9.8
ppm. This fact indicates the complete polymerization
of the end methacrylate in the micelle core by the radical
polymerization.

Figure 4. Gamma distribution of the aldehyde-PEG/PLA-MA
micelle analyzed by DLS.

Figure 5. 1H NMR spectrum of the aldehyde-PEG/PLA-MA
micelle after core polymerization.
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To obtain information on the size and shape of the
polymerized micelle, DLS analysis was carried out.
From the gamma distribution of the obtained micelle
shown in Figure 6, it was confirmed that no remarkable
change occurred in size and distribution after the core
polymerization. The average diameter and PDF deter-
mined by a cumulant method were 34.8 nm and 0.08,
respectively, which agreed well with those before po-
lymerization. A GPC analysis also shows a polymeric
micelle form as shown in Figure 7. The micelle peak
appeared around Ve of 14 mL which was a symmetrical
Gaussian shape without any shoulder, indicating no
aggregation between micelles. The peak eluted in the
low molecular weight region (Ve ) 18 mL) was con-
firmed to be the PEG homopolymer without PLA seg-
ment which was contaminated in a very small amount
during the block copolymerization process. This was
confirmed by 1H NMR analysis after a fractionation of
the peak by GPC. After the fractionation of these peaks
(14 and 18 mL in Figure 7), the sample weights were
measured to be 3.0 and 0.1 mg, respectively. The extent
of the contamination was thus less than 3% through the
peak at 18 mL in Figure 7 was fairly larger due to the
larger refractive index (RI) of PEG contamination than
that of the polymeric micelle magnified the peak inten-
sity. Actually, RI(PEG) was almost 20 times greater
than RI(PEG/PLA micelle). On the basis of these results,
the following is concluded: (1) the end vinyl groups were
completely polymerized, (2) no aggregation took place
between the micelles, and (3) most of the reactive
aldehyde groups were retained during the stabilization
procedure. The next task was to estimate the stability
of the polymerized micelle.

Stability Test of the Polymerized Micelle. Several
experiments were carried out to estimate the stability
of the polymerized micelle by means of GPC and DLS.
As previously stated, the micelle after the core polym-
erization was soluble in several organic solvents includ-
ing chloroform, THF, acetone, and DMF. Figure 8 shows
a gel permeation chromatogram of the core-polymerized
micelle in DMF as eluent. The pattern of the chromato-
gram was very similar to that by the aqueous GPC. The
peak in the low-MW region should be small for the same
reason as previously described. The peak in the high
molecular weight region is somewhat peculiar. This
polymerization system is not a core-cross-linking reac-
tion but a vinyl polymerization of the block end group;
therefore, a linear vinyl polymer (comb type) should be
formed. Because DMF is a good solvent for both seg-
ments, the comb type poly(block polymer) should be
observed, if dissociation of the micelle occurs in the
organic solvent. In Figure 8, however, only the sym-
metrical Gaussian peak was eluted in the Ve of 16 mL,
but no oligomeric peak could be seen in the lower MW
region than the micelle. This fact indicates that no
dissociation of the core-polymerized micelle took place
even in the organic solvent probably due to the forma-
tion of interdigitated PLA loops in the micellar core.
This was confirmed by the DLS analysis. The DLS
analysis of the polymerized micelle in DMF showed
unimodal distribution, and no oligomeric polymer was
observed as shown in Figure 9. It is interesting to note
that the average diameter of the micelle in DMF
determined by a cumulant method was much larger
than that in aqueous media, retaining a rather lower
polydispersion factor. The average diameter and PDF
of the micelle in DMF which were determined by a

Figure 6. Gamma distribution of the aldehyde-PEG/PLA-MA
micelle after core polymerization.

Figure 7. Gel permeation chromatogram in water of the
aldehyde-PEG/PLA-MA micelle after core polymerization.

Figure 8. Gel permeation chromatogram in DMF of the
aldehyde-PEG/PLA-MA micelle after core polymerization.

Figure 9. Gamma distribution in DMF of the aldehyde-PEG/
PLA-MA micelle after core polymerization.
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cumulant method were 55.1 nm and 0.114, respectively.
The increased size (4 times by volume) in DMF can be
attributed to the swelling of the PLA core of the micelle
without any dissociation. The size of the micelle in
methanol, which is a good solvent for the PEG segment
and a poor solvent for PLA, was the same as that in
water (35.6 nm). The formation of interdigitated PLA
loops in the micellar core after the end group polymer-
ization was tight enough and did not dissociate easily
even in the core swelling. The formation of interdigi-
tated loops in the micellar core may play an important
role in core stabilization. The stabilization of the core-
polymerized micelle was also confirmed by the interac-
tion with the surfactant in aqueous media. When a low
molecular weight surfactant such as sodium dodecyl
sulfate (SDS) was added to a physically formed poly-
meric micelle (the same as that before core polymeri-
zation), the polymeric micelle collapsed almost com-
pletely.12 On the contrary, the micelle solution after the
core polymerization showed almost no change in its
photon counting number under the same conditions
though their size increased with increasing amount of
added SDS. It is also suggested that the end-polymer-
ized core can be a solubilized small molecular weight
compound such as SDS. It is roughly estimated to be 3
times by volume. From this result, the possibility is
suggested that this particle can be solubilized drug.

On the basis of these results, homopolymerization of
the PLA end group in the core of the micelle proceeded
completely, and the obtained nanoparticle was suf-
ficiently stabilized.

Shape and Chemical Stability. To obtain detailed
information on the micelle thus obtained, the angular
dependency of the aldehyde-PEG/PLA-MA micelle after
core polymerization was estimated from the DLS mea-
surements. The dependence of the scaled characteristic
line width on the scattering vector, which corresponds
to the scattering angle, is shown in Figure 10. Even after
the polymerization of the core of the micelle, no angle
dependence of the scaled characteristic line width on
the scattering vector was observed, suggesting the
spherical structure of the micelle. To estimate the
thermal stability of the micelle, the temperature effects

on the cumulant diameter and the relative scattered
intensity of aldehyde-PEG/PLA-MA micelle after core
polymerization were carried out by DLS. In the tem-
perature range between 25 and 60 °C, no change in any
of the cumulant diameters and the relative scattered
intensity of the micelle was observed. This indicated the
high stability of the micelle at temperature changes in
the range between 25 and 60 °C (Figure 11). The sphere
was also stable in aqueous media at low temperature.
After 3 months at 4 °C, no precipitate appeared in the
micelle solution. In addition, the cumulant diameter and
the relative scattered intensity of the micelle were
almost the same value as those of the micelle just
prepared. Therefore, the core-polymerized reactive mi-
celle is fairly stable under these conditions.

Reactivity of Aldehyde Nanoparticle. The objec-
tive of this work was to create stable nanoparticles
possessing reactive groups on the surface. As previously
stated, the obtained particle was carrying an aldehyde
group at the PEG chain end almost quantitatively. The
next question was were the aldehyde groups located on
the particle surface and could they be utilized for a
conjugation reaction with a specific molecule. To confirm
the reactivity of the aldehyde groups of the nanoparticle,
a model reaction with a fluorescent (FL) probe was
carried out. Cascade blue hydrazide tripotassium salt
was chosen as the labeling reagent of the aldehyde
groups because it rapidly reacts with aldehyde at
ambient temperature in aqueous media. A micelle
solution (c ) 1.8 g/L, 1.0 mL) was stirred with about
10-fold molar excess of the fluorescence-active probe
aqueous solution (c ) 2.0 g/L, 0.5 mL) at room temper-
ature for 20 min and then subjected directly to analysis
by GPC equipped with a fluorescent detector. Polym-
erized micelle possessing a methoxy group at the PEG
end was used as a control in the GPC analysis. Figure
12 shows the GPC diagrams of nanoparticles after FL
probe treatment. The RI patterns in the aqueous GPC
were the same as those previously mentioned as shown
in Figure 7. A strong fluorescent signal was observed
in the particle region in the case of the aldehyde micelle
(Figure 12A), while no FL peak observed in the case of
the methoxy micelle. This fact strongly indicated that

Figure 10. Plots of the K2-scaled average characteristic line
width Γ (Γ/K2) versus K2 for aldehyde-PEG/PLA-MA micelle
after core polymerization at a 1.5 g L-1 and temperature of 25
°C.

Figure 11. Temperature effects on the cumulant diameter
of aldehyde-PEG/PLA-MA micelle after core polymerization
(0) and the relative scattered intensity of aldehyde-PEG/PLA-
MA micelle after core polymerization (b).
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the surface aldehyde groups reacted with FL probe
efficiently. Further derivatization of the surface alde-
hyde group with specific molecules such as biotin, amino
acid, and sugar molecules is now in progress and will
be published elsewhere.

Conclusions
On the basis of all these results, it is concluded that

aldehyde-PEG/PLA-MA micelle after core polymeriza-
tion was quantitatively synthesized, and the micelle
exhibits spherical core-shell-type structure in aqueous
solution. The micelle also had the reactive aldehyde
group on the surface and maintained high stability even
in the presence of surfactants and in organic solvent.
In addition, the micelle thus obtained was stable against
temperature change and time passage. This function-
alized micelle with high stability is expected not only
to have wide utility in biomedical applications (including
drug delivery, diagnosis, and surface modification
through the coupling of bioactive substances) but also
to be of great interest as a novel supramolecular
architecture.
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Figure 12. HPLC chromatograms of the aldehyde-PEG/PLA-
MA micelle in the presence of Cascade blue hydradide tri-
potassium salt after core polymerization (A) and the methoxy-
PEG/PLA-MA micelle in the presence of Cascade blue hydra-
dide tripotassium salt after core polymerization (B).
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