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Monodisperse stereocomplex nanogels were obtained through the self-assembly of an equimolar mixture of dextran-
graft-poly(L-lactide) (Dex-g-PLLA) and dextran-graft-poly(D-lactide) (Dex-g-PDLA) amphiphilic copolymers with
well-defined composition in a dilute aqueous solution. The stereocomplex nanogel possessed partially crystallized
cores of hydrophobic polylactide (PLA) and the hydrophilic dextran skeleton by intra- and/or intermolecular
self-assembly between PLLA and PDLA chains. The stereocomplex nanogels exhibited significantly lower critical
aggregation concentration (CAC) value as well as stronger thermodynamic stability compared with those of the
correspondingL- or D-isomer nanogels. The mean diameter of the stereocomplex nanogels was 70 nm with narrow
size distribution, implying they were well-defined and presumably nanogels. Furthermore, stereocomplex nanogel
exhibited strong kinetic stability. The tunable degradation properties of Dex-g-PLA nanogels were achieved by
varying the number of grafted PLA chains as well as applying stereocomplexation. This study demonstrates the
advantage of stereocomplexation in the design of biodegradable nanogels with enhanced stability.

Introduction

Amphiphilic molecules self-assemble into various structures
such as spherical and cylindrical nanometric particles, lamellae,
and vesicles in aqueous media.1-3 Those self-assemblies have
been extensively studied for past decade due to their unique
characteristics and the variety of application in many areas,
including the biomedical field. In particular, the spherical
nanometric particles made of graft copolymers with high
molecular weight of hydrophilic main chain and short hydro-
phobic side chains, known as nanogels, have been paid a great
deal of recent attention with their high potential use as artificial
molecular chaperones and vehicles for delivery of hydrophilic
bioactive agents as well as hydrophobic compounds.4-10 The
efficiency of these molecules as therapeutic agents may be
related to many factors, including the ability of vehicles to cross
biological barriers, to reach the target site, and to release the
encapsulated molecules gradually. Additionally, bioactive agents
such as proteins, peptides, and genes are very unstable com-
pounds that need to be protected from degradation in the
biological environment. So, the stability of vehicles is also a
key factor to determine the efficiency of these bioactive
molecules as therapeutic agents. Therefore, the biodegradable
nanogels with strong stability exhibit great advantages for
requirements such as long circulation times, accumulation at
targeted sites, and controlled drug release as the vehicles of
bioactive agents.

Strategies to yield drug vehicles to improved stability rely
mostly on chemical cross-linking.11,12On the other hand, when
the stability of drug vehicles is improved for delivery of
bioactive agent, cross-linking by physical interactions has several
advantages over chemical cross-linking, because it avoids the

use of photoirradiation, organic solvents, auxiliary cross-linking
agents, and/or other reactive molecules that may damage
bioactive agents to be incorporated.

Polylactide (PLA) is a biodegradable and biocompatible
polymer that is widely used in the biomedical field.13-15 PLA
synthesized from enantiomericL- andD-lactic acids are poly-
(L-lactide) (PLLA) and poly(D-lactide) (PDLA), respectively.
PLLA and PDLA, similar to other chiral polymers, can form a
racemate, the physical properties of which are different from
those of the individual enantiomers. The racemate of chiral
polymers were called stereocomplexes although the formation
of a racemate has nothing to do with complexation in its original
sense. Such a stereocomplex displays a melting point 50°C
above that of the individual enantiomers. Interestingly, stereo-
complexes are characterized by higher physical and chemical
stabilities.16-18 Stereocomplexation of PLA was induced recently
exploited to trigger gel formation in water of amphiphilic
copolymers for the design of sustained release devices.19-24

Some research groups have reported the synthesis of PLA-
grafted dextran copolymers and evaluation of their possibility
as biomedical materials.25-27 On the other hand, we previously
reported the synthesis of water-insoluble amphiphilic PLLA-
grafted dextran copolymers (Dex-g-PLLA) and the physico-
chemical properties as well as protein adsorption and cell
attachment behaviors of its solution cast film.28,29In this article,
we synthesized water-soluble biodegradable graft copolymers
of Dex-g-PLLA and Dex-g-PDLA and investigated their ability
to form nanometric aggregates in an aqueous solution. We report
here the preliminary results showing that it is indeed possible
to obtain nanogels from the enantiomeric Dex-g-PLLA and Dex-
g-PDLA copolymers by intra- and/or intermolecular self-
assembly of PLA chains in a dilute aqueous solution. Further-
more, by simply mixing the aqueous solutions of the enantiomeric
Dex-g-PLLA and Dex-g-PDLA, we succeeded in stabilization
of the nanogels because the cores of PLA-based nanogels could
crystallize in a stereocomplex configuration.
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Experimental Section

Materials. L-Lactide andD-lactide were purchased from Purac
Biochem BV (Gorinchem, The Netherlands) and used without further
treatment. Dextran (Mn ) 40 000,Mw/Mn ) 1.7) was purchased from
Sigma Chemical Co. (St. Louis, MO) and dried at 60°C in vacuo before
use. Ethanol, naphthalene, dry tetrahydrofuran (THF), dry dimethyl
sulfoxide (DMSO),N,N′-carbonyldiimidazole (CDI), 4-(N,N-dimethy-
lamino)pyridine (DMAP), and sodium dodecyl sulfate (SDS) purchased
from Wako Pure Chemical Co. were used as received. All other
chemicals were reagent-grade and were used without further purifica-
tion.

Synthesis of Enantiomeric PLLA and PDLA. Mono-hydroxyl-
terminated PLLA and PDLA were synthesized by ring-opening
polymerization ofL- AND D-lactide with ethanol as an initiator, as shown
in Scheme 1. The following anionic polymerization was carried out in
a glove box purged with dry argon. A hydroxyl end group of ethanol
was transformed to the potassium alkoxide end group with potassium
(K)/naphthalene in dry THF. Naphthalene (1.96 g; 15.3 mmol) and a
small amount of potassium were added to dry THF (7.7 mL) and then
stirred to obtain a THF solution of K/naphthalene (deep green), which
was added to a THF solution (5.0 mL) of ethanol (180µL; 5.1 mmol),
and the resulting mixture was stirred for 60 min to prepare the potassium
alkolate of ethanol, potassium ethoxide.L- OR D-Lactide (8.81 g; 61.2
mmol) in THF solution (30.6 mL) was added to the resulting potassium
ethoxide solution. After 15 min, the polymerization ofL- OR D-lactide
was terminated by addition of 517µL of acetic acid (10.2 mmol) to
the reaction mixture. The obtained product was precipitated in diethyl
ether and dried under vacuum overnight to yield the white solid of
mono-hydroxyl-terminated PLLA or PDLA with DP 20. Relative
number-average molecular weight (Mn,GPC) and molecular weight
distribution (Mw/Mn) of the synthesized PLAs was estimated by gel-
permeation chromatography [GPC; Tosoh GPC-8020 series system
(column, TSK-Gel Alpha-5000× 2; eluent, DMF; detector, refractive
index; standard, PS)]. Number-average molecular weight (Mn,NMR) and
the degree of polymerization (DP) were estimated by1H NMR
spectroscopy [JEOL GSX-400, internal reference TMS]. The specific
optical rotation ([R]) of the obtained PLLA and PDLA were measured
in chloroform at a concentration of 10 mg/mL and 25°C ([R]D

25) on
a polarimeter (Horiba SEPA-300) at a wavelength of 589 nm.

Synthesis of Activated PLLA and PDLA. To couple the PLA to
dextran, the hydroxyl group of the PLA was activated by use of CDI.19

In brief, CDI (1070 mg; 6.2 mmol) was dissolved in dry chloroform
(5 mL) in a nitrogen atmosphere. PLLA-OH or PDLA-OH (7000 mg;
2.5 mmol) was dissolved in chloroform (7 mL) and added to the CDI
solution. The reaction mixture was stirred for 6 h atroom temperature
in a nitrogen atmosphere. Thereafter, the reaction mixture was washed

with a large amount of ethanol to remove the excess CDI and imidazole.
The obtained precipitate was collected by centrifugation and dried under
vacuum overnight to yield the white solid of PLLA-CI or PDLA-CI
with DP 20.

Synthesis of PLLA- or PDLA-Grafted Dextran. PLLA- or PDLA-
grafted dextran (Dex-g-PLLA or Dex-g-PDLA) was synthesized through
a coupling reaction between dextran and PLAs. In brief, dextran (200
mg, 5 µmol) and DMAP (110 mg, 920µmol) were dissolved in dry
DMSO (5 mL). Next, PLLA-CI or PDLA-CI (DP 20, 150 mg, 250
µmol) dissolved in dry DMSO (5 mL) was added. The solution was
stirred at room temperature for 4 days in a nitrogen atmosphere, after
which the reaction was stopped by addition of concentrated HCl (150
µL) to neutralize DMAP and imidazole. The reaction mixture was
washed with a large amount of acetone to remove traces of uncoupled
PLAs. The obtained precipitate was collected by centrifugation and
dried under vacuum overnight to yield the white solid of Dex-g-PLLA
or Dex-g-PDLA graft copolymers (DP) 20, average number of PLLA
or PDLA chains per dextran molecule) 14).

Preparation of Aqueous Nanogel Solutions.Aqueous nanogel
solutions were prepared by the solvent exchange method. Briefly, Dex-
g-PLLA, Dex-g-PDLA, and an equimolar mixture of the two were first
dissolved in DMSO, a solvent for both PLA and dextran. Subsequently,
doubly distilled water was added to the copolymer/DMSO solutions at
a rate of 1 drop every 10 s with vigorous stirring. The addition of water
was continued until the water content reached 30-50 wt %, depending
on the composition of the graft copolymers. The resulting solutions
were transferred to dialysis tubes [molecular weight cutoff (MWCO)
) 3500] and dialyzed against doubly distilled water to remove the
organic solvent at room temperature. After dialysis, the solutions turned
slightly opaque, except for G1 and G2 copolymers shown in Table 2,
which exhibited transparent solutions. The samples for1H NMR and
wide-angle X-ray diffraction (WAXRD) measurements were prepared
by quick freezing in liquid nitrogen and thereafter lyophilized. The1H
NMR spectra of the copolymer nanogels were obtained in DMSO-d6

and D2O separately at a concentration of 0.5 wt % to characterize the
structure of the amphiphilic nanogels.

Measurement of Critical Aggregation Concentration.The critical
aggregation concentrations (CAC) of Dex-g-PLLA, Dex-g-PDLA, and
an equimolar mixture of the two in aqueous media were determined
by use of pyrene as a fluorescence probe. Pyrene partitioned prefer-
entially in the hydrophobic core of aggregates (nanogels) and changed
the photophysical properties of the nanogels under investigation. Pyrene
was first dissolved in acetone and then added to doubly distilled water
to a concentration of 5× 10-7 M. Acetone was subsequently removed
by reducing the pressure and stirring for more than 5 h at 30°C. The
concentration of the copolymer in water was varied from 0.0001 to

Scheme 1. Synthesis of Dex-g-PLLA and Dex-g-PDLA Copolymers
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1.0 g/L. The pyrene and copolymer in the water were conjugated and
equilibrated at room temperature for 1 day before measurement. The
fluorescence spectra were measured at room temperature on a fluo-
rescence spectrophotometer (Hitachi, F-2500). The emission spectrum
of pyrene was obtained at a fixed excitation wavelength of 390 nm.

Dynamic Light Scattering Analysis on Dex-g-PLA Nanogels.
Dynamic light scattering (DLS) measurement was carried out at 37°C
on a DLS-7000 apparatus (Otsuka Electronics Co.) with vertically
polarized incident light with a wavelength of 488 nm supplied by an
argon laser operated at 15 mW. Portions (15 mg) of Dex-g-PLLA, Dex-
g-PDLA, and equimolar mixtures wweredissolved in 3.0 mL of doubly
distilled water, and then the aqueous solutions were filtered through a
Durapore (Millipore) 0.2µm membrane prior to measurement.

Wide-Angle X-ray Diffraction Analysis on Dex-g-PLA Nanogels.
The wide-angle X-ray diffraction patterns of the lyophilized samples
were recorded on a M18XHF22-SRA instrument (MAC Science Co.)
with Cu KR source (λ ) 1.54 Å) at 25°C.

Atomic Force Microscopy on Dex-g-PLA Nanogels.Atomic force
microscopy (SPA 400, soundproof housing, Seiko Instrument, Inc.)
images of the nanogels were recorded in air at room temperature. These
cantilevers have a resonance frequency around 110-150 kHz, a typical
spring constant of about 15 N/m, and an integrated Si tip with a radius
of curvature at the apex around 10 nm. The images were recorded in
the intermittent-contact (tapping) mode. A volume of 5µL of the
nanogel solutions was dropped on a mica surface and air-dried for 1 h
at room temperature prior to measurement.

Kinetic Stability Analysis of Dex-g-PLA Nanogels.Kinetic stability
of the nanogels prepared from Dex-g-PLLA, Dex-g-PDLA, and
equimolar mixtures was studied by DLS measurement in the presence
of SDS, which acts as a destabilizing agent. The nanogel solutions (5.0
mg/mL) were mixed with an SDS aqueous solution (20 mg/mL) at a
2:1 (v/v) ratio, and the resulting mixed solutions were placed at 37°C.
After 2, 4, 6, 8, 10, 12, 24, 36, and 48 h, DLS measurements on the
collapsing nanogels were performed at 37°C.

Degradation Test of Dex-g-PLA Nanogels.To study the degrada-
tion behavior of the nanogels as a function of time, a cuvette was filled
with 3.0 mL of the nanogel phosphate-buffered saline (PBS; pH)
7.4,I ) 0.14) solutions and sealed with Parafilm to avoid contamination
with dust particles. The cuvette was placed at 37°C, and after 1, 2, 4,
6, 9, 12, 15, 18, 21, and 24 days, DLS measurements on the degrading
nanogels were performed.

Results and Discussion

Synthesis of the Amphiphilic Dex-g-PLLA and Dex-g-
PDLA Graft Copolymers. The synthesis of amphiphilic Dex-
g-PLLA and Dex-g-PDLA graft copolymers was carried out
through a two-step reaction. First, PLLA and PDLA were
synthesized via ring-opening polymerization ofL- AND D-lactide,
respectively. The degree of polymerization (DP) ofL- OR

D-lactide was determined by integration ratio of the1H NMR
(solvent DMSO-d6) signals attributed to methyne proton of
PLLA or PDLA at δ ) 5.21 and methyl proton of ethanol atδ
) 1.18. Characteristics of the obtained PLLA and PDLA are
summarized in Table 1. Enantiomeric PLLA and PDLA with
the same composition and high optical purity were obtained.

After activation of hydroxyl end group with CDI, the resulting
PLLA-CI and PDLA-CI were coupled to dextran to yield
amphiphilic Dex-g-PLLA and Dex-g-PDLA graft copolymers,
respectively. Size-exclusion chromatography (SEC) analysis
demonstrated that no transesterification occurred under the
selected reaction conditions. The average number of PLA chains
per dextran molecule was calculated by integration ratio of the
1H NMR (solvent DMSO-d6) signals attributed to methyne
proton of PLLA or PDLA atδ ) 5.14 and anomeric proton of
dextran atδ ) 4.68-4.87, as shown in Figure 1. Absence of
PLLA and PDLA uncoupled from the dextran backbone was
confirmed by GPC measurement of the Dex-g-PLA copolymers
(see Supporting Information). The characteristics of the obtained
Dex-g-PLA copolymers were summarized in Table 2. The
average number of PLA chains per dextran molecule for these
copolymers ranged from 7 to 14. The contents of PLA in the
copolymer were low, and the majority of the graft copolymers
were dextran. Enantiomeric Dex-g-PLLA and Dex-g-PDLA
copolymers with well-defined composition were obtained.
Hydrophobic/hydrophilic balance of amphiphilic Dex-g-PLAs
should affect the solubility in water. We found that the Dex-
g-PLAs with high DP (40) of PLA grafts were not soluble in
aqueous phase at all. Therefore, we chose relatively low DP (6
and 20) PLA grafts to obtain readily water-soluble Dex-g-PLA
copolymers.

Formation of Dex-g-PLA Nanogels. To evidence the
structure of the aggregates prepared from amphiphilic Dex-g-
PLLA graft copolymer in dilute aqueous medium, the limited
mobility of the PLLA chain in the core of the aggregates was
explicated via1H NMR spectra in different solvent systems,
DMSO-d6 and D2O. As presented in Figure 1A, the G7

Table 1. Characteristics of PLLA and PDLAa

polymer M/OH DPb Mn,NMR
c Mn,GPC

d Mw/Mn
d yield (%) [R]De (deg)

PLLA(6) 6 6 910 930 1.52 82.5 -108
PDLA(6) 6 6 910 880 1.37 76.2 +102
PLLA(20) 22 20 2930 2720 1.61 80.7 -130
PDLA(20) 22 20 2930 2830 1.34 81.3 +127

a Ring-opening polymerization of lactide was carried out in THF for 10 min at room temperature. b Number of lactide units. c Estimated from 1H NMR
(solvent DMSO). d Estimated from GPC (eluent DMF, standard PS). e Values of optical rotation were measured at 20 °C with chloroform as the solvent,
with a concentration equal to 10 mg/mL.

Figure 1. 1H NMR spectra of G7 copolymer (A) in DMSO-d6 and (B)
in D2O at 37 °C.
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copolymer is dissolved in DMSO-d6, where aggregate formation
is not expected. Characteristic peaks of the methyl and methyne
protons of PLLA were observed at 1.45 and 5.14 ppm,
respectively. However, when the G7 copolymer is dissolved in
D2O (Figure 1B), these peaks disappear, indicating that the
PLLA segments form cores that cause a broadening effect, due
to the restricted proton mobility of PLLA chains in1H NMR
spectroscopy. On the other hand, characteristic peaks of the
protons of the dextran, belonging to -CH or -CH2 of the
glycopyranose units, are in the range 3-5 ppm. Thus, these
results suggests that the amphiphilic Dex-g-PLLA aggregates
(nanogels) provide two domains consisting of the hydrophobic
PLLA moiety and the hydrophilic dextran skeleton.4 The same
tendencies were observed in cases of Dex-g-PDLA copolymers
as well as the equimolar mixtures between Dex-g-PLLA and
Dex-g-PDLA copolymers with same composition. Accordingly,
all Dex-g-PLA copolymers used in this study were confirmed
to form nanogels in dilute aqueous solutions.

Critical Aggregation Concentration of Dex-g-PLA Co-
polymers in Aqueous Media.The formation of nanogels in
dilute aqueous media and the critical aggregation concentration
(CAC) for Dex-g-PLLA, Dex-g-PDLA, and equimolar mixtures

were studied by the fluorescence technique with pyrene as a
fluorescence probe. The partition of pyrene causes the emission
peak shift from 373 (I1) to 382 (I3) nm (red shift), which means
that PLA chains grafted on dextran start to form nanogels by
intra- and/or intermolecular self-assembly of PLA in dilute
aqueous solution. The transfer of pyrene from the polar
environment to a nonpolar region significantly changes the
intensity ratio ofI3/I1 due to the increase in quantum yield of
the fluorescence. As the concentration of the copolymer exceeds
the CAC, the intensities of fluorescence increase substantially,
suggesting the formation of nanogels. Figure 2 plots the intensity
ratio (I3/I1) for the pyrene excitation spectra versus the logarithm
of Dex-g-PLA concentration. The apparent CAC was obtained
from the crossover point in the low-concentration range. The
CAC values of graft copolymers with different compositions
are listed in Table 3. All Dex-g-PLA copolymers exhibited low
CAC values, and they were prone to decrease with increasing
amounts of hydrophobic PLA. The CAC value of the equimolar
mixtures of Dex-g-PLLA and Dex-g-PDLA copolymers (G1+2,
G3+4, and G5+6) is similar to that of the correspondingL- or
D-isomers alone, except for G7+8 copolymer. Interestingly, the
G7+8 copolymer only exhibited significantly lower CAC value

Table 2. Characteristics of Dex-g-PLLA and Dex-g-PDLA

code copolymer DPa no. of PL(D)LAb Mw/Mn
c Mn × 10-4 Dex contentd (wt %)

G1 Dex-g-PLLA(6-7) 6 7 1.86 4.64 86.2
G2 Dex-g-PDLA(6-8) 6 8 1.90 4.73 84.6
G3 Dex-g-PLLA(6-13) 6 13 2.08 5.18 77.2
G4 Dex-g-PDLA(6-14) 6 14 2.03 5.27 75.6
G5 Dex-g-PLLA(20-7) 20 7 2.12 6.05 66.2
G6 Dex-g-PDLA(20-7) 20 7 1.88 6.05 66.2
G7 Dex-g-PLLA(20-14) 20 14 1.95 8.10 49.6
G8 Dex-g-PDLA(20-13) 20 13 2.01 7.81 51.2

a Number of lactide unit per PLA chain. b Average number of grafted PLA chains per dextran molecule by 1H NMR (solvent: DMSO/D2O ) 8/1 v/v).
c Determined by GPC (eluent: DMF, standard: PS). d Dextran unit content (wt %) ) (Mn of original dextran/Mn of Dex-g-PLA) × 100.

Figure 2. Plots of fluorescence intensity ratio I392/I373 from pyrene excitation spectra vs log C for (A) G1, G2, and G1+2; (B) G3, G4, and G3+4;
(C) G5, G6, and G5+6; and (D) G7, G8, and G7+8 copolymers in water at 37 °C.
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compared with those of the G7 and G8 copolymers. The lower
CAC values indicate a strong tendency of the Dex-g-PLA
copolymers toward formation of stable nanogels. Additionally,
PLA crystallites in the cores of G7+8 nanogels must be stabilized
by strong van der Waals interactions. Thus, the results indicate
that the G7+8 nanogels possess strong thermodynamic stability
in aqueous solution and can perform as favorable drug carriers
in our ongoing experiments on the drug loading characteristics.

DLS and Morphology Observation of Dex-g-PLA Nano-
gels.The hydrodynamic diameter (Rh) of nanogels was estimated
by DLS measurement. Figure 3 shows the size and distribution
of nanogels prepared from amphiphilic Dex-g-PLLA, Dex-g-
PDLA, and equimolar mixtures. The aggregates exhibited
nanometric sizes withRh ranging from 16 to 73 nm (Table 3).
The results indicate that the meanRh of nanogels increases as
the hydrophobic PLA chain length increase (e.g., G1 and G5),
whereas there was no difference inRh among the nanogels
prepared from Dex-g-PLA copolymers with the same PLA chain
length and different PLA numbers (e.g., G1 and G3). Thus, it
will be possible to tune the nanogel size by varying the PLA
chain length as well as the number of grafted PLA chains. For
all these copolymers, relatively narrowly distributed nanogels
were observed, indicating they were well-defined and presum-
ably nanogels with hydrophobic PLA cores and hydrophilic
dextran skeletons. The size and distribution of the mixed
nanogels between equal amounts of the Dex-g-PLLA and Dex-
g-PDLA copolymers with the same compositions (G1+2, G3+4,
and G5+6) were similar to those of the correspondingL- or
D-isomers alone, except for G7+8 nanogel. Interestingly, the G7+8

copolymer exhibited significantly largerRh and narrower
distribution compared with those of the G7 and G8 copolymers.

Wide-Angle X-ray Diffraction Patterns of Dex-g-PLA
Nanogels.In an attempt to gain insight into the physical state
of the copolymer nanogel cores, wide-angle X-ray diffraction
(WAXRD) studies of the lyophilized nanogel were carried out.
Figure 4 shows the WAXRD patterns of the G7, G8, and G7+8

copolymer nanogels. There were no crystalline peaks in the case
of G7 and G8 nanogels, indicating amorphous nature. Addition-
ally, similar amorphous states were observed in case of the
mixed nanogels between equal amounts of Dex-g-PLLA and
Dex-g-PDLA copolymers (G1+2, G3+4, and G5+6) (data not
shown). On the contrary, G7+8 nanogels yielded crystalline peaks
at 2θ values of 12.1° and 20.8°, which are characteristic of the

crystalline structure of stereocomplex PLA. The results indicate
that not only the DP of the PLA segment but also the number
of grafted PLA chains is a key factor in determining the degree
of stereocomplexation. Accordingly, it was concluded that
significant thermodynamic stability as well as largerRh and
narrow distribution of the G7+8 nanogels was derived by
stereocomplexation between grafted PLLA and PDLA chains
in dilute aqueous solution. It is not clear, but the rearrangement
of G7 and G8 copolymers by stereocomplexation will induce
increased size and narrow distribution in G7+8 nanogel.

Morphology Observation of Dex-g-PLA Nanogels.Atomic
force microscopy was used to visualize directly the size and
morphology of the G7, G8, and G7+8 stereocomplex nanogels.
Figure 5 demonstrates that the nanogels prepared from G7 and
G8 copolymers were spherical with average diameters of 60 and
50 nm, respectively. The diameters of the nanogels shown in
the AFM image are slightly larger than those obtained from
DLS measurements, perhaps because the nanogels adsorbed onto

Table 3. Critical Aggregation Concentrationa and Nanogel Size of
Individual Copolymers and Mixed Aqueous Solutionsb

code copolymer
CAC

(mg/L)
Rh

c

(nm)

G1 Dex-g-PLLA(6-7) 7.3 ( 0.5 20.8
G2 Dex-g-PDLA(6-8) 7.4 ( 0.7 18.4

G1+2 Dex-g-PLLA(6-7) + Dex-g-PDLA(6-8) 6.8 ( 0.4 17.1
G3 Dex-g-PLLA(6-13) 2.5 ( 0.5 16.1
G4 Dex-g-PDLA(6-14) 2.7 ( 0.6 18.7

G3+4 Dex-g-PLLA(6-13) + Dex-g-PDLA(6-14) 2.1 ( 0.2 16.6
G5 Dex-g-PLLA(20-7) 4.1 ( 0.6 37.6
G6 Dex-g-PDLA(20-7) 4.6 ( 0.8 40.3

G5+6 Dex-g-PLLA(20-7) + Dex-g-PDLA(20-7) 4.3 ( 0.3 35.8
G7 Dex-g-PLLA(20-14) 7.6 ( 0.6 47.3
G8 Dex-g-PDLA(20-13) 8.0 ( 0.4 43.8

G7+8 Dex-g-PLLA(20-14) + Dex-g-PDLA(20-13) 3.5 ( 0.6 72.6

a Critical aggregation concentration (CAC) was estimated by the
fluorescent probe method. Mean of three independent experiments is
shown. b Mixed aqueous solutions contained equimolar amounts of Dex-
g-PLLA and Dex-g-PDLA copolymers in water at 37 °C. c Copolymer
concentration 5.0 mg/mL. Measurements were performed at a scattering
angle of 90° and a temperature of 37 °C.

Figure 3. Size distribution for (A) G1, G2, and G1+2; (B) G3, G4, and
G3+4; (C) G5, G6, and G5+6; and (D) G7, G8, and G7+8 copolymer
nanogels in water at 37 °C.

Figure 4. WAXRD patterns of (A) G7+8, (B) G7, and (C) G8 copolymer
nanogels.
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mica surface slightly spread during the drying procedure. It can
be seen that the G7+8 stereocomplex nanogel most often has a
spherical shape with average diameter 90 nm and a size close
to that measured by DLS. Additionally, AFM images confirmed
the narrow size distribution of G7+8 stereocomplex nanogel.

Kinetic Stability of Dex-g-PLA Nanogels.Kinetic stability
of the nanogels prepared from Dex-g-PLLA, Dex-g-PDLA, and
equimolar mixtures was studied by DLS measurement in the
presence of SDS, which acts as a destabilizing agent. Figure 6
shows the time dependence in meanRh of amorphous G5+6 and
G7+8 stereocomplex nanogel systems with different numbers of
grafted PLA chains. SDS-treated G5+6 nanogel system with
amorphous PLA cores exhibited a drastic decrease inRh to about
3 nm within 10 h, suggesting the complete dissociation of
nanogels by addition of SDS. Similar trends were also observed
but to a smaller extent with G7 and G8 nanogels, suggesting
the dissociation of a large fraction of nanogels. Stability could
be slightly improved by increasing the number of grafted PLA

chains up to 14. On the other hand, G7+8 stereocomplex nanogel
was substantially more stable as it showed only a minimal
decrease in meanRh. Even after 2 days, the G7+8 stereocomplex
nanogel retained more than 75% of its initialRh, indicating
strong kinetic stability in dilute aqueous solution. Thus, G7+8

stereocomplex nanogel can be expected to show an advantage
for requirements such as long circulation times, accumulation
at targeted sites, and as the vehicles of bioactive agents.

Degradation Behavior of Dex-g-PLA Nanogels.Degrada-
tion behavior of the nanogels prepared from Dex-g-PLLA, Dex-
g-PDLA, and equimolar mixtures was studied by DLS mea-
surement in PBS at 37°C. Figure 7 shows the time dependence
in meanRh of amorphous G5+6 and G7+8 stereocomplex nanogel
systems with different numbers of grafted PLA chains. Clearly,
theRh of all the nanogels decreased, indicating that they indeed
degrade. Considering the gradual decrease inRh of these
nanogels at early stage, at a first sight one could argue that the
nanogels degrade through erosion of water-soluble degraded

Figure 5. AFM images of the G7, G8, and G7+8 copolymer nanogels. Imaging was performed in air on a mica surface and in tapping mode by
use of an etched silicon tip.

Figure 6. Hydrodynamic diameter (Rh) of (A) G5, G6, and G5+6 and
(B) G7, G8, and G7+8 copolymer nanogels vs time after addition of
SDS (6.7 mg/mL final concentration) at 37 °C. Mean ( SD of three
independent experiments is shown.

Figure 7. Hydrodynamic diameter (Rh) of (A) G5, G6, and G5+6 and
(B) G7, G8, and G7+8 copolymer nanogels vs time after incubation in
PBS at 37 °C. Mean ( SD of three independent experiments is
shown.
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oligolactide. On the other hand, the drastic decrease inRh of
G5+6 nanogel system at late stage suggests the complete
dissociation of nanogels due to collapse of the degraded PLA
cores. Similar trends were also observed but to a smaller extent
with G7 and G8 nanogels, suggesting a slower degradation rate.
In contrast, G7+8 stereocomplex nanogel exhibited a substantially
slower degradation rate as it showed only a minimal decrease
in meanRh. Even after 24 days, the G7+8 stereocomplex nanogel
retained more than 60% of its initialRh, indicating relative
stability of the PLA stereocomplex cores in nanogels against
hydrolysis. These results imply that the degradation behavior
of Dex-g-PLA nanogels is tunable not only by varying the
number of grafted PLA chains but also by applying stereocom-
plexation. The gradual and tunable degradation behavior could
be of interest to regulate drug release from the Dex-g-PLA
nanogels after uptake by cells.

Conclusions

In this study, amphiphilic graft copolymers with a backbone
of dextran and enantiomeric side chains of PLLA or PDLA were
prepared. Enantiomeric Dex-g-PLLA and Dex-g-PDLA copoly-
mers with well-defined composition were obtained through the
coupling reaction between dextran and PLA.1H NMR in D2O
provided evidence of aggregate formation with two domains
consisting of the hydrophobic PLA cores and the hydrophilic
dextran skeleton by intra- and/or intermolecular self-assembly
of PLA chains in a dilute aqueous solution. All Dex-g-PLA
copolymers exhibited low CAC values, and they were prone to
decrease with increasing amounts of hydrophobic PLA. The
CAC values of the equimolar mixtures of theL- or D-isomers
(G1+2, G3+4, and G5+6) is similar to that of the corresponding
L- or D-isomers alone, except for the G7+8 copolymer. Interest-
ingly, the G7+8 copolymer exhibited a significantly lower CAC
value compared with that of the G7 and G8 copolymers,
indicating high ability of G7+8 copolymer to form aggregates
and strong thermodynamic stability. The mean diameters of the
aggregates ranged from 16 to 73 nm with narrow size distribu-
tion, indicating they were well-defined and presumably nanogels.
Furthermore, only G7+8 nanogel exhibited substantially strong
kinetic stability as it showed only a minimal decrease in mean
diameter upon addition of SDS, which acts as a destabilizing
agent. There were no crystalline peaks in WAXRD patterns of
the G1+2, G3+4, and G5+6 nanogels, whereas G7+8 nanogels
yielded crystalline peaks at 2θ values of 12.1° and 20.8°,
indicating the stereocomplexation of PLA. So we found that
stereocomplex crystallites were formed in the case of Dex-g-
PLA copolymers having both adequate DP and a relatively large
number of PLA grafts. In other words, both the DP and the
number of PLA grafts are key factors to determine the degree
of stereocomplexation in case of water-soluble Dex-g-PLA
copolymers in dilute aqueous media. Accordingly, it was
concluded that the strong thermodynamic as well as kinetic
stabilities of the G7+8 nanogels were derived by stereocom-
plexation. The results of the degradation test suggest that the
degradation behavior of Dex-g-PLA nanogels is tunable not only
by varying the number of grafted PLA chains but also by
applying stereocomplexation. Namely, G7+8 stereocomplex
nanogel can be expected to show an advantages requirements
such as long circulation times, accumulation at targeted sites,
and controlled drug release as the vehicles of bioactive agents.
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