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ABSTRACT: A series of block copolymers were synthesized by ring-opening polymerization of L(D)-lactide
in the presence of mono- or dihydroxyl poly(ethylene glycol) (PEG) using zinc metal as a catalyst. The
resulting diblock and triblock copolymers with relatively short polylactide (PLA) blocks were characterized
by various analytical techniques such as 1H NMR, SEC, DSC, and X-ray diffraction. The data showed
that the copolymers were semicrystalline materials with predominant PEG crystallization although PLA
blocks crystallized slightly in some cases. Solubilization tests showed that both the composition and molar
mass are determining factors in the water solubility of the copolymers. Bioresorbable hydrogels were
prepared from aqueous solutions containing both poly(L-lactide)/PEG and poly(D-lactide)/PEG block
copolymers. Hydrogel formation resulted from stereocomplexation occurring between poly(L-lactide) and
poly(D-lactide) blocks.

Introduction

Biodegradable polymers, and especially aliphatic
polyesters such as polylactide (PLA), polyglycolide
(PGA), and poly(ε-caprolactone) (PCL), have been in-
vestigated worldwide as biomaterials because of their
biocompatibility and biodegradability.1-3 These poly-
mers present growing interests for temporary thera-
peutic applications such as sutures, osteosynthetic
devices, sustained drug-delivery devices, and scaffolds
in tissue engineering.

The delivery of drugs to a human body can be
achieved through oral, transdermal, topical, and pa-
renteral administrations. A great deal of work has been
done during the past two decades to develop degradable
drug-delivery systems (DDS) adapted to these various
routes.1,2 Two types of DDS can be distinguished:
implantable and injectable systems. Implantable devices
in the form of cylinders, pellets, slabs, disks, and films
provide advantages such as prolonged release of drugs,
reproducibility of drug-release profiles, ease of fabrica-
tion, and so forth.4-7 However, the implantation of such
systems requires surgery with the risk of infection.
Injectable systems have been largely investigated in
recent years because they circumvent the need for a
surgical incision. Among the various injectable drug-
delivery systems, micro- or nanoparticles are the most
widely investigated because they can be easily intro-
duced into an animal’s body by subcutaneous, intra-
muscular, or intravenous injections.8-11 However, mi-
croparticles can be taken up by lung capillary emboli-
zation or by macrophages of the reticuloendothelial
system, finally to end up in Kupffer cells in the liver.1

Injectable hydrogels are promising substrates for
applications in DDS because of their excellent biocom-
patibility related to the presence of large amounts of
water. Bioactive molecules can be physically entrapped
in a hydrogel or chemically attached to the polymeric
network. Hydrogels are usually formed by a hydrophilic

polymer matrix cross linked chemically through cova-
lent bonds or physically through hydrogen bonds, crys-
tallized domains, or hydrophobic interactions.12

In a series of papers, Kim et al. reported thermo-
reversible hydrogels prepared from triblock copolymers
containing both poly(ethylene glycol) (PEG) and poly-
(lactide-co-glycolide) (PLGA) groups.13-15 A sol-gel
transition that depends on the concentration and com-
position of the copolymers was observed. Hennink et al.
prepared a self-assembled hydrogel from enantiomeric
PLA oligomers grafted to dextran. The hydrogel was
formed from the stereocomplexation of poly(L-lactide)
(PLLA) and poly(D-lactide) (PDLA) blocks.16-18 Later on,
Grijpma and Feijen reported the formation of a hydrogel
by the stereocomplexation of water-soluble PLLA-PEG-
PLLA and PDLA-PEG-PDLA copolymers.19 Unfortu-
nately, only solubility tests and DSC measurements
were performed on the copolymers. Kimura et al.
obtained similar hydrogels. However, tetrahydrofuran
(THF), which is not acceptable for biomedical applica-
tions,20 was used to dissolve the triblock copolymers.

In a series of papers, we reported on the structure-
property relationships and protein-release behaviors of
hydrogels of the PLA-PEG-PLA triblock copolymer
type.21-25 Hydrogels were prepared by a phase-separa-
tion method consisting of introducing water into a
copolymer solution in a biocompatible organic solvent,
namely, tetraglycol or poly(ethylene glycol) monotet-
rahydrofurfuryl ether. PLA blocks constitute cross-
linking lipophilic nodes or microdomains in the gel
network. These hydrogels are particularly interesting
for the release of poorly soluble drugs, proteins, genes,
or nucleic acids.

The aim of this work was to obtain bioresorbable
hydrogels from aqueous solutions of PLA/PEG copoly-
mers, which should be of great interest to applications
in the field of drug delivery or tissue engineering.
Copolymers were synthesized by ring-opening polym-
erization of L(D)-lactide in the presence of PEG with
molar masses ranging from 4600 to 20 000, using
nontoxic zinc powder as the catalyst. The thus-obtained* Corresponding author. E-mail: lisuming@univ-montp1.fr.
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copolymers were characterization by various analytical
techniques. Hydrogels were directly prepared from
aqueous solutions of PLLA/PEG and PDLA/PEG copoly-
mers. In this article, we report on the synthesis,
characterization, and stereocomplex-induced gelation
properties of PLA/PEG block copolymers.

Experimental Section
Materials. L-Lactide and D-lactide were obtained from

Purac and recrystallized from acetone. Dihydroxyl PEG of
various molar masses (4600, 8000, 10 000, 12 000, and 20 000)
and a monomethoxy poly(ethylene glycol) (mPEG) with a molar
mass of 5000 were supplied by Fluka. Zinc powder was
purchased from Merck.

Polymerization. Typically, 22 g of PEG and 6 to 12 g of
L(D)-lactide were introduced into a flask, the initial molar ratio
of ethylene oxide to lactate repeat units (EO/LA) ranging from
3/1 to 6/1. Zinc powder (10 mg) was then added. After degassing,
the flask was sealed under vacuum, and the polymerization
was allowed to proceed at 140 °C. After 7 days, the product
was recovered by dissolution in CH2Cl2 and precipitation in
ether. Finally, the product was dried under reduced pressure
up to constant weight.

Preparation of Hydrogels. Predetermined amounts of
PLLA/PEG and PDLA/PEG copolymers were mixed in 2 mL
of distilled water, and the aqueous solutions were centrifuged
to yield a homogeneous fluid. Gelation was then allowed to
proceed at predetermined temperature for various periods of
time.

Measurements. 1H nuclear magnetic resonance (NMR)
spectra were recorded at room temperature with a Bruker
spectrometer operating at 250 MHz by using DMSO-d6 as the
solvent. Chemical shifts (δ) were given in ppm using tetra-
methylsilane as an internal reference.

Size-exclusion chromatography (SEC) measurements were
performed on a Waters apparatus equipped with an RI
detector. THF was used as the mobile phase at a flow rate of
1.0 mL/min. A 1.0% (w/v) solution (20 µL) was injected for each
analysis. Calibration was accomplished with polystyrene
standards (Polysciences, Warrington, PA).

Differential scanning calorimetry (DSC) thermograms were
registered with a Perkin-Elmer DSC 6 instrument, the heating
rate being 10°C/min. Ten milligrams of product was used for
each analysis.

X-ray diffraction spectra were registered with a Philips
diffractometer composed of a Cu KR (λ ) 1.54 Å) source, a
quartz monochromator, and a goniometric plate.

Raman spectra were recorded with a Jobin-Yvon HG2S
spectrometer. The 514.5-nm line of the Spectra Physics 2017
argon laser was used as the excitation source. The laser power
was 100 mW. Measurements were performed at room tem-
perature directly on polymer or hydrogel samples without
preparation.

Rheological properties were determined on a Carri-Med
CSL2 rheometer (TA Instruments). A frequency of 1 Hz and a
deformation of 5% were applied.

Results and Discussion
Synthesis and Characterization. Triblock copoly-

mers consisting of a PEG central block and two PLLA
or PDLA lateral blocks were synthesized by ring-
opening polymerization of L(D)-lactide in the presence
of PEG, as shown in Scheme 1. Similarly, PLLA-PEG
and PDLA-PEG diblock copolymers were synthesized

by using mPEG as an initiator. Nontoxic Zn powder was
used as a catalyst instead of stannous octoate or other
catalytic systems that are more or less cytotoxic.26,27

Table 1 presents the various triblock and diblock
copolymers prepared in this work.

Triblock copolymers were named using the acronym
Lx-EOy-Lx or Dx-EOy-Dx, and diblock copolymers were
named as Lx-EOy or Dx-EOy. In these acronyms, L, D,
and EO represent PLLA, PDLA, and PEG blocks,
respectively, x and y representing the number-average
degree of polymerization of PLA and PEG blocks. The
EO/LA ratio in the copolymers was determined from the
integration of NMR resonances belonging to PEG blocks
at 3.6 ppm and to PLA blocks at 5.2 ppm as previously
described in the literature.22-25 The number-average
molar mass, Mh n, was calculated according to the follow-
ing equation:

where DPPEG ) y ) Mh nPEG/44, DPPLA ) nx )
DPPEG/(EO/LA), n is the number of PLA blocks (n ) 2
for triblocks and 1 for diblocks), and 44 and 72 are the
molar masses of the EO and LA repeat units, respec-
tively.

The EO/LA ratios of the copolymers were higher than
the initial ratios according to Table 1. This finding can
be assigned to the fact that the conversion of lactide was
not complete, unreacted lactide being eliminated by the
purification procedure. The largest differences between
initial and final EO/LA ratios were found for copolymers
initiated by PEG20000. In fact, the higher the molar
mass of PEG, the fewer the hydroxyl endgroups or
initiation sites and the lower the conversion ratio of
lactide under the same reaction conditions.

The water solubility of the copolymers depends not
only on the EO/LA ratio but also on the molar mass. In
general, a high EO/LA ratio and a low molar mass favor
water solubility. For example, PEG4600-initiated tri-
block copolymers L12EO104L12 and D13EO104D13 with
EO/LA ratios of 4.2 and 4.1 were water soluble, but
L24EO104L24 and D22EO104D22 with EO/LA ratios of 2.2
and 2.4 were not soluble. PEG8000, PEG10000, and
PEG12000-initiated copolymers with EO/LA ratios in
the range of 4.5 to 7.3 were soluble or formed tur-
bid solutions. PEG20000-initiated L44EO454L44 and
D46EO454D46 with EO/LA ratios of 5.2 and 4.9 were not
soluble, in contrast to L21EO454L21 and D22EO454D22 with
EO/LA ratios of 11.0 and 10.5. In the cases of mPEG5000-
initiated diblock copolymers, L28EO113 and D27EO113
with EO/LA ratios of 4.1 and 4.2 were soluble, but
L46EO113 and D52EO113 with EO/LA ratios of 2.5 and 2.2
formed turbid solutions in water.

SEC was performed to evaluate molar mass distribu-
tions of the various copolymers. Figure 1 shows the
SEC curves of PEG4600 and PEG4600-initiated tri-
block copolymers L12EO104L12 (1L), D13EO104D13 (1D),
L24EO104L24 (2L), and D22EO104D22 (2D). The peak of
PEG4600 appeared at an elution time of 17.0 min, with
a Mh n of 5300 and a polydispersity index of 1.4. On the
SEC curves of the copolymers, the peak corresponding
to PEG was not observed, indicating that copolymers
were effectively obtained with no residual PEG ho-
mopolymer. The molar mass distributions of all of the
copolymers were very narrow, with polydispersity in-
dices in the 1.1 to 1.2 range (i.e., less than that of the
parent PEG4600). Moreover, the elution time shifted to

Scheme 1. Ring-Opening Polymerization of
L(D)-Lactide in the Presence of Dihydroxyl PEG Using

Zinc Powder as a Catalyst

Mh n ) DPPEG ‚ 44 + DPPLA ‚ 72
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15.8 for L12EO104L12 and D13EO104D13 and to 15.6 for
L24EO104L24 and D22EO104D22, with corresponding Mh n
values of 8100, 8200, 9700, and 10100, respectively.
Similar features were observed for other copolymers. In
the case of higher molar mass copolymers, higher
polydispersity indices up to 1.8 were obtained.

Crystalline structures were examined by X-ray dif-
fraction. Figure 2 shows the spectra of various PLLA/
PEG block copolymers as well as PLLA and PEG
homopolymers in the form of powder. PEG exhibited two
main diffraction peaks at 9.7 and 11.8°, and PLLA
exhibited an intense peak at 8.3° and a smaller one at
9.4°. The two peaks characteristic of crystalline PEG
were detected for all the copolymers, indicating that
PEG blocks were able to crystallize although the pres-
ence of PLLA blocks disfavored the crystallization of
PEG blocks as shown by intensity differences. In
contrast, PLLA blocks were not always able to crystal-
lize in the copolymers. PEG4600-initiated 2L showed a
very weak peak at 8.5°, indicating a very limited
crystallization of PLLA blocks. In contrast, PEG4600-
initiated 1L exhibited no PLLA diffraction peaks be-
cause of shorter PLLA blocks. In the cases of PEG8000-,
PEG10000-, and PEG12000-initiated 3L, 4L, and 5L

with similar PLLA block lengths, only PEG8000-initi-
ated 3L exhibited a weak peak at 8.3°. This finding can
be explained by the fact that longer PEG blocks disfa-
vored the crystallization of PLLA blocks more than
shorter ones. Similarly, PEG20000-initiated 7L showed
a relatively intense peak at 8.3°, and 6L showed no
PLLA diffraction peak because of a shorter PLLA block
length. In the case of mPEG5000-initiated 8L and 9L
diblock copolymers, only 9L with longer PLLA blocks
showed a very small PLLA diffraction peak. Similar fea-
tures were obtained for PDLA/PEG copolymers whose
structures were very close to those of PLLA/PEG
copolymers.

Figure 3a shows DSC thermograms of PEG4600 and
PEG4600-initiated L12EO104L12 (1L) and L24EO104L24
(2L) triblock copolymers. PEG4600 exhibited a melting
temperature of Tm ) 67.5 °C and a melting enthalpy of
∆Hm ) 170.8 J/g. In contrast, Tm and ∆Hm of copolymer
1L decreased to 55.7 °C and 96.7 J/g, respectively. In
the case of copolymer 2L containing longer PLLA blocks,
Tm and ∆Hm further decreased to 50.9 °C and 67.2 J/g.
These data confirmed that the presence of PLLA blocks
disfavored the crystalization of PEG. The longer the
PLLA block length, the lower the degree of crystallinity
of PEG as reflected by the ∆Hm values. After the first
heating, the samples in the molten state were immersed
in liquid nitrogen, and a second heating was then

Table 1. PLA/PEG Block Copolymers Obtained by Ring-Opening Polymerization of L(D)-Lactide in the Presence of PEG
or MPEG

acronym structure PEG lactide EO/LAa DPPEG
c DPPLA

d Mh n
e

solubility
in water

1L L12EO104L12 PEG4600 L-lactide 4.2 (3.0) 104 24 6400 yes
1D D13EO104D13 PEG4600 D-lactide 4.1 (3.0) 104 26 6400 yes
2L L24EO104L24 PEG4600 L-lactide 2.2 (1.5)b 104 48 8000 no
2D D22EO104D22 PEG4600 D-lactide 2.4 (1.5) 104 44 7700 no
3L L20EO182L20 PEG8000 L-lactide 4.5 (3.0) 182 40 10 900 yes
3D D18EO182D18 PEG8000 D-lactide 5.0 (3.0) 182 36 11 000 yes
4L L19EO227L19 PEG10000 L-lactide 6.1 (4.0) 227 38 12 700 yes
4D D20EO227D20 PEG10000 D-lactide 5.6 (4.0) 227 40 13 700 yes
5L L20EO273L20 PEG12000 L-lactide 6.8 (4.5) 273 40 14 900 turbid
5D D19EO273D19 PEG12000 D-lactide 7.3 (4.5) 273 38 14 700 turbid
6L L21EO454L21 PEG20000 L-lactide 11.0 (6.0) 454 42 23 000 yes
6D D22EO454D22 PEG20000 D-lactide 10.5 (6.0) 454 44 23 100 yes
7L L44EO454L44 PEG20000 L-lactide 5.2 (3.0) 454 88 26 300 no
7D D46EO454D46 PEG20000 D-lactide 4.9 (3.0) 454 92 26 700 no
8L L28EO113 mPEG5000 L-lactide 4.1 (4.0) 113 28 7000 yes
8D D27EO113 mPEG5000 D-lactide 4.2 (3.0) 113 27 6900 yes
9L L46EO113 mPEG5000 L-lactide 2.5 (2.0) 113 46 8300 turbid
9D D52EO113 mPEG5000 D-lactide 2.2 (2.0) 113 52 8700 turbid

a Calculated from the integration of NMR bands belonging to PEG blocks at 3.6 ppm and to PLA blocks at 5.19 ppm. b Data in parentheses
corresponding to EO/LA ratios in feed. c DPPEO ) Mn PEG/44. d DPPLA ) DPPEO/(EO/LA). e Mh n ) DPPEG ‚ 44 + DPPLA ‚ 72.

Figure 1. SEC curves of PEG4600- and PEG4600-initiated
triblock copolymers L12EO104L12 (1L), D13EO104D13 (1D),
L24EO104L24 (2L), and D22EO104D22 (2D).

Figure 2. X-ray diffraction spectra of PEG, PLLA, and
various PLLA/PEG block copolymers.
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performed on quenched samples to determine the glass-
transition (Tg) and crystallization (Tc) temperatures. No
Tg was detected for PEG4600 because it crystallized too
fast. In contrast, both Tg and Tc were observed in the
case of the copolymers whose crystallizability was
reduced by the presence of PLLA blocks. Copolymer 1L
exhibited a glass transition at -46.8 °C and a crystal-
lization peak at -26.2 °C, and 2L showed a Tg at -28.8
°C and a Tc at -2.6 °C. It is known that the Tg of PEG
is about -65 °C and the Tg of PLLA is in the range of
50 to 60 °C. Therefore, Tg values of the copolymers were
between those of PEG and PLLA, closer to PEG than
to PLLA, which indicates that PEG and PLA are
partially miscible in the amorphous state. Moreover, the
longer the PLLA block, the higher the Tg of the
copolymer. Similar trends were found for 1D and 2D
copolymers.

Figure 3b shows DSC thermograms of PEG20000-
and PEG20000-initiated L21EO454L21 (6L) and
L44EO454L44 (7L) triblock copolymers. Similar trends
were found as in the cases of 1L and 2L. Table 2
presents the thermal properties of the various PEGs and
copolymers. All of the PEGs and mPEG showed similar
Tm values, with corresponding ∆Hm values in the 160
to 180 J/g range. In the case of the copolymers, PEG8000-
initiated 3L, PEG20000-initiated 7L and 7D, and
mPEG5000-initiated 9L and 9D exhibited a small melt-
ing peak in the 109 to 149 °C range. This second melting
peak was assigned to PLA crystallites, in agreement
with X-ray diffraction data in the cases of 3L, 7L, and
9L showing a peak at 8.3° characteristic of PLA crystal-
lization.

Hydrogel Properties. Stereocomplexation is a well-
known phenomenon for optically active PLA stereoco-
polymers.28-34 A stereocomplex can be obtained from the
coprecipitation of PLLA and PDLA in solution28,29 or
through cooling from a melt of both polymers.30 An
oligomeric stereocomplex was also obtained during the
in vitro degradation of poly(DL-lactide) because of the
presence of isotactic L and D sequences along polymer
chains.31,32 Once released by degradation, these se-
quences are prone to regroup and form an oligomeric
stereocomplex. In the case of enantiomeric PLA-PEG-
PLA copolymers, a stereocomplex was obtained by
coprecipitation or solution casting from homogeneous
solutions.33,34

When PLLA/PEG is mixed with PDLA/PEG in an
aqueous solution, interactions between L and D blocks
can lead to stereocomplexation and to the formation of
a hydrogel. Figure 4 shows comparatively a 20% aque-
ous solution of L12EO104L12 and a hydrogel formed by
a 20% solution containing both L12EO104L12 and
D13EO104D13. Both were initially viscous and transpar-
ent solutions. The L12EO104L12 solution remained un-
changed at 25 °C. In contrast, the solution containing
both L12EO104L12 and D13EO104D13 became more and
more viscous and whitish, in agreement with the
occurrence of L/D interactions and stereocomplexation.
After 48 h at 25°C, the solution did not flow anymore,

Figure 3. (a) DSC thermograms of PEG4600 and PEG4600-
initiated triblock copolymers L12EO104L12 (2L) and L24EO104L24
(2L), 1L′ and 2L′ (second heating after quenching). (b) DSC
thermograms of PEG20000 and PEG20000-initiated triblock
copolymers L21EO454L21 (6L) and L44EO454L44 (7L), 6L′ and 7L′
(second heating after quenching).

Table 2. Thermal Properties of PLA/PEG Block
Copolymers Obtained by Ring-Opening Polymerization

of L(D)-Lactide in the Presence of PEG or MPEG

acronym Tm(°C)a ∆H(J/g)a Tg
b Tc

b

PEG4600 67.5 170.8
1L 55.7 96.7 -46.8 -26.2
1D 54.2 97.8 -47.1 -32.5
2L 50.9 67.2 -28.8 -2.6
2D 54.6 74.2 -35.8 -5.5
PEG8000 68.0 172.7
3L 61.2 (149.0) 77.9 (0.7) -50.1 -36.6
3D 61.8 105.6 -52.5 -42.2
PEG10000 69.7 163.9
4L 62.1 112.5 -57.5 -42.9
4D 60.4 105.5 -57.9 -43.6
PEG12000 69.1 163.4
5L 61.6 111.6 -58.8 -46.0
5D 60.8 120.7 -59.7 -47.0
PEG20000 69.5 160.5
6L 60.7 99.4 -61.4 -50.6
6D 59.9 111.0 -62.2 -50.3
7L 61.3 (131.3) 76.9 (8.2) -46.1 -30.6
7D 63.9 (129.0) 75.1 (4.1) -50.6 -34.6
mPEG5000 68.5 179.9
8L 58.6 91.2 -49.8 -36.3
8D 59.4 83.0 -57.8 -40.9
9L 57.6 (109.0) 86 (0.7) -38.8 -19.9
9D 55.8 (122.0) 62 (6.2) -33.3 -14.2

a Obtained from the first heating. b Obtained from the second
heating.

Figure 4. (a) Aqueous solution (20%) of L12EO104L12 and (b)
a hydrogel formed by a 20% solution containing both L12-
EO104L12 and D13EO104D13 after 2 days at 25 °C.
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indicating the formation of a hydrogel. Hydrogels were
obtained from aqueous solutions of all soluble PLLA/
PEG and PDLA/PEG block copolymers by varying gela-
tion conditions such as temperature, time, and concen-
tration. In the cases of L20EO273L20 and D19EO273D19 as
well as L46EO113 and D52EO113, which formed turbid
solutions in water, hydrogels were formed at 37 °C.

The formation of a stereocomplex within the hydrogels
was confirmed by Raman spectroscopy, a noninvasive
technique that is sensitive to morphology modifications.
Figure 5 shows comparatively the Raman spectra of a
stereocomplex formed by the coprecipitation of PLLA
and PDLA, semicrystalline PLLA, a hydrogel formed
by a 15% solution containing both L20EO182L20 and
D18EO182D18, and PEG8000. Spectral differences were
observed between PLLA and the stereocomplex because
of different helical conformations as reported in the
literature.28 The cell dimensions of PLLA R-form crys-
tals are a ) 1.07 nm, b ) 0.595 nm, and c ) 2.78 nm,
the crystal system being pseudo-orthorhombic. Each
unit cell contains two left-handed 103 helices. In the case
of the stereocomplex, the crystal system is triclinic with
the following cell dimensions: a ) 0.916 nm, b ) 0.916
nm, c ) 0.870 nm, R ) 109.2°, â ) 109.2°, and γ )
109.8°. Each unit cell contains a PLLA chain and a
PDLA chain that are packed in parallel in a 31 helical
conformation.28 For the sake of clarity, three regions
with no or little PEG contribution are selected on the

Raman spectra and are shown in Figure 6 (320 to 470,
700 to 1000, and 1700 to 1850 cm-1).

In the 320 to 470 cm-1 range, two sharp bands at 411
and 398 cm-1 were observed for the stereocomplex, the
band at 411 cm-1 being more intense than the band at
398 cm-1. They are assigned to δCCO deformations. The
two bands were also observed for semicrystalline PLLA,
but the band at 411 cm-1 appeared slightly less intense
than the band at 398 cm-1. In the case of the hydrogel,
two weak bands were distinguished, the intensity dif-
ference between them being similar to that of the
stereocomplex. The weakness of the bands resulted from
the low PLA content and high water content of the
hydrogel. In the 700 to 1000 cm-1 range, an intense
band was detecetd at 876 cm-1 for the stereocomplex,
which was assigned to νC-COO stretching. The band
appeared at 873 cm-1 for PLLA. The hydrogel pre-
rsented a band at 877 cm-1 similar to that of the
stereocomplex and a broad one at 855 cm-1 belonging
to a PEG component, PEG8000, showing two sharp
bands at 848 and 863 cm-1. Finally, in the 1700 to 1850
cm-1 range, the stereocomplex showed a single band at
1746 cm-1 with a broad diffusion band, which was
assigned to νCdO stretching. In contrast, PLLA exhib-
ited three bands at 1748, 1762, and 1773 cm-1. Con-
cerning the hydrogel, a weak band was observed at 1750
cm-1 with a broad diffusion band, which resembled that
of the stereocomplex. All of these results showed that
stereocomplexation occurred between L and D blocks
within the hydrogel. X-ray diffraction spectra on the
lyophilized hydrogels also confirmed the presence of a
stereocomplex.

Hydrogel formation was confirmed by rheological
measurements. Figure 7 shows the evolution of both
storage and loss moduli of a 15% hydrogel composed of
L20EO182L20 and D18EO182D18. Gelation was achieved for
24 h at 37 °C. The storage modulus (G′) was largely
superior to the loss modulus (G′′) and remained almost
constant at 20 °C as a function of time (Figure 7a),
indicating that it was effectively a hydrogel. In the case
of viscous solutions, G′ is lower than G′′. When the
temperature increased from 20 to 37 °C at 1 °C/min
(Figure 7b), both G′ and G′′ decreased, G′ decreasing
faster than G′′. However, G′ remained higher than G′′.
These results showed that the cross-link density de-
creased with increasing temperature. In fact, the hy-
drogel was a dynamic system. It can be assumed that

Figure 5. Raman spectra of a stereocomplex formed by the
coprecipitation of PLLA and PDLA, semicrystalline PLLA, a
hydrogel formed by a 15% solution containing both L20EO182L20
and D18EO182D18, and PEG8000.

Figure 6. Selected regions of Raman spectra (320 to 470, 700 to 1000, and 1700 to 1850 cm-1): (a) stereocomplex formed by
the coprecipitation of PLLA and PDLA, (b) semicrystalline PLLA, and (c) a hydrogel formed by a 15% solution containing both
L20EO182L20 and D18EO182D18.
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L/D interactions and stereocomplexation constitute an
equilibrium, the latter contributing much more to cross
linking than the former. At higher temperature, the
stereocomplex becomes less stable, and the equilibrium
tends to simple L/D interactions, leading to a modulus
decrease. Scanning at 37 °C as a function of time showed
that both moduli decreased at first and then increased
(Figure 7c). The increase in the moduli can be assigned
to the fact that at 37 °C stereocomplexation between L
and D blocks continued, the hydrogel becoming more
and more consistent.

It is of interest to compare these hydrogels with those
derived from PEG-PLGA-PEG copolymers.13-15 In the
latter case, the aqueous polymer solution was initially
a free-flowing solution, and a sol-gel transition could
be observed around body temperature. The mechanism
of this transition was assigned to a micellar expansion
accompanying an increase in aggregation driven by
hydrophobic forces. Unfortunately, no rheological stud-
ies were reported on these PEG-PLGA-PEG hydrogels,
and the sol-gel transition was determined by a test
tube-inverting method.13-15 In the case of hydrogels
prepared from aqueous solutions containing both PLLA/
PEG and PDLA/PEG copolymers, gelation is induced by
stereocomplexation between PLLA and PDLA blocks
and is thus time- and temperature-dependent. Gelation
is faster at 37 than at 20 °C. Moreover, the length of
the PLA blocks plays an important role in the gelation
process. Hennink et al. reported that the DP of PLA
blocks should be at least 11 to obtain a hydrogel from
PLA-grafted dextran,16 and blends of PLLA and
PDLA oligomers can form a stereocomplex with a DP
higher than 7.36 In the case of PLA/PEG copolymers,
L12EO104L12 exhibited the lowest DP of PLA blocks.

Therefore, an injectable drug-delivery system can be
designed because of the bioresorbability and thermosen-
sitivity of these hydrogels. This system presents several
advantages with respect to most drug-delivery systems.
First, the synthesis of polymers requires only one step,
in contrast to PEG-PLGA-PEG systems whose synthesis
requires two steps.13-15 Second, the formulation is very
simple without an organic solvent, in contrast to mi-
croparticulate systems1 and in situ-forming implants.37

Third, the hydrogel is easily injectable. In situ gelation
is also possible because hydrogels can be formed at 37
°C. Last but not least, the system is totally bioresorb-
able, in contrast to thermosensitive hydrogels derived
from N-isopropylacrylamide or poloxamers that are
more or less toxic and nonbiodegradable.38,39 Therefore,
this work strongly supports the use of these bioresorb-
able hydrogels formed by stereocomplexation for the

sustained delivery of bioactive molecules, in particular,
high molar mass proteins or other biopolymers.

Conclusions

PLA/PEG block copolymers were prepared by ring-
opening polymerization of L(D)-lactide using nontoxic
zinc metal as a catalyst. Most of the resulting diblock
and triblock copolymers were soluble in water because
PLA blocks were relatively short. The water solubility
of the copolymers depended on both the composition and
the molar mass. The copolymers were semicrystalline
materials, with PEG blocks crystallizing in all cases.
Bioresorbable hydrogels were prepared from aqueous
solutions containing both PLLA/PEG and PDLA/PEG
block copolymers. Hydrogel formation resulted from
stereocomplexation occurring between PLLA and PDLA
blocks. These hydrogels should be of great interest as
substrates for the sustained delivery of bioactive mol-
ecules.
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