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Abstract

Thermoplastic hydrogels of alternating multiblock copolymers, consisting of poly(ethylene glycol) (PEG) andlpotig(acid) (PLLA),
were synthesized. Dicarboxylated oligomeric PLLAs were synthesized by the condensation reactiactiaf acid in the presence of
succinic acid. Changing the feed ratio oflactic acid to succinic acid controlled PLLA molecular weights. Alternating multiblock
copolymers with different block lengths of PEG and PLLA were obtained from the polycondensation reaction between PEG and dicarboxy-
lated-PLLA in the presence of dicyclohexyl carbodiimide awdiimethyl aminopyridine as catalysts. The chemical compositions of
dicarboxylated PLLAs and multiblock copolymers were verified'ByNMR and FT-IR, and the molecular weight and distribution were
measured by gel permeation chromatography. DSC thermograms showed that there existed a high degree of phase mixing, as well as
microphase separation in the multiblock copolymer, demonstrated by allgpgak from the amorphous phase-mixing domain and a small
Tm peak from crystalline microdomains of the PLLA component. The block copolymers with low molecular weights were water-soluble and
clouded at a temperature which is associated with a lower critical solution temperature (LCST) phenomonon. However, the high molecular
weight polymers could swell in water and their optical transparency was influenced by temperature. This observation can be attributed to an
enhanced hydrophobic interaction between hydrophobic moieties in the polymer chains, caused by an increase in temperature. The weight
swelling ratio (absorbed water/polymer) of the polymers was controlled by polymer composition and molecular weight. These block
copolymers may offer potential for applications in drug delivery and various other biomedical pr@ek399 Elsevier Science Ltd. All
rights reserved.
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1. Introduction polymerizingL-lactide in the presence of dihydroxy PEG
as a macroinitiator using Zn metal or Cat catalysts. The
Biodegradable polymers have been extensively investi- incorporation of PEG improved the hydrophilicity and
gated as polymeric drug carriers [1-6] and for other bio- reduced the brittleness of PLLA.
medical applications [7—10]. They have the advantage of In this paper, a new copolymerization method is
not requiring surgical removal after use. PoNéctic acid) presented, using a coupling reaction to incorporate PEG
(PLLA) [11-13] and its copolymer [14—16] have been very into PLLA. Our method differs from that presented by
attractive materials for such works due to their controlled Chen et al. [19], who produced multiblock copolymers
biodegradability and the safety of their degraded products. based on PEG and PLLA via the ring opening copoly-
One useful strategy for modifying the physical and biologi- merization ofL-lactide/ethylene oxide using various cata-
cal properties of PLLA has been to incorporate other proper lysts including isobutylalumioxane. They successfully
components. Much attention has thus been paid to thesynthesized various multiblock copolymers with different
preparation of di- or triblock copolymers of PLLA with  block lengths and molecular weights, by changing reac-
poly(ethylene glycol) (PEG). Rashkov et al. [17,18] have tion conditions such as temperature, time, solvent and
synthesized PLA/PEG/PLA triblock copolymers by catalyst. However, adequate control of structural vari-
ables in the polymer chains, such as block length and
distribution, was not easy using that method, making it
* Corresponding author. Tel.x82-62-970-2305; fax:+82-62-970- dlfflcult. to design tall.or_made polymers with deSIre.d
2304. properties. The coupling approach, by contrast, using
E-mail addressyhbae@matla.kjist.ac.kr (Y.H. Bae) well-defined prepolymers in an alternating fashion
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Scheme 1. Synthetic route for PEO/PLLA multiblock copolymer.

makes it easier to tailor polymer properties for a specific (DMAP, Aldrich) and dicyclohexyl carbodiimide (DCC,

application.

Multiblock copolymers are designed to be degraded into

Aldrich) were used as received, without further purification.
The synthetic routes for dicarboxylated PLLAs and the

non-toxic products. Short PEG chains can be readily coupling reaction for the PEG/PLLA alternating multiblock
excreted through the kidney and monomeric acids broken copolymers are illustrated in Scheme 1.

down from PLLA by hydrolysis can be eliminated through

normal excretory routes. In addition to these properties, the 2-2- Preparation of dicarboxylated PLLA

microphase-separated structure which consists of hydro-
philic soft and hydrophobic hard domains imparts thermo-
in an aqueous medium.
Thermoplastic hydrogels, which can be processed in melt
or solution, have advantages over thermoset hydrogels,

plastic hydrogel properties

which have often been used for biomedical purposes.

This study involves the synthesis and characterization of

both oligomeric PLLAs with carboxylated end-groups by
direct condensation polymerization and multiblock copoly-

mers by a polycondensation reaction between PEG and

PLLA in the presence of dicyclohexyl carbodiimide and

To obtain the desired molecular weights of PLLA, 100 g
of L-lactic acid aqueous solution was placed into a two-neck
flask with a predetermined amount of succinic acid. A
stream of nitrogen was directed through the reaction flask
and the temperature was gradually raised to°C3@200C
in a thermostat oil bath. After 24 h of dehydration under
these conditions, nitrogen flushing was discontinued, and
a high vacuum was applied for 3-5 days. The resulting
product was dissolved in acetone and then precipitated in
distilled water, followed by drying in a vacuum oven for 2—
3 days.

N-dimethylaminopyridine. The PEG/PLLA alternating
multiblock copolymer should be useful as a biomaterial 5 3 Polycondensation reaction

because of its processability, biodegradability and biocom-

patibility. The block copolymers can be applied to drug PEG (5 mmol) and equimolar dicarboxylated PLLA were
delivery carriers and implantable membranes where fastdissolved in 70ml of anhydrous methylene chloride. DMAP
degradation is required. The detailed degradation study iswas added to the solution as a catalyst (1.3 mmol) and DCC

under progress.

2. Experimental
2.1. Materials

Poly(ethylene glycol)s (PEGs) with number average
molecular weights (g mof) of 3400, 2000, 1500 and
1000 (Aldrich) were used after drying under vacuum at
80-90C for over 12 h. Methylene chloride was dried over
CaH, and distilled.L-lactic acid (85% aqueous solution,
Aldrich), succinic acid (Sigma)\-dimethyl aminopyridine

(13 mmol) was added as a coupling agent. The reaction flask
was kept in a dry nitrogen environment at room temperature
while stirring. After 10 min, a white dicyclohexylurea
(DCU) precipitate formed as a reaction by-product. Reac-
tion conditions were maintained for 12 h. The precipitated
DCU was filtered off. The filtrate was concentrated under
reduced pressure and then poured into a large excess amount
of cold diethyl ether with vigorous stirring. The precipitate
was again dissolved in methylene chloride and precipitated
in the mixture (9:1 in volume fraction) of diethyl ether and
methanol for purification. The purified product was dried in
vacuum oven for 24 h. The various multiblock copolymers
with different compositions were prepared using the same
procedure.
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() o % transmittance was measured from visible sources at
3 ; ; 0 -1
500 nm, with a temperature increase of °“C%nin .
HO{OC-HOOJQCCH,CH,COLOCH-CO[OH VR
3 B égg Solvent casting in acetone was used to prepare the polymer
c

films for transmittance measurement. Each 10 wt.% poly-
mer in acetone was poured into a glass casting mold coated
with Teflon and dried in ambient conditions for 1 day and
then under vacuum for 2 days. The dried film was cut to the
desired dimensions and attached onto the lateral inside
surface of a UV cell, followed by the addition of a pH 7
buffer solution. When the swelling reached the equilibrium
) b state, the transmittance of the hydrogel was measured at a
A\ SN — e - visible wavelength of 500 nm with a temperature increase at
5.0 ‘ 2.0 the rate of 0.5min*. To measure the weight swelling ratio
(b) (absorbed water weight per unit weight of polymer) of the
polymers, the polymer films were cut into squares of about
1cmx 1cm (0.4 mm in thickness) and then dried at room
temperature in vacuo for 24 h. After immersion in a pH 7
b buffer solution at the desired temperatures for fixed time
periods, the weights of the swollen polymers were measured
L after removal of excess surface water by patting the samples

A DL L with filter paper.
5.0 2.0
Fig. 1. *H-NMR spectra of dicarboxylated PLLA: (a) in CD£hnd (b) in . .
DMSO-ds. 3. Results and discussion
2.4. Measurements 3.1. Synthesis and characterization

The chemical compositions of dicarboxylated PLLAs and ~ T0 obtain linear multiblock copolymers, the starting
multiblock copolymers and the block ratios of PEG and oligomers must have reactive end groups for consecutive
PLLA blocks in multiblock copolymers were characterized Ccoupling reactions. Various dicarboxylated PLLAs of differ-
by 'H-NMR and FT-IR (Perkin-Elmer 200 serie${-NMR ent molecular weights were obtained from the polyconden-
spectra were recorded using the JEOL JNM-LA 300 WB sation ofr-lactic acid in the presence of succinic acid. The
FT-NMR system operating at 300 MHz. The polymers were L-lactic acid/succinic acid mole ratio in the feed ranged
dissolved in CDGJ with tetramethylsilane as an internal  from 6/1 to 50/1.
reference. The molecular weights and distributions of the ~Fig. 1 shows the typicalH-NMR spectra of dicarboxy-
polymers were measured by gel permeation chromato-lated PLLA measured in CDg[Fig. 1(a)] and DMSOds
graphy which was conducted using a Waters LC system [Fig. 1(b)]. ‘H-NMR spectra of dicarboxylated PLLASs in
coupled with a Waters 410 Differential Refractometer. Poly- CDCl; were used to determine the molecular weight of the
mer samples were dissolved in tetrahydrofuran (HPLC Polymer from the integration ratio of resonances at
grade) at a concentration of 0.3 wt.%. THF as an eluent 9-14 ppm originated from CH of the PLLA block and
was degassed under reduced pressure and eluted a¢HCHy of the succinic acid residue at 2.70 ppm. The
1.0mimin"? through three Waters Styragel columns MW of the polymer was deduced from the integration
(HR1, HR2 and HR4). The number and weight average ratio (= DPpa/4) by using the following relationship:
mqlecular wglghtg of the. polymers were determined by M pLia= DPppia X 72 + 100ccinic acid
universal calibration obtained from polystyrene reference
samples having narrow molecular weight distributions.  The molecular weight of dicarboxylated PLLA was
The internal and column temperatures were kept constantcontrolled by changing the feed ratio oflactic acid and
at 36C. A differential scanning calorimeter (DSC) (TA succinic acid. For the use of dicarboxylated PLLA as a
Instruments 2100) was used to measure thermal propertiesnacromonomer in polycondensation reactions, end-group
of the polymers. The thermograms covered th80°C— characterization is of great importance. The funtionality of
15C°C temperature range in a nitrogen atmosphere at athe end-groups of the polymer may be a significant factor
10° min~* heating rate. The first scan measured the melting affecting the molecular weight of multiblock copolymers.
endotherm, and the second measufgualues. The cloud-  As shown in Fig. 1(b), it was found that, in contrast to the
ing points for the aqueous polymer solutions were measuredspectrum from CDG| the characteristic peaks from the
by a Varian CARY 1E UV-VIS spectrophotometer end-groups of a dicarboxylated PLLA were well defined.
equipped with Varian CARY temperature controller. The Both the carboxyl and hydroxyl end units were of interest
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for estimating the content of the carboxyl end group. Espar-

tero et al. [20] have given a detailed report on NMR analysis
of low molecular weight PLLAs. They showed the well- g, 3. infrared spectra of PEG = 2000), dicarboxylated PLLAM), =
resolved CH contributions of both hydroxyl and carboxyl 1690) and their multiblock copolymeM, = 42 300).
end units, appearing at 4.20 and 4.99 ppm, respectively, in
oligomeric PLLAs. Our results were in good agreement with multiblock copolymers. The polydispersity of dicarboxy-
their results except for the fact that we observed no contri- lated PLLA obtained from GPC ranged from 1.27 to 1.67.
butions of the hydroxyl end units. However, there exists a  The multiblock copolymers were synthesized through the
very small peak from the CH contribution of the hydroxyl polycondensation of two bifunctional macromonomers,
end units. As a result, the content of the carboxyl end units dihydroxy PEG and dicarboxylated PLLA, in the presence
of the PLLAs, which was calculated by the integration of the of catalysts. The results of the multiblock copolymer synth-
peaks from the CH contributions of both the carboxyl and esis are summarized in Table 1. The block ratio of relatively
hydroxyl end units, were evaluated to be higher than 95%. high molecular weight polymers approached 1. The polymer
The molecular weights of the dicarboxylated PLLAs yields, however, ranged from 80% to 90% which includes
were controlled by changing the feed ratioiefactic acid polymer loss during the recovery process. Thus the actual
and succinic acid. As shown in Fig. 2, the molecular weights yield is believed to be around 85% 95% for the high
were found to be inversely proportional to the amount of molecular weight block copolymers. Fig. 3 shows the IR
succinic acid added in the range of feed ratio applied. The spectra of PEG, dicarboxylated PLLA and their multiblock
adjustable block length of the PLLA macromonomer may copolymer. For PLLA, an ester carbonyl band appears at
lead to the easy control of physicochemical properties in the around 1760 cm® and for PEG a C—H stretching band

Wave Number (cm™)

Table 1

Molecular weight, molecular weight distribution and block ratio of PEG/PLLA multiblock copolymers. nd: not determined
Block length (PEG/PLLA) Yield (%) M,? M2 M,D? Block ratio® (PEG/PLLA)
1000/1690 82 19 400 26 100 1.35 1.02
1500/1690 nd 14 000 23100 1.65 1.05
2000/826 77 8800 15 300 1.74 1.25
2000/1136 80 14 800 21 900 1.48 0.95
2000/1130 nd 31 100 40 100 1.29 1.07
2000/1436 nd 9300 13 200 1.42 1.60
2000/1480 nd 31 400 41 400 1.32 1.13
2000/1690 86 33 100 41 300 1.25 1.10
2000/1990 84 25 000 33 400 1.34 0.97
2000/2170 87 15 700 23 800 1.52 0.94
2000/3150 90 12 300 21 000 171 1.18

#Determined by GPC.
b Calculated fromH-NMR spectra.
¢ Water-soluble block copolymers.
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CH; literature for PEO/PLLA block copolymers of different
Ho-[(oc-HCO))-(occEZCHZCO(OCH-CO};O(CHzCHzo)n]ﬁH block types [17, 18, 21]. The integration values of the
a b Hs d CH, peaks from PEG and CH from PLLA were used for
¢ calculation of the PEG/PLLA block ratio, using the follow-

ing equation:

Block ratio

= (the number of PEG blocksthe number of PLLA blocks

(2]

36.27

= [X/ (4X DPpgg) / (Y/DPpa)]

[}

whereX is the integration value for the PEG ethylene units
peak andy is that of PLLA’'s CH peak.

\ 0.54

o

o
2

—
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T
3 2

3.2. Thermal properties

The thermal properties of dicarboxylated PLLAs were
Fig. 4. *H-NMR spectrum of PEG/PLLA multiblock copolymer in CDCI traced. Results from DSC measurement are represented in
Fig. 5. Depending on the molecular weight of the polymer,
appears at 2885 cm. It is clearly found that the multiblock  glass transition appeared in the range ofQ535C and
copolymer exhibits these two characteristic peaks corre- broad melting endothermic peaks ranged fronfG@o
sponding to each prepolymer. 12C°C. It is of interest to note that considering the typical
The 'H-NMR spectrum shown in Fig. 4 ascertains the T,, (120°C—160C) of normal PLLAs with equivalent mole-
chemical composition of the PEG/PLLA multiblock cular weights, the melting temperatures of dicarboxylated
copolymer. The peaks at 5.1 ppm (CH) and 1.5 ppm4)CH PLLAs were shifted to a lower temperature region. In addi-
belong to PLLA blocks and the peak at 3.6 ppm is charac- tion, the melting peaks from the crystalline part of the poly-
teristic of main chain methylene units in the PEG blocks. mers are quite considerably smaller and broader than that
The «-methylene protons of PLLA-connecting ethylene from unmodified PLLA. The change in the PLLA melting
glycol units (PLLA-COO-CH-) appear at 4.25ppm, endotherm caused by structural modification has been
together with CH protons from the hydroxylated lactyl reported by Bachari et al. [22]. They prepared dihydroxy
end units. Methyl protons in these end units appear at PLLA by polymerizingL-lactide in the presence of ethylene
1.25 ppm and are distinguishable from other methyl groups. glycol and tin bis(2-ethyl hexanoate) and observed that the
These results correspond well to those reported in the melting temperature of dihdroxy PLLA decreased. This was
attributed to the central ethylene glycol moiety. The same
trend, the downshift and decrease@f, was observed in
Mn=1350 this study due to the presence of the succinic acid moiety.
\——\/_____‘ The incorporation of succinic acid into the chain backbone
of the polymer hinders the chain ordering of the polymer,
Mn=1690 resulting in a decrease in crystallinity and crystal defects in
the polymer. As the molecular weight of the polymer
increased, th&,, increased, although these values are still
lower than that of unmodified PLLA.
DSC thermograms for PEG and the multiblock copoly-
mer are shown in Fig. 6. PEG showed a sharp and strong
melting peak around 5C—-60C. In the multiblock copoly-
(— mer, the PEG melting peak was shifted to the low tempera-
ture of 40C. This is because the PLLA block partially
disturbs the crystallization of PEG, resulting in a decreased
melting point. In the second run for the multiblock copoly-
mer, theT,, peak from PEG segments disappeared while the
T peak from PLLA segments remained. The results showed
1 i l ' ' ' ' that PLLA blocks, but not PEG block, were readily recrys-
20 40 60 80 100 120 140 160 tallized. This did not result from the greater crystallization
tendencies of PLLA but from its higher melting tempera-
ture. When the copolymer cools down after melting, PLLA
Fig. 5. DSC thermograms of dicarboxylated PLLAs and unmodified PLLA. blocks are solidified and crystallize at higher temperatures.

Mn=3150

Endo

unmodified PLLA (Mn=4100)

Temperature (°C)
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Fig. 6. DSC thermograms of PEG2000/PLLA1990 multiblock copolymer
(M, = 26 100).

This limits the mobility of the soft PEG segments. Conse-
quently, the crystallization of the PEG is severely hindered
by the already solidified PLLA chains.

There exists a largg, peak for the multiblock copolymer
in the —45°C to —28°C temperature range. This peak is
attributed to the phase mixing of two different blocks. It is
well known that both overall composition and sequential

K.M. Huh, Y.H. Bae / Polymer 40 (1999) 6147—-6155

place in the matrix of these copolymers, considerable phase
mixing occurs. In the case of block copolymers containing
relatively short segments, the reverse is true. That is, phase
mixing becomes dominant. The PEG and PLLA-based
multiblock copolymer is expected to show a high degree
of phase mixing resulting from relatively short block length
and connectivity of the two components. As shown in Fig. 6,
the Ty shift of PEG and the fact that there exists no signifi-
cantTy peak from amorphous PLLA describe the high phase
mixing between the PEG and the PLLA blocks. The
decrease in the crystalline melting point of PEG is
considered to be additional evidence for phase mixing.

Consequently, from DSC analysis, it was assured that a
high degree of phase mixing plus microphase separation
occurs in the block copolymer.

3.3. Temperature effect on PEG/PLLA multiblock
copolymer phase

There are many polymers that exhibit clouding at
elevated temperatures or lower critical solution tempera-
tures (LCST) in an aqueous solution. This phase transition
is due to temperature-dependent hydrogen bonding and
hydrophobic interaction of water-soluble homo- and
copolymers which balance hydrophilicity and hydrophobi-
city in repeating units or along the polymer chains [23,24].
This balance effect in the alternating multiblock copolymers
may influence the phase transition, since block copolymers
with a high PEG content and low molecular weight become
soluble in water. Soluble multiblock copolymers with rela-

length play a fundamental role in determining the morphol- tively low molecular weights were synthesized by slightly
ogy of the matrix. In the case of a block copolymer contain- adjusting the feed ratios of PEG and PLLA. Indeed, the
ing the long segments, if both components are able to polymers were put through a phase transition from the solu-
crystallize, there exists phase separation in the matrix. ble to insoluble states by raising their temperatures. The
Microphase segregation is demonstrated by the existenceresult of clouding point measurement by transmittance of
of two distinct, separate melting endotherms, correspondingvisible light is presented in Fig. 7. Each polymer with a
to the two components of the copolymer. However, different composition exhibits different clouding points,
although phase separation is a dominant phenomenon takingiepending on the hydrophobic block length. With a fixed
PEG block length at 2000, shorter PLLA blocks shifted the

100 clouding point, defined as the inflection point in light trans-
mittance, to higher temperatures fronf@#or PLLA 1430
., &0 to 33C for PLLA 1130 and to 4% for PLLA 820. Such
g changes can be explained by the positive effect of the PLLA
g % block length on hydrophobic interaction. It has been well
g 0 known that increases in hydrophobicity in radical polymers
= induce decreases in LCST. The results from this study expand
® 20 this observation to alternating multiblock copolymers.
When the block copolymers have high molecular weights
0 and a high PLLA content for physical crosslinking, they
0 2 30 40 50 60 become water-insoluble but can swell in water. The ability
of the polymer to absorb and hold the water results from the
Temperature (°C) physical crosslinking formed at PLLA domains in the poly-

mers. A segmented block copolymer, consisting of a hydro-
philic soft segment and a hydrophobic hard segment, is able
to form physical crosslinking in an agueous environment.

Such physical crosslinking can be accomplished by several

Fig. 7. Temperature-dependent light transmittance of the aqueous polymer
solution (1 wt.%) of water-soluble PEG/PLLA multiblock copolymers in
pH 7 buffer. ¥: PEG/PLLA 2000/1430M, = 9300; A: PEG/PLLA 2000/
1130,M,, = 14800;M: PEG/PLLA 2000/820M, = 8800.
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100 The initial transparency of the hydrogels was primarily
dependent on the chemical composition of the polymer and
80 was reduced by introducing shorter PEG blocks and longer
g PLLA blocks. In addition, it was also found that the phase
.‘-E»f 60 + transition point for the hydrogels decreased with increases
z % of the hydrophobic PLLA component. For hydrogels with a
5 40 ® PEG block of M, = 1000, the initial % transmittance
X ® approached zero and did not show any change over the
20 y experimental temperature range, whereas the hydrogel of
PEG/PLLA 2000/1130 showed high transparency in water

below 15C and became opaque at’80 It is interesting to
20 30 40 S0 60 70 note that the transmittance of hydrogels of PEG/PLLA
Temperature (°C) 2000/1690, 2000/1990, and 1500/1690 increased gradually
to different degrees by temperature before undergoing

Fig. 8. Light transmittance change of PEG/PLLA multiblock copolymer ", . . :
g 9 9 id sudden decreases (transition). This change in transmittance

hydrogels as a function of temperature in pH 7 buffer solut®nPEG/

PLLA 2000/1130M, = 31 100;®: PEG/PLLA 2000/1690M, = 33 100; IS associated with the thermal behavior of the polymer
¥: PEG/PLLA 2000/1990M, = 25 000;M: PEG/PLLA 1500/1690M, = hydrogel observed by DSC. Fig. 9 presents DSC thermo-
14 000;A: PEG/PLLA 1000/1690M, = 19 400. grams for a dried film and a hydrogel from the PEG2000/

PLLA1990 multiblock copolymer. As in previous studies on
complex factors such as hydrophobic interaction among the the thermal properties of multiblock copolymers, the dried
polymer chains, crystalline microdomains and chain entan- polymer showed two endothermic peaks resulting from
glement. The physical association of hydrophobic domains crystalline melting. One peak is from the PEG segment
holds swollen soft domains together and makes the polymerand the other small, broad peak is from the PLLA segment.
stable in water. The hydrogels showed a transition in light Itis noteworthy that the hydrogel as well as the polymer film
transmittance which may be associated with the clouding showed a melting peak from the crystalline domain of
phenomenon observed in water-soluble polymers. Fig. 8 PLLA segment. This indicates that the polymer preserves
shows the phase transition in light transmittance of the its crystalline domain even in the swollen state in an
PEG/PLLA multiblock copolymers with different block aqueous medium. However, as can be found in the hydrogel
lengths for PEG NI, = 2000, 1500 and 1000) and PLLA thermograms, there existed no melting peak of PEG in the
(M, = 1690 and 1990). The polymer films prepared by first scan and the PLLA melting peak disappeared in second
solvent casting were transparent in the dried state, butscan of the hydrogel. This crystalline melting of hydrogels
their transparency changed when transferred to an aqueousnay be responsible for their increase in transmittance. The
medium. temperature range where the transmittance increases is in
accordance with the broad melting peak from the crystalline
domain. In addition, polymers having no melting endotherm
in the first scan showed high initial transparency.

Dried film The common feature of such hydrogels is represented as
short block lengths of PLLA, which are not long enough to
form crystalline domains in the multiblock copolymer struc-
ture. The initial changes in transmittance of the polymer
hydrogels were thus attributed to block lengths, which
strongly influenced crystalline domain formation. After
PLLA melting in the hydrogels, hydrophobic interaction
Hydrogel between PLLA segments is responsible for the sudden
decrease in optical transmittance. Fig. 10 shows the rever-
sibility in optical transparency of the hydrogels with
repeated thermal cycles. The hydrogel of PEG/PLLA
2000/1690 showed strong cycle dependency in the first
three cycles. In the first cycle, as described previously the
transmittance increased with temperature before becoming
e — opaque in the 55-65C temperature range. However, in
10 20 30 40 50 60 70 80 90 100 the second cycle, the transparency at low temperatures was
greatly improved and the transition occurred froni@a@o
48°C. From the third cycle, the transparency at low tempera-
Fig. 9. DSC thermograms of PEG/PLLA 2000/199d,(= 25 000) tures returned back to the level of the first cycle, but it
copolymer. decreased very gradually along the experimental

Endo

Hydrogel, 2nd run

Temperature ("C)
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Fig. 10. Thermal cycle dependent light transmittance of multiblock
copolymer hydrogels in pH 7 buffer solution. (a) PEG/PLLA 2000/1690,
M, = 33 100;®: 1st cycle ®: 2nd cycle,A: 3rd cycle,¥: 4th cycle,#: 5th
cycle and® : 6th cycle. (b) PEG/PLLA 2000/113@,, = 31 100, ®:1st
cycle,®: 2nd cycle anda: 3rd cycle.
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Fig. 11. The weight swelling ratio of the PEG/PLLA multiblock copoly-
mers with different block lengths of PLLA and polymer molecular weights
at 37C in pH 7 buffer solution.
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temperature range. This unusual observation is not clearly
understood, but is probably associated with complex beha-
vior of the cycle-dependent phase, mixing between two
components, polymer relaxation from entanglement and
hydrophobic interaction in the PLLA blocks. In contrast,
the temperature-dependent transparency of PEG/PLLA
2000/1130, which is highly transparent at low temperatures
from the first scan, is not significant. This may indicate that
the short PLLA blocks do not form a separate phase and
only reversible hydrophobic interaction is involved in this
particular hydrogel.

3.4. Swelling of PEG/PLLA multiblock copolymers

The weight swelling ratio of the PEG/PLLA multiblock
copolymers with various block lengths of PLLA was
measured and the result is illustrated in Fig. 11. The weight
swelling ratio for multiblock copolymers was calculated
from the following equation:

Weight Swe”ing ratio= (Wswollen™Waried) / Waried

whereWg,oien andWyiieq are the weights of the swollen and
dried polymer, respectively. When the polymer molecular
weights were close, the swelling ratio decreased with
increasing block lengths of hydrophobic PLLA, as expected.
The molecular weight of the polymers is another factor
influencing swelling. The lower molecular weight polymer
had a greater propensity for swelling, even though it was
synthesized with longer PLLA blocks.

4. Conclusion

Dicarboxylated PLLAs with low molecular weight were
synthesized through the incorporation of succinic acid into
the polymer chain during a condensation reaction with
lactic acid. Molecular weight was controlled by changing
the feed ratio oi.-lactic acid and succinic acid. The incor-
poration of succinic acid into the PLLA chain backbone
decreased the crystallinity of the dicarboxylated PLLAS,
and as the molecular weight increased, the polymer showed
higherT,, and crystallinity.

The control ability of the hydrophobic PLLA block may
open possibilities for custom-designing the chemical
composition and physical properties of multiblock copoly-
mers. From DSC analysis of PEG/PLLA multiblock
copolymers, it is suggested that there coexists phase mixing
and microphase separation in the polymers, expressed as a
large Ty peak from amorphous phase mixing area dpd
peaks from the crystalline domains of the PEG and PLLA
components.

The water-solubility of the block copolymers was influ-
enced by the chemical composition and molecular weight of
the multiblock copolymers. Polymers with low molecular
weight or composed of shorter PLLA blocks became soluble
in water, whereas high molecular weight polymers and
polymers with longer PLLA blocks formed physically
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