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Abstract

Thermoplastic hydrogels based on hexablock copolymer composed ofyfmEngyl L-glutamate) (PBLG) as the biodegradable and
hydrophobic part and poly(ethylene oxide) (PEO) as the swellable and hydrophilic part were synthesized by polymerigdianzpfi -
glutamateN-carboxyanhydride (BLG—NCA) initiated by bis[poly(ethyleneoxide)bis(amine)]. From infrared measurement in the solid state,
the polypeptide block exists in thehelical conformation, as in PBLG homopolymer. The intensity of wide-angle X-ray diffraction patterns
of the block copolymers depends on the PEO content and shows basically similar reflections as the PBLG homopolymer. The morphology
examined by transmission electron microscopy and differential scanning calorimetry revealed microphase-separated structure. Water
contents of the copolymers are dependent on the PEO content in the copolymers, e.g. those for the GEG-2 (PEO: 66.7 mol%) and GEG-3
(PEO: 85.1 mol%) are 30.0 and 38.4 wt%, respectively, indicating characteristics of a polymeric hy@rd@eQ Elsevier Science Ltd. All
rights reserved.
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1. Introduction biodegradable hydrogels based on polymerized RBO-
poly(a-hydroxy acid) acrylate macromer. But they may
Hydrogels are one of the most promising classes of still have some drawbacks associated with the hydrophilic
biomaterials for biomedical application because they have PEO component. When high molecular weight of PEOSs,
good biocompatibility and a large amount of equilibrium which are non-biodegradable and exhibit extraordinary
water content [1]. Especially, hydrogel is a potential candi- large hydrodynamic volume, are used, they may not be
date to incorporate polypeptide drugs in the delivery system eliminated in the kidney. Also, short PEO chains result in
because the drugs are mostly soluble in water [2]. But typi- either poor mechanical property or less hydration. There-
cal thermosetting hydrogels prepared by chemical crosslink- fore, such a problem may be overcome by use of PEO
ing have limitations such as non-biodegradation, lack of derivatives which are of unique structure. Recently, Li et
processibility and poor mechanical strength. Recently, ther- al. reported that the star-block copolymers of PEO and
moplastic biodegradable hydrogels have been designed fodactide or lactide/glycolide show smaller hydrodynamic
biomedical applications including drug delivery systems. radii, higher swelling rates and faster degradation rates
Casey et al. [3] synthesized non-crosslinked triblock copo- than the linear block copolymers [6]. Choi reported that
lymers composed of poly(ethylene oxide) (PEO) and poly(- star-shaped PEO-pokAlactic acid) (PLA) block copoly-
glycolic acid) (PGA). Churchill et al. [4] synthesized similar mer had lower glass transition temperature and crystalli-
non-crosslinked amphiphilic materials consisting of PEO nities [7].
and poly@-hydroxy acid). Sawhney et al.[5] reported on In this study, we are aiming to prepare a thermoplastic
hydrogel based on hexablock copolymer composed of
Sgggrresponding author. Tel.:#82-331-290-2494; fax:+82-331-291- Eg:,i/(;r?;néélg gISUtirga:]?dr(oF;BhlﬁS;) oi;ﬂ;%[gd:gp;?:lcof
E-mail addresschocs@plaza.snu.ac.kr (C.-S. Cho). synthetic polypeptides which have attracted attention for

0032-3861/00/$ - see front matt€r 2000 Elsevier Science Ltd. All rights reserved.
Pll: S0032-3861(99)00746-6



5186

COONHCH,CH2NH 2

OCHy CHp CHOECH,CH 20 )5CH, CH,COONHCH,CH,NH,

C.-S. Cho et al. / Polymer 41 (2000) 5185-5193

CH,CH,COOCH,C Hs
S _0
CHs € CHg + cH—cl
0 >
S HN —c\<
bCHa CH, CH Of-CH, CH, OJrCHoCH,COONH CH, CHoNH o)
COONHGH, CHy NH,
ey )

rluH{ﬁ—CHNH H
SHy & (SHy),

Hz Cl)OOCH CeHs
NH 276

&)OO

OCH, CH;_CHOéCHZCHZO%CHZCHZCOONHCHZCHZNHQC —CHNH%H

CH4C CHy

(le Hz),

COOCH,CgHs

CHy GH,CH Of-CH, CH; O);CHZCHZCOONHCHZCHENH€C —CHNH};H

| H
Coo (l 2)2
I%IH COOCH,CgzHs
e
G
NHEC —CHNHAH
L1 Ha;
o) ((I:HZ)2
COOCH,Cg Hs
(3)
Scheme 1.

use in drug delivery matrices. PEO as the hydrogel part is a
water-soluble and non-toxic polymer which can be used to

control the water content in the copolymer.

2. Experimental part
2.1. Materials

Bis[poly(ethyleneoxide)bis(amine)] (BPEOBA: MW
20,000) andy-benzyl L-glutamate were purchased from
Sigma Chem. Co. (St. Louis, MO). Triphosgene was
purchased from Aldrich Chem. Co. Inc. (Milwaukee, WI).

All chemicals used were of reagent or spectrometric grade.

n-hexane and methylene dichloride were stored with 4 A
molecular sieves and used without further purification.

Table 1
Characterization of PBLG homopolymer and hexablock copolymers (mole-
cular weight and composition were estimated by NMR measurement)

Sample Content of monomeric M,
units in mol%
PBLG PEO
PBLG 100 0 60,000
GEx-1 40.3 59.7 87,300
GyEx-2 333 66.7 69,700
G4Ex-3 14.9 85.1 37,400
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Table 2
Melting temperature of PEO in the copolymers

Sample  EO unit (mol%) T, (°C) of PEO AH; of copolymer (J/g)
PBLG 0 - -

GyEx-1 59.7 45.6 9.0

G4Ex-2 66.7 49.7 23.0

G4E-3 85.1 50.2 39.6

PEO 100.0 52.5 97.5

2.2. Synthesis of hexablock copolymer

The reaction scheme is shown in Scheme 1 (synthesis of

hexablock copolymer)y-benzyli-glutamateN-carboxyan-
hydride (BLG—NCA) was prepared by a method decribed in
the literature [8]. The hexablock copolymer (3) was synthe-
sized by a similar method to that previously reported [9—
11]. Briefly, the hexablock copolymer was obtained by
polymerization of BLG—NCA (2) initiated by BPEOBA
(1) in methylene chloride, at a total concentration of
BLG-NCA and BPEOBA of 3% (w/v), at room
temperature for 72 h. The reaction mixture was poured
into a large excess of diethyl ether to precipitate the
hexablock copolymer. The resulting copolymer was
washed with diethyl ether and then dried in vacuo.
The copolymer was washed again with water to remove
the unreacted PEO and dried in vacuo. The yield of
these block copolymers was about 60—70%.

2.3. Measurements

2.3.1.*H NMR measurement
'H NMR spectra of the copolymers were measured in a
mixed solvent of CDCL.and trifluoroacetic acid (9/1; v/v)

to estimate the copolymer compositions and the molecular
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vibrating reed method in the form of bars using a DMTA 4
(Rheometer Sci. Inc.). The measurements were taken over a
temperature range of 25—1®Dat a frequency of 3 Hz and a
heating rate of Z2/min.

2.3.5. X-ray diffraction

X-ray diagrams were obtained with a Rigaku D/Max-
1200 (Geigerflex) using Ni-filtered CuyK radiation
(35 kV, 15 mA).

2.3.6. Transmission electron microscope (TEM)

A thin film was prepared at room temperature by casting
the block copolymer solution in chloroform on a carbon film
coated on a copper grid for TEM observation. The specimen
on the copper grid was stained by Ryi@® the vapor phase
above an aqueous RyGsolution containing an excess
NalO,; which was prepared according to the method by
Trent [12]. The staining was done in a flask equipped with
a tight cap which was kept at room temperature for 30 min
in a hood. Observation was done at 80 kV in a JEOL JEM
1200 EXS transmission electron microscope.

2.3.7. Water content

Dry disks (diameter: 7.1 mm and thickness: 1.1 mm)
were incubated in phosphate buffered saline (PBS: 0.1 M,
pH 7.4) at 37C. At predetermined time intervals, hydrated
samples were weighed after blotting the surface water with
filter paper. Water contents were calculated [@8/ —
Wy)/W;] X 100 where Ws and W, are wet weight and dry
weight of the discs, respectively.

3. Results and discussion

weights of PBLG blocks, using a JEOL FX 90Q NMR 3.1. Characterization of hexablock copolymer composed of
spectrometer. As the number-average molecular weightPEO and PBLG

(20,000) of PEO is known, one can estimate the number-
average molecular weights of the PBLG blocks and the
copolymer composition calculated from the peak intensities
in the spectrum assigned to both polymers, respectively
[10,11].

2.3.2. IR measurement

IR spectra of solid films of the sample cast from chloro-
form solution were measured on a Nicolet 520P FT-IR spec-
trometer between 1, 800 and 400 cn

2.3.3. Differential scanning calorimetry (DSC)
The glass transition temperaturelg( and melting
temperature ¥,,) were measured with a PL-DSC 700 (PL

The block copolymers (abbreviated as;Fg were
prepared by polymerization of-BLG NCA initiated by
the amine-terminated PEO in methylene chloride solution.
The reaction mixture may contain unreacted amine-termi-
nated PEO and the desired blockEs copolymers. The
initiator (amine-terminated PEO) cannot be precipitated
from a mixture of methylene chloride and diethyl ether,
although the latter is a non-solvent for PEO. By adding
diethyl ether to the reaction mixture, theEs block copo-
lymers precipitated were collected on a filter, while the
unreacted amine-terminated PEO was removed in the
filtrate.

In Table 1 are listed the content of PEO and the molecular
weight of the copolymers obtained frotll NMR spectra.

Thermal Sci.) apparatus. The measurements were carriedrhe copolymer composition and the molecular weight were

out in the range of 0—30C at a scanning rate of 30/min.

2.3.4. Dynamic mechanical thermal analysis (DMTA)
The DMTA profiles of the polymers were obtained by a

estimated from peak intensities of the phenyl proton
(7.2 ppm) signal of the PBLG block and the ethylene proton
signal (3.7 ppm) of the PEO block in the NMR spectrum.
Fig. 1 shows the'H NMR spectrum of the GE,-2
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Fig. 2. DMTA profiles of (A) PBLG homopolymer; (B) £&,-1 and (C) GE,-3 block copolymers.
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1650 1550 615 G4E; block copolymers at a frequency of 3 Hz. The an

‘ ‘ ‘ peak against temperature is generally dhgpeak, which is
’\ associated with the relaxation of the PBLG [16]. The dan
G.E, 1 peak for PBLG homopolymer, &,-1 and GE,-3 block
copolymer was observed at 123.7, 118.3 and&8.espec-
tively. The resulting spectra showed significant differences
in the temperature of damping at different PEO content in
the copolymer. It seems to be due to the flexible chain of
']L PEO in the copolymer. This may indicate that a large
G.E-2 amount of PBLG chains are prevented to crystallize by

the presence of the major fraction of PEO chains. This

might cause a large decreasedifl transition temperature
of PBLG chains where the disordered PBLG chains are
relaxed at temperature as low as 68.7Also, it may be
said that the shoulder at ca.°&5in the DMTA tané curve
of G4E,-3 can be assigned to PEO melting at 52.as was

U GEy3 observed by DSC. However, the transition temperature of
the tané maximum is much higher thaf, of PEO.
3.2. Chain conformation of the block copolymers in the solid

PBLG state
Infrared (IR) spectra were measured for solid films of

—

Transmittance =

G4E; block copolymers and PBLG homopolymer, both
cast from chloroform. The spectra in the region of 1800—
400 cmi * are shown in Fig. 3. The amide |, Il, and V bands
of these GE, block copolymers appear at 1650, 1550,
615 cm !, respectively, at the same wavenumbers as for
—— 71— the PBLG homopolymer. These results indicate that the
1800 1567 1333 1100 867 633 400 polypeptide block exists in the-helical conformation, as
Wavenumber in cm™ in the PBLG homopolymer.

Fig. 3. IR spectra of ¢&;, block copolymers and PBLG homopolymer cast
from chloroform.

3.3. Wide-angle X-ray diffraction

, . The wide-angle X-ray diffraction patterns for copolymers
copqumer._ Assuming thgt a,‘” the amine groups of PEO and the PBLG homopolymer are shown in Fig. 4. The inten-
participate in the polymerization, the number-average mole- gjyy, of the diffraction patterns depended on the content of
cular weights 1) of the copolymer and the PBLG block  pEq i the block copolymer. The intensity of the diffraction
can be calculf’;\ted from the cqpolymer composition and the patterns for the PBLG decreased by introducing PEO
molecular weight of PEO chains. domains, indicating that the crystallinity of the PBLG was

The FeSP'tS of DSC studigs are shown in Table 2. _These decreased by introducing PEO in the block copolymer. The
results indicate that the melting temperatufgg 6f PEOIN 5 main reflection corresponding to an intermolecular

G,E;-1 10 GiE,-3 ranged from 45 to S€, indicating thatthe  ga0ing of the-helical chains is 12.5 Aas for the film

Trs were reduced with an increase of PBLG block in a5 from chioroform. Also, it was found that the PBLG
comparison withT, of PEO itself (52.5C). The heat of  43mains in the block copolymers underwent the same struc-
fusion for PEO is 97._5 J/g, whereas the _heat of fusion of .21 modifications as the PBLG homopolymer [13]. Also,
the PEQ cgmponent in the copolymgrs is smaller. The_sethe intensities of the diffraction patterns for the PEO
results indicate that the crystallization of the PEO is jaocreased by introducing PBLG domains, indicating that
partially prevented by the PBLG chains so that the apparent, crystallinity of the PEO decrease by introducing
crystallinity of the PEO block in the block copolymers is PBLG in the copolymer as the similar tendency of DSC

nearly half of the PEO homopolymer. This is fairly consis- results. The main reflections appearing at 4.6 and 3.8 A
tent with the WAXD profiles shown in Fig. 4, where no  .;.,id be identified as PEO crystals [14].

crystalline reflections were observed fogEz1, although

this copolymer contains 59.7 mol% of PEO. On the other 3 4. Morphology of the block copolymers in the solid state

hand, GE,-3, which contains 14.9 mol% of PBLG, shows a

WAXD reflection, though weak. RuQ, staining was applied to the present copolymers
Fig. 2 shows DMTA profiles of PBLG homopolymer and where the PEO domains will be stained (reacted) as dark
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Fig. 4. Wide-angle X-ray diffraction patterns o, block copolymer, PBLG and PEO homopolymers cast from chloroform.

in the TEM micrographs, while the less stained PBLG Some are dark rimmed with a thickness of 10—13 nm prob-
domains will be seen bright. Fig. 5(a)—(c) shows TEM ably due to concentration of PEO domains. This morphol-

micrographs of thin films of the f&,-1, GEx-2 and GE,- ogy may be simplified as rod-like aggregates of PBLG

3 copolymers, respectively, cast from chloroform solutions domains with a dark PEO sheath. Otherwise, the microphase
onto film and stained by RuQ© separated domains ofyE,-2 are similar to the case of,6,-

As seen in Fig. 5(a), a homogenously dispersed micro- 1. The size of globules is ca 13—21 nm which is obviously
phase separation took place in case giE&l. Bright glob- smaller than ca 20—40 nm for,6,-1. Dark PEO domains
ular PBLG microdomains with a size of ca 20—40 nm were have a thickness of ca 8—15 nm.
formed, being surrounded by dark PEO domains with a As is evident from Fig. 5(c), rod-like aggregates are
thickness of ca 8—16 nm. The globular morphology may dominant morphology for phase-separategef3. Thick
be formed by a phase separationeshelical PBLG chains and long domains of the PBLG are seen on the left part of
of each block copolymer and some globules are connected.the figure, while small and short ones on the right part. The
This morphology may be basically simplified as a model of heterogeneity in phase-separated morphology may arise
core/shell structure where the core is PBLG and the shell from molecular fractionation during cast of the solution.
PEO. Fig. 5(b) shows a unique phase-separated morphologyThick rods may consist of block copolymers with higher
of G4E,-2, suggesting macro- and microphase separation.molecular weight PBLG chains, though the polydispersities
The thick and dark, meandered phase with a size of caoffour PBLG chains of each block copolymer and the whole
40-100 nm may be formed by a macrophase separation.block copolymer molecules have not been clarified so far.



b) (c)

Fig. 5. Transmission electron micrographs qEgblock copolymers cast from chloroform solution and stained by R(8) GE,-1; (b) GE,-2; and (c) GE,-3 with mole ratio of BLG/EO of; 80.9/19.1, 40.3/
59.7 and 25.4/74.6, respectively.
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Fig. 6. Water content of PBLG homopolymer angEgblock copolymers
with time.

The small rods with thickness of ca 7—13 nm and a length
longer than ca 38 nm may consist of lower molecular weight
PBLG chains. It can be said that the morphology of the
PBLG chains changes from globule to rod with a decease
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crystallinity of PEO blocks, which has bisphenol A group at
the midpoint of the PEO molecule and average MW of
20,000, i.e. average degree of polymerization of ca 454.
Thus, one PEO block has an average degree of polymeriza-
tion of ca 230. Taking into consideration of the PEO crystal
structure that the length of the PEO chain in the extended
conformation is 19.5 A1.95 nm) per 7 monomer units. This
indicates that the extended chain length of one PEO block is
calculated as ca 640 £64 nm). This value is an enough
length for chain foldings of PEO block. On the other
hand, it is obvious that the thickness of the dark part
increases with increasing PEO content in the copolymer in
TEM micrographs. The fact that the Ry®taining took
place may mean that PEO is not so highly crystalline but
less crystalline or in a highly mobile state in the solid state at
room temperature. In fact, PEO hagof below 232 K (ca
—41°C) [15].

3.5. Water content

Water content of GE;, block copolymers against an incu-
bation time in PBS at 3T is shown in Fig. 6. These results

show that the water content increases with increasing PEO
weight fraction due to the hydrophilicity of PEO. The water

in PBLG content in the copolymer composition, i.. & contents of GE,-2(PEO: 59.7 mol%) and fE,-3 (PEO:

decrease in PBLG chain length. It is noted that the thickness
of the dark PEO domains is ca 8—14 nm, although thicker
dark domains are partly seen probably due to polydispersity
of the block copolymer.

It is worthy of note that the thickness of the dark PEO
domains is around 10 nm independent of the kind of block
copolymers, because the molecular weight of PEO is 20,000
as an initiator for all the block copolymers. This is also
evidence for the dark PEO domains in the TEM micro-
graphs.

It is of interest to compare the size of the above-

mentioned microphase-separated domains with the molecu-

lar size of the block copolymer. The lengths of the PBLG
chains witha-helical conformation was estimated from the

molecular weights of the PEO block (20,000) and the whole
copolymer molecule, as determined by NMR, assuming
same PBLG chain lengths for the four blocks. As a result,

74.6 mol%) are 30.0 and 38.4 wt%, respectively, character-
istic of a polymeric hydrogel.
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