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An aqueous polymer solution exhibiting a temperature-responsive sol-to-gel transition shows great
potential as an injectable polymer (IP) system for biomedical materials. Block copolymers composed of
biodegradable aliphatic polyesters and poly(ethylene glycol) (PEG) are known for their applications in
medical devices. Their neat morphology and temperature responsiveness depend on their molecular
structures, such as their main-chain architectures (linear or branched), block sequences, molecular
weights, lengths of hydrophobic and hydrophilic segments, randomness of the hydrophobic copolymer
segment, and terminal structures. However, systematic studies on the effects of these parameters have
not yet been conducted. In this study, we synthesized ABA triblock, BAB triblock, and 4-arm branched
block copolymers consisting of PEG as the hydrophilic segment and poly(e-caprolactone-co-glycolic
acid) as the hydrophobic segment with varying segment lengths, amounts of monomer (e-caprolactone/
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glycolic acid) in the copolymer, and degrees of terminal modification. Their neat morphology and temp-
erature-responsive transition behavior were analyzed. The obtained results provide molecular design
guidelines for preparing biodegradable IPs that exhibit a powdery solid morphology and target-tempera-
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Introduction

Aqueous solutions of certain amphiphilic block copolymers
undergo transition from a sol (colloidal) to a gel state, the so-
called sol-to-gel transition, due to external stimuli such as
temperature changes.' Polymers (in solution) that exhibit a
sol-to-gel transition at body temperature can be used in inject-
able polymer (IP) systems. In particular, biodegradable
thermo-gelling polymers are believed to be useful for various
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ture gelation properties and offer the possibility of functionalization by terminal modification.

medical applications. Examples of these applications include
less-invasive drug delivery systems providing sustained
release,’*™®  anti-adhesives usable in  laparoscopic
operation, cellular scaffolds for tissue regeneration and
cellular therapy,'®?' temporal embolization of blood
vessels,””?® X-ray CT imaging®’ and endoscopic submucosal
dissection (ESD).?®

Typical examples of biodegradable thermo-gelling polymers
are block copolymers of hydrophobic aliphatic polyesters and
hydrophilic poly(ethylene glycol) (PEG)." Jeong et al, in
1997, developed a triblock copolymer exhibiting temperature-
responsive gelation.”® The polymer has a hydrophilic-hydro-
phobic-hydrophilic block sequence with PEG as the hydro-
philic segment and poly(i-lactic acid) (PLLA) as the hydro-
phobic segment (PEG-PLLA-PEG). However, the temperature-
responsive transition of the polymer is gel-to-sol upon heating.
Therefore, the formulation should be heated above body temp-
erature before administration to form a hydrogel inside the
body. They subsequently synthesized a triblock copolymer with
a similar hydrophilic-hydrophobic-hydrophilic sequence
using PEG and a random copolymer of r-lactic acid and
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glycolic acid (PLGA). This PEG-PLGA-PEG block copolymer
shows a sol-to-gel transition upon heating.***> These hydro-
philic-hydrophobic-hydrophilic sequence polymers (PEG-
PLLA-PEG and PEG-PLGA-PEG) were synthesized by coupling
reactions of the respective AB-type diblock copolymers (PEG-
PLLA or PEG-PLGA). In 2001, Lee et al. reported a triblock
copolymer with a reversed sequence of hydrophobic-hydro-
philic-hydrophobic (referred to as the ABA-type hereafter), con-
sisting of PLGA (A segment) and PEG (B segment) exhibiting a
sol-to-gel transition upon heating.’® The ABA-type block copo-
lymers have an advantage in the preparation process: PLGA-
PEG-PLGA can be synthesized in one pot by copolymerizing
lactide (LA) and glycolide (GL) using PEG as the macroinitia-
tor. PLGA-PEG-PLGA has been recognized as ReGel®, and the
applications of the copolymer in drug delivery devices have
been studied widely.***® However, the neat morphology of the
PLGA-based thermo-gelling block copolymers, including
ReGel®, forms a sticky paste at room temperature (r.t.) in the
dry state, making it difficult to handle. Moreover, it takes
several hours to dissolve these polymers in water.

After the pioneering studies described above, ABA- or BAB-
type triblock copolymers consisting of PEG and various ali-
phatic polyesters, such as poly(e-caprolactone) (PCL),>’™*!
PLGA,"*™** poly(e-caprolactone-co-glycolide) (PCGA),">™*” and
PLLA/PDLA stereocomplexes,*®*® have been developed as
thermo-gelling copolymer systems. PCL is a semi-crystalline
polymer with a relatively low melting point (~60 °C). Block
copolymers consisting of PCL as the hydrophobic segment
show a powdery morphology at r.t. in the dry state.’” ™!
However, it is necessary to heat the block copolymers above
their melting temperatures (50-60 °C) to dissolve them in
aqueous solutions. Moreover, aqueous solutions of the PCL-
based block copolymers tended to spontaneously transform
into a hydrogel or precipitate after a certain period at r.t. or
lower temperatures because of the high crystallinity of PCL
segments.’’ Deng et al. reported the influence of crystallinity
of the hydrophobic segment on the morphology of thermo-
gelling block copolymers.*® Then, Ding et al. found that the
issue of insolubility could be solved by copolymerization of e-
caprolactone (CL) with GL and reducing the crystallinity of
hydrophobic segments using a triblock copolymer of PCGA
and PEG (PCGA-PEG-PCGA).*” By freeze-drying aqueous solu-
tions of the block copolymer, cotton-like solids could be
obtained, which could be quickly dissolved in water.*”** We
also studied the functionalization of PCGA-PEG-PCGA copoly-
mer systems and their application in biomedical
materials.>*™>*

On the other hand, thermo-gelling copolymer systems with
various main-chain architectures, such as star-shaped
branched block copolymers,'®>*™° graft copolymers,®*** and
multi-block copolymers,®® have been reported in other studies.
The sol-to-gel transition of thermo-gelling copolymer systems
consisting of PEG is triggered by the dehydration of the PEG
segment upon heating. The dehydration temperature of PEG
strongly depends on its chain length. Therefore, such vari-
ations in the main-chain architecture (branched, graft, or
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multi-block) can provide a divided arrangement of PEG seg-
ments in one macromolecule and contribute to the increase in
total molecular weight (MW) of the polymers while maintain-
ing the hydrophobic/hydrophilic segment ratio. This may
improve the mechanical properties in the gel state. It is known
from empirical knowledge that a shorter PEG and a longer
hydrophobic segment, i.e., a higher hydrophobic/hydrophilic
segment ratio, leads to a lower gelation temperature (Tge ). We
reported that a graft-type polylactide copolymer with shorter
PEG graft chains had a lower Tgel than that with longer PEG
graft chains, even though they had the same PEG content.®
Then we succeeded in obtaining a graft copolymer with larger
MWs while maintaining the desired Ty

Moreover, the hydrophobicity (or hydrophilicity) of the
termini of thermo-gelling polymers significantly influences the
sol-to-gel transition. Block copolymers with hydrophobic (ali-
phatic polyester) outer segments usually carry hydrophilic
hydroxyl groups at their termini, which are the chain ends of
ring-opening polymerization. We found that the Ty of PCGA-
PEG-PCGA decreased after converting the terminal hydroxyl
groups to acryloyl ester groups because of the increase in
hydrophobicity.*®

As described above, the block sequence (ABA or BAB),
main-chain architecture (linear or branched), constituent
monomers, length of each segment (hydrophobic/hydrophilic
segment ratio), crystallinity of the hydrophobic segments, and
structures of terminal groups (hydrophilic or hydrophobic)
have a great influence on the neat morphology and tempera-
ture-responsive phase transition behavior of the polymers.
However, only a few systematic studies on the effects of the
molecular structure of thermo-gelling polymers (particularly
PCGA-based polymers) on such properties have been con-
ducted in detail.®”*® In this study, we prepared ABA- and BAB-
type triblock copolymers of PCGA (A segment) and PEG (B
segment) with various PCGA chain lengths, monomer compo-
sitions (CL to glycolic acid (GA) ratios, CL/GA), and degrees of
substitution (DS) of acetyl or butyryl groups at the termini
(Fig. 1). Moreover, we synthesized 4-arm branched block copo-
lymers (4-arm PEG-PCGA) by ring-opening copolymerization
of CL and GL, using 4-arm branched PEG as the macroinitia-
tor. The hydroxyl termini of the obtained 4-arm PEG-PCGA
were acetylated to various degrees. Then, the temperature-
responsive phase transition (typically sol-to-gel) behavior and
neat morphology of the obtained polymers were determined.
Finally, the relationship between the molecular structure and
these properties is discussed systematically.

Experimental
Synthesis of the polymers

Several series of block copolymers with linear or 4-arm
branched structures, different block sequences (ABA or BAB)
with different lengths and CL/glycolic acid (GA) ratios of PCGA
segments (GL corresponds to two GA units), and different
degrees of terminal modifications were successfully syn-
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The effects of molecular structure on sol-to-gel transition and morphology
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Fig. 1 Schematic illustration of the concept of this study: the effects of
the molecular structure on sol-to-gel transition and morphology.
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Fig. 2 Molecular structures of the polymers used in this study.

thesized wusing methods similar to those reported
previously.’®*" Fig. 2 shows the molecular structures of the
polymers used in this study. The results of the characterization
of ABA triblock copolymers are summarized in Table 1 as
typical examples. The details of the synthesis methods and
characterization of the other polymers are described in the ESI
(Schemes S1-S4, Fig. S1-S6 and Tables S1-547).

ABA triblock copolymers (PCGA-PEG-PCGAs) with different
PEG lengths (MW = 1000, 1540 or 2000 g mol™"), PCGA lengths
(MW = 900-2300 g mol™"), and CL/GA ratios (1.6-6.1) were pre-
pared by ring opening copolymerization of CL and GL using
PEG as the macroinitiator. The polymer structures are listed in
Table 1. We used code names to represent each ABA-type copo-
lymer, for example, ABA1.5k-2.4k-3.6, where 1.5k = MW of a
PEG segment, 2.4k = sum of MWs of two PCGA segments, and
3.6 = molar ratio of CL/GA in the PCGA segments.

1352 | Polym. Chem., 2023, 14, 1350-1358
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AB diblock copolymers (PEG-PCGAs) with one hydroxyl
terminal were obtained by ring-opening polymerization of CL
and GL using mono-methoxy-PEG (MeO-PEGs5,, MW = 550) as
the macroinitiator. BAB triblock copolymers (PEG-PCGA-
PEGs) were synthesized by dimerization of the available PEG-
PCGAs using hexamethylene diisocyanate (HMDI). The charac-
teristics of the BAB triblock copolymers are summarized in
Table S1.1 PEG-PCGA-PEG with various PCGA lengths (MW =
2100-5600 g mol ') and CL/GA ratios (1.5-4.7) were obtained.
We used code names to represent each BAB-type copolymer,
for example, BAB1.1k-2.1k-2.4, where 1.1k = sum of MWs of
two PEG segments, 2.1k = total MW of PCGA as the middle
segment (two PCGA segments connected with a hexamethyl-
ene spacer and urethane bonds), and 2.4 = molar ratio of CL/
GA in the PCGA segment.

PCGA-PEG-PCGA (ABA) triblock copolymer derivatives with
different DS of terminal acetyl or butyryl groups (ABA-Ac and
ABA-Bu series) were synthesized using an ABA triblock copoly-
mer (ABA1.5k-3.1k-3.4) and acetic acid anhydride or butyric
acid anhydride. The characterization of the ABA-Ac and
ABA-Bu series polymers is summarized in Table S2.7 We used
code names to represent each terminus-modified copolymer,
such as ABA-Ac,, or ABA-Bu,,, where 22 and 12 represent the
DS of acetyl or butyryl groups (%), respectively. As a result, the
ABA-Ac series with various DS (22.3-95.8%) and the ABA-Bu
series with various DS (12.0-91.3%) were obtained.

4-Arm PEG-PCGA derivatives (4-arm series) with different
PCGA lengths (MW = 900 x 4-5000 x 4 g mol™") and similar
CL/GA ratios (3.2-4.1) were also synthesized (Table S3t). We
used code names to represent each 4-arm copolymer, for
example, 4-arm5.0k-3.6k, where 5.0k = MW of the 4-arm PEG
used and 3.6k = total MW of four PCGA segments (900 x 4 g
mol ™). 4-Arm PEG-PCGA derivatives with different DS of term-
inal groups with acetyl groups (4-arm-Ac series) were also syn-
thesized using 4-arm PEG-PCGA (4-arm5.0k-7.6k) using the
same method. We used code names to represent the 4-arm-Ac
series, such as 4-arm-Ac, g, where 18 = DS of acetyl groups (%).
As shown in Table S4,1 the 4-arm-Ac series with various DS
(17.5-94.7%) were obtained.

We investigated the neat morphology of all the obtained poly-
mers. Fig. 3 shows the photographs of three representative ABA
and BAB triblock copolymers, each displaying powdery solid,
sticky solid, and viscous liquid morphologies. Photographs of
other polymers are shown in the ESI (Fig. S7-S12}). Typical
examples of phase diagrams (sol, gel, or precipitate states as
functions of temperature and polymer concentration) and temp-
erature-dependent dynamic rheological measurements are
shown in Fig. S13 and S14 in the ESI, respectively.

Results and discussion

Morphology and gelation behavior of ABA and BAB triblock
copolymers

The morphology, transition modes, and temperatures of the
ABA and BAB-type copolymers are shown in Tables 1 and S1.}

This journal is © The Royal Society of Chemistry 2023
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Fig. 3 Photographs of representative ABA and BAB triblock copolymers
showing powdery, sticky solid and viscous liquid morphologies.
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Fig. 4 Effects of MW of PCGA and CL/GA ratios on the morphology
and transition modes of linear block copolymers. Closed circle, triangle,
and square: ABAl.5k series (MW of PEG = 1540), closed diamond:
ABA1.0k series (MW of PEG = 1000), double circle: ABA2.0k (MW of PEG
= 2000), and open symbols: BAB series. Circle: powdery solid, triangle
and diamond: sticky solid, and square: viscous liquid. Red: sol to gel,
green: turbid sol to precipitate, blue: clear sol to precipitate, and black:
insoluble.

some of the different characteristic symbols are observed and it
is difficult to determine the boundaries of regions in Fig. S15.F
To study the effects of the hydrophobic/hydrophilic ratio
(PCGA%) on T in more detail, only the ABA- and BAB-type
copolymers exhibiting sol-to-gel transition were plotted against
PCGA% in Fig. 5. It was confirmed that T decreases with
increasing PCGA% for all ABA1.5k, ABA1.0k, and BAB series.
There is relatively good linearity for the decrease in Ty vs. %
PCGA in the results of the ABA1.5k series. Although such line-
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Fig. 5 Relationship between gelation temperature (Ty) and weight
content of the PCGA segment (PCGA%) for ABA and BAB triblock copo-
lymers. Closed red circle: ABA1.5k series (MW of PEG = 1540), closed
blue circle: ABA1.Ok series (MW of PEG = 1000), closed green circle:
ABA2.0k (MW of PEG = 1000), and open red circle: BAB series.

arity is not clear for the ABA1.0k series and BAB series because
of the small number of plots and the variation in values, it is
promising for the ABA1.5k series. Despite such tendencies,
T4 decreases with an increase in the hydrophobic component
ratio, as stated in many previous reports,**?**%4® and such a
linear relationship has not been clearly shown. Our study
revealed a linear relationship between T, and the hydro-
phobic component ratio in an ABA triblock copolymer system.

Regarding the length of the PEG chain for ABA block copo-
lymers, comparing ABA1.0k-2.6k-3.6, ABA1.5k-3.6k-ABA1.5k-
3.9k, and ABA2.0k-4.6k-2.7 with similar PCGA% (71 + 1.3%),
polymers with a longer PEG chain showed a higher Ty This is
because the dehydration temperature of PEG strongly depends on
the MW,”® and the results are in good agreement with our pre-
vious report on graft copolymers.”> Fig. S16 (ESI) shows the
relationship between the Ty and the CL/GA ratio of the ABA1.5k
and BAB series with a MW similar to that of PCGA (3.3k-4.0k).
The T, was almost constant regardless of the CL/GA ratio
(Fig. S161). Differential scanning calorimetry (DSC) was used to
analyze some of the ABA1.5k and BAB series to investigate the
relationship between crystallinity and T, (Table S5 and
Fig. S177). However, we did not find clear trends other than those
already described in Fig. 4, 5 and S16.1 This might be because a
small number of samples was measured; however, PCGA% is
more dominant than crystallinity in the range of measurements.
As discussed above, along with Fig. 4, it was clarified that the CL/
GA ratio, that is, the crystallinity of the hydrophobic segment,
affects the morphology but not the transition temperature.

The effect of terminal groups on the gelation behavior of ABA-
type triblock copolymers

Next, we investigated the change in Ty of the ABA1.5k copoly-
mers due to acetylation and butyrylation at the termini with

This journal is © The Royal Society of Chemistry 2023
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Fig. 6 Effect of the degree of substitution (DS) (%) of terminal groups
with acetyl or butyryl groups on the gelation temperature (Tge) of ABA
triblock copolymers. ABA1.5k—-3.1k—3.4 was used as the base polymer
(ABA-Acy) for terminal modifications. Orange: acetyl, green: butyryl, and
black: base polymer (ABA-Aco = ABA1.5k-3.1k-3.4) without
modification.

different DS (ABA-Ac and ABA-Bu series) (Fig. 6 and Table S27).
Almost all the samples were powdery solids. The structure and
DS of the terminal groups in these polymers did not signifi-
cantly affect the morphology. The T, decreases linearly with
increasing DS of acetyl groups. The difference in Ty between
ABA-Acos (DS = 96%) and the original polymer (ABA-Ac, =
ABA1.5k-3.1k-3.4) is 8 °C. On the other hand, the decrease in
Tge is greater with increasing DS of the more hydrophobic
butyryl group. The difference in Ty between ABA-Buy; (DS =
91%) and the original polymer (ABA-Ac, = ABA1.5k-3.1k-3.4)
is 26 °C. The differences between the ABA-Ac and ABA-Bu
series are small at the lower DS region (<50%), but signifi-
cantly larger in the higher DS region. These results suggest
that the remaining terminal hydroxyl groups are dominant in
lower DS regions. In comparison, the increase in terminal
hydrophobicity has a more remarkable influence on Ty in
higher DS regions.

Comparison of branched (4-arm) and linear ABA block
copolymers

To investigate the effect of the branched structure of the main
chain on gelation behavior, we compared 4-arm PEG-PCGA
(4-arm series) with the linear ABA1.5k series concerning
varying PCGA% (Fig. 7 and Table S3t). Only two samples with
short PCGA chains (4-arm5.0k-3.6k and 4-arm5.0k-7.2k) show
a sticky solid morphology. However, the others show a
powdery solid morphology. In the 4-arm series, the influence
of PCGA% on the morphology is not so significant.

The Ty of the 4-arm series also decreases with increasing
PCGA%. However, the slope for the ABA1.5k series is greater
than that for the 4-arm series. Although the PCGA% ranges

This journal is © The Royal Society of Chemistry 2023
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Fig. 7 Comparison of the effect of PCGA% on gelation temperature
(Tge!) for linear ABA triblock and 4-arm branched PEG-PCGA copoly-
mers. Circle: sol-to-gel transition, triangle: no gelation (sol to precipi-
tation), and square: insoluble. Blue: ABA1.5k series (MW of PEG = 1540)
and red: 4-arm PEG—-PCGA series.

where gelation occurs overlap, the 4-arm series exhibit sol-to-
gel transition in a wider PCGA% range than the ABA1.5k
series. ABA1.5k-4.6k-3.5 with PCGA% = 75% is insoluble, but
4-arm5.0k-16.0k with a similar PCGA% = 76% is soluble and
exhibits gelation. A similar observation can be made in the
lower boundary, where ABA1.5k-2.4k-3.6, with PCGA% = 61%,
did not show sol-to-gel transition (sol-to-precipitate), but
4-arm5.0k-7.2k with lower PCGA% = 59% exhibits sol-to-gel
transition. In other words, the gelation range for the 4-arm
series is at least between 59 and 76 PCGA% (indicated with the
red double-headed arrow), which is larger than the gelation
range (at most) for the linear ABA series between 61 and 75
PCGA% (indicated with the blue double-headed arrow). A
similar trend is observed in Fig. S18 in the ESI,} where the
same data are plotted against the MW of one PCGA segment
for each copolymer. The MW range of a PCGA showing gela-
tion spans 1500-2000 g mol™' for the ABA series and
1800-4000 g mol ™" for the 4-arm series, while the temperature
range spans 15 °C (30 °C-45 °C) for the ABA series and 16 °C
(41 °C-57 °C) for the 4-arm series, respectively. All plots for the
ABA series were close to the approximation line, showing good
linearity. However, the 4-arm series plots deviate significantly
from the approximation line. The influence of polydispersity
of the polymers on the gelation behavior has been reported in
the literature.”””" Therefore, the significant deviation observed
may be due to the relatively wide distribution of the polydis-
persity index (M,,/M,,) for the 4-arm series (ranging from 1.5 to
2.2), and the difficulty in accurately determining the total
number average molecular weight, M,, for branched
copolymers.
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According to these results, a small difference in the MW of
PCGA resulted in a relatively large change in the Ty of linear
ABA triblock copolymers. Therefore, it is necessary to control
the degree of polymerization of the PCGA chain precisely
during synthesis to obtain a polymer with the targeted Tge.
This should not be difficult to control if the intended polymer-
ization is successful owing to the relatively linear relationship
between the MW of PCGA and the Ty value. Conversely, the
tolerance range for the PCGA chain length for sol-to-gel tran-
sition behavior may be wider for 4-arm PEG-PCGA, but a
highly accurate target T, is difficult to obtain.

Finally, we synthesized 4-arm PEG-PCGA with various DS of
acetyl groups at the termini (4-arm-Ac series, Table S47),
using 4-arm5.0k-7.6k as the original polymer. The 4-arm-Ac
series with a moderate DS of acetyl groups showed a sticky
solid morphology, although the original polymer (4-arm-Ac,)
and the 4-arm-Ac series with high or low DS of acetyl groups
(4-arm-Ac,s and 4-arm-Acgs) showed a powdery solid mor-
phology. This may be because different terminal groups
(-OH or -OCOCH3;) in a molecule inhibited the crystal for-
mation of the PCGA segments in the neat polymer. Fig. 8
shows the comparison of the effects of terminal acetyl group
modifications of the 4-arm-Ac and ABA-Ac (the same data
shown in Fig. 6) series on their T,e. Although the tempera-
ture ranges of Ty in these two datasets were different, they
exhibited very similar trends. Ty decreases linearly with
increasing DS of the acetyl groups, and the slopes were
almost the same. These results suggest that the contribution
of the degree of terminal modification with acetyl groups is
approximately the same for both the linear ABA triblock
copolymer and the 4-arm PEG-PCGA.

55
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Fig. 8 Effect of the degree of substitution (DS) (%) with acetyl groups
on the gelation temperature (Tye)) for linear ABA triblock (ABA-Ac series,
the same data are shown in Fig. 5, blue) and 4-arm branched PEG-
PCGA copolymers (4-arm-Ac series, red). For the 4-arm-Ac series,
4-arm5.0k—7.6k (4-arm-Acg) was used as the base polymer for terminal
modifications.
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Conclusions

We synthesized various linear ABA triblock, BAB triblock, and
4-arm block copolymers consisting of PCGA (A segment) and
PEG (B segment) with different MWs of PCGA segments, CL/
GA ratios, and DS of acetyl or butyryl groups on their terminal
groups. We then investigated the effects of the molecular struc-
tures on the neat morphologies and gelation behavior. Both
ABA and BAB linear triblock copolymers exhibit a powdery
solid morphology when the CL/GA and PCGA chain lengths
exceed a certain range. The CL/GA ratio, which determines the
crystallinity of the PCGA segment, influences the morphology
of the linear block copolymers. However, it does not have a sig-
nificant influence on Tg. The PCGA chain length (the content
of the hydrophobic segment) has a greater effect on the sol-to-
gel transition. The T of the linear ABA triblock copolymers
was more sensitive to the length of the hydrophobic (PCGA)
segment than that of the 4-arm PEG-PCGA system. Good line-
arity for Ty and hydrophobic segement content (%PCGA) was
observed for the ABA linear triblock copolymers. The substi-
tution of terminal hydroxyl groups with acetyl or butyryl
groups lowered the Ty, where the decrease in Ty was more
drastic for the butyryl than the acetyl groups owing to their
higher hydrophobicity. There was no significant difference in
the effect of terminal group modification with acetyl groups
between the linear ABA triblock copolymer and 4-arm PEG-
PCGA systems. These results provide a molecular design guide-
line for synthesizing biodegradable injectable polymers that
exhibit a powdery morphology and gelation at a target temp-
erature and a means for functionalization by terminal
modification.
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