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Abstract: Biodegradable injectable polymer (IP) systems that form hydrogels in situ when injected
into the body have considerable potential as medical materials. In this paper, we report a new
two-solution mixed biodegradable IP system that utilizes the stereocomplex (SC) formation of poly(L-
lactide) (PLLA) and poly(D-lactide) (PDLA). We synthesized triblock copolymers of PLLA and
poly(ethylene glycol), PLLA-b-PEG-b-PLLA (tri-L), and a graft copolymer of dextran (Dex) attached
to a PDLA-b-PEG diblock copolymer, Dex-g-(PDLA-b-PEG) (gb-D). We found that a hydrogel can
be obtained by mixing gb-D solution and tri-L solution via SC formation. Although it is already
known that graft copolymers attached to enantiomeric PLLA and PDLA chains can form an SC
hydrogel upon mixing, we revealed that hydrogels can also be formed by a combination of graft
and triblock copolymers. In this system (graft vs. triblock), the gelation time was shorter, within
1 min, and the physical strength of the resulting hydrogel (G′ > 100 Pa) was higher than when graft
copolymers were mixed. Triblock copolymers form micelles (16 nm in diameter) in aqueous solutions
and hydrophobic drugs can be easily encapsulated in micelles. In contrast, graft copolymers have the
advantage that their molecular weight can be set high, contributing to improved mechanical strength
of the obtained hydrogel. Various biologically active polymers can be used as the main chains of
graft copolymers, and chemical modification using the remaining functional side chain groups is also
easy. Therefore, the developed mixing system with a graft vs. triblock combination can be applied to
medical materials as a highly convenient, physically cross-linked IP system.

Keywords: hydrogel; injectable polymers; stereocomplex; polylactide; graft copolymers

1. Introduction

Some polymer solutions exhibit sol-to-gel transitions in response to external stimuli
or the mixing of two solutions; such polymer solutions can be used as injectable polymer
(IP) systems for medical applications [1–5]. The polymer solution can be easily injected
into the body by a syringe or catheter and eventually becomes a hydrogel at the deposition
site in the body. Living cells [6–9] and drugs [10–12] (e.g., bioactive reagents, proteins,
peptides, and nucleic acids) can be mixed with polymer solutions in the sol state. After
administration, the solution mixture can form a hydrogel, entrapping the cells or drugs to
the administered site of the body without a surgical approach. Particularly, IP systems that
use biodegradable or bioabsorbable polymers can provide minimally invasive methods for
delivering implant materials for medical use. Moreover, such IP hydrogels are expected to
be used as barriers to prevent postoperative peritoneal adhesion [13–15] and endoscopic
submucosal dissection (ESD) [16], and as embolization agents for therapy [17–19].
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IP hydrogels consist of a three-dimensional network of water-soluble (hydrophilic)
polymers connected via chemical or physical cross-linking. Physically cross-linked hydro-
gels can be formed in response to environmental stimuli such as temperature increases and
pH changes [20–22]. Temperature-responsive polymer solutions exhibit rapid gelation in
response to temperature increases up to body temperature upon injection. However, the
mechanical strength of hydrogels is often not sufficiently high because of the instability of
physical cross-linking.

By contrast, the chemically cross-linked IP hydrogel can form a hydrogel upon mixing
two polymer solutions, which react with each other, or polymers and cross-link-forming
reagents (cross-linkers or enzymes) [23–30]. Two-solution mixing systems using Schiff
base formation, Michael addition, succinimide–amine coupling, and click chemistry (thiol-
ene, alkyne-azide, and diels-alder) reactions have been reported [27–30]. The chemically
cross-linked hydrogels showed relatively higher mechanical strength than those physically
cross-linked (non-covalently). However, precise control of the gelation time is difficult.
Polymers bearing polymerizable (typically vinyl) groups have also been reported as in
situ gelling systems triggered by external stimuli (typically ultraviolet (UV) light irradia-
tion) [24]. However, the polymer or oligomer chains produced during polymerization are
not biodegradable, and the cross-linking reagents and UV irradiation are potentially toxic.

Poly(L-lactide) (PLLA) is a well-known biodegradable polymer used in biomedical
applications. An equivalent mixture of PLLA and its enantiomer poly(D-lactide) (PDLA)
can form a stable stereocomplex (SC) crystal [31–33]. The SC crystal has a higher melting
point (approximately 230 ◦C) than the homo crystal (approximately 180 ◦C). While pure
PLLA and PDLA crystallize in an orthorhombic form with a 10/3 helix [34] in their confor-
mation, the stereocomplex has a triclinic form with a 3/1 helix to maximize the van der
Waals interactions between adjacent helices with opposite chirality [35]. Consequently, the
mechanical strength of the polylactide material containing SC crystals was higher than
that of the material containing only homo crystals. Hennink et al. reported an in situ
gelling system through the SC formation of graft copolymers using dextran (Dex) with
enantiomeric graft chains, Dex-g-PLLA, and Dex-g-PDLA [36–38]. These graft copolymers
formed a hydrogel upon mixing with polymer solutions in the absence of a cross-linking
agent. SC-cross-linked hydrogel systems may have an advantage in terms of stability
compared to physical hydrogels formed by simple hydrophobic interactions. Kimura et al.
also utilized SC formation as a driving force for hydrogel formation between ABA triblock
copolymers of PLLA or PDLA and poly(ethylene glycol) (PEG), PLLA-b-PEG-b-PLLA, and
PDLA-b-PEG-b-PDLA triblock copolymers [39].

In the aforementioned SC gelation systems [36–39], polymer combinations with the
same architecture (graft or block) of the same hydrophilic polymer (Dex or PEG) attached
to the PLLA or PDLA segments were mixed to form a hydrogel: Dex-graft vs. Dex-graft or
PEG-triblock vs. PEG-triblock. They were “symmetric” combinations. Here, we propose the
simple question: must they have the same architecture and hydrophilic segments? In this
study, we investigated the possibility of SC hydrogel formation by mixing polymers with
different architectures: graft versus triblock (Figure 1). Dex-g-PDLA and Dex-g-PLLA were
synthesized in the preliminary stages of this study. However, some graft copolymers with
a relatively high degree of PL(D)LA chain introduction are poorly water-soluble. Therefore,
we attached a short methoxy-PEG (MeO-PEG) chain extension to the PDLA (or PLLA)
graft chains to maintain water solubility and obtained Dex-g-(PDLA-b-PEG) (gb-D) and
Dex-g-(PLLA-b-PEG) (gb-L). Using this polymer architecture, it was possible to introduce
a relatively large number of PDLA (or PLLA) chains per Dex molecule. We synthesized
triblock copolymers of PLLA and PEG (PLLA-b-PEG-b-PLLA, tri-L) and investigated
hydrogel formation upon mixing the block copolymer with the graft copolymer. We found
that the SC hydrogel could be obtained by mixing the graft (gb-D) and triblock (tri-L).
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Figure 1. Schematic illustration of the polymers, Dex-g-(PLLA-b-PEG) (gb-L), Dex-g-(PDLA-b-PEG)
(gb-D), and PLLA-b-PEG-b-PLLA (tri-L) used in this study and hydrogel formation by mixing of gb-D
and tri-L.

The combination of graft- and triblock-forming SC hydrogels has several advantages.
The synthesis of graft copolymers is relatively complicated compared with that of triblock
copolymers, and PLLA-b-PEG-b-PLLA is much easier to synthesize. A triblock copolymer
with one enantiomer (e.g., PLLA) can be used as a “cross-linker” for a counter graft
copolymer with another enantiomer (e.g., PDLA) to form an SC hydrogel; we do not need to
synthesize both enantiomeric graft copolymers. Moreover, triblock copolymers (e.g., PLLA-
b-PEG-b-PLLA) dissolve in water, forming flower-like micelles at concentrations above
the critical micelle concentration (CMC) (Figure 1). Incorporating hydrophobic substances
(typically drugs) into micelles facilitates their entrapment of the hydrophobic substances in
the SC hydrogel. One of the critical factors affecting the physical properties of the obtained
hydrogels is the molecular weight of the component polymers; a higher molecular weight
leads to higher mechanical strength. However, it is difficult to increase the molecular
weight of the polymer components in a mixing system using triblock copolymers. It is
much easier to provide a graft copolymer with a higher molecular weight, which can help
increase the physical strength of the obtained SC hydrogel. Moreover, various hydrophilic
polymers can be used as the main chains of graft copolymers, such as biologically active or
enzymatically degradable polysaccharides (e.g., hyaluronic acid and heparin). The reactive
side chain groups in the main chain can be used for further chemical modifications with
drugs, fluorescent dyes, or specific ligands for biological (cellular) recognition. So, this
combination to form SC hydrogels must increase the usefulness of the SC hydrogel system
as medical materials.

2. Results and Discussion
2.1. Synthesis of the Copolymers

Block and graft copolymers were synthesized according to Schemes 1 and 2, respec-
tively. Diblock copolymers, MeO-PEG-b-PLLA (b-L) and MeO-PEG-b-PDLA (b-D), were
obtained by the ring-opening polymerization of L-Lactide and D-Lactide using MeO-PEG
(molecular weight (MW) = 1000 g/mol) as a macroinitiator. The triblock copolymer (PLLA-
b-PEG-b-PLLA) was synthesized using the same method using PEG (MW = 4600 g/mol) as
a macroinitiator to produce tri-L. The characteristics of b-L, b-D, and tri-L are summarized
in Table 1. The H-NMR spectra of tri-L and b-D are shown in Figure 2A,B. The MWs of
the PLLA and PDLA segments in b-L and b-D are 2900 or 2800 g/mol, respectively. The
molecular weight (MW) of one PLLA segment in tri-L is 1200 g/mol. The obtained b-L and
b-D showed sticky paste morphologies, while tri-L showed a powdery solid morphology
at room temperature in the dry state. Graft copolymers, Dexs attached to MeO-PEG-b-
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PLLA or MeO-PEG-b-PDLA graft chains (gb-L or gb-D), were obtained by coupling dextran
(MW = 150,000) with b-L or b-D. The characteristics of the obtained graft copolymers are
summarized in Table 2. Typical 1H nuclear magnetic resonance (NMR) spectra of the
copolymers are shown in Figure 2C. The degree of polymerization of each PL(D)LA chain
in the copolymers and the number of graft chains (b-L or b-D) attached per Dex molecule
were calculated from the 1H-NMR spectra. The number of graft chains per Dex molecule for
gb-D were approximately four. The obtained gb-D showed a cotton-like solid morphology
in the dry state at room temperature after freeze-drying.
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Scheme 2. Synthesis of Dex-g-PLLA-b-PEG and Dex-g-PDLA-b-PEG.

Table 1. Characterization of MeO-PEG-b-PL(D)LA diblock and PLLA-b-PEG-b-PLLA triblock copolymers.

Code Name Mn of PEG
(g/mol)

Mn of PL (D) LA
(g/mol) 1 DP of PL(D)LA 1 Mw/Mn

2

MeO-PEG-b-PDLA b-D 1000 2800 19 1.09
MeO-PEG-b-PLLA b-L 1000 2900 20 1.11
PLLA-b-PEG-b-PLLA tri-L 4600 1200 8.1 1.07

1 Mn of the PL(D)LA segments and the degree of polymerization of the lactide unit were estimated by 1H-NMR
(solvent: CDCl3). 2 Determined by size-exclusion chromatography (eluent: DMF, standard: PEG).
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Figure 2. 1H-NMR spectra of (A) PLLA-b-PEG-b-PLLA triblock copolymer (tri-L) (solvent: CDCl3),
(B) MeO-PEG-b-PDLA diblock copolymer (b-D) (solvent: CDCl3), and (C) Dex-g-(PDLA-b-PEG)
(gb-D) (solvent: D2O/NaOD). The lowercase letters a–d for (A), a–f for (B) and a–h for (C) indicate
the assignments of each peak.

Table 2. Characterization of Dex-g-(PDLA-b-PEG) and Dex-g-(PLLA-b-PEG) copolymers.

Code Name Mn × 10−4 (g/mol) 1 Mw/Mn
2 No. of Side Chains 3

Dex-g-(PLLA-b-PEG) gb-L 16.6 2.80 4.0
Dex-g-(PDLA-b-PEG) gb-D 17.0 2.82 5.3

1 Calculated from the results of 1H-NMR (solvent: CDCl3). 2 Determined by size-exclusion chromatography
(eluent: dimethyl sulfoxide (DMSO), standard: pullulan). 3 Average number of side chains estimated by 1H-NMR
(solvent: NaOD/D2O).

2.2. Gelation Behavior of the Mixture Solution

The gelation behavior of the mixture solution of gb-D and tri-L or gb-L was investigated
by the test-tube inversion method [6] at 37 ◦C. The total graft copolymer concentration
was adjusted to 8.0 wt%. The results for various combinations and mixing ratios are
summarized in Table 3. Photographs of typical combinations are shown in Figure 3. The
mixture of gb-D (3.6 wt%) and gb-L (4.4 wt%) (total graft copolymer concentration = 8.0 wt%
and L-lactide units (mol)/D-lactide unit (mol) (L/D) = 1.0) showed gelation in 51 min
after mixing. The storage modulus of the hydrogel obtained was 5.0 Pa. A mixture of
two graft copolymers with opposite enantiomeric polylactide segments showed gelation
upon mixing, a result similar to that obtained in a previous report [33]. The introduction of
a short PEG chain at the terminus of the graft PD(L)LA chains did not interfere with SC
formation in the graft copolymers.
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Table 3. Results of gelation behavior upon mixing of the polymers 1.

Sample tri-L
(wt%)

gb-D
(wt%)

gb-L
(wt%)

L/D
(Block/Graft) 2 Sol or Gel Gelation

Time (min)

Storage
Modulus after

24 h (Pa)

gb-L/gb-D 0 3.6 4.4 1 Gel 51 5.0
tri-L/gb-D(0.5) 0.5 8.0 0 0.5 Gel 300 8.4
tri-L/gb-D(1) 1.0 8.0 0 1 Gel 30 51.6
tri-L/gb-D(2) 2.0 8.0 0 2 Gel <1 105.0
tri-L/gb-D(5) 5.0 8.0 0 5 Gel <1 92.3
tri-L/gb-L(5) 5.0 0 10.1 0 (5) Sol - -

1 The polymer solutions were mixed at 37 ◦C. The total graft copolymer concentration was fixed at 8.0 wt%.
2 L-Lactide unit (mol)/D-lactide unit (mol). The numbers in parentheses indicate the L-lactide unit in the block
copolymer (mol)/L-lactide unit in the graft copolymer (mol).
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The final polymer concentrations are shown in Table 3.

We investigated the combination of a graft/triblock with opposite enantiomeric poly-
lactide chains, tri-L and gb-D. The gelation times and storage moduli of the mixed solutions
as functions of L/D are plotted in Figure 4. When L/D was 0.5 and 1.0, the gelation times of
the mixture solutions were 300 and 30 min, and the storage moduli were 8.4 and 52 Pa, re-
spectively. Gelation can be induced by mixing the triblock and graft copolymers. Moreover,
rapid gelation was observed when the L/D was 2 and 5; the gelation time was shorter than
1 min. The storage moduli of these systems were 105 and 92 Pa. These results indicate that
the larger the L/D ratio, the shorter the gelation time and the higher the storage modulus
of the resulting hydrogel. A mixture of tri-L and gb-L, with the same L-form enantiomeric
chain, did not form a hydrogel 48 h after mixing. These results suggest that gelation of the
mixture of tri-L and gb-D was induced by SC formation between the PLLA segments in
tri-L and the PDLA segments in gb-D.
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Figure 4. Effects of L-lactide unit/D-lactide unit ratio (L/D) on (A) gelation time and (B) storage
modulus (G′) 24 h after mixing at 37 ◦C for the combination of PLLA-b-PEG-b-PLLA (tri-L) and
Dex-g-(PDLA-b-PEG) (gb-D).

Tri-L contains two PLLA chains (MW = 1200 × 2 = 2400 g/mol). One micelle contains
several to several dozen block copolymers; if we consider that the aggregation number of a
micelle is approximately 10, the total number of PLLA segments in a micelle is 24,000 g/mol.
The PDLA segment in the graft chain of gb-D was 2800 g/mol, and five graft chains were
introduced per dextran molecule, which is 5.3 (Table 2). Therefore, the total MW of the
PDLA segments in one gb-D molecule was 2800 × 5.3 = 14,840 g/mol. If one micelle has
24,000 (g/mol) PLLA chains, when L/D = 2.0, 1.0, and 0.5, the ratios of Nm (number of
micelles)/Ngp (number of graft copolymers) = 3.2, 1.6, and 0.8, respectively (48,000/14,840,
24,000/14,840, and 12,000/14,840). For simplicity, assuming that two graft chains are
inserted into one micelle, the molecular weight of the polymer aggregate can theoretically
become infinite (gelling) with at least Nm/Ngp = 1; a percolation transition for gelation
can occur when Nm/Ngp is larger than 1. When L/D = 0.5, Nm/Ngp = 0.81 < 1. Therefore,
this calculation suggests when L/D = 0.5, three (or more) graft chains must be inserted
into one micelle. It is reasonable that the insertion of a second graft chain into a micelle is
slower and less frequent than the insertion of the first chain into the same micelle and that
the insertion of a third graft chain into a micelle is much slower and less frequent than the
insertion of the second chain into the same micelle because of spatial constraints and steric
hindrance. The drastic change in the gelation time between L/D = 1 and 2 (Nm/Ngp = 3.2
and 1.6) may reflect the stoichiometry discussed above and differences in the insertion rates
of the first, second, and third graft chains into the same micelle.

Interestingly, the combination of tri-L/gb-D(1) (L/D = 1.0) showed a shorter gelation
time and a higher storage modulus than the combination of graft copolymers (gb-L/gb-D)
with the same L/D ratio of 1.0. Moreover, the mixtures with L/D more than 2.0 showed
significantly shorter gelation times and higher storage moduli. Shorter gelation times and
higher storage moduli are favorable for IP systems. A hydrogel with a shorter gelation
time can prevent flow from the injection site during administration. Higher storage moduli
may provide higher physical stability and a longer duration for the hydrogels in the body.
Therefore, the triblock and graft copolymer mixing system developed in this study can
provide a more favorable IP system through accessible synthetic procedures.

Figure 5 shows the time-course dynamic rheological measurements after mixing tri-L
and gb-D (L/D = 2.0) at 37 and 25 ◦C. When G′ takes over G′′, it is recognized as gelation
time. Naturally, the gelation time depends on the temperature: the higher the temperature,
the more rapid the gelation. The mixture of tri-L and gb-D showed rapid gelation (within
1 min) at body temperature (37 ◦C); however, at 25 ◦C, around room temperature (r.t.),
gelation took 13 min. The results indicate that the mixture did not show gelation for
13 min after mixing at room temperature and formed a hydrogel rapidly upon injection by
heating to body temperature. Such gelation behavior must be favorable and convenient
at the clinical stage to provide a medical doctor with more time for handling after mixing
before injection.



Gels 2024, 10, 139 8 of 13

Gels 2024, 10, x FOR PEER REVIEW  8  of  13 
 

 

gelation took 13 min. The results indicate that the mixture did not show gelation for 13 

min after mixing at room temperature and formed a hydrogel rapidly upon injection by 

heating to body temperature. Such gelation behavior must be favorable and convenient at 

the clinical stage to provide a medical doctor with more time for handling after mixing 

before injection. 

 

Figure 5. Time course of storage modulus (G′, closed symbols) and loss modulus (G″, open symbols) 

for the mixture of PLLA‐b‐PEG‐b‐PLLA (tri‐L) and Dex‐g‐(PDLA‐b‐PEG) (gb‐D) (L/D = 2.0) at 37 °C 

(red circles) and 25 °C (blue triangles). 

We obtained wide‐angle X‐ray diffraction (WAXD) patterns to confirm SC formation 

in the hydrogels. Figure 6 shows typical WAXD patterns for the tri‐L and gb‐D mixture 

hydrogels with L/D = 1.0 or 5.0 after freeze‐drying, and intact Dex as typical examples. 

The PLLA and PDLA SC crystals showed specific diffraction peak angles (2θ) of approx‐

imately 12, 21, and 24° [40,41]. The homo PL(D)LA crystals show peaks at approximately 

2θ = 17 and 19°, respectively. The mixtures of tri‐L and gb‐D (L/D = 1.0 and 5.0) showed 

clear differentiation peaks around 2θ = 12, 17, 19, and 24° and weak peaks around 21°. 

Diffraction peaks were observed for both homo and SC crystals. The mixture with L/D = 

5.0, which exhibited rapid gelation and a higher storage modulus, showed a higher inten‐

sity of these peaks than that with L/D = 1/0. These results suggest that SC complex crystals 

formed for both mixtures (L/D = 1.0, 5.0); however, the crystal formation efficiency of L/D 

= 5.0 was higher than that of L/D = 1.0. These results suggest that the rapid hydrogel for‐

mation and higher storage modulus of the mixture (L/D = 5.0) are due to  its higher SC 

formation. 

Figure 5. Time course of storage modulus (G′, closed symbols) and loss modulus (G′′, open symbols)
for the mixture of PLLA-b-PEG-b-PLLA (tri-L) and Dex-g-(PDLA-b-PEG) (gb-D) (L/D = 2.0) at 37 ◦C
(red circles) and 25 ◦C (blue triangles).

We obtained wide-angle X-ray diffraction (WAXD) patterns to confirm SC formation
in the hydrogels. Figure 6 shows typical WAXD patterns for the tri-L and gb-D mixture
hydrogels with L/D = 1.0 or 5.0 after freeze-drying, and intact Dex as typical examples. The
PLLA and PDLA SC crystals showed specific diffraction peak angles (2θ) of approximately
12, 21, and 24◦ [40,41]. The homo PL(D)LA crystals show peaks at approximately 2θ = 17
and 19◦, respectively. The mixtures of tri-L and gb-D (L/D = 1.0 and 5.0) showed clear
differentiation peaks around 2θ = 12, 17, 19, and 24◦ and weak peaks around 21◦. Diffraction
peaks were observed for both homo and SC crystals. The mixture with L/D = 5.0, which
exhibited rapid gelation and a higher storage modulus, showed a higher intensity of these
peaks than that with L/D = 1/0. These results suggest that SC complex crystals formed for
both mixtures (L/D = 1.0, 5.0); however, the crystal formation efficiency of L/D = 5.0 was
higher than that of L/D = 1.0. These results suggest that the rapid hydrogel formation and
higher storage modulus of the mixture (L/D = 5.0) are due to its higher SC formation.
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The triblock copolymer dissolves by the formation of flower-like micelles in water. We
also performed dynamic light scattering (DLS) measurements for tri-L and gb-D (Figure 7).
The average diameter of tri-L in water was 16 nm. These results support the micelle
formation of tri-L in aqueous solutions. Considering the above results, a possible gelation
mechanism for the mixture of tri-L and gb-D can be proposed, as illustrated in Figure 1.
Upon mixing, the side chains of the graft copolymer (gb-D) containing PDLA are inserted
into the tri-L micelle cores to form stable SC crystals. The tri-L micelles connect two or
more graft chains and can act as cross-linking points in the hydrogel. Each micelle in the
gel state must contain PLLA chains that do not participate in the SC crystal. Therefore, an
excess amount of PLLA in tri-L may be required to form a stable hydrogel in a short time.
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3. Conclusions

In this study, we synthesized a triblock copolymer, PLLA-b-PEG-b-PLLA (tri-L), and
a graft copolymer, Dex-g-(PDLA-b-PEG) (gb-D). We then obtained a biodegradable physi-
cally cross-linked SC hydrogel by mixing tri-L aqueous and gb-D aqueous solutions. We
demonstrated that SC hydrogels could be formed even when the polymers did not have the
same architecture (graft/graft or triblock/triblock copolymers). There are several reports
on two-solution mixed physical gelation systems. However, to the best of our knowledge,
there have been no reports of a two-solution-mixing physical gelation system using graft
copolymers and block copolymers. Physical hydrogels can be obtained by mixing graft and
triblock copolymers. Therefore, triblock copolymers with PLLA chains (tri-L in this case)
can act as a “cross-linker” for various graft copolymers containing PDLA graft chains. We
found that SC formation occurred more efficiently for the triblock with a graft combination
than between grafts; hydrogels with higher mechanical strength could be obtained in a
shorter gelation time.

Additionally, gelation systems using graft/triblock combinations have several ad-
vantages over mixing with graft/graft or triblock/triblock combinations. Hydrophobic–
hydrophilic–hydrophobic ABA-type triblock copolymers form micelles and dissolve in
water above the CMC. Using micelles that entrap hydrophobic substances (such as drugs)
in their core, hydrogels containing these substances can be easily prepared. Furthermore,
for graft copolymers, the main chain of the graft copolymers with desired properties and
molecular weights can be chosen from a wide variety of water-soluble polymers. The
mechanical strength of a physically cross-linked hydrogel depends on the molecular weight
of the polymer used; thus, the strength can be expected to increase as the molecular weight
increases. In addition, biologically active polysaccharides (such as heparin or hyaluronic
acid) can be used as main chains to obtain biologically functional hydrogels. For example,
when a polysaccharide that is selectively decomposed by a specific enzyme is used in the
main chain, a hydrogel showing specific enzyme degradation can be obtained. Unreacted
side chain functional groups are expected to remain in the graft polymer, and these residual
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functional groups can be easily functionalized by attaching cellular-recognizable peptides,
drugs, fluorescent dyes, and others. This study provides a simpler and more versatile
injectable hydrogel system based on SC formation. The biodegradable two-solution-mixed
SC gelation systems developed in this study are expected to be applied as sustained drug-
releasing systems, antiadhesion materials for surgical operations, cellular delivery systems,
and scaffolds for tissue regeneration.

4. Materials and Methods
4.1. Materials

L-Lactide and D-lactide were obtained from Musashino Chemical Laboratory, Ltd.
(Tokyo, Japan). PEG (number-averaged molecular weight (Mn) = 4600) and monomethoxy-
PEG (Mn = 1000) were purchased from Sigma-Aldrich (St. Louis, MO, USA). Carbonyl
diimidazole (CDI), tin-2-ethylhexanoate, and dextran (Dex) (Mn = 150,000) were obtained
from Fujifilm Wako Pure Chemical Co. (Osaka, Japan). All other chemicals were of reagent
grade and were used without further purification.

4.2. Synthesis of PLLA-b-PEG-b-PLLA Triblock Copolymers

The synthesis of PLLA-b-PEG-b-PLLA triblock copolymers, tri-L and tri-D, was per-
formed by ring-opening polymerization of L-Lactide or D-Lactide in the presence of PEG as
a macroinitiator and tin-2-ethyl hexanoate as a catalyst in bulk at 115 ◦C for 12 h (Scheme 1).
After polymerization, the products were purified by reprecipitation using chloroform as a
good solvent and diethyl ether as a poor solvent. The reaction products were dissolved in
chloroform, and the copolymer solutions were dropped onto ice-cooled diethyl ether. The
white precipitate obtained was dried under a vacuum for 24 h. The Mn and polydispersity
index (Mw/Mn) of the obtained copolymers were characterized by 1H nuclear magnetic
resonance (1H-NMR) spectroscopy using a JNM-GSX-400 (JEOL, Tokyo, Japan, solvent:
CDCl3) and size-exclusion chromatography (SEC) (column: Toso TSKgel Multipore HXLM
× 2, detector: RI, eluent: DMF, standard: PEG, and flow rate = 1.0 mL/min at 40 ◦C).

4.3. Synthesis of Dex-g-(PLLA-b-PEG) and Dex-g-(PDLA-b-PEG)

The synthesis of graft copolymers, Dex-g-(PLLA-b-PEG) (gb-L) and Dex-g-(PDLA-b-
PEG) (gb-D), was carried out according to Scheme 2. MeO-PEG-b-PLLA (b-L) and MeO-
PEG-b-PDLA (b-D) diblock copolymers were synthesized by the same method as described
above for the triblock copolymers, using MeO-PEG as a macroinitiator instead of PEG
(Mn = 4600). The terminal hydroxyl groups of b-L or b-D diblock copolymers were converted
into active carbonyl imidazole groups using CDI to produce b-L-CI or b-D-CI. The b-L or
b-D diblock copolymers and CDI were dissolved in dry dichloromethane (DCM) and
stirred for 12 h at 25 ◦C under an argon atmosphere. The reaction mixture was purified
by reprecipitation using DCM and a mixture of n-hexane and ethanol (7:3) as the solvents.
The white precipitate obtained was dried under a vacuum for 24 h. The b-L-CI, b-D-CI,
and Dex were separated and dissolved in dimethyl sulfoxide (DMSO). The solution of
b-L-CI or b-D-CI was added to the Dex solution and stirred for 72 h at 60 ◦C. The products
were purified by reprecipitation and dialysis to remove unreacted b-L or b-D. The mixture
solution was dissolved in DMSO and added dropwise into a large amount of acetone at
25 ◦C. The resulting precipitate was filtered and dissolved in DMSO. The obtained solution
was transferred into a dialysis tube (molecular weight cut-off: MWCO = 3500) and dialyzed
against ultrapure water for 48 h to remove DMSO. The aqueous solution obtained was
freeze-dried. The gb-L and gb-D samples exhibited cotton-like solid morphologies at room
temperature in the dry state. The degrees of introduction of b-L or b-D chains per Dex
molecule and molecular weights for gb-L and gb-D were estimated by 1H-NMR (solvent:
NaOD/D2O) and SEC (column: Toso TSKgel Multipore HXLM ×2, detector: RI, eluent:
DMSO, standard: polystyrene, and flow rate = 0.3 mL/min at 40 ◦C).
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4.4. DLS Measurement of Copolymer Solutions

The hydrodynamic diameters for tri-L and gb-D aggregates in aqueous solution were
measured using dynamic light scattering (DLS) (Zetasizer nano Z ZEN2600, Malvern
Instruments Ltd., Malvern, UK) at 25 or 37 ◦C at a detection angle of 173◦ with a He–Ne
laser as the incident beam. The tri-L and gb-D were dissolved in water (0.2 wt%) and
were filtered using a Millex (Millipore, Burlington, MA, USA) 0.8 µm membrane before
measurement.

4.5. Gelation Behavior

The obtained copolymers were separately dissolved in water and then mixed in the
combinations and concentrations as described in Table 3. Gelation of the polymer mixture
solution was investigated using the test-tube inversion method [6]. Each copolymer solution
was prepared at a given concentration by stirring overnight in water. Solutions containing
each polymer were mixed at room temperature in a test tube or syringe with a tip cut-off.

4.6. Mechanical Strength of the Hydrogel

Rheological measurements were carried out using a dynamic rheometer (Thermo
HAAKE RS600, Thermo Fisher Scientific, Waltham, MA, USA). A solvent trap was used
to prevent solvent vaporization. The diameter of the parallel plate was 25 mm, and the
gap was 1.0 mm. The controlled stress and frequency were 4.0 dyn/cm2 and 1.0 rad/s,
respectively. To measure the storage modulus of the hydrogels after 24 h, the hydrogel
formed in a syringe was kept at 25 ◦C for 24 h with sealing, then pushed out from the
syringe, and the storage modulus was measured in compressive mode.

4.7. Wide-Angle X-ray Diffraction Analysis

The wide-angle X-ray diffraction (WAXD) patterns of the lyophilized hydrogel were
obtained using an M18XHF22-SRA instrument (Bruker Japan, former MAC Science Co.,
Kanagawa, Japan) with Cu KR source (λ) 1.54 (Å) at 25 ◦C.

Author Contributions: Conceptualization, Y.O.; funding acquisition, Y.O.; investigation, Y.Y. and
T.K.; supervision, Y.O. and A.K.; validation, A.K.; writing—original draft, Y.Y.; writing—review and
editing, Y.O. All authors have read and agreed to the published version of the manuscript.

Funding: This work was financially supported in part by a Private University Research Branding
Project: Matching Fund Subsidy from the Ministry of Education, Culture, Sports, Science and
Technology (MEXT), Japan (2016–2020), and a Grant-in-Aid for Scientific Research (20H00670) from
the Japan Society for the Promotion of Science (JSPS).

Data Availability Statement: All data and materials are available on request from the corresponding
author. The data are not publicly available due to ongoing research using a part of the data.

Conflicts of Interest: The authors declare no conflicts of interest.

References
1. Park, M.H.; Joo, M.K.; Choi, B.G.; Jeong, B. Biodegradable thermogels. Accounts Chem. Res. 2012, 45, 424–433. [CrossRef]

[PubMed]
2. Yu, L.; Ding, J.D. Injectable hydrogels as unique biomedical materials. Chem. Soc. Rev. 2008, 37, 1473–1481. [CrossRef]
3. Yang, J.A.; Yeom, J.; Hwang, B.W.; Hoffman, A.S.; Hahn, S.K. In situ-forming injectable hydrogels for regenerative medicine. Prog.

Polym. Sci. 2014, 39, 1973–1986. [CrossRef]
4. Huynh, C.T.; Nguyen, M.K.; Lee, D.S. Injectable block copolymer hydrogels: Achievements and future challenges for biomedical

applications. Macromolecules 2011, 44, 6629–6636. [CrossRef]
5. Nagahama, K.; Takahashi, A.; Ohya, Y. Biodegradable polymers exhibiting temperature-responsive sol-gel transition as injectable

biomedical materials. React. Funct. Polym. 2013, 73, 979–985. [CrossRef]
6. Nagahama, K.; Ouchi, T.; Ohya, Y. Temperature-induced hydrogels through self-assembly of cholesterol-substituted star PEG-b-

PLLA copolymers: An injectable scaffold for tissue engineering. Adv. Funct. Mater. 2008, 18, 1220–1231. [CrossRef]

https://doi.org/10.1021/ar200162j
https://www.ncbi.nlm.nih.gov/pubmed/21992012
https://doi.org/10.1039/b713009k
https://doi.org/10.1016/j.progpolymsci.2014.07.006
https://doi.org/10.1021/ma201261m
https://doi.org/10.1016/j.reactfunctpolym.2012.11.003
https://doi.org/10.1002/adfm.200700587


Gels 2024, 10, 139 12 of 13

7. Yoshizaki, Y.; Ii, M.; Takai, H.; Mayumi, N.; Fujiwara, S.; Kuzuya, A.; Ohya, Y. Cellular therapy for myocardial ischemia using a
temperature-responsive biodegradable injectable polymer system with adipose-derived stem cells. Sci. Technol. Adv. Mater. 2021,
22, 627–642. [CrossRef] [PubMed]

8. Yeon, B.; Park, M.H.; Moon, H.J.; Kim, S.J.; Cheon, Y.W.; Jeong, B. 3D culture of adipose-tissue-derived stem cells mainly leads to
chondrogenesis in poly(ethylene glycol)-poly(L-alanine) diblock copolymer thermogel. Biomacromolecules 2013, 14, 3256–3266.
[CrossRef]

9. Choi, B.G.; Park, M.H.; Cho, S.H.; Joo, M.K.; Oh, H.J.; Kim, E.H.; Park, K.; Han, D.K.; Jeong, B. In situ thermal gelling polypeptide
for chondrocytes 3D culture. Biomaterials 2010, 31, 9266–9272. [CrossRef]

10. Choi, S.; Baudys, M.; Kim, S.W. Control of blood glucose by novel GLP-1 delivery using biodegradable triblock copolymer of
PLGA-PEG-PLGA in type 2 diabetic rats. Pharm. Res. 2004, 21, 827–831. [CrossRef]

11. Huynh, D.P.; Im, G.J.; Chae, S.Y.; Lee, K.C.; Lee, D.S. Controlled release of insulin from pH/temperature-sensitive injectable
pentablock copolymer hydrogel. J. Control. Release 2009, 137, 20–24. [CrossRef] [PubMed]

12. Li, K.; Yu, L.; Liu, X.J.; Chen, C.; Chen, Q.H.; Ding, J.D. A long-acting formulation of a polypeptide drug exenatide in treatment of
diabetes using an injectable block copolymer hydrogel. Biomaterials 2013, 34, 2834–2842. [CrossRef] [PubMed]

13. Zhang, Z.; Ni, J.; Chen, L.; Yu, L.; Xu, J.W.; Ding, J.D. Biodegradable and thermoreversible PCLA-PEG-PCLA hydrogel as a barrier
for prevention of postoperative adhesion. Biomaterials 2011, 32, 4725–4736. [CrossRef] [PubMed]

14. Yoshizaki, Y.; Nagata, T.; Fujiwara, S.; Takai, S.; Jin, D.; Kuzuya, A.; Ohya, Y. Postoperative adhesion prevention using a
biodegradable temperature-responsive injectable polymer system and concomitant effects of chymase inhibitor. ACS Appl. Bio
Mater. 2021, 4, 3079–3088. [CrossRef] [PubMed]

15. Hong, J.H.; Choe, J.W.; Kwon, G.Y.; Cho, D.Y.; Sohn, D.S.; Kim, S.W.; Woo, Y.C.; Lee, C.J.; Kang, H. The effects of barrier materials
on reduction of pericardial adhesion formation in rabbits: A comparative study of a hyaluronan-based solution and a temperature
sensitive poloxamer solution/gel material. J. Surg. Res. 2011, 166, 206–213. [CrossRef] [PubMed]

16. Yu, L.; Xu, W.; Shen, W.J.; Cao, L.P.; Liu, Y.; Li, Z.S.; Ding, J. Poly(lactic acid-co-glycolic acid)-poly(ethylene glycol)-poly(lactic
acid-co-glycolic acid) thermogel as a novel submucosal cushion for endoscopic submucosal dissection. Acta Biomater. 2014, 10,
1251–1258. [CrossRef]

17. Kan, P.; Lin, X.Z.; Hsieh, M.F.; Chang, K.Y. Thermogelling emulsions for vascular embolization and sustained release of drugs. J.
Biomed. Mater. Res. B 2005, 75, 185–192. [CrossRef]

18. Chen, X.L.; Huang, L.; Sun, H.J.; Cheng, S.Z.D.; Zhu, M.Q.; Yang, G. Stimuli-responsive nanocomposite: Potential injectable
embolization Agent. Macromol. Rapid Commun. 2014, 35, 579–584. [CrossRef]

19. Weng, L.H.; Rostambeigi, N.; Zantek, N.D.; Rostamzadeh, P.; Bravo, M.; Carey, J. An in situ forming biodegradable hydrogel-based
embolic agent for interventional therapies. Acta Biomater. 2013, 9, 8182–8191. [CrossRef]

20. Jeong, B.; Bae, Y.H.; Lee, D.S.; Kim, S.W. Biodegradable block copolymers as injectable drug-delivery systems. Nature 1997, 388,
860–862. [CrossRef]

21. Yoshida, Y.; Takahashi, A.; Kuzuya, A.; Ohya, Y. Instant preparation of a biodegradable injectable polymer formulation exhibiting
a temperature-responsive sol-gel transition. Polym. J. 2014, 46, 632–635. [CrossRef]

22. Shim, W.S.; Kim, S.W.; Lee, D.S. Sulfonamide-based pH- and temperature-sensitive biodegradable block copolymer hydrogels.
Biomacromolecules 2006, 7, 1935–1941. [CrossRef] [PubMed]

23. Van Dijk Wolthuis, W.N.E.; Hoogeboom, J.A.M.; van Steenbergen, M.J.; Tsang, S.K.Y.; Hennink, W.E. Degradation and release
behavior of dextran-based hydrogels. Macromolecules 1997, 30, 4639–4645. [CrossRef]

24. Mellott, M.B.; Searcy, K.; Pishko, M.V. Release of protein from highly cross-linked hydrogels of poly(ethylene glycol) diacrylate
fabricated by UV polymerization. Biomaterials 2001, 22, 929–941. [CrossRef] [PubMed]

25. Park, K.M.; Shin, Y.M.; Joung, Y.K.; Shin, H.; Park, K.D. In situ forming hydrogels based on tyramine conjugated 4-arm-PPO-PEO
via enzymatic oxidative reaction. Biomacromolecules 2010, 11, 706–712. [CrossRef] [PubMed]

26. Tan, H.P.; Chu, C.R.; Payne, K.A.; Marra, K.G. Injectable in situ forming biodegradable chitosan-hyaluronic acid based hydrogels
for cartilage tissue enjineering. Biomaterials 2009, 30, 2499–2506. [CrossRef]

27. Phelps, E.A.; Enemchukwu, N.O.; Fiore, V.F.; Sy, J.C.; Murthy, N.; Sulchek, T.A. Maleimide cross-linked bioactive PEG hydrogel
exhibits improved reaction kinetics and cross-linking for cell encapsulation and in situ delivery. Adv. Mater. 2012, 24, 64–70.
[CrossRef]

28. Fairbanks, B.D.; Schwartz, M.P.; Halevi, A.E.; Nuttelman, C.R.; Bowman, C.N.; Anseth, K.S. A versatile synthetic extracellular
matrix mimic via thiol-norbornene photopolymerization. Adv. Mater. 2009, 21, 5005–5010. [CrossRef]

29. DeForest, C.A.; Polizzotti, B.D.; Anseth, K.S. Sequential click reactions for synthesizing and patterning three-dimensional cell
microenvironments. Nat. Mater. 2009, 8, 659–664. [CrossRef] [PubMed]

30. Yu, F.; Cao, X.D.; Li, Y.L.; Zeng, L.; Yuan, B.; Chen, X.F. An injectable hyaluronic acid/PEG hydrogel for cartilage tissue engineering
formed by integrating enzymatic cross-linking and Diels-Alder “click chemistry”. Polym. Chem. 2014, 5, 1082–1090. [CrossRef]

31. Ikada, Y.; Jamshidi, K.; Tsuji, H.; Hyon, S.-H. Stereocomplex formation between enantiomeric poly(lactides). Macromolecules 1987,
20, 904–906. [CrossRef]

32. Tsuji, H.; Ikada, Y. Stereocomplex formation between enatiomeric poly(lactic acid)s. 6. Binary blends from copolymers.
Macromolecules 1992, 25, 5719–5723. [CrossRef]

https://doi.org/10.1080/14686996.2021.1938212
https://www.ncbi.nlm.nih.gov/pubmed/34393660
https://doi.org/10.1021/bm400868j
https://doi.org/10.1016/j.biomaterials.2010.08.067
https://doi.org/10.1023/B:PHAM.0000026435.27086.94
https://doi.org/10.1016/j.jconrel.2009.02.021
https://www.ncbi.nlm.nih.gov/pubmed/19285530
https://doi.org/10.1016/j.biomaterials.2013.01.013
https://www.ncbi.nlm.nih.gov/pubmed/23352120
https://doi.org/10.1016/j.biomaterials.2011.03.046
https://www.ncbi.nlm.nih.gov/pubmed/21482434
https://doi.org/10.1021/acsabm.0c01467
https://www.ncbi.nlm.nih.gov/pubmed/35014396
https://doi.org/10.1016/j.jss.2010.09.034
https://www.ncbi.nlm.nih.gov/pubmed/21035131
https://doi.org/10.1016/j.actbio.2013.12.007
https://doi.org/10.1002/jbm.b.30286
https://doi.org/10.1002/marc.201300720
https://doi.org/10.1016/j.actbio.2013.06.020
https://doi.org/10.1038/42218
https://doi.org/10.1038/pj.2014.30
https://doi.org/10.1021/bm0600567
https://www.ncbi.nlm.nih.gov/pubmed/16768417
https://doi.org/10.1021/ma9704018
https://doi.org/10.1016/S0142-9612(00)00258-1
https://www.ncbi.nlm.nih.gov/pubmed/11311012
https://doi.org/10.1021/bm9012875
https://www.ncbi.nlm.nih.gov/pubmed/20121075
https://doi.org/10.1016/j.biomaterials.2008.12.080
https://doi.org/10.1002/adma.201103574
https://doi.org/10.1002/adma.200901808
https://doi.org/10.1038/nmat2473
https://www.ncbi.nlm.nih.gov/pubmed/19543279
https://doi.org/10.1039/C3PY00869J
https://doi.org/10.1021/ma00170a034
https://doi.org/10.1021/ma00047a024


Gels 2024, 10, 139 13 of 13

33. Tsuji, H.; Tamai, K.; Kimura, K.; Kubota, A.; Takahashi, A.; Kuzuya, A.; Ohya, Y. Stereocomplex- and homo-crystallization
of blends from 2-armed poly(L-lactide) and poly(D-lactide) with identical and opposite chain directional architectures and of
2-armed stereo diblock poly(lactide). Polymer 2016, 96, 167–181. [CrossRef]

34. DeSantis, P.; Kovacs, A.J. Molecular conformation of poly(S-laictide). Biopolymers 1968, 6, 209–306.
35. Okihara, T.; Tsuji, M.; Kawaguchi, A.; Katayama, K.; Tsuji, H.; Hyon, S.-H.; Ikada, Y. Crystal structure of sterocomplex of

poly(L-alanine-lactide) and poly(D-lactide). J. Macromol. Sci. Part B Phys. 1991, 30, 119–140. [CrossRef]
36. De Jong, S.J.; De Smedt, S.C.; Wahls, M.W.C.; Demeester, J.; Kettenes-van den Bosch, J.J.; Hennink, W.E. Novel self-assembled

hydrogels by stereocomplex formation in aqueous solution of enantiomeric lactic acid oligomers grafted to dextran. Macromolecules
2000, 33, 3680–3686. [CrossRef]

37. De Jong, S.J.; van Eerdenbrugh, B.; van Nostrum, C.F.; Kettenes-van de Bosch, J.J.; Hennink, W.E. Physically cross-linked dextran
hydrogels by stereocomplex formation of lactic acid oligomers: Degradation and protein release behavior. J. Control. Release 2001,
71, 261–275. [CrossRef] [PubMed]

38. De Jong, S.J.; De Smedt, S.C.; Demeester, J.; van Nostrum, C.F.; Kettenes-van den Bosch, J.J.; Hennink, W.E. Biodegradable
hydrogels based on stereocomplex formation between lactic acid oligomers grafted to dextran. J. Control. Release 2001, 72, 47–56.
[CrossRef] [PubMed]

39. Fujiwara, T.; Mukose, T.; Yamaoka, T.; Yamane, H.; Sakurai, S.; Kimura, Y. Novel thermo-responsive formation of a hydrogel by
stereo-complexation between PLLA-PEG-PLLA and PDLA-PEG-PDLA block copolymers. Macromol. Biosci. 2001, 1, 204–208.
[CrossRef]

40. Slager, J.; Domb, A.J. Biopolymer stereocomplexes. Adv. Drug Deliv. Rev. 2003, 55, 549–583. [CrossRef]
41. Tsuji, H. Poly(lactide) stereocomplexes: Formation, structure, properties, degradation, and applications. Macromol. Biosci. 2005, 5,

569–597. [CrossRef] [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.1016/j.polymer.2016.04.049
https://doi.org/10.1080/00222349108245788
https://doi.org/10.1021/ma992067g
https://doi.org/10.1016/S0168-3659(01)00228-0
https://www.ncbi.nlm.nih.gov/pubmed/11295219
https://doi.org/10.1016/S0168-3659(01)00261-9
https://www.ncbi.nlm.nih.gov/pubmed/11389984
https://doi.org/10.1002/1616-5195(20010701)1:5%3C204::AID-MABI204%3E3.0.CO;2-H
https://doi.org/10.1016/S0169-409X(03)00042-5
https://doi.org/10.1002/mabi.200500062
https://www.ncbi.nlm.nih.gov/pubmed/15997437

	Introduction 
	Results and Discussion 
	Synthesis of the Copolymers 
	Gelation Behavior of the Mixture Solution 

	Conclusions 
	Materials and Methods 
	Materials 
	Synthesis of PLLA-b-PEG-b-PLLA Triblock Copolymers 
	Synthesis of Dex-g-(PLLA-b-PEG) and Dex-g-(PDLA-b-PEG) 
	DLS Measurement of Copolymer Solutions 
	Gelation Behavior 
	Mechanical Strength of the Hydrogel 
	Wide-Angle X-ray Diffraction Analysis 

	References

