
                 

Biodegradable polymers exhibiting temperature-responsive
sol–gel transition as injectable biomedical materials

Injectable biodegradable copolymer hydrogels, which exhibit temperature-responsive sol-to-gel transi- tion, have recently drawn much
attention as promising biomedical materials such as drug delivery, cell implantation, and tissue engineering. These injectable hydrogels
can be implanted in the human body with minimal surgical invasion. Temperature-responsive gelling copolymers usually possess
block- and/or branched architectures and amphiphilicity with a delicate hydrophobic/hydrophilic balance. Poly(ethylene glycol) (PEG)
has typically been used as hydrophilic segments due to its biocompatibility and temperature-dependent dehydration nature. Aliphatic
polyesters such as polylactide, poly(lactide-co-glycolide), poly(e-caprolactone), and their modified copolymers have been used as
hydrophobic segments based on their biodegradability and biocompatibility. Copolymers of PEG with other hydrophobic polymers
such as polypeptides, polydepsipeptides have also been recently reported as injectable hydro- gels. In this review, brief history and
recent advances in injectable biodegradable polymer hydrogels are summarized especially focusing on the relationship between
polymer architecture and their gelation properties. Moreover, the applications of these injectable polymer gels for biomedical use such
as drug delivery and tissue engineering are also described..

1. Introduction

In situ gel forming polymer systems have recently drawn much
attention as promising biomedical materials for minimally invasive
therapy [1–3]. In particular, biodegradable thermo-gelling poly-
mers, which show sol-to-gel transition between room temperature
and body temperature upon heating, are expected to be useful for
injectable polymer gel (IPG) systems in biomedical applications.
These polymer solutions are in sol state in the syringe at room tem-
perature and become gel in situ after injection into the body, with-
out requiring any toxic cross-linkers.

Such systems can easily entrap pharmaceutical agents or
cells and form a depot by a simple syringe injection at a target site,
where the depots acts as sustained drug delivery devices or a cell-
growing scaffolds for tissue engi- neering [4–10]. To exhibit a
temperature-responsive sol-to-gel transition in aqueous
solutions, such polymers should possess amphiphilicity with a
delicate hydrophobic/hydrophilic balance [11]. Poly(ethylene
glycol) (PEG)has typically beenused ashydro-
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philic segments of thermo-gelling polymers due to its biocompat-
ibility and temperature-dependent dehydration nature. Aliphatic
polyesters such as poly(L-lactide) (PLLA), poly(D-lactide) (PDLA),
poly(DL-lactide-co-glycolide) (PLGA), poly(e-caprolactone) (PCL),
and their modified copolymers have been used as hydrophobic
segments based on their biodegradability and relatively good bio-
compatibility [11–17].

Since pioneering research on biodegradable IPG systems
using triblock copolymer of PEG and PLLA, PEG-b-PLLA-b-PEG,
by Kim et al. in 1997 [11], many kinds of biodegradable
thermo-gelling polymers have been developed by combining
PEG and aliphatic polyesters with various molecular architec-
tures including linear-type and star-shape block as well as graft
topologies [18–25].

In addition, biodegradable thermo-gelling polymers containing
amino acids as building blocks of the hydrophobic segments
have been recently developed [26–30]. Biodegradable thermo-
gelling polymers reported can be catego- rized into block
copolymers including linear-type and/or star- shaped diblock,
triblock, and multiblock architectures, and graft copolymers from
the view point of molecular architectures, as summarized in Table
1. These copolymers exhibits various prop- erties based on the
molecular architectures and nature of the components.
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Table 1
Various types of thermo-gelling biodegradable polymers.

Architecture Polymer Remarks References

Diblock PEG-b-PLLA Gel-to-sol transition [31–33]
PEG-b-L-PA Enzymatic degradation [27,28]
PEG-b-PAF Enzymatic degradation, low CGC [30]

Triblock PEG-b-PLGA-b-PEG High CGC, low modulus [34–36]
PLGA-b-PEG-b-PLGA High CGC, low modulus [40,41]
End-capped PLGA-b-PEG-b-PLGA Low CGC, low modulus [15,42]
PLLA-b-PEG-b-PLLA/PDLA-b-PEG-b-PDLA SC, thermo-stable [12]
PEG-b-PLLA-b-PEG/PEG-b-PDLA-b-PEG SC, high modulus, gel-to-sol transition [24]
PDP-b-PEG-b-PDP Reactive groups on main chain, tunable transition temperature [26]
OSM-PCLA-b-PEG-b-PCLA-b-OSM pH/temperature-responsive [70,71]
PEOz-b-PCL-b-PEOz Slow gel degradation [67]
ESHU Enzymatic degradation [68]

Multiblock (PEG-PLLA)n Controllable Tgel, low modulus [18]

Graft PLGA-g-PEG High CGC, low modulus [56–58]
PDG-DL-LA-g-PEG High MW, slow gel degradation [59]
Poly(organophosphazene) Slow gel degradation [69]

Star-shape PEG-b-(PLLA)8/PEG-b-(PDLA)8
8-armsPEG-b-PLLA-cholesterol

SC, high modulus
High MW, high modulus, low CGC, thermo-stable

[64,65]
[63]

8-arms PEG-b-PLLA-b-PEG/8-arms PEG-b-PDLA-b-PEG SC, high MW, high modulus, irreversible sol–gel transition [66]

Fig. 1. Chemical structures of linear-type biodegradable block polymers exhibiting temperature-responsive sol-to-gel transition in aqueous solutions. (a) PLGA-b-PEG-b-
PLGA triblock copolymer, (b) PEG/PLLA multiblock copolymer, (c) PDP-b-PEG-b-PDP triblock copolymers and (d) PEG-b-PA diblock copolymer.

In this article, brief history and recent advances in biodegrad-
able thermo-gelling polymers as IPGs are reviewed especially
focusing on the relationship between polymer structure and their
properties. Moreover, the applications of these IPGs for biomedical
use such as DDS and tissue engineering are also reviewed.

2. Linear block copolymers

2.1. Block copolymers of aliphatic polyesters and PEG

Over the last decade, various types of biodegradable linear-type
block copolymers have been synthesized as temperature-respon-
sive polymers, which have different molecular structures including
diblock, triblock, and multiblock architectures. Some examples are
shown in Fig. 1. Certain PEG-b-PLLA diblock copolymers show gel-
to-sol transition upon heating [31–33]. The gelation temperature
(Tgel) can be controlled by varying the compositions of the block
copolymers. For PEG-b-PLLA copolymers with the same PEG seg-
ment length, longer PLLA segments lead to a decrease in critical
gelation concentration (CGC) and widening of their gel window

in phase diagram. On the other hand, for PEG-b-PLLA copolymers
with the same PLLA segment length, longer PEG segments lead to
an increase in the CGC as well as narrowing of their gel window.
Since PEG-b-PLLA copolymer system shows gelation upon cooling,
the injection of a hot formulation to the body must be necessary to
form gel in situ. Their gelation behavior (cool-gelling) is not suit-
able as IPGs, because it is not patient-friendly.

Block copolymers containing PEG and PLGA segments have also
been extensively investigated since 1999 as representative exam-
ples of biodegradable thermo-gelling polymers. PEG-b-PLGA-b-
PEG triblock copolymers exhibiting thermo-gelling behavior were
reported by Jeong et al. in 1999 [34–36]. The aqueous solutions
of the copolymers were in sol state at room temperature and trans-
formed into a semisolid gel state at elevated temperatures. Typical
thermo-gelling copolymers consisting hydrophilic PEG and hydro-
phobic polyesters blocks are known to form polymeric micelles by
hydrophobic interactions in aqueous solutions [37]. The mecha-
nism of temperature-responsive sol-to-gel transition of the copoly-
mer aqueous solutions is explained by the aggregation of the
micelles attributed to dehydration of PEG chains and consequent
perturbation upon increase in temperature [38,39]. The phase



                 

transition behavior is affected by the lengths of PEG segment and
polyester segment. When the polyester segment is too long, the
copolymer is insoluble. When, on the other hand, the PEG block
is too long, micellar aggregation is restricted and the copolymer
aqueous solution does not undergo a sol-to-gel transition on heat-
ing above room temperature. These phenomena indicate that
hydrophobic/hydrophilic balance of the block copolymers is criti-
cal to their temperature-responsive phase transition behavior rec-
ognized as Tgel and CGC in aqueous solution. The gelation
properties including Tgel and CGC can be roughly modulated by
several factors such as length of PLGA and PEG segments, PLGA/
PEG ratios, and total molecular weight. These factors are also
important for utility as drug delivery depots, because the drug
entrapment/release profiles and degradation properties can be
governed by these factors, too. In vitro drug release studies for PEG-
b-PLGA-b-PEG thermo-gels were performed with model
hydrophilic (ketoprofen) and hydrophobic (spironolactone) drugs
[19]. This gel formulation possesses both of hydrophilic and hydro-
phobic domains, thus it would be suitable for the release of both
types of drugs. Sustained releases of ketoprofen and spironolactone
were observed for 2 weeks and 2 months, respectively. The subcu-
taneously injected gel depots were found to last for more than a
month in rats. Thermo-gelling formulation of PLGA-b-PEG-b-PLGA
triblock copolymer (Fig. 1a) was also developed in 1999 by Macr-
omed, Inc. This polymer solution forms semisolid gel between 20
and 37 oC. PLGA-b-PEG-b-PLGA, and utilized as injectable drug
delivery depots for several kinds of drugs including paclitaxel
and insulin [40,41]. However, low mechanical strength and rela-
tively high CGC value are often cited as weak points of PLGA-b-
PEG-b-PLGA and PEG-b-PLGA-b-PEG triblock systems. The storage
moduli of these linear-type thermo-gelling polymers in the gel
state are usually less than 100 Pa. Higher mechanical strength is
important to have good compatibility with natural tissue (nor-
mally storage modulus = 10 kPa - 10 MPa) and to keep the gel in
the body under the daily motion of human or animal without dis-
appearance from the injected site. In order to improve the mechan-
ical strength and lower the CGC, end-capping approaches were
adopted to tune a hydrophobic/hydrophilic balance of PLGA-b-
PEG-b-PLGA copolymers [15,42]. By incorporating diacetate or
dipropionate end groups at the PLGA terminals, the gel modulus
was somewhat improved and the CGC was significantly decreased.

Polylactides(PLAs)havetwoenatiomericforms,PLLAandPDLA.
It is well known that 1:1 mixture of PLLA and PDLA can form stable
stereocomplex (SC) crystals, which has a higher Tm and higher
mechanical strength than either of homopolymer crystals [43].
The SC formation was used as a driving force for gel formation in
IPG systems to provide high mechanical strength of the gel. Kimura
et al. reported temperature-responsive gelation of mixture of aque-
ous solutions of PLLA-b-PEG-b-PLLA and PDLA-b-PEG-b-PDLA
copolymers [12]. A 1:1 mixture of these polymer aqueous solutions
was in sol state and exhibited a sol-to-gel transition as increase in
temperature. The L- and D-isomer solutions did not show such tem-
perature-responsive gelation suggesting that an increase in tem-
perature triggered perturbation of the polymer micelle through
dehydration of PEG, which formed the shell layer of the micelle,
and led to intermicellar aggregation by SC formation of PLLA and
PDLA segments. The SC copolymer gels exhibited higher mechani-
cal strength (modulus 900 Pa at 37 oC, 10 wt.%) compared with that
of simple triblock systems of PEG and aliphatic polyesters, but it
depends on the time after mixing. They also reported reverse-type
temperature-responsive gel-to-sol transition phenomenon using
PEG-b-PLLA-b-PEGandPEG-b-PDLA-b-PEGsystem [24].

One of the reasons for low mechanical properties of triblock
systems of PEG and aliphatic polyesters is their low total molecular
weights. The syntheses of biodegradable copolymers with multi-
block architectures have already been reported [44–49]. By

employing multiblock architectures, enlargement of molecular
weight was achieved with keeping their sol-to-gel transition prop-
erties of the resultant copolymers. Jeong et al. have reported mul-
tiblock copolymers having alternating PEG and PLLA segments,
(PEG-PLLA)n (Fig. 1b), exhibiting temperature-responsive gelation
at relatively lower polymer concentrations [18]. The mechanical
strength was relatively high compared with triblock copolymer
systems (modulus 250 Pa at 37 oC, 25 wt.%). In addition, they have
investigated the effects of stereoregularity of the polylactide
segments on their temperature-responsive gelation behaviors.
Compared with the amorphous PDLLA based copolymer, the
stereoregular PLLA based copolymer system showed significantly
higher mechanical strength (modulus: 100–300 Pa, 25 wt.%,
depending on molecular weight), lower CGC (15 wt.%), and wider
gel window.

2.2. Block copolymers containing amino acids

Polypeptides, poly(amino acid)s, are also important as biomed-
ical materials due to their favorable biocompatibility, enzyme-spe-
cific biodegradability and functionality.Amino acids, as monomers
of polypeptide, are from natural resource, and can give a variety of
hydrophilic/hydrophobic or ionic/nonionic characteristics, various
functional (reactive) side-chain groups, as well as specific confor-
mations of a-helix or b-sheet to the polypeptide segments. Hence,
amino acids can be useful building blocks to design biodegradable
IPGs.

We have reported the synthesis of alternative type polydepsi-
peptides (PDPs), copolymers of a-amino acids and a-hydroxyl
acids, containing various amino acids [50–55]. PDPs must be suit-
able as components of biodegradable IPGs, because hydrophilic or
hydrophobic properties of the PDP segments can be easily tailored
by choosing the amino acid. We investigated temperature-respon-
sive behavior of triblock copolymers composed of PEG and PDPs
(PDP-b-PEG-b-PDP) containing glycine, L-leucine, or L-phenylala-
nine as amino acids (Fig. 1c) [26]. An aqueous solution of PDP-
b-PEG-b-PDP containing glycine (PGG-b-PEG-b-PGG) did not
exhibit temperature-responsive transition behavior. In contrast,
PDP-b-PEG-b-PDP containing more hydrophobic L-leucine or L-
phenylalanine (PGL-b-PEG-b-PGL or PGF-b-PEG-b-PGF) exhibited
temperature-responsive phase transition. The transition tempera-
ture of PGF-b-PEG-b-PGF aqueous solution was 10 oC lower than
PGL-b-PEG-b-PGL. This study demonstrated that the tempera-
ture-sensitivity of PDP-b-PEG-b-PDP copolymers could be tuned
by control by not only segment length but also kinds of amino acid
of PDP segments. In general, the thermo-gelling behaviors of
polyester-PEG block copolymers can be regulated only by changing
the segment length and ratio of hydrophobic polyester and hydro-
phobic PEG, which may cause restriction in molecular weight
range of the copolymer. For example, the molecular weight of
PLGA-b-PEG-b-PLGA exhibiting thermo-gelling behavior between
room temperature and body temperature was limited to the very
low range (<3000 Da), resulting in weak mechanical properties of
the gel. Block copolymers consisting of PDP and PEG would give
a solution to the limitations of polyester-PEG systems as thermo-
gelling polymers.

Jeong et al. have reported polypeptide-based biodegradable
thermo-gelling polymer systems [27,28]. An aqueous solution of
PEG-polyalanine (PEG-b-PA, Fig. 1d) exhibited temperature-
responsive sol-to-gel transition. As temperature increased, forma-
tion of b-sheet structure and PEG dehydration in the polymer were
accelerated. Depending on the composition of the DL-alanine and L-
alanine, the polyalanine segment in the block copolymer formed
different secondary structures in the aqueous solutions. As a result,
PEG-b-L-PA and PEG-b-DL-PA showed different thermo-gelling
behaviors and mechanical strength of gels (modulus < 100 Pa at



                 

Fig. 4. The phase diagram of 8-arms PEG-b-PLLA-cholesterol aqueous solutions. The
photographs indicate sol (flow) and gel (no-flow) sate of 10 wt.% polymer aqueous
solution.

Fig. 2. Chemical structures of (a) PLGA-g-PEG and (b) PDG-DL-LA-g-PEG graft
copolymers.

37 oC, 8 wt.%).Aqueous solution of PEG-b-DL-PA with a random coil
conformation did not undergo sol-to-gel transition, whereas
aqueous solution (8.0 wt.%) of PEG-b-L-PA, which is likely to form
b-sheet structure, showed temperature-responsive sol-to-gel
transition at 30 oC. When the hydrophobic phenylalanines were
introduced in the polyalanine segment (PEG-b-PAF), the Tgel and
CGC significantly decreased. The sol-to-gel transition of PEG-b-PAF
aqueous solution was observed at 8–22 oC in concentration range
of 3.0–7.0 wt.%, and the storage modulus was ca. 300 Pa at 37 oC,
5 wt.% [30]. The PA and PAF were quite stable in PBS but the deg-
radation was accelerated in the presence of proteolytic enzymes
such as esterase and cathepsin B and C. These polymers are under
investigation for injectable drug and cell delivery carriers.

3. Graft copolymers

Most of biodegradable thermo-gelling polymers studied previ-
ously had linear block copolymer architectures as described above.
However, the mechanical strength of the gels prepared from these
linear block copolymer solutions was not sufficiently high, and the
improvement of mechanical strength in gel state has been claimed
for clinical applications as implant biomaterials. It is generally con-
sidered that enlargement of total molecular weights of thermo-gel-
ling polymers can improve the mechanical strengths of gels [18].
Jeong et al. have also attempted to overcome the molecular weight
constraints of block copolymers by employing graft architectures;

PEG side-chains were grafted onto a PLGA backbone, PLGA-g-PEG
(Fig. 2a) [56–58]. The aqueous solutions of PLGA-g-PEG graft
copolymer (25 wt.%), however, showed storage modulus of ca.
100 Pa at 37 oC, 22 wt.%, which were not high enough.

We also reported the synthesis of graft copolymers composed of
PEG side-chains and DL-lactide-based main-chain using poly(depsi-
peptide-co-DL-lactide) containing aspartic acid, (PDG-DL-LA-g-PEG,
Fig. 2b) [59]. The molecular weight of the graft copolymers was
reached to 18,000 Da. An aqueous solution of PDG-DL-LA-g-PEG
(20 wt.%) with a certain PEG length and composition showed
instantaneous thermo-gelling behavior at 33 oC. The PDG-DL-LA-
g-PEG gel formed showed significant higher storage modulus (ca.
330 Pa) at 37 oC compared with the gels obtained in linear triblock
copolymer systems using PEG and PLGA. The Tgel could be con-
trolled from 33 to 51 oC by varying the PEG length and degree of
introduction of PEG without a decrease in mechanical strength of
the gels. The 20 wt.% gel was eroded gradually in PBS at 37 oC for
60 days. These results suggest that graft approaches can overcome
molecular weight constraint on designing biodegradable thermo-
gelling polymers with controllable Tgel and mechanical strength.

4. Star-shaped copolymers

As described above multiblock copolymer and graft copolymer
systems showed somewhat improved mechanical strength in the
gel state. Recently, we have developed some IPG systems based
on star-shaped block copolymers with branched architectures.
The branched architecture was expected to accelerate efficient
physical crosslink formation in the gel state. We have synthesized

Fig. 3. Chemical structure of star-shaped 8-arms PEG-b-PLLA-cholesterol conjugate.



                 

Fig. 5. Chemical structure of star-shaped 8-arms PEG-b-PLA-b-PEG triblock
copolymer.

Fig. 6. Rheological studies of aqueous solutions of 1:1 mixture of 8-arms PEG-b-
PLLA-b-PEG and 8-arms PEG-b-PDLA-b-PEG copolymers. G0 (solid symbols) and G00

(open symbols) as a function of temperature for 10 wt.% (square) and 15 wt.%
(circle) in PBS (pH 7.4 and ionic strength 140 mM).

star-shaped diblock copolymers of PEG and PLLA, 8-arms PEG-b-
PLLA [60–62]. Although some of the star-shaped diblock
copolymers showed temperature-responsiveness, the transition
phenomena were not gel formation. Then, we introduced
hydrophobic cholesterol groups to 2–3 of the terminals of 8-arms
PEG-b-PLLA to give 8-arms PEG-b-PLLA-cholesterol conjugates
(Fig. 3) [63]. An aqueous solution of the conjugate exhibited
temperature-responsive instantaneous gelation above 5 wt.% in
polymer concentration at 36 oC upon heating (Fig. 4). In contrast,
aqueous solutions of virgin 8-arms PEG-b-PLLA without cholesterol
moieties did not form gels at any concentrations and temperatures.
The 8-arms PEG-b-PLLA-cholesterol conjugate system showed
significantly higher mechanical strength (ca. 5000 Pa of storage
modulus) compared with previously reported biodegradable ther- mo
-gelling polymer systems. We then investigated the potential utility
of the conjugate as an injectable scaffold for cell implanta- tion
and growth. L929 fibroblast cells encapsulated in the gel were
viable and proliferated three-dimensionally in the gel for 2 weeks.

Fig. 8. Chemical structure of poly(organophosphazene).

The gel prepared from 10 wt.% conjugate solution eroded gradually
in PBS at 37 oC over a month, after which time the gel was
completely dissociated. These results indicate that the 8-arms
PEG-b-PLLA-cholesterol conjugate is a good candidate as an
injectable cellular scaffold for tissue regeneration.

Feijen et al. have reported the thermo-gelling system using SC
formation of star-shaped PEG-b-(PLLA)8 and PEG-b-(PDLA)8 di-
block copolymers [64,65]. In addition, they have reported the ef-
fects of branched architectures on their thermo-gelation by
comparing the solution properties of PEG-b-(PLLA)8/PEG-b-(PDLA)8
system with PEG-b-(PLLA)2/PEG-b-(PDLA)2 system. Rheological
studies revealed that star-shaped PEG-b-(PLLA)8/PEG-b-(PDLA)8
mixture system showed a higher modulus in the gel state (850–
7000 Pa at 10 wt.% depending on time after mixing) than linear-
type PEG-b-(PLLA)2/PEG-b-(PDLA)2 mixture system because of
the higher crosslinking density of the former. These studies
demonstrated, in addition to the block length of polyester and
PEG segments, polymer architecture significantly influenced the
thermo-gelling behavior and the physical properties of the gel
formed.

We have also reported thermo-gelling system using SC forma-
tion of star-shaped triblock copolymers consisting of 8-arms PEG
and PLLA or PDLA, mixture of 8-arms PEG-b-PLLA-b-PEG and 8-
arms PEG-b-PDLA-b-PEG (Fig. 5) [66]. An aqueous solution of a
1:1 mixture of these copolymers was in sol state at room temper-
ature, but instantaneously formed gel in response to increasing
temperature. The resulting gel exhibited a significantly higher
storage modulus (ca. 10 kPa) at 37 oC based on their branched
structure, high molecular weight, and SC formation (Fig. 6).
Interestingly, the gel once formed above Tgel, the gel was stable
even after cooling below the Tgel, because of the stability of SC crys-
tals formed in the physical cross-linking domains of gel. The gel
showed gradual hydrolytic degradation over 2 weeks. Sustained
release of model protein drug (bovine serum albumin) was also
confirmed. These characters render this polymer mixture system
suitable for use in injectable biomedical materials such as a drug
delivery depot or a biodegradable scaffold for tissue engineering.

5. Other polymer systems

As described above, most of the biodegradable temperature-
responsive gelling systems are the copolymers of PEG and aliphatic
polyesters. But, there have been some reports on biodegradable

Fig. 7. Chemical structure of ESHU.



                 

Fig. 9. Chemical structure of OSM-PCLA-PEG-PCLA-OSM.

thermo-gelling systems using other kinds of polymers. Hsiue et al.
reported on poly(2-ethyl-2-oxazoline)-b-poly(e-caprolactone)-b-
poly(2-ethyl-2-oxazoline) (PEOz-PCL-PEOz: ECE) as a biodegradable
thermo-gelling material, and investigated its utility for encapsula-
tion, protection and extended release of bevacizumab [67]. The ECE
solution was in translucent sol at 25 oC, but showed sol-to-gel
transition at physiological temperature. The 20 wt.% ECE gel at
37 oC was investigated the extended release of bevacizumab
in vitro. Bevacizumab was released at almost constant rate for
11 days from the ECE gel without a burst in its initial state. The
ECE gel had no in vitro cytotoxicity on the human retinal pigment
epithelial cell line. The histomorphology and electrophysiology of
the rabbit neuroretina were preserved after 2 months.

Wang et al. prepared an amine-functionalized ABA-type block
copolymer, PEG and poly(serinol hexamethylene urethane) (ESHU)
(Fig. 7) [68]. The in vitro degradation tests were performed in PBS
and cholesterol esterase solutions. The polymers were hydrolyz-
able and the presence of cholesterol esterase greatly accelerated
the hydrolysis. The good cytocompatibility of ESHU copolymer
was confirmed by in vitro cytotoxicity tests using baboon smooth
muscle cells revealed. Subcutaneous implantation of the polymer
gel in rats revealed well tolerated accurate inflammatory response.

Song et al. reported biodegradable poly(organophosphazene)
thermo-gelling systems for intra-tumoral drug delivery system
(Fig. 8) [69]. The aqueous solution of poly(organophosphazene)
bearing the amino acid esters and PEGs as showed a reversible
sol-to-gel transition. The sustained release of silibinin (antitumor
drug) was observed by a diffusion-controlled manner. The intra-tu-
moral injection of the gel containing silibinin showed a good anti-
tumor effect in tumor bearing mice. Thus, various biodegradable
temperature-responsive gelling systems have studied widely for
biomaterialapplications.

6. Dual stimuli-responsive polymers

Stimuli-responsive gelling systems in response to not only tem-
perature but also other stimuli have been developed to enlarge the
potential of the systems and ranges of applications, where they
may be utilized. Lee et al. prepared dual stimuli-responsive gelling
system that exhibit a sol-to-gel transition as a function of both pH
and temperature. pH/temperature-responsive gelation systems
were prepared by combining a pH-sensitive moiety with a temper-
ature-sensitive block. Acidic sulfamethazine oligomers (OSMs)
were coupled with temperature-responsive poly(e-CL-co-LA)-
PEG-poly(e-CL-co-LA) triblock copolymers to produce pH/tempera-
ture-responsive gels (OSM-PCLA-PEG-PCLA-OSM) (Fig. 9) [70]. The
15 wt.% OSM-PCLA-PEG-PCLA-OSM solution showed a sol-to-gel
transition as a function of both pH and temperature. The gel win-
dow became wider with increasing pH and/or PCLA/PEG ratio. The
sol-to-gel transition could be controlled by the polymer concentra-
tion, hydrophobic/hydrophilic balance, PEG block length, and
length of OSM segments [71]. At high pH (pH 8.0), the polymer
solution remained a sol state in the temperature range of 10–
70 oC, because the OSM was ionized. At pH 7.4, the OSM deionized
and became more hydrophobic. In the low temperature region

(<15 oC), the pentablock copolymer still existed as a sol state be-
cause of weak interactions with the hydrophilic PCLA block at
low temperatures. In contrast, at pH 7.4 and 37 oC, the PCLA blocks
became hydrophobic to induce a strong hydrophobic interaction
between PCLA-OSM blocks and underwent a micellar interconnect-
ing gelation process. Lee et al. have reported various types of dual
stimuli-responsive polymers for wide range of biomedical applica-
tions [72].

7. Applications to clinical phase

ReGel® based on PLGA-PEG-PLGA triblock copolymer is well
known as the leading edge of IPG systems in clinical phase. Exten-
sive researches on the copolymers of PLGA and PEG have resulted
in an increase of database for clinical safety of the copolymers and
efficacy as drug delivery devices. OncoGel (Regel®/paclitaxel) is a
sustained release formulation of paclitaxel for treatment of brain,
esophageal, and breast cancer, and is in phase II/b clinical trials
being conducted by Protherics [73]. Recently, ReGel® extended
its use to protein delivery with two registered products, Cytoryn
and hGHD-1, on the way of clinical trials. Cytoryn is a depot formu-
lation that combines ReGel® technology with commercially avail-
able IL-2, proleukin (Chiron) in a dual syringe administration
device for the treatment of renal carcinoma and melanoma (peri/
intratumoral administration). The bioactive proteins were com-
pletely released in a 3–4 day period. Weekly administration of
Cytoryn in animal models demonstrated that improve tumor stasis
and survival with negligible side effects as compared to conven-
tional IL-2 administration [74]. hGHD-1 is a novel injectable depot
formulation of human growth hormone (hGH) utilizing ReGel® for
the treatment of hGH deficiency [75]. Other protein-based com-
pounds formulation using ReGel® and Zn-insulin [20] etc. are de-
scribed in the literature.

8. Summary and outlook

Biodegradable polymer systems exhibiting temperature-
responsive sol-to-gel transition as biomedical materials were re-
viewed. The mechanism of the gelation, and relationship between
molecular structure and gelation properties are not still under-
stood completely. However, somewhat information on designing
the thermo-gelling polymer was found. For example, branching ap-
proaches (graft or star-shape) and SC formation approaches were
effective to improve the mechanical strength of the gel. Moreover,
other functions such as pH-sensitivity and enzyme specific degra-
dability can be installed into the thermo-gelling systems. Such the
biodegradable IPG systems can be clinically applied not only as
drug delivery systems but also as scaffolds for tissue regeneration.
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