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Analysis of the sol-to-gel transition behavior of
temperature-responsive injectable polymer systems
by fluorescence resonance energy transfer

Kazuyuki Takata1, Keisuke Kawahara1, Yasuyuki Yoshida1,2, Akinori Kuzuya1,3,4 and Yuichi Ohya1,3

Amphiphilic triblock copolymers of poly(ethylene glycol) (PEG) and aliphatic polyesters such as poly(ε-caprolactone-co-glycolide)
(PCGA) are typical examples of thermogelling polymers. In the gelation mechanism of these polymers, polymer chain transfer

between the micelles, and subsequent aggregation of the micelles are important steps. We previously reported IP systems

exhibiting temperature-responsive irreversible sol-gel transition that formed covalently cross-linked hydrogels. The IP formulation

prepared by the ‘freeze–dry with PEG/dispersion’ method (D-sample) retained its sol state at r.t. longer than a formulation

prepared by the usual dissolution method (S-sample). We hypothesized that polymer chain transfer between micelles was

suppressed in the D-samples, because the micelle cores were in a solid-like state. In this study, we investigated polymer chain

transfer by the fluorescence resonance energy transfer (FRET) method to reveal its role in the sol-to-gel transition. We

synthesized a triblock copolymer of PCGA and PEG (tri-PCG) with attached naphthalene or dansyl groups at termini, tri-PCG-nap

and tri-PCG-dan, as FRET donors and acceptors, respectively. The FRET behavior of the mixture of tri-PCG-nap/tri-PCG micelles

and tri-PCG-dan/tri-PCG micelles was investigated. It was revealed that polymer chain transfer between micelles was strongly

accelerated at the gelation temperature, and polymer chain transfer in D-samples was suppressed compared to S-samples.
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INTRODUCTION

Some types of polymer solutions exhibit sol-to-gel transitions in
response to a temperature increase. Thermogelling polymer systems
having sol-to-gel transition points between room temperature (r.t.) and
body temperature have been extensively investigated as injectable
polymer (IP) systems for biomedical applications. An aqueous solution
of such a polymer is in the sol state at r.t. and can easily be injected into
the body to form a hydrogel at the desired site. Biodegradable IP
systems are expected to be applied clinically as implantable materials,
because they can be excreted from the body after their expected roles
are completed. Water-soluble bioactive reagents, such as proteins and
peptides or living cells, can be mixed with the polymer solutions and
injected at a desired site to form a hydrogel. Therefore, such
biodegradable IP systems have been investigated for adapting to
minimally invasive drug delivery systems (DDS) exhibiting sustained
release of drugs,1,2 biodegradable scaffolds in regenerative medicine,3,4

materials for adhesion prevention after surgical operations,5,6

embolization treatments of blood vessels7 and endoscopic submucosal
dissection (ESD) materials.8 Amphiphilic block copolymers of poly
(ethylene glycol) (PEG) as hydrophilic segments and biodegradable
aliphatic polyesters as hydrophobic segments are known as
typical examples of biodegradable IPs. For example, ABA triblock
copolymers using poly(L-lactide) (PLLA),9 poly(D,L-lactide-co-glycolide)

(PLGA),10,11 poly(ε-caprolactone) (PCL),12,13 and poly(ε-caprolactone-
co-glycolide) (PCGA)14–16 as hydrophobic segments have been
reported.
Such biodegradable thermogelling polymer systems have an

advantage of rapid gelation in response to a temperature increase,
however there have been some issues in previously reported biode-
gradable IP systems for clinical applications. The hydrogel once formed
in the body is likely to revert to the sol state in a short period (typically
o24 h) in the presence of a large amount of water or body fluid, such
as in the intraperitoneal space or the interior of a blood vessel, because
the gelation is caused by non-covalent (hydrophobic) interactions, and
gel formation is an equilibrium process controlled by the surrounding
conditions such as temperature and concentration. This may cause the
disappearance of the hydrogel before it can perform its role or the
rapid release of bioactive agents. Another problem is with the
preparative processes for IP formulations. Most biodegradable IPs are
sticky pastes in the dry state at r.t., and it takes a long time to dissolve
them in aqueous solution. These characteristics are inconvenient in
clinical settings and are obstacles for clinical applications of IP systems.
To solve these two problems, we recently reported

biodegradable temperature-triggered covalent gelation systems
exhibiting longer and controllable duration times of the gel state by
a ‘mixing strategy’.17,18 We synthesized a triblock copolymer of PCGA
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and PEG, PCGA-b-PEG-b-PCGA (tri-PCG), attaching acryloyl groups
on both termini (tri-PCG-Acryl). A mixture of tri-PCG-Acryl micelle
solution and tri-PCG micelle solution containing hydrophobic
hexa-functional polythiols exhibited an irreversible sol-to-gel
transition by covalent cross-linking in response to a temperature
increase, and exhibited a longer and controllable duration time for the
gel state.18 Just after mixing, the acryl groups of tri-PCG-Acryl in
the micelle did not react with polythiol molecules because they existed
in other micelle cores. Upon inter-micellar aggregation during the
sol-to-gel transition, covalent cross-linking by the thiol-ene reaction of
acryl groups of tri-PCG-Acryl with polythiol molecules occurred.
Moreover, we applied the ‘freeze–dry with PEG/dispersion’ method19

as a quick extemporaneous preparation method developed in our
previous studies on this system. We found that the IP formulations
prepared by the ‘freeze–dry with PEG/dispersion’ method (D-samples)
retained their sol state at r.t. after preparation longer (424 h)
than formulations prepared by the usual heating dissolution
method (S-samples), which undergo gelation typically within 3 h after
preparation.20 One of the differences between D-samples and
S-samples is the state of the cores (solid-like or not). We confirmed
that the micelle core of D-samples was in a solid-like semi-crystalline
state. We hypothesized that gradual gelation in S-samples at r.t. is
caused by transfer of tri-PCG-Acryl molecules from tri-PCG-Acryl
micelles to tri-PCG micelles containing polythiols, and such polymer
chain transfer is suppressed in D-samples. The polymer chain transfer
rate for D-samples must be much slower than that for S-samples,
because the micelle cores in D-samples were in a solid-like
semi-crystalline state.
In this study, to confirm the hypothesis described above, we

investigated the rate of polymer chain transfer (exchange) between
micelles in the thermogelling polymer (tri-PCG) system. The
previously proposed mechanism for sol-to-gel transition of
biodegradable thermogelling polymer systems was a temperature-
triggered micellar aggregation by dehydration of the PEG chain
surrounding the micelles and subsequent growth of fibrous networks
of the aggregation.17,21–24 However, the polymer transfer (exchange)
behavior during the sol-to-gel transition has not been well
investigated. Thus, we explore the effects of polymer transfer among
micelles on the sol-to-gel transition, and reveal the primary factor for
the stability of the D-sample.
To investigate polymer chain transfer in polymeric micelle systems,

several methods have previously been reported, such as size-
exclusion chromatography (SEC),25 fluorescence measurements,26–28

sedimentation29 and small-angle neutron scattering.30 In this study, we
selected the fluorescence resonance energy transfer (FRET) method to
investigate polymer chain exchange and transfer, because we can
obtain real-time information using FRET for the polymer molecule
transfer among the micelles in solution at various temperatures.

We employed naphthalene (nap) and dansyl (dan) groups as donors
and acceptors, respectively, considering their overlapping fluorescence
and absorption spectra31 and relatively small molecular sizes. These
fluorescence groups were covalently attached to both termini of
tri-PCG to give tri-PCG-nap and tri-PCG-dan. The obtained
tri-PCG-nap and tri-PCG-dan were mixed separately with tri-PCG
to prepare tri-PCG/tri-PCG-nap micelle solution and tri-PCG/tri-
PCG-dan micelle solution. After mixing the two micelle solutions, the
fluorescence spectra of the mixed solution under various conditions
were measured to evaluate polymer chain transfer (Figure 1).

MATERIALS AND METHODS

Materials
PEG (molecular weight (MW)= 1500 Da; PEG1500), ε-caprolactone (CL), tin
2-ethylhexanoate (Sn(Oct)2), N,N'-dicyclohexylcarbodiimide (DCC), and
dimethylaminopyridine (DMAP) were purchased from Wako Pure Chemical
Industries, Ltd. (Osaka, Japan). PEG (MW= 2000 Da) (PEG2000) and glycolide
(GL) were purchased from Sigma-Aldrich (St Louis, MO, USA). Dansyl glycine
and 1-naphthoic acid were purchased from Tokyo Chemical Industry Co., Ltd.
(Tokyo, Japan). Water was purified by a Milli-Q (Merck-Millipore, Darmstadt,
Germany) system. All other reagents and organic solvents were commercial
grade and used without further purification.

Measurements
1H nuclear magnetic resonance (1H-NMR) spectra were recorded on a nuclear
magnetic resonance spectrometer (400 MHz, JNM-GSX-400, JEOL) using
deuterated solvent (CDCl3 or D2O). The chemical shifts were calibrated against
tetramethylsilane and/or solvent signal. The number-average molecular weights
(Mn) were calculated from 1H-NMR spectra. The weight-average molecular
weights (Mw) and the polydispersity indexes (Mw/Mn) of the polymers were
determined by size exclusion chromatography (SEC) (column: TSKgel Multipore
HXL-M×2; detector: RI). The measurements were performed using dimethyl-
formamide (DMF) as an eluent at a flow rate of 1.0 ml min− 1 at 40 °C using a
series of PEG as standards. The fluorescence spectra were recorded by a FP-8300
(JASCO, Tokyo, Japan) spectrofluorometer at 25 °C. The excitation wavelength
was 290 nm with excitation and emission bandwidths of 5 nm. The spectra were
recorded from 300 to 600 nm with a scan rate of 1000 nm min− 1. Thermal
analysis of the sample solutions was conducted using a differential scanning
calorimeter (DSC-60, Shimadzu, Kyoto, Japan) with sealed aluminum pans.

Synthesis of tri-PCG-dan and tri-PCG-nap
PCGA-b-PEG-b-PCGA triblock copolymers (tri-PCG) were synthesized by
ring-opening copolymerization of CL and GL in the presence of PEG1500 as a
macroinitiator and Sn(Oct)2 as a catalyst according to the method reported
previously19 (Supplementary Scheme S1). Briefly, PEG1500 (16.7 g, 11.16 mmol)
in a 100- ml flask with a stopcock was dried under vacuum at 120 °C for 5 h.
After cooling to r.t., CL (37.0 g, 324.5 mmol), GL (6.49 g, 55.9 mmol) (molar
ratio of CL to GL (CL/GL) was 5.8) and Sn(Oct)2 (159.9 mg, 394.7 μmol) were
added to the flask which was then dried under vacuum at r.t. for 12 h.
Polymerization was carried out at 160 °C for 12 h by soaking the flask in an oil
bath. The product was purified by reprecipitation using chloroform (100 ml) as

Figure 1 Schematic illustration for the polymer chain transfers in the tri-PCG micelle systems and the analysis by FRET. A full color version of this figure is
available at Polymer Journal online.
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a good solvent and diethyl ether (1000 ml) as a poor solvent to give a white
solid of tri-PCG.
Tri-PCG-dan and tri-PCG-nap were synthesized through coupling reactions

of terminal hydroxyl groups of tri-PCG with the carboxyl groups of dansyl
glycine or 1-naphthoic acid (Scheme 1). Dansyl glycine (2.3 g, 7.47 mmol)
was dissolved in DMF (7 ml). DCC (1.9 g, 8.98 mmol) was also dissolved in
DMF (5 ml). These solutions were mixed and stirred at 4 °C for 1 h. The
obtained solution was added to the solution of tri-PCG (5.0 g, 0.94 mmol) and
DMAP (63.1 mg, 0.75 μmol) in DMF (15 ml). The mixture was then stirred for
48 h at r.t. Dicyclohexylurea produced as a byproduct was removed by
filtration, and the filtrate was evaporated under reduced pressure to remove
DMF. The obtained products were purified by reprecipitation using chloroform
as a good solvent and a mixture of diethyl ether and methanol (4/1, v/v) as a
poor solvent. The reprecipitation procedure was repeated several times until no
low-molecular-weight compound was detected. The resulting precipitate
was washed with a cooled mixture of diethyl ether and methanol (4/1, v/v),
and dried under vacuum overnight to give tri-PCG-dan. Similar procedures
were carried out using 1-naphthoic acid instead of dansyl glycine to give
tri-PCG-nap.

Sol-to-gel transition of tri-PCG and mixture
The sol-to-gel transition behavior of tri-PCG and the mixtures was investigated
by a test tube inverting method17 as follows. A vial containing a micelle solution
was immersed in a water bath at the desired temperature for 15 min, removed
from the water bath, then inverted repeatedly to determine sol state or gel state
based on the criteria of ‘flow’ (= sol) and ‘no flow’ (= gel) in 30 s, with a
temperature increment of 1 °C per step. Measurements were repeated three
times at each temperature.

Preparation of samples for fluorescence measurements
S-samples were prepared by the heating dissolution method as follows.
Tri-PCG-dan (64.2 mg) and tri-PCG (1542 mg) were dissolved in acetone
(64 ml; the weight ratio of tri-PCG-dan/tri-PCG= 1/24). The obtained mixture
(tri-PCG-dan/tri-PCG) solution was evaporated to remove acetone. Next, a
predetermined amount of phosphate buffered saline (PBS) (pH= 7.4, 10 mM)
was added to the flask (total polymer concentration= 0.025–15 wt%). After
shaking with a vortex mixer for 1 min at r.t., the obtained suspension was
heated to 65 °C and kept at 65 °C for 1 min, and further stirred by a vortex
mixer for 1 min at r.t. The flask was immersed in ice-cold water for 2 min and
further stirred by a vortex mixer for 1 min at r.t. These procedures were
repeated until no insoluble particles were observed to give tri-PCG-dan/tri-PCG
micelle solutions. Tri-PCG-nap/tri-PCG micelle solutions, where the weight
ratio of tri-PCG-nap/tri-PCG was 0.7/24.3, were also prepared by the
same procedure as for tri-PCG-dan/tri-PCG. Equal amounts of the obtained
tri-PCG-dan/tri-PCG micelle solution and tri-PCG-nap/tri-PCG micelle
solution were mixed together using a vortex mixer for 10 s. The resulting

S-sample solution was transferred to a glass cuvette and incubated in a water
bath at a designated temperature. After incubation for predetermined periods,
fluorescence spectra were recorded at r.t. after 60 min incubation at r.t. unless
otherwise noted.
D-samples were prepared by the freeze–dry with PEG/dispersion method as

follows. Tri-PCG-dan (28.6 mg), tri-PCG (686.4 mg) and PEG2000 (71.5 mg)
were mixed (weight ratio= 1/24/2.5) and dissolved in acetone (7 ml). The
solution was dissolved in pure water (70 ml) with stirring, then evaporated to
remove acetone. The obtained aqueous solution was freeze-dried to give the
mixture sample in powder form. A predetermined amount of PBS (pH= 7.4,
10 mM) was added to the powder (total polymer concentration= 15 wt%) in a
test tube. The test tube was shaken by a vortex mixer for 1 min to give a
macroscopically uniform milky dispersion. A dispersion of the mixture of
tri-PCG-nap, tri-PCG and PEG2000 (weight ratio= 0.7/24.3/2.5) was prepared
by the same procedure. Equal amounts of the obtained tri-PCG-dan/tri-PCG/
PEG2000 dispersion and tri-PCG-nap/tri-PCG/PEG2000 dispersion were mixed
with stirring using a vortex mixer for 10 s to give D-samples. The resulting
dispersion was transferred to a glass cuvette and incubated in a water bath at a
designated temperature. After incubation for predetermined periods,
fluorescence spectra were recorded at r.t. after 60 min incubation at r.t. unless
otherwise noted.

TEM observation
The micelle morphology was observed by transmission electron microscopy
(TEM) (JEOL JEM-1400) with acceleration voltage at 80 kV. The S-sample and
D-sample for TEM were prepared by the same methods described above using
pure water instead of PBS, and diluted with pure water to 2 wt%. An aliquot
(4 μl) of the sample solution (2 wt%) was put on a STEM 150 Cu grid with
hydrophilic polyvinylbutyral (PVB-C15) membrane (Okenshoji Co. Ltd.,
Tokyo, Japan). After 5 min incubation at r.t., the sample was dried by N2

gas, and negatively stained with 1 wt% hexaammonium heptamolybdate
tetrahydrate aqueous solution followed by 1 min incubation and drying with
N2 gas before observation.

RESULTS AND DISCUSSION

Synthesis of tri-PCG, tri-PCG-dan and tri-PCG-nap and sol-to-gel
transition
The synthesis of tri-PCG-dan and tri-PCG-nap were successfully
carried out from tri-PCG according to Scheme 1. The characterization
results of tri-PCG, tri-PCG-dan and tri-PCG-nap are shown in
Table 1. 1H-NMR spectra, SEC elution profiles and emission/
excitation spectra of tri-PCG-dan and tri-PCG-nap are shown in the
Supplementary Information (Supplementary Figures S1–S5). The
purities of tri-PCG-dan and tri-PCG-nap were confirmed by SEC
analysis (Supplementary Figure S4): no low-molecular-weight

Scheme 1 Synthesis of tri-PCG-dan and tri-PCG-nap.
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compounds were detected. The MW of tri-PCG-dan was higher than
those of the other copolymers, because the low-molecular-weight
fraction was removed during the reprecipitation process. The degree of
substitution of dan and nap groups per terminal OH groups was
calculated to be 71.6% and 97.0%, respectively, by H1-NMR integra-
tion. The introduction of the nap group was quantitative, but the dan
group incorporation was not. The tri-PCG-dan sample contained
about 50% of tri-PCG molecules having only one dan group, but this
will not affect the investigation of polymer chain transfer by FRET.
The mixing ratios of tri-PCG-dan and tri-PCG-nap to tri-PCG were
1/24 and 0.7/24.3 to adjust the molar ratio of dan/nap= 1/1.
The tri-PCG solution (15 wt%) showed a sol-to-gel transition

point at 35 °C (Supplementary Figure S6), and the mixtures of
tri-PCG-dan/tri-PCG micelle solution and tri-PCG-nap/tri-PCG
micelle solution (S-sample) showed the same (35 °C) sol-to-gel
transition point as the tri-PCG solution. D-samples (mixture of
tri-PCG-dan/tri-PCG micelles and tri-PCG-nap/tri-PCG micelles
prepared by freeze–dry with PEG/dispersion method) showed
sol-to-gel transition points at 36 °C.

Morphology of the micelles
To evaluate the morphology of the micelles in S-sample and
D-sample, TEM observation of the sample solutions (or dispersions)
was carried out. The results are shown in Figure 2. In Figure 2a,
spherical particles with 40–60 nm diameters were observed for
S-sample. The diameters were within reasonable level for flower-like
polymeric micelles of tri-PCG. On the other hand, in Figures 2b and c,
larger particles was observed for D-sample in addition to the similar
size particles as seen in S-sample (Figure 2a). Some of the larger
particles showed somewhat rugged shapes (Figure 2c). These results
mean that some of D-sample micelles existed as aggregates and the
other did not, showing good agreement with its turbid appearance.

FRET measurements on S-samples
The emission spectra of the S-samples (the mixture of tri-PCG-nap/
tri-PCG micelle solution and tri-PCG-dan/tri-PCG micelle solution)
after mixing at r.t. and further incubation at a predetermined
temperature for 10 min were recorded. Figure 3a shows emission
spectra of each sample before mixing, and Figure 3b shows typical
examples of the emission spectra of diluted S-samples (copolymer
concentration= 0.025 wt%) with excitation wavelength at 290 nm
after incubation at various temperatures. As the incubation
temperature increased, the emission intensities at 370 nm assigned
to the nap group gradually decreased, and the emission at 530 nm
assigned to the dan group gradually increased. These results indicate
the occurrence of FRET from the nap group to the dan group. FRET
occurs when nap and dan groups exist in close proximity (Förster
distance). These results suggest that the polymer chain (tri-PCG-dan
or tri-PCG-nap) transfers between the micelles, and that the rate of
polymer chain transfer is dependent on temperature. Therefore, the
degree of polymer chain transfer in the mixed micelle solution can be
evaluated by monitoring FRET.
To evaluate the degree of polymer chain transfer (exchange)

quantitatively, the emission intensity ratio for the peaks at 530 nm
(dan) and 370 nm (nap) (I530/I370) was calculated as the polymer chain
exchange index. Plots of I530/I370 as a function of incubation
temperature are shown in Figure 4. The data for the homogeneous
mixtures of tri-PCG-nap, tri-PCG-dan and tri-PCG-1 (weight
ratio= 0.7/1.0/48.3) are shown to estimate the FRET efficiency at the
equilibrium state after complete polymer chain exchange in Figure 4.
The emission intensity ratio I530/I370 for homogeneous samples was
about 0.22 and remained constant with temperature variation,
confirming that FRET efficiency was not dependent on
temperature. We regarded I530/I370= 0.217 (the average of observed
values) as the theoretical maximum emission intensity ratio
value where the degree of polymer chain exchange (Dex)= 100%, and

500nm 500nm 200nm 

Figure 2 TEM images for S-sample (a) and D-sample (b, c). TEM, transmission electron microscopy.

Table 1 Characteristics of tri-PCG, tri-PCG-dan and tri-PCG-nap

Code DP of CLa DP of GAb CL/GAc Mn (Da)d Mw (Da)e Mw/Mn
e DS (%)f

tri-PCG 14.2 4.2 3.4 5200 6100 1.44 —

tri-PCG-dan 19.9 6.3 3.2 7400 8000 1.28 71.6

tri-PCG-nap 13.0 4.0 3.3 5300 6300 1.47 97.0

Abbreviations: CL, ε-caprolactone; NMR, nuclear magnetic resonance; PCGA, poly(ε-caprolactone-co-glycolide); SEC, size-exclusion chromatography.
aDegree of polymerization of CL unit in a PCGA segment estimated by 1H-NMR.
bDegree of polymerization of glycolic acid (GA) unit in a PCGA segment estimated by 1H-NMR.
cMolar ratio of CL/GA in a PCGA segment calculated by 1H-NMR.
dNumber-average molecular weight estimated by 1H-NMR.
eWeight-average molecular weight and polydispersity index estimated by SEC.
fDegree of substitution of dan or nap group/OH estimated by 1H-NMR.
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I530/I370= 0.102 (theoretical value calculated from the additive spectra
in Figure 3) as Dex= 0%, as shown on the Y-axis on the right side in
Figure 4. Therefore, Dex can be defined by the following equation:

Dex %ð Þ ¼ Rt � Rminð Þ= Rmax � Rminð Þ ´ 100
where Rt is the observed I530/I370 value, Rmax is the I530/I370 value for a
homogeneous mixture (= 0.217), and Rmin is the theoretical value of
I530/I370 with no polymer exchange (= 0.102).

I530/I370 (and Dex) for the mixture of tri-PCG-nap/tri-PCG micelle
solution and tri-PCG-dan/tri-PCG micelle solution (S-sample)
increased with increasing temperature. This means that the rate of
polymer chain transfer was greater at higher temperature. Over 48 °C,
the Dex value reached a plateau at about 87%. Furthermore, the graph
was a sigmoidal curve with a threshold at 40–45 °C. In a diluted
condition (0.025 wt%, sufficiently below gelation concentration), the
tri-PCG solution showed a higher transition point over 40 °C, which
was detected by a diameter change in dynamic light scattering
(DLS; data not shown). These results suggest that the increase in
Dex along with temperature was not only due to kinetic acceleration by
the temperature increase, and the polymer transfer rate was
significantly increased around the sol-to-gel transition temperature.
We also investigated the effects of polymer concentration on

polymer chain transfer. Figure 5 shows the time course of the degree
of polymer chain exchange (Dex) for various polymer concentrations
after incubation at 35 °C. The emission spectra of the samples were
recorded after dilution to 0.025 wt%, because the fluorescence intensity
was too large when the concentration was high. Upon increasing
polymer concentration, the Dex value reached a plateau in a shorter
period of time. It is quite reasonable that the polymer exchange rate is
higher at a higher polymer concentration. Mattice et al. reported that
the polymer chain exchange rate was very slow at low polymer
concentration27 and the mechanism of polymer chain exchange was
suggested to be micellar merger/splitting at higher polymer concentra-
tion by dynamic Monte Carlo (MC) simulations.32 Our results showed
good agreement with their hypothesis and provided evidence from an
actual system that polymer chain exchange was promoted by merger
and splitting between micelles at high polymer concentration.
Therefore, we confirmed that polymer chain transfer behavior can
be examined under higher (15 wt%) polymer concentration.
Figure 6 shows the time course of Dex for the mixture of

tri-PCG-nap/tri-PCG micelle solution and tri-PCG-dan/tri-PCG
micelle solution (S-sample) with 15 wt% polymer concentration at
various incubation temperatures. The increase in the Dex value was

Figure 4 Emission intensity ratio (I530/I370) and degree of polymer chain
exchange for homogeneous mixture of tri-PCG-nap/tri-PCG-dan/tri-PCG
micelles (J), and mixture of tri-PCG-nap/tri-PCG micelle solution and tri-
PCG-dan/tri-PCG micelle solution (S-sample) (●) after incubation at various
temperatures for 10 min. Total polymer concentration=0.025 wt%.

Figure 3 (a) Emission spectra for each sample before mixing. Solid line: tri-PCG-nap/tri-PCG micelles (excitation at 290 nm); dotted line: tri-PCG-dan/tri-PCG
micelles (excitation at 290 nm); dashed line: tri-PCG-dan/tri-PCG micelles (excitation at 370 nm). (b) Emission spectra for mixture of tri-PCG-nap/tri-PCG
micelle solution and tri-PCG-dan/tri-PCG micelle solution (S-sample) after incubation at various temperatures for 10 min, and the additive spectrum of tri-
PCG-nap/tri-PCG micelles (excitation at 290 nm) (solid line in a) and tri-PCG-dan/tri-PCG micelles (excitation at 290 nm) [dotted line in (a)]. Total copolymer
concentration=0.025 wt%.
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much faster at higher incubation temperature. The rate of polymer
chain transfer between the micelles strongly depended on temperature.
Polymer chain transfer was very slow at 25 °C. On the basis of the
results of DLS measurements, the diameter of the tri-PCG micelle was
constant at 25 °C (Supplementary Figure S7). These results suggest
that the micelles neither merged nor aggregated at 25 °C. At a
temperature sufficiently lower than the transition point, PEG chains
existing at the shell layer of the micelles were adequately hydrated and
the hydrophobic cores of the micelles were not exposed to the aqueous
phase by exclusion volume effects of the PEG chains. This is the

reason why merger/aggregation of micelles hardly occurred at
low temperature even at high polymer concentration. After 1 min
incubation at 35 °C, the micelle solution underwent gelation, but the
Dex value still increased for an additional 9 min after gelation. These
results indicate that polymer chain transfer occurred even after
gelation, and the polymer chains could move in the hydrogel. On
the other hand, at 30 °C, below the sol-to-gel transition temperature,
the Dex value also increased gradually. These results suggest that some
polymer chain transfer occurred below the gelation temperature.
We found that the rate of polymer chain transfer was significantly

accelerated around the gelation temperature. In previous reports, the
sol-to-gel transition occurred by association of micelles,21–24 and
polymer chain transfer (exchange) occurred by merger between
micelles.32 However, it was suggested that polymer chain transfer
began before the gelation temperature was reached and continued
after gelation.

Comparison of D-samples and S-samples
As described in the introduction, we previously discovered that the
temperature-responsive covalent cross-linking IP formulations
prepared by the ‘freeze–dry with PEG/dispersion’ method (D-samples)
retained the sol state longer (more than 24 h) than the formulations
prepared by the usual heating dissolution method (S-samples), which
undergo gelation typically within 3 h after preparation (Supplementary
Figure S8).20 We hypothesized that differences in stability (no gelation
during incubation at r.t.) between D-samples and S-samples are due to
differences in the rate of polymer chain transfer at r.t. To confirm this
hypothesis, we investigated polymer chain transfer for both D-samples
(15 wt%) and S-samples for an extended period of time at 25 °C. In
this experiment, the emission intensity for the samples was measured
immediately after dilution to 0.025 wt%. The results are shown in
Figure 7. Clearly, the increase in the Dex value for the S-sample at the
initial stage was significantly faster than that of the D-sample. After
the initial (ca. 10 min) fast increase, the Dex value for the S-sample
increased more gradually. For the D-sample, no rapid increase at
the initial stage was observed and the Dex value increased gradually.

Figure 5 Degree of polymer chain exchange for S-sample with different
polymer concentrations incubated at 35 °C. J: 15 wt%; □: 7.5 wt%;
}: 2.5 wt%; Δ: 0.25 wt%; × : 0.025 wt%.

Figure 6 Time course of degree of polymer chain exchange for the mixture
of tri-PCG-nap/tri-PCG micelle solution and tri-PCG-dan/tri-PCG micelle
solution (S-sample) incubated at 35 °C (●), 30 °C (■), or 25 °C (▲). Total
polymer concentration=15 wt%.

Figure 7 Time course of degree of polymer chain exchange for
S-sample (■) and D-sample (□) incubated at 25 °C. Total polymer
concentration=15 wt%.
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After 180 min, the Dex values were about 45 and 20% for the S-sample
and D-sample, respectively. Considering our previous results showing
that spontaneous covalent gelation occurred in 3 h for S-samples,20 the
critical degree of polymer exchange for gelation should exist between
20 and 45%. It was confirmed that the rate of polymer chain transfer
in the S-sample was much faster than that in the D-sample at r.t
especially at the initial stage. We confirmed that the D-sample showed
an endothermic peak at 30 °C and the micelle core was in a solid-like
semi-crystalline state by DSC measurements (Figure 8). Therefore,
polymer chain transfer was suppressed in the D-sample because it was
not in the usual equilibrium state between unimers and micelles. The
initial stage polymer chain transfer was quite low for the D-sample
because the amount of unimers in the D-sample micelle solution was
extremely low. In addition, the unimers, if they existed, were difficult
to incorporate into other micelles because the micelle cores were in the
solid-like semi-crystalline state.
The main reason of the difference between S-samples and

D-samples is the difference of the core states, which must be derived
from the preparation process (freeze–dry or heating dissolution) as
follows. D-sample was prepared by the freeze–dry with PEG/
dispersion method. After freeze–dry, the core of the sample was
partially crystalized. Although certain part of micelle was aggregated,
the PEG molecules, as additives, existed between the micelles in the
aggregates, which helped rapid dispersion of the D-samples. During
this dispersion process, the temperature was kept below the melting
temperature. So, the crystal formed in the core was not melted, and no
water molecule could penetrate into the micelle core. As results, the
cores of D-sample micelles kept their semi-crystalline state. On
the other hand, during the process for S-sample preparation (heating
dissolution), temperature was raised above the melting temperature,
and the crystal in the core was melted. But, during the cooling process,
recrystallization in the micelle core was not proceeded in the presence
of solvent (water). So, the core of the S-sample micelle became
amorphous state.
To estimate the degree of polymer chain exchange in S-samples and

D-samples during the sol-to-gel transition process, the Dex value
under continuous temperature increase (from 25 °C to 42 °C,
1 °Cmin− 1) was monitored (Figure 9). The S-sample showed gelation

at 35 °C, and its Dex value increased rapidly in the range of 30–37 °C.
Thus, polymer chain transfer occurred in advance of gelation, and this
result shows good agreement with the results shown in Figure 6. The
percolation transition of associated micelles is considered to be the
prevailing mechanism for the sol-to-gel transition. However, the
association of micelles and polymer chain transfer began before
reaching the transition temperature of percolation. In contrast, the
Dex value of the D-sample gradually increased from 25 to 42 °C: no
rapid increase at a certain temperature was observed. The D-sample
showed gelation at 36 °C, where the Dex value was about 50%,
which was significantly lower than that of the S-sample at the
gelation temperature (78% at 35 °C). This result indicated
that exchange of polymer chains between micelles is suppressed in
D-samples compared to S-samples.

CONCLUSION

We successfully synthesized PCGA-b-PEG-b-PCGA with naphthalene
or dansyl groups covalently attached at both termini, tri-PCG-nap and
tri-PCG-dan, as FRET donors and acceptors, respectively. The FRET
observations provided an estimation of polymer chain transfer
between the micelles in the mixture of tri-PCG-nap/tri-PCG micelles
and tri-PCG-dan/tri-PCG micelles (S-sample or D-sample). Polymer
chain transfer between micelles for the S-sample was strongly
dependent on the polymer concentration and temperature, and was
accelerated at the gelation temperature. It was revealed that polymer
chain transfer began in advance of gelation, and continued even after
gelation. We previously reported that covalent cross-linking IP
formulations prepared by the ‘freeze–dry with PEG/dispersion’
method (D-samples) retained the sol state at r.t. longer compared to
S-samples prepared by the heating dissolution method, and
hypothesized that polymer chain transfer between micelles was
suppressed in D-samples, because the micelle cores were in a
solid-like semi-crystalline state. In this study, we confirmed that
polymer chain transfer in D-samples was in fact suppressed compared
with S-samples. Therefore, the results obtained in this study strongly
support our hypothesis.

Figure 9 Degree of polymer chain exchange in S-sample (■) and D-sample
(□) under continuous temperature increase (1 °C min−1). The polymer
concentration is 15 wt%.

Figure 8 DSC curve for S-sample (mixture of tri-PCG-nap/tri-PCG and tri-
PCG-dan/tri-PCG micelle solution) and D-sample (mixture of tri-PCG-nap/tri-
PCG and tri-PCG-dan/tri-PCG micelle dispersion). Total polymer
concentration=15 wt%.
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