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Abstract

Thermogelling triblock copolymers of poly(e-caprolactone-co-glycolide)—poly(ethylene glycol)—poly(e-caprolactone-co-glycolide) [P(CL-
GA)—PEG—P(CL-GA)] were successfully prepared by control of the hydrophilicity/hydrophobicity balance and chemical compositions of the
copolymers. The aqueous solutions of the copolymers underwent sol—gel transition as the temperature was increased from 20 to 60 °C. The
amphiphilic copolymer formed micelles in water and a gel was formed by aggregation of micelles. The structure parameters played a critical
role in determining sol—gel transition behavior. Either increasing [GA]/[CL] ratio or decreasing P(CL-GA) block length could induce the in-
crease of the lower sol—gel transition temperature. Glycolide (GA) was incorporated into the polymer chain to increase the polymer degradation
rate. Sustained release of rifampicin for approximately 32 days was obtained from the gel. It is believed to have potential applications in drug

delivery and tissue engineering.
© 2007 Elsevier Ltd. All rights reserved.
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1. Introduction

Intelligent hydrogels which can respond to the changes in
their environment, such as temperature [1,2], pH [3,4], light
[5,6] and ionic strength [7,8] etc. are a class of important soft
matter. Among those, biodegradable thermogelling polymers
are extensively studied in the last decade for their potential
applications in drug release [9,10], gene delivery [11—14],
tissue engineering [15] and cell therapy etc. These thermo-
responsible hydrogels used as injectable drug delivery depots
have the advantages including ease of application, localized
delivery for a site-specific action, prolonged delivery periods
and improved patient compliance. A series of ABA or BAB
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type block copolymers, in which A represents hydrophobic
polyester part and B represents hydrophilic poly(ethylene gly-
col) part, have been reported, such as poly(ethylene glycol)/
poly(lactic acid-co-glycolic acid) (PEG/PLGA) [16,17] and
poly(ethylene glycol)/poly(e-caprolactone) (PEG/PCL) [18,19].
PLGA—PEG—PLGA (commercial name: ReGel) was reported
by Zentner et al. [20] as a promising commercial thermogel-
ling copolymer. The PLGA block is biodegradable by the hy-
drolysis of ester bonds which can be absorbed by human body
[21]. A 23% aqueous solution of this copolymer showed a
sol—gel transition temperature around 20 °C and has been
used to develop the sustained release formulation for anti-
cancer drug pacilitaxel.

PCL was already approved by the U.S. Food and Drug
Administration (FDA) as a component of the contraceptive im-
plant (Capronor) [22]. It is relatively hydrophobic leading to
slow degradation. Polyglycolide (PGA) is also well known
for non-toxicity, biocompatibility and biodegradability. It has
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also been approved by FDA as a material of absorbable surgi-
cal suture, which could be completely absorbed by human body
in six months. The incorporation of glycolide (GA), a fast deg-
radation unit, into the hydrophobic PCL block can accelerate
its degradation rate [23].

In this work, we report novel thermal gels composed of
poly(e-caprolactone-co-glycolide)—poly(ethylene glycol)—poly
(e-caprolactone-co-glycolide) [P(CL-GA)—PEG—P(CL-GA)]
triblock copolymers with suitable sol—gel phase transition tem-
perature. The structure—property relationship of P(CL-GA)—
PEG—P(CL-GA) on the sol—gel transition was investigated.

2. Materials and methods
2.1. Materials

Poly(ethylene glycol) (PEG) with a number average molecu-
lar weight of 1540 was purchased from Chengdu Kelong Chem-
ical Corporation and purified by recrystallization from ethyl
ether. Glycolide (GA) was prepared in our lab and recrystallized
from ethyl acetate before use. e-caprolactone (CL) was purchased
from Acros and distilled over calcium hydride. Xylene was dis-
tilled under nitrogen after drying by refluxing over sodium.
Stannous 2-ethylhexanoate was purchased from Sigma (US)
without any further purification. 1,6-diphenyl-1,3,5-hexatriene
(DPH) was purchased from Acros and directly used.

2.2. Synthesis of P(CL-GA)—PEG—P(CL-GA) triblock
copolymers

The P(CL-GA)—PEG—P(CL-GA) triblock copolymers were
prepared by the ring-opening polymerization of e-caprolactone
and glycolide in the presence of PEG. A typical synthesis pro-
cedure is shown below. Two grams of PEG and appropriate
amounts of e-caprolactone and glycolide were added into a
dry flask under the protection of nitrogen. The flask was then
replaced with nitrogen for at least three times to remove the
moisture in monomers. Finally, the flask was added with 0.5 ml
stannous octoate solution (0.01 g/ml in xylene) and 5 ml xy-
lene, and immersed in an oil bath with predetermined temper-
ature for 12 h. The crude product was isolated by precipitation
into diethyl ether. The obtained copolymer was further purified
by dissolution/precipitation from methylene chloride/ethyl
ether and dried in vacuum oven at 80 °C overnight.

2.3. Proton nuclear magnetic resonance ( 'H NMR )

An NMR spectrometer (Bruker ARX-300) was used to
characterize the chemical compositions of the copolymers us-
ing CDCl; as the solvent and investigate the micelle formation
of the copolymer using D,0 as the solvent.

2.4. Phase transition behavior
The phase transition behavior of P(CL-GA)—PEG—P(CL-

GA) aqueous solutions with different concentrations were
measured by a test tube inverting method with an increment

temperature of 1 °C for each step [24]. The sample was pre-
pared by dissolving the copolymer into distilled water in a
test tube with an inner diameter of 11 mm. After incubation
of the tube at 5 °C for 12 h, it was immersed in a water bath
at a designated temperature for 20 min. A gel state was deter-
mined if no flow of the content was observed when inverting
the tube for 1 min.

2.5. Micelle formation

The micellization of the copolymer in water at room tem-
perature was studied by the dye solubilization method [25].
DPH solution (10 uL at 0.4 mM) in methanol was injected
precisely using a microsyringe into 1.0 ml P(CL-GA)—PEG—
P(CL-GA) triblock copolymer solutions in a concentration
range from 0.0001 to 0.316 wt%. The solutions were incu-
bated for 6 h at room temperature (20 °C) before the measure-
ment. The absorbance at 356 nm was plotted against polymer
concentration and the crossing point of the two extrapolated
straight lines was defined as CMC.

2.6. Dynamic mechanical analysis

The sol—gel transition of the copolymer aqueous solution
was investigated using dynamic rheometry (dynamic rheometer
Gemimi 2000). The aqueous copolymer solution was placed
between parallel plates with a diameter of 40 mm and a gap
of 0.5 mm. The data were collected under a controlled stress
(4.0 dyne cm™?) and a frequency of 1.0rads™' at a heating

rate of 0.5 °C min~ .

2.7. Differential scanning calorimetry (DSC)

DSC analysis was performed on a Netzsch DSC 204 F1 in-
strument (Netzsch GmbH) to study the thermal properties of
the synthesized copolymers. The samples were first heated
to 80 °C and kept at this temperature for 5 min to eliminate
the thermal history. The cooling curves were recorded when
the samples were cooled from 80 °C to —60 °C at a nominal
rate of 10 °C/min. After keeping the samples at —60 °C for
5 min, the heating curves were recorded when they were heated
from —60 °C to 80° at a nominal rate of 10 °C/min.

2.8. Wide angle X-ray diffraction (WXD)

The wide angle X-ray diffraction (WAXD) spectra were re-
corded with a diffractometer (Philips X pert Pro MPD, US)
with Ni-filtered Cu Ko radiation at room temperature. The
X-ray tube worked at 40 kV and 50 mA.

2.9. Release of rifampicin from hydrogel in vitro

Two milligrams of rifampicin was mixed with P(CL-GA)—
PEG—P(CL-GA) triblock copolymers solutions in a 10-ml test
tube to form a homogeneous clear solution at room tempera-
ture. Tubes were incubated at 37 °C to form a clear gel. After
5 min, 1 ml of phosphate buffer (pH 7.4) containing NaNj
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Fig. 1. 'H NMR spectrum of P(CL-GA)—PEG—P(CL-GA) triblock
copolymer.

(0.02%, w/v) was added to the tubes as release medium under
shaking. The amount of rifampicin in each time interval was
determined by UV—vis detection at 474 nm.

2.10. Degradation of polymer in vitro

The aqueous solutions (25 wt%) of P(CL-GA)—PEG—
P(CL-GA) were prepared in phosphate buffer saline (PBS)
to form a clear aqueous dispersion. Each solution (2.0 ml) was
injected into a preheated 50-ml test tube with a diameter of
2.5cm at 37 °C.

Twenty milliliters of phosphate buffer was added to the
formed gel 5 min later and shaken at 60 rpm. The samples
were taken at designated time intervals, supernatant was re-
moved, and the remaining samples were freeze-dried for
24 h. The degree of degradation was estimated from the
decrease of molecular weight of the polymer.

3. Results and discussions

3.1. Synthesis and characterization of P(CL-GA)—PEG—
P(CL-GA) triblock copolymers

The P(CL-GA)—PEG—P(CL-GA) triblock copolymers
were synthesized by ring-opening polymerization of CL and
GA monomers in xylene in the presence of PEG using stan-
nous octoate as the catalyst. The CL and GA monomers
were randomly inserted into the P(CL-GA) blocks during the
polymerization process. Fig. 1 is "H NMR spectrum of the
P(CL-GA)—PEG—P(CL-GA) triblock copolymer. The peaks
at 4.5—4.8 ppm, 3.6 ppm and 2.2—2.3 ppm are assigned to
the GA methylene protons, the PEG methylene protons and
CL a-methylene protons, respectively. From these peaks, the
parameters that may effect the phase transition behavior of
the copolymer solutions, such as the [EG]/([GA] + [CL]) ra-
tio, [GA]/[CL] ratio, molecular weight (M,,) and block length

of the copolymers are calculated and listed in Table 1 for ease
of comparison.

3.2. Sol—gel transition behavior of P(CL-GA)—PEG—
P(CL-GA) aqueous solutions

The effect of P(CL-GA) block length on the sol—gel tran-
sition curve for the copolymer solutions is presented in Fig. 2.
PI and PIII have identical PEG block length (M, = 1540), sim-
ilar [GAJ/[CL] ratio, but different [EG]/([GA]+ [CL]) ratio
(block length). At low temperature unimers were in equilib-
rium with micelles in the aqueous solution. As temperature in-
creased the micelles bridged to form micellar groups because
the hydrophobic polyester blocks can diffuse into different mi-
celles which led to gel formation [17]. When the temperature
further increased, the gel became a turbid solution due to PEG
chains undergoing dehydration [26] and micellar groups pre-
cipitated in water. Longer P(CL-GA) chain in the triblock co-
polymers induced a stronger hydrophobic interaction, leading
to an increase in the association tendency of micelles and
causing bridging to occur at lower temperature. Therefore,
the gel zone in the phase diagram of PI is shown to be wider
than that of PIIL.

The effect of [GA]/[CL] ratio on the sol—gel transition
curve for the copolymer solutions is presented in Fig. 3. PI
and PII have identical PEG block length (M,, = 1540), similar
[EGJ/(IGA] + [CL)) ratio, but different [GA]/[CL] ratio. It was
observed that the sol—gel temperature (LCST) increases with
[GAY/[CL] ratio from 0.080 to 0.11. Since the glycolyl units
are more hydrophilic than the caproyl units, the above results
could be ascribed to the increased interaction of micelles with
decreasing [GA]/[CL] ratio in the copolymers.

3.3. Micelle formation of P(CL-GA)—PEG—P(CL-GA) in
aqueous solutions

The micellar state present for PI in water at room temper-
ature was confirmed by dye solubilization experiment. The hy-
drophobic dye, DPH, has a very limited solubility in water and
the absorbance of the solution without adding PI is very low.
However, if PI is added into the water and the copolymer mi-
celles is formed, the DPH molecules will be entrapped into the
core of the micelles, which results in an increase of DPH ab-
sorbance with copolymer concentration (Fig. 4). Fig. 5 shows
the critical micelle concentration (CMC) of the aqueous solu-
tion of PI at 20 °C. An abrupt increase in DPH absorbance in-
dicates the formation of PI micelles at a critical concentration
about 0.002 wt%.

Table 1

Chemical compositions and molecular weights of the synthesized P(CL-GA)—PEG—P(CL-GA) triblock copolymers®

No. Block length [EGI/([GA] + [CL]) (mol/mol) [GAJ/[CL] (mol/mol) M, (NMR)

Pl (CL/GA)5.8/1.2—(EG)35—(CL/GA);58/1.2 1.03 0.080 1950—1540—1950
PII (CL/GA)14.71.6—(EG)35—(CL/GA)14.7/1.6 1.07 0.111 1860—1540—1860
PIII (CL/GA)13.5/1.1—(EG)35—(CL/GA) 3511 1.19 0.083 1670—1540—1670

 Obtained from 'H NMR analysis of the copolymers.



Z. Jiang et al. | Polymer 48 (2007) 4786—4792 4789

50 4

—a—PI
ll=—=Pm

N
(9]
1

Turbid sol

Turbid Gel

<~ +-~

Temperature (C)
'S
o
L
+

Clear Gel
35 - Clear Sol

30 T T T T T g T T T T 1
10 15 20 25 30 35

Concentration (wt%)

Fig. 2. Effect of P(CL-GA) block length on the sol—gel transition curve for the
copolymer solutions. Increasing the P(CL-GA) block length leads to the de-
crease of sol—gel transition temperature.

The formation of micelles for the PI copolymer in water at
room temperature was also confirmed by 'H NMR spectra in
D,O (Fig. 6). The narrow component is attributed to the more
mobile shell regions, and the broad component to protons in
the core regions where the mobility of chain is limited. In
D,0 PEG is shown as a sharp peak while the peaks represent-
ing P(CL-GA) block is collapsed and broadened, indicating
a core [P(CL-GA)]-shell (PEG) structure and slow molecular
motion of P(CL-GA) segments in water. Since the critical ge-
lation concentration (CGC) of PI (about 14%) is much higher
than its CMC, micelles are formed before gelation. It suggests
that the P(CL-GA)—PEG—P(CL-GA) first form micelles in
the aqueous solution and then form a gel by further aggrega-
tion of micelles when a physical network is established as
presented in Fig. 7.
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Fig. 3. Effect of [GA/CL] ratio on the sol—gel transition curve for the copol-
ymer solutions. Increasing [GA/CL] ratio leads to the increase of sol—gel tran-
sition temperature.
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Fig. 4. UV—vis spectra of DPH as a function of PI concentration in water.
Note the increase in DPH absorbance with PI concentration.

3.4. Dynamic mechanical analysis

The sol—gel transition for the 25 wt% aqueous solution of PI
was further characterized by dynamic viscosity measurement
and the result is shown in Fig. 8. The viscosity of solution at
room temperature is about 0.04 Pa s, which makes it easy to for-
mulate and inject through a syringe needle. The viscosity in-
creases rapidly at the onset temperature of gelation (32 °C) and
reaches 14.9 Pa s when the gel is completely formed. Then on fur-
ther increasing the temperature, the viscosity remains constant
until the gel starts to collapse at 50 °C. The change of viscosity
with temperature for the 25% aqueous solution of PI shows
good agreement with the sol—gel transition described previously.

3.5. Thermal analysis

DSC thermogram of P(CL-GA)—PEG—P(CL-GA) triblock
copolymers is presented in Fig. 9. In the cooling curves of all
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Fig. 5. Critical micelle concentration of the aqueous solution of PI measured at
20 °C. CMC was determined by the two extrapolated lines of the absorbance at
356 nm.
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Fig. 6. Comparison of "H NMR spectra of PI in CDCl; and D,O indicating
a core P(CL-GA)]-shell (PEG) structure.

the samples, all copolymers display a lower crystallization peak
from —20 to —10 °C and a higher crystallization peak from
—10 to 20 °C, corresponding to the PEG and PCL component,
respectively. The X-ray diffraction spectrum showed three peaks
located at 20 =21.4 and 23.8, and a small shoulder at
260 =22.0 (Fig. 10) which were assigned to crystalline regions
of PCL blocks. [27] There were small diffraction peaks
at 20 =19.4 which were assigned to crystalline regions of
PEG. This observation agreed with the result of thermal char-
acterization. Despite of the similar peak temperature for PEG,
the peak temperature for PCL crystallization is much higher
for PI (14 °C) than that for PII and PIII (—3 °C). In the heating
curves of Fig. 9, all copolymers have shown one melting peak
at 10—20 °C for PEG component and two melting peaks at
25—45 °C for PCL component. The melting temperatures for
the PCL component are obviously higher for PI than those
for PII and PIIL. It is possibly due to the existence of relatively
long CL sequence in PI.

3.6. Release of rifampicin from hydrogel in vitro

Rifampicin was dissolved in a 25% (w/w) aqueous solution
of P(CL-GA)—PEG—P(CL-GA) to form a test formulation

\‘ 1225~
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Fig. 7. Gelation mechanism of P(CL-GA)—PEG—P(CL-GA) aqueous solutions.
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Fig. 8. Dynamic mechanical analysis of 25 wt% aqueous solution of PI as
a function of temperature. Note the sharp increase in viscosity at the onset
temperature of gelation (32 °C).

containing 2 mg/ml rifampicin. The release profile of rifampi-
cin from this gel is shown in Fig. 11. The release of rifampicin
was consistent with a diffusion-controlled mechanism. The
sustained release of the rifampicin for approximately 32 days
was obtained from the gel formulation.

3.7. Degradation of polymer in vitro

The in vitro degradation of P(CL-GA)—PEG—P(CL-GA)
was determined over a 14 week period. Upon reaching body
temperature a gel was immediately formed. Between 4 and
14 weeks the physical state of the triblock copolymer changed
from a gel to a mixture of a gel in a viscous liquid, and finally
to a viscous liquid without gel. The molecular weight (M,,) of
retrieved polymer samples was analyzed by GPC which is
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Fig. 9. DSC thermogram of P(CL-GA)—PEG—P(CL-GA) triblock copoly-
mers. HP1, HP2, and HP3 are heating curves and CP1, CP2, and CP3 are cool-
ing curves for the P(CL-GA)—PEG—P(CL-GA) triblock copolymer of PI, PII,
and PIII, respectively.
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Fig. 10. XRD of P(CL-GA)—PEG—P(CL-GA) copolymers.

presented in Fig. 12. The degradation mechanism of the poly-
ester blocks of the triblock copolymer is well known to occur
by hydrolysis. The molecular weight from GPC slightly de-
creased upto 4 weeks of degradation indicating that chain scis-
sion by degradation did not actively occur during the first 4
weeks. After 4 weeks of degradation, 45% decrease in molar
mass was observed over a 6 week period which may be
ascribed to hydrolysis of fast degradable glycolide units. How-
ever, the molecular weight did not show further sharp decrease
after 10 weeks due to low content of glycolide in the
copolymer.

4. Conclusions

Thermogelling aqueous solutions of P(CL-GA)—PEG—
P(CL-GA) triblock copolymers with suitable sol—gel transi-
tion temperatures were successfully prepared. Micelles were

formed in the aqueous solution of the amphiphilic copolymers
and a gel was formed by aggregation of micelles. The lower
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Fig. 11. Cumulative release of rifampicin from P(CL-GA)—PEG—P(CL-GA)
(1950—1540—1950) triblock copolymer hydrogel.
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Fig. 12. The degradation behavior of P(CL-GA)—PEG—P(CL-GA) (1950—
1540—1950) under pH 7.4, 37 °C.

sol—gel transition temperature can be controlled by adjusting
the hydrophilicity/hydrophobicity balance of the copolymers.
Increasing [GA]/[CL] ratio or decreasing the P(CL-GA) block
length in the copolymers resulted in an increase of LCST.
These thermal gels are useful for the formulation of injectable
drug delivery depots, due to their appropriate sol—gel transi-
tion temperature and accelerated degradation.
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