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ABSTRACT: In the search for a new thermogelling biomaterial, we are reporting poly(ethylene glipobf}
(trimethylene carbonate) (PE&TMC) diblock copolymers. The PEGTMC (550-2750) diblock copolymer
aqueous solutions(25 wt %) underwent sol-to-gel-to-syneresis (macroscopic phase separation between the polymer
and water) transition as the temperature increased. The sol-to-gel transition temperature could be controlled in a
range of 26-75 °C by varying polymer concentration in water, molecular weight, and composition of the polymer.
13C NMR spectra, a transmission electron microscopic image, and dynamic light scattering suggest that the micellar
aggregation through the dehydration of PEG is involved in the sol-to-gel transition. The in-situ gel formation
was confirmed by subcutaneous injection of the polymer aqueous solution (30 wt %, 0.5 mL) into rats. Because
of the diffusion of the polymer with a low molecular weight out of the gel, mass loss of 15 wt % was observed
over 20 days in in-vivo study. On the other hand, the polymer is so stable in phosphate buffer saline that any
changes in molecular weight, pH, and gel mass were not observed over the same period of time in in-vitro study.

Introduction p-malic acideo--butyrolactone) block acts as a hydrophilic
. . . ) art?s
As a degradable biomaterial, aliphatic polyesters such as In this research, we prepared a series of poly(ethylene

homo- and copolymers of glycolide; or DL_—Iactlde, Qaprolac- glycol)—poly(trimethylene carbonate) (PETMC) diblock
tone, and butyrolactone have been extensively studied for S“turecopolymersz.eﬂ The molecular weights of PEG (hydrophilic
drug delivery, tissue engineering, and artificial organ applica- block) and PTMC (hydrophobic block) were controlled to
tions172 As another class of biomaterial, aliphatic polycarbonate prepare a polymer showing reverse thermal gelation. Molecular
has been drawing attentidn® In particular, poly(trimethylene aggregation behavior in water, the structapeoperty relation-
carbonate) (PTMC) showed some attractive characteristics as %hip of sol-gel transition, and in-vitro/in-vivo degradation
b@omaterial_ s_u_ch as facile preparation by cationic polymerization, behavior of the PEGPTMC diblock polymer were investigated.
biocompatibility, and mechanical softne’ss. The characteristics of PEGPTMC as an injectable material
Reverse thermal gelling materials are suggested to be verywere compared with the previous reverse thermal gelling
promising implantable biomaterials for drug delivery and tissue polymer systems.
engineering applications because (1) a surgical procedure is not . ]
needed to make an implant, (2) sterilization is simple by Experimental Section
microfiltration in a sol state, and (3) organic solvent is notused  Materials. Trimethylene carbonate (Aldrich), stannous octoate
during the fabrication of the implad®:l* A mild change in (Aldrich), monomethoxy poly(ethylene glycol) (MW 550 (Fluka),
temperature induces the transition from a low viscous sol to a 750 (Aldrich), and 1100 (Fluka)), 1,6-diphenyl-1,3,5-hexatriene
semisolid gel. Therefore, sensitive therapeutic agents including (Aldrich), and 2-anilinonaphthalene (TCI) were used as received.
protein drugs or cells can be incorporated in a sol state, followed T°/Uene (Aldrich) was dried over sodium before use.
by injection into a target site can make the hydrogel depot Synthesis.PEG-PTMC diblock copolymers were prepared by

- the ring-opening polymerization of trimethylene carbonate on the
system due to the heat induced sol-to-gel transiidfiTo show monomethoxypoly(ethylene glycol). Stannous octoate was used as

a temperature-induced sol-to-gel transition in water, the polymer g catalyst. For example, to synthesize the PEGMC diblock
should have a delicate balance of hydrophobicity and hydro- copolymer (556-2750) (PI in Table 1), the monomethoxypoly-
philicity.415 Poly(ethylene glycol) (PEG) has typically been (ethylene glycol) (4.4 g, 8.0 mmol, M\ 550) was dissolved in
used for the hydrophilic part due to its proven biocompatibifity.  anhydrous toluene (80 mL), and the solvent was distilled off to a
Poly(lactic acideo-glycolic acid), polycaprolactone, polyphos- final volume of 30 mL to remove the residual water adsorbed to
phazene, poly(propylene fumarate), chitosan, and their modifiedthe polymer. Trimethylene carbonate (14.4 g, 141 mmol) and
structures have been used for the biodegradable hydrophobictannous octoate (24, 0.062 mmol) were added to the reaction
parti’-2¢ Poly(lactic acid)/poly(dimethyB-malic acideo-f- mixture and stirred at 12€C for 24 h. The product was isolated

o - by precipitation into diethyl ether. The polymer was dissolved in
butyrolactone) consisting of purely biodegradable blocks was ety iene chioride and fractionally precipitated by slowly adding

also reported as a reverse polymer, where the poly(dimethyl- jiethy| ether. Two times the fractional precipitation separated the
diblock copolymer with a final yield of 65%. The residual solvent

* Corresponding author: e-mail bjeong@ewha.ac.kr, Fax 82-2-3277- was removed under vacuum. Other PERSTMC diblock copoly-

3411. mers in Table 1 were similarly synthesized.
t Ewha Womans University. Gel Permeation Chromatography.The gel permeation chro-
* Korea University. matography system (Waters 515) with a refractive index detector
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Table 1. List of PEG—PTMC Diblock Copolymers Studied method. The decay rate distributions were transformed to an
EG/ M.,/ apparent diffusion coefficienf). From the diffusion coefficient,
PEG-PTMC2 M2 T™MC® M M,b the apparent hydrodynamic size of a polymer aggregate can be

obtained by the Stoke<Einstein equation.
PI (EG25—(TMC)270  550-2750 0.46 4700 1.4 /i ; .
PIl (EG)pe—(TMCloa  550-3000 0.42 5600 15 In-Vitro Degradation. Aqueous solutions (0.5 mL) of PEG

_ PTMC (PI) (30 wt %) was kept at 37C for 2 min to form a gel.
Pl EG T™C 750-3000 0.58 6500 1.4 .
PIV EEG))i;-E*ETMC;ii-: 7504250 0.40 7700 15 3.0 mL of phosphate buffer saline (pH 7.4, 37°C) was added to
PV (EGlso—(TMC)ze4 1100-3000  0.84 8100 1.4 the gel. The medium (3.0 mL) was replaced everyday. In addition,
PVI  (EG)so—(TMC)ses  1100-6100 0.42 12000 1.5 to investigate the storage stability of the PEBTMC (Pl in Table
. . . 1) at room temperature, the agueous polymer solution (0.5 mL, 30
aDetermined by*H NMR in CDCl; based on ethylene glycol (EG) unit
(4H, 3.6 ppm) and trimethylene carbonate (TMC) unit (4H, 4.3 ppm) of wt %) was kept at 20C f°f 30, 60, and 90 days. For both cases,
the polymersP Determined by GPC. In the GPC, tetrahydrofuran was used the€ phosphate buffer saline was removed by the freeze-drying

as an eluting solvent, and polystyrenes in a molecular weight range of-1000 Method at a given time interval. The polymer was redissolved in
20 000 were used as the molecular weight standards. tetrahydrofuran for gel permeation chromatography (Waters 515

with a refractive index detector). Polystyrenes were used as the

(Waters 410) was used to obtain molecular weight and molecular Molecular weight standards. Tetrahydrofuran was used as an eluting
weight distributions of polymers. Tetrahydrofuran was used as an Selvent, and the flow rate was 1.0 mL/min.
eluting solvent. The polystyrenes in a molecular weight range of  IN-Vivo Gel Formation and Degradation. 0.5 mL of an
1000-20 000 Da were used as the molecular weight standards. @queous polymer (Pl) solution (30 wt %) at 20 was injected
Styragel HMW 6E and HR 4E columns (Waters) were used in through a 21 gauge syringe needle into the subcutaneous layer of
series. the rat. The rat was sacrificed at a given time interval, and photos

NMR Study. A 500 MHz NMR spectrometer (Varian) was used ~around the implanted site were taken. The remaining gel was freeze-
for H NMR (in CDCly) to study composition of the polymer and ~ dried, and the molecular weight of the polymer was investigated.
13C NMR (in D;0) to see the spectral change of the PERTMC The experimental protocol was followed by guidelines set forth in
diblock copolymer as a function of temperature. The solution the National Institutes of Health Guide for the Care and Use of
temperature was equilibrated for 20 min before the measurement.L-aboratory Animals.

Sol—Gel Transition. The sol-gel transition temperature was . .
determined by the test tube inverting method and dynamic me- R€Sults and Discussion
chanical analysis. For the test tube inverting method, the 4 mL vials  The PEG-PTMC diblock copolymer was synthesized by the
(diameter 1.1 cm) containing 0.5 mL of PEGTMC diblock ring-opening polymerization of trimethylene carbonate onto the
copolymer solutions were immersed in a water bath aC4for monomethoxy-PEG in the presence of stannous octoate as a
30 min. The transition temperatures were deter_mlned by a flow catalyst. The ratio ofH NMR peak area at 4.3 ppri\{2) to
(sol)—no flow (gel) criterion when the vial was inverted with a 3.6 (Ase) ppm gives the number-average molecular weight of

temperature increment of °C per steg®2° The syneresis temper- ) : -
ature was determined by the visual observation of the macroscopicthe PEG-PTMC diblock copolymer by the following equations

phase separation between the polymer and water. Each data poinfSUPPOrting Information, Figure S1-a). For €bt+(CH,CH,O)n—
is an average of three measurements. (COOCHCHCH0)mH
The sol-to-gel transition of the polymer aqueous solution was
also investigated by dynamic rheometry (Thermo Haake, rheometer mn=A, JAs¢
RS 1)30:31The aqueous polymer solution (PI; 30 wt %) was placed _
between parallel plates of 25 mm diameter and a gap of 0.5 mm. My(PEG)= 32+ 44n
The data were collected under a controlled stress (4.0 dyh/cm M, (PEG-PTMC)= 32+ 44n + 102m
and a frequency of 1.0 rad/s. The heating and cooling rates were n
0.2 °C/min. The shear rate dependence of the viscosity was
performed for PEGPTMC (Pl) aqueous solution (30 wt %) at " values are 12.5, .17.0, and 25.0 for PEG 550, PEG 750, and
20°C (sol), 28°C (sol-gel transition temperature), and 3T (gel). PEG1100, respectively. . .
Cryo-Transmission Electron Microscopy.To see the assembled The polymers studied in this research are listed in Table 1.
structure of the polymer in water, the aqueous polymer solution *H NMR peaks at 3.6 ppnQH.CH,0) and 4.3 ppm (COOH,-
(P1; 0.05 or 30 wt %) was coated on a carbon grid and blotted by CH,CH,0) (Figure S1-a§* FTIR peaks (Figure S1-b) at 1747
the filter paper. The sample was rapidly frozen onto liquid ethane cm™! (O—CO—0O carbonate stretching) and 1100200 cnt?
(=170°C). The frozen image of the polymer was obtained using (CO ether stretching}® and gel permeation chromatograms
a cryo-transmission electron microscope (Tecnai 12, Philips) with (Figure S1-c) of PEG (MW~ 550 Da) (retention time= 19.5
an accelerating voltage of 120 kv. min) and PEG-PTMC (PI) (retention time= 16.5 min) support

Critical Aggregation Concentration. Critical aggregation con- . : .
centration was determined by the fluorescence spectroscopy at roorr;[he formation of the PEGPTMC diblock copolymer (Support

temperature (20C). 2-Anilinonaphthalene solution in methanol "g Information, Figure S1). _

(30 uL at 0.01 mM) was injected into an aqueous solution (3.0  1he PEG-PTMC diblock copolymer aqueous solution un-
mL) in a polymer (PI) concentration range of 1x010-6—1.0 x derwent sol (slightly bluish)-to-gel (turbid) transition as the
101 wt %. The excitation wavelength was 309 nm. The fluores- temperature increased. Further increase in temperature resulted
cence spectra of these solutions were recorded from 350 toin a macroscopic phase separation between the polymer and
600 nm. The band positioifay) was plotted against the polymer  water (syneresis). For example, the PEETMC (550-2750;
concentration, and the crossing point of the two extrapolated straight p|) aqueous solution (30 wt %) underwent sol-to-gel transition
lines was defined as the critical aggregation concentration of the 5t 2g°C and gel-to-syneresis transition at 38. The typical
polymer in watef==3 phase diagram of PEMPTMC (PI) and photos of the sol (at

Dynamic Light Scattering. The apparent size of a polymer o . -
aggregate in water was studied by a dynamic light scattering (DLS) 20°C) and gel (at BS.C) phases are .shown (Fllgure 1a,b). During
instrument (ALV 5000-60x0) as a function of temperature at 0.05 the sol-to-gel transition, an abrupt increase in the modulus from
and 2.0 wt %. A YAG DPSS-200 laser (Langen, Germany) 1.0 to 10000 mPa was observed (Figure 3.9@? The gel
operating at 532 nm was used as a light source. Measurements ofnodulus of PEGPTMC (PI) (~10 Pa) was low enough to be
scattered light were made at an angle of @®the incident beam. injected through a 21 gauge syringe needle as a gel state. The

The results of DLS were analyzed by the regularized CONTIN PLGA/PEG and PEG/PCL were reported to have about-100
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10000 B c) aqueous solution (30 wt %) as a function of shear rate in sol state (at
1000 - 4 20 °C), sol-gel transition temperature (28C), and gel state (at
rm & 5 35°C). (b) The power law equations are shown for the shear-thinning
o 100 F 8 ;:’ region where the shear rate is greater than 30.0 rad/s.
£ o
g 10 - o : e t f 1.86100 rad/s (Fi 2a). The vi ity of sol i
- ° Heatin * H1 rate range of 1. rad/s (Figure 2a). The viscosity of sol is
o A o C1 nearly independent of the shear rate, indicating that the sol
ol ° H2 behaves like a Newtonian fluid. However, the viscosity was
01 maximal at about 3.0 rad/s at the sol-to-gel transition temperature
0.01 ' ' ' ' ' ' (28 °C) and in the gel state (35C). This behavior can be
10 15 20 25 30 35 40 45 explained as follows. In a low shear rate region, the gel with

Temperature (°C) physical junctions resists against the shear stress. Therefore, the
P viscosity increases as the shear rate increases. However, when

Figure 1. (a) Phase diagram of the PEGTMC diblock copolymer the shear rate is large enough4(.0 rad/s) to break the physical

(PI) in water. The transition temperature was measured by the test t“be'unctions of the aggregates, the viscosity decreases as the shear

inverting method. Each data point is an average of three measurementsl. . .

(b) Photo showing the sol (at Z) and the gel (at 35C) states of rate increases. Such a maximum curve was also observed for

the PEG-PTMC diblock copolymer (PI) aqueous solution (30 wt %).  physical gel of colloidal dispersions of stearyl-coated silica
EC))ChangeS in The mO((iulus of ;he PEfBTMC ditfﬂOCk COpOlyer particles®” The shear-thinning region was plotted to obtain the
PI1) aqueous solutions (30 wt %) as a function of temperature during nower law exponen Figure 2b).

the heating— cooling— heating cycle. H1, C1, and H2 indicate the P P &) (Fig )
first heating, the first cooling, and the second heating cycle, respectively.

n = K(dy/dt)~®
1000 Pa in the gel staf@3%When the temperature decreased,
the PEG-PTMC gel reversibly turned into a sol. The dynamic Therefore, logy = —a log(dy/dt) + log K, whereK is the
mechanical analysis showed a hysteresis loop because theroportionality constant andyddt is the shear rate. The power
absorption of the water in a gel state (cooling) is kinetically law exponents in the shear thinning region were simulated to
slower than the sol-to-gel-to syneresis transition process (heat-be 1.03 at 28C (sot-gel transition) and 0.69 at 3% (gel).
ing) of a dissolved polymer. However, once PEBTMC Because the system has tighter physical junctions in the gel state
formed a sol at low temperature, the sol-to-gel transition in the than the sotgel transition state, the viscosity decayed more
second heating cycle occurred at the same temperature with theslowly in the gel state than the sajel transition state.
first heating cycle (Figure 1c), suggesting the reversibility of ~ To gain insight into the phase transition mechanism at the
the sol-gel transition. Even when the gel prepared from aqueous molecular level, thel3C NMR spectrum of the polymer
polymer solution (30 wt %) was kept at 3T for 20 days, the (30 wt %) was studied as a function of temperature in deuterated
same sol-to-gel transition at 28 was observed. This fact water (Figure 3). In the sol state (2C), the hydrophilic PEG
suggests the reversibility of the sajel transition and nonde-  peak at 69-70 ppm was sharp whereas the hydrophobic PTMC
gradability of the PEGPTMC in water as will be discussed peak at 63-65 ppm was collapsed. The sharpness of a peak in
later. 13C NMR reflects a highly dynamic state of the blot2:30.38

The viscosity of Pl (30 wt % in water) at 2T (sol), 28°C When the PEGPTMC forms a coreshell structure, as would
(sol-to-gel transition temperature), and<85(gel) was compared  be proven in the TEM image at 30 wt %, the molecular motion
as a function of shear rate. The viscosity of the gel phase wasof the core block (PTMC) of a micelle is restricted, where the
1000-10 000 times larger than that of the sol phase in a shear shell block (PEG) is in a highly dynamic state. Therefore, the
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of hydrophobic block to hydrophilic block showing reverse
thermal gelation was 0-92.5 for PEG/PLGA and PEG/PCL
JJ 45°C systems.’18 The molecular weight ratio of PTMC to PEG of
45°C ' current PEG-PTMC (550-2740) is 5.0. This ratio is much
B jj\\“_ss"?k _UU 35°C larger than previous reverse thermal gelling polymers that
25°C showed only micelles at low concentrations. As the size of the
) J\_.EP_C./\ 25 °C' hydrophobic part increases, the surfactants tend to from a vesicle
71 69 67 65 63 with a bilayer structuré? The coexistence of micelles and
. ppm AL 420°C vesicles at low polymer concentration in water was also reported
‘ ‘ for poly(2-hydroxyethyl aspartamidejpoly(lactide)** At high
200 150 100 50 0 concentration (30 wt %), spheres with an average size_ of 25
ppm nm were observed. Such a decrease in the aggregate size with

. . increasing polymer concentration coincided with the results of
Figure 3. *C NMR spectra of PEGPTMC (PI) aqueous solutions g+ scattering as will be discussed in the section on light
(30 wt %) in D,O as a function of temperature. The spectra atQ0 -

(sol), 25°C (just below sol-to-gel transition), 3% (gel), and 45°C scattering.

(above syneresis) were compared. The core-shell type aggregation was confirmed by fluores-
cence spectra of 2-anilinonaphthalene as a function of PEG
PTMC concentration in water (Figure 4a). The emission
wavelength of 2-anilinonaphthalene is sensitive to the solvent
polarity. In a polar (hydrophilic) environment, thénax is
observed at about 445 nm; however, fhg, shifted to 410 nm

in a nonpolar hydrophobic environment. At a low polymer
concentration, the 2-anilinonaphthalene is exposed to a polar
aqueous environment. As the polymer concentration
increased, the PEEGPTMC diblock copolymers would ag-
gregate to form a coreshell type structure in water, and the
hydrophobic dye (2-anilinonaphthalene) would be partitioned
into the hydrophobic corénaxwas plotted against the polymer
concentration to obtain the critical concentration for the polymer
aggregatior§233 The crossing point of two extrapolated lines
was defined as the critical aggregation concentration of the
polymer in water, which was about & 107° wt % (Figure
4b). This is quite small compared with previous thermogelling
polymers of PEG/PLGA, PEG/PCL, etc., which was about?10
wt %.1842 This behavior is related to the large fraction of
hydrophobic block (PTMC) in PEGPTMC (550-2750)
compared with PEG/PLGA (550/1400) and PEG/PCL (550/

) ' o 3 o 1000) which shows a reverse thermal gelling property at about
Figure 4. Cryo-transmission electron microscopic image of the 30 °C
polymer (Pl) agueous solutions at 20: (a) 0.05 and (b) 30.0 wt %. ’
The scale bar is 100 nm. The apparent size of a polymer aggregate was investigated

as a function of temperature by dynamic light scattering. As
PTMC peak is collapsed, and the PEG peak is sharp in the NMR the temperature increased from 20 to“€5at 0.05 wt %, the
at 20°C. When the micelles experience a transition from sol- size decreased from 80 to 60 nm and the size distribution of
to-gel state, the molecular motion of PTMC increases by thermal the polymer aggregates decreased (Figure 6a). The shrinkage
energy, whereas the PEG are dehydrated and entangled to fornef the polymer aggregate as the temperature increased might
a gel; thus, the molecular motion of the PEG is rather restricted be correlated to the partial dehydration of the PEG, as was
as the temperature increases. Because of the dehydration of PEGlJiscussed in the previous section &€ NMR spectra. At
a decrease~30%) in the hydrodynamic radius of monomethoxy 20 °C, the polymer aggregate size was smaller at 2.0 wt %
PEG (MW~ 550) in water was reported when the temperature (45 nm) than 0.05 wt % (80 nm). As the temperature increased,
increased from 20 to 45C.3° The extent of dehydration was however, the most probable aggregate size increased from
more pronounced when the PEG is covalently bonded to a45 nm (20°C) to 190 nm (35°C) and to 295 nm (45)§C
hydrophobic moiety. A further increase in temperature makes (Figure 6b). This observation suggests that extensive
the gel-to-syneresis transition. During this transition, further micellar aggregation might occur during the sol-to-gel
dehydration of the PEG occurs and the molecular motion of transition.

PEG is more restricted, resulting in the collapsed PEG peak in  The effect of PEG molecular weight in the PEBTMC

the NMR spectra, whereas .the PTMC molecular motion is plock copolymer on the selgel phase diagrams is shown in

further increased due to the increased thermal energy. Figure 7a. The sol-to-gel transition temperature increased from
To see the nature of the polymer aggregation in water, cryo- 25—35 to 53-54 °C, and the gel window decreased as the PEG

TEM images of the polymer solutions at low (0.05 wt %) and molecular weight increased from 550 to 750 Da at a fixed

high (30.0 wt %) concentrations at 2€C were investigated molecular weight of PTMC 3000 Da). When the PEG

(Figure 4). The cryo-TEM image showed coexistence of micelles molecular weight increased to 1000 Da, PERSTMC (1000~

and vesicles at low concentration. Vesicle formation might come 3000; PV), the sol-to-gel transition was not observed in a

from the relative large molecular weight of hydrophobic block temperature range of0100°C. This observation suggests that

compared with hydrophilic blocks. The molecular weight ratio the hydrophobic interactions are a major driving force of sol-
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Figure 5. (a) Fluorescence spectra of 2-anilinonaphthalene as a function 20 . . . .
of polymer (PI) concentration in water at 2€. The legends are
polymer concentration (wt %) in water. The dye concentration was 20 25 30 35 40 45
fixed at 1.0 x 107 M. (b) Critical aggregate concentration of the Concentration (wt.%)

polymer was defined by a crossing point of the two extrapolated lines. Figure 7. Control of phase diagram of PEGTMC diblock copolymer
agueous solutions measured by the test tube inverting method: (a) effect

120 a) of PEG molecular weight at a fixed PTMC block length; (b) effect of
100 the block length at a fixed composition (PTMC/PES 5.5). The
= J\ 45 °C legends are the molecular weights of each block in the PEGMC.
s 80 k 20°C Each data point is an average of three measurements.
g i & 35 :C On the basis of th&%C NMR spectra, transmission electron
g 40 k 30 C microscopic images, fluorescence study, dynamic light scatter-
= o0 25°C ing, and structure property relationship, a sol-to-gel transition
_/\ 20°c mechanism of PEG-PTMC aqueous solution could be suggested
g as follows. The diblock copolymers consisting of hydrophilic
o || Ok ORCH | | RGP 56K R PEG and hydrophobic PTMC blocks form micelles in water at
ihsmEter: () high concentration (TEM image at 30 wt %). As the temperature
120 increases, micelles aggregate to form a continuous network,
100 b) resulting in the gel formation. As the PEG block length increased
= from 550 to 1100, micelle conformation changes from a crew-
s 80 cut type to a more stable hairy typetherefore, more severe
2 60 conditions are needed for phase separation to occur, resulting
2 S in the high sol-to-gel transition temperature. The fact that gel
g 40 L Dc is soft for a highly concentrated system suggests that the
iiti=e L Dc coalesced micelles are merely in contact without significant
o _[\ 20°C mutual interactions that would increase a resistance to deforma-
0 100 200 300 400 500 600 tion. ) . o
Diameter (nm) To test the biomedical applicability, 0.5 mL of the PEG

Figure 6. Apparent aggregate size of PEGBTMC diblock copolymer .PTMC (PI) agueous solut!on .(30 wt %) was subcutangously
(P1) in water as a function of temperature at 0.05 wt % (a) and at 2.0 injected into the rats. The in-situ gel formation was confirmed
wt % (b). by investigating the gel in the injection site 1 day after the
injection. The polymer slowly disintegrated over 20 days in rats.
to-gel transition of the PEGPTMC aqueous solution. As the ~Photos taken 1, 3, 10, and 20 days after the injection of the
PEG length increased, the aggregation is blocked due to thePOlymer aqueous solutions are shown in Figure S2 (Supporting
highly dynamic motion of PEG in waté?. Information). The remaining gel in the rat (in-vivo) was
collected, and the change in molecular weight was monitored
At a fixed ratio of PTMC/PEG (by molecular weight) of 5.5,  (Figure 8a). Degradation of the polymer hydrogel prepared from
the sol-to-gel transition temperature increased as both the PEGthe same PEGPTMC (PI) aqueous solution (0.5 mL, 30 wt
and PTMC molecular weight increased (Figure 7b). Therefore, %) was compared in the phosphate buffer saline (in-vitro) over
the composition as well as the block length is critical in the same period (Figure 8b). To mimic the continuous flow of
designing a polymer showing sol-to-gel transition in a physi- the body fluid in in-vivo conditions, the phosphate buffer saline
ologically important temperature range of-3@5 °C. was replaced every day in the in-vitro experiment. The degrada-
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Figure 8. Gel permeation chromatogram of the remaining gel during
degradation of the PEGPTMC. nD is the polymer sampled days

after starting degradation study. (a) In-vivo study. (b) In-vitro study.
(c) Subtracted chromatogram of DO from D20 of the in-vivo study.
The new bands (convex) and eliminated band (concave) are clearly References and Notes
shown.

tion behavior of the PEGPTMC is quite different from
previous reverse thermogelling PEG/PLGA systems. PEG
PTMC showed around 15% mass loss over 20 days in the (4) Zhu, K. J.; Hendren, R. W.; Jensen, K.; Pitt, C.Macromolecules
subcutaneous layer of rats. Gel permeation chromatogram
showed an elimination of lower molecular weight fraction that
was clearly seen by the subtraction of the Oth day chromatogram (6) Kim, C; Lee, S. C.; Shin, J. H.; Yoon, J. S.; Kwon, I. C.; Jeong, S.
from the 20th day chromatogram (Figure 8c). A small fraction
of low molecular weight products at 18.4 and 19.9 min,
corresponding to 1350 and 500 Da, appeared only in in-vivo (8) Zhang, Y.; Zhou, RBiomaterials2005 26, 2089-2094.
samples. On the other hand, the reverse thermogelling PEG/ (9) Zhangg, Z.; Grijpma, D. W.; Feijen, J. Controlled Releas@006
PLGA showed a decrease in molecular weight from 4500 to 63.
3000 Da and 30% mass loss over 1 month in tats.addition,

the PEG-PTMC polymer gel did not undergo any change in
mass or molecular weight in phosphate buffer saline in the same
period of time, whereas the PEG/PLGA showed that a signifi-
cant polymer degradation occurred in phosphate buffer saline
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as well as in in-vivo. In fact, the PEEGPTMC did not undergo
any change in mass or molecular weight in 90 days in phosphate
buffer saline (Supporting Information, Figure S3). Therefore,
we can conclude that PEGTMC is quite stable in the in-
vitro system (phosphate buffer saline) and slightly degradable
and erodable of low molecular weight fraction from the gel in
in-vivo.

Conclusions

To conclude, reverse thermal gelling PEBTMCs were
developed and their physicochemical characteristics in water
were studied. PEGPTMC aqueous solutions>@5 wt %)
underwent a sol-to-gel transition as the temperature increased.
With further increase in temperature, a macroscopic phase
separation between the polymer and water occurred. The sol-
to-gel transition temperature could be controlled over 25
°C depending on the polymer concentration in water, composi-
tion, and molecular weight of the PE€®TMC block copoly-
mer. The sol behaved like a Newtonian fluid, whereas the gel
showed shear thickening at a low shear rate region and shear
thinning at a high shear rate region. The cryo-transmission
electron microscopic images, dynamic light scattering, *&@6d
NMR study suggest that micellar aggregation through the
dehydration of the PEG seem to be involved in the sol-to-gel
transition.

The PEG-PTMC diblock copolymer did not degrade in
phosphate buffer saline at room temperature over 90 days.
However, the in-situ formed gel in the subcutaneous layer of
the rats was partially eroded. By taking such advantages, the
PEG-PTMC can be used as an in-situ gel-forming biomaterial
for drug delivery and tissue engineering.
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