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New biodegradable multiblock amphiphilic and thermosensitive poly(ether ester urethane)s consisting of poly-
[(R)-3-hydroxybutyrate] (PHB), poly(ethylene glycol) (PEG), and poly(propylene glycol) (PPG) blocks were
synthesized, and their aqueous solutions were found to undergo a reversitjelsoansition upon temperature
change at very low copolymer concentrations. The multiblock poly(ether ester urethane)s were synthesized from

diols of PHB, PEG, and PPG using 1,6-hexamethylene

diisocyanate as a coupling reagent. The chemical structures

and molecular characteristics of the copolymers were studied by GPMR, 13C NMR, and FTIR. The thermal

stability of the poly(PEG/PPG/PHB urethane)s was studied by thermogravimetry analysis (TGA), and the PHB
contents were calculated based on the thermal degradation profile. The results were in good agreement with those
obtained from théH NMR measurements. The poly(PEG/PPG/ PHB urethane)s presented better thermal stability
than the PHB precursors. The water soluble poly(ether ester urethane)s had very low critical micellization
concentration (CMC). Aqueous solutions of the new poly(ether ester urethane)s underwergted-ssil transition

as the temperature increased from 4 to°8) and showed a very low critical gelation concentration (CGC)
ranging from 2 to 5 wt %. As a result of its multiblock architecture, a novel associated micelle packing model
can be proposed for the sajel transition for the copolymer gels of this system. The new material is thought to

be a promising candidate for injectable drug systems that can be formulated at low temperatures and forms a gel

depotin situ upon subcutaneous injection.

Introduction

The synthesis of biodegradable thermogelling polymers have

attracted much attention because of their potential applications

for drug delivery and tissue engineerihd. Bioactive agents

can be incorporated in the sol state at low temperatures. This

formulation can be injected into the body where the higher body
temperature would lead to the formation of a gel depot. This
depot can be used for the controlled release of the bioactive
agents. Biodegradable linkages introduced into the polymer
backbone would facilitate the degradation of the copolymer into
smaller fragments and subsequent removal of the polymer from
the body.

As an example of thermogelling polymers, the triblock
copolymers of poly(ethylene glycol)-poly(propylene glycol)-
poly(ethylene glycol) (PEG-PPG-PEG) have been widely in-
vestigated for controlled drug delivety! wound covering,and
chemosensitizing for cancer therabiowever, they generally
have a high critical gelation concentration (CGC) 2B wt
% or above), exhibiting poor resilience as well as having the
burst effect of the release of bioactive agents. These shortcom
ings have made this system unsuitable for many biomedical
applications'%-11 Moreover, PEG-PPG-PEG triblock copoly-
mers are non-biodegradable and have been reported to induc
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hyperlipidemia and increase the plasma level of cholesterol in
rabbits and rats, suggesting that its use in the human body may
not be an attractive optiof?. 14

Attempts have been made to lower the CGCs of EPE triblock
copolymers. By grafting PEG-PPG-PEG triblocks to poly(acrylic
acid), polymers having very low CGCs (0.1 wt %) have been
synthesized> 18 However, these polymers are non-biodegrad-
able, and the excretion from the body could be difficult. High
molecular weight multiblock PEG-PPG-PEG triblock copoly-
mers with a short junction linkages have been synthesized and
found to exhibit lower CGCs than PEG-PPG-PEG triblock
copolymerst®20 Cohn et al. have synthesized reverse ther-
mogelling multiblock copolymers based on PEG, PPG, and
PCL2! These biodegradable copolymers exhibited CGCs of 10
wt %. Interestingly, this work showed that the incorporation of
oligo-caprolactone segments lowered the CGCs of the copoly-
mers as compared with the PPG-PEG multiblock copolymers.
The viscosities of the gels were also lowered compared with
the PPG-PEG multiblock copolymers. On the other hand, PEG-
PPG-PEG analogues were developed where the middle PPG

block was replaced by a biodegradable polyester such as poly-
(e-caprolactone) or polyflactide), which are of great signifi-

gance in biomedical applications because of their biodegrad-

ability. However, their CGCs are at a similar range of PEG-
PPG-PEG triblock copolymef3.

Poly[(R)-3-hydroxybutyrate] (PHB) is a natural biodegradable
polyester, which is highly crystalline and hydrophobic, showing
a greater hydrophobicity than either poly(lactic acid) or poly-
(e-caprolactone?® Herein we hypothesize that incorporating
PHB segments into a PEG-PPG block copolymer would allow
2007 American Chemical Society
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Scheme 1. Synthesis of PHB-diol and Poly(PEG/PPG/PHB urethane)s
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the formation of extra physical cross-linking in the hydrogel, ratios of PEG/PPG fixed at 2:1 and PHB content ranging from 5 to 20
increasing its resilience. Additionally, PHB segments would mol % (calculated from th&, of PHB-diol) using HDI as a coupling
provide the biodegradable segments in the polymer backbone.reagent. The amount of HDI added was equivalent to the reactive
In this work, we have designed a series of novel thermogelling hydroxyl groups in the solution. Typically, 0.064 g of PHB-di{
high molecular weight amphiphilic multiblock poly(ether ester = 1070, 6.0x 107° mol), 1.44 g of PEG M, = 1890, 7.6x 10™*
urethane)s consisting of PEG, PPG, and PHB blocks (Schememol), and 0.82 g of PPGW, = 2180, 3.8x 10~* mol) were dried in

1). We have shown that this simple synthetic method produces?@ 250-mL two-neck flask at 50C under high vacuum overnight. Then,
thermogelling copolymers with very low CGCs and tunable 20 mL of anhydrous 1,2-dichloroethane was added to the flask, and

properties, which may be potentially applied as iansitu any trace of water in the system was removed through azeotropic
forming biodegradable gel depot suitable for sustained drug distillation with only 1 mL of 1,2-dichloroethane being left in the flask.
delivery. When the flask was cooled down to 76, 0.20 g of HDI (1.2x 1073

mol) and two drops of dibutyltin dilaurate-@ x 1072 g) were added

sequentially. The reaction mixture was stirred af@5under a nitrogen
Experimental Section atmosphere for 48 h. The resultant copolymer was precipitated from
diethyl ether and further purified by redissolving into 1,2-dichloroethane
followed by precipitation in a mixture of methanol and diethyl ether
to remove remaining dibutyltin dilaurate. A series of poly(PEG/PPG/
PHB urethane)s with different compositions of PHB were prepared,
and their number-average molecular weight and polydispersity values
are given in Table 1. The yield was 80% and above after isolation and
purification. *H NMR (CDCl) of poly(PEG/PPG/PHB urethane)s
EPH2: 6 (ppm) 1.14 (O(Gi3)CHCH;0), 1.26 (O(Gi3)CHCH,CO),
1.32 (OOCNHCHCH,CH,CH,CH,CH,NHCOO), 1.48 (OOCNHCHKCH,-
CH,CH,CH,CH,NHCOO), 2.44-2.63 (O(CH)CHCH,CO), 3.13
(OOCNHCH,CH,CH,CH,CH,CH,NHCOO), 3.41 (O(CH)CHCH,0),
3.46 (O(CH)CHCH0), 3.64 (O®,CH;0), 4.20 (OOCNHCH,CH,-

Materials. Natural source poly[)-3-hydroxybutyrate] (PHB) was
supplied by Aldrich and purified by dissolving in chloroform followed
by filtration and subsequent precipitation in hexane before use. The
M, and My, of the purified PHB were 8.7 10* and 2.3x 10,
respectively. Poly(ethylene glycol) (PEG) and poly(propylene glycol)
(PPG) withM, of ca. 2000 was purchased from Aldrich. Purification
of the PEG was performed by dissolving in dichloromethane followed
by precipitation in diethyl ether and vacuum-dried before use. Purifica-
tion of PPG was performed by washing in hexane three times and
vacuum-drying before use. Th\d, andM,, of PEG were found to be
1890 and 2060, respectively. TMy andM,, of PPG were found to be

2180 and 2290, respectively. Bis(2-methoxyethyl) ether (diglyme, 99%), .
ethylene glycol (99%), dibutyltin dilaurate (95%) 1,6-hexamethylene CH,CH,CH,CH,NHCOO), 5.215.29 (O(CH)CHCH,CO). **C NMR

diisocyanate (HDI) (98%), methanol, diethyl ether, 1,2-dichloroethane of EPH2 (CDCY) of poly(PEG/PPG/PHB urethane)s: (oppm) 17.77
(99.8%), and 1,6-diphenyl-1,3,5-hexatriene (DPH) were purchased from (O(CH:)CHCH0), 20.14 (OCHs)CHCH,CO), 26.69 (OOCNHCht
Aldrich. Diglyme was dried with molecular sieves, and 1,2-dichloro- CH;CH,CH,CH,CH,NHCOO), 30.26 (OOCNHCECH,CH,CH,CH-
ethane was distilled over CaHbefore use. PEG-PPG-PEG triblock CHNHCOO), 41.20 (O(CHCHCH,CO), 64.18 (OOCNIEHCH,-
copolymer with a chain composition of E§gPGssEGioo (also known CH,CH,CH,CH,NHCOO), 67.99 (O(CHCHCH,CO), 70.94(@H,CH:0),
as Pluronic F127) was purchased from Aldrich and used as received. /356 (O(CH)CHCH.0), 75.72 (O(CHCHCH0), 156.82 (O@NHCH,-
Synthesis of Poly(PEG/PPG/PHB urethane)slelechelic hydroxy- CH,CH,CH,CH,CH,NHCOO), 169.98 (O(CRCHCH,CO).
lated PHB (PHB-diol) prepolymers with various molecular weight were ~ Molecular Characterization. Gel permeation chromatography
prepared by transesterification between the natural source PHB and(GPC) analysis was carried out with a Shimadzu SCL-10A and LC-
ethylene glycol using dibutyltin dilaurate in diglyme as reported 8A system equipped with two Phenogek 50 and 1000 A columns
previously?*~2¢ The yields were about 80%. Poly(PEG/PPG/PHB (size: 300x 4.6 mm) in series and a Shimadzu RID-10A refractive
urethane)s were synthesized from PHB-diol, PEG, and PPG with molar index detector. THF was used as eluent at a flow rate of 0.30 mL/érB\/
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Table 1. Molecular Characteristics of Poly(PEG/PPG/PHB urethane)s

composition in copolymer
feed ratio (wt %) copolymer (wt %)°¢ characteristics
M, of PHB used?

copolymer?2 (g mol1) PHB PEG PPG PHB PEG PPG MpP (x103) Ml Min? cmc? (g/ mL)
EPH1 1070 2.8 61.7 355 21 64.0 33.9 50.6 1.56 9.79 x 10~
EPH2 1070 5.6 59.9 34.5 5.1 57.0 37.9 455 1.38 8.69 x 1074
EPH3 1070 8.7 58.0 33.4 8.1 56.3 35.7 42.5 1.37 5.16 x 1074
EPH4 1070 11.8 55.9 32.2 114 61.6 27.0 37.8 1.16 -€
EPH5 2800 6.9 59.1 34.0 7.1 63.3 29.7 39.2 1.18 8.88 x 1074
EPH6 2800 13.6 54.8 31.6 12.7 59.0 28.3 30.0 1.20 -€

2 Poly(PEG/PPG/PHB urethane)s are denoted EPH, E for PEG, P for PPG and H for PHB. The M, of PEG and PPG used for the copolymer synthesis
was 1890 and 2180 g mol~t, respectively. » Determined by GPC. ¢ Calculated from *H NMR results. ¢ Critical micellization concentration (cmc) in water
determined by the dye solubilization technique at 25 °C. ¢ Copolymers not water-soluble.

at 40°C. Monodispersed poly(ethylene glycol) standards were used to
obtain a calibration curve. ThiH NMR (400 MHz) and'*C NMR

(100 MHz) spectra were recorded on a Bruker AV-400 NMR a
spectrometer at room temperature. TheNMR measurements were
carried out with an acquisition time of 3.2 s, a pulse repetition time of b

2.0 s, a 30 pulse width, 5208 Hz spectral width, and 32K data points.
Chemical shift was referred to the solvent peas<( 7.3 ppm for
CHCls). Fourier transform infrared (FTIR) spectra of the polymer films
coated on Caf plate were recorded on a Bio-Rad 165 FT-IR c
spectrophotometer; 64 scans were signal-averaged with a resolution of

2 cnrt at room temperature.

Thermal Analysis. Thermogravimetric analyses (TGA) were carried
out on a TA Instruments SDT 2960. Samples were heated &C20 d
min~! from room temperature to 800C in a dynamic nitrogen
atmosphere (flow rate= 70 mL min?).

Critical Micellization Concentration (CMC) Determination. The S S
CMC values were determined by using the dye solubilization me##éd. 10 15 20 25
The hydrophobic dye 1,6-diphenyl-1,3,5-hexatriene (DPH) was dis-
solved in methanol with a concentration of 0.6 mM. 20 of this i ) )
solution was mixed with 2.0 mL of copolymer aqueous solution with " 9uré 1. GPC diagrams of EPH2 and its PHB, PEG, and PPG

. . o precursors: (a) PHB-diol (M, 1080); (b) PEG (M, 1890); (c) PPG (M,
concentrations ranging from 0.0001 to 0.5 wt % and equilibrated 2180); (d) EPH2 (My 62.8 x 103, My 45.5 x 10%, My/M, 1.38).
overnight at 4°C. A UV—vis spectrophotometer was used to obtain
the UV—vis spectra in the range of 33@30 nm at 25C. The CMC
value was determined by the plot of the difference in absorbance at
378 nm and at 400 nmAg7s—Aung) versus logarithmic concentration.

Elution Time (min)

Telechelic hydroxylated PHB (PHB-diol) with lower molec-
ular weight were obtained through transesterification between

Sol-Gel Transition. The sol-gel transition was determined by a  idh-molecular-weight natural source PHB and ethylene glycol

test tube inverting method with temperature increments 6€ Der using dibutyltin dilaurate as cataly$tThe transestenﬁcatlor_]
step™ * Each sample of a given concentration was prepared by '€action was allowed to proceed for a few hours to overnight

dissolving the polymer in distilled water in a 2-mL vial. After t0 produce PHB-diols witiM, of 1070 and 2800, respectively,
equilibration at 4°C for 24 h, the vials containing samples were as determined by GPC. The reaction of hydroxyl groups of PHB-
immersed in a water bath at a constant designated temperature for 15diol, PEG, and PPG with isocyanate of 1,6-hexamethlyene
min. The gelation temperature was characterized by the formation of diisocyanate (HDI) in the presence of dibutyltin dilaurate led
a firm gel that remained intact when the tube was inverted by 380  to formation of poly(PEG/PPG/PHB urethane)s. The procedures
Viscosity Measurements.Viscosities of the hydrogels were mea- for the synthesis of PHB-diol and poly(PEG/PPG/PHB ure-
sured at 25°C using a Brookfield HADV-II digital viscometer thane)s are presented in Scheme 1. Owing to the moisture
coupled to a temperature-controlling unit. The small sample adapter sensitive nature, any trace of water in the system was removed
SSA 15/7R was used. The revolution rate of the spindle was set at 20through azeotropic distillation, and the reaction was carried out

cycles mimt and shear rate was set at 9:6.s in dried 1,2-dichloroethane under a nitrogen atmosphere. The
target poly(PEG/PPG/PHB urethane)s were isolated and purified
Results and Discussion from the reaction mixture by repeated precipitation from a
mixture of methanol and diethyl ether.
Synthesis and Characterization of Poly(PEG/PPG/PHB A series of random multiblock poly(PEG/PPG/PHB ure-

urethane)s.Previously, we reported the synthesis and biodeg- thane)s with different amounts of PHB incorporated were
radation behavior of amphiphilic multiblock poly(ether ester synthesized, and their molecular weights and molecular weight
urethane)s consisting of PEG and PHB blotk3% These water- distributions were determined by GPC (Table 1). A typical GPC
insoluble copolymers could not undergo a-sgél transition chromatograph for one of the poly(PEG/PPG/PHB urethane)s
and were non-thermosensitive. However, in this study, water- together with its corresponding precursors is shown in Figure
soluble and thermosensitive poly(PEG/PPG/PHB urethane)sl1. The observation of unimodal peak in GPC chromatograph
were synthesized, and for the first time PHB has been of the purified poly(PEG/PPG/PHB urethane) with non-overlap-
incorporated into a thermogelling copolymer, to enhance the ping nature with those of corresponding precursors indicates
gel properties as well as to make the copolymers biodegradable that a complete reaction took place with no unreacted prec%f)({;
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Figure 2. (a) 400 MHz 'H NMR and (b) 100 MHz 3C NMR spectra
of EPH2 in CDCls.

remained?*-26 All the poly(PEG/PPG/PHB urethane)s synthe-
sized had narrow molecular weight distribution and high
molecular weight, with polydispersity ranging from 1.16 to 1.56
andM, from 3.00x 10*to 5.06x 10* The results are tabulated
in Table 1.
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Figure 3. FTIR spectra of EPH2 and its PHB, PEG, and PPG
precursors: (a) PHB-diol (M, 1080); (b) EPH2; (c) PPG (M, 2180);
(d) PEG (M, 1890).

1500 1000

methylene C of the PEG segment. Peaks at 20.14 (methyl C),
41.20 (methylene C), 67.99 (methine C), and 169.98 ppm
(carbonyl C) are attributed to the PHB segment. In addition,
peaks due to the HDI junction unit could be observed in the
spectra (26.69, 30.26, 64.18, and 156.82 ppm).

A 13C NMR spectrum of hexamethylene diisocyanate was
obtained, and the carbonyl carbon peak was observed at 122.85
ppm. After the polymerization reaction, théC peak of the
carbonyl carbon of the newly formed urethane linkage was
observed at 156.82 ppm. This shift was attributed to the
attachment of the hydroxyl groups to the isocyanate functional
groups in the formation of the urethane linkage (NC®
NHCOO). This observation, together with the concomitant
increase in the molecular weight of the copolymers indicates
that the polycondensation reaction was successful.

FTIR is useful in the characterization of the functional groups
present in the polymer. As a typical example, Figure 3 shows
FTIR spectra of EPH2 and its PEG, PPG, and PHB precursors.
For PPG (Figure 3c) and PEG (Figure 3d), the characteristic
C—0O-—C stretching vibration of the repeated O&HH, units
is observed at 1102 chh An intensive carbonyl stretching band
at 1723 cm? characterizes the FTIR spectrum of pure PHB-

The chemical structure of poly(PEG/PPG/PHB urethane)s was diol as shown in Figure 3a. It is clearly seen that in Figure 3b,

verified byH NMR and?3C NMR spectroscopy (Figure 2a,b).
Figure 2a shows thtH NMR spectrum of EPH2 in CDGJin

all the characteristic absorptions for PHB-diol, PEG, and PPG
appear in the spectrum of EPH2, which confirms the presence

which all proton signals belonging to both PHB, PEG, and PPG of the three segments in the poly(PEG/PPG/PHB urethane)s.
segments are confirmed. Signals corresponding to methyleneFurthermore, it can be seen in the profile of EPH2 that the peak
protons in repeated units of PEG segments are observed at 3.64scribed to the NCO stretching was not observed in the region
ppm, the signals at 5.25 ppm are assigned to methine protonsaround 2200 cmt. This provides evidence that the isocyanate
in the repeated unit of PHB segmefts?® the signals at 1.14  groups of the junction units have been reacted and are not
ppm are assigned to the methyl protons of PPG. As the contentpresent in the polymer product. These observations, together
of HDI among the starting materials is below 1 wt %, the with the aforementioned evidence (GPC and NMR results)
compositions of the poly(PEG/PPG/PHB urethane)s could be provide a solid justification for the successful synthesis of the
determined from the integration ratio of resonances at 1.14, 3.64,multiblock copolymers.

and 5.25 ppm within the limits ofH NMR precision, and the
results are shown in Table 1.

Thermal Properties. The thermal stability of poly(PEG/PPG/
PHB urethane)s was evaluated using thermogravimetric analysis

The3C NMR was used to ascertain the chemical composition (TGA). Figure 4 shows the TGA scan results for EPH2
of the poly(PEG/ PPG/PHB urethane)s. The peak assignmentscompared with its PHB, PEG, and PPG precursors. The

of the copolymers were performed by comparison withf
NMR spectra of the precursors. Figure 2b shows!#eNMR
spectra of EPH2 in CDGI Briefly, peaks at 17.77 (methyl C),

degradation of pure PHB-diol starts at 238 and completes
at 295°C (Figure 4a), and PPG starts to degrade at 350
(Figure 4c) while that of pure PEG starts at 400 (Figure

73.56 (methylene C), and 75.72 ppm (methine C) are assigned4b). EPH2 undergoes a three-step thermal degradation with the
to the PPG moiety. A peak at 70.94 ppm is assigned to the first step occurring between 227 and 3%3 and the secon%DV
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Figure 4. TGA curves of EPH2 and its PHB, PEG and PPG
precursors: (a) PHB-diol (M, 1080); (b) PEG (M, 1890); (c) PPG (M 000 ——mmm
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and third steps between 350 and 433 (Figure 4d). In (b) 1.2
comparison with the TGA curves of pure PHB-diol and pure i 1
PEG, the first weight loss step is attributed to the decomposition 1F ?
of PHB segment and the second and third weight loss step to - /
the decomposition of both the PEG and PPG segments. L 08 F II
However, the second and third weight loss steps are too close j - i
for the accurate determination of the compositions of PPG and 1 06 | I
PEG separately. Therefore, only the PHB content of EPH2 could &'-‘» - |
be determined from the degradation profile. Similar weight loss 04 ]
curves were also observed for other poly(PEG/PPG/PHB : 1
urethane)s. The PHB contents estimated from TGA results are 02 | {
in good agreement with those calculated frérhNMR. - -
Critical Micellization Concentration (CMC) Determina- 0 s/
tion. Among the six poly(PEG/PPG/PHB urethane)s, only 5 -4 -3 2 -1 0
EPH1, EPH2, EPH3, and EPH5 were soluble in water. The Log (Conc. (wt. %))

CMC determination was carried out for these four copolymers. _ i . )

This experiment was conducted by varying the aqueous polymerFlgure 5 (&) UV—vis spectra changes °Z DPH with increasing EPH2
L. ; . copolymer concentration in water at 25 °C. DPH concentration was

concentration in the range of 0.0001 to 0.5 wt %, while keeping fixed at 6 mM, and the polymer concentration varied between 0.0001

the concentration of DPH constant. DPH shows a higher and 0.5 wt %. The increase in the absorbance band at 378 nm

absorption coefficient in a hydrophobic environment than in indicates the formation of a hydrophobic environment in water. (b)

water. Thus, with increasing po]ymer concentration, the absor- CMC determination by extrapolation of the difference in absorbance

bances at 344, 358, and 378 nm increased (Figure 5a). The poinft 378 and 400 nm.

where the absorbance suddenly increases corresponds to the (a)

concentration at which micelles are formed. When the micelle

is formed, DPH partitions preferentially into the hydrophobic

core formed in the aqueous soluti#®:272° The CMC was

determined by extrapolating the absorbance at 378 nm minus

the absorbance at 400 nnfsgs—Asog Vversus logarithmic

concentration (Figure 5b). The CMC values for the water-soluble

copolymers are tabulated in Table 1 and are in the range of 30 30 20 ppm

5.16 x 107410 9.79x 10~*g.mL~L. Comparing the copolymers

of similar molecular weights, the CMC values are much lower | A ‘ ‘ ,

than that reported by Ahn et al. for a series of multiblock PEG- 100 80 60 40 20 ppm

PPG-PEG copolymefé showing that the incorporation of PHB

greatly increases the hydrophobicity of the copolymers, resulting (b)

in a decrease in the CMC values. In D.O

13C NMR was used to investigate the effect of solvent on 2

the micelle structuré®3+34 CDCl; is a good nonselective

solvent for PHB, PEG, and PPG while water is a good selective WM

solvent for PEG but poor for PPG and PHB. As shown in Figure o

6, in CDCB, the peaks due to the PHB, PEG, and PPG were 40 30 20 ppm

sharp and well defined. InJ®, PEG is shown as a sharp peak

In CDCI,

T T
but the PHB and the PPG peaks are collapsed and broadened. 100 8 60 40 20 ppm
This shows that the molecular motion of PHB and PPG is slow
in water, indicating a hydrophobic core structure made up of 5 4 25 <.
PHB and PPG with PEG as the outer corona structure,
confirming the core-corona structure of the micéfe’® How- mers, it is not reasonable to expect that the simple micelles of
ever, in the light of the multiblock architecture of the copoly- an ABA-type amphiphilic polymer be formed. Instead, it WOL&%V

T T

Figure 6. 13C NMR spectra of EPH2 (5 wt %) in (a) CDCl3 and (b)
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" of PEG in water decreases with an increase in temperéture.
~— Hydrophilic segment (PEG) .
Hydrophobic e Hydrophobic segment (PPG or PHB) PPG has also been reported to be less soluble in water at elevated
core temperature® As the copolymer was made up of more than
60 wt % of PEG, it is reasonable to expect that any change in
the properties of PEG segments would significantly affect the
properties of the copolymer. At the turbid sol state, there could
be significant dehydration of the PEG segments, leading to a
phase separation between the polymer and water. The decrease
of the hydrodynamic radius of the copolymer was largely
influenced by the dehydration of PEG. This brought the different
segment blocks closer together, resulting in a collapse in the
copolymer structure. There could then be possible phase mixing
between the segments. PEG has been demonstrated to be a
solvent for PHB at elevated temperatuté$hus, it was possible
that the PEG, PPG, and PHB segments form a homogeneous
Figure 7. Associated micelle model showing the network-like packing mixture which was p_hase separated from the agueous s_olutlon.
of the polymer chains. Upon phase separation, the core-corona structure was disrupted

) ) ) ) ~and consequently the hydrophobic core was exposed to the

be more.plausllble to consider an associated mlcglle moqlel iNaqueous environmeft. The turbid sol was made up of
the consideration of the above results. An.assouated m'Ce"eparticuIate matter with the sizes ranging from a few to tens
structure could be formed by the network-like packing of the |jicrometers (see Supporting Information). Overall, #e

polymer chains, as illustrated in Figure 7. NMR technique has offered insights on the packing mechanism
Thermoreversible Sol-Gel Transition of the Copolymers. at the molecular level for the gel-sol transition process.

The phase diagrams of the poly(ester urethane)s in aqueous
solutions were determined by the test tube inverting metfxs.
The results are shown in Figure 8. Three regions can be
identified from the diagram, the lower soluble region, gel region,
and the upper soluble region. As the temperature increase
monotonically from 4 to 80C, the aqueous polymer solution
underwent a setgel-sol transition. It is noted that the reverse
transition also took place upon cooling from 80 t6@. The
critical gelation concentration (CGC) is defined as the minimum
copolymer concentration in aqueous solution at which the
gelation behavior could be observed. The CGCs of the
copolymers in this work were found to be between 2 and 5 wt
%. These values are much lower than that reported for many
thermogelling copolymers-2228-30.32.35Examining the gelation

The viscosities of the hydrogels were studied as a function
of temperature. In general, the transition temperature cor-
responded well with the transition temperature determined using
dthe test tube inverting method. The viscosity of the gelsd@ 5
was between 50 and 200 cP, corresponding to a fluidic sol state.
Figure 10 shows that as the concentration of EPH2 in aqueous
solution increased, the viscosity of the gel increased. It is
interesting to note that at the critical gelation concentration of
EPH2 (2 wt %), the hydrogel displayed a higher maximum
viscosity (43 000 cP) than a hydrogel containing 20 wt % G
PGssEGigo triblock polymer gel (33 000 cP). The result clearly
shows that the gels of this work are more robust than that of
the PEG-PPG-PEG triblock copolymer gel. Above 3 wt %, the

properties of the EPH series of copolymers, it appears that theEE H_lz_hgelg attalneg a _maxmumfw:;,]cosn;l/ of Tore éh?n 55000
incorporation of a small amount of PHB led to a decrease in cP. The increased viscosity of the gels allowed long-term

CGC (EPH1— EPH2). However, upon further addition of PHB sustained release of the model protein drug using bovine serum
the CGC increased (EPH% EP’H3). " albumin (BSA). Preliminary studies showed that sustained

The changes of the molecular environment occurring during release of up to 70 days was achievable with our system. Further

the sot-gel transition 6a 5 wt % EPH2 solution in DO was details will be published in an upcoming manuscript.
monitored by23C NMR technique at different temperatures ~ Proposed Sot-Gel Transition Mechanism. From the col-
(Figure 9). At low temperatures where the copolymer was a lated results of the micellar and gelation studies, we can propose
solution, the peaks ascribed to the PEG, PPG, and PHBa sok-gel transition mechanism for the multiblock copolymer
segments were sharp and well defined because the segmentsystem as follows. The amphiphilic block copolymers form
interacted freely with the solvent molecules in the solution. At associated micelles at concentrations in the region of 0.1 wt %.
higher temperatures where the copolymer formed a hydrogel, These micelles comprise the hydrophobic PPG and PHB core
the peaks were collapsed and broadened as compared with thosand the hydrophilic PEG corona that interacts with the water
observed at low temperatures. The phenomena can be attributednolecules. Upon increasing the concentration up to above 2 wt
to the lower dynamic motion of the copolymer segments in the %, the thermoresponsive copolymers exist as a solution at low
gel state?2a28.29.33336 Dye to the network-like packing of the  temperatures, but undergo a reversible phase transition from a
multiblock polymer chains, the motion of all the components clear solution to a clear gel, and further to a turbid sol upon
in the copolymer became restricted to a certain extent. Upon increase in temperature from 4 to 80. From a solution state
further increase in the temperature to°f5 the turbid sol state  at low temperatures, a monotonic increase in temperature causes
was obtained, and the PEG, PPG, and PHB peaks werethe PEG segments to become slightly dehydrateBPG
consequently seen as sharp and well defined again, whichsegments also become less soluble in water with increasing
indicates that there was an increase in molecular motion of thetemperatured? These changes provide the driving forces for
PEG, PPG, and PHB blocks, possibly due to phase mixing the micellar aggregation when the hydrophobicity and hydro-
between the blocks. Additionally, this reflects the disruption of philicity of the system achieves a balanced state. The PEG
the core-corona structure and an exposure of the hydrophobiccorona would self-associate instead of interacting with the
core to the aqueous environméhB® It has been reported that  neighboring water molecules, forming micelle aggregétés

PEG dissolved in agueous solution becomes dehydrated atthe micelle aggregates form a close packed structure, a gel state
higher temperatureX. Furthermore, the hydrodynamic radius is observed. Further increase in temperature leads to asignigﬁs{l}
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Figure 8. (a) Graphics showing the gel transition of poly(PHB/PEG/PEG urethanes) (EPH2: 5 wt % in H,0) with increasing temperature. The
transition from a clear sol to a gel and further to a turbid sol is observed in the graphics. (b) Sol—gel phase diagrams of poly(PEG/PPG/PHB
urethanes) in aqueous solutions in comparison with EGi00PGgsEGio triblock polymer (a, EPH1; W, EH2; &, EPH3; x, EPH5; x,
EG100PGe5EG100).
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Figure 9. 13C NMR of EPH2 in D,O (5 wt %) at different temperatures.

dehydration and the eventual collapse of the PEG coféna. CGCs as compared with PEG/PPG multiblock copolymérs.
Phase mixing of PEG, PPG, and PHB segments takes place dudhis was attributed to the spatial effect of the caprolactone
to the favorable interactions between the polymer segments ofsegments, which affects the packing of the polymer chains. In
different blocks. The phase separation of the polymeric com- this work, we observed that the CGC value of the copolymer is
ponents from the aqueous solution results in the disruption of very sensitive to the amount of PHB incorporated into the
the core-corona structure and exposes the hydrophobic core tacopolymers. Comparing EPH1 and EPH2, both having very low
the agqueous environme#t® This leads to the formation of a  PHB levels, the effect of the spatial hindrances due to the PHB
fluidic turbid sol at high temperatures. segments were superseded by the strong hydrophobic interaction
These multiblock copolymer gels possess lower CMCs and between the PHB segments. However, a further increase in the
CGCs than the widely studied thermogelling copolymers with PHB content increased the CGC of the copolymer (EPH3),
the triblock chain architecture. This could be in part due to the reflecting the spatial effect of the PHB segment on the packing
increased association of the micelles brought about by the of the polymer chains (Figure 8). Comparing the CGC values
multiple segments that link the micelles together in a network- of EPH3 and EPH5 (3 wt % and 6 wt %, respectively), the
like structure. These segmental links facilitate the micellar copolymers having similar PHB content but different PHB
aggregation process by reducing the degree of freedom pos-block lengths, it appears that longer PHB segments would
sessed by the individual micelles. Cohn et al. developed a seriedead to a greater spatial hindrance and thus lead to a higher
of PEG/PPG/PCL multiblock copolymers which showed higher CGC value. This shows that the block length and the coné%l\t/
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60000 by the EGodPGssEGioo triblock copolymer (20 wt %). From
» J— . the collated experimental results of the micellar and gelation
50000 |- studies as well as consideration of the multiblock architecture
7 wtt of the copolymers, we propose an associated micelle packing
20000 | mechanism for the selgel transition for the copolymers at
& increasing temperatures.
2 . .
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