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a b s t r a c t

A class of thermosensitive biodegradable multiblock copolymers with acid-labile acetal linkages were
synthesized from Pluronic� triblock copolymers (Pluronic� P85 and P104) and di-(ethylene glycol) divi-
nyl ether. The novel polymers were engineered to form thermogels at body temperature and degrade in
an acidic environment. The Pluronic�-based acid-labile polymers were characterized using nuclear mag-
netic resonance, gel permeation chromatography and differential scanning calorimetry. In vitro biocom-
patibility of the synthesized polymers was evaluated using calorimetric 3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyl tetrazolium bromide assay. The polymers showed reverse thermogelling behavior in water
around body temperature. The sol–gel transition temperatures of the polymers synthesized from Pluron-
ic� P85 and P104 were lowered from 70.3 to 30 �C and from 68.5 to 26.9 �C, respectively, when the syn-
thesized polymers were compared with corresponding Pluronic� block copolymers at a concentration of
25 wt.%. The hydrophobic dye solubilization confirmed the formation of polymeric micelles in the aque-
ous solution. The sizes of the multiblock copolymers increased on a rise in temperature, indicating that
thermal gelation was mediated by micellar aggregation. The thermally driven hydrogels showed prefer-
ential polymer degradation at acidic pH. At pH 5.0 and 6.5, the release of 40 kDa fluorescein isothiocya-
nate–dextran (FITC–dextran) from the thermally formed hydrogels was completed within 2 and 9 days,
respectively. However, FITC–dextran was continuously released up to 30 days at neutral pH. The mech-
anism of FITC–dextran release at pH 5.0 was mainly an acid-catalyzed degradation, whereas both diffu-
sion and pH-dependent degradation resulted in FITC–dextran release at pH 6.5. The novel polymers hold
great potential as a pH-sensitive controlled drug delivery system owing to their interesting phase tran-
sition behavior and biocompatibility.

� 2009 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.
1. Introduction

Recent advances in smart polymeric materials have shown
great promise for the development of bioresponsive drug delivery
systems which are able to release therapeutic molecules in re-
sponse to signals stemming from diseased tissues [1,2]. In particu-
lar, biodegradable polymers which respond to temperature have
been extensively considered as an effective injectable biomaterial
for the delivery of small molecule drugs, proteins and genes [3–
8]. These polymers are uniquely suited to minimally invasive ther-
apeutic interventions by providing free-flowing liquids below body
temperature which turn into in situ gels upon injection [9,10].

Block copolymers consisting of balanced hydrophilic and hydro-
phobic segments are known to undergo thermosensitive phase
transition in water [11]. Thermogelling biodegradable polymers
based on block copolymers include poly(ethylene glycol)–poly
ia Inc. Published by Elsevier Ltd. A

: +1 662 915 1177.
(L-lactic acid) (PEG–PLLA) [3], poly(DL-lactic acid-co-glycolic
acid)–poly(ethylene glycol)–poly(DL-lactic acid-co-glycolic acid)
(PLGA–PEG–PLGA) copolymers (ReGel�) [10], PEG–PLGA–PEG
[12], poly((DL-lactic acid-co-glycolic acid)-graft-(ethylene glycol))
(PLGA-g-PEG) copolymers [9], PEG-g-PLGA [13] and poly(ethylene
glycol)–poly(caprolactone)–poly(ethylene glycol) (PEG–PCL–PEG)
[14]. A simple aliphatic modification of biodegradable block
copolymers has been a useful strategy for obtaining thermosensi-
tive polymers [15]. Poloxamer, a non-biodegradable triblock
copolymer of PEG–PPG–PEG, has also been used for the synthesis
of slow eroding thermosensitive block copolymer [11]. Thermosen-
sitive Pluronic� block copolymers were also evaluated as drug
delivery carriers [16]. Three thermogelling block copolymers,
poly(ether–carbonate), poly(ether–ester) and poly(ether–ester–
carbonate), were prepared by alternative/random connection of
poly(ethylene glycol) and poly(propylene glycol) through carbonyl
chloride and diacyl chloride coupling moieties [17]. These block
copolymers showed enhanced rheological properties after
thermally driven gelation. The thermogelling polymers have
ll rights reserved.
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consistently achieved controlled drug delivery via in situ depot for-
mation [10]. Not only the release of small molecule drugs, but also
the release of macromolecules such as proteins, chondrocytes and
plasmid DNA, have been controlled with thermogelling polymers
[8,10,18].

More recently, dual-stimuli-sensitive polymers with thermo-
sensitivity have evolved [1,19–21]. Poly(2-diethylaminoethyl-
methyl methacrylate)–poly(ethylene oxide)–poly(propylene oxide)
–poly(ethylene oxide)–poly(2-diethylaminoethyl-methyl methac-
rylate), a pentablock copolymer which is a pH-sensitive thermo-
gelling polymer has been synthesized from Pluronic� F127
triblock copolymers via controlled atom transfer radical polymer-
ization [19]. The pentablock copolymer exhibits pH-sensitive mic-
ellization and thermoreversible sol–gel transitions in water.
Poly(b-amino ester) has also been used as a duo-functional group
in the synthesis of poly(b-amino ester)–poly(e-caprolactone)–
poly(ethylene glycol)–poly(e-caprolactone)–poly(b-amino ester),
a thermosensitive pH-sensitive pentablock copolymer [20]. The
pentablock copolymer was synthesized by the coupling of pH-sen-
sitive poly(b-amino ester) to thermosensitive biodegradable
poly(e-caprolactone)–poly(ethylene glycol)–poly(e-caprolactone).
An interesting dual-stimuli-sensitive polymer has been based on
acid-labile acetal linkages, which have provided an effective
mechanism of polymer biodegradation in an acidic medium
[22]. Polyacetal-based temperature/pH-sensitive polymers were
synthesized by grafting PEG to a polyacetal backbone [21]. The
PEG-grafted polyacetal has formed a thermogel which favorably
erodes at an acidic pH. Another thermosensitive polymer with
dual sensitivity has been introduced by the incorporation of biore-
ducible disulfide bonds in the polymer backbone [1]. These dual-
sensitive polymers are advantageous over other thermosensitive
polymers in that the release of a pharmacologically active agent
can be triggered by an acidic milieu of diseased tissue or intracel-
lular compartments. The specific pH for the degradation of acetal-
based polymers can be found in extracellular tumor fluid (pH 6.5–
7.2) and endosomes (pH 5–6.5), which have a lower pH than nor-
mal tissue [23–27].

Even though a variety of dual-stimuli-sensitive polymers have
been reported, their syntheses usually require complicated multi-
step reactions [19,20]. In addition, the responses of the polymers
to each stimulus are usually slow because of the chemico-struc-
tural restrictions for dual sensitivity [21,22]. The purpose of this
study is to synthesize novel Pluronic�-based multiblock copoly-
mers (MBCP) connected via acid-labile acetal bonds rendering
facilitated pH-sensitive biodegradation. The hypothesis behind
this novel polymer is that the combination of thermosensitive
Pluronic� and acid-labile acetal linkages would result in a dual-
sensitive polymer which can form gel at body temperature and
allow bioresponsive polymer degradation at an acidic pH. This
body of work demonstrated the acid-catalyzed degradation of
polymers and the pH-dependent release of model compound,
fluorescein isothiocyanate–dextran (FITC–dextran), from ther-
mally formed gel.
2. Experimental

2.1. Materials

Pluronic� P85 and P104 were kindly provided by BASF Chemical
Company (Florham Park, NJ). Polystyrene standards of molecular
weights 1, 4, 20, 50 and 100 K were obtained from Polysciences,
Inc. (Warrington, PA). p-Toluenesulfonic anhydride (p-TSA), anhy-
drous tetrahydrofuran (THF), 1,6-diphenyl-1,3,5-hexatriene (DPH)
and anhydrous toluene were purchased from Acros Organics (Mor-
ris Plains, NJ). Di-(ethylene glycol) divinyl ether (DEGDVE) was ob-
tained from Aldrich (Milwaukee, WI). FITC–dextran of molecular
weight 40 kDa was purchased from Sigma (Saint Louis, MO). Petro-
leum ether and methylene chloride from Fisher (Pittsburgh, PA)
were of analytical grade and used as supplied.

2.2. Polymer synthesis

Fifteen grams of Pluronic� P85 (MW 4600) or P104 (MW 5900)
and 0.03 M equivalent of p-TSA to Pluronic� were dissolved in
150 ml of anhydrous toluene. The mixture was dried by distilling
off 100 ml of toluene. DEGDVE was added to the dry mixture at a
1:1 M ratio to Pluronic�. The reaction was carried out overnight
by magnetic stirring at 50 �C under dry nitrogen. Upon completion
of the reaction, the reaction solution was mixed with 150 ml of
petroleum ether to precipitate polymer. The polymer precipitate
was dissolved in a dilute sodium hydroxide solution at a 2:1 M ra-
tio of NaOH to p-TSA to achieve a concentration of 15 wt.% at 4 �C.
The aqueous polymer solution was heated to 75 �C to precipitate
the polymer. After dissolving the crude precipitated polymer in
distilled water at a concentration of 20 wt.%, the polymer was pre-
cipitated again by heating. The polymer was purified by another
cycle of dissolving by cooling and precipitation by heating. The fi-
nal precipitate was freeze-dried to obtain white powder. Two dif-
ferent thermosensitive Pluronic�based MBCP, MBCP-1 from
Pluronic� P85 and MBCP-2 from Pluronic� P104, were finally ob-
tained. The yields of the reactions were 90% and 87%, respectively.

2.3. Polymer characterization

The chemical structures of the synthesized polymers were ana-
lyzed by 1H-nuclear magnetic resonance (NMR). Polymers were
dissolved in CDCl3 and recorded on a 400 MHz NMR spectrometer
(Bruker Ultrashield 400 PLUS, Germany). The molecular weights of
the synthesized MBCP and Pluronic� copolymers were determined
by gel permeation chromatography (GPC). GPC was run on a
Waters system equipped with a binary pump (Waters 1525), a
refractive index detector (Waters 2414), and a Styragel HR4E col-
umn (300 � 7.8 mm ID, 5 lm particle size). THF as a mobile phase
was eluted at a flow rate of 1.00 ml min�1 at 25 �C. Polystyrene
standards in the molecular weight range 4000–100,000 Da were
also run to obtain a calibration curve. Molecular weights of the
synthesized polymers were calculated from the calibration curve
obtained. Melting temperatures of the synthesized polymers were
determined by differential scanning calorimetry (DSC). Thermo-
grams were obtained by running the polymer samples sealed in
aluminum pans on a Diamond differential scanning calorimeter
(Perkin Elmer, Waltham, MA) in the temperature range �30 to
100 �C with a heating and cooling rate of 5 �C min�1. Initially, the
samples were equilibriated at �30 �C for 15 min. Dry nitrogen
was continuously supplied at a flow rate of 20 ml min�1 during
the analysis.

2.4. Critical micelle concentration of MBCP

The critical micelle concentration (CMC) of MBCP were deter-
mined by a dye solubilization method with DPH [11]. DPH of
0.4 mM in methanol was used in this CMC determination. Stock
solutions of MBCP-1 and MBCP-2 were prepared at a concentration
of 10 wt.%. Polymer solutions in the concentration range 10.0–
1.0 � 10�5 wt.% were prepared by serial dilution of the stock solu-
tions. Then, 25 lL of the DPH solution was added to 2.5 ml of each
polymer solution. The polymer solutions were incubated for 24 h
in a dark place. The absorbencies of the test solutions were re-
corded on a Lambda EZ201 UV spectrophotometer (Perkin Elmer,
Waltham, MA) at wavelengths 377 and 391 nm.



Scheme 1. Schematic synthetic reactions for the preparation of MBCP from PEG–
PPG–PEG triblock copolymer (Pluronic�).
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2.5. Degradation of MBCP

The MBCP solutions were prepared at a concentration of
25 wt.% in deionized water. The polymer solution (100 lL) was
placed in 1 ml vials, and the vials were kept at 4 �C overnight. Later,
the polymer solutions were incubated at 37 �C for 15 min for gela-
tion. After gelation, 200 lL of phosphate buffer (pH 5.0, 6.5 and 7.4)
was added to the vials. After gel degradation for a pre-determined
time, the gels were frozen and lyophilized for GPC measurements.
The dried polymer was dissolved in 1 ml dichloromethane and cen-
trifuged at 10,000 rpm for 10 min to remove the buffer compo-
nents. The supernatants were collected and vacuum dried to
prepare GPC samples. GPC was run to determine the distribution
of polymer molecular weight.

2.6. In vitro cytotoxicity of MBCP

Calorimetric 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl tetrazo-
lium bromide (MTT) assay was used to test the cytotoxicity of
MBCP-1 and MBCP-2 on NIH 3T3 mouse embryonic fibroblast cells
which have been widely used for the evaluation of in vitro biocom-
patibility of biomaterials [28–30]. Initially, NIH 3T3 cells were cul-
tured in Dulbecco’s Modified Eagle’s Medium (DMEM)
supplemented with 10% fetal bovine serum (FBS) and antibiotics.
The cultured cells were seeded in 96-well plates at a density of
5 � 103 cells/well in 0.2 ml of the cell culture medium and grown
for 24 h at 37 �C. After removing the culture medium, 100 lL of
an MBCP solution of which concentration ranged from 0.1 to
5.0% (w/v) in DMEM supplemented with 10% FBS were placed on
the top of the cell layer. The cells were incubated for an additional
48 h, and the metabolic activity of the cells was measured. After re-
moval of the test solution, 100 lL of fresh culture medium contain-
ing 50 lg MTT was added to each well, and the cells were
incubated for 4 h. Lysis buffer consisting of 10% (w/v) SDS and
45% (v/v) DMF was then added and incubated for another 24 h.
Absorbance was measured at 590 nm on a Model 550 microplate
spectrophotometer (Bio-Rad, Laboratories Inc., Hercules, CA). Cell
viability was calculated as compared with phosphate buffered sal-
ine (PBS)-treated cells (100% survival).

2.7. Dynamic light scattering

The apparent particle sizes and particle size distributions of the
MBCP were measured using dynamic light scattering. A concentra-
tion (4% w/v) above CMC was chosen to study the micellar aggre-
gation as a function of temperature. Zetasizer Nano S (Malvern
Instruments, Malvern, UK) was used to measure the particle size
of the samples. The instrument was operated at four different tem-
peratures: 10, 20, 30 and 40 �C.

2.8. Thermal gelation of MBCP solutions

2.8.1. Test tube inverting method
A series of MBCP solutions at concentrations of 5, 10, 15, 20 and

25 wt.% were prepared in deionized water. One milliliter of each
polymer solution was transferred to each 4 ml vial, and the vials
were kept at 4 �C overnight. The vials were then placed in a water
bath and equilibrated at 15 �C for 15 min. The sol–gel and gel–sol
phase transitions of the polymer solutions were tested by tube
inversions in the temperature range 15–80 �C while the polymer
solutions were heated at a rate of 2 �C per every 5 min
[1,12,13,15]. The temperature at which a polymer solution stopped
flowing upon a tube inversion was recorded as the gelation tem-
perature. Phase transitions of the solutions of Pluronic� P85, Plu-
ronic� P104, MBCP-1 and MBCP-2 were determined by this
method.
2.8.2. Falling ball method
Solutions of MBCP-1 and MBCP-2 were prepared at a concentra-

tion of 25 wt.% in deinonized water. One milliliter of each polymer
solution was placed in an NMR tube with diameter 4.0 mm. The
time t required for a steel ball (diameter D = 1.97 mm, density
qs = 7.97 g ml�1) to fall a specified distance (d = 3 cm) was mea-
sured with a temperature increment of 2 �C per step for each poly-
mer concentration. The polymer solutions were equilibrated for
20 min at each temperature. A graph was plotted of temperature
vs dynamic viscosity. The velocity v of the falling ball can be calcu-
lated from the formula d/t. The density of the polymer solution (qf)
was assumed to be 1.0 g cm�3. The specific gravities of the sphere
(cs) and the polymer solution (cf) were calculated using the for-
mula c = qg (acceleration due to gravity g = 980 cm s�2). Finally,
the dynamic viscosity l was calculated using the following
formula

l ¼ ðcs � cfÞD
2=ð18mÞ
2.9. FITC–dextran release

FITC–dextran (40 kDa) was dissolved in the polymer solutions
at a concentration of 10 mg ml�1. The solutions were vigorously
stirred at 4 �C until they turned into clear solutions. One milliliter
of each FITC–dextran-loaded MBCP solution was placed in an am-
ber colored vial and allowed to gelate at 37 �C. Two milliliters of
each phosphate buffer solution (pH 5.0, 6.5 and 7.4) were added
to each vial. While incubating at 37 �C, the medium was changed
periodically. The perfect sink conditions were maintained through
the release study. Release medium collected at each time point was
analyzed by UV–visible spectroscopy at 490 nm.
3. Results and discussion

A facile approach to engineering a pH-sensitive thermogelling
MBCP was demonstrated in this research work. Pluronic� (P85
and P104), a group of triblock copolymers of PEG–PPG–PEG, was
used for the synthesis of acid-labile thermosensitive biodegradable
MBCP. Scheme 1 shows the synthetic reaction between the Pluron-
ic� copolymer and DEGDVE in the presence of p-toluenesulfonic
anhydride as catalyst, which results in MBCP with acetal linkages.
The reaction requires anhydrous conditions because a trace
amount of water leads to premature termination of the oligomer-
ization, which results in low molecular weight MBCP [22]. Water



Fig. 2. Gel permeation chromatograms of MBCP-2 (a) after synthesis, (b) after
purification in aqueous NaOH and (c) after purification in water.
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molecules are known to compete with hydroxyls to form hemiac-
etal intermediates. Hence, the reactants were azeotropically dried
to remove water adsorbed on Pluronic� prior to oligomerization.
Polyacetal formation between divinyl ether and hydroxy-termi-
nated monomers is favorable even at mild temperatures [31–33].
At �40 �C, the polymerization is completed within 1 h. However,
Pluronic� and DEGDVE were reacted overnight at 50 �C to ensure
successful oligomerization, because Pluronic� of molecular weight
�5000 may not be readily accessible for oligomerization. Thicken-
ing of the reaction mixture was observed in 4–5 h after the addi-
tion of DEGDVE. Upon completion of the oligomerization, p-TSA
was immediately neutralized by dissolving the resulting polymer
in a dilute sodium hydroxide solution in order to prevent polymer
degradation by acid-catalyzed hydrolysis during purification.
MBCP were precipitated by heating the solution to 70 �C. The poly-
mers could be further purified in a complete aqueous environment
by the cycle of cooling and heating, which would be advantageous
for pharmaceutical applications of the polymers, because harmful
organic solvents can be avoided during the purification process.
In addition, unreacted Pluronic� and DEGDVE could be removed
by the polymer purification method. As shown in Fig. 1, purified
MBCP include only trace amounts of the unreacted Pluronic�

copolymers. Moreover, GPC chromatographs in Fig. 2 show that
the purification process removed most of the remaining Pluronic�.
The chromatograph of crude MBCP straight after synthesis indi-
cates that the crude polymer contains a significant amount of unre-
acted Pluronic� (Fig. 2a). However, the purification of the crude
polymer via repetitive precipitation in hot water was able to re-
move most of the free Pluronic� (Fig. 2c).

Chemical structures of the synthesized MBCP were confirmed
by NMR spectroscopy. The 1H NMR spectra of Pluronic� P85 and
P104 and their MBCP were obtained in CDCl3. A typical 1H NMR
spectrum of MBCP is shown in Fig. 3. This NMR spectrum of
MBCP-1 shows methyl protons of PPG (–CH2CH (CH3) O–) at 1.0–
1.2 ppm, methylene and methine protons of PPG (–CH2CH (CH3)
Fig. 1. Gel permeation chromatograms of (a) MBCP-1, (b) Pluronic� P85, (c) MBCP-2
and (d) Pluronic� P104. The retention times of the synthesized polymers (�7.2)
were different from the Pluronic� copolymers (�8.1), indicating the formation of
MBCP.
O–) at 3.2–3.6 ppm, and methylene protons of PEG (–CH2CH2O–)
at 3.6 ppm. The acetal bond formation was confirmed by a quartet
at 4.75 ppm assigned as methine protons of acetal groups and a
doublet at 1.30 ppm from methyl protons of acetal groups. The
characteristic NMR peaks of acetal groups are consistent with pre-
viously reported results [22]. In the case of divinyl linkers, hydro-
phobic linkers such as butanediol divinyl ether and cyclohexane
dimethanol divinyl ether would replace hydrophilic DEGDVE.
However, the incorporation of hydrophobic linkers between
hydrophilic PEG blocks of Pluronic� would result in different gela-
tion behavior from the MBCP synthesized with DEGDVE. The syn-
thetic method demonstrated in this work is simple compared
with previous syntheses for pH-sensitive thermogelling polymers.
Previous synthesis of pH-sensitive thermogelling polymer involved
multi-step reactions that included polyacetal synthesis and follow-
ing PEG grafting [21]. GPC was used to determine the number-
average molecular weight (Mn) and polydispersity index of Pluron-
ic copolymers and MBCP. These values are summarized in Table 1.
The calculated molecular weights of MBCP-1 and MBCP-2 were
36,920 (±1650) and 40,210 (±860) g mol�1, respectively. The GPC
measurements also indicate that the synthesized polymers are
multiblock copolymers with 4.9 and 4.1 Pluronic� units in MBCP-
1 and MBCP-2, respectively. The reasons for the relatively low
molecular weight oligomers may be the presence of trace water,
even after azeotropic distillation, and limited availability of end
hydroxyl groups of large Pluronic� molecules for the oligomeriza-
tion. Based on DSC analysis, melting temperatures (Tm) of Pluron-
ic� were changed after oligomerization in the presence of
DEGDVE. Tm values of MBCP-1 and MBCP-2 were 29.0 �C and
29.8 �C, respectively, while Pluronic� P85 and P104 had Tm values
of 38.9 �C and 39.4 �C respectively. The changes in Tm might be the
result of interrupted polymer packing by the addition of acetal
bonds between PEG blocks of Pluronic�.

The CMC of MBCP-1 and MBCP-2 were determined by a hydro-
phobic dye solubilization method which has frequently been em-
ployed for the characterization of amphiphilic block copolymers
[11]. DPH, a hydrophobic dye used in this study, has a tendency
to partition into the hydrophobic core of the micelles in the pres-



Fig. 3. 1H NMR spectrum of MBCP-1. A quartet (d) at 4.75 ppm from acetal groups and a doublet (e) at 1.30 ppm from methyl protons of acetal groups indicated successful
synthesis of MBCP.

Table 1
Characterization results of synthesized MBCPs. The number average molecular
weights represent the mean ± SD for n = 3.

Polymer Mn (g/mol)a Mw/Mnb Number of
repeating units

Tm (�C)c

Pluronic� P85 7440 (±130) (4600d) 1.04 – 38.9
Pluronic� P104 9880 (±170) (5900e) 1.04 – 39.4
MBCP-1 36920 (±1650) 1.66 4.9 29.0
MBCP-2 40210 (±860) 1.69 4.1 29.8

a Number average molecular weights determined by GPC.
b Polydispersities based on GPC measurements.
c Melting temperatures determined by DSC.

d,e Molecular weights from BASF chemical company.
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ence of amphiphilic block copolymers. The solubility and UV absor-
bance of DPH sharply increase at the CMC of the amphiphilic poly-
mers. The CMC of amphiphilic block copolymers can be calculated
by extrapolating the absorbance vs logarithmic concentration
(Fig. 4). The CMC of MBCP-1 and MBCP-2 were found to be 2.854
(±0.030) wt.% and 0.485 (±0.009) wt.%, respectively. The CMC dif-
ference between MBCP-1 and MBCP-2 is due to the difference in
the ratio between hydrophobic PPG and hydrophilic PEG. MBCP-2
was expected to have a lower CMC than MBCP-1 because Pluronic�

P104 has a greater PPG/PEG ratio than Pluronic� P85. In the case of
amphiphilic block copolymers based on PEG and PPG, a block
copolymer with a greater PPG/PEG ratio generally has a lower
CMC [34].

Cytotoxicity of the synthesized MBCP has been evaluated by an
MTT assay using NIH 3T3 mouse embryonic fibroblast cells. The
MTT assay was performed in the concentration range 0.1–5.0%
(w/v), and these results are shown in Fig. 5. It was difficult to per-
form the assay above 2.5% (w/v) polymer concentration because of
pronounced polymer aggregate formation at 37 �C. During the
experiment, the removal of polymer aggregates via pipetting re-
sulted in a slight suction of the testing cells, which might cause
an underestimation of cell viability. Even with the presumed
underestimation of cell viability, MBCP solutions showed overall
cell viability >80%. In addition, thermal gelation of MBCP is not ex-
pected to leave a significant amount of the polymer as unimers or
micelles only which can penetrate cell membrane and thus affect
cell viability. Taken together, the synthesized MBCP are not consid-
ered to be cytotoxic and, as such, hold great potential for biomed-
ical and pharmaceutical applications. It is vital that polymer
degradation products should also be non-toxic. Degradation of
the acetal bond yields an equal amount of acetaldehyde [22]. Ow-
ing to the very low amount of degraded product compared with
the initial polymer, the cytotoxicity associated with the degraded
product is expected to be minimal.

Phase transitions of aqueous solutions of Pluronic� copoly-
mers and MBCP were evaluated by a test tube inverting method.
The sol–gel transitions of the polymeric solutions were deter-
mined by flow (sol)–no flow (gel) basis. Aqueous solutions of
both MBCP underwent sol–gel and gel–sol phase transitions upon
temperature increments. As shown in Fig. 6, the temperatures at
which the phase transitions occurred were dependent on poly-
mer concentration. Aqueous solutions of MBCP were transparent
at room temperature and turned into gels within 2 min as the
temperature reached 30–37 �C. These MBCP solutions in sol
phases were free-flowing liquids which could be injected through
a 25-gauge needle. The immediate thermal gelation of the MBCP
solutions around body temperature and their injectability via a
small-bore needle make MBCP particularly attractive for local
drug delivery.



Fig. 4. Determination of CMC of synthesized MBCP by dye solubilization. The
difference in the absorbance of DPH at 377 and 391 nm is plotted on the vertical
axis. The cross-section point of the two exponential lines is defined as the CMC. The
CMC of MBCP-1 and MBCP-2 were 2.854 (±0.030) wt.% and 0.485 (±0.009) wt.%,
respectively.

Fig. 5. In vitro cytotoxicity of synthesized MBCP as a function of copolymer
concentration. Cell viability was determined by MTT assay using cultured NIH 3T3
mouse embryonic fibroblast cells. The results represent the means ± SD for n = 3.

Fig. 6. Phase diagrams of aqueous solutions of Pluronic� P85, Pluronic� P104,
MBCP-1 and MBCP-2 determined by the test tube inverting method.

Fig. 7. Determination of dynamic viscosity changes of MBCP-1 and MBCP-2
aqueous solutions as a function of temperature using the falling ball method. The
polymer concentration was 25 wt.%. The MBCP solutions were equilibrated for
20 min at each temperature.
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Even though several mechanisms have been proposed for the
description of thermal gelation of block copolymer solutions, the
mechanism based on ordered micelle packing has been most
widely accepted [35–37]. Based on the ordered micelle packing
mechanism, PPG blocks are dehydrated at a concentration above
CMC, and Pluronic� block copolymers form micelles. At this con-
centration, polymeric unimers and the micelles are in an equilib-
rium state. As the temperature increases, this equilibrium shifts
from unimers to micelles, making the micelle volume fraction
(Um) very high. When Um is >0.53 in the case of Pluronic�, micelles
come into contact and pack themselves into ordered structures,
leading to gelation [38]. Thermal gelation of MBCP solutions may
be explained by the micelle packing. The solutions of Pluronic�

P85, MBCP-1 and MBCP-2 showed sol–gel–sol phase transition in
a concentration range up to 25 wt.%. However, 25 wt.% Pluronic�

P104 solution possessed two distinct gel phases upon sol–gel–
sol–gel transition. The first gel phase of Pluronic� P104 solution
ranged from 24 to 47 �C, while the second phase ranged from 70
to 80 �C. This may be due to the formation of different liquid crys-
talline phases, isotropic/cubic phases at low temperatures and
multi-phases (cubic/hexagonal/lamellar) at high temperatures
[39]. Gelation temperatures of MBCP at which the polymer solu-
tion underwent sol–gel phase transition were different from those
of the corresponding Pluronic�. Moreover, the critical gelation con-
centration (CGC) of MBCP determined from Fig. 6 was 10 wt.%,
which was lower than that of their Pluronic� copolymers
(15 wt.%). The lowered CGC and altered gelation temperature after
oligomerization is primarily due to extended and enforced chain
entanglements in MBCP compared with their corresponding Plu-
ronic� copolymers [35,40]. Based on the test tube inverting meth-
od, a polymer concentration of 25 wt.% was chosen for the
measurements of dynamic viscosity using the falling ball method.
Fig. 7 shows the dynamic viscosity changes in MBCP-1 and MBCP-2
polymer solutions with temperature. Dynamic viscosity dramati-
cally increased at 25 and 22 �C for MBCP-1 and MBCP-2, respec-
tively. In addition, the sol–gel transition temperatures
determined by the falling ball method were 25.02 and 22.36 �C
for MBCP-1 and MBCP-2 at 25 wt.%. The transition temperatures
determined by the falling ball method were consistent with those
values determined by the test tube inverting method. A mere var-



Fig. 8. Determination of micellar size changes of MBCP-1 and MBCP-2 using
dynamic light scattering. The micellar size changes were measured as a function of
temperature. The polymer concentration was 4% w/v. The results represent the
mean ± SD for n = 3.
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iation of 2–4 �C was often observed between both the methods.
The difference may be due to a longer time for equilibration for
the falling ball method compared with the test tube inverting
method. Even though the falling ball method would allow for a
more accurate and reliable transition temperature, the test tube
inverting method would give better simulation of practical injec-
Fig. 9. Gel permeation chromatograms showing MBCP-2 polymer degradation at three di
polymers were degraded into lower molecular weight monomers.
tion of a formulation with consideration of the kinetic aspect of
the process.

Fig. 8 shows the micellar size change with temperature. Deter-
mined sizes of micelles or micellar aggregates were in the ranges
16–30 nm and 11–35 nm in diameter for MBCP-1 and MBCP-2,
respectively, at temperatures <30 �C. The micelle sizes were
slightly increased as the temperature increased from 10 to 30 �C.
However, the micelle aggregation upon a temperature increase
from 30 to 40 �C resulted in a dramatic increase in micellar sizes
to the range 500–700 nm. This indicates that the micellar aggrega-
tion is the main mechanism for sol–gel transition of MBCP at 30–
40 �C.

GPC chromatograms in Fig. 9 show the degradation of MBCP-2
at different pH. Since the degradation pattern of both MBCP-1
and MBCP-2 was similar, only the degradation of MBCP-2 is shown
here. The polymer degraded more rapidly in acidic media than in
neutral medium. The polymers were not degraded at pH 7.4 for
even 40 days, while the complete degradation was observed within
4 and 18 days at pH 5.0 and 6.5, respectively. At pH 6.5, the poly-
mer started degrading from day 5, which coincided with the initi-
ation time of gel erosion. From these results, it is evident that the
MBCP were degraded into lower molecular weight polymers. The
degradation of hydrogel is generally affected by several factors
such as the number of degradable bonds in the polymer [41,42],
the presence of crosslinks [43] and characteristics of degradable
bonds [21,22]. The important factors for the degradation of the
MBCP polymers are presumably the number of acid-labile acetal
bonds and the sensitivity of the acetal bond to pH. Compared with
previously reported PEG-grafted polyacetal-based polymers, MBCP
fferent pH. The different phosphate buffers used were pH 5.0, 6.5 and 7.4. The MBCP
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polymers were degraded faster than the graft polymer-based poly-
mers in an acidic medium. In the case of PEG-grafted polyacetal
gel, it takes about 40 days for polymer degradation at pH 5.0.
[21]. The main reason for the faster degradation may be fewer ace-
tal bonds in MBCP than in the graft polymer. Because MBCP have
only four or five average acetal bonds in each polymer chain, the
cleavage of a small number of acetal bonds can result in Pluronic�

unimers or low molecular weight oligomers of which solutions
have a greater CGC and/or higher gelation temperature than MBCP.
However, PEG-grafted polyacetal should be significantly degraded
before losing thermosensitivity. Cleavage of a small number of ace-
tal bonds in polyacetal backbones would not considerably change
the overall ratio of hydrophilicity to hydrophobicity in the PEG-
grafted polyacetal. The possible degradation products of MBCP
would be initial triblock copolymer (PEG–PPG–PEG), and a small
amount of diethylene glycol and acetaldehyde based on the infer-
ence from an acid-labile PEG polymer with acetal bonds [22].
Monomeric Pluronic� molecular weights are smaller than 60,000,
which is the maximum molecular weight cleared by the kidneys.

Based on the phase transition study and the dynamic viscosity
measurements, MBCP-2 was selected for FITC–dextran release
study. A molecular weight of 40 kDa was chosen to simulate the
pH-sensitive drug release from the thermogels. The release profiles
of FITC–dextran at different pH are shown in Fig. 10. FITC–dextran
was released for 30 days at pH 7.4. The complete FITC–dextran re-
lease was observed within 2 and 9 days at pH 5.0 and 6.5, respec-
tively, which was in accordance with the time for gel erosion at
each pH. However, the gels were not eroded, even after complete
release of FITC–dextran at pH 7.4. The facilitated drug release at
lower pH is consistent with the polymer degradation at corre-
sponding pH conditions. FITC–dextran release clearly demon-
strates that the release at pH 5.0 is predominantly erosion
controlled, and the release at pH 6.5 is both diffusion and erosion
controlled. In addition, diffusion played a main role in the drug re-
lease at neutral pH. One unit decrease in the pH of the media
caused a pronounced increase in polymer degradation as well as
drug release. Similarly, a small change in biological pH caused by
a disease would result in enough polymer degradation for drug re-
lease from the polymer gel. These results suggest that the pH of the
release medium played a critical role in the drug release from the
synthesized polymeric gels, which can be translated into polymeric
Fig. 10. In vitro release of FITC–dextran (40 kDa) from MBCP-2 thermogels at pH
5.0, 6.5 and 7.4. FITC–dextran was dissolved at 10 mg ml�1 in 25 wt.% polymeric
aqueous solution. The results represent the mean ± SD for n = 5.
drug delivery systems that administer drugs locally in response to
biological pH changes. The drug delivery system would not be lim-
ited to the delivery of small molecule drugs, but would also have
applications for sensitive molecules such as proteins, plasmid
DNA and small interfering RNA.
4. Conclusions

Novel biodegradable thermogelling polymers with pH-sensitive
acetal linkages have been synthesized from Pluronic� copolymers
by a simple method. The synthesized polymers did not cause sig-
nificant cytotoxicity. The aqueous solutions of these polymers
underwent gelation at body temperature, and the gelation temper-
ature of the polymer solution was dependent on polymer concen-
tration and the type of Pluronic� copolymer used for the MBCP
synthesis. Micellar aggregation was observed for both MBCP poly-
mers at body temperature. MBCP polymers were degraded in a pH-
dependent fashion. At a neutral pH, polymers were stable for a long
period of time, while rapid degradation was observed at acidic pH.
FITC–dextran of molecular weight 40 kDa was released from the
thermally formed polymeric gels in a pH-dependent fashion.
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