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bstract

Paclitaxel (PTX) was loaded into synthetic pH/T-sensitive block copolymer (OSM–PCLA–PEG–PCLA–OSM) solution with various concentra-
ions. The phase diagram of PTX-loaded block copolymer solution shifted to lower temperature region compared to net block copolymer because
f the salting-out effect of PTX. Release profiles of PTX showed sustained manner regardless of loading amount of PTX. To evaluate anti-tumor

ffect of PTX-loaded block copolymer, solutions were injected subcutaneously to tumor-bearing mice and TUNEL assay examined. PTX-loaded
lock copolymer hydrogel for in vivo use showed good anti-tumor effect for 2 weeks and induced strong apoptosis in tumor tissue. Therefore, we
onclude OSM–PCLA–PEG–PCLA–OSM block copolymer as an effective injectable carrier of PTX.

2006 Elsevier B.V. All rights reserved.

litaxe

t
t
f
o
(
i
2
K
a
e
i

p
o

eywords: pH/T-sensitive block copolymer hydrogel; Injectable hydrogel; Pac

. Introduction

Paclitaxel (PTX) is one of the best anti-neoplastic drugs
ound in nature known for decades. It interacts with tubulin
imers in the G2 mitotic phase of cell division that promote
icrotubule polymerization to make highly stable microtubules,

herefore, to prevent cell division (Horwitz, 1992). In addition to
ts anti-proliferative effects, PTX is a potent inhibitor of angio-
enesis, cell migration, and collagenase production (Burt et al.,
995; Stearns and Wang, 1992). For another aspect, PTX is a
ydrophobic molecule and therefore, a non-ionic polyethoxy-
ated castor oil solubilizer, Cremophor® EL is used to enable its
linical administration. However, the large quantity administra-
ion of Cremophor® EL to deliver the required doses of PTX

auses serious side effects, particularly hypersensitivity reac-
ions, some of which are life-threatening (Onetto et al., 1993;
owinsky et al., 1993; Dorr, 1994). In order to eliminate the
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oxicity of Cremophor® EL, to improve the drug’s efficacy and
o eliminate chances of premedication, recent research has been
ocused on developing new drug delivery systems. A variety
f approaches have been investigated including emulsification
Kan et al., 1999; Constantinides et al., 2000; He et al., 2003),
ntroducing microspheres (Harper et al., 1999; Mu and Feng,
001), liposomes (Ceruti et al., 2000; Crosasso et al., 2000;
oshina et al., 2001), nanoparticles (Kim and Lee, 2001; Mu
nd Feng, 2003) and polymeric micelles (Miwa et al., 1998; Kim
t al., 2001a). One of the novel alternate is the development of
njectable formula that forms a semisolid implant.

There are countless reports on hydrogel-based injectable
olymer delivery systems that have been developed for a variety
f drugs, based on the polymeric materials possessing thermo-
ensitivity and biodegradability (Jeong et al., 1997; Ha et al.,
006). The polymers exhibiting properties of reversible ther-
al gelation are triblock copolymers consisting of A-blocks and
-blocks, arranged as BAB or ABA, where A is poly(d,l-lactic-

o-glycolic acid) (PLGA) and B is PEG. Aqueous solutions
f these polymers undergo a reversible sol–gel transition and
orm free-flowing sol at room temperature, and become gel at
ody temperature (Jeong et al., 1997, 2000a; Kim et al., 2001b;

mailto:dslee@skku.edu
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entner et al., 2001). PTX has been dissolved at high concentra-
ions to aqueous solutions of ABA-type copolymers and injected
nto mice bearing human breast carcinoma xenografts result-
ng protracted clearance of PTX from the injection site (about

weeks) with minimal distribution to organs (Zentner et al.,
001). However, these thermo-sensitive hydrogels have several
nresolved drawbacks, which make them difficult to be used for
he injectable drug delivery systems. The temperature reversible
ydrogels tend to transform to gel while they are moving in the
armed up needle, making it difficult to inject them into the
ody.

The novel pH- and temperature-sensitive hydrogel has been
eveloped and that does not simply change forms from the free-
ow sol to the gel only in response to increasing temperature
Shim et al., 2005). In the present study, we have characterized
he novel hydrogel formulation loaded with PTX. The in vitro
elease profiles of PTX from within gel were first investigated,
nd the anti-tumoral activity of PTX released from the gel was
hen assessed in vivo using the B16F10 melanoma cell.

. Materials and methods

.1. Materials

Poly(ethylene glycol) (PEG) (Mn = 1750) was obtained from
D Biochem, Inc. (Seoul, Korea). d,l-Lactide, �-caprolactone,
tannous 2-ethyl-hexanoate, sulfamethazine, methacryloyl chlo-
ide, 3-mercaptopropionic acid, dicyclohexyl carboimide
DCC), 4-(dimethyl amino) pyridine (DMAP), N,N-dimethyl
ormamide, methylene chloride were used as received from
igma–Aldrich (MO, USA). 2,2′-Azobisisobutyronitrile were
upplied by Junsei Co., and was recrystallized from methanol
wice prior to use. PTX (Genexol®) was obtained from Samyang
enex Co. (Seoul, Korea). All other chemicals were analytical
rade and used without further purification.

.2. Synthesis of pH- and temperature-sensitive block
opolymer

The synthesis of pH/T-sensitive block copolymer, poly-
er characterization, and sol–gel transition behaviors were

escribed in previous report (Shim et al., 2005). For pH/T-
ensitive block copolymer synthesis, the poly(�-caprolactone-
o-lactide)–poly(ethylene glycol)–poly(�-caprolactone-co-
actide) (PCLA–PEG–PCLA) block copolymer was first
ynthesized through a ring-opening copolymerization of
,l-lactide and �-caprolactone with PEG as an initiator. The
CLA–PEG–PCLA block copolymer and sulfamethazine
ligomer (OSM) were coupled using a coupling reagent, DCC
nd catalyst, DMAP.

.3. Preparation of PTX-loaded pH- and
emperature-sensitive block copolymer solution and sol–gel

ransition

The pH/T-sensitive block copolymer (OSM–PCLA–PEG–
CLA–OSM) was dissolved at 20 wt% concentration in a buffer

s
h
m
2
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olution for 1 day at 0 ◦C. The buffer solution was made of
hosphate buffered saline (PBS) and NaOH (1.2 wt%). Then,
he PTX was dissolved in an OSM–PCLA–PEG–PCLA–OSM
lock copolymer solution at a given concentration. The pH of
he PTX-loaded block copolymer solution was adjusted to the
pecific pH required by adding small amounts of 5 M HCl solu-
ion at 2 ◦C. The sol (flow)–gel (no flow) was determined by

test tube inverting method (Shim et al., 2005; Jeong et al.,
000b; Wang et al., 2004). After equilibration at 4 ◦C for 30 min
n a water bath, the vial was then slowly heated to temperature
t intervals of 2 ◦C in water bath. The vial was held constant at
ach temperature for 10 min to equilibrate, and then laid down
orizontally for 1 min. Inverting the vial determined a gel state
hen no fluidity in 1 min was visually observed. In addition, the
iscosity changes of the block copolymer solutions were inves-
igated by increasing the temperature with a reologica rheometer
REOLOGICA instruments AB®). It was operated at an oscil-
ation frequency of 1 Hz and 1 × 10−3 strain with a 0.5 ◦C/min
emperature ramp from 5 to 30 ◦C.

.4. In vitro PTX release from pH- and
emperature-sensitive block copolymer hydrogel

PTX was dissolved in a 20 wt% OSM–PCLA–PEG–
CLA–OSM block copolymer solution at 2.5, 5, and 10 mg/mL.
he pH of the resulting solution was then adjusted to pH 7.4 at
◦C, and the solution was allowed to form a gel in a shak-

ng water bath (20 strokes/min) at 37 ◦C. After 10 min, release
edium (3.5 mL, pH 7.4, 37 ◦C), comprised of PBS solution

ontaining 2.4 wt% Tween 80 and 4 wt% Cremophor® EL, was
dded to each vial containing the PTX-loaded block copolymer
ydrogel (0.5 mL). At predetermined time intervals, medium
1.5 mL) was withdrawn and replaced with an equal volume of
resh medium pre-warmed at 37 ◦C. The release study was per-
ormed in triplicate. The PTX concentration in each collected
raction was determined by HPLC (Shim et al., 2006).

.5. In vivo anti-tumor activity of PTX-loaded pH- and
emperature-sensitive block copolymer hydrogel

C57BL/6 male mice weighing 20 g were acclimatized for 7
ays after arrival. Approximately, 1 × 106 B16F10 melanoma
ells were injected subcutaneously into the hind right flank
egion of the C57BL/6 male mice and the tumors were allowed
he growth. When the tumor reached 50 mm3, the mice were ran-
omly divided into five treatment groups of six each. The control
roup (group A) received 200 �L saline by subcutaneous injec-
ion. For the in vivo test, the pH/T-sensitive block copolymer
olution was prepared to 20 wt% concentration and pH 8.0. The
TX-loaded and unloaded pH/T-sensitive block copolymer solu-

ion at pH 8.0 was subcutaneously injected to left flank region
f tumor-bearing mouse, which had tumor on right flank region.
he first treatment group (group B) received 200 �L of pH/T-

ensitive of block copolymer solution subcutaneously into the
ind left flank region (opposite site of tumor). The PTX treat-
ent groups (groups C–E) received 200 �L of PTX-loaded (1.0,

.5 and 5 mg/mL) pH/T-sensitive of block copolymer solution
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block in the copolymer. The block copolymer solution formed
a gel in low pH conditions as the temperature increased to body
temperature. As the portion of non-ionized OSM increases with
decreasing pH of block copolymer solution, the hydrophobicity
Fig. 1. Chemical structure of the OSM–

equivalent to 10, 25 and 50 mg/kg PTX dose) subcutaneously
nto the hind left flank region (opposite site of tumor), all on
reatment day 0. The experimental groups for anti-tumor effect
f PTX-loaded hydrogel were summarized in Table 1. At differ-
nt time points, the tumor volume was determined by measuring
he diameters of the tumor and calculated as follows:

umor volume (mm3) = ab2

2

here a is the largest and b the smallest diameter (mm) of the
umor. The animals were sacrificed at predetermined interval of
bservation and the tumors collected for histological analysis.

.6. Immunohistological examination

The histological examination was performed by termi-
al deoxynucleotidyl transferase-mediated nick and labeling
TUNEL) assay with a commercial apoptosis detection kit
Promega Corp., WI, USA) with the following modifications.
amples were fixed with 4% paraformaldehyde (methanol-free)
or 10 min at room temperature. The samples were washed
ith PBS twice for 5 min each time and then incubated with
.2% Triton X-100 for 15 min at room temperature. After the
amples were washed twice more with PBS for 5 min each
ime, they were incubated with equilibration buffer from the
romega kit for 10 min at room temperature. The equilibration
uffer was drained and a reaction buffer containing equilibra-
ion buffer, nucleotide mix, and TdT enzyme was added to the
issue sections, which then were incubated in a dark, humidified
tmosphere at 37 ◦C for 1 h. The reaction was terminated by
mmersing the samples in 2× standard saline citrate for 15 min,
nd the samples then were washed three times for 5 min each
o remove unincorporated fluorescein-TdT. TUNEL analyzed

lindly at 600× magnification by use of a computer-aided light
icroscope. To confirm the findings of TUNEL assay, apop-

otic and non-apoptotic cells also detected by 4,6-diamidino-2-
henylindole (DAPI) staining.

able 1
xperimental groups for anti-tumor effect of PTX-loaded hydrogel

roup PTX concentration
(mg/mL)

Injection
volume (�L)

PTX dose
(mg/kg)

0 200 Saline
0 200 Hydrogel
1 200 10
2.5 200 25
5 200 50

F
2
l

–PEG–PCLA–OSM block copolymer.

. Results and discussion

.1. Characteristics of PTX-loaded pH/T-sensitive block
opolymer solution

The PCLA–PEG–PCLA block copolymer had block lengths
f 1642–1750–1642 (determined by 1H NMR) and polydis-
ersity = 1.39 (determined by gel permeation chromatography
GPC)). The molecular weights of PCLA–PEG–PCLA and
SM–PCLA–PEG–PCLA–OSM were 4844 and 5978 (deter-
ined by GPC with reference to poly(ethylene glycol), using

etrahydrofuran as an eluent), respectively. Fig. 1 shows the
hemical structure of OSM–PCLA–PEG–PCLA–OSM block
opolymer.

The sol–gel transition phase diagrams of the PTX-loaded and
nloaded pH/T-sensitive block copolymer solutions were inves-
igated under changing pH and temperature conditions. Fig. 2
hows the sol–gel transition phase diagrams of PTX-loaded
nd unloaded OSM–PCLA–PEG–PCLA–OSM block copoly-
er solutions. At high pH (pH 8.0), the sulfonamide group of

he pH-sensitive moiety (OSM) is mainly present in its ionized
tate and the ionized OSM acts as a hydrophilic block in the
SM–PCLA–PEG–PCLA–OSM block copolymer regardless
f temperature. Therefore, the block copolymer solution did not
orm a gel in high pH conditions as the temperature increased.
owever, at low pH (pH 7.4), the degree of ionization of the
SM decreases and the non-ionized OSM acts as a hydrophobic
ig. 2. Sol–gel phase diagrams of PTX-loaded block copolymer solutions at
0 wt% polymer concentration. Unloaded block copolymer solution (�); PTX-
oading 2.5 mg/mL ( ); 5 mg/mL (�); 10 mg/mL ( ).
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Fig. 4. In vitro release of PTX from the block copolymer hydrogel in PBS
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ig. 3. Temperature dependence of the viscosity of PTX-loaded block copoly-
er solutions at 20 wt% polymer concentration. Unloaded block copolymer

olution (�); PTX-loading 2.5 mg/mL ( ); 5 mg/mL (�); 10 mg/mL ( ).

f block copolymer increases, which induces gelling range of
lock copolymer is widen. The phase diagram of PTX-loaded
lock copolymer solution shifted to lower temperature region
ompare to unloaded block copolymer solution. It is ascribed to
he salting-out effect of PTX in block copolymer solution (Pandit
nd Kisaka, 1996; Jorgensen et al., 1997). The sol–gel transition
f PTX-loaded and unloaded OSM–PCLA–PEG–PCLA–OSM
lock copolymer solutions was also confirmed by viscos-
ty change. Fig. 3 shows the temperature-dependent viscosity
hange of PTX-loaded and unloaded copolymers at pH 7.4.
he viscosity increased rapidly in the sol–gel transition region.

t is induced by the hydrophobicity of PCLA block, which
enerally increases as temperature arise. As the PTX concentra-
ion increased in the block copolymer solution, the viscosity is
apidly increased at lower temperature. According to the results
n phase diagram and viscosity, the changes in properties of
ydrogel were vivid, when PTX loading concentration was at
0 mg/mL. It suggests that the properties of hydrogel maintained
ntil PTX loaded into hydrogel at 5 mg/mL concentration, mean-
ng transition temperature at which viscosity rapidly increased
as lower as PTX concentration was higher.

.2. In vitro release of PTX from pH/T-sensitive hydrogel
In order to evaluate the ability of the pH/T-sensitive hydro-
el to effectively deliver PTX, in vitro release studies were
erformed in PBS solution containing 2.4 wt% Tween 80 and

h
o
t

Fig. 5. Schematic diagram and photograph showing the location of
olution (pH 7.4) containing 2.4 wt% Tween 80 and 4 wt% Cremophor® EL at
7 ◦C. The results are represented as means ± S.D. (n = 3). The symbols are as
ollows: initial loading 2.5 mg/mL ( ); 5 mg/mL (�); 10 mg/mL ( ).

wt% Cremophor® EL at 37 ◦C, and concluded its sustained
elease. The PTX concentrations were calculated using a stan-
ard curve for its solution in acetonitrile and a linear corre-
ation between peak area and PTX was observed (data not
hown). Fig. 4 shows the release profile of PTX from the pH/T-
ensitive hydrogel. PTX was continuously released from the
H/T-sensitive hydrogel, and the constant zero-order release
ate was confirmed regardless of loading amount in initial state
y 20 days. After zero-order release, the release of PTX from
ydrogel was slowed down. In addition, the PTX-loaded hydro-
el exhibited a low burst release with only 2–4% drug release
ithin the first day. It should suggest that this hydrogel has a
ood potential for controlled drug delivery carriers. Based on
he characteristics and release data, PTX-loaded hydrogel pre-
ared with 5 mg/mL PTX concentration was chosen to evaluate
nti-tumor effect in vivo since it showed reasonable sol–gel tran-
ition phase diagram suitable for using injectable system, which
re maintenance of viscosity, and sustained manner of PTX
elease.

.3. In vivo anti-tumor effect of PTX-loaded hydrogel
In vivo anti-tumor activity of PTX-loaded pH/T-sensitive
ydrogel was done using C57BL/6 male mice bearing tumor
n right flank region. PTX-loaded and unloaded solutions made
he gel immediately (in 10 min) after subcutaneously injected

subcutaneous injection of the PTX-loaded block copolymers.
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Fig. 6. In vivo anti-tumor activity of PTX-loaded block copolymers after sub-
cutaneous administration. The results are represented as means ± S.D. (n = 6).
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copolymer hydrogel were released, dissolved and absorbed in
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nto left flank. As shown in Fig. 5, injected site changed to be
ulged since the block copolymer solution formed a gel into
ubcutis. The block copolymer solution transformed to gel-like
lug, as the pH decrease and temperature increase by the tis-
ue fluid surrounding injection site. It suggests that PTX will be
eleased from hydrogel and then systemically circulated in body
nd eventually to act against tumor.

As Fig. 6 represents, the tumor volume changes in mice
fter injection of treatments, it was difficult to observe any
ignificant differences between groups A and B. It could be
nferred that hydrogel seldom affected the tumor. Among the
ther three groups that were PTX-treated mice, significant dif-
erences were observed compared to previous two groups. The
ate of tumor volume increment was remarkably slower than
hat of non-treated mice. After 2 weeks, tumor volume of the
aline-treated mice reached about 17 cm3 while that of PTX-
reated mice smaller than 7 cm3. In addition, these anti-tumor
ffect of PTX-treated mice showed the dose dependence of PTX,
o which tumor volume was smaller as dose of PTX increased.
ig. 7 shows the photograph of each group at 14 day after subcu-

aneous injection, and the mice are bearing tumor that are larger

han their head as in groups A and B. However, in PTX-treated

ice group, especially group E, shows the tumor size was sim-
lar to their ears, which could be concluded that PTX-loaded

b

m

Fig. 7. Photographs of tumor-bearing mice at day 14 afte
tudent’s t-test (*p < 0.05; **p < 0.01). The symbols are as follows: group A (�);
roup B (�); group C (�); group D (�); group E (�).

lock copolymer hydrogel can effectively suppress the tumor
evelopment. It, in addition, suggests that PTX loaded in block
ody fluid, then systemically circulated to effect in tumor.
Fig. 8 shows the changes in body weight of tumor-bearing

ice after injection. The body weight of saline and hydrogel

r PTX-loaded block copolymer hydrogel treatment.
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Fig. 8. Body weight changes of mice treated with PTX-loaded block copolymers
after subcutaneous administration. The results are represented as means ± S.D.
(n = 6). Student’s t-test (*p < 0.05; **p < 0.01). The symbols are as follows: group
A (�); group B (�); group C (�); group D (�); group E (�).
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Fig. 9. Immunohistological detection of apoptotic cells in B16F10 melanoma tumo
Original magnification: 600×.
f Pharmaceutics 331 (2007) 11–18

njected groups (A and B) continuously increased due to the
apid growth of tumor volume as previously mentioned. In low
ose (10 mg/kg) PTX-loaded hydrogel injected group (C), the
ody weight was maintained constantly for 2 weeks. However,
he body weight decreased by 6 day and then slightly increased
n groups D and E. An initial decreased period was caused by
he therapy of tumor. As shown in Fig. 6, tumor volume hardly
ncreased in same period. In other words, the toxicity of PTX,
hich suppressed the tumor, had an influence on body weight
f mice.

.4. Immunohistology by TUNEL assay
Fig. 9 shows the images of isolated tumor tissue in 14 day
fter subcutaneous injection that were subjected to DAPI stain-
ng and TUNEL assay following several treatment (groups A–E).

rs growing in the C57BL/6 mice treated with PTX-loaded block copolymers.
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s shown in DAPI staining images, it is difficult to observe
ny significant difference among groups since the cell nuclei
f live cells represented bright blue fluorescence attributed to
API staining. However, the TUNEL assay images showed

he different results as it depends on treatment. The cell nuclei
f non-apoptotic bodies did not exhibit the green fluorescence
ttributed to FITC-labeled TdT. In contrast, bright green flu-
rescence of the cell nuclei of apoptotic cells was observed.
herefore, the saline-only or hydrogel-only treated groups (A
nd B) hardly showed the TUNEL positivity while PTX-treated
roups (C–E) represented the TUNEL positivity, bright green
uorescence, and it was brighter as PTX dose was higher. There
re more effective merging of the two images, DAPI staining and
UNEL assay. In non-apoptotic groups, non-anti-tumor effec-

ive groups (A–B), DAPI staining and merging images were
lmost the same even though TUNEL assay was overlapped.
owever, the apoptotic cells which were blue in DAPI stain-

ng and green in TUNEL assay showed bright cyanine color in
erging images. These TUNEL assay results could be supported

he anti-tumor effect results of PTX-loaded block copolymer
njectable hydrogel, which could suppress the tumor increasing,
ffectively.

. Conclusion

PTX-loaded pH/T-sensitive block copolymer (OSM–PCLA–
EG–PCLA–OSM) solution showed the rapid sol–gel transi-

ion with pH and temperature changes. The phase diagram of
TX-loaded block copolymer solution shifted to lower tem-
erature region by the salting-out effect of PTX. PTX-loaded
lock copolymer hydrogel showed the sustained release profile
f PTX for 1 month without burst release, and the good anti-
umor effect by subcutaneous injection in tumor-bearing mice.
herefore, OSM–PCLA–PEG–PCLA–OSM block copolymer

s considered to be an effective injectable carrier of PTX.
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