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a b s t r a c t

Injectable hydrogel with hydrophobic microdomains for incorporating both hydrophilic and hydrophobic
drugs, herein doxorubicin hydrochloride (DOX) and paclitaxel (PTX), was synthesized through dynamic
bonding of glycol chitosan and benzaldehyde capped poly(ethylene glycol)-block-poly(propylene glycol)-
block-poly(ethylene glycol) via Schiff’s reaction triggered by environmental pH. Rheology tests show that
the inclusion of hydrophilic drug decreases the gelation time and gains more robust gel, while the addition
ey words:
njectable gel
H triggered
ombination delivery
ardiotoxicity

of hydrophobic drug has opposite influences. Dual-drug release from the DOX + PTX loaded gels was
observed and the release rate can be accelerated by decreasing the environmental pH from physiological
(7.4) to weak acidic pH (6.8). In vivo investigation proved that the gels were able to diminish the amount
of DOX in blood circulation and limit the DOX-induced cardiotoxicity. By intratumoral administration,
the hydrogel-drug formulations resulted in efficient growth inhibition of subcutaneous tumor (B16F10)

l. The
gatio
ntitumor activity on C57LB/6 mouse mode
demonstrated by a prolon

. Introduction

Doxorubicin (DOX) and paclitaxel (PTX) are common antitumor
rugs used in clinical applications (Dombernowsky et al., 1995;
ianni et al., 1995). DOX acts as a DNA intercalating agent to

nhibit further DNA and RNA biosynthesis (Goodman et al., 1977)
nd PTX stabilizes cellular microtubes polymerized in G2 mitotic
hase thus prevents the cell division (Harper et al., 1999). There-
ore the combination of DOX with PTX becomes a valid option in
he chemotherapy of various kinds of solid tumors (Gehl et al.,
996). However, while the combination therapy indeed shows high
ctivity, increasing toxic effects was found accompanied with the
ombination of the two drugs (Gianni et al., 1995; Harper et al.,
999), which could lead to the failure of the treatment (Gehl et al.,
996). It becomes a key issue to establish new advanced drug deliv-
ry systems (DDS) (Ahmed et al., 2006). Up to now the challenge

till remains on efficiently hampering the non-specific uptake of
ntitumor drugs to target healthy organs when dosed by intra-
enous injection (Al-Abd et al., 2010). Therefore localized delivery
as considered as an alternative way to diminish the drug level

∗ Corresponding authors. Tel.: +86 10 82619206; fax: +86 10 62559373.
E-mail addresses: sdbao@sina.com ( Shan-Dan), quxz@iccas.ac.cn (X. Qu),

angzz@iccas.cn (Z. Yang).
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advantage of the current system for DOX + PTX combination therapy was
n of survival time in comparison with the single drug therapy.

© 2011 Elsevier B.V. All rights reserved.

in the non-targeting sites (Al-Abd et al., 2010; Ta et al., 2008).
In recent years, a number of intratumoral delivery systems have
been developed based on polymers, including hydrogels (Al-Abd
et al., 2010; Cho et al., 2009; Chun et al., 2009a,b; Lee et al., 2010;
Yu et al., 2008), microparticles (Lin et al., 2000; Xie et al., 2007),
nanoparticles (Chang et al., 2010) and nanofibers (Xu et al., 2009)
etc.

Injectable hydrogels have demonstrated numerous advantages
compared to conventional dose forms (Hoffman, 2002; Jeong et al.,
1997; Qiu and Park, 2001; Yu and Ding, 2008) and been extensively
studied for localized antitumor drug delivery (Hoffman, 2002; Qiu
and Park, 2001). Such in situ forming gel systems can provide drug
localization within the tumor site, perform sustained or stimuli
triggered drug release, and at the same time reduce the surgical
invasiveness and the frequency of administration. To date, differ-
ent kinds of injectable gels have been synthesized using polymers
which can crosslink through either physical interaction in response
to external stimuli such as pH and temperature (Chang et al.,
2009; Chiu et al., 2009; Khutoryanskaya et al., 2008; Kissel et al.,
2002; Ruel-Gariepy and Leroux, 2004) or the in situ formation of

chemical bonds under physiological conditions (Ding et al., 2010;
Nishi and Jayakrishnan, 2007; Tan et al., 2009; Weng et al., 2008).
And the co-delivery of DOX using the injectable gels with other
drugs like mitoxantrone (Bouhadir et al., 2001), cisplatin (Konishi
et al., 2005), aspirin (Wei et al., 2009), 5-fluorouracil (5FU) and

dx.doi.org/10.1016/j.ijpharm.2011.03.034
http://www.sciencedirect.com/science/journal/03785173
http://www.elsevier.com/locate/ijpharm
mailto:sdbao@sina.com
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Table 1
Influence of DOX and PTX content on the gelation time and elastic modulus of
GC/OHC-PEO-PPO-PEO-CHO formulations at 37 ◦C and pH 7.4.*

DOX conc. (mg/mL) PTX conc. (mg/mL) Gelation time (s) G′ (kPa)**

0 0 217 0.6
4.5 0 250 0.9
7.5 0 58 1.3
0 4.5 378 0.5
0 7.5 524 0.2
7.5 7.5 45 1.4
ig. 1. Time (a) and frequency (b) sweeping of neat GC/OHC-PEO-PPO-PEO-CHO gel,
OX loaded gel, PTX loaded gel and DOX + PTX loaded gel at pH 7.4. Drug loading:
.5 mg/mL for each drug.

eucovorin calcium (Zhang et al., 2010) has also been addressed.
owever the use of injectable gel for the delivery of DOX and PTX
as rarely reported probably due to the distinct solubility char-

cteristics of the two drugs. While DOX is a water soluble drug,
TX is water insoluble and requires to formulate with solubilizer
nd solvents, or to conjugate on water soluble polymers in order to
mprove the solubility (Lee et al., 2010). For topical delivery of PTX,
n situ gelling amphiphilic block copolymers were frequently used
Chun et al., 2009b; Shim et al., 2007; Zentner et al., 2001). Other-
ise, Obara et al. has used Cremophor® EL to enhance the loading

f PTX in their photocrosslinked chitosan hydrogels (Obara et al.,
005). Nevertheless, with the aim of combination chemotherapy,

t is desirable for the two drugs being carried simultaneously in a
ingle formulation.

In previous study, we developed chemically crosslinked
njectable gels based on glycol chitosan (GC) and benzaldehyde
erminated poly(ethylene glycol)-block-poly(propylene glycol)-
lock-poly(ethylene glycol) (OHC-PEO-PPO-PEO-CHO) (Ding et al.,
010). The two polymers crosslink through an imination reac-
ion triggered by the increase of environmental pH from acidic to
eutral. In vitro characterization proved that the formed hydro-

els were able to encapsulate and release either hydrophilic or
ydrophobic drugs and in vivo tests revealed that the gel was
egradable in approximately a month in rats. In the present work,
e attempt to further investigate the GC/OHC-PEO-PPO-PEO-CHO

njectable gel on the combination delivery of anti-tumor drugs,
* Polymer concentration was kept at 5 wt% for GC and 3.35 wt% for OHC-PEO-PPO-
PEO-CHO.

** Value at a frequency of 1 rad/s in the frequency sweeping test.

i.e. DOX and PTX. The gelation and drug release behavior of the
GC/OHC-PEO-PPO-PEO-CHO formulations were studied in vitro
and the antitumor activity was evaluated on mouse model.

2. Experimental

2.1. Materials and animals

Glycol chitosan (GC, Mw ∼ 125 kDa), doxorubicin hydrochloride
(DOX), Dulbecco’s modified Eagle’s medium (DMEM) and phos-
phate buffered saline (PBS) were purchased from Sigma–Aldrich
(St. Louis, USA). Paclitaxel (PTX) was purchased from Bei-
jing Norzer Pharmaceutical Co. Ltd. Fetal bovine serum (FBS)
was purchased from Hangzhou Sijiqing biological engineering
material Co. Ltd., China, and was inactivated under 50 ◦C for
half an hour before use. Benzaldehyde capped poly(ethylene
glycol)-block-poly(propylene glycol)-block-poly(ethylene glycol)
(OHC-PEO-PPO-PEO-CHO, 40 wt% EO, Mn ∼ 3000 Da) was synthe-
sized according to our former work (Ding et al., 2010). Solvents
and other compounds were all obtained form Beijing Chemical
Reagents Company, China.

Female C57LB/6 mice (19 ± 2 g) were obtained from the Bei-
jing Xing-Long Laboratory Animal Co. Ltd., China, and raised under
normal conditions with free access to food and water. All care
and handling of animals were performed according to the Guiding
Principles for the Care and Use of Experiment Animals in Beijing
Obstetrics and Gynecology Hospital.

2.2. Methods

2.2.1. Preparation of polymer-drug formulation
GC and OHC-PEO-PPO-PEO-CHO was dissolved in phosphate

buffer (pH 7.4) at a desired concentration. PTX/OHC-PEO-PPO-PEO-
CHO solution was prepared by further dispersed the drug powder
in the OHC-PEO-PPO-PEO-CHO solution by probe sonication for
5 min using a JY-96 probe sonicator (Zhejiang Xinzhi, China, out-
put 150 W). Meanwhile, DOX/GC mixture was prepared by stirring
known amount of DOX in the GC solution. For investigating the gela-
tion behavior and drug release, formulations were made by mixing
equal value of GC and OHC-PEO-PPO-PEO-CHO solutions or their
drug dispersions (0.5 mL each) by a vigorous stirring for 10 s. For
in vivo tests, the GC/OHC-PEO-PPO-PEO-CHO formulations were
prepared under the same procedure as described above, except
the pH of the polymer solutions were adjusted to be 5.0 by adding
small amount of 2 M HCl in order to keep the mixture in sol state
before injection. The final concentration of GC and OHC-PEO-PPO-
PEO-CHO for the in vivo experiments was kept at 5 and 3.35 wt%

respectively.

2.2.2. Characterization
Rheological behavior of the GC/OHC-PEO-PPO-PEO-CHO formu-

lations was characterized with a TA AR2000ex stress-controlled
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heometer (TA Instruments, USA), equipped with a parallel plate
f 20 mm in diameter. For each measurement, the mixture of GC
nd OHC-PEO-PPO-PEO-CHO solutions or the polymer-drug disper-
ions prepared in the former step were immediately poured onto
he plate preheated at 37 ◦C. The measurement was then started
ith a gap of 0.7 mm. Both elastic (G′) and loss (G′′) moduli were
onitored as a function of time to characterize the gelation prop-

rty of the formulation. The time at the crossover of G′ and G′′

as defined as the gelation time. The frequency sweeping tests
ere performed from 0.01 to 100 rad/s at a given strain ampli-

ude of 2%, ensuring a linear viscoelastic region, after stable gel
as formed. Microstructure of the formed hydrogels was observed
sing a Hitachi S-4300 scanning electron microscope (SEM) on
reeze-dried samples.

.2.3. In vitro drug release
DOX/GC (0.5 mL) and PTX/OHC-PEO-PPO-PEO-CHO (0.5 mL) dis-

ersions were mixed in a test vial and stood for 30 min to ensure
he formation of hydrogel. The formed drug incorporated hydro-
els were immersed into 10 mL of 0.01 M PBS (pH 7.4 or 6.8)
ontaining 0.1% (v/v) tween-80 at 37 ◦C (Lee et al., 2002). 2 mL
f the release medium was collected periodically and replenished
ith 2 mL of fresh PBS. PTX was extracted three times from the

elease media with dichloromethane and the organic phase was
ried under nitrogen flux. The residue was reconstituted in 0.5 mL
f mobile phase and quantitated using reversed-phase high per-
ormance liquid chromatography (RP-HPLC, Agilent 1200, Agilent
echnologies Inc., USA) with a UV detector set at 227 nm. 20 �L
f sample was injected into a ZORBAX Eclipse Plus C18 column
150 mm × 4.6 mm, 5.0 �m, Agilent Corp., USA) and eluted with
he mobile phase consisted of acetonitrile/water/methol (48/41/11,
/v/v) at a flow rate of 1 mL/min. The amount of DOX in the release
edium was determined spectrophotometrically at a wavelength

f 485 nm. The release results were plotted as mean value of three
epeated tests.

.2.4. Tumor implantation

B16F10 cells were cultured using DMEM supplemented with

0% FBS under 37 ◦C in 5% CO2, 95% humidified atmosphere in an
ncubator and subcultured every 48 h. The cells were harvested by
rypsinization using a 0.05% (w/v) trypsin/0.03% (w/v) EDTA solu-
ion and were subsequently centrifugal washed by sterile PBS three

Scheme 1. Preparation of injectable GC/OHC-PEO-
harmaceutics 410 (2011) 83–91 85

times to remove protein and then re-dispersed in PBS. The suspen-
sion of B16F10 cells (1.2 × 106 cells in 0.2 mL of sterile PBS) were
injected subcutaneously in the right flank of C57LB/6 mice using
26G needles. After 7 days the tumor was palpable and reached a size
of ca. 300 mm3 and the mice were randomly divided into groups
(n = 5–6) for in vivo tests described below.

2.2.5. Plasma pharmacokinetics and cardiotoxicity
Fifteen healthy C57LB/6 mice were randomly divided in 3 groups

(n = 5), and were administrated by a single dose of DOX formula-
tions at 20 mg/kg through (1) intravenous injection (i.v.) of DOX
solution (0.1 mL in saline) via tail vein (Group A), (2) subcuta-
neous injection (s.c.) of the drug solution (0.1 mL in saline) in the
right flank (Group B) and (3) subcutaneous injection of 0.1 mL of
the mixture of DOX loaded GC/OHC-PEO-PPO-PEO-CHO solution
(pH = 5.0) in the right flank (Group C). Besides, five tumor bearing
mice were also dosed intratumorally by 0.1 mL of the DOX incor-
porated GC/OHC-PEO-PPO-PEO-CHO solution (pH = 5.0) (Group D).

After the injection, 100 �L blood was collected using hep-
arinized tubes at predicted times from the tail vein of the mice
(Etrych et al., 2008). The blood samples were immediately cen-
trifuged at 3000 rpm for 10 min and the separated plasma were
stored at −20 ◦C until the analysis of DOX content using HPLC
(Wang et al., 2006). For the analysis, 150 �L of acetonitrile was
added to 50 �L of plasma. The precipitates in the mixture were
removed by centrifugation and the concentration of DOX was
measured by injecting 20 �L of the supernatant into the HPLC. A
ZORBAX Eclipse Plus C18 column was used for the measurements
and the UV detector set at 485 nm. The mobile phase was consisted
of acetonitrile and water (32:68, v/v) with pH adjusted to 3.0 using
phosphoric acid. The flow rate was of 1 mL/min and the limit of
quantitation (LOQ) was determined to be 1 ng/mL.

The animals were sacrificed at day 12 post administration. Heart
and tumor was isolated and fixed in 10% neutral-buffered forma-
lin, then embedded in paraffin, sectioned at 4–6 �m and stained
with hematoxylin and eosin (H&E) using standard techniques for
histopathological examination.
2.2.6. Antitumor activity
The B16F10 tumor bearing mice were randomly divided into

five groups (n = 6) and received following treatments. Group 1, mice
were untreated as control group; Group 2, mice received an intra-

PPO-PEO-CHO gel containing DOX and PTX.
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Fig. 3. Cumulative release of DOX and PTX from the dual-drug loaded hydrogels
immersed in 10 mL of saline at different pHs. During gel preparation, the eventual
ig. 2. SEM images of freeze-dried GC/OHC-PEO-PPO-PEO-CHO gel (a), DOX loaded
el (b) and PTX loaded gel (c). Scale bar = 100 �m.

umoral injection of 0.1 mL of GC/OHC-PEO-PPO-PEO-CHO solution
t pH 5.0; Group 3, mice received an intratumoral injection of
OX incorporated GC/OHC-PEO-PPO-PEO-CHO solution (40 mg/kg

n 0.1 mL); Group 4, mice received an intratumoral injection of
OX and PTX incorporated GC/OHC-PEO-PPO-PEO-CHO solution

40 mg/kg for each drug in 0.1 mL); Group 5, mice received an intra-
umoral injection of PTX incorporated GC/OHC-PEO-PPO-PEO-CHO
olution (40 mg/kg in 0.1 mL). The mice were weighted and tumors
ere measured using a caliper for 20 days post administration. The

umor volume was calculated using the formula a2 × b/2, where a
s the short diameter and b is the long diameter.
.2.7. Statistics analysis
Statistical significance was assessed using Student’s t-test and

aplan–Meier analysis. The difference was considered to be statisti-
ally significant if the probability value was less than 0.05 (p < 0.05).
GC concentration was 5 wt% with an OHC-PEO-PPO-PEO-CHO content of 3.35 wt% (a
and b) and 2.35 wt% (c). The DOX and PTX loadings in each formulation were equal
which were 7.5 mg/mL (a and c) and 4.5 mg/mL (b).

3. Results and discussion

3.1. Gel formation

Injectable gels have been developed as a promising system for
the topical dose of antitumor drugs (Chun et al., 2009b; Yu and
Ding, 2008). However, while the in situ gelling systems for carrying
either DOX or PTX have been reported respectively and evaluated

both in vitro and in vivo, few works have addressed the develop-
ment of injectable gel with flexible ability to deliver DOX and PTX.
In the present work, the GC/OHC-PEO-PPO-PEO-CHO injectable gel
is able to in situ incorporate both the drugs due to the inclusion



L. Zhao et al. / International Journal of P

Fig. 4. Plasma DOX concentration–time profiles (a) and body weight (b) of mice
r
s
P
G

o
i
s
d
s
h
P
(
P
P
w
w

t
O
a
3
w
i
h
t
a
a
h

eceived intravenous injection, subcutaneous injection of free DOX solution, and
ubcutaneous injection, intratumoral injection of DOX loaded GC/OHC-PEO-PPO-
EO-CHO formulations. The drug dose was 20 mg/kg. Statistics analysis: *p < 0.05,
el/DOX/s.c. vs. DOX solution/s.c.

f amphiphilic macromolecular crosslinker (Ding et al., 2010). The
ncorporation procedure is illustrated in Scheme 1. PTX was first
olubilized by the OHC-PEO-PPO-PEO-CHO micelles, forming stable
ispersion up to a drug concentration of 15 mg/mL in the polymer
olution (3–7 wt%) with no PTX precipitates observed up to several
ours. DLS measurements confirmed that the size of OHC-PEO-
PO-PEO-CHO aggregation swelled from 403 ± 4 nm to 527 ± 57 nm
15 mg/mL PTX in 6.7 wt% polymer solution) after the addition of
TX, indicating the drug solubilization (Huh et al., 2005). Thus the
TX was eventually incorporated in the formed hydrogels. Mean-
hile, DOX could be well dissolved in 10 wt% GC solution and then
as encapsulated in the aqueous phase of the gels.

The gelation behavior of the GC/OHC-PEO-PPO-PEO-CHO forma-
ions was investigated by rheology (Fig. 1). By mixing the GC and
HC-PEO-PPO-PEO-CHO solutions, hydrogel formed at ca. 200 s
t 37 ◦C and pH 7.4 with an eventual concentration of 5 wt% and
.35 wt% respectively, while it kept in sol state if the solution pH
as adjusted to 5.0. The addition of drugs in the polymer solutions

nfluenced the gelation time as well as the moduli of the formed

ydrogels (Fig. 1 and Table 1). As listed in Table 1, it is revealed
hat the galtion was faster in case DOX was mixed in the solution
t 7.5 mg/mL, whereas it became slower with the addition of PTX
t 4.5 and 7.5 mg/mL. Meanwhile, the elastic modulus (G′) of the
ydrogels increases with the DOX content, but decreases with PTX
harmaceutics 410 (2011) 83–91 87

incorporation. This is because the solubilization of PTX increases
of the aggregation number of the OHC-PEO-PPO-PEO-CHO micelle,
hence decreases the crosslink points during gel formation, and
therefore affects the microstructure of the hydrogel. SEM obser-
vation shows that the pore size is less uniform in the PTX loaded
hydrogel, when compared to the neat and DOX loaded gels (Fig. 2).
However, due to the chemical crosslinkage, i.e. the benzoic-imine
bond, the G′ of the PTX loaded gels is independent with shear
frequency from 0.1 to 100 rad/s indicating that the gel is robust
(Fig. 1b). The loading of DOX resulted in more robust gels, probably
due to the electrostatic repulsion and the formation of hydrogen
bond between DOX and the GC backbone. Comparably, the gela-
tion behavior of the DOX + PTX loaded gel is close to that of the DOX
loaded gel, implying that the DOX–GC interaction is dominating in
the drug loaded gels.

3.2. In vitro drug release

Drug release from the DOX + PTX GC/OHC-PEO-PPO-PEO-CHO
hydrogels is plotted in Fig. 2. Sustained release of the two drugs is
observed for up to two weeks despite the change of polymer com-
position and initial drug loading in the gels. The release rate of DOX
is much faster than that of PTX, and was more obviously influenced
by the change of GC/OHC-PEO-PPO-PEO-CHO ratio and drug load-
ing (Fig. 3). A 30% decrease of crosslinker content (Fig. 3b) or a 40%
decrease of drug loading (Fig. 3c) led to the increase of DOX cumu-
lative release from 22% (Fig. 3a) to 31 and 34% respectively at day 7.
Comparably, the change of PTX release rate is relatively minor. The
results confirm that PTX was well embedded in the matrix (Xu et al.,
2009). On the contrary, most of DOX molecules were dispersed in
the aqueous phase and easily diffused out. The release of the two
drugs could be simultaneously accelerated by decreasing the media
pH from 7.4 to 6.8, due to the characteristics of the benzoic-imine
linkage in the hydrogel, i.e. stable at physiological pH and labile at
acidic pH (Ding et al., 2010), while the solubility of the drugs has
limit difference in this pH interval. As shown in Fig. 3a, the DOX
release increases from 22% to 35% and the PTX release increases
from 6% to 10% in the first week upon the slight drop of pH. The pH
sensitivity of the release should be positive for the system applied
in tumor treatment because the extracellular pH of solid tumors is
lower than normal tissues (Wike-Hooley et al., 1984). Calculation
based on Fig. 3 showed that the PTX release followed non-Fickian
mechanism whereas DOX was released by Fickian diffusion (Lynch
and Dawson, 2004). The release profile of single drug loaded gels
was found similar to that of the dual drug loaded gels, besides the
initial burst release of DOX was less serious in comparison with the
DOX + PTX loaded gel. For example, 17% of DOX releases at 24 h and
pH 7.4 as shown in Fig. 3a whereas it was 11% from the DOX loaded
gel with same polymer composition (Ding et al., 2010).

3.3. Cardiotoxicity

The toxicity of antitumor drugs in the chemotherapy was com-
monly related to the drug exposure in plasma (Shikanov et al.,
2008). Therefore even by localized administration it may also face
a maximum tolerated dose (MTD) due to the possible diffusion of
drug from the implantation site to the blood circulation. This might
be more serious for the water soluble drugs like DOX. Thus the
toxicity of the injectable gel regimen was examined using DOX for-
mulations. PTX is poorly water-soluble and releases in slow release
rate from the gels therefore would unlikely cause serious system-

atic toxicity if under a moderate dose as in this work (Zentner
et al., 2001). The DOX loaded GC/OHC-PEO-PPO-PEO-CHO gel was
implanted subcutaneously to the flank of healthy mice and intra-
tumorally to tumor bearing mice at a single dose of 20 mg/kg. As
controls, DOX solution was also injected to healthy mice both intra-
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ig. 5. Representative H&E stain of heart tissues isolated from untreated healthy m
njection of drug solution (b), subcutaneous injection of DOX loaded GC/OHC-PEO-
PO-PEO-CHO formulation (d). Magnification: 100×.

enously and subcutaneously at the same level. All animal received
he gel treatment survived during the 12 days’ observation whereas
wo mice died in the group received the s.c. injection of free drug.
he pharmacokinetics in plasma is shown in Fig. 4a. High blood DOX
oncentration, i.e. Cmax = 2.2 �g/mL, was detected in the mice right
fter the s.c. injection of free drug (Group B) and it quickly reduced
ithin 80 h period. This concentration–time profile is similar to that

f the mice received the i.v. administration (Group A). In contrast,
he mice treated by the gel formulations, no matter via s.c. or i.t.
athway, had much lower DOX concentration in plasma (Fig. 4a).
he Cmax is around 0.05 �g/mL after the s.c. administration with
he injectable gel (Group C), 40 times lower than that of free drug
Group B), which leads to a 4-fold decrease of the area under curve
C0–∞).

Cardiotoxicity was normally used for evaluating the toxicity of
OX formulations (Klein et al., 2000). As expected, the histology

mage shows marked myofibrillar loss, cytoplasmic vacuole and
ild perivascular fibrosis in the heart of mice treated by s.c. injec-

ion of free drug (Fig. 5b). The cardiac damage is typical as that
nduced by systematic administration of free DOX which is under-
tandable because their pharmacokinetics was similar. In contrast,
o obvious damage in the cardiac tissue is observed from mice

njected by the DOX-loaded injectable gels (Fig. 5c and d), attributed
o less drug released to the circulation system. Correspondingly, the
nimals dosed by free DOX had serious weight loss, whereas lim-
ted changes in body weight was observed in the gel injected groups

Fig. 4b). In addition to the drug holding capacity, the injectable
els could release the drug at an efficient level to gain therapeutic
ffect because serious necrosis of tumor tissue was observed from
he tumor bearing mice that received an i.t. injection of the DOX
oaded gel (Group D) (Fig. 6). Thus, the GC/OHC-PEO-PPO-PEO-CHO
(a), and the mice 12 days after a single dose of DOX at 20 mg/kg via subcutaneous
EO-CHO formulation (c), and intratumoral injection of DOX loaded GC/OHC-PEO-

gel shows promising potentials for tumor treatment by controlled
delivery of toxic therapeutic agents.

3.4. Antitumor activity

The antitumor activity of drug loaded GC/OHC-PEO-PPO-PEO-
CHO injectable gels was accessed on C57BL/6 mouse model bearing
B16F10 murine melanoma cancer. B16F10 is known as an aggres-
sive tumor which leads to high death rate of animals if not being
treated (Veronese et al., 2005). In this work, a high dose of DOX,
i.e. 40 mg/kg (Al-Abd et al., 2010), together with a moderate dose
of PTX, i.e. 40 mg/kg (Shim et al., 2007), was applied for investi-
gating the anticancer activity. As shown in Fig. 7, the tumor in the
untreated mice (Group 1) grew very fast (Fig. 7a) and all animals
died within four weeks after the subcutaneous tumor-cell implan-
tation, with a median survival time (mST) of 12 days from starting
the test (Fig. 7b). It is noted that the administration of neat gel
could inhibit the tumor growth in the first week (Fig. 6a, Group 2
vs. Group 1, p < 0.05 on days 6–8), possibly due to the antibacte-
rial activity of chitosan (Chun et al., 2009b), but subsequently the
tumor grew again. The tumor growth rate was significantly inhib-
ited for at least 20 days after the administration of various drug
loaded gels (Fig. 7a), demonstrating the flexibility of the injectable
gel system in making formulations. Despite this, the survival rate
was not improved by the gels formulated with individual DOX or
PTX when compared to the untreated control group (Fig. 7b). The

median survival time of the mice dosed by the PTX (Group 5) and
DOX (Group 3) loaded gels was 10 and 14 days respectively. PTX for-
mulation obtained moderate antitumor efficiency due to the dose
level and slower release rate (Zentner et al., 2001). The death of
mice could be majorly attributed to the growth of tumor although
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Fig. 6. Histological images of H&E stained tumor tissue isolated from untreated
mouse (a), and mouse after an intratumoral injection of DOX loaded GC/OHC-PEO-
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Fig. 7. Tumor size (a), survival rates (b) and body weight (c) of B16F10 tumor bear-
PO-PEO-CHO formulation at a drug dose level of 20 mg/kg for 12 days (b) where
erious necrosis of tumor tissue can be seen in the center region. Magnification:
00×.

he detailed reasons are to be clarified. On the other hand, with
igh level of drug dose, the DOX formulations achieved more effi-
ient tumor inhibition according to the tumor size measurements.
owever, the higher dose of DOX should also contribute to more
rug release to the blood circulation with no therapeutic gain to
he tumor, which caused toxic effect hence the death of the mice
n Group 3.

It is interesting that when DOX and PTX were dosed simulta-
eously using the GC/OHC-PEO-PPO-PEO-CHO gel, no increasing
oxic effect was observed. The animals in this group were relatively
ell tolerated under the extremely high drug dose, evidenced by
o significant weight loss compared to the mice treated by single
rug (Fig. 7c). Moreover, the median survival time of Group 4 is
3 days, meaning that the combination of the two drugs signifi-
antly improved the survival (Fig. 7b, p < 0.01, Group 4 vs. Group
), besides the treatment gained similar tumor inhibition as the
OX loaded gel. As mentioned previously, former researches have
roven that by systematic administration, the combination of DOX
ith PTX could achieve better response rate and increased tumor

egression (Gehl et al., 1996; Klein et al., 2000; Sledge et al., 2003),
owever together with enhanced toxic effect (Gehl et al., 1996;
ianni et al., 1995), which resulted in no survival benefit (Sledge
t al., 2003). Therefore our results might be important. While the

herapeutic mechanism needs to be further understood, as a pre-
umption, the gel system may lead to an enhancement on the
ncorporation effect of the two drugs. Compared to the systematic
ose, even though the gel could not prevent the drug molecules
ing mice after treated with different GC/OHC-PEO-PPO-PEO-CHO formulations. The
dose level was 40 mg/kg for each drug. Statistics analysis: *p < 0.05, **p < 0.01 vs.
control group; #p < 0.05, ##p < 0.01 vs. gel only group.

from transferring to the blood circulation, it would significantly
reduce the extent of drug spreading (Fig. 4). At the same time,
the bioavailability of the drugs was preserved due to the sustained
release manner (Fig. 3). Furthermore, by the localized delivery the
drug molecules faced fewer barriers for penetrating into the tumor

cells (Jain, 1996). Therefore more tumor cells rather than healthy
cells were targeted simultaneously by the two drugs therefore the
combination therapy was favored. Besides, the difference in the
release kinetics of DOX and PTX should be also taken in account. In
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. Conclusions

GC/OHC-PEO-PPO-PEO-CHO injectable gel was prepared as a
exible vehicle for intratumor delivery of anticancer drugs with
istinct solubility characteristics, e.g. DOX and PTX. And the drug
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as demonstrated by a significant prolongation of the survival rate
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