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a b s t r a c t

Molecular hydrogels have big potential for local delivery and sustained release of therapeutic agents. In
this paper, we reported on a molecular hydrogel mainly formed by the widely used anti-cancer drug of
taxol. The hydrogel was formed by an ester bond hydrolysis process from a taxol derivative (Taxol-SA-
GSSG, 1) and could be administrated into solid tumors to dramatically hinder their growths and prevent
their metastasis. Besides the improved anti-cancer effect compared to the clinically used intravenous
(i.v.) injection of Taxol�, the concentration of taxol in blood was low due to the local administration of
taxol hydrogels, which greatly enhanced the dosage tolerance of mice to taxol and might reduce side
effects of taxol during chemotherapy. Our observations suggested that the hydrogel mainly composed of
taxol would have great potential for its practical applications.

� 2012 Elsevier Ltd. All rights reserved.
1. Introduction

We reported on a molecular hydrogel mainly formed by clini-
cally used taxol without any chemical modifications. In order to
overcome the shortcomings of anti-cancer drugs during chemo-
therapy (e.g. low water solubility and systemic toxicity), great
efforts have been applied for the development of drug carriers that
can improve the solubility of widely used anti-cancer drugs (e.g.
taxol, camptothecin, and doxorubicin) and specifically deliver these
drugs to cancer cells [1e6]. Besides the widely used polymeric
hydrogels [7,8], nano-sized carriers such as liposomes, vesicles
formed by DNA and block co-polymers and some inorganic mate-
rials [9e14], self-assembled molecular hydrogelators exhibited
great potential for targeted or local delivery of hydrophobic anti-
cancer drugs [15]. Stupp group have used a self-assembled
peptide amphiphile to deliver Camptothecin to reduce the size of
tumor [16], Pochan and co-workers also applied a peptide-based
molecular hydrogel for local delivery of curcumin for chemo-
therapy [17], and John group have successfully constructed
molecular hydrogelators by enzymes and developed enzyme-
responsive hydrogels for the delivery of hydrophobic drug mole-
cules [18,19]. Besides using molecular gelators as carriers for the
delivery of anti-cancer drugs, Xu and our groups have recently
reported several gelators based on taxol conjugates and these
x: þ86 22 23498775.
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hydrogels of taxol derivatives might be developed into novel self-
delivery systems for sustained release of taxol (gelators served as
both carriers and delivered components) [20e22]

Thoughmolecular hydrogels have shownpromising potential for
the delivery of anti-cancer drugs, the reported delivery systems are
either with carriers (self-assembled molecules) or formed by drug
derivatives, which need long time and cost more to evaluate the
compatibility of carriers or compatibility and efficacy of drug
derivatives. Actually, the only two FDA approval drug delivery
systems of molecular hydrogels are those formed by therapeutic
agents themselves (Lanreotide andDegarelix)without any chemical
modifications [23,24]. Overall, molecular hydrogels formed by
therapeutic agents themselves should have bigger potential for
practical applications than other delivery systems with molecular
hydrogels. In this paper,wereportedonamolecularhydrogelmainly
formed by taxol itself for local (intra-tumor (i.t.)) delivery of taxol
with improved anti-tumor efficacy and lower systemic toxicity.

2. Materials and methods

2.1. Formation of hydrogel and its recovery property

20.0 mg of compound 1 and 2.2 equiv. of Na2CO3 (to 1) were dissolved in 1.0 mL
of PBS buffer (pH ¼ 7.4), the gel would form being kept at 37 �C for 12 h. The gel
could be imbibed to a syringe and then injected out from it. We observed the re-
formation of a gel after 5 min.

2.2. Analysis of hydrolysis process during hydrogel formation

20.0 mg compound 1 and 2.2 equiv. of Na2CO3 were dissolved in 1.0 mL of PBS
buffer (pH¼ 7.4). Tubes with 20 mL of the above solutionwere put at 37 �C. 200 mL of
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methanol was added at different time point, and then the clear solution was used to
run LC-MS. The areas of peaks in LC-MS spectra were used to determine the
percentage of hydrolysis of Taxol-SA-GSSG (n ¼ 4, SD was determined).

2.3. In vitro release profile of taxol from the hydrogel

0.25 mL of gels (formed from 1.0 wt%, 1.5 wt%, and 2.0 wt% of 1 at 37 �C for 4
days) were treatedwith 0.25mL of fresh PBS buffer solutions (pH¼ 7.4). A 0.20mL of
the upper buffer solution was taken out for LC-MS at each time point, and another
0.20 mL of fresh PBS buffer was added onto the top of the hydrogels. The areas of
peaks in LC-MS spectra were used to determine the percentage of taxol released
from their corresponding gels. The experiment was conducted in 4 parallel
experiments.

2.4. In vivo drug toxicity

Mice were received s.c. injection of indicated dose of the hydrogels in the right
flank. Mice weight was monitored every other day. And relative mice weight was
calculated as: Relative Mice Weight ¼ Weight/Original Weight � 100%.

2.5. In vivo Pharmacokinetics analysis

Three doses of our hydrogels (10, 20 and 40 mg/kg) in 50 mL PBS were s.c.
injected in the right flank of age and sex-matched mice. Blood were collected at
indicate time points. The treatment method was according with the reference.
Briefly, 500 mL of Blood samples were collected in heparinized tube at the designated
time intervals. The sample plasma was harvested by centrifugation at 1500 g for
10 min. Liquideliquid extraction was performed to separate taxol from the plasma.
Pharmacokinetic parameters were processed by software PKSolver.

2.6. In vivo evaluation of antitumor activity

EL-4 cells and 4T1-luciferase cells were maintained in our lab. For lymphoma
model, C57BL/6J mice received s.c. injection of 2X105 EL-4 cells; For breast tumor
model, female Balb/c mice were inoculated with 2X105 4T1-luciferase cells in the
mammary fat pad. Tumor growth was monitored every other day. Tumor volume
was calculated by the formula: length �width � (Length þWidth)/2. When tumors
size reached w500 mm3, mice were randomly divided into different treatment
groups, including: (1) 10 mg/kg*2 Taxol� for lymphoma model, and 10 mg/kg*4
TaxolR for breast tumor model, respectively; TaxolR was i.v. injected every other day
from day 0 for indicated times; (2) Intratumoral injection of 10 mg/kg, 20 mg/kg or
40 mg/kg hydrogel in 50 mL volume; (3) Intratumoral injection of PBS vehicle
control. The day giving drugs was designated as day 0. Mice weight was monitored
after receiving treatment and presented as relative weight (%). Xenogen IVIS Lumina
II system was used to perform bioluminescent imaging on 4T1-luciferase tumor-
bearing mice, which were anesthetized with 3% isoflurane. Each mice was
received i.p. injection of 3 mg D-luciferin, firefly, potassium salt (Caliper Life
Sciences), prior to imaging.

2.7. Statistical analysis

Tumor model data are represented as Mean � SEM. Tumor growth curve was
compared and analyzed using the two-way analysis of variance test (ANOVA),
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Scheme 1. Chemical structure of precursor of molecular hydrogelator (Taxol-SA-GSSG (1), re
compound 1 will undergo ester bond hydrolysis (indicated by the arrow) to release Taxol a
legend, the reader is referred to the web version of this article.)
performed by GraphPad Prism 5.01 for Windows. *p < 0.05, **p < 0.01 and
***p < 0.001 were used throughout the article to show statistical significance.

3. Results and discussion

3.1. Molecular design and hydrogel formation

Our group has reported several molecular hydrogelators of
taxol derivatives [21,22]. During the preparation of aqueous solu-
tions of taxol derivatives, we occasionally found that taxol deriv-
atives would undergo an ester bond hydrolysis process to release
the original taxol molecule, thus leading to the formation of
molecular hydrogels. This observation stimulated us to design
Taxol-SA-GSSG (1 in Scheme 1) as the precursor of molecular
gelator (taxol). We designed compound 1 because of the following
reasons: 1) succinic acid (SA) and oxidized glutathione (GSSG)
could be used in vivo, 2) GSSG was very hydrophilic and could
enhance the solubility of compound 1 and 3) GSSG was
commercial available, making the synthesis of compound 1 easy
and straightforward.

After the preparation of compound 1 in high yield (overall
yield ¼ 80% in two steps), we tested its gelation ability upon
keeping a phosphate buffer saline (PBS, pH 7.4) solution containing
2.0 wt% of compound 1 at room temperature (22e25 �C) or 37 �C
(Fig. 1A). We observed the formation of hydrogels after about 6 h
both at room temperature and 37 �C (Fig. 1B). The LC-MS results
clearly indicated that about 57%, 90% and 95.4% of the ester bond
between taxol and SA was self-hydrolyzed at gelling points, after 4
days and after 7 days, respectively. The speed of hydrolysis of ester
bond was highly dependent on the pH value of solutionsdfaster at
higher pH values and vice versa. And the pH value of solutions
could not be higher than 8.0, otherwise, the ester bonds on taxol
would also be hydrolyzed. The hydrogel was stable for more than
six months at room temperature or at 4 �C in a refrigerator. And we
did not observe any hydrolysis of ester bonds on taxol at room
temperature for three months in hydrogels in PBS buffer solutions
(pH ¼ 7.4). The concentration range of 1 to gel PBS buffer solutions
via hydrolysis process was 0.5e15.0 wt% (lower than 0.5 wt% led to
clear solutions after oneweek and the maximum solubility of 1 was
about 15 wt% in the PBS buffer solution). What we needed to point
out was that taxol hydrogels could only form by the hydrolysis
process but not other methods such as heating-cooling process and
assistancewith organic solvents. These observations clear indicated
that taxol could form hydrogels via the hydrolysis process and
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Fig. 1. A) Dynamic frequency sweep at the strain of 0.2% and at 37 �C (insert: an optical image) and B) a TEM image of a Taxol gel from a PBS solution containing 2.0 wt% of 1 (the
scale bar in B represented 200 nm).
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concentration of taxol in resulting gels could be managed in
a wide range.
3.2. Rheometry

We then characterized the mechanical property of the hydro-
gels by a rheometer and tested whether gels were injectable or
not. As shown in Fig. 1A, after the 24 h incubation of a PBS
solution containing 2 wt% of 1 in the rheometer, a dynamic
frequency sweep was performed at the strain of 0.2% and at 37 �C.
The result showed that G0 value of the gel was about 2,200 Pa and
one magnitude bigger than G00 value of the gel (200 Pa), indicating
the formation of a true gel (Fig. 1A (insert)). The gels could be
drawn into a syringe and then injected into a small vial from the
syringe. And we could observe re-formation of a gel after 5 min
(Figure S-3). These observations indicated that hydrogels of taxol
formed by the hydrolysis process were injectable and could be
administrated via injection to subcutaneous or i.t. spaces of
animals.
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3.3. Nanofibre morphology

The transmission electron microscopy (TEM) image provided
useful information on morphology of self-assembled structures in
the gel. As shown in Fig. 1B, we observed uniform nanofibers with
width of about 25 nm and length of several microns. These nano-
fibers entangled with each to form three dimensional networks to
support the hydrogel formation.
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Fig. 2. Accumulative release profile of Taxol from different gels formed from solutions
containing different concentrations of 1, in 100 mM PBS buffers (pH ¼ 7.4, n ¼ 3, SD).
3.4. In vitro release profile

We studied the in vitro releasing profile of taxol from gels at
physiological temperature condition (37 �C). A 0.25 mL of PBS
buffer solution was added on top of 0.25 mL of gels formed from
PBS solutions containing different concentrations of 1 (original
concentration of 1 ¼1.0, 1.5 and 2.0 wt%). The upper solutions were
totally taken out at desired time points for measurement of accu-
mulating release amount of taxol from gels and a fresh PBS buffer
solution (0.25 mL) was then added. As shown in Fig. 1, three gels
with different concentrations of taxol exhibited similar release
profilesdthey released taxol at a rate of about 1.4 mg per hour in the
first 8 h and then at a relative lower rate of about 0.75 mg per hour in
the following 16 h. We only observed taxol itself got released from
gels formed after 4 days at 37 �C.
3.5. Minimum fatal dosage

We then evaluated the in vivo toxicity and anti-tumor efficacy of
our hydrogels compared to clinically used i.v. injection of Taxol�.
The minimum fatal dose was firstly studied for Taxol� and our
hydrogels. As shown in Table S-1, i.v. injections of Taxol� at a single
dose of more than 20 mg/kg caused serious toxicity to mice and it
took more than 24 h for mice to re-gain normal activity (move-
ment). An i.v. injection of Taxol� at a single dose of 40 mg/kg was
fatal to mice, indicating that the fatal dose of clinical used Taxol�

injection was between 20 and 40 mg/kg. Compared to Taxol� our
hydrogels administrated to subcutaneous spaces of mice showed
very low toxicity tomice at dosages of lower than 80mg/kg of taxol,
which was demonstrated by the normal body weight gain of mice
in Figure S-6. Though a single subcutaneous administration of
hydrogel at a dosage of 150 mg/kg would cause body weight loss in
the first several days (Fig. 2), the fatal dosage of our hydrogels was
higher than 300 mg/kg, which was at least 7.5 times higher than
that of Taxol�. What we needed to point out was that subcutaneous
injections of our gels at dosages higher than 40 mg/kg would lead
to formation of wounds in the skin of mice after about 4e7 days
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Fig. 4. A) Gels inhibit xenografted mouse breast tumor (4T1-luciferase) growth in vivo
(gels were administrated into i.t. spaces after tumor sizes reaching 435 mm3, n ¼ 6)
and B) gels inhibits xenografted mouse lymphoma (EL-4) growth in vivo (gels were
administrated into i.t. spaces after tumor sizes reaching 524 mm3, n ¼ 6).
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(Figure S-5) due to the unselected toxicity of taxol to all kinds of
cells. This observation suggested that we could only apply our
hydrogels in i.t. space at high dosages but not the subcutaneous
space because wound infections would cause serious problems for
patients in bad health conditions. In order to administrate our
hydrogels in subcutaneous spaces of mice, the dosage should be
lower than 20 mg/kg.

3.6. Anti-tumor efficacy

We then evaluated the in vivo anti-tumor efficacy of our
hydrogels in two mice tumor models (EL-4 lymphoma tumors in
subcutaneous spaces of right flank of mice and 4T1-luciferase
breast tumors in mammary fat pad of female mice). When the
volume of breast tumors reached about 435 mm3, we injected
different dosages (10, 20 and 40 mg/kg of taxol) of our hydrogels
into tumors in the same volume (50 mL) by variation of the
concentration of taxol in gels. As shown in Fig. 4A, our hydrogels
could efficiently hinder tumors growth in a dose dependent way in
the first 6 days and delayed the tumor growth in the following 6
days. The final volume of tumors was about 432% (**p ¼ 0.0053),
332% (**p ¼ 0.0019) and 273% (***p ¼ 0.0008) bigger than the
original volume of tumors (435 mm3). However, the final relative
tumor volumes were 610% (ns p > 0.05) and 865% in groups
administrated with 40 mg/kg of Taxol� (i.v. Injection at a dosage of
10mg/kg every other day) and i.t. injection of a PBS solution (50 mL)
as control, respectively. These observations clearly indicated that
our hydrogels of taxol could efficiently hinder the growth of breast
tumors. Though the anti-tumor efficacy of our hydrogels to
lymphoma tumors was not as high as that to breast tumors, our
hydrogels could also hinder the growth of lymphoma tumors more
efficiently than Taxol� injection at the same dosage (Fig. 4B).

3.7. Metastasis inhibition

We also demonstrated that our hydrogels administrated directly
into tumors could prevent metastasis of breast cancers. The breast
cancer cell lines were stably transfected with a plasmid expressing
luciferase. Therefore, the in vivo localization of cancer cells could be
imaged via injection of a solution of luciferase substrate (D-lucif-
erin). As shown in Fig. 5, Bright metastasis foci were observed in
groups administrated with a PBS buffer solution (Fig. 5A and
Figure S-9) or Taxol� intravenously injection at a dosage of 40 mg/
kg (Fig. 3B) at day 12 after drugs treatment. Compared to the
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Fig. 5. Bioluminescent imaging on 4T1-luciferase tumor-bearing mice 12 days after given indicated treatment. Tumor cells are displayed with a red blue color bar, red color
indicating the highest biolusminescence intensity. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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taxol. The different size of light spots in five groups of mice in Fig. 5
correlated well with the results of tumor volumes obtained in
Fig. 4A.

3.8. Body weight change of mice and plasma concentration of taxol

During the experiments to determine anti-tumor efficacy of our
hydrogels against different tumors, we also monitored the body
weight of the mice. We did not observe obviously body losses in
groups of mice administrated with our hydrogels (Figure S-7 and S-
8), compared to the control group of mice without any treatments,
which was consistent with the results in Fig. 3 that mice adminis-
trated with our hydrogels at dosages lower than 80 mg/kg would
have normal body weight gains. The high biocompatibility of our
hydrogels at high dosages was due to the way of local delivery, thus
leading to the low concentration of taxol in the circulation system
of mice (blood)dthe concentration of taxol in blood was
400e100 ng/mL in the first 3 days and dropped down below the
minimum therapeutic effective level (43 ng/ml) at day 5 (Figure S-
6) for mice administrated with different dosages of our hydrogels
(10, 20 and 40 mg/kg). The low concentration of taxol in blood
suggested that local administration of our hydrogels might reduce
side effects to normal tissues.

4. Conclusion

In summary, we have developed a molecular hydrogel mainly
composed of taxol itself, which could be administrated into solid
tumors to hinder their growths and prevent their metastasis. The
low blood concentration of taxol and high anti-cancer efficacy of
our hydrogels suggested the great potential of the gels for
chemotherapy. Our hydrogel of taxol was only a new administra-
tion form of the clinically used Taxol� injection, which suggested its
big possibility for the practical application. Though we only
reported the results about molecular hydrogels formed through the
hydrolysis of compound 1 with a hydrophilic part of GSSG, other
hydrophilic molecules such as PEG could also be used for the
construction of precursor of taxol, which would push forward in
a further step the practical application of our taxol hydrogel.We are
currently actively investigating the possibility of our taxol hydrogel
for practical application.
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