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ABSTRACT: Injectable hydrogels are an important class of
biomaterials, and they have been widely used for controlled
drug release. This study evaluated an injectable hydrogel
formed in situ system by the reaction of a polyethylene glycol
derivative with α,β-polyaspartylhydrazide for local cancer
chemotherapy. This pH-responsive hydrogel was used to
realize a sol−gel phase transition, where the gel remained a
free-flowing fluid before injection but spontaneously changed
into a semisolid hydrogel just after administration. As indicated
by scanning electron microscopy images, the hydrogel
exhibited a porous three-dimensional microstructure. The
prepared hydrogel was biocompatible and biodegradable and
could be utilized as a pH-responsive vector for drug delivery.
The therapeutic effect of the hydrogel loaded with doxorubicin (DOX) after intratumoral administration in mice with human
fibrosarcoma was evaluated. The inhibition of tumor growth was more obvious in the group treated by the DOX-loaded
hydrogel, compared to that treated with the free DOX solution. Hence, this hydrogel with good syringeability and high
biodegradability, which focuses on local chemotherapy, may enhance the therapeutic effect on human fibrosarcoma.
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■ INTRODUCTION

In the past few decades, injectable hydrogels have been widely
used as drug delivery and implant materials, because of their
outstanding characteristics of nonoperative therapeutics to the
patients.1−5 Injectable hydrogels can be classified into physical
and chemical gels on the basis of their gelation mechanism: the
former and latter are formed by reversible noncovalent or
covalent interactions, respectively.6−9 Since the noncovalent
interactions in physical gels are sensitive to the surrounding
environment, it is convenient to induce sol−gel transitions in
physical gels by changing temperature, solvent, or pH.10−13 In
comparison to physical hydrogels, chemical hydrogels demon-
strate better mechanical strength;14 however, they are less
widely used, because of the low-molecular-weight cross-linkers,
initiators, and residual catalysts used during their preparation,
which often exhibit high toxicity.15−17 Because of the
aforementioned reasons, it is challenging to integrate the
excellent stability of chemical gels and good stimuli
responsiveness of physical gels into a single gel system.18

Meanwhile, dynamic covalent chemistry is attractive for the
preparation of these materials,19 which utilizes dynamic

covalent bonds for the preparation of the products rather
than noncovalent interactions. The constitution and phys-
icochemical properties of the products can be adjusted by
reforming the thermodynamically controlled reactions of these
dynamic covalent bonds. As a result, the products behave as
supramolecular entities that are responsive to external stimuli.
Nevertheless, they are more stable than the common
supramolecular entities, because of the strength of the covalent
bonds that are formed.20−23 Recently, Schiff base formation has
been reported to be a fascinating approach for the preparation
of injectable hydrogels. This approach has received significant
attention because of the efficient and orthogonal formation of
imine bonds between the amino groups and aldehyde groups
under physiological conditions without any external addi-
tive.24−26 Along with imine bonds, acylhydrazone bonds have
also been successfully utilized to prepare dynamic covalent
polymers.27,28 Generally, acylhydrazone bonds can be formed

Received: January 14, 2015
Accepted: April 2, 2015
Published: April 2, 2015

Research Article

www.acsami.org

© 2015 American Chemical Society 8033 DOI: 10.1021/acsami.5b00389
ACS Appl. Mater. Interfaces 2015, 7, 8033−8040

www.acsami.org
http://dx.doi.org/10.1021/acsami.5b00389


in mildly acidic solutions or neutral solutions using catalytic
aniline;29 these conditions are analogous to the physiological
environments in the body.30,31 In view of this characteristic,
these bonds can be utilized for the in situ formation of
hydrogels for biomedical applications.
Human fibrosarcoma is a soft tissue sarcoma and often

occurs in the limbs. Typical treatment methods include surgery,
chemotherapy, and radiotherapy, with chemotherapy being the
primary treatment for fibrosarcoma patients.32,33 However, the
systemic administration of chemotherapeutic drugs is typically
associated with severe toxicity, because these drugs cannot be
selectively accumulated in the cancer cells as well as they can be
rapidly cleared from the body.5 Fortunately, this issue can be
completely solved by local administration, through which
anticancer drugs can be directly transported to the cancer
sites.10,34 Moreover, compared to systemic administration, local
administration can significantly maintain drug concentrations at
high levels in tumor areas while reducing the toxicity to the
normal tissues and organs.35,36 Currently, for all local
administration systems, intratumoral injectable in situ forming
gel systems are gaining increasing attention. These injectable
systems exhibit many advantages such as tumor specificity and
prolonged retention in the body, as well as catering to specific
patient preference.5,37 In addition, they can be locally
administered as liquids, which later rapidly change into gels
in the tumor sites as drug reservoirs. Hence, the use of
intratumoral injectable gels formed in situ is a prospective
approach for the development of local chemotherapeutic drug
delivery systems.
In this study, we designed and synthesized a new injectable

hydrogel based on polyethylene glycol (PEG) dialdehyde and
α,β-polyaspartylhydrazide. We have also evaluated the gel
system formed in situ, and more specifically, a doxorubicin
(DOX)-containing pH-responsive hydrogel for local chemo-
therapy. By mixing the PEG dialdehyde solution with a solution
of α,β-polyaspartylhydrazide solution, a chemically cross-linked
hydrogel can be easily formed in situ. The efficacy of this system
was evaluated for the treatment of human fibrosarcoma in mice.

■ EXPERIMENTAL SECTION
Chemicals and Reagents. Poly(succinimide) (PSI)

(polydispersity index = 1.4, molecular weight = 2.1 kDa) was
synthesized in-house according to refs 38 and 39. Hydrazine
hydrate aqueous solution (80%), tetrahydrofuran (THF), and
N,N-dimethyl-formamide (DMF) were purchased from Shang-
hai Civi Chemical Technology Co., Ltd. Poly(ethylene glycol)
(PEG, Mw = 2000 Da), p-formyl benzoic acid, N,N′-
dicyclohexylcarbodiimide (99%) and 4-(dimethylamino) pyr-
idine (99%) were purchased from Sigma−Aldrich (Shanghai,
China). Doxorubicin hydrochloride (DOX·HCl) was obtained
from Beijing Huafeng United Technology Co., Ltd. THF was
distilled over sodium before use. All the other reagents used
were analytical reagent grade.
Synthesis of Dibenzaldehyde-Terminated PEG (DF-

PEG). DF-PEG was prepared according to the previous
report.24 To a solution of PEG2000 (3.26 g, 1.63 mmol) in
dry THF (100 mL), DMAP (0.050 g), p-formyl benzoic acid
(0.98 g, 6.52 mmol) and N,N′-dicyclohexylcarbodiimide (1.68
g, 8.15 mmol) was added. After being stirred at 25 °C for 24 h
under nitrogen atmosphere, white solid was generated and
filtered, then precipitated with diethyl ether. The rough product
was repeatedly dissolved in THF and precipitated in diethyl
ether three times and finally a white solid was obtained. The

product was dried under reduced pressure at room temperature
and 3.12 g of DF-PEG was collected in 82.9% yield.

Synthesis of Polyaspartylhydrazide (PAHy). PAHy was
prepared from PSI based on the previous references with very
minor modification.40,41 To a solution of PSI (3 g) in DMF (40
mL), 4.8 mL of hydrazine hydrate (98.76 × 10−3 mol) in DMF
(5 mL) was added slowly. The mixture was maintained at 25
°C for 4 h using a water bath, when a precipitate was observed.
This solid was filtered and washed several times with acetone.
The raw polymer was redissolved into distilled water and
dialysized thoroughly against distilled water. The final polymer
was freeze-dried and maintained at 4 °C.

Measurements. 1H NMR spectra were obtained on a
Varian Unity Model INOVA 400NB spectrometer (in D2O).
Fourier transform infrared spectra (FT-IR) were obtained using
Bruker Model VERTEX80 spectrophotometer at room temper-
ature. Three-dimensional (3D) microstructures of the prepared
hydrogel and degraded hydrogel were observed by scanning
electron microscopy (SEM) when samples were freeze-dried
and coated with gold. The experiment was carried out on a
Model Atm3030 SEM system (Hitachi, Tokyo, Japan).

Hydrogel Formation. A PAHy solution (3%, w/w) was
obtained by dissolving PAHy into phosphate buffer saline
(PBS). DF-PEG (1.0 g) was dissolved in 4.0 g of PBS to form a
DF-PEG solution (20%, w/w). Equal volume of PAHy and DF-
PEG solutions in PBS were injected into a vial using a
commercially available 3 mL 1:1 fibriJet applicator assembly
(Shanghai Misawa Medical Industry Co., Ltd.). The precursor
mixture solutions in the vials then were kept in a water bath at
37 °C and the gelation time was counted using a vial inverting
method. The hydrogels in the full paper were prepared
similarly, according to the above procedure.

pH-Responsive Ability of the Injectable Hydrogel. To
demostrate pH-responsive ability of the hydrogel upon
stimulus, experiments were done according to the following
procedure. The gel was first prepared, in which small amount of
DOX was added for better tracking. Saturated HCl solution (60
μL, 12 M) was added to the gel for liquefaction in about 15 min
with vortex. The addition of concentrated NaOH solution (60
μL, 12 M) was able to regenerate hydrogel in ∼60 s. The sol−
gel transitions adjusted by HCl or NaOH solutions can be
repeated at least five times.

DOX Loading and In Vitro DOX Release. DOX-loaded
hydrogels were obtained in three vials by mixing 3% PAHy
solution (0.50 mL), 20% DF-PEG solution (0.50 mL), and
DOX aqueous solution (5 μL, 40 mg/mL) with a vortex for
∼30 s. The prepared samples were kept at 37 °C for 6 h; then,
buffer solutions at pH 7.4 (10 mL), pH 5.0 (10 mL), and pH
6.0 (10 mL) were added to three vials separately. The control
group was obtained by mixing PAHy solution (0.50 mL), pure
water (0.50 mL), and DOX aqueous solution (5 μL, 40 mg/
mL), and the absorbance of the control group at 485 nm was
referenced as 100%. The vials were shaken at a rate of 120 rpm
in darkness at 37 °C. At a specified time, the released medium
(4 mL) was collected for measurement and 4 mL of fresh buffer
was readded. The DOX release amount from gels was
determined by absorbance at 485 nm. The in vitro cumulative
DOX release can be calculated using the following equation:

∑= +
−

V C V Ccumulative DOX released
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where Ve is the volume of released solution collected for each
time point (4 mL), V0 is the volume of origin buffer solutions
(10 mL), Ci is the DOX concentration in the release medium at
displacement time i, and n is the total times of displacement. Cn
is the final DOX concentration in the released medium. The
data obtained represent the mean value of three replicates with
a standard deviation (±SD).
Biocompatibility Evaluation. NIH-3T3 cells and HT1080

cell were used to investigate the biocompatibility of the
injectable hydrogel using MTT assay. Normally, the number of
surviving cells is directly proportional to the level of
mitochondrial dehydrogenation of viable cells, which can
form blue formazan crystals from MTT. The mixed polymer
solution was obtained by mixing the same volume of precursor
PAHy and DF-PEG polymer solutions. NIH-3T3 cells and
HT1080 cells were seeded in 96-well plates at an initial density
of 8000 cells/well in a DMEM medium with 10% FBS. After 24
h, the cells were dosed with fresh DMEM medium mixed
polymeric solution at concentrations of 0−2 mg/mL. The cells
were further incubated for 48 h and culture medium was
removed and replaced with MTT solution for 4 h. The MTT
solution was discarded and DMSO was added to each well to
dissolve the formazan crystals. Absorbance of the dissolved
formazan crystals was recorded by a microplate reader (BioTek,
Synergy NEO, America) at 570 nm. The relative cell viability
was calculated by comparing the absorbance in control wells
with culture medium only. The data shown are the mean value
of six replicates with a standard deviation (±SD).
Evaluation of Gel Formation In Vivo. To evaluate the

possibility of gel formation in vivo, subcutaneous injection of
100 μL 3% (w/w) PAHy PBS solution and 100 μL 20% (w/w)
DF-PEG PBS solution into female BALB/c mice using a
commercially available 3 mL 1:1 fibriJet applicator assembly
was investigated. Ten minutes later, the injection site was cut
open and the morphology of the hydrogel in that area was
observed and recorded.
Antitumor Efficacy of the DOX-Loaded Hydrogel.

Animal experiments were approved by the Institutional Animal
Care and Use Committee of Soochow University. Female
BALB/c nude mice (16−18 g) 7 weeks old were obtained from
Model Animal Research Center of Nanjing University
(Nanjing, China) at least 1 week before experimental
commencement. Briefly, HT1080 cells (5 × 106 cells per
mouse) were injected into the flanks of female mice
subcutaneously. When the tumors reached a size of ∼500
mm3 (about 15 days after transplantation), the time was
designated day 0. Mice (n = 3 per group) were divided into
three groups and received saline control, free DOX solution,
and the DOX-loaded hydrogel treaments, respectively. A total
dose equivalent to 10 mg/kg of DOX for free DOX and DOX-
loaded hydrogel was adminstrated intratumorally. The tumor
sizes along with the change in body weight of each mouse were
recorded every 2 days. The tumor volume (V) was obtained
using the following equation:

=V
ab

2

2

where a and b were the tumor measurements at the widest and
longest points, respectively.
Ex Vivo Histological Staining. At day 20, mice were

anesthetized and tumors were removed and immersed in 4%
buffered paraformaldehyde for 48 h, and then embedded in
paraffin. The paraffin-embedded tissue samples of the

implanted tumor were sliced at a thickness of 5 mm, and
stained with hematoxylin and eosin (H&E) for histopatho-
logical changes evaluated by microscopy (Nikon, Model
TE2000U).

■ RESULTS AND DISCUSSION
Polymer Synthesis. PEG was treated with p-formyl

benzoic acid to afford a dibenzaldehyde-functionalized polymer
(DF-PEG) (Figure 1a). Figure 1b shows the 1H NMR

spectrum of DF-PEG, where peaks were observed at 9.98 and
7.98−8.21 ppm, which corresponded to aldehyde and aromatic
group protons, respectively; the appearance of the former peak
indicated the successful incorporation of benzaldehyde. The
relative integration ratio of the peaks at 8.21, 7.98, 4.49, and
3.62 ppm was 4:4:4:183, which is close to the theoretical value
of 4:4:4:174; this ratio indicates that all PEG hydroxyl groups
are terminated with benzaldehyde groups. Figure 1c shows the
FT-IR spectrum of DF-PEG; new bands were observed at 1719
and 1703 cm−1, corresponding to the absorption peaks of the
ester and benzaldehyde groups, respectively, which is indicative
of the successful modification of PEG with 4-formylbenzoic
acid.
Meanwhile, hydrazine groups were introduced into PSI to

prepare the other precursor polymer PAHy (Figure 2a). PAHy
is a type of water-soluble, biocompatible polymer that has been
widely used for the synthesis of macromolecular pro-drug42 and
polymeric hydrogels.43,44 PAHy, which contains hydrazine side
groups, was prepared from PSI.41 As shown in Figure 2a, the
ring opening of the five-membered imide ring of PSI occurs in
the presence of hydrazine, resulting in the formation of a
hydrazide group. The structure of PAHy was confirmed by 1H
NMR. Figure 2b shows the 1H NMR spectrum of PAHy; clear
signals were observed at 4.60 and 2.60−2.66 ppm, which
correspond to the methine and methylene protons of the
polymer, respectively. Figure 2c shows the FTIR spectra of PSI
and PAHy; differences were observed in the 1700−1500 cm−1

region. A single absorption peak was observed at ∼1716 cm−1

in the spectrum of PSI, which corresponds to the five-
membered imide ring; on the other hand, in the spectrum of
PAHy, two separated peaks were observed at 1645 and 1519

Figure 1. (a) Synthesis of DF-PEG. (b) 1H NMR spectrum of DF-
PEG in D2O. (c) FT-IR spectra of DF-PEG and PEG2000.
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cm−1, which correspond to amide I and amide II of PAHy,
respectively.
Hydrogel Formation. As shown in Figure 3a, the reaction

between the hydrazine and benzaldehyde groups of PAHy and

DF-PEG in an aqueous solution resulted in the formation of a
hydrogel under neutral conditions by the formation of
acylhydrazone bonds. The ester carbonyl of the aromatic ring
was expected to stabilize the acylhydrazone bonds, which led to
a rapid reaction between DF-PEG and PAHy and finally
formed a hydrogel (Figure 3b). When equal volumes of DF-
PEG and PAHy aqueous solutions were added to each other, a
hydrogel rapidly formed, with almost complete gel formation
during the mixing process (37 °C, <60 s). To confirm the
formation of cross-linking acylhydrazone bonds between PAHy
and DF-PEG, FTIR spectroscopy was employed to characterize
the prepared hydrogel (see Figure S1 in the Supporting
Information; this figure shows the FTIR spectra of PAHy, DF-
PEG, and the hydrogel). In the hydrogel FT-IR spectrum, the
aldehyde absorption peaks of DF-PEG (1719 and 1703 cm−1)
are absent. In comparison with that of PAHy, the IR spectrum
of the hydrogel exhibited a shift in the amide I and II
absorption peaks from 1645 and 1519 cm−1 to 1715 and 1667
cm−1, respectively, demonstrating acylhydrazone bond for-
mation. In this hydrogel, the molar ratio of NH2NH2/CHO is
1:1.08. To determine the efficiency of the reaction between the

hydrazide and aldehyde groups, the amount of unreacted
hydrazides was indirectly calculated by TNBS assay.45 The
efficiency of the hydrazone cross-linking reaction in the
hydrogels is ∼74.9%.

pH-Responsive Ability of the Injectable Hydrogel.
Figure 4 shows the reversibility of the sol−gel transitions of the

prepared hydrogel in response to pH changes. Trace DOX has
also been shown for better observation. Typically, acylhy-
drazone bonds can be easily hydrolyzed in an acidic medium.
As expected, by the addition of concentrated HCl, the prepared
hydrogel was decomposed in ∼15 min (Figures 4a and 4b).
Moreover, after the addition of the NaOH solution, the gel was
recovered within <60 s (Figure 4c). This process was repeated
five times (Figures 4d and 4e), indicating the reversible
formation and decomposition of the prepared hydrogel. The
regenerated gel was opaque caused by formation of sodium
chloride precipitates formed as a result of acid−base
neutralization.24

In Vitro Biodegradability of the pH-Responsive
Hydrogel. The pH-responsive moiety, the acylhydrazone
bond, is typically sensitive to hydrolysis under acidic condition.
Typically, this process is rapid and enables the hydrogel to
degrade rapidly. To investigate the external and internal
morphologies of the hydrogels under different pH conditions,
scanning electron microscopy (SEM) images of the hydrogels
were recorded. Figure 5a shows the hydrogel prepared after

immersion in PBS (10 mM, pH 7.4); a porous 3D structure was
observed, which is important for drug loading. Intermolecular
acylhydrazone bonds between aldehydes and hydrazines are key
bonds for forming a stable gel. However, after treatment with a
buffer of pH 6, the hydrogels demonstrated varying pore sizes,
with all being greater than those of the pristine hydrogel
(Figure 5b). This is probably due to the cleavage of the
acylhydrazone bonds under acidic conditions, resulting in the
decomposition of the hydrogel structure, which, in turn, makes
it significantly easier for the hydrogel to degrade and release the
drug. In addition to SEM, a rheology study was expected to be
useful in demonstrating the hydrolytic degradability of the
hydrogels. Hence, we quantified the storage modulus in all

Figure 2. (a) Synthesis of PAHy. (b) 1H NMR spectrum of PAHy in
D2O. (c) FT-IR spectra of PAHy and PSI.

Figure 3. (a) Reaction equation of covalent cross-linked polymer
hydrogel based on reversible covalent acylhydrazone bond. (b)
Illustration of the state of gel precursors (PAHy and DF-PEG) and
the hydrogel.

Figure 4. Hydrogel phase transitions by changing pH values: (a) gel
state, (b) sol state when concentrated HCl was added, (c) recovery of
the gel state when NaOH solution was added, (d) dissolution of the
regenerated gel when concentrated HCl was included again, and (e)
the gel after five cycles of regeneration.

Figure 5. (a) SEM image of the prepared hydrogel at pH 7.4. (b) SEM
image of the prepared hydrogel immersed in a pH 6.0 buffer after 48 h.
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experiments as a measure of the extent of intermolecular cross-
linking. Figure S2 in the Supporting Information shows the
rheology data before and after the incubation of the hydrogels
at different pH values. We found that decreasing pH values
resulted in a decrease of the storage modulus of the cross-linked
hydrogels, which is consistent with the SEM results.
DOX Loading and In Vitro DOX Release. Considering

the acidic nature of the intracellular endocytic vesicles and
tumor extracellular sites, the DOX release profile from the pH-
responsive hydrogel was observed after treating the DOX-
loaded hydrogel samples at a series of pH values. In the DOX-
loaded hydrogels, the molar ratio of PAHy hydrazide groups,
DF-PEG aldehyde groups, and DOX is ∼1:1.08:2.96. Based on
this molar ratio, we rationalized that there could be three
immobilized forms of DOX in the hydrogel: (i) physically
encapsulated DOX, (ii) Schiff base linkages between DF-PEG
aldehyde groups and DOX amine groups,46 and (iii) hydrazone
linkages between PAHy hydrazide groups and DOX carbonyl
groups.47 Figure S3 in the Supporting Information shows the
DOX release profiles of free DOX, the DOX + PAHy mixture,
and the DOX + DF-PEG mixture under different pH
conditions. From the profiles, the release of DOX from each
of the three immobilized forms is dependent on pH. The
profiles in Figure S3 in the Supporting Information also
demonstrate that the release of DOX from hydrazone linkages
is slightly more sensitive than that from Schiff base linkages.
Figure 6 shows the drug release profiles of the DOX-loaded

hydrogels under various pH conditions; differences indicate
that drug release is significantly pH-responsive. As shown in
Figure 6, the DOX release rate from the pH-responsive
hydrogel consistently increased with decreasing pH (from pH
7.4 to pH 5.0). Only a small amount of DOX release was
observed at pH 7.4, which corresponds to the physiological
conditions of the bloodstream. Thus, marginal DOX is
expected to be released from the hydrogel under normal
physiological conditions, which is a desirable characteristic for
the drug carrier in drug delivery systems. The results also
indicate that, at physiological pH, the hydrogel is stable for a
long period of time. At pH 5.0 and 6.0, DOX release was 84%
and 47%, respectively, in 48 h, while only 24.5% of DOX was
released from the DOX-loaded hydrogel at pH 7.4 during the
same time period. This is due to the cleavage of acylhydrazone
bonds in the acidic environment to release DOX. At lower pH,
more acylhydrazone bonds were broken than at higher pH.
Thus, once the hydrogel is injected into the tumor tissue, the
encapsulated DOX should be effectively released to improve
the therapeutic outcome of chemotherapy.

Biocompatibility Evaluation. To act as an effective
vehicle for the drug in a drug delivery system, the hydrogel
must be nontoxic to the normal body cells. NIH-3T3 and
HT1080 cells were used to investigate the preliminary
cytotoxicity of the DOX-free hydrogel based on the MTT
assay. In the investigation, we first treated the cells with
different concentrations of the empty hydrogel solution and
then incubated them for 48 h. As shown in Figure 7, the result

(regardless of whether NIH-3T3 or HT1080 cells are used)
clearly indicated that more than 95% of cells are viable, even at
the highest concentration (2 mg/mL) of the dilute hydrogel
solution presented. These data show that the pH-responsive
hydrogel is nontoxic, suggesting that the prepared hydrogel
demonstrates promise for in vivo applications.

Evaluation of Gel Formation In Vivo. To evaluate the in
vivo formation of the pH-responsive hydrogels, the precursor
solutions were injected into the subcutaneous tissue of a
BALB/c mouse. As shown in Figure 8A, a hydrogel was

subcutaneously formed 10 min after the injection of the
precursor PAHy and DF-PEG solutions. The experiment
indicates that the precursor PAHy and DF-PEG solutions can
be easily injected in vivo and that they form a hydrogel within a
short time.

Antitumor Efficacy of the DOX-Loaded Hydrogel. To
demonstrate the in vivo drug delivery efficacy of the hydrogel
via the pH-responsive effect, the DOX-loaded hydrogel was
intratumorally injected into nude mice bearing HT1080
tumors. The antitumor efficacy of the DOX-loaded hydrogel
was compared with that of the free DOX solution (Figure 9).
The DOX-loaded hydrogel exhibited antitumor activity
superior than that of free DOX solution, suggesting the
importance of the controlled release, while a saline control
group exhibited negligible antitumor activity (Figure 9a). The
tumor volume in the control group changed to 1.5 times on the
sixth day compared with that on the zeroth day, while
progression to this tumor volume was delayed to the 20th day
by free DOX. On the other hand, for the group treated by the
DOX-loaded hydrogel, the mean tumor volume was signifi-

Figure 6. DOX release from the injectable hydrogel under different
pH mediums.

Figure 7. Biocompatibility of the injectable hydrogel to NIH-3T3 and
HT1080 cells after incubation for 48 h.

Figure 8. Evaluation of gel formation in vivo: photographs were taken
10 min after injection of the precursors (PAHy and DF-PEG) solution
into mice.
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cantly inhibited and only 0.5 times of the original tumor
volume was observed even on the 20th day (Figure 9a). These
results clearly showed that DOX is significantly retained
intratumorally when encapsulated into the hydrogel in
comparison to free DOX. A relative change in body weight
was recorded during the experiments to evaluate the health
status of mice (Figure 9b). As shown in Figure 9b, the body
weight of mice treated with the DOX-loaded hydrogel and free
DOX solution was not significantly different, compared to that
of the control group. This observation suggests that the
treatment with the DOX-loaded hydrogel is tolerated well with
negligible toxicity. At the end of the treatment, the tumors were
excised as shown in Figure 9c. The DOX-loaded hydrogel
showed tumor inhibition higher than that exhibited by the free
DOX solution. These results demonstrate that the DOX-loaded
hydrogel has significant antitumor activity against HT1080
xenografts.
Histological Analysis. To investigate the antitumor activity

of the DOX-loaded hydrogel further, nude mice bearing the
HT1080 tumor were sacrificed after the treatment (day 20) and
the tumors were dissected, fixed and stained with H&E for
pathological analysis. Figure 10 shows the data of the groups
treated with saline, free DOX and the DOX-loaded hydrogel.
As shown in Figure 10, the normal tumor cells exhibited large
nuclei with spherical or spindle shapes, while the apoptotic cells
did not exhibit a clear cytoskeleton. In addition, clear separation
was observed between nuclei and the cytoplasm in necrotic or

apoptotic cells. By contrast, tumor cells with normal shapes and
large nuclei were observed in the saline group, revealing
vigorous tumor growth (Figure 10). However, various degrees
of tissue necrosis with nuclei or cytosol separation were
observed in the different drug-formulation-treated groups. The
tumors of the DOX-loaded-hydrogel-treated group exhibited
larger necrosis areas, compared with those of the group treated
with free DOX, indicating that most tumor cells are necrotic in
the group treated with the DOX-loaded hydrogel.

■ CONCLUSIONS
In this study, a simple, efficient procedure was adopted to
synthesize a pH-responsive hydrogel using dibenzaldehyde-
functionalized PEG and α,β-polyaspartylhydrazide as the raw
materials. Specifically, the hydrogel network was created by the
generation of dynamic acylhydrazone linkages between
hydrazide sites on the poly(aspartic acid) backbone and
terminal benzaldehyde sites on the PEG chain. The pH-
responsive hydrogel was characterized and used to load
doxorubicin (DOX) for local cancer chemotherapy. Scanning
electron microscopy images of the hydrogel showed a three-
dimensional structure, which enabled the slow and steady
release of DOX. In mice with human fibrosarcoma, the rate of
release of DOX encapsulated by the hydrogel and accumulation
inside the tumor were obviously slower than those of free
DOX. Therefore, the DOX-loaded hydrogel had a greater effect
than free DOX, and ∼80% complete inhibition of tumors was
observed on day 20. Therefore, the DOX-loaded hydrogel can
be potentially used as a highly efficient medicine for the
chemotherapy of human fibrosarcoma with significantly
minimized side effects.
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Figure 9. (a) In vivo tumor volume change curves of tumor-bearing
mice as a function of time. (b) Body weight change curves of tumor-
bearing mice as a function of time. (c) Typical images of excised
tumors form mice on the 20th day. Data are presented as mean ± SD
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Figure 10. H&E staining of tumor sections collected from different
groups of mice treated with (a) saline, (b) free DOX, and (c) the
DOX-loaded hydrogel.
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