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A B S T R A C T

Development of combination photothermal–chemotherapy platform is of great interest for enhancing
antitumor efficacy and inhibiting tumor recurrence, which supports selective and dose-controlled
delivery of heat and anticancer drugs to tumor. Here, an injectable nanocomposite hydrogel
incorporating PEGylated gold nanorods (GNRs) and paclitaxel-loaded chitosan polymeric micelles
(PTX-M) is developed in pursuit of improved local tumor control. After intratumoral injection, both GNRs
and PTX-M can be simultaneously delivered and immobilized in the tumor tissue by the thermo-sensitive
hydrogel matrix. Exposure to the laser irradiation induces the GNR-mediated photothermal damage
confined to the tumor with sparing the surrounding normal tissue. Synergistically, the co-delivered PTX-
M shows prolonged tumor retention with the sustained release of anticancer drug to efficiently kill the
residual tumor cells that evade the photothermal ablation due to the heterogeneous heating in the tumor
region. This combination photothermal–chemotherapy presents superior effects on suppressing the
tumor recurrence and prolonging the survival in the Heps-bearing mice, compared to the photothermal
therapy alone.
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1. Introduction

Nanotechnology-based photothermal ablation (PTA) has been
intensively explored as a minimally invasive treatment for solid
tumors in recent years. This technique using the photothermal
nanostructures, such as gold nanoshells, gold nanorods (GNRs),
gold nanocages and carbon nanotubes as strong optical absorbers
to convert harmless near infrared (NIR) light into localized heat,
holds great promise to achieve selective and confined thermal
damage within tumor while minimizing damage to the surround-
ing healthy tissue and preserving critical structures (Huang et al.,
2008; Qin and Bischof, 2012; Shanmugam et al., 2014; Thakor and
Gambhir, 2013). The gold nanoshells mediated PTA to treat
refractory head and neck cancer is currently undergoing in clinical
trial (Singh and Torti, 2013). GNRs have also received considerable
attention due to their efficient large-scale synthesis, facile
bioconjugation, strong and tunable plasmonic absorption (Chen
et al., 2013a; Dickerson et al., 2008; Huang et al., 2009; Vigderman
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et al., 2012; von Maltzahn et al., 2009). The efficacy of tumor-
specific thermal damage is highly dependent on the tumor-specific
accumulation and localization of photothermal nanostructures
following intravenous or local administration (Kennedy et al.,
2011; Shenoi et al., 2011; Soni et al., 2014; Xu et al., 2013).
Intravenously injected photothermal nanoparticles are known to
be preferentially delivered to tumor via passive or active targeting
mechanism, but their dynamic concentration and distribution in
tumor fluctuate in terms of various factors associated with particle
characteristics and physiological barriers, posing problems in
nanoparticle dosimetry to obtain a reproducible heating profile in
PTA (Alkilany et al., 2012; Chauhan et al., 2011; Khlebtsov and
Dykman, 2011; Wicki et al., 2015). Local administration affords
preferable nanoparticle dose control for PTA, but may be
compromised by the rapid diffusion and distant migration of
photothermal nanostructures away from tumor, inability to
distribute throughout the whole tumor due to pressure gradient
and matrix constraint within tumor (Le Renard et al., 2010;
Meenach et al., 2010; Mooney et al., 2014; Redolfi Riva et al., 2014).
A single dose of PTA may be difficult to achieve complete ablation
due to the heterogeneous heat distribution caused by uneven
distribution of photothermal nanostructures, the gradual attenua-
tion of NIR light energy as it travels deeper into tissue, highly
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variable local tissue factors, including location, geometries of
tumor, optical and thermal properties of tissue, and heat sink effect
(Bhatia et al., 2010; Lu et al., 2011; Oliva et al., 2015; Ren et al.,
2013).

The potential risk of incomplete photothermal ablation often
results in local tumor recurrence, which requires an alternative
therapeutic intervention to achieve the completeness of tumor
ablation. The combination of thermal ablation with chemotherapy
that is increasingly adopted in the experimental and clinical levels
has been demonstrated able to increase intratumoral drug
accumulation, tumor destruction volume within the peripheral
zone of sub-lethal temperature, and improve antitumor efficacy
(Ahmed et al., 2012; Issels, 2008; Li et al., 2014; Sun et al., 2014). In
addition, a sustained and localized chemotherapy offers many
advantages of allowing accurate dosage and one-time administra-
tion, facilitating efficient delivery of anticancer agents, reducing
the systemic toxicity, prolonging drug exposure, and ensuring
more cytotoxic to tumors cells over multiple cell cycles (Mo et al.,
2014; Weinberg et al., 2008; Wolinsky et al., 2012).

Herein, we report an injectable hydrogel incorporating photo-
thermal nanostructures and chemotherapeutics for combined PTA
and localized chemotherapy to achieve controlled and selective
thermal tumor damage with reduced the risk of local recurrence
and systemic cytotoxicity (Fig. 1). This nanocomposite hydrogel
(designated as PTX/GNR/gel) co-encapsulates PEGylated (PEG =
polyethylene glycol) GNRs and paclitaxel (PTX)-loaded chitosan
polymeric micelles (PTX-M) in a thermal-reversible Poly(F127)
hydrogel matrix, in which both of the PEGylated GNRs and PTX-M
could be homogeneously mixed on a demand basis. The PEGylated
GNRs with the superior colloidal stability serve as photothermal
transducer to convert the NIR light energy into heat to destroy
tumor. The strength of the heat can be readily tailored by adjusting
the amount of the PEGylated GNRs and the power intensity of the
NIR laser. A synthetic amphiphilic chitosan derivative is used to
load PTX, a model chemotherapeutic for treatment of many types
of cancer, and then incorporated into the hydrogel matrix, which
can prevent the precipitation of PTX that causes a poor dose control
and uneven drug distribution in the matrix. The polymeric
hydrogel matrix also renders a longer retention capacity of PTX-
M at the tumor site, compared to the flowable solution without the
hydrogel support. After intratumoral injection, PTX-M/GNR/gel is
Fig.1. Schematic design of the PTX-M/GNR/gel mediated photothermal–chemotherapy (a
GNR/gel mediated photothermal ablation alone (b).
immobilized in the tumor region due to the thermal gelling
properties of the Poly(F127) polymer. Under NIR laser irradiation,
the heat generated by the GNR-mediated photothermal conversion
was confined within tumor. Following the photothermal treat-
ment, PTX-M/GNR/gel as a localized drug depot could liberate
PTX-M into the tumor tissue, which plays an important role in
eradicating the potential remaining viable tumor cells, thereby
achieving an improved completeness of tumor destruction. Such a
synergistic effect of photothermal–chemotherapy would finally
contribute to a reduction and delay of tumor recurrence.

2. Material and methods

2.1. Materials

Cetyltrimethyl ammonium bromide (CTAB) was purchased
from NanShi Chemical Reagent Co., Ltd. (Jiangsu, China). Tetra-
chloroaurate (III) acid hydrate (HAuCl4�4H2O) were purchased
from Sinopharma Group Co., Ltd. (Shanghai, China). mPEG-SH
(MW 5 kDa) was purchased from Sinopeg Biotech Co., Ltd.
(Xiamen, China). Chitosan with deacetylation degree of 92% and
viscosity average molecular weight of 70 KDa was purchased from
Shuangling Biochemical Co., Ltd. (Nantong, China). PTX was
purchased from Yew Pharmaceutical Company Ltd. (Jiangsu,
China). F127 was provided by Badische Anilin and Soda-Fabrik
(BASF). Stannous 2-ethyl-hexanoate (SnOct2) and hexamethylene
diisocyanate (HDI) were purchased from Aladdin Reagent Compa-
ny (Shanghai, China).

2.2. Synthesis and characterization of PEGylated GNRs

CTAB-stabilized GNRs (CTAB-GNRs) were synthesized using a
seed-mediated silver ion-assisted growth method (Ni et al., 2008).
PEGylation of GNRs was performed as previous described (Liao and
Hafner, 2005). In brief, mPEG-SH was added into a concentrated
CTAB-GNRs solution to a final concentration of 10 mM, and the pH
of the mixture was adjusted to 8.5 by K2CO3 (0.1 M). The mixture
was sonicated for 4 h and incubated overnight, followed by two
cycles of centrifugation–redispersion in deionized (DI) water.

The absorption spectra of GNRs were determined using a
spectrophotometer (UV-5300, Metash, China), and the dimensions
) for enhancing antitumor efficacy and inhibiting tumor recurrence compared to the
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and aspect ratios of GNRs were measured based on TEM (Hitachi-
7650). The zeta potentials of GNRs were assayed using a zeta
potential analyzer (ZetaPlus, Brookhaven). The Au concentration in
GNRs solution was determined by an inductively coupled plasma-
mass spectrometry (ICP–MS, PerkinElmer).

2.3. Synthesis and characterization of N-octyl-N,O-succinyl-O-
phosphoryl chitosan (OSPC)

N-octyl chitosan (OC) was synthesized by introducing the octyl
group to NH2 of glucosamine in the chitosan as previous described
(Yao et al., 2007).

Succinic anhydride (3.27 g, 32.7 mmol) was added to 80 mL of
the OC (8.05 g, 32.7 mmol) DMF solution under nitrogen
atmosphere, and the mixture was stirred at 90 �C for 6 h. The
reaction mixture cooled to room temperature, and N-octyl-N,O-
succinyl chitosan (OSC) was precipitated by the addition of 270 mL
of water. The filtered OSC was washed repeatedly with water,
followed by freeze-drying.

Phthalic anhydride (1.9 g) dissolved in 3 mL of DMF was added
dropwise into 4 mL of the OSC (1 g, 3.7 mmol) DMF solution with
stirring at 35 �C. The mixture was heated up to 70 �C slowly, and
stirred for another 5 h. The reaction mixture was diluted with DI
water, neutralized by NaOH solution, and dialyzed (MWCO 10 kDa)
against DI water for 3 days. OSPC was obtained as a gold-yellow
powder by freeze-drying, and was characterized by FT-IR and 1H
NMR. The substitution degrees of octyl and succinyl groups were
determined by the elemental analysis, while that of phosphoryl
group was quantified by the colorimetric phosphate assay.

2.4. Preparation and characterization of micelles

PTX-loaded OSPC micelle (PTX-M) was prepared by the dialysis
method (Jin et al., 2014; Mo et al., 2011). Briefly, PTX (9.6 mg)
dissolved in 0.2 mL of ethanol was added into 2 mL of OSPC (16 mg)
aqueous solution with stirring at room temperature. The mixture
was dialyzed (MWCO 10 kDa) against DI water for 8 h, and filtrated
through a 0.45 mm pore-sized membrane. Taxol, the commercial
PTX formulation, was prepared by dissolving PTX into the mixture
of Cremophor EL and ethanol (50/50, v/v) at a concentration of
6 mg/mL.

For fluorescence-based imaging or assay, DiR and PTX co-loaded
micelle (DiR/PTX-M) and FRET micelle (FRET-M) containing PTX,
DiO and DiI were prepared. Briefly, 8 mL of the DiR DMSO solution
(2 mg/mL) and DiO/DiI (1/1, w/w, DiO/PTX = 0.52%) was added into
the PTX ethanol solution, respectively. Other steps were identical
to the PTX-M preparation described above. DiR-labeled Taxol (DiR/
Taxol) was prepared by adding 5 mL of the DiR DMSO solution to
1 mL of the Taxol formulation.

The CMC of OSPC was determined using a pyrene-based method
(Wiradharma et al., 2008). The fluorescence spectrum of pyrene
was measured using a fluorophotometer (RF-5301 PC, Shimadzu)
with 334 nm excitation. The CMC of OSPC was calculated from the
intersection of two tangent plots intensity ratio (I383/I373) against
the log concentration of OSPC.

The hydrodynamic diameter and zeta potential of the micelles
were measured using a Dynamic Light Scattering Analyzer
(ZetaPlus, Brookhaven). The morphology of PTX-M was observed
using TEM (H-7650, Hitachi) with phosphotungstic acid staining at
an accelerating voltage of 80 kV.

The quantity of PTX in PTX-M was determined using HPLC
system (Agilent 1100 series) equipped with a reverse-phase
column (Intersil1 ODS-SP, 4.6 � 150 mm). The mobile phase
consisted of methanol and water (75/25, v/v) was delivered at a
flow rate of 1.0 mL/min. The detection wavelength was 227 nm, and
the injection volume was 20 mL. The PTX-M solution was disrupted
with methanol prior to HPLC analysis. The entrapment efficiency
(WPTX/W0� 100%) and the drug-loading capacity (WPTX/(WPTX +
WOSPC) � 100%) were calculated, where WPTX, W0 and WOSPC are
the quantities of PTX in the micelles, the feeding PTX and OSPC in
the micelles, respectively.

2.5. In vitro cytotoxicity

HepG2 cells were obtained from the Cell Bank of Chinese
Academy of Sciences (Shanghai, China) and were maintained in the
DMEM medium supplemented with 10% (v/v) fetal bovine serum
and 1% penicillin-streptomycin at 37 �C in 5% CO2.

The in vitro cytotoxicity of PTX formulations and corresponding
blank carriers was evaluated against HepG2 cells by the MTT assay.
In brief, approximately 5000 cells per well were precultured in 96-
well plates for 24 h. The cells were then incubated with 200 mL of
the following test solutions for 48 h: (1) PTX-M; (2) Taxol; (3) free
PTX; (4) bare OSPC micelles; (5) bare Taxol vehicle. The free PTX
solution was prepared by dissolving certain amount of PTX in
DMEM medium containing 1.67% DMSO. The drug-free carriers
(bare OSPC and Taxol vehicle) were diluted as the same fold as their
corresponding PTX formulations. After incubation, 20 mL of MTT
(5 mg/mL) was added into each well, followed by an additional 4 h
of incubation. The solution was replaced by 150 mL of DMSO to
dissolve the formed formazan crystals. Cell viability (%) was
calculated by comparing the absorbance at 570 nm of testing wells
with the control wells containing untreated cells.

2.6. Preparation and characterization of nanocomposite hydrogel

Poly(F127) was synthesized by polymerizing the triblock
copolymer PEO–PPO–PEO (F127) with HDI as described previously
(Chen et al., 2013b), and was characterized by FT-IR.

PTX-M/GNR/gel incorporating PEGylated GNRs and PTX-M was
prepared by the “cold method” (Lin et al., 2014). In brief, the
PEGylated GNRs suspension was centrifuged at 10,000 g for 20 min,
and the pellet was resuspended with the PTX-M solution.
Afterward, the Poly(F127) powder was dissolved in the PTX-M/
GNR mixture to a concentration of 15 wt% at 4 �C overnight. As-
prepared hydrogels were stored at room temperature.

The sol-gel transition behavior of the hydrogel was determined
by the test tube inverting method (Liu et al., 2007).

The rheological measurements were performed on a
RS600 RheoStress rheometer (ThermoHaake, Germany) equipped
with a PP60 Ti sensor (0.5 mm gap). Oscillatory temperature
sweeps were performed at a frequency of 1 Hz and a strain of 0.1%.
The storage modulus G0 and loss modulus G00 were recorded at
temperature from 10 �C to 37 �C at a heating rate of 1 �C/min.

The mechanical property of the hydrogel was measured using a
texture analyzer (TA-XT2, Stable Micro Systems, Surrey, UK).
Hydrogel was incubated at 37 �C to complete gelation, and the
analytical probe (5 mm diameter) compressed the hydrogel to the
depth of 3 mm at a constant speed of 1 mm/s. All tests were run
four times for each sample.

2.7. Thermal stability of micelles

The PTX leakage from PTX-M under hyperthermic condition
was investigated. In brief, PTX-M solution (1.5 mg/mL PTX) was
incubated at different temperatures (50, 60, 70 �C). At predeter-
mined time interval, the remaining encapsulated PTX in PTX-M
was quantified using HPLC.

The TEM examination was applied to evaluate the stability of
PTX-M after laser irradiation. 0.5 mL of PTX-M/GNR/gel (43.2 mg/
mL Au) in gel phase was irradiated with 808 nm laser at a power
intensity of 2 W/cm2 for 10 min. The treated PTX-M/GNR/gel was
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diluted 10 times with the DI water in ice bath. The sample was
stained with phosphotungstic acid for TEM observation.

The FRET-based assay was used to investigate the photothermal
effect on the integrity of PTX-M in the hydrogel (Chen et al., 2008).
0.5 mL of FRET-M/GNR/gel (43.2 mg/mL Au) in gel phase was
irradiated with 808 nm laser at a power intensity of 2 W/cm2 for
10 min, and diluted 40 times with DI water in ice bath. The
fluorescence spectra of FRET-M in various solvents were measured
Fig. 2. (a) Absorption spectrum of the PEGylated GNRs. (b) TEM image of the PEGylated GN
(d) Particle size distribution of PTX-M determined by the dynamic light scattering. Inse
incubation with Taxol, PTX-M, and free PTX (n = 3). (f) Viability of HepG2 cells after 48 h of
PTX concentration varies from 0.002 to 50 mg/mL (n = 3).
using the fluorophotometer with 484 nm excitation. The FRET ratio
(IDiI/(IDiI + IDiO)) was calculated, where IDiI and IDiO are the
fluorescence intensities at 570 nm and 502 nm, respectively.

2.8. Animals and xenograft tumor models

The ICR mice (male, 18–22 g) were purchased from the College
of Veterinary Medicine at Yangzhou University (Jiangsu, China). All
Rs. Scale bar: 50 nm. (c) I3/I1 ratio of pyrene as a function of the OSPC concentration.
t: TEM image of PTX-M. Scale bar: 200 nm. (e) Viability of HepG2 cells after 48 h of

 incubation with the blank vehicles (OSPC and bare Taxol vehicles) for corresponding
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the animal experiments were conducted in compliance with the
Guide for Care and Use of Laboratory Animals, approved by China
Pharmaceutical University. To establish the xenograft tumor
model, 0.2 mL of the murine hepatocellular carcinoma (Heps)
cells (2 � 107 cell/mL) in PBS were subcutaneously innoculated in
the right axillary region of the mice. The tumor volume (L �W2/2)
was monitored and determined, where L and W are the length and
width of the tumor, respectively. The Heps-bearing mice were used
in the following experiments when the tumor volume reached
about 300–400 mm3.

2.9. In vivo photothermal conversion characteristics

The Heps-bearing mice were intratumorally injected with PTX-
M/GNR/gel (21.6– 86.4 mg/mL Au), and saline as a negative control.
The entire tumor region was then irradiated with 808 nm laser at a
power intensity of 1.34 or 2 W/cm2 for 10 min. Temperature change
inside the tumor was monitored by a 0.5 mm K-type thermocouple
(WRNK-191) placed in the tumor center. Temperature distribution
on the surface was imaged using an infrared thermographic
camera (SC3000, Flirsystem, USA).

2.10. In vivo NIR imaging and FRET imaging

In NIR imaging study, the Heps-bearing mice were intra-
tumorally injected with DiR/Taxol, DiR/PTX-M/gel and DiR/PTX-M/
GNR/gel at DIR dose of 36 mg/kg, respectively. For DiR/PTX-M/GNR/
gel (43.2 mg/mL Au), the entire tumor region was exposed to
10 min of 2 W/cm2 laser irradiation after injection. At 0, 1, 5, 8, 12,
16 days post treatment, NIR images of the mice were captured
using a Maestro in vivo imaging system (Cambridge Research &
Instrumentation, USA). The fluorescence intensity of the tumor
region was analyzed by the Maestro 3.0.0 software.

In FRET imaging study, the Heps-bearing mice were intra-
tumorally injected with FRET-M, FRET-M/gel and FRET-M/GNR/gel.
For FRET-M/GNR/gel (43.2 mg/mL Au), the entire tumor region was
exposed to 10 min of 2 W/cm2 laser irradiation. At 0, 1, 5 day after
treatment, tumors were harvested, followed by cryotomy. The
tumor sections were stained with Hoechst 33342 (5 mg/mL) and
rinsed with PBS. The fluorescence images in nuclei channel (ex:
405 nm, em: 409–475 nm) and FRET channels (ex: 484 nm, em:
500–530 nm for DiO, 555–655 nm for DiI) were taken using CLSM
(TCS SP5, Leica).

2.11. In vivo antitumor efficacy

The Heps-bearing mice were intratumorally injected with
saline, Taxol, PTX-M/gel, GNR/gel, PTX-M/GNR/gel, respectively.
Formulations containing PTX were administered at a dose of
20 mg/kg. For GNR/gel and PTX-M/GNR/gel, the Au concentration
was 43.2 mg/mL, and the entire tumor region was exposed to
10 min of 2 W/cm2 laser irradiation. The day of treatment was
designated as day 0. The mice were weighed and the tumor size
was measured by a caliper every other day during treatment. The
survival time of each mice group was also monitored.

2.12. Histological analysis

2,3,5-triphenyltetrazolium chloride (TTC) staining was used to
detect early-stage tissue changes in response to thermal ablation
(Yang et al., 2010). Tumor slices (�2 mm thick) were rinsed with
saline and incubated with 2% TTC solution at 37 �C for 30 min.
Viable tumor tissue with intact mitochondrial enzyme activity
turned red, while ablated tissue retained its original color.

For hematoxylin and eosin (HE) staining, tumors were
harvested, fixed in 10% formalin and paraffin embedded. The
tumor sections (6 mm) were HE stained and observed using an
optical microscope (FV1100, Olympus) at 200� magnification.

2.13. Safety evaluation of OSPC/GNR/gel

OSPC/GNR/gel was prepared identical to the preparation of PTX-
M/GNR/gel except that bare OSPC micelles was incorporated
instead of PTX-M.

In vitro safety of OSPC/GNR/gel was evaluated against HepG
2 cells and L02 cells by the MTT assay. The testing solution was
prepared by diluting OSPC/GNR/gel with DMEM complete medium
in ice bath, and the folds of dilution was identical to that of the PTX
formulation as described in in vitro cytotoxicity part.

In vivo safety of OSPC/GNR/gel was evaluated in the ICR mice.
OSPC/GNR/gel was injected into the dorsal subcutaneous region of
the mice. At predetermined time intervals (1, 2, 4 weeks), the mice
were sacrificed, and the main organs (heart, liver, spleen, lung,
kidneys and the skin tissues at the injection site) were harvested
for histological examination using HE staining.

2.14. Data analysis

Results are expressed as mean � standard deviation. Statistical
significance was analyzed using the two-tailed Student’s t-test or
one-way ANOVA. Statistical significance was set at *P < 0.05.

3. Results and discussion

3.1. Synthesis and characterization of the PEGylated GNRs

The CTAB-GNRs were synthesized using a seed-mediated
growth method (Ni et al., 2008). The CTAB-GNRs had an aspect
ratio of 4.15 with approximately 54 nm in length and 13 nm in
width determined by TEM examination (Supplementary Fig. S1),
which exhibited a longitudinal plasmon peak at �810 nm. The zeta
potential of the CTAB-GNRs was about +40 mV due to the presence
of the highly positive charged CTAB bilayers on the GNR surface. To
reduce CTAB cytotoxicity of the CTAB-GNRs and increase the
stability of GNRs, the PEGylated GNRs were obtained using a
ligand-exchange method with mPEG-SH based on the high
interaction between the Au and thiol groups (Liao and Hafner,
2005). The surface charge of the PEGylated GNRs was about �4 mV,
suggesting the successful PEGylation on the GNR surface. No
significant change in the longitudinal plasmon peak was deter-
mined (Fig. 2a). The morphology of the PEGylated GNRs was
characterized by the TEM imaging, which had an aspect ratio of 4.0
(Fig. 2b). The Au concentration in the PEGylated GNRs with one
optical density (OD) at wavelength of 810 nm was determined to be
21.6 mg/mL using the inductively coupled plasma mass spectrom-
etry (ICP–MS).

3.2. Preparation, characterization and in vitro cytotoxicity of PTX-M

To develop a water-soluble and high PTX loading vehicle, a
chitosan amphiphilic derivative, OSPC was synthesized by
introducing the succinyl and phosphoryl groups as hydrophilic
moieties and octyl groups as hydrophobic moieties to the chitosan
backbone (Supplementary Fig. S2a). The substitution degrees of
the octyl and succinyl groups were determined to be 0.6 and 0.4 by
the elemental analysis, respectively, while that of the phosphoryl
group was quantified to be 1.07 by colorimetric phosphate assay.
The chemical structure of OSPC was confirmed by 1H NMR and FT-
IR (Supplementary Fig. S2b,c). The solubility of OSPC in water was
more than 25 mg/mL, and the critical micelle concentration (CMC)
of OSPC was estimated to be 33 mg/mL using a pyrene-based
fluorescent method (Fig. 2c) (Wiradharma et al., 2008).



Fig. 3. (a) Sol-gel transition diagram of the Poly(F127) hydrogel at different
concentrations determined using the tube inversion method (n = 3). Inset: optical
images of the Poly(F127) hydrogel at 4 and 37 �C. (b) Rheological temperature
sweep of the Poly(F127) hydrogel at the concentration of 15 wt%.
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To evaluate the PTX loading capacity of OSPC, different PTX-M
formulations were obtained by varying the feeding weight ratio of
PTX to OSPC using a dialysis method (Jin et al., 2014; Mo et al.,
2011), and the drug-loading capacity and encapsulation efficiency
as well as the particle size and zeta potential were measured
(Supplementary Table S1). PTX-M at the feeding ratio of 0.6 was
selected for the following studies, which had the drug-loading
capacity of 34.8% and the encapsulation efficiency of 89%. PTX-M
exhibited a zeta potential of �24 mV, and a unimodal and narrow
particle size distribution with an average particle size of 128 nm
and polydispersity index (PDI) of 0.184. The TEM examination
showed the spherical structures of PTX-M (Fig. 2d).

The in vitro cytotoxicity of PTX-M and the blank OSPC micelles
were evaluated against HepG2 cells using the MTT assay (Fig. 2e,f).
As shown in Fig. 2e, all the PTX formulations including the free PTX,
PTX-M and the commercial Taxol induced a dose-dependent
inhibition on the cell viability, the half maximal inhibitory
concentration (IC50) of which was about 1.39, 0.59 and 0.39 mg/
mL, respectively, indicating that both PTX-M and Taxol exhibited
more cytotoxic than the free PTX. However, the increased
cytotoxicity of Taxol at high concentrations was ascribed partly
to the significant cytotoxicity of the bare Taxol vehicles without
PTX consisting of Cremophor EL and ethanol (50/50, v/v) (Fig. 2f).
In sharp contrast, OSPC was found to hardly affect the cell viability
in tested PTX concentration range, which suggested that the OSPC
micelles acted as cytocompatible carriers for PTX and the
cytotoxicity of PTX-M was mainly due to the bioactivity of PTX
released from the micelles.

3.3. Preparation and characterization of nanocomposite hydrogel

Poly(F127) was synthesized as described in the previous report
(Chen et al., 2013b). The structure was confirmed by FT-IR, in which
the peak at 1716 cm�1 attributed to the urethane bond (Supple-
mentary Fig. S3).

The sol-gel transition temperature of the Poly(F127) hydrogel
was determined using a test tube inverting method (Fig. 3a) (Liu
et al., 2007). The sol–gel transition temperature of the Poly(F127)
hydrogel decreased from 39 �C to 20 �C as the Poly(F127)
concentration increased from 5 to 20 wt%. The mechanical strength
of the Poly(F127) hydrogel at different concentrations was
measured at 37 �C in comparison with the F127 hydrogel at
20 wt% (Supplementary Fig. S4a). The hardness of the Poly(F127)
hydrogel at 20 wt% and 15 wt% was 11.5 and 4.3 times higher than
that of the F127 hydrogel, respectively. The Poly(F127) hydrogel
with higher mechanical strength is expected to facilitate adequate
tumor casting during intratumoral injection and prolong drug
retention in vivo. However, the Poly(F127) hydrogel at 20 wt%
became very viscous as the temperature increased, which greatly
limited its syringeability. Hence, the Poly(F127) hydrogel at 15 wt%
with improved mechanical strength and acceptable injectability
was chosen for the following experiments.

The thermo-responsive behavior of Poly(F127) was further
confirmed using the rheological temperature sweep test. As shown
in Fig. 3b, both of the storage modulus (G0) and loss modulus (G00) of
the Poly(F127) solution at 15 wt% was less than 50 Pa at the
temperature below 20 �C, indicating that the solution remained a
flowable liquid for injection. With the temperature increase, the
Poly(F127) solution transformed into the gel phase, as verified by
the G0 value surpassing the corresponding G00 value. The crossover
point of G0 and G00 known as the gelation temperature was about
29 �C, which was slightly higher than 24.5 �C obtained from the test
tube inverting method above. This may be explained by the fact
that the Poly(F127) solution became viscous upon heating and the
fluidity could hardly be visually observed at 24.5 �C or above (Cohn
et al., 2003).
The PEGylated GNRs and PTX-M were simultaneously incorpo-
rated within the Poly(F127) hydrogel by a “cold method”, in which
both of them could be added on demand and uniformly dispersed
in the matrix (Lin et al., 2014). The resulting hydrogel, PTX-M/GNR/
gel was semi-transparent and deep red without any visible
precipitate or aggregate (Supplementary Fig. S4b). Of note, the
incorporation of the PEGylated GNRs and PTX-M had no significant
influence on the sol-gel transition temperature, rheological
properties and mechanical strength of the Poly(F127) hydrogel
(Supplementary Fig. S4a,c,d). The as-prepared nanocomposite
hydrogels were stored at room temperature, and ice-bathed before
injection.

3.4. Photothermal conversion performance of nanocomposite hydrogel

To evaluate the in vivo photothermal conversion of nano-
composite hydrogel, the Heps-bearing mice were intratumorally
injected with PTX-M/GNR/gel, and the temperature was monitored
using a thermocouple needle inserted in the center of the tumor
under 10 min of a 808 nm laser irradiation at a power intensity of
1.34 W/cm2 or 2 W/cm2. The temperature increased rapidly during
the first 2 min followed by a steady-stated equilibrium. Under the
laser irradiation of 1.34 W/cm2, PTX-M/GNR/gel at the Au
concentration of 21.6, 43.2 and 86.4 mg/mL resulted in a steady-
stated temperature (Tss) of 48.1 �C, 50.3 �C and 54.2 �C, respectively
(Supplementary Fig. S5a), while under the laser irradiation of 2 W/
cm2,Tss rose to 56.0 �C, 61.8 �C and 69.5 �C, respectively (Fig. 4a). At
identical Au concentration and laser power intensity, the tumors
treated with PTX-M/GNR/gel showed similar temperature increase
profiles compared to that of the tumor treated with GNR/gel,
suggesting that PTX-M in the hydrogel matrix had no effect on



Fig. 4. (a) Temperatures increase profiles of the Heps tumor injected with PTX-M/GNR/gel at different Au concentrations under 10 min of 2 W/cm2 laser irradiation. The
temperature was measured with a thermocouple needle inserted into the center of tumor (n = 3). (b) Representative thermographs of the Heps tumor-bearing mice treated
with PTX-M/GNR/gel at different Au concentrations under 10 min of 2 W/cm2 laser irradiation, images were captured when the temperature of tumor region reached steady-
state equilibrium. (c) Images of the TTC-stained tumor after treatment with PTX-M/GNR/gel under different conditions. Two tumor sections with different depth within the
same tumor were collected. (d) PTX leakage of PTX-M under different temperatures over time. (e) TEM images of PTX-M/GNR/gel (43.2 mg/mL Au) before and after 10 min of
2 W/cm2 laser irradiation. Scale bar: 200 nm (left) and 500 nm (right). (f) FRET-based characterization for the effect of photothermal treatment on the structural integrity of
PTX-M in PTX-M/GNR/gel.
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influencing the photothermal conversion efficiency of the PEGy-
lated GNRs (Supplementary Fig. S6a,b). For the saline-treated
tumor, Tss was 37.9 �C and 41.5 �C at the laser power intensity of
1.34 W/cm2 and 2 W/cm2, respectively, both of which were not
sufficient to induce coagulation necrosis (Nikfarjam et al., 2005).
The changes of tumor temperature were also confirmed using an
infrared thermographic camera. Tss measured from thermal
imaging was comparable to that measured using the thermal
couple needle (Fig. 4b and Supplementary Fig. S5b, S6c, S6d). The
regions of temperature elevation was mostly confined in the
irradiated spot with a sharply-decreased temperature gradient
extending to the adjacent non-irradiated region, suggesting that
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the heat could be selectively delivered to the tumor target and
whereas spared the surrounding healthy tissue. These results
suggested that Tss was able to be flexibly tuned by adjusting either
the Au concentration in the hydrogel or the laser power intensity to
reach the thermal ablation temperature threshold (50–55 �C)
(Burke et al., 2009), and moreover, the generated heat was
primarily confined within the tumor region.

To evaluate the early-stage tumor damage induced by the
photothermal treatment, the tumors were excised at 24 h post
treatment, and stained with TTC. The viable tissue can be stained
red as the essential mitochondrial enzymes of the respiratory chain
reduced TTC into 1,3,5-triphenyl formazan (TPF) showing deep red
color, while the ablated tissue retained its original color (Yang et al.,
2010). As shown in Fig. 4c, for the saline-treated tumor under the
laser irradiation of 2 W/cm2, a large part of tumor tissue remained
Fig. 5. (a) In vivo imaging of the Heps tumor-bearing mice treated with DiR/PTX-M/gel 

DiR/Taxol was taken as a control. (b) Change in the relative intensity ratio of the DiR sig
Confocal images of the tumor sections collected from the Heps tumor-bearing mice treate
stained with Hoechst 33342. The DiO and DiI signals were simultaneously excited at 48
legend, the reader is referred to the web version of this article.)
viable as they were stained red. The small portion of nonviable
region may be mainly attributed to the spontaneous necrosis
during the tumor growth rather than the laser-induced necrosis
(Hoffmann et al., 2012). PTX-M/GNR/gel caused comparable tumor
destruction with GNR/gel at the same Au concentration and laser
power intensity (Fig. 4c and Supplementary Fig. S7, S8), which may
be explained by the predominant thermal injury over a delayed
cytotoxicity of PTX during the first 24 h post treatment. Apparent
tumor damage, judged by extensive TTC-unstained region with
occasionally bleeding, was observed in the tumor sections near the
hydrogel–tumor interface at all three treatment conditions
(Supplementary Fig. S8). However, viable residual tumor regions
might also be identified in some tumor sections and their location
was mostly found distal to the hydrogel and the skin surface
(Fig. 4c and Supplementary Fig. S7), implying that heat generated
and DiR/PTX-M/GNR/gel (43.2 mg/mL Au) after 10 min of 2 W/cm2 laser irradiation.
nal at the tumor region in the mice receiving the corresponding treatments. (c, d)
d with FRET-M/GNR/gel + laser (c) and FRET-M/gel (d) for different time. Nuclei were
4 nm. Scale bar: 200 mm. (For interpretation of the references to color in this figure
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from the GNR-containing hydrogel was not sufficiently transmitted
to some portions of the tumor. Of note, the extent of tumor damage
resulting from the treatment with 43.2 mg/mL Au and 2 W/cm2

laser (corresponding Tss = 60 �C) was not always enhanced com-
pared to that of the treatment with 86.4 mg/mL Au and 2 W/cm2

laser (corresponding Tss = 70 �C). The uneven thermal damage
could attributed to the heterogeneous temperature distribution:
firstly, since the temperature decreased with the longer distance
away from the hydrogel–tumor interface, the tumor cells located at
the periphery distal to the hydrogel were not subjected to the
ablative temperature; secondly, as most of the incident NIR light
might be absorbed by the PEGylated GNRs in the top layers of the
hydrogel due to the relatively high adsorption coefficients of GNRs,
the increased Au concentration or laser power intensity resulted in
a rapid rise in Tss and the surface temperature but a less profound
increment of the temperature deep in the tumor tissue (Elliott
et al., 2007; Hirsch et al., 2003; Jong et al., 2011; Soni et al., 2014).
These results indicated that the GNR-mediated photothermal
Fig. 6. (a) Tumor growth (left) and survival (right) of the Heps tumor-bearing mice after 

GNR/gel (43.2 mg/mL Au) + laser (2 W/cm2,10 min), PTX-M/GNR/gel (43.2 mg/mL Au, 20 m
stained tumor sections collected from the mice at 18 days after different treatments. (c) 

after different treatments. Images were taken at 200� magnification.
treatment resulted in the heterogeneous and potentially incom-
plete heating within the tumors.

Next, the thermal stability of PTX-M was investigated, since
PTX-M in PTX-M/GNR/gel underwent an acute temperature
changes for a period of time upon the laser irradiation. When
incubated at high temperature, the drug leakage of the PTX-M
suspension was dramatically accelerated (Fig. 4d), which showed a
concomitant increase with the temperature. Of note, the percent-
age of the remaining encapsulated PTX was about 85% after 10 min
of incubation at 60 �C, the corresponding Tss generated at 43.2 mg/
mL Au and 2 W/cm2 laser, indicating that most of PTX-M remained
intact under this applied laser irradiation condition for photo-
thermal therapy. The intact PTX-M was clearly observed by TEM
after PTX-M/GNR/gel was exposed to laser irradiation at 2 W/cm2

for 10 min (Fig. 4e), although a few of needle-like PTX crystals was
formed due to the leakage of PTX from a small part of PTX-M. In
addition, the förster resonance energy transfer (FRET)-based
investigation were performed to further confirm the integrity of
single intratumoral injection of saline, Taxol (20 mg/kg PTX), PTX-M (20 mg/kg PTX),
g/kg PTX) + laser (2 W/cm2,10 min) (n = 9 or 10). (b) Representative images of the HE-
Representative images of the HE-stained tissue sections from the mice at 2 months



N. Zhang et al. / International Journal of Pharmaceutics 497 (2016) 210–221 219
PTX-M in PTX-M/GNR/gel after photothermal treatment (Fig. 4f)
(Chen et al., 2008). A hydrophobic FRET pair, DIO as donor and DiI
as acceptor, was physically encapsulated into PTX-M, namely FRET-
M. The fluorescence spectra of FRET-M in water and acetone were
first measured with the excitation of DiO at 484 nm. The proximate
distance between DiO and DiI inside the intact micelles in water
resulted an efficient FRET occurrence with a high FRET ratio (IDiI/
(IDiI + IDiO)) of 0.72, where IDiI and IDiO are the fluorescence
intensities of DiI at 570 nm and DiO at 502 nm, respectively. In
sharp contrast, the FRET ratio of FRET-M in acetone dropped to
0.15, which resulted from the structural decomposition of FRET-M
by the organic solvent and therefore the release of the two probes
from the micelles. The FRET ratio was about 0.64 after incorporat-
ing FRET-M into the Poly(F127) hydrogel matrix, while after the
laser irradiation of 2 W/cm2 for 10 min, the FRET ratio decreased to
0.57, which was much higher than that in the decomposed state,
indicating that FRET-M retained their structural integrity with
cargos preserved in the micelles. Taken together, although the drug
release from the micelles was accelerated under the ablative
temperature range, most of PTX-M remained the structural
integrity with the encapsulated drug for efficiently killing the
residual tumor cells after photothermal treatment.

3.5. Tumor retention of nanocomposite hydrogel

PTX-M/GNR/gel acted as a localized drug depot in the tumor
region, and the chemotherapeutic potential was relevant to local
drug concentration, in vivo retention/release behavior and spatial
distribution of drug (Wolinsky et al., 2012). The application of a
long-term sustained release drug implant ensured a prolonged
exposure of the tumor tissue to drugs and meanwhile maintained
the therapeutic concentration, which contributed to the local
tumor control.

To estimate the real-time tumor retention property of the
nanocomposite hydrogels, we first incorporated DiR-labeled PTX-
M (DiR/PTX-M) instead of PTX-M with the PEGylated GNRs into the
Poly(F127) hydrogel matrix (designated as DiR/PTX-M/GNR/gel).
DiR/PTX-M/gel and DiR-labeled Taxol (DiR/Taxol) were taken as
control. The Heps-bearing mice were intratumorally injected with
DiR-labeled formulations, followed by the non-invasive NIR
imaging. As shown in Fig. 5a, DiR/Taxol showed poor tumor
retention capability. The NIR signal was widely spread at the tumor
and the surrounding region immediately after injection due to the
rapid diffusion of DiR/Taxol away from the injection site, and the
NIR signal intensity of the tumor region decreased rapidly within
the first 5 days and almost completely disappeared after 8 days. By
comparison, the hydrogel-based formulations showed a prolonged
retention in the tumor site. The DiR signal was distributed mostly
in the tumor region during the tested time period, and attenuated
much more slowly than that of DiR/Taxol. The decay of the DiR
signal of DiR/PTX-M/GNR/gel after laser irradiation in the tumor
region was faster than that of DiR/PTX-M/gel group, indicating that
the elimination of DiR from tumor was accelerated after photo-
thermal treatment, which was potentially due to the expedited
degradation of the hydrogel matrix and the promoted drug
diffusion in the ablated tissue (Qian et al., 2003; Sun et al., 2011).
The semi-quantitative results obtained from the region of interest
analysis were in agreement with that of the in vivo imaging study
(Fig. 5b), which substantiated that the hydrogel-based localized
delivery showed enhanced tumor retention ability than Taxol.

To evaluate the cargo release and the integrity of the micelles in
the hydrogel at the tumor site after laser irradiation, the FRET
technique was applied. FRET-M/GNR/gel was intratumorally
injected into the Heps-bearing mice, and the FRET signals in the
tumor sections collected from the mice were detected over time
after irradiation treatment. The FRET signal in the tumor displayed
a similar change between FRET-M/GNR/gel and FRET-M/gel
(Fig. 5c,d). At 0 and 1 day after treatment, a strong DiI signal
(red) with a relatively weak DiO signal (green) was observed,
suggesting a large majority of micelles remained intact in the
tumor after irradiation treatment. As time increased to 5 days, a
reduction of the FRET ratio as evidenced by the increased DiO
signal and decreased DiI signal was detected, which could be
attributed to the release of the FRET dyes from the micelles within
the tumor. In contrast, although the FRET signal was visualized
within the early time period after intratumoral injection of the
FRET-M solution, both of the DiO and DiI signals rapidly decreased
and were hardly detected at 5 days after injection (Supplementary
Fig. S9), indicating the poor retention capability of the micelles
without the support of the hydrogel matrix.

3.6. In vivo antitumor efficacy

The in vivo antitumor efficacy of PTX-M/GNR/gel mediated
combination photothermal–chemotherapy was investigated on
the xenograft Heps tumor model. The Heps-bearing mice were
intratumorally injected with different formulations following the
arranged protocol (Supplementary Table S2). There was no
significant difference in the mean tumor volumes among the
groups at the onset of treatments (c.a. 0.3 cm3). The tumor growth
and overall survival for each group were monitored (Fig. 6a).

The tumor of the mice treated with saline grew rapidly. The
tumor volume increased to about 2.4 cm3 at 8 days post treatment,
and all the mice died within 55 days with a median survival of
17 days. Treatment with Taxol presented transient inhibition on
the tumor growth. The tumor volume increased to 1.9 cm3 at
8 days. However, all the mice died within 47 days with a median
survival of 19 days, which did not remarkably prolong the survival
compared to the treatment with saline. PTX-M/gel showed
significant effect on inhibiting the tumor growth, which elevated
the median survival to 39 days. The enhanced therapeutic efficacy
of PTX-M/gel compared to Taxol resulted mainly from the
prolonged drug retention in the tumor region, but still was not
able to regress the tumor growth (Supplementary Fig. S10a), which
was probably due to the suboptimal intratumoral drug and the
limited drug diffusion from the micelle/hydrogel system to the
whole fast-growing tumor mass. The failure in regressing tumor
growth by Taxol and PTX-M/gel was evident by the histological
examination (Fig. 6b). The hematoxylin-eosin (HE) stained tumor
displayed the thriving tumor growth in the tumor mass at 18 days
post treatment.

More significantly, all the mice treated with GNR/gel or PTX-M/
GNR/gel under laser irradiation developed eschars at treatment
site, and experienced substantial tumor regression during the first
week post treatment. PTX-M/GNR/gel + laser showed superior
antitumor activity than GNR/gel + laser (Fig. 6a and Supplementary
Fig. S10a,b). Within 18 days post treatment, four of the nine mice
treated with GNR/gel + laser sequentially experienced tumor
regrowth, while none of the mice treated with PTX-M/GNR/
gel + laser showed any sign of tumor relapse. As shown in Fig. 6b,
the tumor treated with GNR/gel + laser showed extensive necrosis
region, but large numbers of residual viable tumor cells could be
detected in the periphery at 18 days post treatment. By
comparison, treatment with PTX-M/GNR/gel + laser resulted in
only few scattered tumor cells. The apparent regrowth of tumor in
the GNR/gel + laser treated mice was observed, compared to the
PTX-M/GNR/gel + laser treated one (Supplementary Fig. S10b).
Within 2 months after treatment, the incidence of tumor regrowth
increased to the ratio of six to nine mice treated with GNR/
gel + laser, while still no evidence of tumor regrowth was found in
the mice treated with PTX-M/GNR/gel + laser, which was also
confirmed by the histological examination (Fig. 6c). The median
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survival of the mice treated with GNR/gel + laser was 73 days. Note
that although three of the nine mice treated with PTX-M/GNR/
gel + laser underwent tumor recurrence after 2 months post
treatment, the others showed extremely improved survival due
to complete treatment response, as substantiated by no death
during the studied time period of 4 months. These data suggested
that PTX-GNR/gel + laser integrating with photothermal therapy
and chemotherapy was more potent in eliminating the residue
tumor cells and achieving improved completeness of tumor
damage.

3.7. Safety evaluation of OSPC/GNR/gel

In vitro safety evaluation against HepG 2 cells and L02 cells,
OSPC/GNR/gel did not significantly affect the viability of both cells
in the studied concentration range (Supplementary Fig. S11). In in
vivo safety evaluation, the main tissues/organs of the mice
receiving subcutaneous dorsal injection of OSPC/GNR/gel showed
no pathological difference in comparison with the non-treated
mice, including skin (Supplementary S12) as well as heart, liver,
spleen, lung, kidney (Supplementary Fig. S13).

4. Conclusion

In summary, we developed PTX-M/GNR/gel for combined
PTA and localized chemotherapy, in which both the PEGylated
GNRs and PTX-M could be uniformly and dose-controlled
incorporated. PTX-M/GNR/gel could be injected intratumorally,
and immobilized in the tumor region due to the thermal-gelling
property of Poly(F127) matrix, which rendered the tumor-
specific heating with tunable thermal dose by adjusting the
amount of the PEGylated GNRs and the power intensity of the
laser. PTX-M/GNR/gel also acted as sustained and localized drug
depot that could liberate PTX-M into tumor tissue to eliminate
the residual tumors cells that survived the GNR-mediated
photothermal treatment due to the heterogeneous temperature
distribution, thereby improving the completeness of the tumor
ablation and finally contributing to a delay and even elimina-
tion of tumor recurrence.
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