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Cancer chemotherapy can be hindered by drug resistance which leads to lower drug efficiency. Here, we
have developed a drug delivery system that tethers doxorubicin to the surface of gold nanorods via a pH-
sensitive linkage (AuNRs@DOX), for a combined photothermal and chemical therapy for cancer. First,
AuNRs@DOX is ingested by HepG2 liver cancer cells. After endocytosis, the acidic pH triggers the release
of doxorubicin, which leads to chemotherapeutic effects. The gold nanorods are not only carriers of DOX,
but also photothermal conversion agents. In the presence of an 808 nm near-infrared laser, AuNRs@DOX
significantly enhance the cytotoxicity of doxorubicin via the photothermal effect, which induces elevated
apoptosis of hepG2 cancer cells, leading to better therapeutic effects in vitro and in vivo.
© 2018 The Authors. Production and hosting by Elsevier B.V. on behalf of KeAi Communications Co., Ltd.
This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-

nc-nd/4.0/).
1. Introduction

The development of drug resistance is a major obstacle to the
success of cancer chemotherapy [1e6]. Developing drug delivery
systems using nanotechnology can potentially address this chal-
lenge. One possible approach is to inhibit or bypass the P-glyco-
protein (P-gp) channel, a membrane-bound active efflux pump
which is often overexpressed in the plasma membrane of drug
resistant cancer cells. This pump can efflux a broad range of anti-
cancer drugs, so such a strategy might achieve better therapeutic
effect [7,8]. For example, it has been shown that certain polymeric
carriers can sensitize drug resistant cells to a group of cytotoxic
drugs by inhibiting the P-gp drug efflux system [9e11]. Another
possible approach is to deliver short interfering RNA (siRNA) that
targets the gene encoding P-gp to cancer cells. This would down-
regulate P-gp expression and thereby restore intracellular drug
nications Co., Ltd.

ing by Elsevier B.V. on behalf of Ke
d/4.0/).
levels to the concentrations required for induction of cytotoxicity
[12,13].

Combinational therapy has also been acknowledged as a
promising strategy to improve therapeutic efficiency. The combi-
nation of different drugs and therapeutic modalities may cooper-
atively suppress cancer development through synergistic effects
and reversal of drug resistance [14e22]. Photothermal therapy
(PTT) is a rapidly developing cancer phototherapy modality that
combines a photosensitizer and a light source. It can effectively
induce toxicity to malignant and diseased cells. Near infrared (NIR)
laser mediated photothermal therapy in particular has attracted
increasing attention for cancer therapy due to its deep tissue
penetration and minimal skin/blood absorbance [23e26]. One po-
tential cancer that can be treatedwith phototherapy is melanoma, a
cancer of the skin. Other tumors inside the body require additional
equipment, such as optic fiber to guide light into body. Among
various NIR photothermal transducers reported thus far, gold
nanorods (AuNRs) have been extensively investigated due to their
excellent biocompatibility and tunable surface plasmon resonance
(SPR) property to convert NIR light into local heat [27,28]. There-
fore, we expect advanced anti-cancer efficiency can be achieved by
Ai Communications Co., Ltd. This is an open access article under the CC BY-NC-ND
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combining AuNRs-based PTT and simultaneous application of
chemotherapeutic drugs.

There have been several previous investigations of using
spherical gold nanoparticles to deliver small chemotherapeutic
molecules and large biomacromolecules, including doxorubicin
(DOX), small interfering RNA (siRNA), and proteins [19e22]. How-
ever, the drugs are usually stably conjugated to the gold nano-
particles, leading to slow release and subsequently reduced toxicity
which is unfavorable for the combinational therapy. It would be
useful to develop a responsive drug delivery system based on
AuNRs with controlled drug release in certain organelles. Wang
et al. successfully conjugated DOX to the surface of spherical gold
nanoparticles via an acid-labile linkage to overcome multidrug
resistance in cancer cells. This represented a combination of highly
efficient cellular entry and a responsive intracellular release of DOX
from the gold nanoparticles in acidic organelles [29e31]. The
photothermal effect may also lead to much faster drug release in
tumor cells/tissues, leading to a better tumor therapy effect [16].

Therefore in this study, we conjugated DOX onto the surface of
AuNRs with a poly(ethylene glycol) spacer via a pH-responsive
linkage (Scheme 1) [29]. This arrangement is favorable for
chemotherapy because of its combination of enhanced DOX cellular
entry and rapid drug release in acidic organelles. In addition,
photothermal therapy was achieved in the presence of 808 nm NIR
light to completely ablate cancer cells in vitro and in vivo.
2. Materials and methods

Materials. Doxorubicin hydrochloride was purchased from
Zhejiang Hisun Pharmaceutical Co. Ltd., China. a-lipoyl-u-doxor-
ubicinyl poly(ethylene glycol) with a hydrazone linker (LA-PEG-
Hyd-DOX) was synthesized according to literature (Fig. S1) [29]. 3-
[4,5-dimethylthiazol-2-yl]-2,5-diphenyltetrazolium bromide
(MTT), thiol functionalized mPEG (Mn ~800 D), propidium iodide
(PI) and Annexin V-FITC apoptosis detection kit were purchased
from Sigma-Aldrich. Milli-Q water was used throughout the ex-
periments. Other common chemicals were of analytical grade and
used as received if without specific description.

Preparation of DOX and PEG modified AuNRs. Cetyl-
trimethylammonium bromide (CTAB) coated AuNRs were prepared
according to previous establishedmethods [32]. About 10mg AuNRs
were centrifuged twice at 10,000� g for 15min to remove free CTAB
Scheme 1. Schematic illustration to show synthesis of a-lipoyl-u-doxorubicinyl
poly(ethylene glycol) with a hydrazone linker and its application to cap gold nanorods
to prepare doxorubicin (DOX) conjugated pH responsive gold nanorods (AuNRs) for
cancer therapy.
ligands, and then were incubated in 5mg/mL thiol PEG or LA-PEG-
Hyd-DOX solutions in the presence of 1mM NaBH4, followed by
gentle shaking for 2 days. AuNRs@PEG and AuNRs@DOX were
collected by centrifugation (10,000� g for 15min) and washed five
times against water to remove free polymers. The production yields
for AuNRs@PEG and AuNRs@DOX from CTAB capped AuNRs are
63.7%wt and 57.6%wt respectively. The loss of AuNRs is mainly
happened during centrifugation process after ligand exchange.

General characterizations. The AuNRs were observed under
transmission electron microscopy (TEM, JEM-1230EX). Hydrody-
namic size and zeta potential of the AuNRs were measured by dy-
namic light scattering (DLS, Zetasizer Nano, Malvern), using a
633 nm He-Ne laser at room temperature. The content of gold was
determined using an ICP-MS (Xseries II, Thermo Elemental Cor-
poration, USA).

Release of DOX from DOX-conjugated AuNRs. AuNRs@DOX
were incubated in phosphate buffer (PBS, 0.02M, pH 7.2) or acetate
buffer (0.02M, pH 4.5). The fluorescence emission spectra were
recorded at various time intervals. To quantitatively determine the
release of DOX, AuNRs@DOX (100 mg/mL) were suspended in PBS or
acetate buffer in a dialysis membrane tube (MW cutoff¼ 14,000 D,
Spectrum Laboratories, USA), and the tube was immersed in 15mL
of PBS or acetate buffer, in a shaking water bath at 37 �C. At pre-
determined time points, the external buffer was collected and
replaced with an equal volume of corresponding buffer. The
collected release medium was freeze-dried and dissolved in
acetonitrile/water (50/50, v/v), and the concentration of DOX was
analyzed by HPLC.

Cell uptake. Human liver carcinoma cell (HepG2) was pur-
chased from Typical Culture Collection of Chinese Academy of
Science (Shanghai, China). HepG2 cells were cultured with Dul-
becco's modified Eagle medium (DMEM, Gibco), supplemented
with 10% FBS, 100 U/mL penicillin, and 100 mg/mL streptomycin. In
order to quantify the amount of ingested AuNRs, cells were seeded
in a 6-well plate and cultivated to over 80% confluence. The me-
diumwas replaced with fresh one containing different AuNRs. After
specific time intervals, the cells were carefully washed with PBS to
remove the free AuNRs in the medium and the loosely adsorbed
ones on the cell surface, and then the cells were harvested by
trypsinization [33,34]. The number of cells in each sample was
quantified using a Neubauer chamber. The cells were then centri-
fuged and subsequently dissolved in aqua regia overnight. Finally,
samples were diluted 1000 times and measured by ICP-MS to
determine the cellular Au content. The cells incubated in particle
free medium were used as a control.

In order to track DOX inside cells, HepG2 cells were seeded in
24-well plate at a density of 5� 104 cell/well and cultured over-
night. The cells were incubated with 20 mg/mL AuNRs@DOX for
different periods of time. Cells were washed with PBS, stained with
lysotracker Green at 37 �C for 15min, and then observed under
confocal laser scanning microscopy (CLSM, TCS SP5, Leica) [39].

Combinational therapy in vitro. Cells were plated in a 96-well
plate and incubated overnight for cell adhesion. The medium was
replaced with fresh one containing varying concentrations of the
AuNRs. After 24 h incubation, the cells were carefully washed with
PBS and irradiated using a NIR laser at 808 nmwith a beam spot of
~6mm in diameter at a power of 0.1W/cm2 for different time.

After another 24 h incubation, the cell viability was measured
using the MTT method [36e38]. The absorbance that has a pro-
portional relationship with the number of living cells and cell
viability was recorded at a wavelength of 570 nm by a microplate
reader (Model 680, Bio-rad).

The cell apoptosis of HepG2 cells was measured by using a
flowcytometry assay based on Annexin V-FITC and PI staining. The
cells were incubated with samples for 24 h and irradiated for 1min.
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Subsequently, the cells were stained with Annexin V-FITC/PI for
15min. Then the cells were collected for flowcytometry analysis.
10000 events were tested in total. Three independent experiments
were carried out.

Animals and tumor model. Male BALB/c nude mice (4e6
weeks old) were purchased from the Shanghai Slaccas Animal
Company, China. All animal studies were carried out in accordance
with the ‘‘Guidelines for Animal Experimentation” by the Institu-
tional Animal Care and Use Committee, Zhejiang University. BALB/c
nude mice were quarantined for a minimum of 5 days in the SPF
grade Animal House under 12 h light/dark cycles at 25 �C with a
relative humidity of 50e55%. Tumors were established by subcu-
taneous (s.c.) injectionwith HepG2 cells (0.1mL, 5� 107/mL) in the
back of each nude mouse. After solid tumors developed to about
130mm3 in volume, the mice were used for following experiments.

Combinational therapy in vivo. The mice were divided into
four groups (six mice in each group) and were intra-tumoral
injected with 1) 100 mL physiological saline, 2) 100 mL free DOX
solution (4 mg/mL, ~6.9 mM), 3) 100 mL AuNRs@PEG solution
(100 mg/mL Au), 4) AuNRs@DOX (100 mg/mL Au and 4 mg/mL DOX).
The tumors of mice were irradiated by the 808 nm laser at 0.5W/
Fig. 1. TEM images of (a) AuNRs@CTAB, (b) AuNRs@PEG, and (c) AuNRs@DOX, respectivel
temperature of the aqueous dispersions of AuNRs (200 mg/mL) versus irradiation time under
doxorubicin at 37 �C from AuNRs@DOX in PBS at pH 7.2 or in acetate buffer at pH 4.5.
cm2 for 3min without break. The changes in body weight and tu-
mor volume for each mouse were recorded every three days. The
mice were sacrificed at 15 days post therapy. To further detect the
therapeutic effect in vivo, tumors were cryosectioned to
3 mmat �20 �C and were allowed to air-dry overnight. The samples
were then stained with hematoxylin and eosin (H&E) and observed
under a light microscope.

The frozen sections of tumors were fixed in cold acetone for
10min, air-dried for 30min, and were treated with 1% H2O2 for
10min at room temperature to eliminate endogenous peroxidases.
Samples were rinsed three times (5min for each time) with PBS,
and treated with Powerblock (Biogenex Laboratories, San Ramon,
CA) for 6min to block nonspecific binding. After washed with PBS,
the samples were then incubated with antibody against Ki-67
(Abcam, USA) or Hepatocyte Paraffin-1 (HepPar-1, BD Biosciences,
CA, USA) for 1 h at 37 �C. After three washes with PBS, the samples
were treated with secondary biotinylated anti-rat IgG (1:300, Santa
Cruze biotechnology, SC, USA) for 1 h at 37 �C. The slides were
washed in PBS and incubated in a 1:50 dilution of avidin-
biotinylated enzyme complex (ABC, Vector Laboratories) for 1 h at
37 �C. After three washes with PBS, the samples were treated with
y. (d) Surface zeta potential and (e) hydrodynamic size of different AuNRs. (f) Plot of
808 nm laser irradiation (0.5W/cm2). (g) Quantitative analyses of the in vitro release of



Fig. 2. (a) Plot of the amount of AuNRs ingested by HepG2 cells quantified by ICP-MS versus incubation time. (b) The percentage of the remaining AuNRs in the cells after they are
exposed to different AuNRs for 24 h. The feeding concentration of AuNRs is fixed at 20 mg/mL (cee) Confocal laser microscopic observation of HepG2 cells incubated with
AuNRs@DOX for (c) 4 h, (d) 12 h and (e) 24 h. The dose of AuNRs@DOX is 20 mg/mL in the cell culture medium. The cells were counterstained with lysometracker Green for the
lysosomes. Column 1: AuNRs@DOX, Column 2: lysosomes, Column 3: merged images, Column 4: Magnified merged images. Scale bars are 20 mm and 5 mm, respectively.
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substrate chromogen 3-amino-9-ethylcarbazole (Vector Labora-
tories) for 30min. The samples were counterstained in 50%Mayer's
hematoxylin and coverslipped in glycerin gelatin [35].

Statistical analysis. Data are reported as mean± SD. The dif-
ferences among groups were determined using and unpaired t-test
(for two groups) and one-way analysis of variance (ANOVA) (for
more than two groups) in the Origin software; (*) p < 0.05, (**)
p < 0.01.

3. Results and discussion

3.1. Characterization of obtained AuNRs

As shown in Fig. 1aec, both AuNRs@PEG and AuNRs@DOX kept
original rod-like morphology, with aspect ratio of 4.1 (29± 4 nm in
length and 7± 1 nm in width). The polymer corona cannot be
observed under TEM due to low contrast. As shown in Fig. 1d, the
surface charge of the AuNRs changed from strongly positive
(þ40 mV, due to the presence of CTAB) to neutral after PEG modi-
fication, which also confirmed the successful surface modification.
After introduction of DOX-containing polymer, the surface charge of
the AuNRs slightly increased due to positive charge of DOX.

The hydrodynamic diameters obtained from DLS assay of rod-
like AuNRs are not precisely reflective of their actual size because
the data was calculated based on a spherical model. Nevertheless,
they still can be used to demonstrate the tendency of size change of
the AuNRs before and after the surface modification. As shown in
Fig.1e, in general the size distribution of AuNRsmaintains the same



Fig. 3. . (a) Viablity of Cells incubated with free DOX (2 mg/mL, ~3.5 mM, corresponding to the DOX content of 50 mg/mL AuNRs@DOX) and different AuNRs (50 mg/mL) for 24 h, and
then irradiated under a 808 nm NIR laser (0.1W/cm2) for different period. * indicates significant difference between different groups within same time frame at p < 0.05 level. (b)
Apoptosis analysis of cells treated with DOX and different AuNRs (50 mg/mL) and irradiated with an 808 nm NIR laser for 90 s (0.1 W/cm2).

Table 1
Summarized cell apoptosis results.

Sample Vital cells (%) Early apoptotic cells (%) Late apoptotic/Necrotic cells (%) Dead cells (%)

Control 95.7± 1.2 1.9± 0.2 0.8± 0.2 0.8± 0.3
DOX 92.5± 1.9 4.8± 0.6 2.2± 0.5 0.9± 0.2
AuNRs@PEG þ L 70.2± 2.8 16.9± 1.3 8.5± 0.9 3.5± 0.6
AuNRs@DOX þ L 39.8± 3.2 9.5± 0.7 3.9± 0.4 38.1± 2.8
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with a single peak after surface modification, suggesting good
colloidal stability of obtained AuNRs. The sizes of AuNRs@PEG and
AuNRs@DOX increased slightly after surface modification, possibly
due to the relatively larger hydrodynamic size of hydrophilic
polymers than small molecular CTAB.

The amount of LA-PEG-Hyd-DOX conjugated to the AuNRs was
9.1± 1.1% by weight ratio (LA-PEG-Hyd-DOX to AuNRs@DOX),
calculated from the results of remaining LA-PEG-Hyd-DOX in the
supernatant of the reaction mixture after centrifugation. The re-
sults indicated that AuNRs@DOX contained about 4% DOX mole-
cules by weight ratio. Due to thermal gravimetric analysis, the total
polymer contributed 14.6± 1.7% by weight ratio of AuNRs@DOX.
Therefore PEG contributed about 5.5% by weight ratio of AuNRs@-
DOX, providing good colloidal stability of the nanorods.

The obtained AuNRs@PEG and AuNRs@DOX both have excellent
photothermal transfer ability, as evidenced by the rapid tempera-
ture increase as high as 75 �C under an 808 nm laser irradiation
within 1min, with a concentration of AuNRs at 200 mg/mL (Fig. 1f).
In contrast, the DOX solution received the same laser irradiation
remains cool, confirming the light-heat transition was contributed
by the AuNRs.

Although we do not have a suitable method to directly observe
the cleavage of chemical bonds on AuNRs, the degradation of
hydrazone bonds of AuNRs@DOX will result in the release of
doxorubicin from the nanorods. The amount of released DOX at
predetermined time intervals under different pH environment was
measured. As shown in Fig. 1g, about 17% of the total doxorubicin
from AuNRs@DOX was released from the carrier after 24 h of in-
cubation at pH 7.4. However, a much faster release of doxorubicin
was observed when AuNRs@DOX were incubated at pH 4.5,
reaching over 90% of cumulative release of conjugated drug after
24 h. The results suggested that the cleavage of hydrazone linkers
was accelerated at lower pH value.

3.2. Cell uptake of AuNRs

Both AuNRs@PEG and AuNRs@DOX can be ingested by human
hepatocellular carcinoma (HepG2) cells (Fig. 2a). The gold content
in cells increased gradually along with incubation time without
obivious toxicity, due to low DOX concentration in the system. Both
AuNRs showed similar cell uptake and removal tendency in HepG2
cells (Fig. 2a and b), possibly due to the similar surface property
with hydrophilic PEG molecules.

The intracellular distribution of AuNRs@DOX was also studied
by taking advantage of the autofluorescence of DOX. After 4 h in-
cubation, a lot of AuNRs were ingested by cells and localized within
lysosomes (Fig. 2c). Only a small fraction of DOXwas released out of
the lysosomes. After 12 h and 24 h incubation, more and more DOX
were released out of the lysosomes, suggesting the pH triggered
release of DOX molecules (Fig. 2d and e). A certain fraction of
AuNRs@DOX was always trapped in the lysosomes, possibly due to
limited diffusion of free DOX from lysosomes and/or incomplete
degradation of hydrazone bonds because the process consumes Hþ

and may lead to increase of the pH in the lysosomes.

3.3. Cytotoxicity in vitro

The viability of HepG2 cells that received different treatment



Fig. 4. Digital images of tumor bearing mice treated with DOX (4 mg/mL, ~6.9 mM, corresponding to the DOX content of 100 mg/mL AuNRs@DOX) and different AuNRs (100 mg/mL)
together with 3min laser irradiation at 808 nm (0.5W/cm2). Each tumor received 100 mL solutions by intra-tumoral injection. (b) Average tumor volume and (c) body weight of the
mice in different groups. * and ** indicate significant difference at p < 0.05 and p < 0.01 level, respectively. (d) H&E and (e) Ki67 analyses of tumor tissues after various treatments.
Column 1: untreated control, Column 2: free DOX, Column 3: AuNRs@PEG with laser irradiation, Column 4: AuNRs@DOX with laser irradiation. The images were amplified for 100
times.
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was quantitatively analyzed byMTT assay. As shown in Fig. 3a, cells
treated with free DOX demonstrated about 80% of the viability
compared to untreated control. There is no significant difference of
viability between the cells treated with free DOX and those irra-
diated for different time. Therefore, we can reasonably conclude
that the laser itself has no ability to kill cells at such a low power
density. The cells treated with AuNRs@DOX showed similar
viability without laser irradiation. Wang et al. reported enhanced
toxicity of conjugated DOX on gold nanoparticles for drug-resistant
cancer cells [14]. But in our study, we did not observe this effect.
This might be attributed to the higher sensitivity of our HepG2 cells
to DOX, which could reduce the difference between free drug and
conjugated drug. In contrast, AuNRs@PEG had negligible influence
on viability of HepG2 cells without laser irradiation. After applying
laser irradiation, both AuNRs@PEG and AuNRs@DOX demonstrated
stronger impedance on cell viability with irradiation time due to
the photothermal effect. The AuNRs@DOX always had significantly
higher toxicity to cells compared to AuNRs@PEG and DOX,
demonstrating the combinational therapeutic ability for cancer
cells. Similar cytotoxicity was observed in doxorubicin resistant
MCF-7/ADR cells (Fig. S3), suggesting the potential application of
combined therapy to drug resistant cancer.

In order to further distinguish the cells at different apoptosis/
necrosis stages, the cells were examined with dual fluorescence of
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Annexin V-FITC/PI by flowcytometry. As shown in Fig. 3b and
Table 1, UL represents dead cells, which were negative for Annexin
V-FITC and positive for PI. UR represents late apoptosis or necrosis
cells, which were positive for both Annexin V-FITC and PI. LR rep-
resents early apoptosis cells, which were positive for Annexin V-
FITC and negative for PI. LL represented vital cells, which was
negative for both Annexin V-FITC and PI. The populations of
apoptosis and dead cells were >60% immediately after treatment
with AuNRs@DOX þ laser irradiation (Table 1), confirming the
combinational therapeutic effect. The populations of apoptotic and
dead cells were about 30% after the cells were treated with
AuNRs@PEG þ laser irradiation, indicating that the photothermal
effect alone was not enough to immediately kill all cancer cells. In
contrast, only 8% of the cells were identified as apoptosis or dead
when they were treated with free DOX.

3.4. Chemo and photothermal treatment of xenograft tumor in vivo

The in vivo therapy study was carried out in HepG2 tumor
bearing mice. After treatment for 15 d, the digital photos of mice in
different groups were taken to visually display the therapy effect
(Fig. 4a). The therapeutic effect was also evaluated by monitoring
the tumor volume every three days (Fig. 4b). The tumors that
received DOX injection slightly shrank after 3 days and then regrew
again, finally reaching a similar volume to that of control. The re-
sults indicated unsatisfactory effect of free DOX, mainly due to its
extremely low dosage. In previous studies, we have demonstrated
that light irradiation only and AuNRs@PEGwithout light irradiation
have no effect on tumor growth [28]. After treatment with AuNR-
s@PEG and laser irradiation for 3min (808 nm, 0.5W/cm2), the
tumors were heated to about 56 �C on the surface. The tumors were
almost completely destroyed after treatment but recurred again
after 9 days, illustrating an unsatisfactory photothermal therapy
effect. This is because the localized heat is not enough to
completely destroy the whole tumor. For the group treated with
AuNRs@DOX for 3min (also heated to about 56 �C on the surface),
most of the mice were completely healed without tumor recur-
rence within 60 days (n¼ 6, Fig. S4) on all mice, indicating the
excellent combinational therapeutic effect of chemo and photo-
thermal therapy, validating the potential application of this
responsive dual modality therapeutic agent for cancer therapy.

The results were also confirmed by H&E staining (Fig. 4d) and
Ki67 staining (Fig. 4e, viable tumor cells are brown). Obviously, a
huge area of tumor cells was observed in the control group (Column
1) and in the free DOX group (Column 2). In the group treated with
AuNRs@PEG þ laser irradiation (Column 3), the majority of tumor
cells were ablated. But there are a few tumor cells remaining
(indicated by arrow), which were responsible for the recurrence. In
particular, no tumor cells were found in the group treated with
AuNRs@DOX þ laser irradiation (Column 4), which demonstrated
the most effective combinational therapy.

In summary, the developed DOX-conjugated pH-responsive
AuNRs have several advantages: 1) the AuNRs are biocompatible
and robust nanomaterials could be conveniently prepared by sim-
ple wet chemistry; 2) the pH-responsive DOX conjugated polymer
enables the feasible loading of drug onto the AuNRs and rapid
release of toxic drug under acidic environment inside cancer cells;
3) the modification of AuNRs together with PEG and drug-
conjugated polymer is simple and effective, with tunable drug
loading ability and capacity for cost-effective scale up preparation.
In the resulting AuNRs@DOX complex nanomaterials, AuNRs could
efficiently convert non-thermal NIR light into local heat and ablate
majority heat intolerant cancer cells. DOX payload, on the other
hand, could inhibit the proliferation of residual cancer cells owing
to its severe cytotoxicity. In this study, a simple sub-cutaneous
cancer model on mouse was used to confirm that AuNRs@DOX
treatment in combination with NIR laser irradiation could
completely inhibit the growth of tumor in vivo, implying a syner-
gistically therapeutic outcome between chemotherapy and photo-
thermal therapy. Limited by positive surface charge of AuNRs@DOX,
feasablility for i.v. injection is unlikely because of lung clearance.
The AuNRswithmaximum SPR peak at 808 nmmay not suitable for
clinical application because of limited tissue penetration of the
light. Further optimization of the system may be achieved by using
nanoparticles with a maximum SPR peak in the second NIR win-
dow. This will in turn lead to better tissue penetration of the light as
well as better surface decoration, enabling lasting circulation in
blood and improved tumor targeting.

4. Conclusions

A dual modality therapeutic nanoplatform based on DOX-
conjugated pH-responsive AuNRs was developed for cancer ther-
apy. The AuNRs@DOX nanoparticles could induce cell apoptosis
more efficiently with the presence of an NIR laser than free DOX
and AuNRs@PEG þ laser irradiation, indicating the excellent
combinational therapeutic effect in vitro and in vivo. These results
imply promising potentials of AuNRs@DOX mediated combination
of photothermal therapy and chemotherapy against cancers.
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