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Introduction: Cancer theragnosis involving cancer diagnosis and targeted therapy simulta-
neously in one integrated system would be a promising solution of cancer treatment. Herein, 
a convenient and practical cancer theragnosis agent was constructed by combining gold nano-
cages (AuNCs) covered with selenium and a chitosan (CS) shell (AuNCs/Se) to incorporate the 
anti-cancer drug doxorubicin (DOX) as a multifunctional targeting nanocomposite (AuNCs/ 
DOX@Se-iRGD) for photoacoustic imaging (PAI)-guided chemo-photothermal synergistic 
therapy that contributes to enhanced anti-cancer efficacy. The novel design of AuNCs/ 
DOX@Se-iRGD gives the nanocomposite two outstanding properties: (1) AuNCs, with excel-
lent LSPR property in the NIR region, act as a contrast agent for enhanced PAI and photothermal 
therapy (PTT); (2) Se acts as an anti-cancer nanoagent and drug delivery cargo.
Methods: The photothermal performance of these nanocomposites was evaluated in differ-
ent concentrations with laser powder densities. These nanocomposites were also incubated in 
pH 5.3, 6.5, 7.4 PBS and NIR laser to study their drug release ability. The cellular uptake was 
studied by measuring the Se and Au concentrations inside the cells using inductively coupled 
plasma-mass spectrometry (ICP-MS). Besides, in vitro and in vivo anti-tumor activity were 
carried out by cytotoxicity assay MTT and tumor model nude mice, respectively. As for 
imaging, the PA value and images of these nanocomposites accumulated in the tumor site 
were sequentially collected at specific time points for 48 h.
Results and Discussion: The prepared AuNCs/DOX@Se-iRGD showed excellent biocom-
patibility and physiological stability in different media. In vivo results indicated that the 
targeting nanocomposite presented the strongest contrast-enhanced PAI signals, which could 
provide contour and location information of tumor, 24 h after intravenous injection. 
Likewise, the combined treatment of chemo- and photothermal synergistic therapy signifi-
cantly inhibited tumor growth when compared with the two treatments carried out separately 
and showed negligible acute toxicity to the major organs.
Conclusion: This study demonstrates that AuNCs/DOX@Se-iRGD has great prospect to 
become a multifunctional anti-tumor nanosystem for PAI-guided chemo- and photothermal 
synergistic therapy.
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Introduction
Breast cancer is the most common disease and the primary cause of cancer death 
among women in the world.1,2 Conventional therapies such as surgery, radiother-
apy, and chemotherapy have their limitations such as adverse side effects, low 
bioavailability, and poor therapeutic efficiency.3,4 To address the issue, combination 
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therapy that integrates various modalities such as che-
motherapy, radiotherapy, photothermal therapy (PTT) and 
others into one platform has come under the spotlight due 
to its potential to increase drug accumulation in the target 
lesion and enhance cancer treatment efficacy.5,6

The chemotherapy-free drugs face a series of barriers 
such as poor solubility, lack of selectivity, severe side effects 
and poor delivery efficiency that limit their therapeutic 
effect.7,8 To overcome these shortcomings, a wide variety 
of stimuli-responsive drug delivery nanosystems that control 
drug release precisely in particular tumor tissues, and thus 
improve drug accumulation and reduce side effects, have 
been invented. To date, nanosystems that respond to differ-
ent stimulations, such as enzymes,9 pH,10–12 redox,11 mag-
netic fields11,13 and hyperthermia,11,14 have been reported. 
Among these stimuli, near-infrared (NIR) laser-induced 
hyperthermia is a better choice because of its non-invasive 
nature and excellent tissue penetration capability. In this 
regard, plasmonic nanomaterials such as gold nanorods 
(AuNRs) and AuNCs, which are capable of controlling 
drug release due to their intense surface plasmon resonance 
(SPR) and low fluorescence quantum yield, have been 
regarded as potential candidates in PTT. Although the syner-
gistic effect of combining PTT and chemotherapy has been 
presented by some nanocomposites based on their core-shell 
structure, such as polymer/nanoshell, mesoporous silica/gold 
nanoshell and gold nanorod-capped magnetic core/mesopor-
ous silica,15–17 there is still a need to fabricate targeting 
nanocomposites with high anti-cancer loading capacity for 
more effective cancer treatment.

Compared with Au nanoparticles, gold nanocages 
(AuNCs) have hollow interiors for higher anti-cancer 
drug loading capacity, higher photothermal conversion 
efficiency, tunable localized surface plasmon resonance 
(LSPR) band in the NIR region and excellent biocompat-
ibility, making them ideal vehicles for controlled drug 
release. However, the intrinsic hollow interiors and pores 
of AuNCs could result in premature drug leakage in vivo, 
which restricts their therapeutic anticancer effect. Some 
groups have modified AuNCs with thermally responsive 
polymers, silica and cancer cell membrane to reduce pre-
mature release in blood circulation while the loaded drug 
could be released precisely at specific tumor tissue through 
a controllable stimulus, such as NIR laser irradiation18–20 

and pH.21,22

Numerous studies have suggested that co-delivery with 
selenium (Se) could reduce the side effects of chemother-
apeutic drugs and decrease cancer incidence.23 Selenium 

nanoparticles (SeNPs) have been studied and proposed as 
excellent nanomedicines for anti-tumor drugs and drug 
carrier because of their high anti-tumor activity, superior 
anti-oxidation, low toxicity to normal cells, and good 
biocompatibility and degradability. Chen’s group24–27 

reported that SeNPs induced apoptosis in tumor cells by 
causing intracellular oxidative stress, mitochondrial dys-
function and simultaneous inhibition of cancer growth, 
migration and invasion. Kim’s group28 reported that silica- 
capped gold nanorods covered with Se coating 
(Se@Au@mSiO2/DOX) suppressed tumor cell growth by 
cell cycle arrest and induced apoptosis via suppression of 
the Src/FKA/AKT signaling pathways. This indicated that 
nanocomposites containing Se showed significant tumor 
growth suppression capability.

Recently, PAI has emerged as a novel non-invasive 
imaging modality achieving submillimeter resolution at 
depths of 7–10 cm in vivo. It combines the high spatial 
resolution of ultrasound and the high contrast of optical 
imaging to provide fast, quantitative and volumetric mea-
surement with deep tissue penetration capability.29,30 

Although PAI was initially employed for imaging endo-
genous chromophores such as hemoglobin, more and more 
exogenous imaging agents with tumor-targeting nanoplat-
forms have gained attention as they are able to further 
increase the contrast of the targeting tumor sites or visua-
lize target-specific molecular processes.31–34 Herein, we 
report a novel PAI-guided, hyperthermia-triggered nano-
composite (AuNCs/DOX@Se-iRGD) for controlled drug 
release to inhibit tumor growth. As illustrated in Scheme 1, 
the nanocomposite had an AuNCs core that worked as 
a PAI contrast agent and photothermal agent, and Se/CS 
shells that act as a supporter to enhance anti-cancer drug 
loading capacity and as a NIR stimuli gatekeeper. The 
AuNCs absorb and convert NIR light into heat for con-
trolling DOX release from both the inner AuNCs and Se/ 
CS shells. The surface decoration of iRGD on the nano-
composite significantly enhanced cellular uptake in cancer 
cells. The combined therapeutic effect of Se, PTT and 
chemotherapy of the nanocomposite on tumor growth 
inhibition was evaluated by using MCF-7 breast cancer 
model in vivo.

Materials and Methods
Materials
Gold (III) chloride trihydrate, sodium citrate tribasic dehy-
drate, sodium borohydride, hydroxylamine, sodium selenite 
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(Na2SeO3), L-ascorbic acid (Vitamin C, Vc), chitosan (CS, 
MW: 50~190 KDa), doxorubicin HCl (DOX), 
N-hydroxysuccinimide (NHS), 1-(3-Dimethylaminopropyl)- 
3-ethylcarbodiimide hydrochloride (EDC), thiazolyl blue tet-
razolium bromide (MTT), propidium iodide (PI), calcein-AM, 
sliver nitrate were purchased from Sigma-Aldrich. Mercapto 
polyethylene glycol carboxyl group (SH-PEG-COOH, MW: 
2000) was purchased from Shanghai Tuoyang Biotechnology 
Co., LTD. iRGD was purchased from GL Biochem (Shanghai) 
Ltd. The dialysis membrane (MWCO: 12~14 KDa) was pur-
chased from Spectrum Laboratories, Inc. All cell culture 
media were purchased from Thermo Fisher (Hong Kong, 
China). Milli-Q water was applied in all experiments.

Preparation of CS-iRGD
CS-iRGD was prepared through the formation of an amide 
bond between CS and iRGD as previously described.35 

iRGD (5mg) was dissolved in deionized water, and then 
NHS and EDC were added as an amidation catalyst to 
activate iRGD. After stirring the solution for 2 h at room 
temperature, CS solution was added and the mixed solu-
tion was stirred for an additional 8 h. Finally, excess iRGD 

and other unreacted materials were eliminated by dialysis 
for 3 days.

Preparation of AuNCs/DOX@Se-iRGD
AuNCs were prepared according to our previous report.36 

Na2SeO3 solution (100 mM) and Vc solution (100 mM) 
were freshly prepared. Firstly, Na2SeO3 solution was 
added dropwise to 1mL DOX solution (2 mg/mL) to 
a final concentration of 3 mM, and then 1.5mL AuNCs 
solution (300 nM) was added into the above solution drop 
by drop. Secondly, Vc solution was slowly added dropwise 
into the mixed solution to a final concentration of 12 mM. 
Next, 2.4 mL CS solution (0.8 mg/mL) was added into the 
above mixed solution. After stirring for 8 h under dark-
ness, the AuNCs/DOX@Se solution was obtained. Finally, 
500 µL of CS-iRGD was added into the AuNCs/DOX@Se 
solution, and then made the volume of solution to 10 mL 
with deionized water. Then, this solution was stirred for 12 
h to complete the reaction. Unreacted materials, including 
the excess DOX, Na2SeO3 solution, Vc solution and other 
substances, were removed by dialysis for 3 days.

Scheme 1 (A) Schematic illustration of design and preparation process of AuNCs/DOX@Se-iRGD; (B) Schematic illustration of AuNCs/DOX@Se-iRGD as 
a multifunctional nanocomposite for chemo-photothermal synergistic therapy and imaging.
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Characterization of AuNCs/ 
DOX@Se-iRGD
The morphology of nanocomposites was observed using 
transmission electron microscopy (TEM Jeol JEM-2100F). 
X-ray diffraction (XRD, Rigaku SmartLab 9kW) was used 
to confirm the crystal phase. Particle sizes and zeta poten-
tials were examined by a Zetasizer Nano-ZS from Malvern 
Instruments (Zetasizer Nano-SZ). The functional groups of 
the prepared nanocomposite were examined via a Fourier 
transform infrared (FTIR) spectrometer (Thermo Scientific 
Nicolet IS50). UV-Vis spectra were determined by using 
a UV-Vis spectroscopy (Agilent Cary 8454). The photo-
thermal agents were irradiated by an 808-nm continuous- 
wave NIR laser (Hi-Tech Optoelectronics Co., Beijing, 
China). The amount of Se and Au in the nanocomposite 
was measured by an inductively coupled plasma-atomic 
emission spectrometer (ICP-OES). The amount of DOX 
loaded into AuNCs/DOX@Se-iRGD was determined 
according to a previous report.24 Firstly, the DMSO- 
digesting method was used to decompose AuNCs/ 
DOX@Se-iRGD to release the encapsulated DOX from 
this nanosystem. Then, the DOX concentration was mea-
sured by a multimode microplate reader (BMG 
LABTECH CLARIO star) with the Ex/Em wavelength at 
485/590 nm to analyze drug loading capacity.

Photothermal Ability of AuNCs@Se
To evaluate the photothermal performance of the 
AuNCs@Se nanocomposite, AuNCs@Se in different con-
centrations (0, 18.75, 37.5, 75, 150, and 300 ppm) was 
irradiated by 808 nm laser with 1.5 W/cm2 power for 300 
seconds. To test the Se shell whether it affects the photo-
thermal property of AuNCs, AuNCs in different concen-
trations (0, 3.75, 7.5,15, 30, and 60 ppm) were also 
irradiated under the same condition. Besides, 
AuNCs@Se with 150 ppm was exposed to NIR laser at 
various power densities (0.5, 0.75, 1.0, 1.25, and 1.5 W/ 
cm2) for 300 seconds. Moreover, the photothermal stabi-
lity of AuNCs@Se at a concentration of 150 ppm under 
NIR laser (1.25 W/cm2) was measured. The aqueous solu-
tion was irradiated until reaching its maximum tempera-
ture, and then the temperature of suspension decreased to 
room temperature naturally. The cycle of heating and cool-
ing was repeated five times. All the temperatures were 
recorded and thermal images were captured by a thermal 
imager (FLUKE Ti450 IR fusion technology).

Drug Release of AuNCs/DOX@Se-iRGD 
in Solution Under Different Conditions
Briefly, AuNCs/DOX@SeNPs-iRGD (5mg) was dissolved 
in 5mL of phosphate-buffered saline (PBS) with pH of 5.3, 
6.5 and 7.4 to investigate the drug release in different pH 
buffer solutions. The samples were irradiated with or with-
out NIR laser (centered at 808 nm, output power = 1.0, 1.5 
and 2.0 W/cm2 for 5 mins) at the specified time points. 
After centrifugation for 10 min with 14,000 rpm, 300 µL 
of liquid supernatant was collected and then 300 µL deio-
nized water was added into the previous solution. The 
amount of DOX release was measured by a multimode 
microplate reader.

Cell Culture and Cell Viability by MTT 
Assay
A cytotoxicity assay MTT was carried out in MCF-7 cells 
and MRC-5 cells which were purchased from the 
American Type Culture Collection (ATCC, Manassas, 
VA). The cells were cultured as described previously.26 

Cytotoxicity assay was also performed as previously 
reported.26 The fluorescence images stained with calcein 
AM (green) and PI (red) and thermal images of MCF-7 
cells with different treatments were taken by fluorescence 
microscopy (ZEISS Observer, Z1) and thermal imager, 
respectively.

Cellular Uptake
The cellular uptake of AuNCs@Se and AuNCs@Se-iRGD 
in MCF-7 cells and MRC-5 cells was studied by measur-
ing the Se and Au concentrations inside the cells using 
inductively coupled plasma-mass spectrometry (ICP-MS) 
as previously described.37 The cells were seeded in 
a 6-well plate and incubated for 24 h, followed by incuba-
tion with AuNCs@Se and AuNCs@Se-iRGD for 4h, gen-
tle washing with PBS, digestion and extraction with aqua 
regia, and dilution with 1% HNO3.

In vitro and in vivo PAI and PTT
The PA spectra and related images of these nanocompo-
sites in vitro/in vivo were captured by the FUJIFILM 
Visual Sonics Vevo LAZR multi-modality imaging plat-
form. The system included a flash lamp pumped 
Q-switched Nd: YAG laser with OPO that was capable 
of operating from 680~970 nm with a peak pulse energy of 
26 mJ (at 20 Hz) and transducer LZ250 (13–24 MHz) was 
selected to conduct the PAI experiment. In vitro PAI: 
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AuNCs@Se aqueous dispersions with concentrations of 0, 
0.125, 0.25, 0.5, 1.0 and 2.0 g/L were injected into indi-
vidual tube phantoms and monitored by the Vevo LAZR 
PA Imaging System at a wavelength of 740 nm.

Female nude mice aged 4–6 weeks were purchased 
from the Chinese University of Hong Kong raised in the 
Centralised Animal Facilities of The Hong Kong 
Polytechnic University. After 10 days of quarantine, the 
body weight of each mouse was about 18–20 g, and the 
100 μL of MCF-7 cells with density 1 × 107 cells/mL were 
suspended in serum-free DMEM and subcutaneously 
inoculated right hind limb of nude mice. Tumors could 
be formed in a week, with a tumor size of 5–6 mm. We 
have obtained the animal ethics approval from The 
Government of the Hong Kong Special Administrative 
Region Department of Health (Ref. (19–152) in DH/ 
SHS/8/2/4 Pt. 7). The procedures were performed in accor-
dance with the Guidelines for care and use of laboratory 
animals of “The Special Health Service, Department of 
Health, Hong Kong Special Administrative Region” and 
approved by the Animal Ethics Committee of “The 
Hong Kong Polytechnic University”.

As for in vivo PAI, the nude mice with a tumor size of 
5–6 mm were selected and divided into two groups. 
AuNCs@Se and AuNCs@Se-iRGD (5 mg/mL, 0.1 mL) 
were injected intravenously. The mice were anesthetized 
with 3% isoflurane and kept at a constant temperature of 
37.5°C. The PA value and images of these nanocomposites 
accumulated in the tumor site were sequentially collected 
at specific time points for 48 h.

In vivo Anti-Tumor Activity and Biosafety
As for in vivo anti-tumor activity, the mice were randomly 
divided into eight groups and intravenously injected with 
the following samples (three mice per group): G1: PBS, as 
a control group; G2:AuNCs@Se-iRGD; G3: DOX@Se- 
iRGD; G4: AuNCs/DOX@Se-iRGD; G5: PBS+Laser; 
G6:AuNCs@Se-iRGD+Laser; G7:DOX@Se-iRGD 
+Laser; and G8:AuNCs/DOX@Se-iRGD + Laser. A total 
of 100 μL of solution was delivered into each mouse via 
tail vein injection. The mice in G5, G6, G7 and G8 were 
anesthetized 24 hours after the injections using pentobar-
bital and their tumors were under irradiation (1.5 W/cm2) 
for 10 mins. During the treatment, the body weight of 
these mice and size of the tumors were measured for 21 
days. Besides, main tissues such as the tumor, heart, liver, 
spleen, lung and kidney were dissected, and paraffin sec-
tions were prepared and stained with hematoxylin and 

eosin (H&E) to observe the pathological changes caused 
by different treatments or manifested in the different treat-
ment groups.

Statistical Analysis
All the experiments were repeated at least three times; 
results are expressed as the mean ± sd. Differences 
among different treatment groups were analyzed by one- 
way ANOVA with multiple comparisons by using 
SPSS13.0 statistical software.

Results and Discussion
Design and Characterization of AuNCs/ 
DOX@Se-iRGD
As illustrated in Scheme 1, the nanocomposite AuNCs/ 
DOX@Se-iRGD targeted the tumor site via the ligand– 
receptor interaction mechanism between iRGD on the 
nanocomposite and integrins that were highly overex-
pressed on cancer cells; effective tumor inhibition was 
achieved by chemo-photothermal therapy with the gui-
dance of PAI. The synthetic procedure of AuNCs/ 
DOX@Se-iRGD included two main steps (Scheme 1A). 
The first step was the preparation of monodispersed 
AuNCs which were used as templates for the AuNCs@Se- 
iRGD core-shell nanostructure, and the second step was 
drug loading to AuNCs@Se-iRGD.

According to our previous work,35 AuNCs were synthe-
sized via template-engaged galvanic replacement reaction of 
Ag nanoparticles. As shown in Figure 1A and B, TEM images 
of AuNCs showed a uniform size of about 45 nm with 
a hollow structure and those of SeNPs alone showed a near- 
spherical morphology. After Se and CS shell formation on 
AuNCs, the core-shell AuNCs@Se nanocomposites showed 
a uniform size with near-spherical morphology (Figure 1C–E). 
X-ray diffraction (XRD) was used to prove the existence of Se 
and Au in the AuNCs@Se nanocomposites (Figure S1) which 
demonstrated the presence of Au (PDF: 03–065-8601) and Se 
(PDF: 01–073-0465). Besides, as shown in Figure S2, the 
existence of Se and Au in the AuNCs@Se nanocomposites 
was further confirmed by elemental mapping images and 
energy dispersive spectroscopy. Moreover, the successful 
assembly of Se and CS was confirmed by zeta potential 
measurements. AuNCs exhibited a negative surface charge 
(−18.4mV) due to the presence of citrate ions on the surface; 
Se and CS assembly switched the surface charge to a positive 
surface charge (+28.6 mV), indicating the presence of posi-
tively charged CS with a large amount of amines on the 
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surface of the Se shell. After the loading of DOX and con-
jugation of iRGD, the zeta potentials of the AuNCs/DOX@Se 
and AuNCs/DOX@Se-iRGD nanocomposites were measured 
to be +12.8 mV and +16.1 mV, respectively (Figure 1F), which 
indicated successful drug loading and modification of iRGD 
when compared with AuNCs@Se-iRGD.24 The hydrody-
namic size of AuNCs/DOX@Se-iRGD was around 200 nm. 
The stability of AuNCs/DOX@Se-iRGD was evaluated by 
measuring their size when exposed to different media (PBS, 
and DMEM containing 10% FBS) for 3 days as shown in 
Figure S3. No precipitation was observed, further verifying 
their long-term colloidal stability in the simulated physical 
environment in vitro. Drug incorporation and iRGD 

attachment were further confirmed by FTIR (Figure 1G). In 
the absorption spectrum of AuNCs/DOX@Se-iRGD, the 
characteristic absorbance bands at 1463 cm−1 could be 
assigned to the benzene ring modes from DOX. The stronger 
peaks at 1667 cm−1 and 1538 cm−1 are attributed to the C=O 
stretching and N-H in-plane vibration associated with amide 
groups. The UV-Vis spectra of AuNCs, AuNCs/Se and 
AuNCs/DOX@Se-iRGD were obtained using UV-Vis spec-
troscopy (Figure 1H). The original AuNCs showed an LSPR 
band at about 750 nm, whereas pure Se nanoparticles showed 
no absorption bands. After Se shell formation and CS mod-
ification, AuNCs@Se, similar to previously reported, showed 
a broadband absorption band spanning across the UV, visible 

Figure 1 TEM images of (A) AuNCs, (B) SeNPs, (C and D) AuNCs@Se at different magnifications; (E) The size distribution of AuNCs@Se; (F) The zeta potential of these 
nanocomposites; (G) The FTIR spectra of (a) DOX, (b) iRGD, (c) AuNCs/DOX@Se-iRGD; (H) The UV-Vis spectra of DOX, AuNCs, AuNCs@Se and AuNCs/DOX@Se.
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and NIR regions.27 With the broadband absorption spectrum, 
AuNCs@Se is beneficial for the subsequent NIR-stimulated 
controlled drug release and photothermal therapy. Compared 
with the UV-Vis spectra of free DOX and AuNCs/Se, AuNCs/ 
DOX@Se-iRGD exhibited the characteristic absorption of 
DOX at around 485 nm. Also, the loading capacity (LC) of 
DOX in the AuNCs/DOX@Se-iRGD was about 2.245% and 
the mass ratio of Se and Au in this nanosystem was 3.854:1.

Photothermal Performance and 
Photoacoustic Property of the AuNCs/Se 
Nanocomposite
The extinction coefficient (α) represents the light absorption 
ability of a nanocomposite, an ability that is closely related to 
its photothermal performance.38 As shown in Figure 2A, 
AuNCs@Se NPs dispersed in aqueous solution exhibited 
a broad and strong band in UV-Vis spectra with an extinction 
coefficient (α) of 7.1 Lg−1cm−1 at 808 nm as determined by 
Lambert−Beer law (Figure 2B), which is higher than other 
proposed probes such as Ta4C3 MXenes (4.06 Lg−1cm−1)39 

and GO nanosheets (3.6 Lg−1cm−1).40 This indicated 
AuNCs@Se NPs laid a good foundation for photothermal 

application of this AuNCs/Se nanocomposite in the following 
study in this paper.

The photothermal behavior of AuNCs@Se NPs was 
evaluated by measuring temperature elevation and taking 
the corresponding thermal images of different concentra-
tions of AuNCs@Se NPs solution (0, 18.75, 37.5, 75, 150, 
and 300 ppm) irradiated by 808 nm NIR laser at 1.5 W/ 
cm2 for 300 s (Figure 2C and D). The temperature of 
AuNCs@Se NPs increases in a concentration-dependent 
manner. The temperature of AuNCs@Se NPs solution 
could reach 75.2°C when its concentration was 300 ppm. 
However, pure water under the same condition did not 
induce any obvious temperature increase. Changes in tem-
perature of 150 ppm of AuNCs@Se NPs suspension irra-
diated under a NIR laser at elevated power densities (0.5, 
0.75, 1.0, 1.25, and 1.5 W/cm2) for 300 s were also 
monitored (Figure 2E). The temperature of the 
AuNCs@Se NPs suspension increased to 61.7°C at the 
highest laser output power density (1.5 W/cm2). The 
results demonstrated that the NIR-heating behaviors of 
AuNCs@Se are concentration-, power-, and time- 
dependent. The photothermal stability of AuNCs@Se 
NPs is especially crucial for the effect of photothermal 

Figure 2 (A) The UV–Vis spectra of AuNCs@Se at different concentrations; (B) Normalized absorbance intensity at λ = 808 nm divided by the characteristic length of the 
cell (A/L) at different concentrations; (C and D) Photothermal-heating curves of AuNCs@Se and related thermal images at different concentrations (0, 18.75, 37.5, 75, 150, 
and 300 ppm) under 808 nm laser irradiation with the same power density of 1.5 W/cm2 for 300 s as function of irradiation time; (E) Photothermal-heating curves of 
AuNCs@Se at concentration of 150 ppm under 808 nm laser irradiation with different power densities (0.5, 0.75, 1.0, 1.25, and 1.5 W/cm2) as function of irradiation time; 
(F) Heating curves of AuNCs@Se for five on/off cycles under 808 nm laser irradiation.
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therapy.41,42 As shown in Figure 2F, the thermal curves of 
AuNCs@Se NPs remained unchanged after five heating 
and cooling cycles under 808 nm laser irradiation (1.25 W/ 
cm2), which indicated good photothermal stability of 
AuNCs@Se NPs after a long duration of laser irradiation. 
Besides, the photothermal behavior of AuNCs was inves-
tigated and compared with the same Au concentration of 
AuNCs@Se nanocomposites and found that these two 
nanocomposites exhibited similar photothermal properties. 
AuNCs exhibited in a concentration-dependent manner. 
The temperature of AuNCs with 60 ppm Au concentration 
could reach about 80°C (Figure S4), which is similar to 
that of AuNCs@Se nanocomposites (75°C, Figure 2C) 
under the same irradiation condition (1.5 W/cm2 for 300 
s). Hence, it indicates that the formation of Se shell on the 
surface of AuNCs did not obviously affect its photother-
mal property of the AuNCs@Se nanocomposites.

NIR-Stimulated Release of DOX
The release of DOX from AuNCs/DOX@Se-iRGD could 
be readily controlled with NIR laser irradiation and manip-
ulation of pH as in Figure 3A. It was observed that a small 
amount of DOX was released in pH 7.4 buffer. However, 
incremental release of encapsulated DOX (about 64% and 
52% of total loading) was observed over 36 h at lower pH 
5.3 and pH 6.5, respectively (Figure S5 and Figure 3B). 
This was attributed to the Se deformation of nanocompo-
site in acidic solution but not in neutral condition. The 
amount of drug released from AuNCs/DOX@Se-iRGD 
after 2 h and 8 h of NIR irradiation showed a dramatic 
increase compared with that without laser irradiation. 
Additionally, an elevated laser power density could trigger 
more drug release. For instance, the cumulative drug 
release of all encapsulated DOX under 2.0 W/cm2 irradia-
tion in pH 6.5 solution could reach 70.3%, which was 
more than that under 1.5 and 1.0 W/cm2 (63.8% and 
58.7%, respectively). Enhanced DOX release triggered 
by NIR laser was attributed to the heat generated from 
AuNCs as a result of hyperthermia-induced collapse.

The morphology of the nanocomposite after drug 
release was investigated using TEM. The structure of 
AuNCs/DOX@Se-iRGD collapsed due to the deformation 
of the exterior Se shell when incubated in acidic condition 
(Figure 3C). Moreover, except for the Se shells, the core 
AuNCs of the nanocomposite were also out of shape after 
hyperthermia treatment (Figure 3D). These results indicated 
that the nanocomposite could dissociate in acidic condition 

and hyperthermia and thus trigger drug release in 
a controlled manner.

In vitro Cellular Uptake Assay
Effective targeting can improve the anti-tumor activity of 
the nanocomposite and reduce the damages of chemother-
apy drugs to normal tissues because the effectiveness of 
targeting is an important criterion to evaluate the avail-
ability of nanocarriers.27 The αvβ3 integrin is overex-
pressed in cancer cells such as MCF-7 cells but not in 
normal cells such as MRC-5 cells, and iRGD peptide 
could penetrate into tumor tissue and target tumor cells 
by binding to αvβ3 integrin. Therefore, these two different 
cell lines were selected to evaluate the targeting effect of 
this probe. To investigate the affinity of AuNCs@Se- 
iRGD to cancer cells, ICP-MS was performed to analyze 
Se and Au uptake by cancer cells (MCF-7) and normal 
cells (MRC-5) (Figure S6). The uptake amounts of these 
nanocomposites determined by Se concentration was con-
sistent with those determined by Au concentration. 
Obviously, both MCF-7 and MRC-5 cells exhibited gra-
dually enhanced uptake of AuNCs@Se-iRGD with the 
increase of incubation time. At the same incubation time 
point, the uptake of AuNCs@Se-iRGD in MCF-7 cells 
was obviously higher than that in MRC-5 cells, whereas 
there were no obvious uptake differences in the uptake of 
the non-targeting AuNCs@Se nanocomposite between 
MCF-7 cells and MRC-5 cells. To verify the role of the 
iRGD-mediated pathway, MCF-7 cells were first incubated 
with free iRGD peptide for 4 h to block the integrin 
receptor on the cancer cell membranes, and then the cells 
were incubated with AuNCs@Se-iRGD for another 4 
h. As shown in Figure S7, the internalization of 
AuNCs@Se-iRGD was distinctly inhibited by the iRGD 
peptide in a concentration-dependent manner, which indi-
cated that the efficient and selective cellular uptake of 
AuNCs@Se-iRGD in MCF-7 cells was enhanced by the 
iRGD-mediated mechanism.43,44

In vitro Chemo-Photothermal Synergistic 
Therapy Against MCF-7 Cells
The cytotoxicity of AuNCs/DOX@Se-iRGD, AuNCs@Se- 
iRGD and DOX@Se-iRGD was examined against MCF-7 
cells by MTT assay. As shown in Figure 3E, the IC50 values 
of AuNCs/DOX@Se-iRGD (18.3 µM) and DOX@Se- 
iRGD (18.0 µM) showed no significant differences, but 
are much lower than that of AuNCs@Se-iRGD (120.7 
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µM) without NIR laser irradiation. These results indicated 
that pure nanocarrier AuNCs@Se-iRGD had a slight influ-
ence on cell viability. Besides, the chemo-photothermal 
synergistic anti-cancer ability of the nanocomposites was 
investigated. For example, the IC50 of AuNCs@Se-iRGD 
with NIR irradiation was 42.5 µM, which is much lower 
than that without NIR irradiation; the IC50 of AuNCs/ 
DOX@Se-iRGD with NIR irradiation was determined to 
be 7.31 µM, but the killing efficacy of DOX@Se-iRGD 
showed no obvious differences with or without NIR irradia-
tion. To further verify the synergistic effect of AuNCs/ 
DOX@Se-iRGD in vitro, MCF-7 cells were incubated 

with the nanocomposites (AuNCs/DOX@Se-iRGD, 
AuNCs@Se-iRGD and DOX@Se-iRGD, respectively) for 
6 h, then exposed to NIR laser at 2 W/cm2 for 5 min, 
followed by a further incubation for 18 h; a control was 
done without laser irradiation. The cells were stained with 
calcein AM and propidium iodide (PI) to evaluate the cell 
viability. Calcein AM would enter live cells and emit green 
fluorescence, while PI would only penetrate the dead cells 
and emit red fluorescence. It was clear from these fluores-
cence images that the majority of cells incubated with 
AuNCs/DOX@Se-iRGD with laser irradiation showed 
much more red fluorescence than cells that received other 

Figure 3 (A) Schematic illustration of pH plus photothermal triggered drug release from AuNCs/DOX@Se-iRGD; (B) DOX release curves from AuNCs/DOX@Se-iRGD 
in PBS buffer at pH 7.4 and pH 6.5, with and without the NIR laser irradiation; (C and D) TEM images of AuNCs/DOX@Se-iRGD in acid condition without and with NIR 
lasers irradiation; (E) The IC50 values of MCF-7 cells with different treatments; (F) Fluorescent images of calcein AM (green) and PI (red) stained MCF-7 cells treated with 
PBS, AuNCs/DOX@Se-iRGD, AuNCs@Se-iRGD and DOX@Se-iRGD (with and without laser, the concentrations of Se was 10 µM), all scale bars are 50 µm; (G) The 
thermal images of MCF-7 cells treated with AuNCs/DOX@Se-iRGD and NIR laser irradiation. Data are shown as the mean ± standard deviation (SD).
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treatments, indicating more cells were dead (Figure 3F). 
Besides, the photothermal images of MCF-7 cells incubated 
with elevated concentrations of AuNCs/DOX@Se-iRGD 
(Figure 3G) indicated that the nanocomposite could 
enhance temperature in a concentration-dependent manner 
in cells. Isobologram analysis was employed to determine 
the inhibitory effect of the chemo- and photothermal syner-
gistic therapy. As shown in Figure S8, the data point in the 
isobologram was far below the line defining the additive 
effect, indicating the nanocomposite could achieve chemo- 
photothermal synergistic therapy with NIR irradiation. 
These results demonstrated that our AuNCs/DOX@Se- 
iRGD nanocomposite could successfully achieve the syner-
gistic effect of chemo- and photothermal therapy for killing 
cancer cells, which is attributed to the effective conversion 
of NIR light into heat by the AuNCs, resulting in the 
hyperthermia- and pH-induced collapse of the Se shell 
that triggered DOX release from the nanocarrier.

In vivo PAI and Photothermal Imaging
To explore the feasibility of employing AuNCs@Se for 
PAI of MCF-7 cells in vivo, PA phantom studies were 
performed (Figure 4A and B). A quantitative PA signal 
intensity change versus concentration of AuNCs@Se was 
observed (R2 = 0.9918). Next, the in vivo PA images and 
the corresponding signals of tumor site were investigated 
at different time intervals (0, 4, 8, 12, 24, and 48 h) after 
intravenous injection of the AuNCs@Se-iRGD and 
AuNCs@Se nanocomposites. As shown in Figure 4C and 
D, an intense PAI signal in tumor site could be easily 
observed after intravenous injection of the nanocomposites 
into the tumor-bearing mice. The PAI signal of 
AuNCs@Se in the tumor site gradually increased and 
reached its highest value at 12 h (1.31 a.u.), and then 
steadily declined to 0.32 a.u. within 48 h. However, for 
AuNCs@Se-iRGD, the average signal showed an obvious 
upward trend from 0.18 a.u. to 3.59 a.u., indicating a time- 
dependent accumulation at the tumor; after peaking at 24 
h, the signal went back to 1.81 a.u. at 48 h, which sug-
gested clearance of the nanocomposites from the tumor 
site. Therefore, the 24 h post-injection time was selected 
as the time point of photothermal therapy. The PA signal 
intensity of AuNCs@Se-iRGD was consistently higher 
than that of AuNCs@Se and the enhanced tumor PA signal 
was attributed to the modification of the target peptide 
onto the nanocomposite surfaces.

A photothermal imaging study of AuNCs@Se-iRGD 
was also carried out using MCF-7 tumor-bearing mice 

model. At 24 h after treatment via the tail vein, tumors 
were exposed to laser irradiation at different power (0, 0.5, 
1.0, 1.5 W/cm2) for 10 mins (Figure 4E and F). During this 
irradiation, the temperature of the tumor tissue increased 
dramatically and exhibited a laser power density- 
dependency. As shown in Figure 4E, when irradiated 
with 1.5 W/cm2 laser, the temperature of the tumor site 
quickly increased to 45.9°C, which was enough to ablate 
tumor tissue because this temperature could be regarded as 
mild hyperthermia therapy when combined with other 
treatments at 39–42°C.45 The surrounding healthy tissue 
showed negligible temperature increase. No obvious tem-
perature changes were observed in the control group with 
PBS treatment.

In vivo Chemo-Photothermal Synergistic 
Therapy
The anti-tumor activity of AuNCs/DOX@Se-iRGD was 
determined by the MCF-7 cancer cell xenografted mice 
model. Compared with the groups treated with 
AuNCs@Se-iRGD + Laser (group 6), the tumor volumes 
of the AuNCs@Se-iRGD group (group 2) had a smaller 
enlargement (Figure 5A). This indicated that the nanosys-
tem-induced photothermal therapy had a little inhibitory 
effect on the tumor. The therapeutic efficacy observed 
from the AuNCs/DOX@Se-iRGD + Laser group 
(group 8) was much higher than other groups. The enhanced 
anti-tumor efficacy of group 8 was mainly a result of the 
synergistic interaction of chemo-photothermal therapy. All 
the mice were sacrificed and their corresponding tumors 
were extracted. As displayed in Figure 5B–D, the tumor 
size and weight in the mice in group 8 were significantly 
inhibited, whereas those in groups 6, 4, 3 and 7 displayed 
little or negligible inhibition. The body weights of the 
animals did not show an obvious fluctuation during the 
treatment period (Figure 5E). The main organs of the 
mice were collected and subjected to H&E staining. As 
shown in Figure 5F, no obvious organ damages or inflam-
matory lesions in different tissue were observed compared 
with the control groups. These results demonstrated that the 
nanocomposite had relatively low toxicity in vivo and had 
few side effects, making AuNCs/DOX@Se-iRGD a safe 
nanomedicine for cancer theranostics.

Conclusion
AuNCs/DOX@Se-iRGD nanocomposite was successfully 
designed and synthesized as a novel therapeutic agent for 
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high-efficient PAI-guided cancer chemo-photothermal syner-
gistic therapy. The high photothermal conversion ability of 
AuNCs and the effective release of DOX indicated successful 

hyperthermia-responsive drug release behavior of this nano-
composite. The CS-iRGD surface decoration significantly 
enhanced the cellular uptake of the nanocomposite in cancer 

Figure 4 (A) PA imaging spectrum of AuNCs@Se from 680 nm to 970 nm; (B) PA signals of AuNCs@Se at elevated concentration in vitro; (C and D) PA images and signals 
of tumor site at different time intervals (0, 4, 8, 12, 24, 48 h) after i.v. injection of AuNCs@Se-iRGD and AuNCs@Se in vivo; (E and F) Thermal curves and related images of 
temperature changes of MCF-7 tumor-bearing mice after 24 h i.v. injection of AuNCs@Se-iRGD under various power densities.
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Figure 5 (A) Tumor volume index of tumor-bearing mice for different treatments during the 21 days observation period; (B) Representative pictures of tumors collected 
from different groups in the 21st day; (C) Representative pictures of typical mice after different treatments in the 21st day; (D) Tumor weight of tumor-bearing mice 
collected from different groups in the 21st day; (E) The body weight curves of tumor-bearing mice during the 21 days observation period; (F) Histology analysis of the major 
organs from different treatment group in the 21st day.
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cells, leading to increased tumor targeting capacity. The 
enhanced antitumor growth effect suggested that the combina-
tion of chemo-, photothermal and Se-based therapy showed 
great potential in breast cancer treatment. Meanwhile, PAI 
presented its superiority in imaging-guided monitoring and 
therapy. These findings provide a new opportunity for achiev-
ing desired therapeutic effects using AuNCs-based nanoplat-
form for breast cancer therapy.
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