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Background: Radiotherapy (RT) is clinically well-established cancer treatment. However, radioresistance remains a significant issue
associated with failure of RT. Phototherapy-induced radiosensitization has recently attracted attention in translational cancer research.
Methods: Cu-Sb-S nanoparticles (NPs) coated with ultra-small Au nanocrystals (Au@Cu-Sb-S) were synthesized and characterized.
The biosafety profiles, absorption of near-infrared (NIR) laser and radiation-enhancing effect of the NPs were evaluated. In vitro and in
vivo spectral computed tomography (CT) imaging and photoacoustic (PA) imaging were performed in 4T1 breast cancer-bearing mice.
The synergetic radio-phototherapy was assessed by in vivo tumor inhibition studies.
Results: Au@Cu-Sb-S NPs were prepared by in situ growth of Au NCs on the surface of Cu-Sb-S NPs. The cell viability experiments
showed that the combination of Au@Cu-Sb-S+NIR+RT was significantly more cytotoxic to tumor cells than the other treatments at
concentrations above 25 ppm Sb. In vitro and in vivo spectral CT imaging demonstrated that the X-ray attenuation ability of Au@Cu-
Sb-S NPs was superior to that of the clinically used Iodine, particularly at lower KeV levels. Au@Cu-Sb-S NPs showed a
concentration-dependent and remarkable PA signal brightening effect. In vivo tumor inhibition studies showed that the prepared
Au@Cu-Sb-S NPs significantly suppressed tumor growth in 4T1 breast cancer-bearing mice treated with NIR laser irradiation and an
intermediate X-ray dose (4 Gy).
Conclusion: These results indicate that Au@Cu-Sb-S integrated with spectral CT, PA imaging, and phototherapy-enhanced radio-
sensitization is a promising multifunctional theranostic nanoplatform for clinical applications.
Keywords: Au@Cu-Sb-S nanoparticle, phototherapy, radiotherapy, spectral CT, photoacoustic imaging

Introduction
Radiotherapy (RT), which utilizes high energy ionizing radiation (eg, X-ray) to induce cell apoptosis, is widely used for
treatment of the solid tumors, such as lung, breast and rectal cancer.1–3 However, the low absorption rate of radiation in
tumor tissue can lead to radiotherapy resistance.4–7 Recently, phototherapy-enhanced radiotherapy has received con-
siderable attention in translational cancer treatment research. On one hand, radiotherapy exerts limited inhibitory effects
on hypoxic solid tumors, while the oxygenation status in the tumor can be improved by the enhanced intratumoral blood
flow induced by the photothermal effect, endowing tumor cells with high sensitivity to radiotherapy. On the other hand,
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The PDT induced ROS could not only fulfill phototherapy, but also potentially consume the intracellular antioxidant
GSH, therefore enhance effect of radiotherapy. What’s more, cancer cells that are resistant to radiotherapy could be killed
by phototherapy.8–12

High atomic number (Z) metals, including platinum,13 gold,13–15 and bismuth,16 have been successfully used as
radiotherapy sensitizers to increase the efficacy of external radiation, a process known as radiosensitization. Gold (Au) is
a typical high-Z element that is considered an excellent radiotherapy sensitizer because of its higher mass energy
absorption coefficients, which results in amplified radiation dose deposition.17–21 Cu-Sb-S nanoparticles (NPs), a novel
nanotheranostic agent with excellent phototherapeutic efficiency developed by our group,22 are a promising nanoplatform
to increase the radiosensitivity of tumor tissue. Integration of CuS and nanoscale Au NPs enhances the photothermal
effect, which is attributed to the strong coupling effect between Au and CuS (or BiS).23–25

The intrinsic radiosensitization ability of the Au element combined with its X-ray attenuation abilities suggest
that Au-based NPs are a potential computed tomography (CT) contrast agent.12,26–30 CT is one of the most
commonly used imaging modalities for clinical disease diagnosis, and it has several advantages such as non-
invasiveness, deep tissue penetration, and multi-planar image reconstruction. However, it is challenging for con-
ventional CT to distinguish tissues with different density and different X-ray excitation energies. Unlike traditional
CT, spectral CT decomposes the traditional polyenergetic X-ray beam into continuous single energies ranging from
40 to 140 KeV, which may achieve qualitative separation and quantitative determination of substances.31–36 For
example, Metin et al31 found that the conspicuity of primary breast cancer was significantly higher in low KeV
virtual monochromatic images. Thus, the combination of spectral CT and high-Z nanomaterials shows potential for
the accurate diagnosis of various diseases.

In this work, a multifunctional nanoplatform based on Au@Cu-Sb-S NPs was successfully developed (Scheme 1). We
confirmed that the developed Au@Cu-Sb-S NPs functioned as an excellent contrast agent for spectral CT and PA
imaging. In addition, we showed that the Au@Cu-Sb-S nanoplatform had synergistic antitumor effects with

Scheme 1 Schematic illustration of the mechanism of Au@Cu-Sb-S nanoparticles (NPs) in the diagnosis and treatment of breast cancer.
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phototherapy-enhanced RT. The present results demonstrated that Au@Cu-Sb-S NPs was a promising theranostic agent
for diagnostic imaging and combination treatment for breast cancer.

Materials and Methods
Materials
Gold (III) chloride trihydrate (HAuCl4·3H2O, 99%), copper(I) chloride (CuCl, 99.995%), antimony (III) chloride (SbCl3,
99.9%), sulphur (S) powder (99.98%), 1-octadecene (ODE) and Oleylamine (OAm) were purchased from Macklin
(Guangzhou, China). RPMI-1640 and fetal bovine serum (FBS) were purchased from Gibco (ThermoFisher, America).
The mouse breast cancer cell line 4T1 was provided by Procell Life Science & Technology Co., Ltd. which was a stock
cell line passaged by FuDan IBS Cell Center. The use of the cell lines was approved by the Laboratory Animal
Management Committee of Nanfang Hospital.

Preparation of Cu-Sb-S NPs and Au Precursors
The synthesis of Cu-Sb-S NPs was performed as described previously.22 The Au precursor was prepared by fully
dissolving 0.3 mmol HAuCl4·3H2O in a mixture of 3 mL OAm and 1 mL toluene via sonication for 20–30 min.

Synthesis and Modification of Au@Cu-Sb-S NPs
Au@Cu-Sb-S NPs were prepared as described in previous publications with a minor modification.22,24 Typically, Cu-Sb-
S NPs were mixed with Au precursor in OAm/toluene. Au precursor (750 μL and 12 mL, containing 0.056 and
0.896 mmol Au, respectively) was mixed with 6 mL toluene, 9 mL OAm, and 500 μL Cu-Sb-S NP dispersion.
Excluding losses of Cu during synthesis and purification of Cu-Sb-S NPs, this preparation would contain an estimated
0.225 mmol Cu. Thus, the ratio of Au added to the Cu used in preparing the NPs was 1:4 and 4:1, respectively. Under an
N2 atmosphere, the mixture was heated to 55°C for 90 min with vigorous stirring in a three-necked bottle, and then
cooled to room temperature for collection. PVP modification was performed by dissolving Au@Cu-Sb-S NPs in
chloroform (20 mL) and then adding PVP (1.2 g) with stirring for 48 h at room temperature. After chloroform
evaporation, the precipitate was washed three times with deionized water.

Characterization
The size and morphology of Au@Cu-Sb-S NPs were characterized using transmission electron microscope (TEM) and
high-resolution transmission electron microscopy (HRTEM) (JEM 2100F, Japan) at a working voltage of 200 kV.
Elemental analysis of Au@Cu-Sb-S NPs was performed using energy dispersive X-ray spectrometry (EDS) on a
Thermol UltraDry EDS system. The crystal structures of Au@Cu-Sb-S NPs were determined by powder X-ray
diffraction (XRD) using an Empyrean diffractometer. Optical absorption spectra of Cu-Sb-S NPs and Au@Cu-Sb-S
NPs were obtained using a spectrophotometer (UV-3600, Japan) and UV-Vis Spectrophotometer (Agilent Cary 60, USA).
The element concentrations of Cu-Sb-S NPs and Au@Cu-Sb-S NPs were obtained by inductively coupled plasma optical
emission spectroscopy (ICP-OES).

Photothermal Effect
Aqueous solutions of various nanomaterials [Cu-Sb-S NPs, Au@Cu-Sb-S(1–4) NPs, Au@Cu-Sb-S(4–1) NPs] at
different concentrations (0, 12.5, 25, 50, and 100 ppm, based on the concentration of Sb element in NPs) were treated
with 808 nm laser (10 min, 1 W cm−2). The changes in temperature and thermal images of these solutions were recorded
in real time using a FILR thermal camera. To evaluate the photothermal stability of Au@Cu-Sb-S NPs, solution of 100
ppm Sb Au@Cu-Sb-S(1–4) NPs and Au@Cu-Sb-S(4–1) NPs were irradiated in four heating-cooling cycle modes (808
nm, 10 min, 1 W cm−2).
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Cytotoxicity Assays
Cell viability in response to Au@Cu-Sb-S NPs was assessed using the standard Cell Counting Kit 8 (CCK-8) assay. The
4T1 cells were cultured in RPMI-1640 medium supplemented with 10% fetal bovine serum (FBS) at 37°C under a humid
atmosphere containing 5% CO2. The cells were seeded in a 96-well plate at a density of 8000 cells per well and incubated
for 24 h. Then, medium containing Au@Cu-Sb-S NPs at different concentrations (0, 12.5, 25, 50, and 100 ppm Sb) was
added to replace the original culture medium, and after another day of incubation, 10% CCK-8 solution was added to
each well and the cells were incubated for 0.5 h. Finally, cell viability was measured using an enzyme-linked
immunosorbent assay reader (BIOTEK ELX80, Holland) at 450 nm.

Colony Formation
The 4T1 cells were seeded on 6-well plates and incubated with or without Au@Cu-Sb-S NP (25 Sb ppm) for 24 h,
followed by exposure 0, 2, 4, 6, and 8 Gy X-ray irradiation. Cells were placed in an incubator at 37°C for 8 days, and the
medium was changed several times during this period. The final staining with Crystal Violet was performed for display.

In vitro Assessment of Free Radicals Generation
Cells were divided into eight groups: PBS, PBS+NIR(ice), PBS+RT, PBS+NIR+RT, Au@Cu-Sb-S NPs, Au@Cu-Sb-S
NPs+NIR(ice), Au@Cu-Sb-S NPs+RT, and Au@Cu-Sb-S NPs+NIR+RT. First, 4T1 cells were seeded in a 96-well plates
for 24 h. Then the old medium was replaced with medium containing PBS or Au@Cu-Sb-S NPs (25 ppm Sb) and
incubation was continued for another 24 h. Next, the different groups were subjected to different treatments. The groups
containing NIR were treated with 808 nm laser (5 min, 1 W cm−2) and the NIR (ice) groups performed NIR treatment on
ice in order to explore the effect of pure NIR (excluding the effect of heat production) on cell production of ROS. The
groups containing RT were exposed to X-ray irradiation (4 Gy). DCFH-DA (10 μmol/L) was added into each well for 30
min after removing the medium and washing twice with PBS. The final results were observed using a fluorescent
microscope (OLYMPUS IX71, Japan) and flow cytometry.

In vitro Antitumor Effect
The Cell Counting Kit 8 (CCK-8) assay was used to assess cell viability in response to the different treatments (Au@Cu-
Sb-S NPs, only RT, Au@Cu-Sb-S NPs+NIR, Au@Cu-Sb-S NPs+RT, and Au@Cu-Sb-S NPs+NIR+RT). For details,
refer to the in vitro cytotoxicity study. Live/dead cell staining was performed with calcein AM (1 μM) and propidium
iodide (1 μM), and live cells (green color) and dead cells (red color) were distinguished by fluorescence microscopy. In
addition, 4T1 cells were planted on a 6-well plate at a density of 3×105 cells per well and incubated at 37% and 5% CO2

for 24 h. The complete medium containing Au@Cu-Sb-S NPs (25 Sb ppm) was replaced and cells were incubated for
24 h. The intervention conditions were 1 W cm−2, 808 nm laser irradiation for 5 min and 4 Gy X-ray irradiation. After
another 24 h of incubation, the cells were collected and stained with Annexin V/PI and finally analyzed by a flow
cytometry.

Animal Experiments
Female BALB/c mice (4–6 weeks) used in this study were purchased from Animal Laboratory of Nanfang Hospital of
Southern Medical University (Guangzhou, China). All animal care and in vivo studies were approved by the Laboratory
Animal Management Committee of Nanfang Hospital and performed in compliance with the ethical principles of the
Experimental Animal Welfare Ethics Committee of Nanfang Hospital (approval NFYY-2018-129). Mice bearing 4T1
tumors were exografted by subcutaneous inoculation of 1×106 cells in 150 μL PBS into the right-flank. When the tumor
grew to 80–100 mm3, the mice were used for experiments.

Photoacoustic (PA) Imaging
In vitro PA imaging of Au@Cu-Sb-S NPs with different Sb concentrations of 0, 12.5, 25, 50, and 100 ppm Sb was
performed at different wavelengths using with the multispectral optoacoustic tomography (MSOT) system (iThera
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Medical GmbH, Neuherberg, Germany). The slope was calculated by the fitting curve of the average PA signal intensity
versus the concentration of Au@Cu-Sb-S NPs. The mice were subjected to PAI at a wavelength of 780 nm at different
time points of 0, 1, 3, 6, 12, and 24 h after the tail vein injection of Au@Cu-Sb-S NPs (100 Sb ppm, 300 μL).

Spectral CT Imaging
The performance of Au@Cu-Sb-S NPs in spectral CT (GE discovery CT 750 HD, Healthcare) was compared using
commercial iopromide in vitro. The mass concentrations were changed from 0.1, 0.5, 1, 2, 3, 4, 5, and 5.5 mg mL−1. For
in vivo CT imaging, the mice received intratumor injection of 25 μL Au@Cu-Sb-S NPs and Iodine (Au/I concentration
of the solution was 2 or 5.5 mg mL−1) and scanned by CT under different KeV values 5 minutes after injection.

In vivo Bio-Distribution Assay
A total of 10 mg Au@Cu-Sb-S NPs and 30 mg PEG-NH2 were dissolved in 7mL chloroform, stirred overnight at room
temperature, chloroform was evaporated and collected by centrifugation. The product was dissolved in 10 mL of pure
water and then added dropwise to the IR825 solution after carboxyl activation, collected after stirring overnight. The
4T1-tumor bearing mice were injected intravenously with 50 μL IR825@Au@Cu-Sb-S NPs (1000 Sb ppm) and imaged
under IVIS Lumina System (IVIS Lumina II, USA) at predetermined time points.

In vivo Anti-Tumor Studies
The tumor-bearing mice were randomly divided into five groups (n = 5) as follows: saline, Au@Cu-Sb-S NPs, Au@Cu-
Sb-S NPs+NIR, Au@Cu-Sb-S NPs+RT, and Au@Cu-Sb-S NPs+NIR+RT. A total of 300 μL Au@Cu-Sb-S NPs solution
with a concentration of 100 ppm Sb or saline was injected into the tumor-bearing mice through the tail vein. The power
density and the irradiation time related to NIR irradiation were 1 W cm−2 and 5 min, respectively. The real-time
temperature and thermal images of mice were monitored using a FLIR thermal camera during the irradiation. RT was
performed using 4 Gy X-ray release (MultiRad Faxitron, USA). The weights and tumor volumes of the mice were also
constantly measured and recorded every other day during the treatment period. Tumor volumes were calculated using the
formula V = length×width2/2. Mice in each group were sacrificed on the 21st day after treatment. The tumors, main
organs (heart, liver, spleen, lung and kidney), and blood were harvested for hematoxylin and eosin (H&E) staining,
terminal deoxynucleotidyl transferase-mediated dUTP-biotin nick end labeling (TUNEL) staining, and blood biochem-
ical experiments.

Results and Discussion
Synthesis and Characterization of Au@Cu-Sb-S NPs
Cu-Sb-S NPs were synthesized using a previously reported method with slight modifications.22 Au@Cu-Sb-S NPs were
prepared by in situ growth of Au NCs on the surface of Cu-Sb-S NPs. TEM and HRTEM images showed Au@Cu-Sb-S
NPs with an average diameter of 22.9±1.8 nm and Au uniformly decorated on the surface of Cu-Sb-S NPs (Figure S1A
and B). The elements Au, Cu, Sb, and S in Au@Cu-Sb-S NPs were identified by TEM-EDS (Figure S1C). The growth of
Au had no obvious influence on the size distribution and morphology of Cu-Sb-S NPs (Figure 1A–C). In response to
increasing Au precursor, the Au/Cu ratio increased, whereas the amount of Sb and S remained relatively constant
(Figure 1D). The revolution of morphology and element ratio indicated that Cu ions on the surface were gradually
exchanged by Au ions, forming the Au@Cu-Sb-S NPs. The relatively fixed Sb atomic ratio of Au@Cu-Sb-S NPs
provided a basis for subsequent experiments. The X-ray powder diffraction (XRD) patterns were used to confirm the
crystal structure of Au@Cu-Sb-S NPs, which showed that all peaks of Au@Cu-Sb-S(1–4) NPs and Au@Cu-Sb-S(4–1)
NPs matched with Au NCs and Cu12Sb4S13 NPs. In addition, all peaks of Au NCs in Au@Cu-Sb-S(4–1) NPs were
significantly higher than those in Au@Cu-Sb-S(1–4) NPs (Figure 1E). The water-solubility and stability of Au@CuSbS
NPs were shown in Figure S2. No visible precipitation was observed in four different solutions (Pure water, PBS, RPMI-
1640 and RPMI-1640 with 10% FBS) containing the Au@Cu-Sb-S(4–1) NPs (25 ppm Sb) over time. The morphology
and size of Au@Cu-Sb-S(4–1) NPs remained unchanged after 1 week of synthesis.
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Figure 1 Characterization of Au@Cu-Sb-S nanoparticles (NPs) with different gold-to-copper ratios. (A) TEM-EDS elemental maps of Au@Cu-Sb-S NPs. (B) Transmission
electron microscopy (TEM) image of Au@Cu-Sb-S(4–1) NPs. (C) Particle size distribution of Au@Cu-Sb-S(4–1) NPs. (D) Compositional analysis of Au@Cu-Sb-S NPs
obtained from TEM-energy-dispersive X-ray spectroscopy (EDS). (E) XRD spectra of Au@Cu-Sb-S NPs. (F) Mass extinction coefficient of Au@Cu-Sb-S(1–4) NPs and
Au@Cu-Sb-S(4–1) NPs under an 808 nm laser. (G) UV-vis-NIR absorbance spectrum of Cu-Sb-S NPs, Au@Cu-Sb-S(1–4) NPs and Au@Cu-Sb-S(4–1) NPs with the same Sb
concentration (100 Sb ppm). (H) Heating curves of pure and different NPs (Cu-Sb-S NPs, Au@Cu-Sb-S(1–4) NPs and Au@Cu-Sb-S(4–1) NPs) with the same 100 ppm Sb
concentration.
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In vitro NIR Absorbance and Photo-Responsive Effect
To further study the properties of Au@Cu-Sb-S NPs, samples with different Au/Cu ratios were selected, namely,
Au@Cu-Sb-S(1–4) NPs with Au/Cu precursor ratio of 1:4 and Au@Cu-Sb-S(4–1) NPs with Au/Cu precursor ratio of
4:1. The UV-vis-NIR absorbance spectrum of Au@Cu-Sb-S(1–4) NPs and Au@Cu-Sb-S(4–1) NPs indicated that both
samples showed concentration-dependent NIR absorption (Figure S3A and B). The extinction coefficient of nanomater-
ials was obtained based on the Lambert-Beer law.37 As illustrated in Figure 1F, the extinction coefficient of Au@Cu-Sb-S
(1–4) NPs and Au@Cu-Sb-S(4–1) NPs was 14 Lg−1 cm−1 and 21 Lg−1 cm−1, respectively, which was higher than that of
Cu-Sb-S NPs (10.5 Lg−1 cm−1) reported previously.22 This indicated that Au@Cu-Sb-S(4–1) NPs with more Au NCs on
the surface exhibited better light absorption capacity than Au@Cu-Sb-S(1–4) NPs.38 The results shown in Figure 1G
confirm this observation. The photothermal properties of the Au@Cu-Sb-S(1–4) NPs and Au@Cu-Sb-S(4–1) NPs were
evaluated at different concentrations under 808 nm laser (1 W cm−2) irradiation (Figure S3C and D). The heating curves
(Figure 1H) showed that the temperature of Au@Cu-Sb-S(1–4) and Au@Cu-Sb-S(4–1) solutions increased rapidly over
time in a concentration-dependent manner. The temperature changes of Cu-Sb-S NPs, Au@Cu-Sb-S(1–4) NPs, and
Au@Cu-Sb-S(4–1) NPs were 21.9°C, 24.1°C, and 29.1°C during 600s, respectively, which was higher than that of pure
water (4.7°C). The significant temperature increases ensure their performance in causing irreversible cell death due to
hyperthermia.39 The photothermal stability of Au@Cu-Sb-S NPs was evaluated in four continuous heating-cooling
cycles. As shown in Figure S4, the temperature change of NPs exhibited favorable stability and reproducibility during
repeated cycles. These data strongly indicated that the Au@Cu-Sb-S NPs was a promising photothermal agent for further
studies. By comparing the optical performance and photothermal performance of Au@Cu-Sb-S NPs with different Au/
Cu ratio, subsequent cell and animal experiments were conducted with Au@Cu-Sb-S(4–1) NPs only.

In vitro Cellular Studies
The 4T1 cells were used to evaluate the cytotoxicity of Au@Cu-Sb-S NPs with the CCK-8 assay. As shown in
Figure 2A, cell viabilities remained above 80% even at high concentrations (100 ppm Sb), demonstrating the negligible
cytotoxicity of Au@Cu-Sb-S NPs.

Au, a typical high Z element, can effectively absorb, disperse, and re-release radiation energy, and is the star material of
radiotherapy sensitizers.40,41 In Figure 2A, the cell viability of the Only RT group and the Au@Cu-Sb-S group were higher
than the Au@Cu-Sb-S + RT group, which proved that Au@Cu-Sb-S NPs had the effect of enhancing radiotherapy sensitivity.
To further examine the radiation-enhancing effect of Au@Cu-Sb-S NPs, a colony formation assay was conducted. As shown
in Figure 2B and S5, when exposed to the same irradiation dose, the survival rate of cells treated with nanoparticles was
significantly lower than that of untreated cells. The cell viability decreased with increasing irradiation dose in both groups.

In addition to the sensitization effect of Au@Cu-Sb-S NPs, intracellular ROS production was explored using the
reactive oxygen species (ROS) probe DCFH-DA. As shown in Figures 2C and S6, ROS was higher in the Au@Cu-Sb-S
NPs+RT group than in the RT alone group. Moreover, the Au@Cu-Sb-S NPs+NIR(ice) group operating on ice also had
obvious ROS production. The most obvious green fluorescence was observed in the Au@Cu-Sb-S NPs+NIR+RT group,
which could be attributed to the enhancement of ROS production by radiosensitizers in view of photo-radiotherapy. The
results of the CCK-8 assay showed that the combination of Au@Cu-Sb-S+NIR+RT was significantly more cytotoxic to
tumor cells than the other treatments at concentrations above 25 ppm Sb (Figure 2A). A similar cell survival trend was
observed by live/dead cells staining (Figure 2D). The greatest cell killing effect was observed in the NPs+NIR+RT group,
indicating that Au@Cu-Sb-S NPs had a phototherapy-enhanced synergistic effect with radiation therapy in 4T1 cells. The
flow cytometry results (Figure 2E) were consistent with those of live/dead cell staining experiments. Figure S7 showed
that the apoptosis rates of cells in the Au@Cu-Sb-S+NIR+RT group were higher than the sum of the values in the
Au@Cu-Sb-S+NIR and Au@Cu-Sb-S+RT groups at a concentration of 25 Sb ppm. These results confirmed the potential
of Au@Cu-Sb-S as an efficient radiosensitizer to inhibit the proliferation of cancer cell exposed to X-rays.
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Figure 2 In vitro assessment of the therapeutic efficacy of Au@Cu-Sb-S nanoparticles (NPs). (A) Relative viability of 4T1 cells exposed to different treatments at increased
Sb concentrations. (Significant differences are represented as ***p < 0.001.) (B) Clonogenic survival assay of 4T1 cells incubated with PBS or Au@Cu-Sb-S NPs (25 Sb ppm)
and treated with X-rays at various doses. (C) Fluorescence images of 4T1 cells stained with DCFH-DA. (D) Fluorescence images of 4T1 cells stained with calcein-AM and PI
after each treatment. (E) Cell apoptosis effects in 4T1 cells subjected to with different treatments after incubation with PBS or Au@Cu-Sb-S NPs (25 Sb ppm).
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In vitro and in vivo Multimodal Imaging
The high-Z elements, high-performance NIR absorption, and photothermal efficiency of Au@Cu-Sb-S NPs suggested
that they were a potential CT/PA multimodal imaging contrast agent. The in vitro X-ray attenuation ability of Au@Cu-
Sb-S NPs was assessed by spectral CT imaging, and clinically used iodine was set as the control. Figure 3A shows that
Au@Cu-Sb-S NPs exhibited a significantly enhanced brightness and higher HU values than iodine at different radio-
dense element concentrations. There was a linear relationship between the CT values and Au/I concentrations at 60 KeV.
The spectral CT value curves at different X-ray energies (40–140 KeV) showed that the slope disparities between
Au@Cu-Sb-S NPs and iodine became increasingly obvious at equivalent concentrations (Figure S8). The excellent CT
imaging potential of Au@Cu-Sb-S NPs compared with clinical iodine at any concentration and KeV was confirmed in
Figures 3B and S9. These results demonstrated the superior attenuation coefficient of Au@Cu-Sb-S NPs on spectral CT
imaging compared with clinical iodine.

Next, the capacity of Au@Cu-Sb-S NPs as a contrast agent for in vivo spectral CT was explored under different
energies. As shown in Figure 3C, the contrast enhancement effect was remarkably improved after injection of NPs at
single-energy imaging of 60 KeV. By contrast, the brightness in both groups became drastically weaker with increasing
KeV. A more obvious contrast enhancement of tumors was observed in the Au@Cu-Sb-S group under the same X-ray

Figure 3 Spectral computed tomography (CT) and photoacoustic (PA) imaging of Au@Cu-Sb-S nanoparticles (NPs) in vitro and in vivo. (A) CT brightness and intensity
values of Au@Cu-Sb-S NPs and Iodine at different concentrations under the 60 KeV condition. (B) CT values of Au@Cu-Sb-S NPs and Iodine with KeV changes under
5.5mg mL−1 Au/I concentration. (C) In vivo spectral CT images of tumor-bearing mice before and after intra-tumoral injection of equivalent concentrations of Au @ Cu-Sb-S
NPs and Iodine (5.5 mg mL−1 Au/I, 25 μL) at 60, 100, and 140 KeV. (D) Linear correlation between average PA signal intensity and Au@Cu-Sb-S NPs aqueous dispersion at
different Sb concentrations. (E) In vivo PA imaging of 4T1 tumor-bearing mice before and after injection of Au@Cu-Sb-S NPs.
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energy. When the injection concentration of nanomaterials was reduced to 2 mg mL−1, the contrast enhancement was
hardly observed at 100 or 140 KeV, but could be clearly detected at 60 KeV (Figure S10). This indicated that combining
Au@Cu-Sb-S NPs with spectral CT may provide a sensitive diagnostic tool for tumor imaging, which will greatly benefit
spatially accurate imaging-guided irradiation.

The PA imaging of Au@Cu-Sb-S NPs was also investigated. The PA spectrum of NPs (Figure S11) confirmed that the
wavelength of 780nm was the most sensitive to the excitation of the material’s photoacoustic signal. As shown in
Figure 3D, the PA signal values of Au@Cu-Sb-S NPs were concentration-dependent. In the in vivo experiment
(Figure 3E), intravenous injection of Au@Cu-Sb-S NPs had a remarkable PA signal brightening effect in the tumor
region at 24 h. These results indicated that Au@Cu-Sb-S NPs may serve as a promising contrast agent for dual-modal
spectral CT and PA imaging.

In vivo Synergetic Radio-Phototherapy in a Tumor-Bearing Mouse Model
For the in vivo therapy studies, 4T1 tumor-bearing mice were randomly divided into five groups as follows: saline,
Au@Cu-Sb-S, Au@Cu-Sb-S+NIR, Au@Cu-Sb-S+RT, and Au@Cu-Sb-S+NIR+RT. The infrared images and heating
curves of the tumor site were obtained at 24 h after injection under NIR irradiation using an IR thermograph
(Figure 4A and B). After laser irradiation for 5 minutes, the temperature of the tumor site in mice treated with
Au@Cu-Sb-S NPs reached 47.5°C, whereas the temperature of mice injected with saline only remained at 39.1°C.
This demonstrated that Au@Cu-Sb-S NPs could serve as an excellent phototherapy agent to induce hyperthermia
under laser irradiation.

The body weight and tumor volume of mice in each group were recorded every other day during the treatment period
(Figure 4C and D). No significant weight loss was observed in the treated and control groups. The volume of tumors
treated with Au@Cu-Sb-S+NIR+RT decreased after treatment and tumors almost completely disappeared (97.6%) on
day 21, whereas the tumors in all other groups continued to grow although at different rates. The representative
photographs, HE, and TUNEL staining confirmed the enhanced treatment efficacy in the Au@Cu-Sb-S +NIR+RT
group (Figure 4E). These results confirmed the synergistic photo-radiotherapeutic effect induced by Au@Cu-Sb-S NPs
in vivo.

In vivo Toxicity and Bio-Distribution Studies
The in vivo toxicity of Au@Cu-Sb-S NPs was also evaluated. Major organs (heart, liver, spleen, lung, and kidney)
were subjected to HE staining after injection of Au@Cu-Sb-S NPs. As shown in Figure S12, there was
no noticeable damage to normal tissues. The results of blood analysis suggested good biological safety of
Au@Cu-Sb-S NPs (Figure S13), which was consistent with the unchanged body weight of mice. Taken together,
these results indicated that Au@Cu-Sb-S NPs was a safe nanoplatform for tumor theranostics. Figure S14
demonstrated that NPs began to accumulate in the tumor 3h after tail vein injection, and the maximum enrichment
was at 24h.

Conclusion
In conclusion, multifunctional Au@Cu-Sb-S NPs were successfully developed as a theranostic nanoplatform for
spectral CT/PA bioimaging-guided synergistic photo-radiotherapy in breast cancer. Cells incubated with the as-
prepared Au@Cu-Sb-S NPs showed viabilities above 80% even at high concentrations (100 ppm Sb), demonstrating
the negligible cytotoxicity of Au@Cu-Sb-S NPs in vitro. H&E staining and blood analysis demonstrated there was
no noticeable damage to normal tissues, indicating relatively satisfactory biocompatibility and physiological stability
in vivo. The Au@Cu-Sb-S NPs showed excellent NIR absorbance with remarkable photothermal efficiency. Because
of the aggregation of the high-Z element Au, Au@Cu-Sb-S NPs exhibited strong contrast enhancement on spectral
CT and highly efficient radio-sensitization for RT. The cell apoptosis ratio of Au@Cu-Sb-S+NIR+RT group was
34.6%, which was noticeably higher than other treatment groups (the cell apoptosis ratio treated with Au@Cu-Sb-S
+NIR and Au@Cu-Sb-S+RT were 11.4% and 4.9%, respectively). The tumor volume treated with Au@Cu-Sb-S
+NIR+RT decreased after treatment, and the tumor almost completely disappeared on the 21st day (97.6%), whereas
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Figure 4 Therapeutic effect of Au@Cu-Sb-S nanoparticles (NPs) in vivo. (A) Infrared thermal images and (B) temperature changes of BALB/c mice bearing 4T1 tumors
after injection of saline (left) or Au@Cu-Sb-S NPs (right), followed by irradiation with a continuous NIR laser. (C) Time-dependent body weight and (D) tumor growth
curves of 4T1 tumor-bearing nude mice from each group. The statistical differences were assessed using one-way ANOVA (***p < 0.001). (E) Digital photographs of mice on
day 21 after various treatments, H&E staining and TUNEL staining of tumors are shown.
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the tumors in all other groups continued to grow, albeit at different rates. The treatment effect of Au@Cu-Sb-S+NIR
+RT group on tumor was significantly better than other groups. The present results suggested that Au@Cu-Sb-S NPs
was a promising multi-modal imaging nanoplatform to guide synergistic photo-radiotherapy for future translational
cancer therapy.
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