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Photothermal therapy is an efficient cancer treatment method. The development of nanoagents with high biocompatibility and a near-infrared (NIR) photoabsorption band is a prerequisite to the success of this method. However, the therapeutic efficiency of photothermal therapy is rather limited because most nanoagents have a low photothermal conversion efficiency. In this study, we aimed to develop CuFeS2 nanoassemblies with an excellent photothermal effect using the liquid-solid-solution method. The CuFeS2 nanoassemblies we developed are composed of ultrasmall CuFeS2 nanoparticles with an average size of 5 nm, which have strong NIR photoabsorption. Under NIR laser illumination at 808 nm at the output power intensity of 1.0 W cm–2, the CuFeS2 nanoassemblies could rapidly convert NIR light into heat, achieving a high photothermal conversion efficiency of 46.8%. When K7M2 cells were incubated with the CuFeS2 nanoassemblies and then exposed to irradiation, their viability decreased progressively as the concentration of the CuFeS2 nanoassemblies increased. Furthermore, a concentration of 40 ppm of CuFeS2 nanoassemblies was lethal to the cells. Importantly, after an intratumoral injection of 40 ppm of CuFeS2 nanoassemblies, the tumor showed a high contrast in the thermal image after laser irradiation, and tumor cells with condensed nuclei and a loss of cell morphology could be thermally ablated. Therefore, the CuFeS2 nanoassemblies we synthesized have a high biocompatibility and robust photothermal effect and can, thus, be utilized as a novel and efficient photothermal agent for tumor therapy.
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INTRODUCTION

Photothermal therapy, which utilizes ex vivo near-infrared (NIR) lasers to irradiate photothermal materials within a tumor to generate heat (>45°C) so that tumor cells can be thermally ablated, is an emerging treatment modality for killing cancer cells with high therapeutic efficiency (Zou et al., 2016; Vankayala and Hwang, 2018). The use of photothermal materials with broad and strong photoabsorption in the NIR region (650–1100 nm) is essential for successful photothermal therapy. Photothermal therapy using NIR lasers attracts increasing attention from researchers all over the world due to its safety and high tissue-penetration capacity compared to visible and ultraviolet light. Up to date, several kinds of photothermal materials have been investigated and used for treating malignant tumors, including organic nanoparticles, such as polypyrrole nanoparticles (Zha et al., 2013) and melanin nanoparticles (Liu et al., 2013), reduced graphene oxide nanosheets (Yang et al., 2010; Robinson et al., 2011) and carbon dots (Ge et al., 2015), metal nanostructures (Au nanorods (Dreaden et al., 2011), Pd nanosheets (Huang et al., 2011), and Bi nanoparticles (Yu et al., 2018b), and semiconductor nanomaterials, such as mental sulfides and oxide-based nanocrystals (Tian et al., 2011b; Huang et al., 2017; Yu et al., 2017, 2018a). In particular, a number of semiconductor nanomaterials have received tremendous attention due to their tunable composites, easy synthesis, and strong and stable photothermal effect. For example, CuS-based photothermal nanomaterials have been reported with varied ratios of Cu/S and different morphologies, such as CuS nanodots (Li et al., 2010), flower-like CuS superstructures (Tian et al., 2011b), Cu9S5 nanocrystals (Tian et al., 2011a), and Cu7.2S4 nanocrystals (Ling et al., 2014). These photothermal nanomaterials have exhibited strong photothermal effects under the irradiation of NIR lasers at different wavelengths (808, 915, 980, and 1064 nm). However, the application of semiconductor nanomaterials is rather hindered because of their unsatisfactory biocompatibility and hydrophobic surface. Thus, it is still necessary to develop semiconductor nanomaterials with high photothermal conversion efficiency and biocompatibility for photothermal therapy of malignant tumors.

Most recent research has increasingly focused on ternary nanostructures instead of metal mono- and dichalcogenides. Ternary nanostructures are capable of strong photoabsorption and also have a tunable feature for adjusting their intrinsic photoabsorption band and adding imaging properties, which can be employed for multimodal imaging and enhanced therapies (Jiang et al., 2017). For example, ternary Cu5FeS4 cubes with an average size of 5 nm and a strong NIR photoabsorption and magnetic resonance imaging (MRI) ability, which enables them to be used as T1-weighted MRI contrast and photothermal nanoagents, have been developed by using the pyrolysis route (Wang et al., 2018). The Cu-Fe-S and Cu-Fe-Se nanostructures, with different compositions, such as Cu5FeS4 particles, Cu5FeS4 nanocrystals, Cu1.1Fe1.1S2 nanocrystals, and CuFeS2 nanocrystals, are one of the most interesting ternary systems (Pei et al., 2011; Gabka et al., 2016; Zhao et al., 2016; Wang et al., 2018). Among these Cu-Fe-S nanostructures, CuFeS2 nanocrystals are antiferromagnetic semiconductors, showing an excellent photoabsorption band ranging from the ultraviolet region to the NIR region. Currently, there are only a few available methods for preparing CuFeS2 nanocrystals. For example, one method involves the injection of sodium diethyldithiocarbamate to a mixture of CuCl2, FeCl3, and oleic acid in 1-dodecanethiol. The CuFeS2 nanocrystals obtained by using this method have an average size of ∼6 nm and an optical band gap of 1.2 eV, which is much higher than that (0.6–0.7 eV) of bulk CuFeS2 (Wang et al., 2010; Kumar et al., 2013). However, these synthesis methods require a complex operation and usually lead to water solubility problems, which limits their bio-applications. It has been revealed that nanoassemblies, similar to self-assembled WO3–x hierarchical nanostructures (Li et al., 2014) and CuS superstructures (Tian et al., 2011b) could serve as excellent laser-cavity mirrors which could make near-infrared light reflect multiple times on the surface of nanoassemblies, and thus can be used to promote the photothermal conversion efficiency. Therefore, it is vital to develop a simple method for synthesizing CuFeS2 nanocrystals with strong NIR photoabsorption, a high photothermal conversion efficiency, and hydrophilicity.

The aim of this study was to synthesize CuFeS2 nanoassemblies to be used as efficient photothermal nanoagents for photothermal therapy of cancer cells both in vitro and in vivo. The CuFeS2 nanoassemblies are prepared by using the liquid-solid-solution method, in which the metal ions of Cu2+ and Fe3+ react with the S precursor in the mixed solution containing deionized water, ethanol, oleic acid, sodium oleate, and poly(N-vinyl-2-pyrrolidone) at 180°C for 48 h. The obtained CuFeS2 nanoassemblies are composed of ultrasmall CuFeS2 nanoparticles, and they exhibit a strong and broad NIR photoabsorption. Under laser irradiation at 808 nm, the aqueous solution containing the CuFeS2 nanoassemblies can rapidly convert laser energy into heat, achieving a high photothermal conversion efficiency of 46.8%. Importantly, after incubation with CuFeS2 nanoassemblies, cancer cells show high activity without laser irradiation, indicating that the CuFeS2 nanoassemblies are highly biocompatible. Moreover, when the CuFeS2 nanoassemblies are injected into tumors, the tumors show high contrast in thermal images and can be thermally ablated using laser irradiation at 808 nm. Therefore, the CuFeS2 nanoassemblies can be utilized as novel and efficient photothermal nanoagents for tumor therapy.



MATERIALS AND METHODS


Synthesis of CuFeS2 Nanoassemblies

CuCl2⋅2H2O, FeCl3⋅6H2O, 1-dodecanethiol, oleic acid, sodium oleate, poly(N-vinyl-2-pyrrolidone) (PVP, K30), and anhydro ethanol were purchased from Sigma and were used without further purification. The CuFeS2 nanoassemblies were prepared by using the liquid-solid-solution method. In a typical synthesis route, CuCl2⋅2H2O (0.5 mmol) and FeCl3⋅6H2O (0.5 mmol) were introduced to a mixed solution containing deionized water (5 mL), ethanol (10 mL), oleic acid (10 mL), sodium oleate (5 mmol), and PVP (0.5 mg), and the mixture was stirred for 30 min at room temperature (∼23°C). Then, 10 mmol of 1-dodecanethiol was introduced into the above solution, which was stirred again for 60 min. The solution was sealed and treated in an autoclave at 180°C for 48 h. Then, the black precipitates were washed three times with a solution of ethanol/water (8/2 vol.). One part of the black precipitates was dispersed into the deionized water while another part was vacuum dried at 60°C.



Characterization of the CuFeS2 Nanoassemblies

The morphology of the CuFeS2 nanoassemblies was studied by using transmission electron microscopy (TEM, JEOL2100F). The composites and phase of the CuFeS2 powder were measured by using x-ray photoelectron spectroscopy (XPS, EscaLab) and an x-ray diffractometer (XRD, Bruker D4). The photoabsorption of the CuFeS2 nanoassemblies in deionized water was tested by using a spectrophotometer (Shimadzu, UV-1900). The photothermal performance was investigated using a laser at 808 nm to illuminate the CuFeS2 nanoassemblies in deionized water, and their temperature change was recorded using a thermal imaging camera (FLIR A300).



Cytotoxicity Test

Cytotoxicity testing of the CuFeS2 nanoassemblies was carried out by using the methyl thiazolyl tetrazolium (MTT) assay. In a typical procedure, K7M2 cells were seeded into 96-well culture plates at a density of 1 × 104/well under standard conditions for 12 h. Then, the medium was replaced with a new medium that contained CuFeS2 nanoassemblies at the final concentrations of 0, 2.5, 5, 10, 20, 40, 80, and 160 ppm, followed by incubation for 24 h. Subsequently, the cells were washed with PBS, and fresh medium containing MTT (5 mg mL–1) was introduced to each well. After incubation for 2 h, the old medium was discarded, followed by the addition of 100 μL of dimethyl sulfoxide solution, and the absorption intensity at 570 nm was measured.



Photothermal Cell Therapy

To measure the efficiency of photothermal therapy in vitro, K7M2 cells were cultured into 96-well plates (1 × 104 cells/well) under standard conditions. After 12 h, the cell medium was replaced with fresh medium containing the CuFeS2 nanoassemblies at the final concentrations of 0, 10, 20, and 40 ppm. A total 1 h later, the K7M2 cells were exposed to laser illumination at 808 nm (1.0 W cm–2, 5 min). Subsequently, the cells were washed with PBS for the MTT test. In the meantime, after photothermal therapy, cells in the parallel group were stained with Calcein AM and Propidium iodide (PI) using the Calcein AM/PI assay for 1 h and imaged by using a microscope (Leica).



Photothermal Therapy of Solid Tumors

Mice bearing K7M2 tumors with a surface diameter of ∼0.5 cm were divided into two groups (n = 3/group) and they were anesthetized with pentobarbital (50 mg kg–1) before laser irradiation. The mice in the first group (PBS + Laser) were intratumorally injected with a PBS solution (50 μL) and irradiated at 808 nm with a laser (1.0 W cm–2, 5 min). The mice in the second group (CuFeS2 + Laser) were intratumorally injected with CuFeS2 nanoassemblies in PBS solution (50 μL, 40 ppm) and then irradiated at 808 nm with a laser (1.0 W cm–2 for 5 min). During the irradiation, the thermal image of the mouse body was monitored, and the surface temperature of the tumor was recorded.



Histological Examination

After photothermal therapy for 1 day, mice in all groups were sacrificed to harvest the tumors and main organs which were subsequently fixed in paraffin and then cryosectioned. The tissue slices were subsequently stained with hematoxylin and eosin (H&E), and examined using a digital microscope (Zeiss AxioCam MRc5).



Biocompatibility in vivo

The biodistribution of the CuFeS2 nanoassemblies was evaluated using healthy mice intravenously injected with 12 mg⋅kg–1 of the CuFeS2 nanoassemblies. Major organs, such as kidney, liver, spleen, heart, and lungs were achieved at different time points (i.e., 1, 7, 14, 20 days) after administration. Copper content in these organs were determined by ICP-AES analysis. Meanwhile, blood samples were collected at different time points (i.e., 0, 1, 7, 14, 20 days) after the intravenous injection of the CuFeS2 nanoassemblies (12 mg⋅kg–1) or PBS solution.



RESULTS AND DISCUSSION

The CuFeS2 nanoassemblies were prepared by using the liquid-solid-solution method, in which the metal ions of Cu2+ and Fe3+ reacted with the S precursor in a mixed solution containing deionized water, ethanol, oleic acid, sodium oleate, and PVP at 180°C for 48 h. After the end of the reaction, black precipitates were obtained, and their morphology and size were first characterized by using TEM. The TEM image in Figure 1a reveals that the black precipitates are composed of nanoparticles with a size of 200–500 nm and do not have a clear morphology. The size of as-prepared products in water measured by dynamic light scattering (DLS) were around 400 nm (Supplementary Figure S1A), indicating that those products were mostly individually dispersed. Moreover, the size of the products in PBS determined by DLS showed very little change over time (Supplementary Figure S1B), also indicating a good dispersion. It should be noted that the term nanoassemblies is used to describe the sample as it is composed of a number of ultrasmall particles, which have an average size of ∼5 nm. The high resolution TEM image in Figure 1b exhibits a clear lattice with an interplane spacing of ∼0.3 nm, which corresponds to the (112) plane of the tetragonal CuFeS2 (JCPDS card no. 81–1959), indicating that the ultrasmall particles are CuFeS2. Furthermore, the phase of CuFeS2 nanoassemblies was also studied by using the XRD pattern (Figure 1c); there were three prominent diffraction peaks at 27.9°, 46.4°, and 55.0° which can be well indexed to (112), (220), and (312) of the tetragonal CuFeS2 (JCPDS no. 81–1959), respectively. Therefore, the above TEM and XRD analyses, demonstrate the successful synthesis of CuFeS2 nanoassemblies.
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FIGURE 1. Characterization of CuFeS2 nanoassemblies using transmission electron microscopy (TEM) (a) TEM image, (b) High resolution (HR)-TEM image, (c) X-ray diffraction (XRD) pattern, and (d) X-ray photoelectron spectroscopy (XPS) survey spectrum of CuFeS2 nanoassemblies.


Subsequently, the elements of CuFeS2 nanoassemblies were investigated using XPS. The XPS survey spectrum (Figure 1d) confirmed the obvious signals of Cu 2p, Fe 2p, and S 2p, which suggested that the nanoassemblies are made of Cu/Fe/S elements. In addition, the average Cu:Fe:S composition of the CuFeS2 nanoassemblies was determined to be 1.00:0.97:2.12, which is quite close to the ideal ratio of 1:1:2. From the Cu 2p core-level spectrum (Supplementary Figure S2A), we could observe Cu1+ 2p3/2 at 932.6 eV and Cu1+ 2p2/2 at 952.5 eV while there was no trace of a satellite peak for Cu2+ 2p3/2 at around 942 eV, verifying that the Cu element in the CuFeS2 nanoassemblies is Cu1+. For the Fe2p core-level spectrum (Supplementary Figure S2B), Fe 2p3/2 and 2p1/2 are, respectively, centered at 710.6 eV and 723.6 eV which are in good agreement with Fe3+, indicating that the Fe element in the CuFeS2 nanoassemblies is at the state of + 3. Thus, XPS analysis confirmed the presence of Cu1+ and Fe3+ in the CuFeS2 nanoassemblies.

It has been reported that CuFeS2 nanomaterials are capable of NIR absorbance. To study the photoabsorption performance, CuFeS2 nanoassemblies were dispersed into deionized water and tested by using a UV-vis-NIR spectrophotometer. The solution of CuFeS2 nanoassemblies is dark yellow, and it shows a strong and broad absorbance ranging from 300 to 1100 nm with the peak centered at 500 nm (Figure 2A). Subsequently, we investigated the NIR-laser-induced photothermal effect by using an 808 nm laser to illuminate the CuFeS2 nanoassemblies in deionized water. Under the illumination of the laser at 1.0 cm–2, the temperature of deionized water goes up by less than 1.8°C after irradiation for 5 min, indicating no obvious photothermal effect for deionized water (Figure 2B). With the addition of the CuFeS2 nanoassemblies, the temperature goes up quickly and the temperature elevation is determined to be 10.8, 20.4, or 29.7°C for the concentrations of 10, 20, or 40 ppm, respectively, indicating a rapid laser response and a high photothermal conversion. The above results confirm the strong and concentration-related performance of the CuFeS2 nanoassemblies when illuminated by a NIR laser at 808 nm.
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FIGURE 2. (A) A representative photograph and photoabsorption spectrum of the CuFeS2 nanoassemblies dispersed in water. (B) Temperature elevation curves of the solution containing CuFeS2 nanoassemblies at a concentration of 0–40 ppm.


In order to calculate the photothermal conversion efficiency (η) of the CuFeS2 nanoassemblies, we dispersed them into deionized water, which was then exposed to 808 nm NIR laser (1.0 cm–2, 5 min) irradiation. The temperature curve during the laser’s on and off periods was recorded, as demonstrated in Figure 3A. The temperature quickly increased once the nanoassemblies were exposed to 808 nm irradiation and then it decreased when the laser was turned off. Figure 3B shows the system time constant τs which was obtained from the cooling period when the laser was switched off, and was determined to be 168.4 s. The photothermal conversion efficiency was calculated by using the following equations:


[image: image]

FIGURE 3. (A) Temperature curve of a solution containing the CuFeS2 nanoassemblies during the periods the 808 nm laser was switched on and off. (B) The system time constant τs by linear fitting time data with ln(θ).
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where I and A808 stand for the NIR laser power and the absorbance of dispersion at 808 nm, respectively. The value of hA can be calculated from the equation used to calculate the system time constant τs with the help of the mass (mD, 0.2 g) and the heat capacity (CD, 4.2 J g–1) of deionized water. ΔTmax,dis and ΔTmax,H2O are the temperature changes of the CuFeS2 nanoassemblies and of deionized water, respectively. The photothermal conversion efficiency of the CuFeS2 nanoassemblies was calculated to be 46.8%. Therefore, the CuFeS2 nanoassemblies have a high photothermal conversion efficiency, indicating a great potential to be utilized as an efficient photothermal nanoagent for treating cancer cells.

Next, we investigated the effects of these CuFeS2 nanoassemblies on the viability of K7M2 cells in vitro through the MTT method. After incubation with the CuFeS2 nanoassemblies at the concentrations of 0, 2.5, 5, 10, 20, 40, 80, and 160 ppm for 24 h (Figure 4A), K7M2 cells retained high viability. Their viability at 160 ppm was determined to be as high as >85%, indicating the low cytotoxicity of the CuFeS2 nanoassemblies. Moreover, we have investigated the photothermal therapeutic ability of the CuFeS2 nanoassemblies by incubating them with cells and then irradiating them with a laser at 808 nm (1.0 cm–2, 5 min). Compared to the cells that were not incubated with CuFeS2 nanoassemblies, the viability of the cells treated with CuFeS2 nanoassemblies decreased as the concentration of the added CuFeS2 nanoassemblies increased. The average viability of the K7M2 cells was 78, 36.5, and 8.6% at the CuFeS2 nanoassemblies concentrations of 10, 20, and 40 ppm (Figure 4B), respectively. In the meantime, the treated cells were treated with a Calcine AM/PI assay to clarify the therapeutic photothermal effects of the CuFeS2 nanoassemblies. Laser-irradiated cells treated with PBS showed green fluorescence (Figure 5a), which indicated that the laser had no effect on the activity of these cells. In contrast, laser-irradiated cells incubated with the CuFeS2 nanoassemblies simultaneously showed green and red fluorescence at the concentration of 10 ppm, whereas only red fluorescence appeared at the concentration of 40 ppm, indicating all cells were killed (Figures 5b–d). Thus, we can confirm that, when exposed to the 808 nm NIR laser, the high photothermal effect of the CuFeS2 nanoassemblies has a high therapeutic efficiency in K7M2 cells.
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FIGURE 4. (A) The relative viability of K7M2 cells after incubation with the CuFeS2 nanoassemblies at a series of concentrations (0, 2.5, 5, 10, 20, 40, 80, and 160 ppm). (B) The relative viability of K7M2 cells after incubation with the CuFeS2 nanoassemblies (0, 10, 20, and 40 ppm) followed by laser irradiation at 808 nm.
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FIGURE 5. Fluorescence images of Calcein AM/Propidium iodine-stained K7M2 cells after incubation with (a) PBS solution and (b–d) the CuFeS2 nanoassemblies at different concentrations (10, 20, and 40 ppm) followed by laser irradiation at 808 nm.


After establishing the high photothermal ablation efficiency in vitro, we further examined the photothermal therapy in vivo. Mice bearing K7M2 tumors with a surface diameter of ∼0.5 cm were divided into two groups: (1) PBS + Laser, (2) CuFeS2 + Laser. The center of the tumors of mice in group (1) was injected with PBS solution (50 μL), while the tumor center of mice in group (2) was injected with a CuFeS2 PBS solution (50 μL, 40 ppm). The tumors in groups (1) and (2) were then laser-illuminated at 808 nm with an output power intensity of 1.0 cm–2 for 5 min, and the thermal image of the mouse body was captured. Figure 6a demonstrates the thermal image of mice in groups (1) and (2), demonstrating that the tumor treated with the CuFeS2 PBS solution showed a much brighter red fluorescence than that of the tumor treated with the PBS solution. The temperature profile of tumors in groups (1) and (2) is shown in Figure 6b. The tumor treated with the CuFeS2 PBS solution showed a high max temperature of 63°C whereas the PBS-treated tumor exhibited a max temperature of 38°C. The high temperature in the tumor area is attributed to the high photothermal conversion efficiency of the CuFeS2 nanoassemblies, which can result in a high therapeutic effect. After the photothermal therapy, a scar could be found at the site of the CuFeS2-treated tumor at day 2, while the original tumor and scar disappeared at day 14 (Figure 6c). Additionally, the tumors of mice in group (2) were disappeared and there was no reoccurrence observed (Figure 6d), while the tumors gradually increased in group (1). What’s more, there was almost no difference in body weight among the two groups of mice (Figure 6e), indicating the low toxicity of CuFeS2 nanoassemblies at the given conditions.
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FIGURE 6. (a) Thermal image of a mouse body showing the tumor area injected with PBS (left) and CuFeS2 nanoassemblies (right) and exposed to 808 nm NIR laser irradiation. (b) Typical temperature elevation curves of the treated tumors. (c) Photographs of mice after photothermal therapy. (d) Growth curves of tumors over time in the two groups after the treatments. (e) Body weight curves over time in the two groups after the treatments.


After photothermal therapy, the mice in the two groups were sacrificed, and tumors were extracted and sectioned for H&E staining. The typical images of H&E-stained tumor slices are shown in Figures 7a,b. The cells of the tumor which were injected with PBS and irradiated have a normal morphology, indicating the laser had no effect on tumor cells at the given intensity. On the contrary, the cells of the tumor which were injected with the CuFeS2 nanoassemblies and irradiated by 808 nm lasers had condensed nuclei. In addition, the loss of normal cell morphology can be observed. Furthermore, the average cell necrosis rate was 88.4% in tumors treated with CuFeS2 and laser irradiation which was significantly higher than that (11.8%) of tumors treated with PBS and laser irradiation (Figure 7c). Therefore, the CuFeS2 nanoassemblies developed in this study have been demonstrated to have excellent photothermal performance in vivo, and can, thus, be employed as an efficient nanomaterials for photothermal therapy of solid tumors.
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FIGURE 7. Photographs of hematoxylin and eosin (H&E)-stained tumor slices (a) Tumor treated with PBS and laser irradiation and (b) Tumor treated with CuFeS2 nanoassemblies and laser irradiation. (c) The cell necrosis rate of the treated tumors.


The ideal photothermal agents should have excellent biocompatibility for biological applications. The biodistribution of the CuFeS2 nanoassemblies was evaluated using healthy mice intravenously injected with 12 mg⋅kg–1 of the CuFeS2 nanoassemblies. Major organs, such as the kidney, liver, spleen, heart, and lungs were achieved at different time points (i.e., 1, 7, 14, 20 days) after administration. Copper content in these organs were determined by ICP-AES analysis. It showed (Supplementary Figure S3) that the CuFeS2 nanoassemblies mainly accumulated in the liver and spleen after the intravenous administration. The content in these two organs gradually decreased over time, indicating that CuFeS2 nanoassemblies were mainly degraded through these two organs. The cytotoxicity of CuFeS2 nanoassemblies on major organs was evaluated via H&E analysis. A total 20 days of the intravenous injection of the CuFeS2 nanoassemblies (12 mg⋅kg–1) or PBS solution, major organs were collected for H&E analysis. The shape and size of the organs in the two groups almost showed no change (Supplementary Figure S4). Meanwhile, blood samples were collected at the different time points (i.e., 0, 1, 7, 14, 20 days) after the intravenous injection of the CuFeS2 nanoassemblies (12 mg⋅kg–1) or PBS solution. There was no obvious difference in the alanine aminotransferase (ALT, Supplementary Figure S5A) and aspartate aminotransferase (AST, Supplementary Figure S5B), which indicated that CuFeS2 nanoassemblies at the given dose showed almost no effect on the liver and kidney. Therefore, the CuFeS2 nanoassemblies showed excellent biocompatibility.



CONCLUSION

In summary, the CuFeS2 nanoassemblies we synthesized in this study are efficient photothermal nanoagents for photothermal therapy of cancer cells in vitro and in vivo. The CuFeS2 nanoassemblies are synthesized by using the liquid-solid-solution method, and are composed of ultrasmall CuFeS2 nanoparticles with an average size of 5 nm. Furthermore, the CuFeS2 nanoassemblies exhibit strong NIR photoabsorption and can rapidly convert laser energy into heat, achieving a high photothermal conversion efficiency of 46.8%. Following incubation with CuFeS2 nanoassemblies without laser irradiation, cancer cells retain high activity indicating the CuFeS2 nanoassemblies have high biocompatibility. However, under laser irradiation at 808 nm the cells can be thermally ablated due to the high photothermal effect of the CuFeS2 nanoassemblies. Furthermore, when the CuFeS2 nanoassemblies are injected into tumors, the tumors show a high contrast in thermal images when laser-irradiated, and the tumor cells are then thermally ablated. Therefore, the CuFeS2 nanoassemblies can be utilized as novel and efficient photothermal nanoagents for tumor therapy and inspire the development of other novel nanoagents using an assembly strategy.
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