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Bi2S3 nanostructures can theoretically have photothermal properties. However, there are few reports on the application of bismuth sulfide in photothermal therapy due to the poor photothermal effect. To address this problem, herein we obtained Bi2S3 nanorods with defect structures via a facile method. Due to the special shape and defects, the Bi2S3 nanorods exhibited a strong absorption band in the NIR region, thus showed excellent photothermal effect. The photothermal conversion efficiency of Bi2S3 nanorods was calculated to be as high as 78.1% due to the strong NIR absorption. Importantly, the photothermal ablation experiments both in vitro and in vivo proved that the Bi2S3 nanorods can effectively kill cancer cells under the irradiation of an 808 nm laser. In addition, Bi2S3 nanorods can be used as effective CT imaging agents due to inherently high X-ray attenuation coefficient of bismuth. Our work demonstrated that the Bi2S3 nanorods were very promising photothermal nanoplatforms for photothermal therapy of cancers, guided by CT imaging.
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INTRODUCTION

Photothermal therapy (PTT), which utilizes photothermal agents to convert near-infrared (NIR, 700–1400 nm) light energy into heat energy to “cook” cancer cells, has attracted increasing attention in recent years (Li et al., 2018). Some progresses have been achieved in the research of photothermal agents, but the application of photothermal therapy still faces considerable challenges (Yang et al., 2019). What’s more, only a few of the nanostructured materials obtained by chemical synthesis that have been reported so far exhibit the absorption properties necessary for near-infrared light-to-heat conversion materials. Gold nanostructures have been extensively studied at the initial development stage of photothermal agents (Poper et al., 2007; Wang et al., 2009; Liu et al., 2012). Due to their adjustable absorption bands from the visible region to the near-infrared region, the gold nanostructures possess attracting photothermal performances. However, these gold nanostructures, especially gold nanorods, irreversibly transform into nanoparticles under the irradiation of NIR lasers (Tian et al., 2013). Therefore, several kinds of photothermal agents (including graphene oxides, semiconductors, and organic materials) were developed as alternatives to gold nanostructures (Chen et al., 2013). However, most of reported photothermal agents are hydrophobic, so complex hydrophilic modification processes are needed to make them meet the requirements of photothermal therapy applications (Hessel et al., 2011; Tian et al., 2011; Li et al., 2014). Since the hydrophilic modification will change the dielectric constant of the nanostructure, the optical absorption properties of the nano-agents would be affected (Hessel et al., 2011). In addition, the 808 nm wavelength is widely used to study the photothermal effect of photothermal agents. The safely limit power density of the 808 nm laser on the skin is too low (∼0.33 W cm–2) (Robinson et al., 2010). At this power density, the photothermal effects produced by photothermal agents are mostly difficult to kill cancer cells due to the poor photothermal performance of photothermal nano-agents (Liu et al., 2016; Zhang et al., 2016). Most of the photothermal agents reported so far have a single function and do not have imaging capabilities (Chang et al., 2013; Li et al., 2014). In this way, the early development of cancer cannot be monitored, which delays the timing of cancer treatment. There are also some reported photothermal agents that can simultaneously perform photothermal treatment and imaging diagnosis of tumors, but there are also certain problems. For example, Cu3BiS3 has photothermal effect and CT imaging capability, but the photothermal efficiency is low (Li et al., 2015). Therefore, in order to meet the severe requirements of photothermal therapy in the future, it is of great necessity to explore novel photothermal agents with excellent photothermal effect and multifunction.

It has been reported that Bi2S3 nanostructures with a direct band gap structure can exhibit a local plasma resonance effect (LSPR) in NIR region (Song et al., 2015). Moreover, due to its excellent biocompatibility and properties with photothermal effect resulted from intrinsic band gap absorption; Bi2S3 nanostructures have proved to be a promising photothermal agent (Xie et al., 2017). Additionally, bismuth is a high atomic number element with a relatively high X-ray attenuation coefficient, which can be used for CT imaging detection to observe the development of early tumors in cancer (Ai et al., 2011). However, because the absorption of bismuth sulfide is derived from the intrinsic band gap, it is difficult to adjust its optical properties, and it also makes its absorption coefficient and photothermal efficiency low. Therefore, there are few reports on the application of bismuth sulfide in photothermal therapy. Previous studies have confirmed that nano-agents can have absorption bands in the near infrared region due to their special morphology (Chen et al., 2010; Xu et al., 2012; Li W. et al., 2013). For example, gold nanorods may have long-axis absorption peaks in the near infrared region compared to gold nanoparticles (Chen et al., 2010). Thus bismuth sulfide with special morphology may have an absorption peak in the near infrared region. In general, Bi2S3 nanostructures can theoretically have excellent photothermal properties and CT imaging capabilities.

In this work, Bi2S3 nanorods served as photothermal theragnosis agents were prepared via a facile method. Due to the special shape and defects, the Bi2S3 nanorods exhibited a strong absorption band in the NIR region, thus showed excellent photothermal effect with a photothermal conversion efficiency up to 78.1%. Importantly, Bi2S3 nanorods can effectively kill cancer cells both in vitro and in vivo under the irradiation of an 808 nm laser. In addition, Bi2S3 nanorods can be used as effective CT imaging agents due to inherently high X-ray attenuation coefficient of bismuth. Our work demonstrated that the Bi2S3 nanorods are promising photothermal nanoplatforms for photothermal therapy of cancers, guided by CT imaging.



MATERIALS AND METHODS


Synthesis of Bi2S3 Nanorods

Bi2S3 nanorods were synthesized by a modified solvothermal method. Under magnetic stirring, 1 mmol of Bi(NO3)3 and 1.5 mmol of sodium diethyldithiocarbamate were fully dissolved in ethylene glycol (EG, 25 mL) and polyethylene glycol (PEG, MW = 400 Da, 15 mL). The solution was then transferred to a 50 mL stainless steel reactor and kept at 180°C for 24 h. The black products can be obtained by ethanol washing and centrifugation.



Characterization

The morphology, microstructure, and size of the Bi2S3 nanorods can be determined by TEM. The XRD test was performed using a Bruker D4 X-ray diffractometer using Cu Ka radiation (λ = 0.15418 nm). The XPS test was performed on X-ray photoelectron spectrometer. The UV-vis-NIR absorption spectrum data was obtained from Shimadzu’s UV-vis spectrophotometer. The released ions can be determined by Leeman laboratory inductively coupled plasma atomic emission spectrometer.

In order to measure the photothermal conversion performance of Bi2S3 nanorods, the light source was an 808 nm wavelength semiconductor laser with adjustable external power (0–1 W). 0.1 mL of nanorod dispersion with different concentrations was irradiated by an 808 nm laser. The output power was independently calibrated by a portable optical power meter and is ∼0.2 W, with a spot size of ∼0.66 cm2. The temperature was recorded every 5 s by a thermal imaging camera.

To further evaluate the photothermal performance of Bi2S3 nanorods, we tested the photothermal efficiency of 40 ppm nanorods using a previous reported method (Roper et al., 2007). The Bi2S3 nanorods were dispersed in deionized water and continuously irradiated by an 808 nm laser (0.3 W cm–2). The radiation source was immediately turned off when a steady-state temperature rise was achieved, and the temperature decrease was recorded to test the heat transfer rate of the system. The calculation formula (1) of the photothermal conversion efficiency (ηT) is as follows:
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In which I is the laser power, Aλ is the absorption at the excitation wavelength. A is the surface area of the container. h is the heat transfer coefficient. Tmax is the highest temperature of the system, and Tamb is the room temperature. Q0 is the heat input rate (mW). The value of hA is obtained by the following formula (2):
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Among them, τs is the time constant of sampling system. mD and CD are the mass (0.1 g) and specific heat capacity (4.2 J/g) of the dispersed nanoparticle media, respectively. The value of τs can be obtained by formula (3):
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Therefore, the time constant of the system heat transfer can be obtained by the linear relationship between the cooling time and the negative natural logarithm of the temperature driving force.



CT Imaging

Bi2S3 nanorods aqueous dispersion (100 μL) with varied concentrations was placed in PE tubes; these PE tubes were fixed with a self-made device, and directly used a micro-CT imaging system.

EL-4 tumor (∼5 × 8 mm) model mice were first anesthetized with 100 μL 10% trichloroacetaldehyde, intratumoral injection of nanostructured PBS dispersion (100 μL, 5 mg mL-1), and the mice were scanned via micro-CT imaging system before and after the injection of nanorods. Scanning parameters are consistent with those of in vitro experiments. CT images were reconstructed on the same workstation using software provided by the supplier. The CT value was obtained by the software of CT imaging workstation. All animal experiments are conducted according to the guidelines of the Institutional Animal Care and Use Committee of the Huashan Hospital affiliated to Fudan University.



Photothermal Treatment of Cancer Cells in vitro

EL-4 cells are distributed in 96-well plates at a density of 10,000 per well. The cells were incubated in an RPMI-1640 medium at a temperature of 37°C and a CO2 concentration of 5%. Subsequently, the cells were washed with PBS three times. 100 μL of Bi2S3 nanorods dispersed in PBS at different concentrations was then added to the wells, and the incubation was continued for 24 h. An 808 nm laser with a power density of 0.3 W cm–2 (power: ∼0.2 W, spot size: ∼0.66 cm2) was used to irradiate the cells for 5 min. Cell survival rate can be determined by CCK-8 essay. In order to optimize the effect of laser power density on cell viability, 100 μL of Bi2S3 nanorod dispersion with a concentration of 40 ppm was added to the wells, and the incubation was continued for 24 h. An 808 nm laser with varied power density was used to irradiate the cells for 5 min. Then CCK-8 evaluation was used to measure the cell viability. All tests are performed independently three times.



Photothermal Therapy of Cancer Cells in vivo

The mice were inoculated with 1.5 × 106 EL-4 cells. When the tumor diameter of the mice grew to 5–8 mm for 3 weeks, the mice were divided into four groups (5 mice in each group) randomly. Group 1: intratumoral injection of Bi2S3 nanorods (i.e., NRs); Group 2: intratumoral injection of normal saline and irradiation with 808 nm laser (i.e., NIR); Group 3: intratumoral injection of Bi2S3 nanorods and irradiation with 808 nm laser with a power density of 0.3 W cm–2 (i.e., 0.3Treatment); Group 4: intratumoral injection of Bi2S3 nanorods and irradiation with 808 nm laser with a power density of 0.5 W cm–2 (i.e., 0.5Treatment). For Group 1 and 2, the potential in vivo toxicity of Bi2S3 nanorods or NIR laser alone was mainly investigated. For group 3 and 4, the two groups were examined for the effect of power density on cancer cells under the combined action of Bi2S3 nanorods and 808 nm lasers. For groups 2 and 4, they were investigated to evaluate the photothermal effect in vivo of Bi2S3 nanorods. After different treatments, tumor volume and body weight of the mice are measured every 2 days. Then the mice were sacrificed and the tumors were removed from the mice and embedded in paraffin to make 4 μm slices. These slices were stained with H&E, then inspected with the fluorescent lens of the Zeiss lens, and the image was processed with the Zeiss image camera system.



Biocompatibility Evaluation in vivo

Healthy mice were intravenously injected with 10 mg⋅kg–1 of the Bi2S3 nanorods. Major organs, including lung, liver, spleen, kidney and heart, were achieved at different time points (i.e., 1, 7, 14, 21 days, n = 3). These organs were then solubilized, and determined by ICP-AES analysis to confirm the content of bismuth. Blood samples from the Bi2S3 nanorod group and PBS group were collected at the different time points (i.e., 0, 1, 7, 14, 21 days) to evaluate the aspartate aminotransferase (AST) and alanine aminotransferase (ALT). In addition, the major organs were collected for histological analysis pre- and post-injection of Bi2S3 nanorods at varied time points (i.e., 7, 14, 21 days).



RESULTS AND DISCUSSION

In order to prepare Bi2S3 nanorods (NRs), Bi(NO3)3, Sodium diethyldithiocarbamate and polyethylene glycol (PEG) were fully dissolved in ethylene glycol (EG) to form a uniform solution, which was then transferred to a reaction kettle and reacted at 180oC for 24 h. Black products can be obtained after centrifuge and washing with water for three times. In order to clarify the crystal phase of the synthesized products, we characterized the sample with an X-ray diffractometer. All the main peaks of X-ray diffraction patterns (Figure 1a) of the products can be well matched with the peaks of orthorhombic structured Bi2S3 (JCPDS No. 17-0325). From Figure 1a, the very narrow and intense peak of (130) indicated that the nanostructure grew along the (130) direction. Subsequently, we analyzed the elemental composition and oxidation states of the products, as shown in Figure 1b. The X-ray photoelectron spectrum (XPS) revealed that the sample contained five elements, i.e., Bi, S, O, N, and C. The elements O, N, and C were from the reaction precursors, indicating that the sample contained only Bi and S. The high resolution XPS of Bi and S indicated that the valence of bismuth was trivalent, and the valence of sulfur was a mixture of monovalent and divalent, meaning that there existed defect structure in Bi2S3 (Supplementary Figure S1). The TEM image (Figure 1c) revealed that the Bi2S3 nanostructures were monodispersed nanorods with sizes ranging from 50 to 300 nm. From the high resolution TEM image (Figure 1d), it can be seen that these nanorods were formed by the directional arrangement of bundled 5–22 nm nanorods. The microstructure information of nanorods can be further obtained from high-resolution TEM. The interplanar spacing was 0.357 nm, corresponding to the spacing of the (310) plane of the orthorhombic structured Bi2S3. Therefore, it can be concluded that Bi2S3 nanorods were successfully prepared.
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FIGURE 1. (a) XRD pattern of Bi2S3 nanorods. (b) XPS spectra of Bi2S3 nanorods. (c) TEM and (d) high resolution TEM of Bi2S3 nanorods.


Since the surface ligand of Bi2S3 nanorods was PEG, the nanorods were hydrophilic and can be directly dispersed in water without complicated surface modification. The absorption property of Bi2S3 nanorods in the NIR region has an important influence on its photothermal effect. Figure 2A shows the UV-vis absorption spectrum of Bi2S3 nanorod aqueous dispersions. Surprisingly, there was a broad and strong absorption band in the NIR region which was very different from those of Bi2S3 nanomaterials. After the concentration of the nanorod aqueous dispersion was determined by inductively coupled plasma atomic emission spectrometer (ICP-AES), the excitation coefficient of Bi2S3 nanorods can be calculated to be 12.3 L g–1 cm–1 which was higher than those of previously reported Bi2S3 nanomaterials (Song et al., 2015; Xie et al., 2017). The strong NIR absorption motivated us to evaluate their photothermal effect of Bi2S3 nanorods. Although the maximum absorption wavelength of Bi2S3 nanorods was centered at 550 nm (Figure 2A), 550 nm is located in the visible light region which exhibits weak penetration and strong scattering in biological tissue. The wavelength of the light source that excites the photothermal agent is in the range of 600–1400 nm. According to the optical properties of Bi2S3 nanorods, 808 nm lasers were chosen to study the photothermal effect. We measured the temperature change of the nanorods with a concentration gradient under the irradiation of an 808 nm laser. As shown in Figure 2B, the temperature of Bi2S3 nanorod dispersion at a concentration of 40 ppm increased by 22oC under an 808 nm laser irradiation at a power density of 0.3 W cm–2, while the temperature of pure water only increased by less than 2oC at the same conditions. It can be concluded that Bi2S3 nanorods can quickly and efficiently convert 808 nm laser energy into heat energy. Thus the Bi2S3 nanorods showed excellent photothermal effect. Photothermal stability is an important indicator for evaluating photothermal agents. As shown in Figure 2C, the maximum temperature rise showed almost no changes after five circles of laser on/off, indicating the excellent photothermal stability of Bi2S3 nanorods. We also measured the optical properties of Bi2S3 nanorods after the four circles of laser ON/OFF. The absorption intensity showed little decrease (Figure 2D), further confirming the good photothermal stability. Therefore, Bi2S3 nanorods can be very promising photothermal agents due to the excellent photothermal effect and photothermal stability.
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FIGURE 2. (A) UV-vis spectra and (B) photothermal effect of Bi2S3 nanorods. (C) Temperature change of Bi2S3 nanorods during the five circles of laser ON/OFF. (D) UV-vis spectra of Bi2S3 nanorods before (red line) and after photothermal stability measurement.


In order to further study the photothermal properties of Bi2S3 nanorods, we calculated the photothermal conversion efficiency of the Bi2S3 nanorods using a method similar to the previous report (Roper et al., 2007). We recorded the temperature change of the nanorod solution (40 ppm) under the irradiation of an 808 nm laser (0.25 W) with time until an equilibrium temperature was reached (Figure 3A). The time constant (τs) of the system heat transfer can be obtained from Figure 3B, and was calculated to be 63.9 s. Based on the data in Figures 2A, 3, we calculated the photothermal conversion efficiency of the Bi2S3 nanorods driven at 808 nm to be 78.1% which was much higher than some previously reported semiconductor pohotothermal agents (Song et al., 2015). The as-prepared Bi2S3 nanomaterials exhibited higher excitation coefficient (12.3 L g–1 cm–1) than those of previously reported Bi2S3 nanomaterials (Song et al., 2015; Xie et al., 2017). Usually, the NIR absorption of Bi2S3 nanomaterials is derived from intrinsic band gap which resulted in low excitation coefficient. In our work, the Bi2S3 nanomaterials possessed defect structure and special shape. The defect structure made the Bi2S3 nanomaterials have metal-like absorption properties. Meanwhile, the special shape made its absorption peak blue shift (Chen et al., 2010). Therefore, the as-prepared Bi2S3 nanomaterials showed higher excitation coefficient due to the defect structure and special shape, contributing to the high photothermal conversion efficiency. Similar to the Cu2–xTe nanocrystals, the optical property of these Bi2S3 nanorods can be adjusted through the shape and defects (Li W. et al., 2013). Therefore, the Bi2S3 nanorods can be expected to be used as photothermal agents for cancer treatment by 808 nm laser-driven photothermal therapy.
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FIGURE 3. (A) Temperature change of Bi2S3 nanorods (40 ppm) irradiated by an 808 laser for 300s, then shut off the laser for 300 s. (B) Time constant of Bi2S3 nanorods, τs = 63.9.


The excellent photothermal properties of Bi2S3 nanorods inspired us to study the therapeutic effects of the nanorods on tumor cells. Prior to this, we evaluated the toxicity of the Bi2S3 nanorods. Bi2S3 nanorods incubated with EL-4 cancer cells for 24 h, and then a standard CCK-8 essay was used to evaluate the cell survival rate. It was found that the cell viability was 92% when the concentration was 40 ppm (Supplementary Figure S2A) at which the temperature of Bi2S3 nanorods dispersion could reach 22°C and was enough to kill cancer cells. When the concentration reached up to 160 ppm, the cell survival rate was still as high as 85%, indicating that Bi2S3 nanorods showed low toxicity. Previously reported photothermal agents used a larger laser power for photothermal treatment due to the low photothermal efficiency of photothermal agents. We then studied the effect of photothermal treatment of the nanorods (40 ppm) on cancer cells under different laser power density conditions. As shown in Supplementary Figure S2B, cell viability decreased as the laser power density increased. When the laser power density was 0.3 W cm–2, the cell viability is less than 2%, indicating an excellent phototherapy of cancer cells in vitro. In order to observe vividly the effect of the photothermal effect of Bi2S3 nanorods on the El-4 cells, we stained the live and dead cells with calcein-AM and propidium iodide. Figure 4 shows the confocal micrographs of the cells after photothermal treatment under an 808 nm laser with indicated power density. It indicated that the dead cells increased more with the increase of power density, and the results of live/dead cell staining analysis were matched well with CCK-8 assay in Supplementary Figure S2B. Both the CCK8 assay and the live/dead cell staining analysis confirmed that Bi2S3 nanorods combined with NIR laser irradiation showed a good phototherapy effect on El-4 cell proliferation.
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FIGURE 4. Images of staining live/dead cells treated with an 808 nm laser at different power density. (a) 0 W cm– 2. (b) 0.1 W cm– 2. (c) 0.2 W cm– 2. (d) 0.3 W cm– 2. Magnification: 100 times.


CT imaging is an effective detection tool which is widely used in clinical diagnosis and medical research. Many elements with high X-ray attenuation coefficients have been developed to be used as CT imaging diagnostic agents, including bismuth, iodine, gold, lanthanides, etc. Thus Bi2S3 nanorods can be used for CT imaging detection. We placed Bi2S3 nanorods aqueous dispersions with different concentrations in test tubes for CT imaging experiments. Figure 5a shows CT images of Bi2S3 nanorods aqueous dispersions with different concentrations. It was obviously observed that the CT signal intensity gradually increased as the concentration increased. At the same time, it can be seen in Figure 5b that the HU value of the Bi2S3 nanorods increased linearly with the concentration, and the slope (Figure 5b) of the HU value of the Bi2S3 nanorods was about 27.1 HU L/g, which was higher than those of some other nanomaterial (Li J. et al., 2013; Li et al., 2015). Subsequently, we used EL-4 tumor model mice to evaluate the in vivo CT imaging effect of Bi2S3 nanorods. Before the injection of Bi2S3 nanorods, the tumor model mice were scanned by CT as a control. After that, the nanostructure dispersion was injected into the tumor model mice by intratumoral injection. Figure 5c reveals the CT coronal view of the mouse tumor site before and after intratumoral injection of Bi2S3 nanorods (100 μL, 5 mg mL–1). As shown in the Figure 5c, the tumor area showed a clear signal after injection compared with that before injection. The tumor site injected with Bi2S3 nanorods also showed a brighter contrast then other soft tissues. Additionally, the average CT value of the tumor area increased from 17 to 125. Therefore, Bi2S3 nanorods were expected to be used as diagnostic reagents for CT imaging.
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FIGURE 5. (a) CT signals of Bi2S3 nanorods. (b) CT value as a function of the concentration of Bi2S3 nanorods. (c) CT image of a mouse before (left) and after (right) the injection of Bi2S3 nanorods.


As Bi2S3 nanorods had excellent photothermal properties, we believed that these nanorods can be used as photothermal therapeutic agents in vivo. We explored the photothermal treatment effect of Bi2S3 nanorods on tumor model mice driven by 808 nm laser. EL-4 cell tumor model mice were randomly divided into four groups (see experimental section) and received different treatments. During the 808 nm laser treatment, an infrared camera can be used to obtain an infrared thermal image of the whole body of the mouse. After 100 s, the surface temperature of the Group 4 (injected Bi2S3 nanorods and then irradiated with an 808 nm laser at 0.5 W cm–2) increased to ∼55°C, while the temperature change of Group 1 (only 808 nm laser irradiation) didn’t not increase significantly as the irradiation time was extended (Figure 6A). These results indicated that the Bi2S3 nanorods still had a good photothermal effect in vivo. After the corresponding treatment, we recorded the change in tumor volume 2 days using vernier calipers. As shown in Figure 6B, the tumor disappears without recurrence only for the mice in Group 4. The tumor volume of mice in Group 3was significantly inhibited but the tumor was still growing because the laser power density in Group 3 was lower. Although the photothermal effect from the nanorods (40 ppm) could efficiently kill cancer cells in vitro under the irradiation of the 808 nm laser (0.3 W cm–2), the power density of the lasers will be attenuated when the laser passes through the skin of the mice, making the inhibition of tumor growth rather than complete elimination in Group 3. The tumors of the mice in the other two control groups were not suppressed, and the tumor growth curves between the two groups were almost indistinguishable. We also tested the weight changes of each group of mice after the indicated treatment. There was no significant difference between the four groups of mice (Figure 6C), indicating that the treatment conditions we gave showed no side effects.
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FIGURE 6. (A) Photothermal effect after injection of PBS, and Bi2S3 nanorods under the irradiation of the 808 nm laser with a power density of 0.5 W cm– 2, respectively. (B) Tumor volume and (C) Body weight changes in different groups. (D) H&E images of ex vivo tumor sections in different groups. Magnification: 200 times.


After treatment, all tumors were taken out and made into 4 μm slices. The slices were stained with H&E. The micrographs after staining are shown in Figure 6D. As expected, compared with Group 3 and 4, the changes in size, morphology and cell nuclear were not clearly observed in the Groups 1 and 2 injected with nanorods alone or only irradiated with laser. Cell necrosis in Groups 1 and 2 was only ∼5.3 and 8.7%, respectively (Supplementary Figure S3). However, cancer cells injected with nanorods showed severe cell destruction after laser irradiation. After co-treatment with nanorods and lasers, cell necrosis such as nuclear shrinkage, nuclear rupture, and nuclear dissolution occurred. In addition, as the laser power density was increased from 0.3 W cm–2 to 0.3 W cm–2, more cell necrosis was observed. It can be observed that the interstitial structure around the cells is more severely damaged, and some cells are completely detached from the cells in Group 4. The tumor cell necrosis rate in Groups 3 and 4 was 55.2 and 90.8%, respectively. These results indicated that cancer cells in vivo can be effectively killed by the photothermal effect of Bi2S3 nanorods. Therefore, the combination of Bi2S3 nanorods and 808 nm laser is very feasible for photothermal therapy of cancer cells.

Photothermal agents should have excellent biocompatibility. We first studied the biodistribution of the Bi2S3 nanorods. Healthy mice were intravenously injected with 10 mg⋅kg–1 of the Bi2S3 nanorods. Major organs, including lung, liver, spleen, kidney and heart, were achieved at different time points (i.e., 1, 7, 14, 21 days, n = 3). These organs were then solubilized, and determined by ICP-AES analysis to confirm the content of bismuth. It showed (Supplementary Figure S4) that the Bi2S3 nanorods mainly accumulate in the liver and spleen after the intravenous administration, indicating that Bi2S3 nanorods were mainly degraded through these two organs. Furthermore, blood samples from the Bi2S3 nanorod group and PBS group were collected at the different time points (i.e., 0, 1, 7, 14, 21 days). No obvious difference was observed in the aspartate aminotransferase (AST, Figure 7A) and alanine aminotransferase (ALT, Figure 7B), indicating that Bi2S3 nanorods showed little influence on liver and kidney at the given dose. In addition, the major organs were collected for histological analysis pre- and post-injection of Bi2S3 nanorods at varied time points (i.e., 7, 14, 21 days). No obvious organ damage, such as the change of the shape and size of the cells, were noted compared with the control group (Figure 7C). The results suggested that the Bi2S3 nanorods showed good biocompatibility.
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FIGURE 7. Blood biochemical results of control group and Bi2S3 nanorod at different time points (1, 7, 14, 21 days) after injection: (A) aspartate aminotransferase (AST), (B) alanine aminotransferase (ALT). (C) HE analysis of main organs at different time points (0, 7, 14, 21 days) after injection, including lung, liver, spleen, kidney and heart. Magnification: 100 times.




CONCLUSION

In conclusion, the Bi2S3 nanorods were successfully prepared by a facile solvothermal synthesis method to be served as a promising photothermal theragnosis agent. The Bi2S3 nanorods exhibited a strong NIR absorption band due to the special shape and defects, thus showed amazing photothermal effect with a photothermal conversion efficiency as high as 78.1%. The photothermal ablation experiment of cells both in vitro and in vivo prove that the Bi2S3 nanorods have a good photothermal effect under the irradiation of an 808 nm laser and can effectively kill cancer cells. In vivo and in vitro CT imaging experiments demonstrate that Bi2S3 nanorods are expected to be effective CT imaging agents. Therefore, the Bi2S3 nanorods can be used as promising photothermal theragnosis agents due to the excellent photothermal effect, CT imaging capability and low toxicity.
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