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CuS nanoparticles (NPs) as an effective near-infrared absorption agent have been widely applied in the photothermal therapy (PTT) of cancer. However, little is known about the application of CuS NP-based PTT in alleviating arterial inflammation and restenosis, which affects the long-term prognosis of endovascular treatment. In this study, CuS NPs were synthesized and used as PTT nanoplatform for ameliorating arterial inflammation induced by mechanical injury of endovascular treatment. The macrophages possess powerful phagocytosis toward CuS NPs is evidenced by intracellular transmission electron microscopic imaging. As illustrated from Cell Counting Kit-8 assay and calcein AM/PI staining, an efficient depletion of macrophages by CuS NPs coculture combined with the irradiation with a 915-nm near-infrared laser was achieved. The endarterium injury/inflammation model was established by insertion of a 29G needle (BD Insulin Syringe Ultra-Fine®) to the left common carotid artery of an apolipoprotein E knockout mouse to mimic endarterium damage after endovascular treatment. Local injection of CuS NPs around the left common carotid artery followed by irradiation with a 915-nm INR laser significantly depleted infiltrated macrophages and alleviated arterial stenosis. This work emphasizes the role of CuS NPs as a PTT agent in post-injury remodeling of the arterial wall and provides an attractive target macrophage that can be depleted to alleviate arterial restenosis.
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INTRODUCTION
Atherosclerosis obliterans of the extracranial carotid artery accounts for 15–20% of ischemic strokes (Li et al., 2015). Combination of percutaneous transluminal angioplasty and stent implantation has become alternative to endarterectomy partly because it has the advantages of shorter operation time, less invasion, and quick recovery (Beckman et al., 2020). Regardless of refinements of the endovascular technique, the mechanical injury to the endarterium is unavoidable, and subsequent arterial inflammation and restenosis are still incompletely understood and entirely unpredictable or unpreventable (Hong and Lee, 2020).
The negative remodeling of the arterial wall mediated by arterial inflammation is a hallmark of restenosis (Williams et al., 2019). Mechanical injury of endovascular treatment wrecks the integrity and continuity of the endarterium, which triggers the release of a number of cytokines from endothelial cells, neutrophils, and platelets (Arakawa et al., 2005) and recruits massive circulating monocytes to the arterial intima (Koelwyn et al., 2018). Via serious signaling pathways (Tong et al., 2020), recruited monocytes differentiate into macrophages, which mediates the chronic inflammation of the injured artery (Koelwyn et al., 2018). After penetrating into the lesion site, macrophages contribute to the secretion of matrix metalloproteinase to degrade the extracellular matrix and release of pro-inflammatory chemokines to stimulate the transformation and proliferation of smooth muscle cells, ultimately leading to arterial restenosis (Jinnouchi et al., 2020; Tong et al., 2020). Thus, depletion of abnormal infiltrated macrophages provides novel insights into alleviating restenosis after endovascular treatment.
Photothermal therapy (PTT) using nanoparticles as near-infrared (NIR) absorption agents has been widely applied in medicine, especially cancer therapy (Wang et al., 2020). The principal mechanism of its therapeutic effect is converting light energy into thermal energy, which results in degeneration of DNAs and proteins of target cells (de Melo-Diogo et al., 2017). Taking advantage of this feature, we have effectively developed this procedure using CuCo2S4 nanocrystals (Zhang et al., 2019), MoO2 nanoclusters (Wang et al., 2019), polypyrrole nanoparticles (Peng et al., 2015), and gold nanorods (Qin et al., 2015) to alleviate arterial inflammation by eliminating macrophages. As typical semiconductor materials, copper chalcogenides, especially CuS NPs, have many unique advantages as new photothermal conversion materials owing to strong NIR absorbance, photostability, and low toxicity (Zhou et al., 2010; Cheng et al., 2014; Yang et al., 2016). With strong absorption in the NIR (700–1,400 nm), copper chalcogenides were first reported as photothermal reagents by Li et al. (2000), who found that thioglycolate-coated copper sulfide nanoparticle exhibited good laser-induced photothermal effect in eliminating cancer cells. CuS NPs, nanoplatforms with dual photoacoustic/magnetic resonance imaging, and PTT are being widely studied in the anticancer field (Poudel et al., 2019). In vivo experiments confirmed evident accumulation of CuS NPs with both imaging and therapeutic functions in breast cancer, and cancer growth was inhibited markedly through synergistic photodynamic/PTT (Zhou et al., 2010; Hu X. et al., 2020). Despite wide utilization of copper-based nanoparticle–based PTT on cancer treatment with promising results, it is currently unknown whether PTT using CuS NPs as NIR absorption reagent can ameliorate negative remodeling of arterial wall that is, restenosis after endovascular treatment by eliminating artery infiltrating macrophages.
Toward this end, CuS NPs were synthesized, and their characterization and photothermal properties were measured. The cytotoxicity and PTT effect on macrophages were evaluated in vitro. The endarterium injury/inflammation model was established by insertion of a 29G needle (BD Insulin Syringe Ultra-Fine®) to the left common carotid artery of the apolipoprotein E knockout mouse to mimic endarterium damage after endovascular treatment. PTT therapy based on the local administration of CuS NPs was subsequently carried out. Of note, we specially evaluated the imaging property of CuS NPs for in vivo tracking by small animal CT device. Histopathological examination was conducted to assess the effect of PTT in alleviating arterial restenosis. This work emphasized the novelty of CT-guided therapy based on CuS NPs in prevention and treatment of arterial restenosis after mechanical injury of the endarterium.
MATERIALS AND METHODS
Materials
CuCl2, sodium citrate, and Na2S were purchased from Sinopharm Chemical Reagent Co., Ltd. (Shanghai, China) and used without purification. Mouse macrophage cell line, Raw 264.7, was purchased from the Beijing Cell Bank, the Chinese Academy of Medical Sciences (Beijing, China). Dulbecco’s modified Eagle’s medium (DMEM, with high glucose 4,500 mg ml−1), fetal bovine serum, trypsin-EDTA (0.25%), and penicillin/streptomycin were purchased from Thermo Fisher (New York, United States). The primary CD68 antibody and relevant second antibody were purchased from Thermo Fisher (New York, United States). The Cell Counting Kit-8 (CCK-8) and Calcein-AM/PI Double Stain Kit were purchased from Dojindo (Kumamoto, Japan).
Synthesis of CuS Nanoparticles
The CuS NPs were synthesized according to the method described previously (Zhou et al., 2010). To 1,000 ml of aqueous solution of sodium citrate (0.2 g, 0.68 mmol) and CuCl2 (0.1345 g, 1 mmol), 1 ml of sodium sulfide solution (Na2S, 1 M) was added under magnetic stirring at room temperature. Ten minutes later, the mixture was heated to 90°C and stirred until dark green color appeared, and then the mixture was transferred to ice-cold water. The Cit-CuS NPs were obtained and stored at 4°C for further use.
Characterization of CuS Nanoparticles
Scanning electron microscopy (JEM-2010F; Japan) was used to determine the size, microstructure, and morphological properties of the CuS NPs. X-ray diffractometer analysis was conducted on a BT-X X-ray diffractometer (Olympus, Tokyo, Japan). UV-vis absorption spectra and diffuse reflectance spectra were recorded by using a TP720 UV-vis-NIR spectrophotometer (Olympus, Tokyo, Japan) from 400 to 1,000 nm. Fourier transform infrared spectra were measured by using KBr pellet methods using an infrared spectrometer (IRPrestige-21; Japan). Contents of ions released from the synthesized CuS NPs were determined by inductively coupled plasma atomic emission spectroscopy (Thermo Fisher, New York, United States). A 915-nm semiconductor laser (Thorlabs, United States) could be adjusted externally (0–2 W). Calibration of the output power of lasers was conducted by using a handheld optical power meter (OLP-35, VIAVI, United States). To measure the photothermal property, 100 μl of CuS NPs at different concentrations were irradiated with a 915-nm semiconductor laser device at a power density of 0.5 W cm−2 for 5 min. To evaluate the photostability of CuS NPs, the solution was irradiated with a 915-nm laser for 5 min, followed by natural cooling without irradiation for 5 min. The procedure was repeated five times. The temperature was recorded and imaged simultaneously with a thermal imaging camera (FLIR A300, United States).
Cell Culture and Characterization
Raw 264.7 macrophages were cultured in Dulbecco’s modified Eagle’s medium (4500 mg ml−1 glucose), supplemented with 10% fetal bovine serum and 1% streptomycin/penicillin, and maintained at 37°C in a humidified 5% CO2 atmosphere. The Raw 264.7 macrophages were stained with CD68 and DAPI and observed using a fluorescence microscope (Olympus, Japan).
Cytotoxicity, Cell Viability Assay, and Intracellular Transmission Electron Microscopy
To evaluate the cytotoxicity properties of CuS NPs on macrophages in the absence of PTT, Raw 264.7 was seeded in a 96-well plate (1 × 105 per well) and cocultured with CuS NPs at different concentrations (0, 20, 40, 80, 120, 200, 400, and 800 μg ml−1) for 12 h. CCK-8 cell proliferation assay was conducted to measure the viability of macrophages after cocultured with CuS NPs according to the manufacturer’s instructions. Then, the safe concentration of CuS NPs was confirmed and used for the subsequent experiments. To assess the photothermal effects of CuS NPs, Raw 264.7 was cocultured with CuS2 NPs at safe concentration for 12 h and then irradiated with a 915-nm NIR laser at different power densities (0, 0.3, 0.5, and 1.0 W cm−2). After that, the irradiated macrophages were stained with calcein AM/PI to discriminate living and dead cells (Calcein AM-green fluorescence, PI-red fluorescence) and observed using an inverted fluorescence microscope (Olympus, Japan). For the intracellular TEM, CuS NPs engulfed by macrophages were observed using an intracellular transmission electron microscope (TEM; JEM-1450, Tokyo, Japan).
Animal Model and Photothermal Therapy
Male, 8-week-old apolipoprotein E knockout mice were enrolled in the present study. The animal protocol was approved by the Ethics Review Committee for Animal Experimentation of Shanghai Ninth People’s Hospital, Shanghai Jiao Tong University School of Medicine.
The mice were anaesthetized by intraperitoneal injection of 40 mg/kg pentobarbital sodium, and then the left common carotid artery was skeletonized. The LCA was blocked by cross-clamping at the proximal end, and an incision was then made at the distal end of the LCA. A 29G needle (BD Insulin Syringe Ultra-Fine®) was inserted to the LCA, rotated, and pushed forward and backward for three times. After closing the incision, left carotid arteries were wrapped with a constrictive silica collar. After 14 days, 100 μl (80 μg ml−1) CuS NPs were injected into the constrictive silica collar under the guidance of small animal ultrasonic instrument, while the contralateral right carotid arteries were sham-operated to serve as the intra-animal control. The procedure is shown in Supplementary Figure S1. Then, 12 h after injection, all groups were subjected to 915-nm NIR laser irradiation at a power density of 0.5 W cm−2 for 5 min.
In Vivo Computed Tomography
Small animal CT scanning (SkyScan1278, Brooke, German) was used to determine the imaging property of CuS NPs. The operated mice (intra-collar injection with 100 μl of CuS NPs, 80 μg ml−1) were subjected to CT scanning. 3-dimensional CT imaging was reconstructed to track the distribution of CuS NPs around the LCA.
Histological Analysis and Blood Examination
On the 14th day after PTT, all the mice were sacrificed for histopathological examination. Both collared and sham-operated carotid arteries were harvested. The arteries were stained with macrophage surface marker CD68 and DAPI, and the immunofluorescent signal was detected by using a microscope which was further quantified by ImageJ 1.8.0 software. The number of cells of CD68-positive macrophages was then counted by two investigators who were blinded to group information. The thickness of the intima and media of the arteries was observed by using a microscope after routine HE staining of slides from the carotid arteries and calculated by ImageJ 1.8.0. To observe the restoration of integrity and continuity of the post-injury endarterium, Evans blue staining was performed following the standard protocol.
To assess the in vivo toxicity and biocompatibility of CuS NPs, the major viscera, heart, liver, spleen, lung, kidney, and intestine were made to 4- to 6-nm sections for HE staining, and the histopathological changes were observed. Seven age-matched healthy mice were sacrificed as control. All the bloods biochemical parameters were measured in Shanghai Ninth People’s Hospital Research Center for Model Organisms.
Statistics Analysis
Parametric data are represented as means ± standard deviation, and comparisons among groups were analyzed by one-way analysis of variance followed by Bonferroni correction for post hoc test. The number of macrophages was analyzed by using the Kruskal–Wallis test with Bonferroni correction. P-value <0.05 was considered statistically significant. All data are representative of at least three independent experiments. SPSS, version 25.0 (IBM-SPSS, Inc., Armonk, NY), was used to perform statistical analysis. The comparison results between groups labeled with * for p < 0.05 and ** for p < 0.01.
RESULTS AND DISCUSSION
Synthesis and Characterization of CuS Nanoparticles
Hydrophilic CuS NPs were prepared by a one-step hydrothermal synthesis method in the presence of sodium citrate. The crystal phase of the products is characterized by using an X-ray diffractometer (XRD). Figure 1A shows the XRD pattern of the as-synthesized products. The pattern of the sample can be matched well with the hexagonal CuS phase (JCPDS no. 43-1473), with no other peaks. EDS analysis (Supplementary Figure S2) showed that the products were composed of two elements (Cu and S), indicating the high purity of the CuS NPs. As shown in Figures 1B,C, SEM and TEM images confirmed that the products were nanoparticles with a size of 50 nm, showing good dispersion. Figure 1D exhibits the UV-vis absorbance spectrum of the aqueous dispersion of CuS NPs. It showed an intense absorption band centered at 1,010 nm. The strong NIR absorption made the CuS NPs an ideal candidate as PTT agents.
[image: Figure 1]FIGURE 1 | Synthesis and characterization of CuS NPs. (A) XRD pattern of CuS NPs. (B) SEM image of CuS NPs. Scale bar: 50 nm. (C) TEM image of CuS NPs. Scale bar: 50 nm. (D) UV-vis-NIR absorption spectrum of CuS NPs at room temperature.
Identification of Macrophages and Intracellular Uptake
As an important member of the mononuclear phagocytic system, macrophages own the characteristics of strong phagocytosis and rapid growth. Raw 264.7 has been widely applied to study the function and characteristics of macrophages. Raw 264.7 was identified by cell immunofluorescence to determine the specific surface antigen of macrophages. Cellular immunofluorescence (Figure 2) demonstrated that Raw 264.7 was positive for CD68 (red), and nuclear staining with DAPI (blue).
[image: Figure 2]FIGURE 2 | Identification specific surface antigen of Raw 264.7. Nuclear is stained with DAPI (blue); specific surface antigen is positive for CD68 (red). Scale bar: 100 μm.
Macrophages are known to be the principal participants in the chronic remodeling of the arterial wall. To detect the possibility of applying PTT using CuS NPs in ablating macrophages, we evaluated the phagocytosis of macrophages toward the CuS NPs using TEM. The intracellular TEM images of Raw 264.7 showed efficient phagocytosis toward the CuS NPs without obvious damage to organelles (Figure 3A). However, after coculturing with CuS NPs at a concentration of 80 μg ml−1 for 12 h and then undergoing 915-nm NIR laser irradiation at a power density of 0.5 W cm−2 for 5 min, significant blebbing, karyolysis, and cytolysis were observed (Figure 3B), all indicating that macrophages were induced to apoptosis and/or necrosis after PTT treatment. Thus, the present PTT using CuS NPs as photothermal agents demonstrates a potential application for ablating macrophages to alleviate chronic inflammation.
[image: Figure 3]FIGURE 3 | Representative TEM images of phagocytosis of the CuS NPs. (A) Raw 264.7 incubated with the CuS NPs for 12 h. (B) Karyolysis and cytolysis of Raw 264.7 after incubation with the CuS NPs for 12 h and NIR laser for 5 min at a power density of 0.5 W cm−2. The orange arrows indicate the CuS NPs engulfed by lysosomes.
Cytotoxicity and Photothermal Effect of the CuS Nanoparticles on Macrophages
To evaluate the photothermal effect of CuS NPs, the temperature evolution at different CuS NP concentrations (0, 20, 40, and 80 μg ml−1) under continuous 915-nm wavelength laser irradiation for 300 s was recorded, showing that the temperature elevated in a dramatic and smooth pattern with increment of CuS NP concentration (Supplementary Figure S3). Biomedical safety is prerequisite for any clinical application, and the cytotoxicity of the CuS NPs should be assessed. After incubating with the CuS NPs for 12 h, the CCK-8 assay was conducted to detect the concentration-dependent cytotoxicity of the CuS NPs on Raw 264.7. No significant difference was observed in cell viability at the concentrations under 80 μg ml−1. When the concentration reached 120 μg ml−1; the viability of Raw 264.7 was slightly affected (Figure 4A). Therefore, CuS NPs below a concentration of 80 μg ml−1 were selected for being cocultured with macrophages in subsequent in vitro and in vivo experiments.
[image: Figure 4]FIGURE 4 | Cytotoxicity of CuS NPs and its thermal effect on macrophages. (A) The cell viability of macrophages after cocultured with different concentrations of CuS NPs. (B) The cell viability of macrophages cocultured with CuS NPs (80 μg ml−1) exposed to 915 nm NIR laser at different power density for 5 min. (C) Representative images of live (green) and dead (red) cells with CuS NPs (80 μg ml−1, 0.5 W cm−2) in the control group, CuS NPs group, CuS NPs + PTT group, respectively. Scale bar: 100 μm.
To study the photothermal effect of CuS NPs on macrophages, Raw 264.7 was cocultured with CuS NPs of 80 μg ml−1 for 12 h and then exposed to 915-nm laser at different power densities (0, 0.25, 0.5, and 1.0 W cm−2) for 5 min. The CCK-8 assay was conducted to detect the power density–dependent cytotoxicity of the CuS NPs on Raw 264.7. The viability of Raw 264.7 reduced slightly at a power density of 0.25 W cm−2. However, when the power density reached 0.5 W cm−2, the viability of Raw 264.7 reduced markedly (Figure 4B). Considering the results above, laser power (0.5 W cm−2) was chosen to mimic the treatment in vitro.
Next, Raw 264.7 was incubated with CuS NPs of 80 μg ml−1 for 12 h and then exposed to 915-nm laser (0.5 W cm−2) for 5 min. Subsequently, Raw 264.7 cells were stained with calcein AM/PI for discriminating living (green) cells and dead (red) cells. Calcein AM/PI results (Figure 4C) showed that no dead cells were observed in the control group (Figure 4C,a), and about 25% were dead cells in the CuS NPs group (Figure 4C,b), while about 95% cells were dead in the CuS NPs + PTT group (Figure 4C,c). The CCK-8 assay showed results consistent with calcein AM/PI results (Figure 4C,d). Those results demonstrated that PTT using CuS NPs as NIR absorption agents could eliminate macrophages effectively and may provide great potential to alleviate arterial stenosis.
As an important type of programmed cell death, apoptosis could be induced by the thermal effect of nanoparticles; however, whether it is involved in CuS-based PTT-induced macrophage death is currently unknown. To this end, we performed annexin V/PI staining of macrophages from control, CuS NPs, and CuS NPs + PTT groups, and the flow cytometry analysis showed that the necrosis index of macrophages was slightly higher in the CuS NPs group than in the control group and difference in the apoptosis index was not found between the two groups. In contrast, the CuS NPs + PTT group exhibited a significantly higher either early apoptosis (24.9% vs. 1.97%) or mid/late apoptosis (32.5% vs. 0.76%) index of macrophages than the CuS NPs group (Figure 5). However, the necrosis index of the macrophages was similar between CuS NPs and CuS NPs + PTT groups, indicating that the macrophage cell death induced by the CuS NPs–based photothermal effect was mainly apoptosis, rather than necrosis.
[image: Figure 5]FIGURE 5 | Annexin V/PI duostaining of macrophages. CuS NPs + PTT group exhibited a significantly higher either early apoptosis (Q3) or mid/late apoptosis (Q2) index of macrophages than the CuS NPs group.
In Vivo Computed Tomography Imaging
In addition to their powerful therapeutic effect, the imaging function of nanomaterials has drawn great attention. Targeted delivery of imaging nanomaterials provides a promising approach for precious location of lesions and accurate diagnosis of diseases (Ge et al., 2020). The binding of Cu2+ to black phosphorus not only enhances photothermal stability and accelerates degradation, which makes Cu2+-based nanomaterials the best photothermal agents (Wicki et al., 2015) but also provides in vivo real-time and quantitative tracking positron emission tomography–computed tomography (PET-CT) imaging (Hu K. et al., 2020). Moreover, it was reported that chelator-free 64CuS nanoparticles are suitable for PET-CT imaging and robust photothermal ablation (Zhou et al., 2010). In the progression of atherosclerosis, increased accumulation of 64Cu-labeled vMIP-II comb was confirmed by PET-CT imaging and was consistent with histopathological characterization of plaque including increased macrophage number and enlarged size (Luehmann et al., 2016). Collective data have indicated that Cu-based nanomaterials are suitable for CT imaging of tumor and inflammation. As demonstrated in 2D-CT and 3D-CT (Figure 6), flocculent and high-density imaging of CuS NPs was confined in the constrictive silica collar that wrapped the common carotid artery, indicating excellent CT imaging property of CuS NPs. Moreover, only little diffusion of CuS NPs to the surrounding tissues and organs was observed, which indicates that the CuS NPs can be accurately located around the lesion and play a role in PTT without causing any side effect.
[image: Figure 6]FIGURE 6 | Demonstration of 2D-CT and 3D-CT imaging property of CuS NPs in vivo. The orange arrows indicate the CuS NPs and the constrictive silica collars.
Photothermal Effect on Carotid Artery Inflammation Induced by Mechanical Injury to Endarterium
PTA or stent implantation in mechanical injury to the endarterium is inevitable (Ng et al., 2017). Post-injury platelet/endothelium interaction promotes penetration of circulating monocytes through the injured endarterium with the regulation of cytokines (Arakawa et al., 2005), microRNAs (Gareri et al., 2016), and adhesion molecules (Hytonen et al., 2016), resulting in the transformation from monocytes to macrophages. Accumulating evidence indicate that activated macrophages surrounding the arterial wall triggers an overproduction of pro-inflammatory factors, which leads to severe hyperplasia of smooth muscle cells and arterial restenosis (Hoare et al., 2019). Therefore, it is plausible that macrophages are the target of ablation by which PTT using CuS NPs alleviates arterial inflammation after mechanical injury to the endarterium and mediates a protective effect on the endarterium. Apo E knockout mice were used to conduct the endarterium injury model and to mimic the mechanical injury of endovascular treatment. According to different treatment procedures, they were divided into control group, CuS NP group, and CuS NP + PTT group. After 14 days, the left carotid arteries were harvested for HE staining and immunofluorescence staining. The results showed that compared with the control group and the CuS NP group, the number of macrophages in the CuS NP + PTT group reduced greatly (Figures 7A,B). This suggests that PTT using CuS NPs can ablate macrophages effectively. What is more, HE staining demonstrated that the thickness of the intima and media in the CuS NP + PTT group was much thinner than that in the control group and the CuS NP group (Figures 7A,C). The number of macrophages was revealed to be reduced in the media of the artery in our study, which confirmed the essential role of PTT using CuS NPs in the ablation of macrophages. Another important finding revealed by the present study was that the thickness of the intima and media was thinnest after the PTT using CuS NPs, which might be associated with 1) apoptosis and necrosis of SMCs induced by higher temperature and 2) inhibition of SMC proliferation through eliminating macrophages. As either percutaneous balloon angioplasty or stent transplantation would unavoidably lead to the injury of the arterial endothelium and endothelial dysfunction, re-endothelialization of the injured arteries after endovascular treatment greatly affects later artery restenosis and patency. Results from Evans blue staining revealed that compared to the control group and the CuS NP group, re-endothelialization of the endarterium in the CuS NP + PTT group restored excellently after PTT as evidenced by more intact and continuous endarterium (Figure 6A).
[image: Figure 7]FIGURE 7 | Representative immunofluorescence images of the carotid artery. (A) Representative of HE, immunofluorescence (IF) staining, and Evans blue staining of carotid artery from the control group, CuS NP group, and CuS NP + PPT group, respectively. (B) Representative of the number of CD68+ macrophages in each group. (C) Representative of the artery wall thickness in each group. Scale bar: 200 μm.
Biocompatibility of the CuS Nanoparticles
Favorable biocompatibility of NPs should be considered and guaranteed for living bodies. Mice from the three groups (n = 7, each) were sacrificed 14 days after PTT, and major viscera were harvested for histopathological examination. Paraffin-embedded sections (4 nm) of major viscera (heart, intestine, kidney, liver, lung, and spleen) were stained with hematoxylin–eosin dye. Compared with the control group, no obvious pathological changes such as cell denaturation and necrosis were observed in the other two groups (Figure 8A). Blood samples were tested using the ELISA method. Statistical difference was not found between the three groups in terms of alanine aminotransferase, aspartate aminotransferase, blood urea nitrogen, or creatinine (Figure 8B). These results illustrate that CuS NPs as PTT agents have no side effects and are safe for use in the living body.
[image: Figure 8]FIGURE 8 | Biocompatibility assay of CuS NPs in vivo. (A) HE staining of major viscera. No significant pathologic changes were observed in the heart, intestine, kidney, liver, lung, and spleen in the three groups. Scale bar: 200 μm. (B) Blood biomedical results of the control group and the CuS NP group at different time points (3, 7, and 14 days) after injection.
Limitations
However, several limitations of the work should be merited comment. Macrophage necrosis and apoptosis are the key cellular events in alleviating the negative remodeling of post-injury endarterium. It is not known whether photothermal effects against macrophages, rather than other cells, such as fibroblasts or endothelial cells, contribute to the restoration of post-injury endarterium. The mechanisms by which PTT induces macrophage apoptosis have not been investigated fully. Further investigation is needed to identify the signal pathways regulating macrophage apoptosis.
CONCLUSION
In conclusion, nontoxic and biocompatible CuS NPs can be engulfed by macrophages so that efficient photothermal depletion of macrophages was achieved in vitro and in vivo. Intra-collar injection of CuS NPs exhibits excellent CT imaging property and no diffusion to the surrounding tissue, which provides precise positioning and targeted therapy. The therapeutic effects of CuS NPs based PTT is proved by the decrease in the number of macrophages and arterial intima/media thickness. To our knowledge, this is the first report that CuS NP-based PTT plays an important role in alleviating arterial restenosis by targeting macrophages. The current study further expanded the understanding of CuS NPs as PTT agent against carotid arterial restenosis after endovascular treatment, which may improve the long-term prognosis of ischemic strokes.
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