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Abstract

:

The excellent performance of semiconductor nanocrystals as sensitizers for photothermal therapy (PTT) has attracted the attention of many researchers; however, they are hindered by limited bandwidth and complex synthesis. To overcome these limitations, starting with an initial determination of photothermal conductivity, we synthesized and designed molybdenum and Cys-MoO3−x nanoparticles (NPs) for use in the minimally invasive treatment of papillary thyroid carcinoma (PTC), as the NPs are coated only with cysteine molecules. The obtained Cys-MoO2 NPs were used as a PTT reaction drug for topical application to PTC cells. The use of near-infrared photoconductive PTT in combination with low-toxicity biological chemotherapy reached a 90% efficacy for cancer treatment in vitro. The conducted experiments intuitively demonstrate that non-toxic Cys-MoO2 NPs are lethal to the cancer cells under visual (VL, 405 nm) and near-infrared (NIR, 808 nm) laser irradiation and can be precisely controlled. Therefore, this study provides a powerful, safe, and easily modified NP platform for photo-triggered PTC elimination with broad application prospects. Assessment of the ideal damage range indicates a high degree of controllability, allowing the tumor to be precisely targeted while minimizing damage to the surrounding healthy tissue. In conclusion, this study provides a convenient, safe, and powerful NP platform for the near-infrared photo-controlled PTT of PTC cells, which has broad application prospects for the elimination of PTC and other types of cancer.
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1. Introduction


Thyroid cancer is a high-incidence malignant endocrine tumor in the field of head and neck cancer [1,2,3], regarding which, papillary thyroid carcinoma (PTC) is the most common thyroid malignancy [4]. The incidence of PTC has been reported to be continuously increasing, due to the popularization of cancer screening, over the last few decades [5]. Even though surgery remains the standard treatment, it may be associated with complications [6]. Therefore, modern medicine for the management of PTCs has developed toward non-surgical and minimally invasive treatment strategies [7,8]. Photothermal therapy (PTT)—a new minimally invasive technique for cancer treatment—is being applied in wider and wider scopes, and has already been utilized as a complementary therapy for conventional surgical excision procedures in a clinical trial on cancer [9]. As a novel therapy with various different mechanisms of action, PTT is likely necessary to achieve a significant improvement in the fight against PTCs [10,11].



Generally, PTT involves a treatment that achieves the artificial temperature elevation of optically sensitive agents in local tissue, triggering hyperthermia or thermal ablation to eliminate cancer cells [12]. It makes use of the intolerance of target cells to heat, resulting in apoptosis or necrosis. Due to the high penetration efficiency of near-infrared (NIR) light through the human body, NIR light is typically selected as the excitation light [13,14,15]. Thus, the NIR absorption capabilities of a range of PTT reagents, such as metal nanoparticles (NPs) [16,17], carbon-based nanomaterials [18,19], organic dyes and polymers [20,21], and semiconductors [22,23], has recently been reported. Despite the developments made to date, the balance between the high efficiency of PTT—which requires high-penetration lasers to effectively stimulate tumor cell death—and a low risk of radiation damage to adjacent normal tissues is not easy to achieve. Structurally flawless nanocrystals may inherit crucial defects through both in vivo biodegradation and in vitro physiological environment decomposition [24,25,26]. Therefore, considering promising transition metal oxides, molybdenum oxide nanomaterials have gradually come into focus as photothermal therapy agents (PTAs) with high potential in recent years [27,28]. Not only can a variety of Mo-reduced-valence (MoO3−x) species be derived, which vary in terms of morphology, structure, and properties, but MoO3−x NPs also present high biological safety, an ease of excretion, and a high light absorption efficiency in both the visible and near-infrared regions, due to their unique defect structure [29,30,31,32,33].



As simple MoO2 and MoO3 crystals have good conductivity but do not present localized surface plasmon resonance, their structures must be improved or modified with other substances; however, instability, strict preparation environment requirements, and large synthetic energy demands limit the production of modified MoO3−x [34,35]. Besides PTT efficiency, significant attention must be paid to the biosafety of photothermal agents [36]. In a previous study, we improved the uptake of NPs into tumor cells by the reduction in Mo through the use of cysteine, and took full advantage of the enhanced permeability and retention (EPR) effect through the optimization of the size of the NPs [37,38,39,40]. These MoO3−x NPs were shown to be effective and bio-safe with respect to certain kinds of tumor cells [41]. Hence, starting with an optical performance evaluation of MoO3−x as the core with a cysteine coating, we further optimized the single-component Cys-MoO2 NP products for application through an in vitro experiment involving papillary thyroid carcinoma cells. We conducted multiple validations to prove their biosafety, and they obtained lethality rates for PTC cells over 90% and 45% under NIR 808 nm and VL 405 nm lasers, respectively. Through further in vivo experiments, we further verified the biosafety and therapeutic effect of the designed NPs. In summary, in this paper, we detail the synthesis of a newly reported material, Cys-MoO2, as well as the screening of its optical properties, photo-thermal conductivity, biosafety, and in vitro application specific to PTC cells, in order to verify its photothermal efficiency and move toward more effective PTT against PTCs as a minimally invasive therapeutic approach.




2. Materials and Methods


2.1. Materials Preparation


Molybdenum sulfide, L-cysteine (Sigma Aldrich, St. Louis, MO, USA) and H2O2 (Jin Shan Chemical Test) were obtained. PTC cells (B-CPAP) were obtained from the Key Laboratory of Stem Cell Biology Shanghai Institutes for Biological Sciences at the Chinese Academy of Sciences. First, 80 mg of pristine MoS2 powder and 3.75 mL 30 wt% H2O2 were gradually mixed into 46.25 mL deionized water, then stirred until all solid reagents had completely dissolved. Then, the produced brown-yellow solution was heated to eliminate unreacted H2O2. Then, various amounts of cysteine (5 mg, 10 mg, 20 mg, 40 mg, or 80 mg) were added into 1.5 mL of the obtained solution to yield MoO3 in different reductant valence states (Mo molality: 10 × 10−3 M).




2.2. Structural and Optical Characteristics


We conducted XPS spectrometry (Bruker AXS D8 Advance) to calculate the specific Mo content in the obtained Cys-MoO3−x solutions. Then, the two optimized compounds were tested using transmission electron microscopy (JEOL, Akishima, Japan) to examine their morphologies, as well as spectrophotometry (Thermo Variskan LUX, Waltham, MA, USA) to detect their absorption spectra. A Keithley 2636B instrument was used to test the Iph of different Cys-MoO2 NPs at normal temperatures and pressures. A Malvern Zetasizer Nano was used to detect the Dynamic Light Scattering data of the NPs.




2.3. Bio-TEM


A total of 106 cells were planked in 10 cm plates one day ahead of the experiment. The original cell culture used RPMI Medium 1640 (Invitrogen, 11875-093, Waltham, MA, USA) containing 10% FBS (Gibco, Billings, MT, USA), 1% NEAA (Invitrogen 11140050), 1% Glutamax (Invitrogen 35050061), 1% Sodium Pyruvate 100 mM Solution (Invitrogen 11360070), and 1% penicillin–streptomycin (Sigma, St. Louis, MI, USA). Then, the original cultural medium was replaced with another, containing 10−3 M Cys-MoO2 NPs. After another 24 h, the cell samples were harvested for detection via transmission electron microscopy.




2.4. PTT Effect on PTC Cells


Cells were planked at a density of 106 cells per 10 cm plate one day in advance; then, the medium was replaced by another containing 10−3 Cys-MoO2 for another 24 h. The medium was refreshed to the original one before focusing 808 nm laser radiation at a central position of the plate at 1 W/cm2 for 20 min.




2.5. Live/Dead Assay


We used a Calcein-AM/PI Staining Kit to visualize the living and dead cells. Final images were captured using an IX71 microscope (Olympus, Shinjuku City, Japan).




2.6. Statistical Analysis


The presented measurements were repeated at least 3 times. One-way ANOVA or a two-tailed independent test was used to analyze differences between groups.





3. Results and Discussion


First, a set of MoO3−x NPs were synthesized by adding varying amounts of cysteine molecules as both reducing and capping agents. As we increased the proportion of cysteine, the resulting solution changed gradually from blue, green, to dark yellow, as shown in Figure 1A. Many studies have proven that the color variation of MoO3−x solutions is due to the degraded valence of the Mo. The Mo valence state of these NP compounds was found to reduce gradually from 2.8 to 2.0 through X-ray surface photoelectron spectrum (XPS) analysis and calculation (Figure 1C,D and Figure S1). It should be noted that the actual specific reduction reaction degree was uncontrollable, with random valence between MoIV to MoVI obtained for the mixtures, except for the 80 mg group, which presented a complete Mo reduction. As such, it is difficult to accurately synthesize a specific ratio of cysteine molybdenum oxide, except for MoO2, which can be easily obtained under the condition of sufficient reducing agent and reaction time.



We next compared the light absorption of Cys-MoO2 with that recently reported for Cys-MoO2.8, as shown in Figure 1B. It can be seen that the yellow group performed better in the VL region, and also presented a high response in NIR region.



The morphology of the two solutions with 5 mg and 80 mg added was found to be approximately spherical when analyzed under TEM, as shown in Figure 2A,B. The diameter of the blue mild-reducing NPs was about 5 nm (Figure 2A), while that of completely reduced Cys-MoO2 NPs was near 30 nm (Figure 2B). Dynamic Light Scattering of the two nanoparticle solutions revealed that the MoO3−x NPs were wrapped and reduced by cysteine, and their hydrodynamic diameters increased to 294.1 nm and 440.2 nm, respectively, with uniform distribution (Figure 2C,D); meanwhile, MoO3 with no cysteine presented a DLS size of 268.9 nm (Figure S2).



In order to compare the effects of the different concentrations on the essential optical properties of the Cys-MoO2 material, we tested the photoelectric conversion characteristics of the two groups. The NPs were found to adopt a metal–semiconductor–metal structure and, under distinct wavebands and laser irradiation power, we studied the characteristics of the materials with two different concentrations of cysteine as a coating agent. First, Figure 3A,C show the photocurrent curves for the MoO2.8 (5 mg) and MoO2 (80 mg) NPs, respectively, in different wavebands. It can be seen, from Figure 3A, that the MoO2.8 (5 mg) NPs had the greatest response current in the NIR region (@ 808 nm); meanwhile, from Figure 3C, MoO2 (80 mg) had the highest photocurrent response in visible light (@ 405 nm). This is related to the absorption of the material (Figure 1B). The photocurrent responses at various concentrations were basically consistent with the absorption change and, in this way, changing the concentration of the material can promote the application of the material at different wavelengths. In order to elaborate the properties of materials under differences in external light, we studied the changes in the photocurrent of the MoO2.8 (5 mg) and MoO2 (80 mg) NPs by changing the incident power of the laser, as shown in Figure 3B,D. It can be seen, from the figures, that the photocurrents of the NPs with differing concentrations increased linearly with an increase in external incident power, thus proving that both materials have excellent photothermal conversion potential.



PTT clinical trials typically utilize near-infrared (780–1100 nm) laser photons, due to the well-known relative transparency and capacity of biotissue. With dual photoelectric properties at around 405 nm and 808 nm, the modified Cys-MoO2 presented dramatically improved availability, stability, and optical properties. Therefore, it can be considered an ideal PTA in terms of preparation and synthesis. Furthermore, as it presented special visual light optical properties, we attempted to modify and detect its PTT performance under an 808 nm laser (see Figure S3). Finally, we applied the Cys-MoO2 in an in vitro PTC experiment.



The bio-TEM images in Figure 4A demonstrate the cell endocytosis performance of the Cys-MoO2 NPs. No cellular damage was detected and the cell membrane structure remained uniform without any morphological changes. Figure 4B shows magnified details on the cellular uptake of the NPs. The Cys-MoO2 NPs clearly gathered into small clusters inside cells and, therefore, are capable of being internalized together.



After the last medium change, only the NPs inside the cells remained. Then, we began to expose the Cys-MoO2-treated plates to the 808 nm laser. Cell death evidence was imaged via staining: Calcein-AM/PI cells that are dyed green are live cells, while red-stained cells are dead. Neither cells cultured with the mono conditions of 808 nm laser treatment or Cys-MoO2 (Figure 4C and Figure 4D, respectively) showed any statistical difference for the blank control group (Figure S4), with only sparse death signals appearing. In the local irradiation area where the cells died in large quantities, the cell density was lower in the local area irradiated by the laser directly (as shown in Figure 4E), while those in the corner of the well (which is relatively distant) remained alive (as shown in Figure 4F). This phenomenon verifies the calculation results of previous cell activity tests, but also provides visual proof of the PTT effect of Cys-MoO2 NPs on PTC cells. Besides the rinsed dead cells, we counted the proportion of remaining live/dead cells in the irradiated center, which was as low as 1:4. Thus, the inferred cellular activity reached more than 80%, barring those dead cells washed away by PBS. This also indicates that we may easily guarantee the safety of non-objective adjacent normal tissue by controlling the target laser-exposed area when applying Cys-MoO2 NPs in in vivo experiments, or even in clinical use.



Cys-MoO2 presented maximum light–nanomaterial interactions under the 808 nm laser, which is promising for the application of photothermal therapy under a visual laser, which may benefit clinical operations as it helps to balance the efficiency and hyperthermia, while causing lethal and precise damage to PTC cells. PTC cells usually occur in troublesome places (e.g., anatomically adjacent to the arteria carotis or trachea), making relevant surgeries high-risk operations. These specificities regarding the anatomical location of PTCs indicate the promising potential of the application of Cys-MoO2 NPs for local and precise treatment in the clinical treatment of PTC.



To verify the biosafety of the drug, six mice were randomly divided into two groups. The mice were injected with 100 µL normal saline or Cys-MoO2 solution (20 µM) through the tail vein. After 1 week of feeding, the mice were sacrificed for HE tissue staining of vital organs and blood test (as shown in Figure 5), and no obvious abnormalities in the morphology and tissue structure of the heart, liver, spleen, lung, and kidney were observed in the experimental group. Their blood metabolism was also maintained as normal.




4. Conclusions


The experimental Cys-MoO2 NPs detailed in this paper provide a solid platform and broad prospect for photothermal therapy against certain cancers. Furthermore, according to existing studies on the synthesis and application of Cys-MoO3−x, the reduction in molybdenum oxide by cysteine is affected by many factors, such as the method of addition, frequency, reaction temperature, stirring speed, and so on. We found it difficult to accurately synthesize a specific ratio of cysteine molybdenum oxide, except for MoO2: as long as a sufficient amount of cysteine was added, we successfully obtained the optimized material Cys-MoO2 under mild conditions in a convenient process. Interestingly, this material presented two light absorption peaks: near 405 nm and 808 nm. The wavelength of NIR light in cancer treatment must crucially be considered, as this radiation should satisfy the balance between low off-target interactions and high penetration depth. Treatments using wavelengths higher than 900 nm demand additional precautions when healthy tissues are exposed. The well-advised wavelength 808 nm was found to maximize the light–nanomaterial interactions of Cys-MoO2, guaranteeing selective and effective hyperthermia, and consequently producing irreversible damages to PTCs cells leading to their death by necrosis. Meanwhile, the photothermal conversion efficiency of the Cys-MoO2 NPs in visual wavebands was also notable, which affords the possibility of treating superficial neoplastic lesions through a visual light PTT operation; that is, for superficial lesions, under the condition of a compromised laser penetration, the operation can be visualized and simplified. Further application of multi-point 808 nm laser light and laser irradiation at different wavelengths may enhance the PTT efficiency of Cys-MoO2, allowing for an accurate regulation of the depth of penetration and the targeting region. At the same time, we intend to further explore the drug enrichment ability regarding in vivo application of the developed NPs and the effects of photothermal therapy with their use by means of photoacoustic imaging, survival analysis, and so on, in future experimental works.



PTC tumor tissue has an abnormal vascular system with holes having pore sizes of 20–500 nm. The sizes of the obtained Cys-MoO2 NPs were approximately in this range and, so, we may be able to take advantage of the enhanced permeability and retention effect, as well as the prevention of removal through impaired tumor lymphatic drainage, achieved by passive enrichment in local tumor area. The described PTT agent with VL–NIR region wide-band response has great potential as a phototherapeutic option, satisfying the balance between therapeutic effect and bio-safety, thus opening the door for the application of chiral transition metal oxides with response in the visible light range.
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Figure 1. MoO3−x NPs were obtained by adding 5 mg, 10 mg, 20 mg, 40 mg, or 80 mg of cysteine: (A) Final solutions present different colors, referring to different Mo valence states; (B) UV–vis absorption spectra of Cys-MoO2.8 and Cys-MoO2; (C,D) X-ray photoelectron spectroscopy (XPS) measurements of the mild and complete reducing MoO3−x NPs with valence states calculated to be Cys-MoO2.8 and Cys-MoO2, respectively. 
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Figure 2. TEM morphology of (A): Cys-MoO2.8 and (B): Cys-MoO2 NPs. Scale bar: 50 nm. (C,D) indicate that the hydrodynamic diameter increased with cysteine coating, being 294.1 nm and 440.2 nm for Cys-MoO2.8 and Cys-MoO2, respectively. 
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Figure 3. Photoelectronic properties of Cys-MoO2 NPs: (A,C). Iph curves of Cys-MoO2.8 (5 mg) NPs and Cys-MoO2 (80 mg) NPs with light irradiation at different wavebands (405–980 nm) under 1.7 mW cm−2 irradiation power intensity, with Vbias = 1 V; (B,D). Iph curves of Cys-MoO2.8 (5 mg) NPs and Cys-MoO2 (80 mg) NPs under different laser power densities, with Vbias = 1 V. 
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Figure 4. (A,B): Bio-TEM images showing PTC cell morphology after culturing with Cys-MoO2 NPs for 24 h. Scale bar: (A) 2 µm, (B) 400 nm. (C–F): AM/PI staining living cells for green and dead cells for red. (C): Group of cells cultured in original medium with only 808 nm laser treatment; (D): group of cells cultured with Cys-MoO2 NPs medium but no laser irradiation; (E): group of cells cultured with Cys-MoO2 NPs and subjected to 808 nm laser; and (F): group of cells cultured with Cys-MoO2 NPs and subjected to 405 nm laser. Scale bar: (C–F) 50 µm. 






Figure 4. (A,B): Bio-TEM images showing PTC cell morphology after culturing with Cys-MoO2 NPs for 24 h. Scale bar: (A) 2 µm, (B) 400 nm. (C–F): AM/PI staining living cells for green and dead cells for red. (C): Group of cells cultured in original medium with only 808 nm laser treatment; (D): group of cells cultured with Cys-MoO2 NPs medium but no laser irradiation; (E): group of cells cultured with Cys-MoO2 NPs and subjected to 808 nm laser; and (F): group of cells cultured with Cys-MoO2 NPs and subjected to 405 nm laser. Scale bar: (C–F) 50 µm.



[image: Coatings 13 01552 g004]







[image: Coatings 13 01552 g005] 





Figure 5. HE staining of heart, liver, spleen, lung, and kidney tissues of mice after caudal intravenous injection of normal saline or Cys-MoO2 photothermal materials. Serum alanine aminotransferase (ALT), aspartate aminotransferase (AST), glucose (Glu), white blood cells (WBC), hemoglobin (HB), and red blood cell (RBC) levels present no significant differences between the two groups. 
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