Oxygenic Enrichment in Hybrid Ruthenium Sulfide Nanoclusters for Optimized Photothermal Effect
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ABSTRACT: Transition metal dichalcogenide (TMD) based nanomaterials have been extensively explored for photonic therapy. To the best of our knowledge, near infrared light is the requirement for photothermal therapy to achieve the feature of deep-tissue penetration, whereas no obvious absorption peaks in the near-infrared (NIR) region for existing TMD nanomaterials limited their therapeutic efficacy. As one category of TMD nanomaterials, ruthenium sulfide based nanomaterials were less exploited in biomedical application including tumor therapy so far. Here we develop a facile biomineralization assisted bottom-up strategy to synthesize oxygenic hybrid ruthenium sulfide nanoclusters (RuSx NCs) with regulating oxygen amount and sulfur defects for optimized photothermal therapy (PTT). With regulating the increasing initial molar ratios of Ru to S, RuSx NCs with small sizes were endowed with ascending oxygen content and sulfur defect, leading to the photothermal conversion efficacy (PCE) from 32.8 % to 41.9 %, which were higher that of most small sized inorganic photothermal nanoagents. In contrast to the commercial ICG, such RuSx NCs exhibited higher photostability under NIR laser irradiation. The high PCE and superior photostability allowed RuSx NCs to effectively and completely ablate cancer cells. Thus, such defect engineering strategy facilitates RuSx NCs with excellent photothermal effect for PTT of tumor of living mice, also proved the potential to explore more property of RuSx NCs for future biomedical application.
INTRODUCTION 
Phototherapy holds exciting promise for cancer therapy due to its low toxicity, non-invasive activation and high therapeutic efficacy.1-5 In comparison with traditional therapy strategies including chemotherapy and radiotherapy, light-activated therapy provided the potential to minimize drug side effects and optimize tissue selectivity.6-8 In particular, photothermal therapy (PTT) utilized a photoabsorptive agent to generate heat to eradicate cancer cells.3, 9, 10 By virtue of high near-infrared (NIR) extinction coefficients, conventional NIR dyes including indocyanine green (ICG), Cypate, IR825, IR780 and IR820 shows potential as photothermal molecules for tumor treatment,11, 12 however their poor photostability and low hydrophilicity greatly limited the clinical use.13 An increasing number of inorganic nanomaterials with high NIR absorption coefficients have been reported for photothermal tumor ablation, such as gold nanoparticles and quantum dots.14-16 These inorganic photothermal nanoagents suffered from long retention time in the body and non-biodegradability that may induce long-term toxicity17. Thereby, there is still an urgent need to develop alternative and novel photothermal therapeutic systems. 
Transition metal dichalcogenides (TMDs) based nanomaterials consisting of transition metal and chalcogen in stoichiometric ratio, have gained some attention in the past few years.18-20 TMDs nanomaterials are found in a wide application scope ranging from photodetectors,21 sensors,22 catalysts,23 transistors, energy storage devices24 and biomedicine25, 26. Most synthesis and processing approaches to obtain TMD nanomaterials are based on lithium intercalation and exfoliation which requires tedious post synthesis processes to render them, biocompatible.27-29 These top down synthesis methods can only be deployed on bulk crystals minerals that exists naturally, thus it is impossible to create the entire TMDs nanomaterials library from these methods. However, bottom up synthesis approaches that coincidentally are relatively mild were recently reported for 0D TMDs QDs.19, 30 As stable noble metal, Ru have been extensively used as catalysts and electrochemical application, and  has been reported to have the ability to efficiently kill bacterial and cancer.31-34 At present, ruthenium sulfide (RuSx) based nanomaterials are applied as an efficient catalyst with excellent hydrogen evolution reaction (HER) activities arising from their rich redox chemistry and multiple valence states.35, 36 However, ultra-small RuSx nanoparticles have been never reported for bioapplication. Herein, using the bottom up method, we report rare RuSx nanomaterials designed for biomedical application.37, 38
In this study, we demonstrated a facile biomineralization assisted bottom-up route to prepare oxygenic hybrid ruthenium sulfide nanoclusters (RuSx NCs) with a range of oxygen and sulfur defects degrees though controlling initial molar feed ratio of Ru and S during synthesis (Figure 1). All the as-synthesized RuSx NCs under mild condition are colloidally stable and monodispersed with a size range of approximately 4 to 7 nm. These RuSx NCs were endowed with different oxygen and sulfur defect degrees, allowing for different NIR extinction coefficient. This differential defect states phenomenon increased photothermal conversion efficiency (PCE) from 32.9 % to 41.9 % in an ascending oxygen trend. In light of such high PCE and photostability, RuSx NCs could ablate cancer cells with high therapeutic efficacy under NIR laser irradiation. Therefore, defect engineering not only endowed as-synthesized RuSx NCs with superior photothermal effect and may spark future explorations of RuSx NCs for biomedical applications.
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Figure 1. (A) Schematic illustration of synthesizing RuSx NCs under a mild condition. (B) Illustrated description of RuSx NCs for photothermal ablation of cancer cells.
RESULTS AND DISCUSSION 
Synthesis and Characterization. The oxygenic hybrid ruthenium sulfide nanoclusters (RuSx NCs) with a high yield were obtained via a biomineralization assisted bottom-up method.39-42 This strategy was driven by a chemical reaction of Ru3+ and Na2S•9H2O (Figure 1). Bovine serum albumin (BSA) was employed as surfactant and stabilizer for controlling size growth.43, 44 The pH value of Ru3+-BSA complex solution formed from BSA with RuCl3 •xH2O was adjusted to be around 12-13. This high pH facilitated the decomposition of RuCl3 •xH2O to generate stable RuO42-. The chemical reaction mechanism can be explained as: . S2- solution was subsequently introduced to the above mixture. Adjusting of pH value to 7 triggered the reaction of RuO42- with sulfur, accompanying with the gradual change of solution color to brownish black as small sized RuSx NCs. The transmission electron microscopy (TEM) images showed that RuSx NCs were monodispersed with a size in the range from 4 to 7 nm (Figure 2A, Figure S1), which was further confirmed by atomic force microscopy (AFM) (Figure S2A). Such ultra-small and uniform NCs is mainly attributed to the strong multichelating effects from BSA that stemmed the growth of NCs. 
To optimize the photothermal effect of NCs, the RuSx NCs hybridised with different content of oxygen were prepared through varying the initial feed molar ratios of Ru2+ and S2- (2:1, 1:1, 0.5:1, 0.25:1 and 0.17:1 and termed as RuSx NCs-2, RuSx NCs-1, RuSx NCs-0.5, RuSx NCs-0.25 and RuSx NCs-0.17). To investigate the effect of initial molar ratios on stability, the sizes of RuSx NCs were respectively surveyed by dynamic light scattering (DLS) in DI water and PBS. The average hydrodynamic diameters of RuSx NCs gradually elevated from 7.2 to 20.4 nm and their corresponding primary size measured by TEM showed no change when the molar ratio of Ru and S decreased from 2 to 0.17, where the sizes were slightly larger as compared with that from TEM (Figure 2B and Figure S1). Such phenomena may be ascribed to more BSA chelating on the surface of RuSx NCs. In addition, due to the stabilizing effect of BSA, all RuSx NCs showed no size changes in DI water even after storage for at least three months. While RuSx NCs-2 rapidly aggregated from ~7.2 to 2000 nm when added into PBS in 60 min. However, RuSx NCs with molar ratios of Ru to S of 0.5, 0.25 and 0.17 exhibited excellent stability in PBS probably due to more BSA coating, implying its suitability for biological applications. It should be noted that the RuSx NCs-1 also led to an aggregation with a slight rise in the diameters from 10.3 to 20 nm (Figure 2C).
As the initial feed molar ratio increased, the absorbance of RuSx NCs was observed to slightly decrease along with observable red shifts except for the absorption peak at 274 nm (Figure 2D). Decreasing Ru amounts account for the red shifts with the unchanging peak at 274 nm due to BSA. Correspondingly, according to Tauc’s equation based on the correlation of (αћν)2 and ћν, where α is absorbance, ћ represents the Planck’s constant and ν is frequency), the bandgap energy of NCs were calculated and showed a slight increase from 3.00 to 3.10 eV (Figure 2E and Figure S2B). The minor increase was caused by that sulfur defects and the incorporation of oxygen atom as n-type dopants. More oxygen incorporation resulted in more charge carriers, accompanied by bandgap narrowing. Note that the localized defect states and surface states can collectively lower the calculated optical bandgap energy. To explore the crystalline structure of RuSx NCs, the X-ray diffraction (XRD) spectrum for five samples was respectively determined. As shown in Figure 2F, XRD diffraction peaks for RuSx NCs were all widening, suggesting the an increasingly less crystalline structure. The exception is the slight shift of major diffraction peaks located at around 30.8° and 41.5° with index to (111) and (211) toward lower angles could be seen for all RuSx NCs samples on a JCPDS card (no. 19-1107), no other diffraction patterns were observed. This implied the lattice constants were gradually enlarged with a decreasing amount of sulfur and the homogeneously defective structures of all RuSx NCs.
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Figure 2. Synthesis and characterization of RuSx NCs. (A) Representative TEM images of RuSx NCs. Inset: high magnification image of RuSx NCs. (B) DLS of RuSx NCs with different molar ratios of Ru and S. (C) Size stability of all RuSx NCs incubated in DI water and 1 × PBS (pH = 7.4) for 60 min. (D) UV–vis spectra of all RuSx NCs in DI water. (E) The corresponding bandgap energy of all RuSx NCs. (F) XRD spectrum of the as-synthesized RuSx NCs powders on a JCPDS card (no. 19-1107).
To elucidate the chemical composition and the corresponding valence bond of elements, the X-ray photoelectron spectroscopy (XPS) for Ru, S, C and O elements in five RuSx NCs samples were scanned. To understand the valence bond of Ru in the various compositions NCs, we firstly analyzed Ru 3p and Ru 3d by fitting the relative peaks. It was observed in Figure 3A (a) that the binding energy (B.E.) peaks at around 463.0 eV and 484.8 eV in Ru 3p XPS were respectively assigned to Ru 3p3/2 and Ru 2p1/2, while peak of Ru 3p3/2 in pure RuS2 that was assigned to Ru4+ was reported to be located at 461.4 eV. Such enormous shift of Ru 3p3/2 to the higher energy binding was attributed to the attraction of Ru’s electrons by the incorporation of oxygen atoms as n-type dopants with strong electronegativity, where more electronegative oxygen atoms could produce more charge carriers and shift the B.E. peak (Table S1). Accordingly, the small two peaks at around 466.1 eV and 486.9 eV were ascribed to RuO2, indicating the valence state of Ru from RuSx NCs is 4+. The percentages of R-O in Ru 3p XPS calculated by ratio of peak area (AR-O/Atotal) were quantified to gradually decrease from 20.81 % to 18.27 % when molar ratio of Ru to S (RuSx-2 to RuSx-0.17) decreased from 2 to 0.17, suggesting that sulfur amount decreases led to more substitution of oxygen and created more sulfur vacancies as generalized RuOyS3−y (Figure 3B), offering the direct evidence of positive correlation between sulfur/oxygen atom amount and defect in RuSx NCs 
Simultaneously, in the high-resolution Ru 3d spectrum (Figure 3A (b)), the two representative peaks centred at 281.7eV and 285.0 eV in RuSx NCs respectively corresponded to Ru 3d3/2 and Ru 3d1/2, which represented the characteristics of Ru2+ from RuS2. Also, peaks at around 286.3 eV suggested the existence of RuO3, and other two peaks located at 284.5 eV and 287.9 eV could possibly be ascribed to C-C and C=C from BSA on the surface of RuSx NCs. Notably, a negative shift of Ru 3d5/2 from RuSx NCs-2 was observed in comparison with that of RuSx NCs-0.17, indicating the generation of sulfur vacancies through the gradual substitution of sulfur atoms with oxygen in the increasing initial feed molar ratios trend of Ru:S. 
The high-resolution S 2p spectrum exhibited two representative peaks at 161.5eV and 163.7 eV, which were ascribed to S 2p3/2 and S 2p1/2 bands, respectively (Figure 3A (c)). Additionally, the peaks at 164.6 eV were observed to belong to C-S-C bond signal from RuSx NCs-0.5, RuSx NCs-0.25 and RuSx NCs-0.17 by virtue of high amount of sulfur. The larger one or two B.E. peaks (around 166.6 and 169.3 eV) in five samples verified the existence of high valence sulfide state, implying that S could be easily oxidized during the chemical reaction process of preparing RuSx NCs. Note that the peak position of S-O bond greatly shifted to the higher binding energy with decreasing molar ratios of Ru to S. A possible reason is that substitution of oxygen atom increased along with an increasing amount of sulfur vacancies during in situ RuSx NCs formation. To further explore the chemical valence state and the corresponding content of oxygen element, deconvolution of these O 1s peaks was conducted in XPS of five RuSx NCs samples via Gaussian fitting (Figure 3A (d)). The representative peaks at the lower binding energy ~531.4 eV (OI) were ascribed to the presence of O2− in a stoichiometric RuOyS3-y structure, whereas another representative peaks at the higher binding energy ~532.9 eV (OII) were assigned to O2− originated from “oxygen deficient” in RuSx NCs. The percentages of OII calculated by ratios of peak area (OII/Ototal) were rising with decreasing molar ratios of Ru to S in NCs: 14.43 % to 20.57 % from RuSx NCs-2 to RuSx NC-0.17 (Figure 3C), indicating an increase in the relative quantity of oxygen defects in RuSx NCs.
In light of these combined XPS data above, the reaction pathway could be hypothesized to be  (Figure 3D). The relatively lower sulfur level could contribute to the S defect in RuSx NCs. With increasing molar ratio of Ru to S during RuSx NCs synthesis process, this reaction was intentional limited by insufficient sulfur; residual Ru-O bonds originated from RuO42- were subsequently employed within the RuSx NCs structure, which thus created more oxygen substitutions and sulfur defects.  
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Figure 3. XPS analysis for all RuSx NCs. (A) Ru 3p (a), Ru 3d (b), S 2p (c) and O 1s (d) XPS spectrum. (B) Relative fraction of Ru-O in Ru 3p XPS spectra, (C) OII in O 1s XPS spectra. (D) Schematic illustration of the reaction pathway of RuSx NCs and oxygen enriched engineering in RuSx NCs as a function of precursor stoichiometry.
Investigation of Photothermal Activities. The photothermal performance of RuSx NCs with various sulfur vacancies were evaluated and compared by examining the temperature increase of the sample dispersions at different concentrations under an 808 nm irradiation at the power density of 1.0 W/cm2. Temperatures of all RuSx NCs were elevated in a time- and concentration-dependent manner; similar to other photothermal nanomaterials. As revealed in Figure 4A, due to the high NIR absorption, all RuSx NCs dispersions exhibited an fast temperature rise from room temperature of 21 °C to maxima of 65 °C; confirming the NIR-induced photothermal performance for all samples. Correspondingly, infrared thermal (IRT) imaging of all RuSx NCs at concentration of 1mM was directly visualized to show time -dependent temperature increases (Figure 4B). Especially, using RuSx NCs-1 as an example, the temperature quickly went up. At the concentration as low as 0.4 mM, the solution temperature of RuSx NCs-1 could be arrived to 50.3 °C under continuous irradiation of an 808 nm laser for 5 min (Figure 4C), which was higher than the critical temperature (42 °C) for induction of cancer cell apoptosis. As the concentration was reached to 1mM, the temperatures can increase as high as 63.3 °C, while PBS as control only induced a little increase of temperature (1.6 °C) at the same irradiation condition. Additionally, RT imaging was further monitored to directly demonstrate the excellent photothermal conversion capability of RuSx NCs-1, where high imaging intensity contrast corresponding to solution temperature was observed to increase with the RuSx NCs-1 concentration and the irradiation duration increasing (Figure 4D). In the following, the satisfactory photothermal stability is the essential for an excellent photothermal nanoagent. The temperature changes of all RuSx NCs (1 mM) dispersions were monitored upon irradiation circles. It was found the maximum temperature remained perfectly unchanged even after five repeated irradiation cycles (Figure 4E). In contrast, the maximum temperatures of commercial NIR photothermal agent indocyanine green (ICG) were gradually declined with an increasing irradiation circle number. This clearly suggested the excellent thermal stability of RuSx NCs than that of ICG. Additionally, optical absorption of RuSx NCs maintained constant while that for ICG greatly degraded upon 5 repeating irradiation circles (Figure S2C). These data further indicated the high photostability of NCs upon repeated heating, which is a key factor for practical photothermal application.
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Figure 4. Photothermal effect of RuSx NCs dispersions with various initial molar ratios of Ru and S. (A) Temperature elevation of RuSx NCs dispersion with different molar ratios of Ru and S at the same concentration of 1mM under irradiation with an 808 nm laser (1 W/cm2) for 5 min. (B) IR thermal images of RuSx NCs dispersions (1 mM) irradiated for 5 min. (C) Temperature elevation of RuSx NCs-1 dispersions with varous concentrations of Ru3+ (0, 0.2, 0.4, o.6, 0.8 and 1.0 mM) as a functional of irradiation time (0-5 min) under the irradiation of an 808 nm laser (1.0 W/cm2). (D) IR thermal images of RuSx NCs-1 at indicated concentrations and irradiated for different durations. (E) Photothermal stability study of RuSx NCs solution (1 mM) and ICG  solution (0.1 mM) upon photothermal heating and nature cooling cycles under 808 nm laser irradiation (1.0 W/cm2).
Besides the profound photothermal stability, high photothermal conversion efficiency (PCE) is the prerequisite for photothermal agents. The correlation between PCE and oxygen amount in RuSx NCs were hypothesized and studied under physiological condition. Due to the positive correlation between PCE and absorbance at the wavelength of 808 nm, molar absorbance coefficients were firstly calculated for RuSx NCs dispersions with different molar ratios. These Liner plots were found between absorbance at 808 nm and concentrations of RuSx NCs, as well as the slopes enhanced with a rising molar ratio of Ru to S in NCs, implying the positive effect of oxygen content on correlation coefficients (Figure 5A). To quantitatively and accurately evaluate the photothermal conversion capability, the photothermal conversion efficiency of all RuSx NCs were measured and calculated by following Roper’s method with some modifications. Typically, temperature elevation/decrease curve of all RuSx NCs with the absorbance of 0.05 at 808 nm corresponding to the NIR laser on/off process were recorded in Figure 5B, where the temperature changes of RuSx NCs dispersions and PBS at the equilibrium maximum temperature were represented as ΔTmax,dis and ΔTmax,PBS, respectively. Correspondingly, these system time constant τs were respectively obtained according to the correlation of the negative natural logarithm of the driving force temperature versus the linear time from the cooling period (Figure 5C). PCE of RuSx NCs dispersions were calculated to decline with a decreasing oxygen amount in NCs: 41.9 % to 32.8 % from RuSx NCs-2 to RuSx NCs-0.17, confirming their excellent photothermal conversion performance (Figure 5D). This phenomenon appeared to be in accordance with the above calculated correlation coefficients. Inspired by these results, the underlying mechanism that governed such phenomenon is hypothesized to be associated with oxygen amounts and sulfur defects in NCs (Figure 5E). It means that the decreasing molar ratios of Ru to S in RuSx NCs could lead to an ascending amount of oxygen accompanying with an increasing sulfur defect, the higher oxygen amount in RuSx NCs could account for the higher PCE. 
It has been widely acknowledged that photothermal agents with higher PCE could result in the inhibition of cancer cells at even a lower concentration of NCs using a NIR laser with a lower power density in a shorter irradiation time. Among all the reported inorganic nanomaterials that have been gained wide attraction and extensively applied for photothermal applications,34, 45-47 the high PCE of RuSx NCs was close to that of typical TMD QDs such as tungsten disulfide QDs (WS2 QDs),48 and higher than that of most small sized nanoparticles,49-51 including BSA coated silver disulfide QDs (AgS2 QDs),52 black phosphorous QDs (BP QDs),53 copper sulfide nanoparticles (CuS NPs),54 carbon dots (CD),55 suggesting the potential to be photothermal nanoagents. Additionally, such photothermal conversion efficiency was even higher than common gold nanorods (Au NRs)56 and 2D nanosheets including molybdenum disulfide nanosheets (MoS2 NSs)9, 57 and ternary chalcogenide nanosheets (Ta2NiS5 NSs) 5 (Figure 5F). This could mainly be attributed to high absorption coefficient at 808 nm and the distinct NIR absorption bands from RuSx NCs. it should be noted that other Ru based nanomaterials have been also applied for photothermal therapy of tumor (Figure S3),31-34, 58, 59 in comparison with them, our RuSx NCs exhibited ultra-small size, which could induce more passive accumulation in tumor site and metabolism through kidney, thus realizing the enhanced therapy efficiency of tumor. Also, the BSA coating endowed RuSx NCs with good biocompobility and stability, improving their bioavailability in vivo. In brief, because of having this very high PCE and ultra-small size for our RuSx NCs, we can achieve the same photothermal effect at lower concentrations and shorter excitation of the laser. This can greatly decrease the off target effects.
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Figure 5. Oxygen enrichment enhanced PCE of RuSx NCs. (A) A calibration plot for all RuSx NCs concentration versus absorbance at 808 nm by applying Beer-Lambert law. (B) Temperature evaluation of PBS and all RuSx NCs with the same absorbance of 0.05 at 808 nm during the irradiation for 5 min (808 nm laser, 1 W/cm2). (C) Time constant τs of (B) PBS and all RuSx NCs for heat transfer by applying the linear time data from the cooling period versus negative natural logarithm of driving force temperature. (D) The comparison of PCE and molar absorbance coefficients for all RuSx NCs. (E) Proposed oxygen deficiency related PCE mechanism of RuSx NCs. (F) PCE of RuSx NCs-2 solution in comparison with other photothermal nanoagents reported by the references, including gold nanorods (Au NRs), silver disulfide quantum dots (AgS2 QDs), molybdenum disulfide nanosheets (MoS2 NSs), black phosphorous quantum dots (BP QDs), copper sulfide nanoparticles (CuS NPs), ternary chalcogenide nanosheets (Ta2NiS5 NSs), carbon dots (CD), and tungsten disulfide quantum dots (WS2 QDs).
In Vitro Cytotoxicity and PTT. To evaluate the suitable of RuSx NCs as photothermal nanoagents in biomedical applications, we investigated the intrinsic cytotoxicity of RuSx NCs against human epidermoid carcinoma cell lines (A431 cells) and epithelial human breast cancer cell lines (MDA-MB-231 cells) (Figure 6A and B). After incubating with RuSx NCs dispersions at various concentrations for 24 h (but without irradiation), it was observed that the cell viability of all RuSx NCs groups remained at least 90 % or higher even at high concentrations of 1.0 mM, suggesting low intrinsic toxicity of RuSx NCs. This may be caused by BSA modification on the surface of NCs which could greatly improve the cytocompatibility of nanomaterials. This result verified the fact that biological activity of nanomaterials was closely linked to the chemical property on their surface. Note that NCs could traverse the cell membrane and be taken up via endocytosis like other nanoparticles, while pinocytosis dominated the uptake process due to the ultra-small size of NCs. Additionally, by virtue of the high PCE and superior photothermal stability of RuSx NCs, the PTT efficacy on ablating cancer cells was then validated using RuSx NCs-1 as an example. A431 cells were incubated with RuSx NCs-1 at different concentrations for 24 h, and then exposed to 808nm-laser for 5 min. Subsequently; the cell viabilities were quantitatively measured. Notably, under NIR laser irradiation, the cell viabilities were decreased with an increasing concentration of NCs (Figure 6C). In particular, when incubating with RuSx NCs-1 at concentration of 1 mM, around 70 % of cancer cells were ablated. Note that no significant cytotoxicity to A431 cells without NCs treatment was observed even at the same irradiated condition. To further identify photothermal therapeutic efficacy of NCs in vitro, the fluorescence imaging of cancer cells was conducted after different treatments (Figure 6D and Figure S4). The cell status was qualitatively investigated by staining calcein AM green fluorescence) and propidium iodide (PI, red fluorescence), which was respectively applied to differentiate live and dead cells. After irradiating for 5 min by an 808 nm laser at power density of 1 W/cm2, red fluorescent spots in the cells became more pronounced and more so at higher concentrations of NCs. In contrast, cells with NCs treatment alone and without laser irradiation showed only green fluorescence, indicating either NCs incubation or NIR laser irradiation caused no effect on cells. Correspondingly, the average red fluorescence intensity and green fluorescence intensity in fluorescence images were quantified, and their ratios were observed to substantially elevate with an increasing amount of NCs. Especially, such ratio reached to about 105-fold higher than the control when the concentration was 1 mM. These results verified that the RuSx NCs possessed higher photothermal effect, presenting powerful novel photothermal nanoagent against cancer cells. Additionally, it should be noted that RuSx NCs exhibited good degradation observed in Figure S5, which could be decomposed to Ru ions that was easily excreted after therapy, thus reducing biogenic accumulation in the body with lowered the systemic side effects.
[image: ]
Figure 6. In vitro cell cytotoxicity and photothermal cytotoxicity. Cell viability of (A) A431 cells and (B) MDA-MB-231 cells incubated with various RuSx NCs at different concentration (0-1.0 mM) for 24 h. (C) Photothermal ablation of A431 cells incubated with different concentrations of RuSx NCs-1 solution under 808 nm laser irradiation for 5min. Error bars were based on the standard deviations (SD) of three parallel samples. (D) Fluorescence images of Calcein AM/PI co-stained A431 cells incubated with RuSx NCs-1 (0, 0.2, 0.6, 1.0 mM) under the same irradiation conditions used in (C). Calcein AM and PI were applied to stain live and dead cells and respectively expressed in green and red colors in the images, scar bar: 250 μm. (E) Comparison of red to green fluorescent intensity ratios of A431 cells stained by PI and Calcein AM in (D).
Conclusions
All in all, we demonstrated the biomineralization assisted bottom-up approach to develop a series of RuSx NCs with controllable oxygen amount and sulfur defect for optimized photothermal cancer therapy. This method employed in situ chemical reaction of Ru cations and S anions under assistance of BSA with a high yield and within short times. Though this chemical reaction, oxygen enriched RuSx NCs were synthesized via controlling the reaction molar ratio of Ru to S. Such as-prepared RuSx NCs exhibited the photothermal conversion efficacy (PCE) as high as 41.9 % by virtue of their high and featured absorbance in the NIR region. RuSx NCs was able to convert NIR light into heat more efficiently, reaching higher photothermal temperature as compared with most other inorganic nanoagents. Photothermal stability of RuSx NCs was observed relative to commercial ICG, paving their way for a possible cancer therapy. Strongly positive correlation between oxygen amount/sulfur defects and photothermal effect could be observed in the as-synthesized RuSx NCs. With increasing oxygen amount/sulfur defects, PCE of RuSx NCs decreased from 41.9 % to 32.8 %. Such oxygen enriched photothermal properties of RuSx NCs resulted in significantly amplified photothermal inhibition of cancer cells. Thereby, our study not only introduced in situ synthetic method to develop a class of RuSx NCs based nanoagents but also created alternative design guidelines to tune PTT performance according the specific clinical needs.
METHOD 
Materials. All chemicals and reagents were used as received without any further purification. RuCl3•xH2O, Na2S•9H2O and bovine serum album (BSA) were purchased from Sigma-Aldrich Co. (USA). Deionized water was used throughout the synthesis.
Characterization. The morphologies of RuSx NCs samples were characterized by TEM (FE-TEM; JEOL JEM-2100F, Japan). Nanoparticle sizes were determined by measuring no < 200 randomly selected nanoparticles from TEM micrographs with ImageJ. Atomic force microscope (AFM) image was recorded on an atomic force microscopy (MFP-3D, Asylum Research) in tapping mode under ambient conditions. The elemental composition and binding energy of the samples were characterized by X-ray photoelectron spectroscopy (XPS; AXIS HIS, Kratos Analytical). The powder XRD measurements were performed using a Bruker D8 advanced diffractometer with a Cu Ka irradiation in the 2θ range of 200-600. Dynamic light scattering (DLS) measurements were performed at room temperature with a Zetasizer Nano ZS (Malvern Instruments). The recorded intensity autocorrelation function was transformed into number functions to investigate particle size distribution. The concentrations of metal ions were measured using inductively coupled plasmaoptical emission spectrometry (ICP, JY 200-2 HORIBA Scientific). UV−vis spectra were recorded on a Shimadzu UV-2450 spectrophotometer. An 808 nm high power NIR Laser (operating mode, CW; output power after fiber, 2.5 W; LED display, diode current, multimode fiber; fiber core diameter, 400 µm; fiber connector, SMA905, with tunable laser driver module of 0%–100%) purchased from CNI Co., Ltd. was used for PTT experiments. The laser spot size was 1 cm2. The laser power was measured by laser power meter. The temperature was recorded by an IR thermal (IRT) camera (DT-8891E Shenzhen Everbest Machinery Industry Co., Ltd., China) every 20 s. Fluorescence imaging was conducted with inverted fluorescence microscope (Leica DMI6000, Germany) and the phase contrast images were captured by inverted microscope (Olympus-CX41, Japan).
Synthesis of RuSx NCs. In a typical procedure, RuCl3•xH2O solution (0.1 M) and 40 mg BSA was firstly dispersed into 40 mL DI water to prepare the Ru-precursor solution, following by adjusting pH value of the mixture to above 12 using 1 M HCl. Then, 0.5 M Na2S•9H2O was dropped slowly under vigorous stirring at room temperature. Subsequently, a brownish black solution containing RuSx NCs was quickly generated after adjusting pH value to neutral. To purify the as-prepared RuSx NCs, ultrafiltration centrifuge tube (MWCO 5000) was used and centrifuged in 4 °C for several times. The concentration of RuSx NCs was measured by ICP. Also, RuSx NCs with different sulfur vacancies was prepared by adjusting the molar ratios of RuCl3•xH2O and Na2S•9H2O solution.
Photothermal Effect of RuSx NCs. To measure the photothermal performance of RuSx NCs with various oxygen amounts, the temperature of aqueous dispersion were monitored at different concentrations (0, 0.2, 0.4, 0.6, 1 mM). In brief, 0.2 mL of sample dispersion in small tubes was irradiated with an 808 nm laser (1.0 W/cm2), and their temperature was recorded every 20 s for 5 min by using an IR thermal camera, then turned off the laser and recorded the temperature declining process of the samples.
To investigate the photothermal conversion efficiency (PCE) of all RuSx NCs, the dispersion (absorbance at 808 nm: 0.05) was exposed to NIR laser for 5min. After switching off the laser, the temperature was further monitored for another 5 min. The photothermal conversion efficiency (η) was then calculated according to the following equations. 

η is the photothermal conversion efficiency, Tsur is the surrounding temperature. Tmax is the equilibrium temperature for solution, Qdis is the heat loss. I is the incident laser power, and A is the absorbance of RuSx NCs solution at 808 nm.

mD is the mass of solvent (0.2 g) and CD is the heat capacity [4.2 × 103 J/ (kg oC)]. τs is the sample system time constant.
To evaluate the photothermal stability of all RuSx NCs samples, different sample dispersions (1 mM) were irradiated with the NIR laser for 5 min, and then the laser was off to cool these samples for another 5 min. Such on-off irradiation cycle was repeated five times. 0.1 mM of ICG solution was chosen and tested as control. 
In Vitro Cytotoxicity Assay of RuSx NCs. The in vitro cytotoxicity was monitored using Alamar Blue viability assay in epithelial Human breast cancer cell lines (MDA-MB-231 cells) and Human epidermoid carcinoma cell lines (A431 cells). The MDA-MB-231 cells and A431 cells were cultured in Dulbecco’s Modified Eagle Medium (DMEM) containing 10 % fetal bovine serum in a humidified environment containing 5 % CO2 and 95 % air at 37 °C. MDA-MB-231 cells and A431 cells were respectively seeded in 96-well plates (Costar, IL, USA) at an intensity of 3 × 104 cells/mL. After overnight incubation, the medium was replaced by fresh medium containing different RuSx NCs suspensions at various concentrations, and the cells were then incubated for 24 h. After the designated time intervals, the Alamar Blue reagent was added into cell culture medium in 1 to 10 volume ratio for cell incubation. Cell metabolism reaction of the Alamar Blue reagent after 3 h in an 37oC incubator through fluorescent measurement (Ex.: 560 nm, Em.: 590 nm). The cell survival efficiency was obtained through normalizing against untreated samples to the cell viability. 
In Vitro Photothermal Ablation of Cancer Cells with RuSx NCs. To evaluate photothermal effect of RuSx NCs on cancer cells, RuSx NCs-1 was chosen as test modal. The A431 cells were seeded and cultured on a 24-well plate at a density of 2.5 × 105 cells per well at 37.0 °C with the growth DMEM medium under a humid atmosphere containing 5 % CO2. After incubating for 24 h, A431 cells were firstly exposed to various concentrations of RuSx NCs-1 for 24 h under a NIR laser irradiation (1.0, W/cm2) for 5 min. Relative cell viabilities were determined by the standard Alamar Blue assay mentioned above. In order to further explore in vitro PTT effect, A431 cells seeded into 8-well plates were incubated with different concentrations of RuSx NCs-1 for 24 h and subsequently irradiated by an 808 nm laser at the power density of 1.0 W/cm2 for 5 min. The cells were stained with Calcein AM and PI for 30 min, washed with PBS, and then imaged.
ASSOCIATED CONTENT
Supporting Information. Figure S1-5 consisted of in vitro characterization of nanoparticles including TEM, AFM, XPS analysis, Tyndall effect and bandgap energy measurements of RuSx NCs solution, solution color change of ICG against laser irradiation and fluorescence imaging of Calcein AM/PI co-stained A431 cells incubated with RuSx NCs with and without NIR laser irradiation. These supplementary information are available online.
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Oxygenic hybrid ruthenium sulfide nanoclusters were synthesized by a facile biomineralization assisted bottom-up strategy for photothermal therapy. Their photothenrmal effect could be enhanced by regulating sulfur defect based on this method. 
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