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Abstract

:

Silica (either crystalline or amorphous) is widely used for different applications and its toxicological assessment depends on its characteristics and intended use. As sustained inflammation induced by crystalline silica is at the root of silicosis, investigating the inflammatory effects induced by amorphous silicas and their persistence is needed. For the development of new grades of synthetic amorphous silicas, it is also desirable to be able to understand better the factors underlying potential adverse effects. Therefore, we used an optimized in vitro macrophage system to investigate the effects of amorphous silicas, and their persistence. By using different amorphous silicas, we demonstrated that the main driver for the adverse effects is a low size of the overall particle/agglomerate; the second driver being a low size of the primary particle. We also demonstrated that the effects were transient. By using silicon dosage in cells, we showed that the transient effects are coupled with a decrease of intracellular silicon levels over time after exposure. To further investigate this phenomenon, a mild enzymatic cell lysis allowed us to show that amorphous silicas are degraded in macrophages over time, explaining the decrease in silicon content and thus the transiency of the effects of amorphous silicas on macrophages.
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1. Introduction


Crystalline silica, which is widely represented in nature, is known to be the etiological agent of silicosis [1,2]. Silicosis occurs mainly from industrial activities such as mining, construction work, or sandblasting, but can also occur in rare cases from residential exposure to high levels of crystalline silica dust [3]. In order to alleviate these problems but also to widen the scope of the industrial use of silica, the chemical industry has introduced the production and use of other forms of silica, namely synthetic amorphous silica (SAS), which can be produced by a variety of routes, leading to products of different characteristics in terms of particle and aggregates sizes and structures. Because of the obvious parallel between the two forms of silica, extensive toxicological testing was carried out on synthetic amorphous silica (see Napierska et al. [4] or Fruijtier-Polloth [5] for review). In particular, comparative studies between crystalline and synthetic amorphous silica were carried out and concluded a strong effect persistence for crystalline silica, while the effects of amorphous silicas were shown to be transient [6,7,8,9] for all three major types of synthetic amorphous silicas, namely colloidal, precipitated, or pyrogenic.



Opposed to other nanomaterials (e.g., silver nanoparticles), which are toxic for a wide range of cell types, the effects of silica, either crystalline or amorphous, seem to be mediated mainly via their effects on macrophages, for which silica is both toxic [10,11] and pro-inflammatory [12,13,14,15,16], while these effects are not found on other cell types [17]. Recent research has also shown that pyrolytic amorphous silica induces stronger responses than precipitated amorphous silica [18,19,20].



The selective toxicity of silica toward macrophages has attracted extensive research on its mechanisms [21,22,23,24], as the chemical pathways that might be at play are much less obvious than for other nanomaterials, e.g., those that can liberate toxic ions such as silver or zinc oxide. In comparison, the mechanisms by which synthetic amorphous silica induces only transient effects compared to crystalline silica have been much less studied, although it was shown that the silicon content of lungs in rats exposed to either amorphous or crystalline silica did not change at the same rate [25]. We thus decided to investigate this phenomenon in further detail by comparing how macrophages reacted to various grades of synthetic amorphous silica after exposure.




2. Results


2.1. Synthetic Amorphous Silicas Characterization


The various silicas used in this study were characterized by transmission electron microscopy. The results are shown in Figure 1. As a nomenclature for this work, the first letter (S or M) indicated the size of the primary particles (small or medium), and the remaining letters (Pr, C, or Py) the type of SAS (respectively precipitated, colloidal or pyrogenic). Thus, for example, SPr is a precipitated silica with small primary particles, while MC is a colloidal silica with medium primary particles.



As expected, the colloidal silicas consisted of well dispersed nanoparticles, and the observed sizes corresponded to the specifications. The medium-particle colloidal silica (MC) consisted of particles of an average diameter of 29 ± 5 nm, while the small-particle colloidal silica (SC) consisted of particles of an average diameter of 10 ± 2 nm, as previously published [26]. The precipitated silicas consisted of micrometric or submicrometric aggregates of primary particles of 13 ± 11 nm (SPr) or 20 ± 6 nm (MPr), which formed in turn micrometric agglomerates. Finally, the pyrolytic silica also consisted of aggregates (micron range size) of primary particles close to 15–20 nm in size [26].




2.2. Viability Studies


In a first series of experiments, we determined which concentrations of the various synthetic amorphous silicas could be used on the macrophages, by performing viability assays. The results, shown in Figure 2, led us to the highest concentrations that could be used without inducing massive cell death. These concentrations ranged from 15–20 µg/mL for the colloidal silicas to 100 µg/mL for the precipitated silicas, the pyrogenic one being intermediate with a usable concentration of 35 µg/mL.



Once these concentrations were determined, they were used in the uptake and functional experiments.




2.3. Mineralization Efficiency


As the mineralization efficiency may be different from one type of synthetic amorphous silica to another, we first determined this parameter in a medium that was close to a cellular lysate, i.e., a cell culture medium supplemented with horse serum. To this purpose, we mixed the synthetic amorphous silicas with the complete culture medium to the adequate concentrations, drew an aliquot portion that was submitted to the mineralization and silicon assay procedure, and added the remaining of the silica-supplemented medium to the cells. The results, shown in Table 1, indicate that the overall silicon determination yield varied from 20–25% for the precipitated silicas to 40–50% for the colloidal ones, the pyrogenic silica being once again in the middle.



These yields were used in the subsequent experiments to correct the silicon concentration measured in the cell lysates for these various efficiencies.




2.4. Silica Uptake by Cells


The cells were then incubated with the silica-containing media for 24 h. After this exposure period, the cell culture medium was removed, the cell layer was rinsed with culture medium without silica, then twice with a saline solution and then lysed directly in an adequate buffer. An aliquot of this cell extract suspension was then submitted to the mineralization and silicon assay procedure to determine the amount of silica that had been taken up by the cells, while another aliquot was used to determine the amount of cellular proteins in the extract, thereby affording a control related to the number of cells present in the culture well. The results are shown in Table 2.



Because of the varied input silica concentrations, the amount of silica internalized by the cells was variable from one synthetic amorphous silica to another. Nevertheless, the proportion of silica internalized by the cells varied from, ca., 15% (pyrogenic silica) to 40% (medium-particle precipitated silica). When a statistical analysis (ANOVA + Tukey’s pairwise test) was performed, the uptake of the pyrogenic silica was found to be different from the uptake of all other silicas except for the small-particle precipitated silica (Supplementary Table S1). There was thus no correlation between the uptake and the size of the primary particle, nor with the overall size of the aggregates.




2.5. Functional Effects of Silica on Cells


As silica is internalized by cells, we then studied the functional effects on macrophages, both immediately after exposure and after a recovery period. To this purpose, the cells were exposed to synthetic amorphous silicas for 24 h. The silica-containing medium was then removed and replaced by fresh complete culture medium without silica, and the cells were left to recover in this medium for 72 h, with one medium change at 36 h to avoid exhaustion and to keep the cells viable. As a first parameter, the phagocytic capacity of macrophages was studied through the uptake of fluorescent latex beads. The results, shown in Figure 3A, indicated a decrease in the percentage of phagocytic cells immediately after exposure for the three SAS composed of small primary particles, but not for the two SAS composed of larger primary particles. This effect was reversible at the end of the recovery period, indicating a transient effect only. However, a small but statistically significant decrease in the proportion of phagocytic cells was observed at the end of the recovery period for the colloidal SAS made of medium particles. Regarding the phagocytic activity of the phagocytic cells, as detected by the fluorescence intensity of the cells having internalized the fluorescent latex beads, the results shown on Figure 3B indicated a double effect for the colloidal SAS made of small particles. A decrease was observed immediately after exposure, followed by an increase at the end of the recovery period, indicating a “rebound effect”.



We then tested the inflammatory response to SAS, by measuring the levels of interleukin-6 (IL-6) and tumor necrosis factor α (TNF-a) secreted immediately after exposure and at the end of the recovery period. We first tested the intrinsic inflammatory responses to SAS, by measuring the cytokine levels after treatment by the SAS alone. The results, shown in Figure 4A,B are very different for IL-6 and TNF-a. For Il-6, only the pyrogenic silica induced a significant increase in secretion, and this effect was persistent after the recovery period. These results were consistent with those described in the literature [27]. The situation was more complex for TNF-a. All SAS induced an increase in secretion immediately after exposure. At the end of the recovery period, the non-colloidal SAS showed a tendency to a return to normal values, although the actual values were still significantly higher than the control ones. Conversely, colloidal SAS showed persistence of the increase in TNF-a secretion.



We then tested how the internalization of SAS may alter the inflammatory response to bacterial components, using LPS as a model compound. Here again the results, shown in Figure 4C,D, are different for IL-6 and TNF-a. For IL-6, a small but statistically significant increase was observed immediately after exposure for all SAS except for the pyrogenic one. However, this increase was reversible after the recovery period, except for the pyrogenic SAS, suggesting a delayed effect. For TNF-a, only the pyrogenic SAS and the colloidal one made of small particles showed an increase in secretion immediately after exposure. This effect was reversible at the end of the recovery period, except for the precipitated SAS made of medium size particles, for which a delayed increased was observed.




2.6. Persistence of Silica in Cells


As the transient nature of most responses may suggest a transient presence of silica in cells, the persistence of the silica in cells post-exposure was studied, both immediately after exposure and after the recovery period. The results in Table 3, show a significant decrease in the amount of synthetic amorphous silicas still present in the cells after the 72 h recovery period, with only one third to one half of the initial internalized dose still present in the cells after the recovery period. The lowest values were observed for the precipitated and colloidal silicas with small primary particles, while the highest value was observed for the pyrogenic silica.



A striking result was however observed for the medium-particle precipitated silica, where an apparent increase of the silicon concentration was observed at the end of the recovery period compared to the condition just after exposure. As the experimental scheme does not allow this to happen, the only remaining explanation possible was that the amorphous silica became more easily mineralizable in the cells during the recovery period, suggesting that the SAS were altered during the recovery period.




2.7. Synthetic Amorphous Silica Observation after Four Days in Cells


In order to investigate the fate of SAS in cells, we exposed macrophages for 24 h to SAS and allowed them to recover without SAS. We then lysed the cells and imaged the silica by TEM. The results, shown in Figure 5, showed an aggregation of the colloidal SAS, but a strong disaggregation of precipitated and pyrogenic SAS.





3. Discussion


With a yearly production (and use) in millions of tons worldwide, understanding the factors governing the biological effects of SAS is an important topic in the field of nanosafety, especially in the conceptual frame of crystalline silica-mediated silicosis and its toxicity. Considerable efforts have been devoted to unravelling the structural bases of silica toxicity [21,22,23,24], but their application in the field of SAS is not straightforward. For colloidal silicas the influence of the particle size was demonstrated [28,29]. For more aggregated silicas such as precipitated or pyrogenic silicas, which represent the highest part of SAS produced, a “divide and conquer” strategy was used to demonstrate that small aggregates were more toxic than large ones [30]. This latter approach is however not devoid of issues, as the fracturation process used to disrupt the large aggregates may produce the reactive entities that cause the silica adverse effects [23,24]. This is why we rather chose to compare different commercial SAS with different parameters to gain insights into the determinants of SAS adverse effects. It appears that the principal driver of toxicity is the overall particle/agglomerate size, with the colloidal silicas being more toxic than the more aggregated ones. The difference, however, was less than one order of magnitude, showing that all SAS exhibit a somewhat similar toxicity. When going into more details into the inflammatory effects of SAS on macrophages, the second important driver was the specific surface area. The SAS with the lowest specific surface area (55 m2/g) was both the least toxic and the one with the lowest effects, even when used at a higher concentration than the other ones. Quite remarkably, the adverse effects did not correlate well with the amount of SAS internalized, suggesting here again an influence of the overall particle/agglomerate size and of structural details [24], as the pyrogenic SAS showed, for example, more persistent pro-inflammatory effects, consistent with reports indicating severer effects with this type of silica [19,20]. However, the adverse effects of the other SAS on macrophages were mostly transient, in contrast with the persistent effects described both in vivo [7,8,9] and in the same in vitro macrophage system for crystalline silica [31].



When pursuing the goal of “safe by design” SAS, persistence of the effects is one of the key points to consider. While sustained inflammation induced by crystalline silica is at the root of silicosis, such a process has not been shown to occur with SAS. In vivo studies have shown that the pulmonary effects of SAS are transient [6,7,8], and this is correlated with a decrease of the amount of silica (measured through elemental Si) in the lungs [9]. Moreover, reports showing persistent effects of pyrogenic silica showed that a repetitive dosing was needed to induce persistent effects [20], suggesting that counteracting the SAS elimination process was required to induce the adverse effects. Indeed, when a true repeated daily exposure was used on macrophages, a low silicon accumulation was observed [32], in line with the elimination mechanism shown here.



However, two widely different hypotheses can explain the SAS elimination process. Once the silica has been captured by the macrophages, either the particle-laden macrophages are eliminated as a whole, as described for TiO2 particles [33], or the silica is dissolved in the macrophages and then eliminated, e.g., as silicate. To test the second hypothesis, we measured the silicon levels in macrophages exposed to SAS immediately after exposure and after a 72 h post-exposure recovery period. Silicon elimination was observed confirming this hypothesis. Furthermore, we were able to observe a disaggregation of precipitated and pyrogenic SAS in macrophages at the end of this recovery period, while colloidal silicas, which are originally made of isolated primary particles, were aggregated by the macrophages, a paradoxical behavior that certainly deserves further investigation. The electron microscopy images of the silica ages in cells do not allow the determination of whether colloidal SAS really becomes aggregated in cells upon ageing or if the particles are just compressed in the phagosomes and that the mild lysis process used here does not just disperse them.



Overall, these results strongly argue for an intracellular dissolution process after silica uptake by the macrophages as the SAS elimination process. As the macrophage phagolysosome is known to have an acid pH [34] and as silica is known to be stable under acidic conditions, this dissolution appears puzzling at first glance. However, it has been shown recently that the phagosome pH in macrophages having internalized silica is rather close to neutral [35]. Moreover, it is known that different polarizations of macrophages induce different pHs in the phagosome, with M2 macrophages showing acidic phagosomes and M1 macrophages showing more neutral phagosomes [36]. As the internalization of silica induces the production of pro-inflammatory cytokines such as IL-6 and TNF-a, as shown here, and also the expression of CD38 [32], an M1 polarization marker [37], there is clear evidence that macrophages having internalized silica are skewed towards the M1 state and are thus likely to have non-acidic lysosomes with a high content of oxidizing species. This peculiar environment, together with the presence of proteins in the phagolysosome, which complex a wide variety of ions, may favor the silica degradation observed here.



This further shows the variety of the particle elimination processes, which can range from particle dissolution (as shown here or for metal-based nanoparticles [38,39]) to macrophage-mediated elimination, either direct [33] or indirect [40], or translocation through the epithelia into secondary organs [41]. Although simple in vitro systems can investigate easily only mechanisms linked to one cell type, they can do it in detail, as shown here in the investigation of the short effect persistence for SAS.




4. Materials and Methods


4.1. SAS Observation and Characterization


In this work, five different synthetic amorphous silicas (SAS) were used:




	(i)

	
a colloidal silica with small (10 nm) particles, purchased from Sigma-Aldrich (#420808, batch #MKBH8895V, St. Louis, MI, USA), designated as SC—this silica shows a specific area of 220 m2/g;




	(ii)

	
a colloidal silica with medium (29 nm) particles, purchased from Sigma-Aldrich (#420778, batch #MKCK1767), designated as MC—this silica shows a specific area of 140 m2/g;




	(iii)

	
a precipitated silica with small (13 nm) primary particles, from Solvay Silica (batch #F9C8C4034) designated as SPr—this silica shows a specific area of 220 m2/g;




	(iv)

	
a precipitated silica with medium (20 nm) primary particles, from Solvay Silica (batch #F9I21CL032) designated as MPr—this silica shows a specific area of 55 m2/g;




	(v)

	
a pyrogenic silica with small (15–20 nm) primary particles, purchased from VWR (#ACRO403731500, batch# A0403808), designated as SPy—this silica shows a specific area of 200 m2/g.









For material characterization with TEM microscopy, samples were diluted to 100 µg/mL. For negative stain on grid technique (SOG), 10 µL was added to a glow discharge grid coated with a carbon supporting film for 5 min. The excess solution was soaked off by a filter paper and the grid was air-dried. The images were taken under low dose conditions (<10 e−/Å2) with defocus values between 1.2 and 2.5 μm on a Tecnai 12 LaB6 electron microscope at 120 kV accelerating voltage using CCD Camera Gatan Orius 1000.




4.2. Nanoparticles


The SAS were suspended in water at 10 mg/mL, they were sonicated in an ultrasonic bath for 10 min and then they were incubated overnight at 80 °C in a preheated water bath. SAS were sonicated again for 10 min before use.




4.3. Cell Culture


The murine macrophage cell line J774A1, obtained from the European Cell Culture Collection (Salisbury, UK), was used for the cellular internalization studies. The cells were routinely grown on non-adherent plastic vessels in DMEM supplemented with 10% fetal bovine serum (FBS) and transferred to adherent 6-well plates for exposure to silica, as described below. Cells were used at passage numbers from 5 to 15 post-reception from the repository.



For treatment with SAS, cells were seeded at 300,000 cells/mL in DMEM + 1% horse serum (HS) and left for 72 h at 37 °C for cell adhesion and for growth at confluence. The cells were then treated using the following scheme where the control cells were not exposed to SAS. The recovery scenario consists of an acute exposure (24 h) followed by a 72 h period without any SAS. The acutely exposed cells were exposed to SAS for 24 h for the same time as the last 24 h of recovery of the secondary scenario cells (in order to have cells with the same ageing on the plates) [31]. In this study, we used 15 µg/mL for colloidal silica 140 m2/g (MC), 20 µg/mL for colloidal silica 220 m2/g (SC), 50 µg/mL for small-particle precipitated silica (SPr), 100 µg/mL for medium-particle precipitated silica (MPr) and for corundum (Cor). Except for corundum, these doses corresponded to the LD20 of the various forms of SAS, previously determined in preliminary experiments.




4.4. Viability Assay


The lethal dose 20 was determined for each SAS. The cells were seeded in 6-well culture plates at 600,000 cells/mL in DMEM FBS 10% and left for 24 h at 37 °C with 5% CO2 for cell adhesion. Then, cells were exposed for 24 h to the indicated doses of SAS. The cells were harvested in phosphate buffer saline (PBS 1X), and centrifuged for 5 min at 200× g. The pellets were resuspended in PBS 1X with 1 µg/mL propidium iodide (excitation 533 nm, and emission 617 nm; Merck P4864). Cells were analyzed with FacsCalibur flow cytometer by using CellQuestPro software 6.0, Becton Dickinson, Le Pont-de-Claix, France.



The control experiments, which were intended to take into account potential artifacts, are described in the Supplementary Methods (Control experiment 1).




4.5. Phagocytic Activity Assay


This experiment allows evaluation of the phagocytic capacity of the cells. Indeed, the fluorescent latex beads have a diameter of 1 µm, which corresponds to the size of bacteria. Briefly, after the exposure (acute or recovery period), the cells were exposed for 3 h to FITC-latex beads (previously coated in an FBS 10%–PBS 1X solution for 30 min at 37 °C, Sigma L4655, excitation 492 nm, emission 517 nm). Then cells were harvested and washed with PBS, centrifuged 5 min at 1200 rpm, the pellets were suspended with 3 mL of water for a few seconds and 1 mL of NaCl (3.5%) was added under vortex mixing to restore the osmotic pressure. The cells were centrifuged, and the pellets were resuspended with 200 µL of PBS 1X–propidium iodide 1 µg/mL, and analyzed by flow cytometry.



The control experiments, which were intended to take into account potential artifacts, are described in the Supplementary Methods (Control experiments 2 and 3).




4.6. Cytokine Secretion Dosages


As previously described, cells were grown in 6-well plates and exposed to the indicated dose of silica particles for 24 h (followed or not by a recovery period) at 37 °C. The cells were also primed or not with LPS (100 ng/mL) for the last 18 h of culture. The supernatants were collected, centrifuged (200× g, 5 min) to eliminate non adherent cells, and frozen at −20 °C until use. The cytokine dosage was carried out with the Cytometric Bead Array Mouse Inflammation Kit (BD Biosciences), and analyzed with FCAP Array software (3.0, BD Biosciences, Le Pont-de-Claix, France). This Flex-set kit allows measuring Interleukin-6 (IL-6) and TNF protein levels in a single sample. The mixed capture beads were added to all assay tubes containing supernatant samples and standards (from 0 to 5000 pg/mL), the mouse inflammation phycoerythrin (PE, excitation 488 nm, emission 575 nm) detection reagent was added, and the mixture was incubated for 2 h at room temperature, protected from light. The wash buffer was added to each tube, which were then centrifuged 5 min at 200× g, the pellets were resuspended with the wash buffer, and analyzed by FacsCalibur flow cytometer.



The control experiments, which were intended to take into account potential artifacts, are described in the Supplementary Methods (Control experiment 4).




4.7. SAS Quantification by ICP-AES


4.7.1. Sample Preparation


For SAS quantification in water or medium (DMEM HS 1%), the SAS were added in T25 flasks at a final concentration of 100 µg/mL. The first sample was taken at Day 0 and allowed the mineralization efficiency for each SAS to be determined. The flasks were then incubated for four days at 37 °C, and then, the second sample was taken.



For SAS internalization and quantification in the cells, the cells were grown on adherent 6-well plates in DMEM supplemented with 1% horse serum (DMEM HS 1%). The scheme of exposure has already been described in [27,31]. The acutely exposed cells were exposed for 24 h and lysed at the end of the exposure. The recovery cells were exposed for 24 h, in parallel to the acutely exposed ones, and this exposure was followed by a 72 h recovery period without any SAS and with one medium change. Then, the cells were lysed as the acutely exposed cells. The lysis solution contained 5mM HEPES pH 7.5, 0.75 mM spermine tetrahydrochloride, and 0.1% SB 3–14. One milliliter of lysis solution was added in the wells, after the medium had been removed and the cell layer washed once with PBS. After quantification of proteins in each lysate with Bradford assay [42], the lysates were aliquoted and frozen. The day before the quantification by ICP-AES, the samples were mineralized: in each sample, an equal volume of 1N potassium hydroxide was added, the samples were then incubated overnight at 80 °C in a preheated water bath [43,44].




4.7.2. ICP-AES Dosage


The standards were first prepared, in HNO3 10%; the standard was purchased from Sigma-Aldrich (ref 92091). At the end of the standard measurement, samples were prepared two at a time (base-mineralized silica is not stable in HNO3): from 125 µL to 500 µL of mineralizate was added to qsp 6 mL of HNO3 10%. The samples were measured in an ICP-AES Shimadzu 9000 with ICPE solution Launcher software (v1.31, Shimadzu France, Noisiel, France).





4.8. TEM Analysis of Internalized Silica


For the TEM analysis of internalized SAS by macrophages, cells were exposed to SAS as described above. After the recovery scenario or the acute exposure, the cells were harvested in PBS 1X and centrifuged. The pellets were lysed in HEPES buffer 10 mM, MgCl2 2 mM (10 volume of lysis solution for 1 volume of cell pellet). Serratia marcescens nuclease (Benzonase®, ref 71206-3 from Sigma-Aldrich) was added at a concentration of 5 U/mL, and the cells were incubated at 37 °C under stirring, for 6 h. Then, a solution containing Proteinase K (ref P4850 Sigma) and CaCl2 was added (final concentrations 100 µg/mL and 2 mM respectively). The cells were incubated overnight. Then, the solutions were stocked at 4 °C until their use in TEM, the same day. These samples were analyzed by TEM with the same parameters as described above.









Supplementary Materials


The supporting information can be downloaded at: https://www.mdpi.com/article/10.3390/ijms24010220/s1.





Author Contributions


Conceptualization, T.R.; Methodology, A.T., D.F. and T.R.; Investigation, A.T., V.C.-F. and D.F.; Writing—original draft, T.R.; Writing—review & editing, A.T., V.C.-F. and J.-A.S.; Supervision, J.-A.S. and T.R.; Project administration, T.R.; Funding acquisition, J.-A.S. and T.R. All authors have read and agreed to the published version of the manuscript.




Funding


This research has received funding from the French National Research Agency (grant number ANR-17-EURE-0003; ANR-10-INSB-05-02).




Institutional Review Board Statement


Not applicable.




Informed Consent Statement


Not applicable.




Acknowledgments


This work used the flow cytometry facility supported by GRAL, a project of the University Grenoble Alpes graduate school (Ecoles Universitaires de Recherche) CBH-EUR-GS (ANR-17-EURE-0003), as well as the EM facilities at the Grenoble Instruct-ERIC Center (ISBG; UMS 3518 CNRS CEA-UGA-EMBL) with support from the French Infrastructure for Integrated Structural Biology (FRISBI; ANR-10-INSB-05-02) and GRAL, within the Grenoble Partnership for Structural Biology. The IBS Electron Microscope facility is headed by Guy Schoehn and supported by the Auvergne Rhône-Alpes Region, the Fonds Feder, the Fondation pour la Recherche Médicale and GIS-IBiSA. This work used the ICP-AES platform from IRIG-DIESE-LCBM laboratory. We thank J. Pérard for his assistance with the ICP-AES experiments. A.T. thanks the Agence Nationale Recherche Technologie for a CIFRE doctoral fellowship.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Silicosis and Silicate Disease Committee Diseases Associated with Exposure to Silica and Nonfibrous Silicate Minerals. Arch. Pathol. Lab. Med. 1988, 112, 673–720.

	



Adverse effects of crystalline silica exposure. American Thoracic Society Committee of the Scientific Assembly on Environmental and Occupational Health. Am. J. Respir. Crit. Care Med. 1997, 155, 761–768. [CrossRef] [PubMed]

	



Norboo, T.; Angchuk, P.T.; Yahya, M.; Kamat, S.R.; Pooley, F.D.; Corrin, B.; Kerr, I.H.; Bruce, N.; Ball, K.P. Silicosis in a Himalayan village population: Role of environmental dust. Thorax 1991, 46, 341–343. [Google Scholar] [CrossRef] [PubMed]

	



Napierska, D.; Thomassen, L.C.J.; Lison, D.; Martens, J.A.; Hoet, P.H. The nanosilica hazard: Another variable entity. Part. Fibre Toxicol. 2010, 7, 39. [Google Scholar] [CrossRef]

	



Fruijtier-Polloth, C. The Toxicological Mode of Action and the Safety of Synthetic Amorphous Silica—A Nanostructured Material. Toxicology 2012, 294, 61–79. [Google Scholar] [CrossRef]

	



Warheit, D.B.; A McHugh, T.; A Hartsky, M. Differential pulmonary responses in rats inhaling crystalline, colloidal or amorphous silica dusts. Scand. J. Work. Environ. Health 1995, 21, 19–21. [Google Scholar]

	



Johnston, C.J.; Driscoll, K.E.; Finkelstein, J.N.; Baggs, R.; O’Reilly, M.A.; Carter, J.; Gelein, R.; Oberdörster, G. Pulmonary Chemokine and Mutagenic Responses in Rats after Subchronic Inhalation of Amorphous and Crystalline Silica. Toxicol. Sci. 2000, 56, 405–413. [Google Scholar] [CrossRef]

	



Sayes, C.; Reed, K.L.; Warheit, D.B. Assessing Toxicity of Fine and Nanoparticles: Comparing In Vitro Measurements to In Vivo Pulmonary Toxicity Profiles. Toxicol. Sci. 2007, 97, 163–180. [Google Scholar] [CrossRef]

	



Arts, J.H.; Muijser, H.; Duistermaat, E.; Junker, K.; Kuper, F. Five-day inhalation toxicity study of three types of synthetic amorphous silicas in Wistar rats and post-exposure evaluations for up to 3 months. Food Chem. Toxicol. 2007, 45, 1856–1867. [Google Scholar] [CrossRef]

	



Costantini, L.M.; Gilberti, R.M.; Knecht, D.A. The Phagocytosis and Toxicity of Amorphous Silica. PLoS ONE 2011, 6, e14647. [Google Scholar] [CrossRef]

	



Breznan, D.; Das, D.D.; O’Brien, J.S.; MacKinnon-Roy, C.; Nimesh, S.; Vuong, N.Q.; Bernatchez, S.; DeSilva, N.; Hill, M.; Kumarathasan, P.; et al. Differential cytotoxic and inflammatory potency of amorphous silicon dioxide nanoparticles of similar size in multiple cell lines. Nanotoxicology 2017, 11, 223–235. [Google Scholar] [CrossRef]

	



Park, M.V.D.Z.; Lynch, I.; Ramírez-García, S.; Dawson, K.A.; De La Fonteyne, L.; Gremmer, E.; Slob, W.; Briedé, J.J.; Elsaesser, A.; Howard, C.V.; et al. In vitro evaluation of cytotoxic and inflammatory properties of silica nanoparticles of different sizes in murine RAW 264.7 macrophages. J. Nanoparticle Res. 2011, 13, 6775–6787. [Google Scholar] [CrossRef]

	



Panas, A.; Marquardt, C.; Nalcaci, O.; Bockhorn, H.; Baumann, W.; Paur, H.-R.; Mülhopt, S.; Diabaté, S.; Weiss, C. Screening of different metal oxide nanoparticles reveals selective toxicity and inflammatory potential of silica nanoparticles in lung epithelial cells and macrophages. Nanotoxicology 2012, 7, 259–273. [Google Scholar] [CrossRef]

	



Wang, X.; Sun, B.B.; Liu, S.J.; Xia, T. Structure Activity Relationships of Engineered Nanomaterials in Inducing NLRP3 In-flammasome Activation and Chronic Lung Fibrosis. Nanoimpact 2017, 6, 99–108. [Google Scholar] [CrossRef] [PubMed]

	



Sandberg, W.J.; Lag, M.; Holme, J.A.; Friede, B.; Gualtieri, M.; Kruszewski, M.; Schwarze, P.E.; Skuland, T.; Refsnes, M. Comparison of Non-Crystalline Silica Nanoparticles in IL-1 Beta Release from Macrophages. Part. Fibre Toxicol. 2012, 9, 32. [Google Scholar] [CrossRef] [PubMed]

	



Fritsch-Decker, S.; Marquardt, C.; Stoeger, T.; Diabaté, S.; Weiss, C. Revisiting the stress paradigm for silica nanoparticles: Decoupling of the anti-oxidative defense, pro-inflammatory response and cytotoxicity. Arch. Toxicol. 2018, 92, 2163–2174. [Google Scholar] [CrossRef] [PubMed]

	



Uboldi, C.; Giudetti, G.; Broggi, F.; Gilliland, D.; Ponti, J.; Rossi, F. Amorphous silica nanoparticles do not induce cytotoxicity, cell transformation or genotoxicity in Balb/3T3 mouse fibroblasts. Mutat. Res. Toxicol. Environ. Mutagen. 2012, 745, 11–20. [Google Scholar] [CrossRef] [PubMed]

	



Zhang, H.; Dunphy, D.R.; Jiang, X.; Meng, H.; Sun, B.; Tarn, D.; Xue, M.; Wang, X.; Lin, S.; Ji, Z.; et al. Processing Pathway Dependence of Amorphous Silica Nanoparticle Toxicity: Colloidal vs Pyrolytic. J. Am. Chem. Soc. 2012, 134, 15790–15804. [Google Scholar] [CrossRef]

	



Di Cristo, L.; Movia, D.; Bianchi, M.G.; Allegri, M.; Mohamed, B.M.; Bell, A.P.; Moore, C.; Pinelli, S.; Rasmussen, K.; Riego-Sintes, J.; et al. Proinflammatory Effects of Pyrogenic and Precipitated Amorphous Silica Nanoparticles in Innate Immunity Cells. Toxicol. Sci. 2015, 150, 40–53. [Google Scholar] [CrossRef]

	



Sun, B.; Wang, X.; Liao, Y.-P.; Ji, Z.; Chang, C.H.; Pokhrel, S.; Ku, J.; Liu, X.; Wang, M.; Dunphy, D.R.; et al. Repetitive Dosing of Fumed Silica Leads to Profibrogenic Effects through Unique Structure–Activity Relationships and Biopersistence in the Lung. ACS Nano 2016, 10, 8054–8066. [Google Scholar] [CrossRef]

	



Fubini, B.; Zanetti, G.; Altilia, S.; Tiozzo, R.; Lison, D.; Saffiotti, U. Relationship between Surface Properties and Cellular Responses to Crystalline Silica: Studies with Heat-Treated Cristobalite. Chem. Res. Toxicol. 1999, 12, 737–745. [Google Scholar] [CrossRef] [PubMed]

	



Ghiazza, M.; Polimeni, M.; Fenoglio, I.; Gazzano, E.; Ghigo, D.; Fubini, B. Does Vitreous Silica Contradict the Toxicity of the Crystalline Silica Paradigm? Chem. Res. Toxicol. 2010, 23, 620–629. [Google Scholar] [CrossRef] [PubMed]

	



Turci, F.; Pavan, C.; Leinardi, R.; Tomatis, M.; Pastero, L.; Garry, D.; Anguissola, S.; Lison, D.; Fubini, B. Revisiting the paradigm of silica pathogenicity with synthetic quartz crystals: The role of crystallinity and surface disorder. Part. Fibre Toxicol. 2015, 13, 32. [Google Scholar] [CrossRef] [PubMed]

	



Pavan, C.; Santalucia, R.; Leinardi, R.; Fabbiani, M.; Yakoub, Y.; Uwambayinema, F.; Ugliengo, P.; Tomatis, M.; Martra, G.; Turci, F.; et al. Nearly free surface silanols are the critical molecular moieties that initiate the toxicity of silica particles. Proc. Natl. Acad. Sci. USA 2020, 117, 27836–27846. [Google Scholar] [CrossRef] [PubMed]

	



Reuzel, P.; Bruijntjes, J.; Feron, V.; Woutersen, R. Subchronic inhalation toxicity of amorphous silicas and quartz dust in rats. Food Chem. Toxicol. 1991, 29, 341–354. [Google Scholar] [CrossRef]

	



Dussert, F.; Arthaud, P.-A.; Arnal, M.-E.; Dalzon, B.; Torres, A.; Douki, T.; Herlin, N.; Rabilloud, T.; Carriere, M. Toxicity to RAW264.7 Macrophages of Silica Nanoparticles and the E551 Food Additive, in Combination with Genotoxic Agents. Nanomaterials 2020, 10, 1418. [Google Scholar] [CrossRef]

	



Torres, A.; Dalzon, B.; Collin-Faure, V.; Diemer, H.; Fenel, D.; Schoehn, G.; Cianférani, S.; Carrière, M.; Rabilloud, T. How Reversible Are the Effects of Fumed Silica on Macrophages? A Proteomics-Informed View. Nanomaterials 2020, 10, 1939. [Google Scholar] [CrossRef]

	



Rabolli, V.; Thomassen, L.C.J.; Princen, C.; Napierska, D.; Gonzalez, L.; Kirsch-Volders, M.; Hoet, P.H.; Huaux, F.; Kirschhock, C.E.A.; Martens, J.A.; et al. Influence of size, surface area and microporosity on the in vitro cytotoxic activity of amorphous silica nanoparticles in different cell types. Nanotoxicology 2010, 4, 307–318. [Google Scholar] [CrossRef]

	



Decan, N.; Wu, D.; Williams, A.; Bernatchez, S.; Johnston, M.; Hill, M.; Halappanavar, S. Characterization of in vitro genotoxic, cytotoxic and transcriptomic responses following exposures to amorphous silica of different sizes. Mutat. Res. Toxicol. Environ. Mutagen. 2016, 796, 8–22. [Google Scholar] [CrossRef]

	



Murugadoss, S.; Brule, S.V.D.; Brassinne, F.; Sebaihi, N.; Mejia, J.; Lucas, S.; Petry, J.; Godderis, L.; Mast, J.; Lison, D.; et al. Is aggregated synthetic amorphous silica toxicologically relevant? Part. Fibre Toxicol. 2020, 17, 1. [Google Scholar] [CrossRef]

	



Dalzon, B.; Torres, A.; Devcic, J.; Fenel, D.; Sergent, J.-A.; Rabilloud, T. A Low-Serum Culture System for Prolonged in Vitro Toxicology Experiments on a Macrophage System. Front. Toxicol. 2021, 3, 780778. [Google Scholar] [CrossRef] [PubMed]

	



Torres, A.; Collin-Faure, V.; Diemer, H.; Moriscot, C.; Fenel, D.; Gallet, B.; Cianférani, S.; Sergent, J.-A.; Rabilloud, T. Repeated Exposure of Macrophages to Synthetic Amorphous Silica Induces Adaptive Proteome Changes and a Moderate Cell Activation. Nanomaterials 2022, 12, 1424. [Google Scholar] [CrossRef] [PubMed]

	



Kreyling, W.G.; Holzwarth, U.; Schleh, C.; Hirn, S.; Wenk, A.; Schäffler, M.; Haberl, N.; Semmler-Behnke, M.; Gibson, N. Quantitative biokinetics over a 28 day period of freshly generated, pristine, 20 nm titanium dioxide nanoparticle aerosols in healthy adult rats after a single two-hour inhalation exposure. Part. Fibre Toxicol. 2019, 16, 29. [Google Scholar] [CrossRef]

	



Russell, D.; VanderVen, B.C.; Glennie, S.; Mwandumba, H.; Heyderman, R.S. The macrophage marches on its phagosome: Dynamic assays of phagosome function. Nat. Rev. Immunol. 2009, 9, 594–600. [Google Scholar] [CrossRef]

	



Wong, C.; Pratiwi, F.W.; Chen, P.; Mou, C.; Hsu, S. Revealing the Phagosomal pH Regulation and Inflammation of Macrophages after Endocytosing Polyurethane Nanoparticles by a Ratiometric pH Nanosensor. Adv. Biol. 2020, 5, e2000200. [Google Scholar] [CrossRef] [PubMed]

	



Canton, J.; Khezri, R.; Glogauer, M.; Grinstein, S. Contrasting phagosome pH regulation and maturation in human M1 and M2 macrophages. Mol. Biol. Cell 2014, 25, 3330–3341. [Google Scholar] [CrossRef] [PubMed]

	



Jablonski, K.A.; Amici, S.A.; Webb, L.M.; Ruiz-Rosado, J.D.D.; Popovich, P.G.; Partida-Sanchez, S.; Guerau-De-Arellano, M. Novel Markers to Delineate Murine M1 and M2 Macrophages. PLoS ONE 2015, 10, e0145342. [Google Scholar] [CrossRef]

	



Beck-Speier, I.; Kreyling, W.G.; Maier, K.L.; Dayal, N.; Schladweiler, M.C.; Mayer, P.; Semmler-Behnke, M.; Kodavanti, U.P. Soluble iron modulates iron oxide particle-induced inflammatory responses via prostaglandin E2 synthesis: In vitro and in vivo studies. Part. Fibre Toxicol. 2009, 6, 34. [Google Scholar] [CrossRef]

	



Kreyling, W.G.; Holzwarth, U.; Hirn, S.; Schleh, C.; Wenk, A.; Schäffler, M.; Haberl, N.; Gibson, N. Quantitative biokinetics over a 28 day period of freshly generated, pristine, 20 nm silver nanoparticle aerosols in healthy adult rats after a single 1½-hour inhalation exposure. Part. Fibre Toxicol. 2020, 17, 21. [Google Scholar] [CrossRef]

	



Semmler-Behnke, M.; Takenaka, S.; Fertsch, S.; Wenk, A.; Seitz, J.; Mayer, P.; Oberdörster, G.; Kreyling, W. Efficient Elimination of Inhaled Nanoparticles from the Alveolar Region: Evidence for Interstitial Uptake and Subsequent Reentrainment onto Airways Epithelium. Environ. Health Perspect. 2007, 115, 728–733. [Google Scholar] [CrossRef]

	



Semmler, M.; Seitz, J.; Erbe, F.; Mayer, P.; Heyder, J.; Oberdörster, G.; Kreyling, W.G. Long-Term Clearance Kinetics of Inhaled Ultrafine Insoluble Iridium Particles from the Rat Lung, Including Transient Translocation into Secondary Organs. Inhal. Toxicol. 2004, 16, 453–459. [Google Scholar] [CrossRef] [PubMed]

	



Rabilloud, T. Optimization of the Cydex Blue Assay: A One-Step Colorimetric Protein Assay Using Cyclodextrins and Com-patible with Detergents and Reducers. PLoS ONE 2018, 13, e0195755. [Google Scholar] [CrossRef] [PubMed]

	



Decuzzi, P.; Godin, B.; Tanaka, T.; Lee, S.-Y.; Chiappini, C.; Liu, X.; Ferrari, M. Size and shape effects in the biodistribution of intravascularly injected particles. J. Control. Release 2010, 141, 320–327. [Google Scholar] [CrossRef] [PubMed]

	



Viveros, R.D.; Liberman, A.; Trogler, W.C.; Kummel, A.C. Alkaline and ultrasonic dissolution of biological materials for trace silicon determination. J. Vac. Sci. Technol. B Nanotechnol. Microelectron. Mater. Process. Meas. Phenom. 2015, 33, 031803. [Google Scholar] [CrossRef]








[image: Ijms 24 00220 g001 550] 





Figure 1. SAS characterization by transmission electron microscopy at Day 0 in water. (a) SPr 220 m2/g 23,000×. (b) MPr 55 m2/g 23,000×. (c) MC 140 m2/g 23,000×. (d) SPy 200 m2/g 23,000×. 
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Figure 2. Viability assays of SAS exposure (24 h), on J774A.1 macrophages. Precipitated silicas are in green, colloidal silicas in orange, and the pyrogenic SAS in blue. Round dots are for small particle SAS and square dots for medium particle SAS; CTL: control, untreated cells; MC: medium-particle colloidal silica; SC: small-particle colloidal silica; SPr: precipitated silica with small primary particles; MPr: precipitated silica with medium-size primary particles; SPy: pyrogenic silica with small primary particles. The lethal doses 20 were estimated at 15 µg/mL for MC, 20 µg/mL for SC, 100 µg/mL for SPr and MPr, and 35 µg/mL for SPy. 
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Figure 3. Phagocytic activity of cells exposed to SiO2 particles. The acute exposure is (or is not) followed by a 72-h recovery period. CTL: control cells, SPr: small-particle precipitated silica 220 m2/g, MPr: medium-particle precipitated silica 55 m2/g, SC: colloidal silica 220 m2/g, MC: colloidal silica 140 m2/g, Cor: corundum, SPy: small-particle pyrogenic silica 200 m2/g. Black bars for acutely exposed cells, grey bars for recovery protocol. The data are expressed as mean ± standard deviation. (A) Proportion of phagocytic cells. (B) Phagocytic activity of the cells. Statistical significance in a Mann-Whitney test: * p < 0.05. 
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Figure 4. Cytokine responses of cells exposed to SiO2 particles and stimulated (or not) with lipopolysaccharide. The acute exposure is (or is not) followed by a 72-h recovery period. CTL: control cells, SPr: small-particle precipitated silica 220 m2/g, MPr: medium-particle precipitated silica 55 m2/g, SC: colloidal 220 m2/g, MC: colloidal 140 m2/g, Cor: corundum, SPy: small-particle pyrogenic silica 200 m2/g. Black bars for acutely exposed cells, grey bars for recovery protocol. The data are expressed as mean ± standard deviation. IL-6: interleukin 6; TNF: tumor necrosis factor alpha. (A) Intrinsic IL-6 secretion of cells exposed to SiO2. (B) Intrinsic TNF secretion. (C) IL-6 secretion after LPS stimulation. (D) TNF secretion after LPS stimulation. Statistical significance in a Mann-Whitney test: * p < 0.05. 
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Figure 5. Examination by TEM of SAS extracted from cells. Macrophage cells were exposed to SAS for 24 h and allowed to recover for 72 h. At the end of the culture the cells were recovered, lysed and the lysate digested sequentially by a nuclease and a protease. The clarified lysate was examined by TEM to investigate the state of the internalized SAS. (A) control cells (no silica treatment) magnification 30,000×. (B) SC: small-particle colloidal silica 220 m2/g 30,000×. (C) MC: medium-particle colloidal silica 140 m2/g 30,000×. (D) SPr: small-particle precipitated silica 220 m2/g 23,000×. (E) MPr: medium-particle precipitated silica 55 m2/g 23,000×. (F) SPy: small-particle pyrogenic silica 200 m2/g 23,000×. 
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Table 1. Mineralization efficiency according to synthetic amorphous silica forms.
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	Condition
	Amount Measured in Well (µg)
	Measured Amount/Well (µg) (Mean ± SD)
	Mineralization Yield
	Mean Mineralization Yield





	CTL
	1.531
	0.988 ± 0.496
	
	



	
	0.558
	
	
	



	
	0.876
	
	
	



	SC—20
	21.760
	16.213 ± 4.918
	0.544
	0.405



	
	12.384
	
	0.310
	



	
	14.496
	
	0.362
	



	MC—15
	14.560
	14.357 ± 0.526
	0.485
	0.479



	
	14.752
	
	0.492
	



	
	13.760
	
	0.459
	



	SPr—100
	54.368
	53.461 ± 2.939
	0.272
	0.267



	
	50.176
	
	0.251
	



	
	55.840
	
	0.279
	



	MPr—100
	29.152
	37.92 ± 9.267
	0.146
	0.190



	
	36.992
	
	0.185
	



	
	47.616
	
	0.238
	



	SPy—35
	28.480
	27.563 ± 1.989
	0.407
	0.394



	
	25.280
	
	0.361
	



	
	28.928
	
	0.413
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Table 2. Determination of silica internalized in cells after acute exposure.
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Cell Lysate (Acute)

	

	

	

	

	

	




	
Condition

	
Amount Measured in Well

	
Corrected

Amount/Well *

	
Amount/Well (Mean ± SD)

	
ng Si/µg Prot

	
ng Si/µg Prot (Mean ± SD)

	
Fraction Silica

Incorporated in Cells






	
CTL

	
0.208

	
0.21

	
0.27 ± 0.30

	
0.01

	
0.013 ± 0.01

	
N/A




	

	
0.598

	
0.60

	

	
0.03

	

	




	

	
0.018

	
0.02

	

	
0.00

	

	




	
SC—20

	
6.944

	
12.76

	
13.95 ± 1.08

	
9.78

	
10.09 ± 0.94

	
0.35




	

	
4.603

	
14.87

	

	
11.15

	

	




	

	
5.157

	
14.23

	

	
9.34

	

	




	
MC—15

	
6.368

	
13.12

	
12.16 ± 1.72

	
8.07

	
6.67 ± 1.38

	
0.41




	

	
5.003

	
10.17

	

	
5.31

	

	




	

	
6.050

	
13.19

	

	
6.64

	

	




	
SPr—100

	
13.328

	
49.03

	
43.65 ± 11.09

	
38.61

	
41.74 ± 3.02

	
0.22




	

	
12.800

	
51.02

	

	
44.63

	

	




	

	
8.624

	
30.89

	

	
41.98

	

	




	
MPr—100

	
13.440

	
92.21

	
85.04 ± 14.81

	
66.98

	
55.94 ± 13.40

	
0.43




	

	
17.552

	
94.90

	

	
59.82

	

	




	

	
16.192

	
68.01

	

	
41.03

	

	




	
SPy—35

	
5.864

	
14.41

	
12.18 ± 4.95

	
8.86

	
6.77 ± 3.04

	
0.17




	

	
5.643

	
15.63

	

	
8.16

	

	




	

	
2.690

	
6.51

	

	
3.28

	

	








* The yield-corrected amount is calculated by dividing the measured amount by the mineralization yield determined in Table 1.
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Table 3. Determination of the internalized silica in the cells, and still present after the recovery period.
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Cell Lysate

(Recovery)

	

	

	

	

	

	




	
Condition

	
Amount Measured in Well

	
Yield Corrected Amount/Well *

	
Amount/Well (Mean ± SD)

	
ngSi/µg Protein (Mean ± SD)

	
Fraction Silica Incorporated in Cells

	
Ratio D4/D1






	
CTL

	
0.831

	
0.831

	
0.63 ± 0.45

	
0.31 ± 0.22

	

	




	

	
0.947

	
0.947

	

	

	

	




	

	
0.118

	
0.118

	

	

	

	




	
SCc20

	
5.051

	
13.444

	
4.89 ± 7.43

	
2.09 ± 3.06

	
0.12

	
0.35




	

	
0.003

	
0.009

	

	

	

	




	

	
0.456

	
1.214

	

	

	

	




	
MC—15

	
3.662

	
9.747

	
5.34 ± 3.99

	
3.70 ± 3.01

	
0.18

	
0.44




	

	
1.616

	
4.301

	

	

	

	




	

	
0.745

	
1.984

	

	

	

	




	
SPr—100

	
5.418

	
14.419

	
13.18 ± 1.60

	
5.47 ± 0.99

	
0.07

	
0.30




	

	
4.275

	
11.378

	

	

	

	




	

	
5.162

	
13.737

	

	

	

	




	
MPr—100

	
42.592

	
113.357

	
97.36 ± 15.74

	
44.29 ± 7.90

	
0.49

	
1.14




	

	
30.768

	
81.888

	

	

	

	




	

	
36.384

	
96.835

	

	

	

	




	
SPy—35

	
2.270

	
6.043

	
5.84 ± 1.87

	
2.88 ± 0.61

	
0.08

	
0.48




	

	
2.859

	
7.610

	

	

	

	




	

	
1.457

	
3.878

	

	

	

	








* The yield-corrected amount is calculated by dividing the measured amount by the mineralization yield determined in Table 1.
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