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Abstract

:

The production method of nanoscale detonation carbon (NDC) has recently been developed at Lavrentyev Institute of Hydrodynamics SB RAS. This method uses the reaction of acetylene with oxygen conducted in the detonation mode in fuel-rich acetylene–oxygen mixtures. The morphology and structural features of the NDC particles can be varied by changing the concentration of oxygen in the gaseous mixtures. The particles of NDC can serve as reinforcements in metal matrix composites and additives imparting electrical conductivity to polymer matrix composites. Before NDC can be considered for industrial applications, it is necessary to address the related biological safety concerns. The present work was aimed at determining the cytotoxicity of NDC. The NDC powders with two morphologies (obtained using different acetylene/oxygen ratios) were tested on HEK293A human cells. The NDC powder was added to the culture medium in concentrations ranging from 10 ng/mL to 400 μg/mL. The cell viability was determined by a colorimetric EZ4U test and a real-time cell analyzer xCELLigence. None of the NDC samples showed a cytotoxic effect. The results of this study allow us to recommend NDC as a safe and useful product for the development of advanced carbon-based and composite materials.
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1. Introduction


In the past decades, significant progress has been made in the fabrication and property evaluation of carbon-based nanomaterials [1,2,3,4,5]. These materials show high potential for the development of nanotechnology, miniature devices, and nanomedicine. The biological safety of particulate materials is always a matter of serious concern. Before new materials with promising functional properties enter the industrial sector or our daily life, their biological safety should be tested. In medicine, carbon nanomaterials can be used as drug delivery vehicles [6]. At the same time, particulate materials may present an occupational hazard for engineers and researchers [7].



Carbon-based nanomaterials differ in the particle morphology, size, graphitization degree, and chemical composition. Ou et al. [8] discuss factors influencing the toxicity of graphene and related materials. Those factors are the lateral size, the surface structure, the presence of functional groups, impurities, and the degree of aggregation. The dose and dispersion of nanotubes in a matrix were shown to affect their toxicity level [9].



According to Wei et al. [10], oxygen-containing functional groups determine the toxicity of carbon black particles. It was suggested that epoxy, hydroxyl, and carboxyl groups are responsible for an increased bioreactivity and cytotoxicity of carbon black. Carbon nanomaterials with different geometries exhibit different cytotoxicity [11]. Single-walled carbon nanotubes were found to be toxic toward alveolar macrophages in vitro. The cytotoxicity level of different nanomaterials could be described by the following sequence (on a mass basis): single-wall carbon nanotubes > multi-walled carbon nanotubes > fullerene.



At present, the most commonly used nanoscale carbon product is carbon black [12]. The majority of industrial carbon black grades are produced by decomposition of hydrocarbons, e.g., using the furnace black process. Another possibility to produce carbon black is to use the detonation decomposition of acetylene [13,14,15,16]. This method allows obtaining high-quality carbon black, also known as acetylene black.



The detonation technologies of carbon production are further developing. In that framework, a novel carbon material, nanoscale detonation carbon (NDC), has recently been obtained at Lavrentyev Institute of Hydrodynamics SB RAS [17]. The fabrication process uses gaseous detonation in a controlled mode. The structural characteristics of the fabricated NDC have been reported in [18]. The product contains ultra-fine hollow carbon particles and/or graphene nano-sheets, depending on the concentration of oxygen in the acetylene–oxygen detonating mixture. The powders of NDC can be used as reinforcements (or for the synthesis of carbide reinforcements) in metal matrix composites and as additives imparting electrical conductivity to polymer matrix composites. Before NDC can be considered for industrial applications, it is necessary to address the biosafety concerns related to a new product. Therefore, the present work was aimed at determining the cytotoxicity effect of NDC on a human cell culture. NDC samples differing in the morphology of the particles were tested.




2. Materials and Methods


2.1. Fabrication and Characteristics of NDC


NDC samples were produced using the pulse gas-detonation device (PGDD) described in detail in [17]. Decomposition of acetylene at atmospheric pressure by detonation of the C2H2 + kO2 acetylene–oxygen mixtures at k < 1 makes it possible to obtain NDC and hydrogen at the same time [19]. The PGDD operates in a continuous cyclic mode with automatic cycle repetition. In each cycle (shot), the PGDD barrel is filled first with a working mixture of C2H2 + kO2. Then, a booster charge from a mixture of C2H2 + O2 is fed into the breech of the barrel and the spark plug initiates the booster charge, from which detonation is transferred to the working charge.



In accordance with the following reaction scheme,


C2H2 + kO2 → H2 + 2kCO + 2(1 − k)C,








the detonation products of the main charge contain nanoscale carbon, NDC. The smaller is the value of k, the higher is the concentration of NDC in the detonation products of the main charge. The NDC escaping from the barrel (together with the gaseous detonation products) accumulates in the product collection chamber attached to the barrel. Figure 1 illustrates the emission of NDC from the barrel during the operation of the PGDD.



The rate of fire depends on the dimensions of the PGDD barrel. For example, when the barrel diameter is 26 mm and its length is 700 mm, the rate is 5 shots per second. The productivity of the PGDD for NDC depends on the oxygen content in the mixture and is 1.8 and 0.07 kg/h for 10% of O2 (k = 0.11) and 40% of O2 (k = 0.68), respectively [17]. Figure 2 shows the morphology of NDC produced by detonation of acetylene–oxygen mixtures at an oxygen content of 10 and 40%.



The NDC obtained at k = 0.11 consists of rounded particles with a size of tens of nanometers (Figure 2a), while that obtained at k = 0.68 consists of graphene-like particles with an in-plane size of 100–200 nm and a thickness of up to 20 nm (Figure 2b). Transmission electron microscopy studies of the carbon particles proved that the rounded particles are hollow [18]. In this work, cytotoxicity of NDC powders with these two morphologies was examined.




2.2. Cell Culture Cytotoxicity Assay


Cytotoxicity of the NDC samples was examined against human cell lines HEK293A (Thermo Fisher Scientific, Waltham, MA, USA) using an EZ4U colorimetric test (Biomedica, Vienna, Austria) and an xCELLigence DP Real-Time Cell Analyzer (Agilent Technologies, Santa Clara, CA, USA).



As NDC powders have poor wettability by water, dimethyl sulfoxide (DMSO) and ethanol were used to disperse the powders. NDC samples were re-suspended in DMSO (Sigma-Aldrich, St. Louis, MI, USA) or ethanol 50% in stock concentration 0.2 mg/mL. For the EZ4U test, the cells were plated onto a 96-well plate (2 × 104 cells per well) in DMEM/F12 medium (Thermo Fisher Scientific, Waltham, MA, USA) 1:1, supplemented with 10% FBS (Thermo Fisher Scientific, Waltham, MA USA), 100 U/mL penicillin–streptomycin (Thermo Fisher Scientific, Waltham, MA, USA), and 1× GlutaMAX (Thermo Fisher Scientific, Waltham, MA, USA). After 24 h, when the cell monolayer reached 30–50% confluency, the NDC suspension was added to the medium. After 72 h of cell incubation, the relative amount of alive cells was determined using colorimetric EZ4U Cell Proliferation and Cytotoxicity Assay (Biomedica, Vienna, Austria), as per the manufacturer’s protocols. The absorbance value at 450 and 620 nm was measured using a Victor X3 Multilabel Reader (PerkinElmer, Waltham, MA, USA). The measurements were carried out in four parallel experiments.



For the impedance-based real-time assay, the cells were plated onto 16-well RTCA E-plates (Agilent Technologies, Santa Clara, CA, USA) (2 × 104 cells per well) 24 h before adding the tested NDC samples, and the cell culture was monitored for 3 days using an xCELLigence DP Real-Time Cell Analyzer (Agilent Technologies, Santa Clara, CA, USA). The cell cultures were maintained in 5% CO2 atmosphere at 37 °C. Control cells were grown in the presence of 0.1% DMSO or 0.005% ethanol.



The statistical analysis was performed using ANOVA (for EZ4U) or RTCA in-app algorithm. The changes were considered significant at p ≤ 0.05.





3. Results and Discussion


3.1. Cytotoxicity Study of NDC Using EZ4U Assay


EZ4U is a modern improved modification of the well-known colorimetric MTT test of cell viability. The HEK293A cells were treated with different concentrations of NDC obtained at k = 0.11 (NDC1) and at k = 0.68 (NDC2). The NDC concentration ranged from 7 ng/mL to 400 μg/mL. The control cells were treated with 0.1% DMSO or 0.005% ethanol to exclude the solvent effect on the cell proliferation and viability.



None of the NDC samples demonstrated a cytotoxic effect on the cells (Figure 3). Moreover, the carbon powder in its maximal concentration (20 μg/mL in DMSO or 400 μg/mL in ethanol) had a negligible effect (p > 0.05) on the cell proliferation, which could be due to the fact that NDC mechanically prevented the spread of the cells over the well surface (Figure 4).




3.2. Real-Time Cell Analysis Using xCELLigence


For determining the effect of NDC on the cell proliferation, we performed a real-time cell analysis using an impedance-based assay. This method allows monitoring the cell proliferation in real time by measuring the culture medium impedance in special wells covered with gold electrode stripes. The real-time cell analysis was carried out with NDC1 samples (Figure 5a).



For determining the NDC effect on the cells, we analyzed the slope of the growth curves, which reflects the proliferation rate (Figure 5b). We examined the NDC influence in the first 24 h after adding the carbon samples to the growth medium. Both 0.1% DMSO and 0.005% ethanol had little effect on the cell proliferation. Only at the highest concentration (20 μg/mL) did NDC influence the proliferation rate, still being non-cytotoxic.



As noted above, the NDC obtained at k = 0.11 consists of rounded particles with a size of tens of nanometers. This product is similar to carbon black produced by the acetylene black process [20], in which acetylene is decomposed into carbon and hydrogen without the addition of oxygen at a high initial pressure. Carbon black has been produced for decades and no significant hazardous effects have been registered [20]. Based on long-term inhalation studies performed in rats under conditions of lung overload, the International Agency for Research on Cancer assigned carbon black to Category 2B (possible human carcinogen) [20]. It can be expected that the NDC obtained upon a small addition of oxygen at k = 0.11 is similar in toxicity to carbon black produced on an industrial scale. The NDC produced at k = 0.68 consists of graphene-like flaky particles and its biological effects may differ from those of classic carbon black and be close to those of carbon nanotubes (CNTs). According to [21], CNTs have an ability to stimulate mesenchymal cell growth and cause granuloma formation and fibrogenesis. For personnel to work with carbon nanomaterials, the content of CNTs in the ambient air should not exceed 1.0 μg/m3 [22]. In many cases, the health safety of new nanocarbon materials is still an open question, and studies of their biological effects should be continued.



Porous carbon materials that are biocompatible and suitable for making body implants were produced [23]. Those were graphene scaffolds prepared by spark plasma sintering. The materials had a macroporous microstructure and a high mechanical strength. Another promising direction in the application of carbon nanomaterials is the development of biologically active metal matrix composites. For example, graphene-modified Mg-based nanocomposites showed high cytocompatibility and superior osteogenic properties compared with the non-modified alloy [24]. In future research, it would be interesting to study the consolidation behavior of NDC and properties of the compacts as well as the biocompatibility of metal matrix composites reinforced with NDC.




3.3. Possible Applications of NDC and Its Advantages


Since NDC contains graphene-like particles, its main application may be related to the development of new ceramic or metal-based composites with improved mechanical and/or tribological properties [25]. The potential strengthening ability of graphene is due to its high mechanical performance. Having a fracture strength of 130 GPa and a Young’s modulus of 1 TPa, graphene is considered to be one of the strongest reinforcements for metal, ceramic, and polymer matrix composites [26].



It should be noted that the application range of nanocarbon materials is very broad. Namely, nanoscale carbon is used for making supercapacitors, lithium ion batteries, and solar cells [27]. In addition, the use of carbon in medicine is constantly growing [23,24,28]. The non-toxicity of NDC proved in this work is important from the point of view of safe work with this material in any of the listed applications.



In our opinion, NDC has two significant advantages over other types of nanoscale carbon. The first is the simplicity and safety of its production, as described in [17]. It should be noted that the traditional “explosive” methods of producing acetylene black [13,14,15] require compression of acetylene to pressures exceeding 10 bar. An uncontrolled explosion may occur during the production, so, complex and expensive measures are required to ensure the industrial safety. In contrast, NDC is produced from an acetylene–oxygen mixture at atmospheric pressure. For working under these conditions, the required safety measures do not differ from those taken during gas welding and cutting. Another advantage is associated with the production of composite coatings containing NDC. Our studies have shown that it is possible to apply composite coatings by detonation spraying simultaneously with the generation of NDC. Notably, studies described in [29,30] showed that detonation spraying of Al, Cu, Ni, and Ti in the in situ carbon generation mode can produce coatings with microhardness significantly higher than that of carbon-free metallic coatings. Thus, instead of obtaining a coating in three steps (obtaining NDC, mixing it with a metal powder, and thermal spraying of the powder mixture on the substrate), it is possible to produce a composite coating directly by detonation spraying in the mode with the NDC generation.



The studies described in this paper are the first in the NDC toxicity assessment. The obtained results can boost its use in industry and medicine.





4. Conclusions


In this work, the cytotoxicity of NDC powders was investigated for the first time. The effect of NDC with two different morphologies on HEK293A human cells was tested. The powder was added to the culture medium and the cell viability was determined by a colorimetric EZ4U test and a real-time cell analyzer xCELLigence. It was found that NDC is a non-toxic material. It is, therefore, possible to work with this material using precautions similar to those pertaining to the production of carbon black. The results of this study allow us to recommend NDC as a safe and useful product for the development of advanced carbon-based and composite materials.







Author Contributions


Conceptualization, A.A.M. and A.A.S.; methodology, A.A.M. and D.V.D.; investigation, A.A.M. and D.K.R.; writing—original draft preparation, A.A.M. and A.A.S.; writing—review and editing, D.V.D.; supervision, A.A.S.; project administration, A.A.S.; funding acquisition, A.A.S. All authors have read and agreed to the published version of the manuscript.




Funding


This work was supported by the Ministry of Science and Higher Education of the Russian Federation, project 1021101115342-6.




Institutional Review Board Statement


Not applicable.




Informed Consent Statement


Not applicable.




Data Availability Statement


Not applicable.




Conflicts of Interest


The authors declare no conflict of interest. The funders had no role in the design of the study; in the collection, analyses, or interpretation of data; in the writing of the manuscript, or in the decision to publish the results.




References


	



Mohan, V.B.; Lau, K.; Hui, D.; Bhattacharyya, D. Graphene-based materials and their composites: A review on production, applications and product limitations. Compos. Part B Eng. 2018, 142, 200–220. [Google Scholar] [CrossRef]

	



Sun, Z.; Fang, S.; Hu, Y.H. 3D graphene materials: From understanding to design and synthesis control. Chem. Rev. 2020, 120, 10336–10453. [Google Scholar] [CrossRef] [PubMed]

	



Anzar, N.; Hasan, R.; Tyagi, M.; Yadav, N.; Narang, J. Carbon nanotube—A review on Synthesis, Properties and plethora of applications in the field of biomedical science. Sens. Int. 2020, 1, 100003. [Google Scholar] [CrossRef]

	



Acquah, S.F.A.; Penkova, A.V.; Markelov, D.A.; Semisalova, A.S.; Leonhardt, B.E.; Magi, J.M. Review—The beautiful molecule: 30 years of C60 and its derivatives. ECS J. Solid State Sci. Technol. 2017, 6, M3155–M3162. [Google Scholar] [CrossRef]

	



Heimann, R.B.; Evsvukov, S.E.; Koga, Y. Carbon allotropes: A suggested classification scheme based on valence orbital hybridization. Carbon 1997, 35, 1654–1658. [Google Scholar] [CrossRef]

	



Kavosi, A.; Noei, S.H.G.; Madani, S.; Khalighfard, S.; Khodayari, S.; Khodayari, H.; Mirzaei, M.; Kalhori, M.R.; Yavarian, M.; Alizadeh, A.M.; et al. The toxicity and therapeutic effects of single-and multi-wall carbon nanotubes on mice breast cancer. Sci. Rep. 2018, 8, 8375. [Google Scholar] [CrossRef]

	



Lee, J.H.; Han, J.H.; Kim, J.H.; Kim, B.; Bello, D.; Kim, J.K.; Lee, G.H.; Sohn, E.K.; Lee, K.; Ahn, K.; et al. Exposure monitoring of graphene nanoplatelets manufacturing workplaces. Inhal. Toxicol. 2016, 28, 281–291. [Google Scholar] [CrossRef]

	



Ou, L.; Song, B.; Liang, H.; Liu, J.; Feng, X.; Deng, B.; Sun, T.; Shao, L. Toxicity of graphene-family nanoparticles: A general review of the origins and mechanisms. Part. Fibre Toxicol. 2016, 13, 57. [Google Scholar] [CrossRef]

	



Zhou, L.; Forman, H.J.; Ge, Y.; Lunec, J. Multi-walled carbon nanotubes: A cytotoxicity study in relation to functionalization, dose and dispersion. Toxicol. Vitro 2017, 42, 292–298. [Google Scholar] [CrossRef]

	



Wei, S.; Qi, Y.; Ma, L.; Liu, Y.; Li, G.; Sang, N.; Liu, S.; Liu, Y. Ageing remarkably alters the toxicity of carbon black particles towards susceptible cells: Determined by differential changes of surface oxygen groups. Environ. Sci. Nano 2020, 7, 1633–1641. [Google Scholar] [CrossRef]

	



Jia, G.; Wang, H.; Yan, L.; Wang, X.; Pei, R.; Yan, T.; Zhao, Y.; Guo, X. Cytotoxicity of carbon nanomaterials: Single-wall nanotube, multi-wall nanotube, and fullerene. Environ. Sci. Technol. 2005, 39, 1378–1383. [Google Scholar] [CrossRef] [PubMed]

	



Dounet, J.-B.; Bansal, R.C.; Wang, M.-J. (Eds.) Carbon Black: Science and Technology, 2nd ed.; Revised and Expanded; Marcel Dekker, Inc.: New York, NY, USA, 1993. [Google Scholar]

	



Kistiakovsky, G.B.; Halsey, G.D.; Malin, M.E.; Knight, H.T. Detonation Process of Making Carbon Black. U.S. Patent 2,690,960, 5 October 1954. [Google Scholar]

	



Knorre, V.G.; Snegireva, T.D.; Tekunova, T.V.; Chulkov, A.V. A study of the thermal decomposition of acetylene and the properties of the soot formed under the conditions of a constant volume bomb. Combust. Explos. Shock Waves 1972, 8, 437–439. [Google Scholar] [CrossRef]

	



Knorre, V.G.; Kopylov, M.S.; Tesner, P.A. Formation of carbon black with the detonation of acetylene. Combust. Explos. Shock Waves 1974, 10, 690–694. [Google Scholar] [CrossRef]

	



Sorensen, C.; Nepal, A.; Singh, G.P. Process for High-Yield Production of Graphene via Detonation of Carbon-Containing Material. U.S. Patent 9,440,857, 13 September 2016. [Google Scholar]

	



Shtertser, A.A.; Ulianitsky, V.Y.; Batraev, I.S.; Rybin, D.K. Production of nanoscale detonation carbon using a pulse gas-detonation device. Tech. Phys. Lett. 2018, 44, 395–397. [Google Scholar] [CrossRef]

	



Shtertser, A.A.; Rybin, D.K.; Ulianitsky, V.Y.; Park, W.; Datekyu, M.; Wada, T.; Kato, H. Characterization of nanoscale detonation carbon produced in a pulse gas-detonation device. Diam. Relat. Mater. 2020, 101, 107553. [Google Scholar] [CrossRef]

	



Shtertser, A.A.; Ulianitsky, V.Y.; Rybin, D.K.; Batraev, I.S.; Prokhorov, E.S.; Vlaskin, M.S. Production of hydrogen and carbon black by detonation of fuel-rich acetylene-oxygen mixtures. Int. J. Hydrogen Energy 2022, 47, 14039–14043. [Google Scholar] [CrossRef]

	



What Is Carbon Black? ORION Engineered Carbons. Focused. Innovative. Responsive. Available online: https://www.thecarycompany.com/media/pdf/specs/orion-what-is-carbon-black.pdf (accessed on 4 July 2022).

	



Donaldson, K.; Aitken, R.; Tran, L.; Stone, V.; Duffin, R.; Forrest, G.; Alexander, A. Carbon nanotubes: A review of their properties in relation to pulmonary toxicology and workplace safety. Toxicol. Sci. 2006, 92, 5–22. [Google Scholar] [CrossRef]

	



Silva, G.; Viana, C.; Domingues, D.; Vieira, F. Risk Assessment and Health, Safety, and Environmental Management of Carbon Nanomaterials. In Nanomaterials—Toxicity, Human Health and Environment; Clichici, S., Filip, A., Do Nascimento, G.M., Eds.; IntechOpen: London, UK, 2019. [Google Scholar] [CrossRef]

	



Chakravarty, D.; Tiwary, C.S.; Woellner, C.F.; Radhakrishnan, S.; Vinod, S.; Ozden, S.; da Silva Autreto, P.A.; Bhowmick, S.; Asif, S.; Mani, S.A.; et al. 3D porous graphene by low-temperature plasma welding for bone implants. Adv. Mater. 2016, 28, 8959–8967. [Google Scholar] [CrossRef]

	



Safari, N.; Golafshan, N.; Kharaziha, M.; Toroghinejad, M.R.; Utomo, L.; Malda, J.; Castilho, M. Stable and antibacterial magnesium−graphene nanocomposite-based implants for bone repair. ACS Biomater. Sci. Eng. 2020, 6, 6253–6262. [Google Scholar] [CrossRef]

	



Nieto, A.; Bisht, A.; Lahiri, D.; Zhang, C.; Agarwal, A. Graphene reinforced metal and ceramic matrix composites: A review. Int. Mater. Rev. 2017, 62, 241–302. [Google Scholar] [CrossRef]

	



Pourmand, N.S.; Asgharzadeh, H. Aluminum matrix composites reinforced with graphene: A review on production, microstructure, and properties. Crit. Rev. Solid State Mater. Sci. 2020, 45, 289–337. [Google Scholar] [CrossRef]

	



Eletskii, A.V.; Zitserman, V.Y.; Kobzev, G.A. Nanocarbon materials: Physicochemical and exploitation properties, synthesis methods, and enegretic applications. High Temp. 2015, 53, 130–150. [Google Scholar] [CrossRef]

	



Fan, W.; Fu, X.; Li, Z.; Yang, Z.; Xiang, M.; Qin, Z. Porous ultrahigh molecular weight polyethylene/functionalized activated nanocarbon composites with improved biocompatibility. Materials 2021, 14, 6065. [Google Scholar] [CrossRef] [PubMed]

	



Shtertser, A.A.; Batraev, I.S.; Ulianitsky, V.Y.; Kuchumova, I.D.; Bulina, N.V.; Ukhina, A.V.; Bokhonov, B.B.; Dudina, D.V.; Trinh, P.V.; Phuong, D.D. Detonation spraying of Ti-Cu mixtures in different atmospheres: Carbon, nitrogen and oxygen uptake by the powders. Surf. Interfaces 2020, 21, 100676. [Google Scholar] [CrossRef]

	



Shtertser, A.A.; Dudina, D.V.; Ulianitsky, V.Y.; Batraev, I.S.; Rybin, D.K.; Lukyanov, Y.L.; Larichkin, A.Y.; Ukhina, A.V.; Zhdanov, A.A. Metal-nanocarbon composite coatings produced by detonation spraying with in situ carbon generation. J. Therm. Spray Technol. 2021, 30, 1837–1849. [Google Scholar] [CrossRef]








[image: Micromachines 13 01187 g001 550] 





Figure 1. A shot of the pulse gas-detonation device (PGDD): nanoscale detonation carbon (NDC) is emitting from the barrel. 
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Figure 2. NDC produced by detonation of C2H2 + kO2 mixtures at oxygen content (a) 10% (k = 0.11) and (b) 40% (k = 0.68). 
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Figure 3. NDC effect on cell proliferation, data for different concentrations. (a) NDC1 re-suspended in DMSO. DMSO—solvent control. (b) NDC1 and NDC2 re-suspended in ethanol. EtOH—solvent control. 
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Figure 4. A 96-well cell culture plate with NDC samples added. 
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Figure 5. Real-time cell analysis. (a) Impedance-based cell growth curves. (b) Cell proliferation rate estimated by the growth curve slope. 
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