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Abstract

:

The lubrication properties of nanoparticles are of great interest to the manufacturing industry and led to the development of the nano-minimum quantity lubrication (NMQL) cooling strategy. To evaluate the sustainability characteristics of nano-minimum quantity lubrication, apart from analyzing the benefits of increasing machining efficiency, it is also essential to evaluate the potential detrimental effects of nanoparticles on human health and the environment. Existing literature provides substantial data on the benefits of nano-minimum quantity lubrication machining. However, the current literature does not provide researchers in the machining sector a comprehensive analysis of the toxicity of the nanoparticles used in nano-minimum quantity lubrication. This study aims to provide a comprehensive review that addresses the toxicity levels of the most frequently used nanoparticles in NMQL machining. To understand the impacts of nanoparticles on the human body and the environment, in vitro studies that evaluate the nanoparticles’ toxicity on human cells and in vitro/in vivo studies on other living organisms are considered. The results from toxicity studies on each of the chosen nanoparticles are summarized and presented in chronological order. The reviewed studies indicate transition metal dichalcogenides (MoS2 and WS2) exhibit very low toxicity when compared to other nanoparticles. The toxicity of hBN and AL2O3 nanoparticles varies depending on their lengths and crystalline structures, respectively. In conclusion, a chart that maps the toxicity levels of nanoparticles on seven different human cell lines (human lung epithelial cells (A549), human bronchial epithelial cells (Nl-20), AGS human gastric cells, human epidermal cells (HEK), human liver-derived cells (HepG2), human endothelial cells and human peripheral cells), representing exposures by inhalation, ingestion and dermal contact, was developed for easy and quick insights. This is the first attempt in open literature to combine the results of the experimental investigations of nano-minimum quantity lubrication cooling and the toxicity studies of nanoparticles, allowing researchers to make informed decisions in the selection of the most sustainable nanoparticles in the nano-minimum quantity lubrication machining process.
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1. Introduction


The machining and manufacturing sectors are among the most influential markets today with over 100 billion dollars in annual expenditures in the United States alone [1]. The importance of sustainability in machining processes is shown by the sheer volume of production involved and the corresponding potential environmental hazards. The dry machining of metals involves a very high generation of heat in the cutting zone and high cutting forces, which leads to tool wear, workpiece hardening and an increased surface roughness. To minimize these effects, lubrication and cooling via flood cooling techniques are generally employed in machining processes; however, the storage, use and disposal of these conventional lubricants have resulted in an increased environmental impact. Furthermore, due to their inherent toxicity, some lubricants are harmful to machine operators. To avoid the excessive use of cutting fluids, and thereby reduce the potential environmental hazards, many researchers have studied minimum quantity lubrication (MQL) as a viable alternative [2], and literature provides positive results for MQL [3,4,5]. The MQL technique works with a flow rate of about 50 m/h to 2000 mL/h, while the conventional flood cooling flow rate is approximately 1200 × 103 mL/h [6,7]. However, the benefits of the MQL technique are limited due to the low cooling capacities of base fluids and the clogging of debris at the cutting zone when MQL is applied [8,9]. Nano-minimum quantity lubrication (NMQL) was developed to overcome the shortcomings of regular MQL.



Nanoparticles added to a base oil enhance the thermal conductivity of the resultant nanofluid. Therefore, machining with the NMQL technique reduces the cutting tool temperature due to an increased heat transfer coefficient. Further, a nanoparticle rolling effect at the cutting edge reduces contact friction and results in reduced contact forces [10,11]. Zhang et al. conducted studies to investigate the effectiveness of the NMQL grinding of grade 45 steel with MoS2 nanoparticles immersed in different vegetable oils [12]. The authors employed a 2% and a 5% MoS2 mass fraction and used four different base oils: liquid paraffin, palm oil, rapeseed oil and a combination of palm oil and soybean oil. Palm oil with MoS2 nanoparticles was observed to provide the best results. Increasing the mass fraction up to 6% produced an improved lubricating performance, while at a mass fraction exceeding 6%, a deteriorating lubrication effect was the result. Kumar et al. compared the effectiveness of different mono and hybrid nanofluids in the grinding process of silicon nitride [13] and reported positive results with NMQL. A cutting fluid with mono nanoparticles (NPs) performed subpar compared to a fluid with hybrid NPs. Among the mono NPs, MoS2 resulted in a lower grinding force, surface finish and specific grinding energy while a MoS2-WS2 hybrid performed the best overall. The authors further stated that with dry and flood cooling, the grinding forces started to increase over time; however, when a nanoparticle jet MQL (NJMQL) was employed, the grinding forces were constant. The lubrication capability was also increased with NPs, and this was supported by the formation of small, segmented chips when an NJMQL was employed. Similarly, Roshan et al. reported a superior performance with AL2O3 nanoparticles mixed with palm oil in a NJMQL setup for grinding Inconel 718 [14]. The authors reported the lowest specific grinding energy for a 0.5% wt. of NPs and a lower surface roughness for a 1% wt. of NPs. The increase in the surface quality with an increase in the NPs was attributed to better lubrication. This was facilitated by a rolling effect of the NPs at the cutting interface and a superior cooling ability of the NPs due to their high thermal conductivity.



Eltaggaz et al. investigated the influence of NMQL in the turning of austempered ductile iron (ADI) [15]. An oxide of aluminum with an α nanocrystalline structure was dispersed in the air–oil mixture. NMQL performed better than the pure MQL and reduced the flank wear. A comparative study conducted by the authors to evaluate the advantages of various cooling strategies (dry, flood, MQL and NMQL) found that NMQL machining performed better than the base MQL and was comparable to flood cooling [16]. The authors conducted further studies in the machining of titanium with AL2O3 nanoparticles and found that the seizure zone was reduced by using NMQL when compared to the base MQL cooling [17]. Further, the authors concluded that nanoparticle concentration positively impacted the tool life and quality of the surface finish. Further improvements in milling performance were reported in studies on ferritic stainless steel [18] and TiAIN-coated carbide surfaces [19] using graphene and hBN nanoparticles. Table 1 provides a summary of the studies on nano-MQL cooling and highlights the important conclusions drawn by the authors.



The increased performance of the NMQL cooling strategy can be attributed to two factors: an increased thermal conductivity of the base oil due to the addition of highly conductive nanoparticles, which resulted in an increased heat removal rate and reduced friction induced by the rolling effect of nanoparticles at the tool–chip interface. The increased nanoparticle concentration developed a thick protective layer on the tool and work surface [16]. The reduction in friction was achieved by reducing the contact between the tool and the workpiece. An exaggerated view of the tool–chip contact interface in an NMQL cooling process is shown in Figure 1. The nanoparticles in the base oil produce a rolling effect and thereby increase the sliding action of the tool, therefore reducing the friction. The highlighted studies clearly indicate a positive effect of using the NMQL cooling strategy. From Table 1 and an existing review paper [24] on NMQL machining, the most frequently used nanoparticles are tungsten disulfide (WS2), molybdenum disulfide (MoS2), boron nitride (BNNT and hBN), carbon nanotubes (CNT, SWCNT and MWCNT) and oxides of zinc (ZnO) and aluminum (AL2O3).



The science of sustainability addresses all the different aspects involved in the development and the use of any technology. To evaluate the sustainability characteristics of nano-minimum quantity lubrication, apart from analyzing the benefits of increasing machining efficiency, it is also essential to evaluate the potential detrimental effects of nanoparticles on human health and the environment. As was highlighted, the existing literature provides substantial data on the benefits of the NMQL machining process when compared to pure MQL and other conventional cooling strategies [3,25,26]. However, the current literature does not provide researchers in the machining sector a comprehensive analysis of the toxicity of the nanoparticles used in nano-minimum quantity lubrication. Pereira et al. conducted a lifecycle assessment to study the environmental effects of the biodegradable oils used in minimum quantity lubrication [27], but similar studies are lacking in the field of nano-MQL lubrication. The current study aims to provide a comprehensive review that addresses the toxicity levels of the most frequently used nanoparticles in NMQL machining. To understand the impacts of nanoparticles on the human body and the environment, in vitro studies that evaluate the nanoparticle toxicity on human cells and in vitro/in vivo studies on other living organisms are considered. Further, the machining efficiency of the chosen nanoparticles in the machining industry is highlighted with relevant studies from the literature. The culmination of the results on both the effectiveness of nanofluids in machining and their corresponding toxicity is expected to reveal a better understanding of the sustainability of machining with nanofluids.




2. Research Motivation and Methodology


The literature provides adequate justification towards the positive impact of NMQL cooling strategy in reducing the cutting forces and cutting temperatures in machining. However, the existing research on NMQL machining does not address the toxicity of nanoparticles. This is attributed to a lack of understanding and unavailability of toxicity-related information on nanoparticles. In most cases, research involving nanoparticle toxicity employs very different measurement parameters and therefore makes it very difficult for non-experts to interpret the results. Hence, to completely address the sustainability aspect of NMQL machining, it is important to analyze the toxicity of the nanoparticles before their selection and implementation. Understanding the possible impacts of nanoparticles on human body and other living organisms will motivate researchers to exercise caution in their use. Further, understanding the effect of nanoparticles on the environment (soil and water bodies) will help researchers develop the required disposal plan. The current research aims to address these concerns and develop a review paper on toxicity of nanoparticles used in the machining studies. The results from the available toxicity studies are presented in easily understandable terms and portray the impacts of the nanoparticles on humans, animals, other living organisms and the environment. The review was developed with a focus on clarity of information and ease of understanding. As stated earlier, since the review paper is aimed at aiding researchers in the manufacturing industry, it was important to present the results from toxicity studies in a simple manner but without tarnishing the significance of the data. Following methodology was used in developing this review:




	
Review development phase—The review was developed in two stages. In stage one, the effectiveness of NMQL cooling strategy in machining was established from studies available in literature, and six nanoparticles (some nanoparticle families) were chosen for toxicity analysis in stage two of the review. Due to the presence of detailed review papers on NMQL machining’s performance, this section of the review was kept brief, and it highlights only some studies in each of the machining categories. Further, in this section, reference is made to available review papers in current literature on NMQL machining’s performance. Stage two focused on building the toxicity review for each of the nanoparticles selected in stage one, and it is the main contribution of this review paper. The following methodology was used for stage two:




	
In vivo and in vitro studies on both human cells and other living organisms were showcased for all nanoparticles. Studies on aquatic life and bacteria helped with estimating the impacts of the nanoparticles on the environment and may help create a safe disposal procedure. Further, in vitro studies on human cells provided information on the possible impacts of working with nanoparticles during the machining process.



	
The following nanoparticle and toxicity test characteristics were made available from each study: nanoparticle size, nanoparticle concentration in the test medium and duration of exposure to the nanoparticle.



	
For the development of the toxicity chart, only studies measuring cell viability for seven different human cell lines (human lung epithelial cells (A549), human bronchial epithelial cells (Nl-20), AGS human gastric cells, human epidermal cell (HEK), human liver-derived cells (HepG2), human endothelial cells and human peripheral cells) were considered.








	
Results communication and dissemination phase—The following considerations were made in presenting the results in this review:




	
The results from the toxicity studies were presented in table format for each of the selected nanoparticles and in understandable terms.



	
All studies on each investigated nanoparticle were presented in a chronological order. This was to account for the developing technologies as well as to provide a better insight into some contradictory toxicity results available in the literature.



	
For the development of the toxicity chart, only studies measuring cell viability for seven different human cell lines (human lung epithelial cells (A549), human bronchial epithelial cells (Nl-20), AGS human gastric cells, human epidermal cell (HEK), human liver-derived cells (HepG2), human endothelial cells and human peripheral cells) were considered.













The following sections present the toxicity studies and their results for these selected nanoparticles.




3. Toxicity Studies of Nanoparticles


The significance of reducing the amount of lubricant used gave rise to the implementation of MQL techniques, which were then further developed into nano-minimum quantity lubrication. As shown in Table 1, many studies in the literature reflect the positive impacts of introducing nanoparticles in the base oil of a minimum quantity lubrication system. However, the toxicology of the nanoparticles must be understood in order to completely address the sustainability aspect of the machining process with NMQL. Nanoparticles are used in various applications and depending on their usage; nanoparticles may enter the human system by inhalation, oral intake or dermal contact [28,29], as shown in Figure 2.



Nanoparticles’ sizes and surface charges determine their reactions with biological fluids, and hence, it is essential to understand the capacity of the body’s biological barriers in identifying these contaminants [30]. Studies have shown that smaller nanoparticles travel to the alveolar region and then to the secondary organs, resulting in increased toxicity and causing systemic effects. In contrast, larger particles are likely to be deposited in the upper airways [31,32]. Further, the impacts of nanoparticles on the environment and other living organisms are also important to realize a safe disposal procedure for the nanofluids. Some terminologies relevant to the discussion ahead are detailed below:




	
In vitro studies—Toxicity studies conducted outside a living organism. Usually, a cell culture is developed and the nanoparticles are then added to the cell culture for certain durations of time to examine their effects.



	
In vivo studies—Toxicity studies conducted by injecting a living organism/animal with a certain dose of nanoparticles. The impacts on the organs/functions of the animal are then studied.



	
Cell viability—Cell viability is defined as the number of healthy cells in a sample and can be expressed in percentage. Many studies focus on evaluating concentrations of nanoparticles that reduce the cell viability of a given sample to 50%.



	
Cell morphology—Describes the shape, structure, form and size of cells. Changes in cells’ morphology might indicate negative impacts on cell function.








The following sections present both in vivo and in vitro research on toxicity levels for the selected frequently used nanoparticles.



3.1. Molybdenum Disulfide (MoS2)


MoS2 is one of the important transition-metal dichalcogenides (TMD) with growing applications in the industry. The low friction coefficient of MoS2 particles (µ = 0.003) has guaranteed this substance a place as a general application lubricant [33]. In vitro analyses to study the toxicity of MoS2, WS2 and WSe2 particles on human lung epithelial cells were conducted by Teo et al. [34]. The study highlighted the relative inertness of transition-metal dichalcogenides when compared to their organic analogs, such as graphene oxide. The viability of the cells was not significantly altered by the addition of MoS2 and WS2 particles. Furthermore, among the TMDs tested, WSe2 resulted in the least cell viability while WS2 and MoS2 had very low toxicological effects on cells. Table 2 presents the toxicity studies on MoS2 particles in the chronological order of publication. The following important observations were made:




	
The in vitro studies on human cell lines generally provide a very low toxicity when MoS2 nanoparticles are added to cell cultures.



	
The method of nanoparticle exfoliation is highlighted as critical in determining the toxicity levels of MoS2 nanoparticles.



	
A study on Escherichia coli to study the effects of MoS2 in natural water provided a high mortality rate. Thus, it indicates a need to be careful in the disposal of the nanoparticles. Further, a lack of in vivo studies on MoS2 has been noted. This is attributed to the relative newness of MoS2 nanoparticles when compared to CNT and metal oxides.









3.2. Tungsten Disulfide (WS2)


Similar to MoS2 nanoparticles, tungsten disulfide (WS2) particles are part of the TMD family of 2D nanomaterials and exhibit excellent lubrication properties with a dynamic friction coefficient of 0.03 and a static friction coefficient of 0.07 [42]. Table 3 presents the toxicity studies on WS2 particles in the chronological order of publication. The following important observations were made:




	
Similar to MoS2 nanoparticles, in vitro studies on human cell lines generally provide a very low toxicity for WS2 nanoparticles.



	
A study on Escherichia coli to study the effect of WS2 in natural water provided a high mortality rate. Additionality, a study on the effects of WS2 nanoparticles on a fungus also resulted in high levels of toxicity. Therefore, it is essential to develop a safe disposal mechanism to protect the environment from exposure to these nanoparticles.



	
Further, both WS2 and MoS2 have limited number of in-vivo investigation of their toxicity. This is attributed to the relative newness of TMDs.









3.3. Hexagonal Boron Nitride (hBN)


The chemical composition of hBN consists of equal amounts of boron and nitrogen atoms, synthetically manufactured from boric acid (H3BO3) or boron trioxide (B2O3). It has very good lubricating properties [46]. Horvath et al. studied the effects of boron nitride nanotubes (BNNT) on human lung alveoli and embryonic kidney cells in an in vitro analysis [47]. It was concluded that boron nitride nanotubes are cytotoxic and their toxicity is greater than that of carbon nanotubes. The authors hypothesized that the increased toxicity of BNNT could be due to their rod-like structure and highlighted the need for in vivo studies before larger implementations in medical fields. In contrast to Horvath’s work, Turco et al. studied the cell viability, cytoskeleton integrity and DNA damage in human vein endothelial cells and reported that BNNT had a non-significant effect on the cells [48]. It was reported that a modest reduction in cell viability occurred at only the highest concentrations (100 µg mL−1). Further, Campatelli et al. [49,50], in a direct response to the work by Horvath et al. [47], conducted a further investigation on the toxicity of hBN nanoparticles. The research highlighted that hBN nanoparticles with lengths greater than 10 µm (similar to the ones used in the works of Horvath et al.) produce toxic effects in the cell, while shorter hBN nanoparticles do not exhibit toxic effects on the same cell lines. Table 4 presents the toxicity studies on BN-NT/hBN nanoparticles in the chronological order of publication. The following important observations were made:




	
The early literature on hBN provided contradictory results on toxicity. However, further research has highlighted the cause for the discrepancy in results. The lengths of nanoparticles are crucial in determining the particles’ toxicity levels.



	
In vivo studies on mice showcased a dose-dependent increase in toxicity. Therefore, it is very important to understand the toxicity of hBN nanoparticles relative to their concentration levels.



	
Soil worms (C. elegans) were impacted by the presence of nanoparticles in their systems. This highlights the need to be cautious in the disposal of the nanoparticles in the environment.



	
Study by Xin et al. [51] estimated 40 µg as equal to almost approximately 2–3 decades of work exposure to humans, and 4 µg was estimated to be about 2–7 years of work exposure. Such estimates are important in understanding the safety criteria for the use and implementation of these nanoparticles.
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Table 4. hBN toxicity studies in chronological order.






Table 4. hBN toxicity studies in chronological order.













	Type of Study
	Concentration
	Diameter (nm)
	Time of Exposure
	Cell Line/Organism
	Major Outcomes





	In vitro
	5 µg/mL of PEI-BNNT (1:10)
	
	72 h
	Human neuroblastoma cell line (SH-SY5Y)
	No adverse effects on metabolism, viability or cellular replication were reported. A good cell viability was maintained throughout the test period [49].



	In vitro
	2 µg/mL
	<80
	48 h
	Human lung epithelial cells (A549)

alveolar macrophages (RAW 264.7)

fibroblast cells (3T3-L1)

Human embryonic kidney cells (HEK293)
	Shape and geometry are crucial parameters that dictate the toxicity of nanomaterials. BNNT was found to exhbit toxicity to cell lines at low concentrations [47].



	In vitro
	0–100 µg/mL
	75–220
	72 h
	Human vein endothelial cells (HUVECs)
	BNNT had a non-significant effect on the cells. It was reported that a modest reduction in cell viability occurred at only the highest concentrations (100 µg mL−1) [48].



	In vitro
	0–100 µg/mL
	10–80
	24–48–72 h
	Human neuroblastoma SH-SY5Y cells

Human umbilical vein endothelial cells (HUVECs)
	Both cell lines exhibited a high viability even at high concentrations of 20 µg/mL. A shorter BNNT was observed to have a low cytotoxicity when compared to longer nanotubes. The same BNNTs with longer lengths (10 nm) were found to be toxic at concentrations as low as 2 µm [52].



	In vitro
	25 µg/mL
	
	24 h
	Human cells
	Cell stiffness was calculated using atomic forced microscopy. It was seen that there was no significant change in the cell stiffness before and after hBN uptakes. Therefore, the authors posed it as safe for biomedical use. Further in vivo studies are encouraged [53].



	In vitro/in vivo
	0–100 µg/mL and

40 µg
	49
	24 h
	NLRP3-deficient human monocytic cells

C57BL/6 J male mice
	Both in vitro and in vivo studies resulted in acute inflammation and toxicity due to BNNT contaminations [54].



	In vitro
	0–20 µg/mL
	<50
	
	Human hepatoma HepG2
	At 30 μg/mL, MoS2 and BN nanoparticles reduced cell viability [38].



	In vivo
	1–500 µg/mL
	150
	0–30 days
	Caenorhabditis elegans (C. elegans)
	It was seen that up to a concentration of 100 µg mL−1, BNNTs did not cause any significant alteration to the growth, locomotion, lifespan or progeny of the C. elegans nematodes. However, at concentrations over 100 µg mL−1, BNNTs significantly reduced growth and locomotion and affected other characteristics [55].



	In vitro
	0.025–0.4 mg/mL
	50–190
	24 and 48 h
	Human normal skin fibroblast (CCD-1094Sk and ATCC® CRL 2120™) Madin–Darby canine kidney (MDCK) cells
	At a low concentration of 0.025–0.1 mg/mL, no cytotoxcity was observed. However, at concentrations over 0.2 mg/mL, a mild cytotoxicity was noted on CRL-2120 cells. The authors concluded that at concentrations below 0.1 mg/mL, hBN can be a safe oral care product [56].



	In vivo
	4 and 40 µg
	13–23
	4 h

1–7 days

1–2 months
	Male C57BL/6 J mice
	A concentration of 40 µg caused the greatest amount of damage to the lungs. 40 µg was estimated as equal to almost approximately 2–3 decades of work exposure to humans. 4µg was estimated to be about 2–7 years of work exposure, but resulted in no toxicity [51].



	In vivo
	50–3200 µg/kg
	50–200
	24 h
	Wistar albino rats
	At concentrations below 1600 µg/kg, no toxicity was observed. Concentrations of 1600 µg/kg and 3200 µg/kg caused significant damage to the liver [57].









3.4. Aluminum Oxide (AL2O3)


Metallic oxide nanoparticles have various applications within the industry due to their physical and chemical properties, such as transparency, high isoelectric effects and photocatalytic efficiency [58]. AL2O3 also exhibits a resistance to chemical corrosion [59]. Weisheng et al. compared the cytotoxicity of AL2O3 nanoparticles on human bronchioloalveolar carcinoma cells (A549) with that of titanium dioxide (TiO2) and cerium oxide (CeO2) [60]. The A549 cell viability was unaffected up to a concentration of 5 µg mL−1; however, at dosages of 10 µg mL−1 and 25 µg mL−1, the cell viability was reduced to 86% and 82.8%, respectively. It was determined that CeO2 caused the cell viability to be reduced to 68.3% at 25 µg mL−1, while TiO2 resulted in a cell viability of 89.3% at the maximum concentration of 25 µg mL−1. The level of toxicity was determined to decrease in the following order: CeO2 > AL2O3 > TiO2. Noguiera et al. experimentally analyzed the effects of different crystalline forms of AL2O3 on mouse neuroblastoma cells (N2A) and human bronchial epithelial cells (BEAS-2B) [61]. The two crystalline forms that were studied—alpha AL2O3 (α-AL2O3), which has a hexagonal structure, and eta AL2O3 (η-AL2O3)—revealed different toxicology results. This gives strength to the hypothesis that the crystalline forms influence the nanoparticle toxicity. Both α and η-AL2O3 resulted in a decreased cell viability in both N2A and BEAS-2B cells with the latter crystalline form showing a greater toxicity. The decrease in cell viability was dependent on both the concentrations and the durations of cell exposure to these NPs. Table 5 represents the toxicity studies on AL2O3 nanoparticles in the chronological order of publication. The following important observations were made:




	
AL2O3 nanoparticles are relatively less toxic when compared to other metal oxides, such ZnO and SiO2.



	
Dose-dependent increases in toxicity were observed. Low concentrations of AL2O3 nanoparticles of up to 100 µg/mL−1 resulted in low toxicity levels in human cell lines. However, in fish cells, higher toxicity levels were observed for the same levels of nanoparticle concentration.



	
In vivo studies on mice also showcased inflammation and damage to the liver.









3.5. Zinc Oxide (ZnO)


The metallic oxide of zinc is used in many applications, including cosmetics for protection against UV rays [62]. Weisheng et al. investigated the toxicity of ZnO nanoparticles on human lung epithelial cells. This study found that there was a 75–85% decrease in cell viability between concentrations of 18 and 25 µg mL−1, respectively [80]. The authors reported a steep decline in cell viability for ZnO compared to the NPSs of other metallic oxides. This observation was supported by Qiang et al. in a comparative study of different metallic oxides [59]. ZnO resulted in the greatest decrease in cell viability when compared to metallic oxides of aluminum, silica and titanium. Sliwinska et al. further confirmed the non-biocompatibility of ZnO nanoparticles with human peripheral blood lymphocytes [58]. Table 6 represents the toxicity studies on ZnO nanoparticles in the chronological order of publication. The following important observations were made:




	
High levels of toxicity were observed at even low concentrations within in vitro cytotoxicity studies on human cell lines.



	
In vivo studies also showcased high levels of toxicity and damage to the liver.









3.6. Carbon Nanotubes (CNT, SWCNT and MWCNT)


Carbon nanotubes, due to their excellent structural, mechanical, electrical and optical properties, are used in many industrial applications. A good amount of literature exists on the toxicity levels of CNTs due to their longer presence in the industry. An in vivo toxicity study on mice comparing CNTs to asbestos observed that CNTs result in the formation of a scar-like structure (lesion) similar to asbestos that is a carcinogenic. Table 7 represents the toxicity studies on CNT nanoparticles in the chronological order of publication. The following important observations were made:




	
High levels of toxicity were observed at even low concentrations within in vitro cytotoxicity studies on human cell lines. Some contradictory results are also available in the literature.



	
In vivo studies highlighted short-term impairments of fear, memory and morphological changes and an increased heartbeat.










4. Discussion


MQL is a mist lubrication strategy, and hence, it has a high probability of resulting in airborne impurities, such as nanoparticles. This review details the toxicity of six nanoparticles frequently used in nano-MQL machining. From the available literature, it is evident that nanoparticles improve machining performance. However, they also impact human health and the environment. Therefore, it is critical for researchers and workers experimenting in the use of NPs in the machining sector to be cautious regarding the handling, preparation and operation of nanofluids. The most frequently used nanoparticles in the machining studies available in the literature are identified as tungsten disulfide (WS2), molybdenum disulfide (MoS2), boron nitride (BNNT and hBN), carbon nanotubes (CNT, SWCNT and MWCNT) and oxides of zinc (ZnO) and aluminum (AL2O3). MoS2 nanoparticle additives improve the machining performance in minimum quantity lubrication machining. In a comparative study with different nanoparticles, MoS2 performed the best with a low surface roughness and lower cutting forces [13]. The machining performance of WS2 was also comparable to that of MoS2. The toxicity studies for MoS2 and WS2 nanoparticles presented in Table 2 and Table 3, respectively, attest the very low toxicity of TMDs (MoS2 and WS2). Therefore, the high machining performance and low toxicity present TMDs as an ideal choice for nano-minimum quantity lubrication. However, important observations from the toxicity studies on MoS2 indicate that the method of manufacturing affects their toxicity. Further, WS2 nanoparticles exhibit toxicity in natural water and affect fungi growth. The experimental investigations for MoS2 and WS2 listed in Table 1 do not provide details related to their methods of manufacturing or the disposal mechanisms employed. This review highlights the need for researchers to clearly indicate these parameters to achieve a proper sustainability analysis.



The toxicity of hBN nanoparticles varies depending on the length. A high toxicity is observed at larger lengths, while very low toxicity levels are seen at shorter lengths. Additionally, the chronological presentation of toxicity studies on hBN nanoparticles show the development of a consensus regarding how the lengths of nanotubes effect their toxicity. However, in vivo studies presented some concerning results on the impacts of hBN nanoparticles over certain concentrations. The in vivo study conducted on C. elegans showcased the detrimental effects on the growth, the locomotion and the progeny of these nematodes [55]. Although the results are not analogous to humans, it does raise important questions regarding possible similarities in its toxicity on the human body. The NMQL machining studies with hBN additives provided a good machining performance. However, due to few alarming toxicity results present in the literature, care must be taken in the selection of hBN nanoparticles. If the use of hBN nanoparticles cannot be avoided, particles with short lengths must be used. Similar to hBN nanoparticles, the toxicity of AL2O3 is affected by its crystalline structures. γ-AL2O3 NPs were more toxic than α-AL2O3 NPs at all concentrations. Therefore, researchers need to avoid the use γ-AL2O3 nanoparticles. ZnO exhibits a very strong toxicity and must be avoided in machining studies. Similarly, carbon nanotubes have been seen to form lesions similar to the effects of asbestos.



For a quick and easy understanding of the toxicity levels of the chosen nanoparticles, an attempt was made to develop a chart that maps the toxicity levels of the nanoparticles on seven different human cell lines representing the possible exposure routes of nanoparticles. Many researchers have used human lung epithelial cells (A549) for toxicity studies representing exposure to inhaled nanoparticles. Bronchial epithelial cells (NL-20) have also been used. The effects of nanoparticle ingestion have been represented by using in vitro toxicity studies on human gastric cell lines (AGS), human epidermal keratinocytes (HEKs) and human liver-derived cells (HepG2), while blood-related toxicity has been represented by using in vitro studies on human peripheral blood cells and human endothelial cells. Cell viability is defined as the number of healthy cells in a sample [95] and was used as a marker to establish the comparison chart seen in Table 8. It must be noted that all studies seen in the toxicity studies of individual nanoparticles were not included in the chart. In order to facilitate a comparison, only in vitro studies on select human cell lines were included in the chart. The cell viability marker is represented as a percentage and provides an easy understanding of the toxicity levels for each nanoparticle.




5. Conclusions


The literature on machining with NMQL does not explicitly address the safety aspect of dealing with nanoparticles. This study is an attempt to bridge that gap in the literature by providing the toxicity details regarding the most-used nanoparticles in machining. The review includes both in vivo and in vitro studies assessing the toxicity of the nanoparticles on human cells and other organisms. This will allow researchers to understand the impacts of nanoparticles on human health as well as on the environment and thereby devise appropriate methodologies for the safe handling and disposal of these nanoparticles. Further, for the easy assessment of toxicity levels, a toxicity chart for nanoparticles was developed. Cell viability measured from in vitro toxicity studies of nanoparticles on seven different cell lines representing three possible exposure routes (inhalation, ingestion and dermal contact) was used as a marker to establish the visual representation found in Table 8. This table compares the toxicity of six different nanoparticles used in NMQL machining processes. The following conclusions have been drawn from this review:




	
Transition metal dichalcogenides (MoS2 and WS2) exhibit a very low toxicity when compared to other nanoparticles and provide a very good machining performance with a good surface finish and lower cutting forces. Among the MoS2 and WS2 nanoparticles, MoS2 provides a better surface finish and exhibits a lower toxicity. However, a lack of in vivo studies and the relative infancy of the toxicity research on these nanoparticles must be considered.



	
The toxicity of hBN nanoparticles varies depending on the length. A high toxicity was observed at larger lengths, while very low toxicity levels are seen at shorter lengths. Hence, machining with hBN nanoparticles must be done with only short hBN nanoparticles. Similarly, care must be taken in the selection of AL2O3 nanoparticles. The toxicity of AL2O3 nanoparticles varies depending on their crystalline structures but generally exhibits a low toxicity on human cells. However, results from in vivo studies of both hBN and AL2O3 highlight the concern and the need to accurately understand the importance of nanoparticle concentrations.



	
ZnO exhibited very high levels of toxicity in both in vitro and in vivo studies, and therefore, irrespective of machining performance, researchers must avoid their use in machining operations. In vivo studies for carbon nanotube toxicity predicted a high toxicity, while in vitro toxicity studies provided contradictory results.



	
Some nanoparticles for the same concentration exhibited a higher toxicity in non-human species. This provides researchers information to develop disposal guidelines and highlights the need for the proper disposal of nanofluids after machining.



	
The comparisons developed in Table 8 provide an easy interpretation of the toxicity levels of the six nanoparticles that were considered. Cell viability is an important marker for toxicity studies and provides easy interpretations. However, a lack of uniformity in nanoparticle concentrations and the methods employed are limitations. Future research can aim to develop the chart with consistent nanoparticle concentrations and same methods of toxicity analyses.








This is the first attempt to combine the results of the experimental investigations of nano-MQL cooling and the toxicity studies of nanoparticles, allowing researchers to make informed decisions in the selection of the most sustainable nanoparticles in the nano-MQL machining process. Simulation studies enable researchers to understand key parameters, such as temperature changes, heat transfer coefficients, cutting forces and the effects of jet radius and location [96]. The relative difficulty of establishing a realistic model to simulate the effects of nano-minimum quantity lubrication is another reason experimental investigations are unavoidable. The development of CFD and FEM models to simulate nanofluid lubrication to minimize experimentation must be considered and is a topic of future study.
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Figure 1. NMQL cooling mechanism [19]. 
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Figure 2. Nanoparticle routes of exposure [19]. 
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Table 1. Machining processes and materials studied in the literature on NMQL cooling strategy.






Table 1. Machining processes and materials studied in the literature on NMQL cooling strategy.





	
Process

	
Workpiece

	
Nanoparticle Used

	
Conclusion

	
Reference






	
Grinding

	
45 steel

	
MoS2

	
NMQL provided a better surface finish than MQL and dry cooling. Ra and SGE provided almost the same as flood cooling.

	
[12].




	
Silicon nitride

	
MoS2-WS2, WS2-hBN, MoS2-hBN, AL2O3, ZnO and B4C

	
NMQL performed best with lower SGE and cutting forces compared to wet and MQL cooling.

MoS2 performed best among the mono NPs. Among the hybrids, MoS2- WS2 and MoS2-hBN provided the best lubrication.

	
[13].




	
Inconel 718

	
AL2O3

	
NMQL provided a better Ra and lower energy compared to pure MQL.

	
[14].




	
Turning

	
Inconel

	
hBN and AL2O3

	
0.5% vol. hBN performed better than pure MQL and dry cooling. It yielded a low tool wear and roughness.

	
[20,21].




	
0.5% hBN + LN2 provided the best results in terms of interface temperature and Ra.




	
Nimonic 90

	
AL2O3

	
Cryogenic cooling was concluded to be superior to NMQL.

	
[22].




	
Milling

	
Inconel X750

	
hBN, MoS2 and graphite

	
0.5% hBN was found to have superior performance.

	
[23].




	
Ferritic stainless steel ASI 430

	
Graphene

	
NMQL performed better. It improved the initial flank wear.

	
[18].




	
TiAlN-coated carbide surface

	
Graphite (xGnP) and hBN (XGS)

	
A reduction in the friction coefficient was observed due to an expanding processing envelope of MQL due to the nanoplatelets.

	
[19].
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Table 2. MoS2 toxicity studies in chronological order.
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	Type of Study
	Concentration
	Diameter (nm)
	Time of Exposure
	Cell Line/Organism
	Major Outcomes





	In vitro
	100 µg/mL
	
	24 h
	Human lung epithelial cells
	TMDs resulted in a higher cell viability than their organic analogs, such as graphene oxide. Furthermore, among the TMDs tested, WSe2 resulted in the least cell viability while WS2 and MoS2 had very low toxicological effects on the cell [34].



	In vitro
	0–400 µg/mL
	
	24 h
	Human lung carcinoma epithelial cells
	The toxicity of the nanoparticle was shown to increase with an increasing degree of exfoliation and was also dependent on the intercalating agents used. MeLi-exfoliated MoS2 showed the least toxicity [35].



	In vitro
	0–100 µg/mL
	80–100
	24 h
	Human bronchial cells (NL-20)
	The research stated that compared to silica dioxide and carbon black nanoparticles, up to a concentration of 100 µg mL−1, WS2 and MoS2 nanoparticles exhibited a very low toxicity. At the highest concentration, the cell viability was above 85% for both WS2 and MoS2 [36].



	In vitro
	0.1–100 µg/mL
	200–300
	48 h
	Human epithelial kidney cells (HEK293f)
	WS2 and MoS2 both exhibited high cell survival rates of over 90% over a 48 h exposure. The authors concluded they are safe for biomedical applications [37].



	In vitro
	0.5–30 µg/mL
	50
	24 h
	Human hepatoma HepG2 cells
	At 30 μg/mL, MoS2 and BN nanoparticles reduced cell viability [38].



	In vitro
	0–50 mg/L
	50 and 90
	4 h
	Escherichia coli (E. coli)
	MoS2 resulted in a mortality rate of 38.5%, while WS2 caused a mortality rate of 31.2%. The study aimed to research the effects of NPs in natural water under UV irradiation [39].



	In vitro
	0.1–25 µg/mL
	1–1.12
	24 h
	Human embryonic lung fibroblasts (HELFs).
	The cell viability reduced to about 80% at a concentration above 10 µg/mL [40].



	In vitro
	0.5, 2 and 10 µg/mL
	50, 117 and 177
	24, 48 and 72 h
	Human acute monocytic leukemia (THP-1)

Human lung adenocarcinoma (A-549)

Human gastric adenocarcinoma (AGS)
	The authors concluded that these three sizes of MoS2 nanoparticles are non-toxic at a concentration of 100 µg mL−1 in the three cell lines that were studied [30].



	In vitro
	2.5–200 µg/mL
	<100
	24, 48 and 72 h
	Normal bronchial epithelium cells BEAS-2B (CRL-9609)
	MoS2 NPs and MoS2 MPs exhibit a similar toxicity. After a 72 h exposure, the cell viability reduced to about 50% at all concentration levels. No dose-dependent increase in toxicity was observed [41].
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Table 3. WS2 toxicity studies in chronological order.
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	Type of Study
	Concentration
	Diameter (nm)
	Time of Exposure
	Cell Line/Organism
	Major Outcomes





	In vitro
	100 µg/mL
	
	24 h
	Human lung epithelial cells
	TMDs resulted in a higher cell viability than their organic analogs, such as graphene oxide. WSe2 resulted in the least cell viability while WS2 and MoS2 had very low toxicological effects on the cell [34].



	In vitro
	0–100 µg/mL
	80–100
	24 h
	Human bronchial cells (NL-20)
	The research stated that compared to silica dioxide and carbon black nanoparticles, up to a concentration of 100 µg mL−1, WS2 and MoS2 nanoparticles exhibited a very low toxicity. At the highest concentration, the cell viability was above 85% for both WS2 and MoS2 [36].



	In vitro
	0.22, 3.52 and 35.2 µg/mL
	120–150
	24 h
	Salivary gland cells
	The cell viability and cell morphology were unaffected by WS2 uptakes [43].



	In vitro
	0.1–100 µg/mL
	200–300
	48 h
	Human epithelial kidney cells (HEK293f)
	WS2 and MoS2 both exhibited high cell survival rates of over 90% over a 48 h exposure. The authors concluded they are safe for biomedical applications [37].



	In vitro
	0–50 mg/L
	50 and 90
	4 h
	Escherichia coli (E. coli)
	MoS2 resulted in a mortality rate of 38.5%, while WS2 caused a mortality rate of 31.2%. The study aimed to research the effect of NPs in natural water under UV irradiation [39].



	In vitro
	0–100 µg/mL
	≈500
	24, 48 and 72 h
	Human urinary bladder cells
	An 87% cell viability was observed at the highest concentration after a 72 h exposure [44].



	In vitro
	20–160 mg/L
	20–500
	24 h
	Human A549 cells Fungus Saccharomyces cerevisiae
	The viability of A549 cells was unaffected at all tested concentrations. However, the cell vitality of the fungus reduced to about 70% at the highest concentration [45].
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Table 5. AL2O3 toxicity studies in chronological order.
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	Type of Study
	Concentration
	Diameter (nm)
	Time of Exposure
	Cell Line/Organism
	Major Outcomes





	In vitro
	10–100 µg/mL
	40–47
	48 h
	Mouse neuroblastoma (neuro-2A)
	The cell viability was unaffected at concentrations up to 100 µg/mL−1 during a 48 h exposure [62].



	Aqueous suspension
	0.1–50 mg/L
	80
	96 h
	Zebrafish larvae/embryo
	Even at the highest concentrations, no effect on hatching rate or survival was observed. The effect was non-toxic [63].



	In vitro
	1 µM–10 mM
	8
	24 h
	Human brain microvascular endothelial cells (HBMEC)
	It resulted in low cell vilability of 20% at a concentration of 10 mM. No change in viability was observed for up to 0.01 mM [64].



	In vivo
	29 mg/Kg b.w.
	8
	24 h
	Fisher 344 rats
	It resulted in alterations of mitochondrial functions and decreased expression of tight junction proteins [64].



	In vitro
	1–250 µg/mL
	10–20
	8 h
	Porcine pulmonary artery endothelial cells/human umbilical vein endothelial cells
	Inflammation was observed. The results indicated a probable cardiovascular disease risk [65].



	Aqueous suspension
	3–192 mg/L
	50
	72 h
	Scenedesmus sp./Chlorella sp.
	A 50% mortality rate was observed for chlorella at 45.4 mg/L and 39.35 mg/L for Scenedesmus [66].



	Aqueous suspension
	5–100 mg/L
	5 and 50
	24 and 96 h
	Artemia salina (crustacean filter feeder) larvae
	γ-AL2O3 NPs were more toxic than α-AL2O3 NPs at all concentrations. The highest mortality rate of 34% was observed at 100 mg/L for a 96 h exposure [67].



	Aqueous suspension
	0.005–3.8 mg/L
	20
	72 h
	Green micro-algae Dunaliella salina
	A swelling and enlargement of Dunaleilla cells was observed. It resulted in a significant impact on the shape and topography [68].



	In vitro
	10–100 µg/mL
	50
	6, 12 and 24 h
	Chinook salmon (CHSE-214)
	A dose-dependent reduction in cell viability was observed. At 10 µg/mL, the cell viability was found to be 80%, while at 100 µg/mL, it was about 60% for a 24 h exposure [69].



	In vivo
	1.5, 3 and 6 mg/kg b.w.
	50
	13 weeks
	ICR mice
	The kidney, liver and immune systems were impacted. There was a development of a pathological lesion in the kidney and liver [70].



	In vitro
	100 µg/L
	39.4
	24 h
	Human lymphocytes
	AL2O3 did not cause DNA damage when compared to other metal oxide NPs (Co3O4, Fe2O3 and SiO2) studied [71].



	In vivo
	10 and 100 µg/L
	20
	7, 14 and 21 days
	Freshwater fish (Carassius auratus)
	Liver degeneration and gill hyperplasia were observed when exposed to both aluminium oxide and ZnO nanoparticles [72].



	In vivo
	120–300 ppm
	
	96 h
	Freshwater fish Oreochromis mossambicus
	A 50% mortality rate was observed at a concentration of about 235–245 ppm. Accumulations of NPs were found in the fish liver, affecting the health conditions of the fish [73].



	In vitro
	1–2000 ppm
	19.8
	72 h
	Human peripheral blood lymphocytes
	No genotoxicity was observed in the cells even at the highest concentration [74].



	In vivo
	0–5 mg/m3
	11.94
	28 days
	Sprague Dawley rats
	Lungs were the most impacted organ. An alveolar macrophage accumulation was found in the lungs. The level of no observed adverse effects of AL2O3 NPs in male rats was suggested to be about 1 mg/m3 [75].



	In vivo
	70 mg/kg b.w.
	50
	75 days
	Wistar male albino rats
	Liver and kidney damage were observed in the rats. A weight reduction occurred when compared to a control group without nanoparticle injections [76].



	In vivo
	70 mg/kg b.w.
	50
	75 days
	Wistar male albino rats
	It caused changes on the testicular architecture and caused fertility problems through different pathways, including cell death and oxidative stress [77].



	In vivo
	0.1 and 1 mM
	50
	Lifespan—chronic exposure
	Flies—Drosophila melanogaster
	Wing blisters, malformed legs and a segmented thorax were observed in progeny flies. Behavioural defects in climbing were also noticed [78].



	Aqueous suspension
	0–500 mg/L
	50
	96 h
	Zebrafish larvae
	At a concentration of 130 mg/L, 50% of the larvae died. It was also noted that at sub-lethal concentrations, AL2O3-NPs can produce DNA damage and change stress-related gene expressions in zebrafish larvae [79].
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Table 6. ZnO toxicity studies in chronological order.






Table 6. ZnO toxicity studies in chronological order.













	Type of Study
	Concentration
	Diameter (nm)
	Time of Exposure
	Cell Line/Organism
	Major Outcomes





	In vitro
	10–100 µg/mL
	50–70
	48 h
	Mouse neuroblastoma (neuro-2A)
	Cell viability was unaffected at concentrations below 25 µg/mL. At higher concentrations, 15–50% of the cells died during a 48 h exposure. Mitochondrial function was also severely impacted [62].



	In vitro
	0–30 ppm and 0–15 ppm
	
	3–6 days
	Human mesothelioma/rodent fibroblast cell
	Above 15 ppm, all cells died over a 3 day exposure to ZnO nanoparticles [81].



	Aqueous suspension
	0.1–0.16 mg/L
	50–70
	72 h
	Algae—Pseudokirchneriella subcapitata
	Algae growth inhibition was observed at 0.1 mg/L. Total growth observation occurred at 0.16 mg/L [82].



	Aqueous suspension
	0.1–50 mg/L
	20
	96 h
	Zebrafish larvae/embryo
	At concentrations less than 0.5 mg/L, no toxicity was observed. At higher concentrations, a dose-dependent increase in toxicity on survival and hatching rate was recorded [63].



	In vitro
	31.25–1000 mg/L
	50–70
	16–18 h
	Yeast—Saccharomyces cerevisiae
	An 80% inhibition of growth occurred at 250 mg/L [83].



	In vitro
	5–100 µg/mL
	50
	24 h
	Human hepatocyte cell (L02)/human embryonic kidney cell (HEK293)
	Reduced mitochondrial function occurred at concentrations of 10 µg/mL. ZnO resulted in DNA damage, cell membrane disruption and subsequent cell death [84].



	In vivo
	5–2000 mg/kg body weight
	20
	14 days
	Sprague Dawley rats
	Toxicity was observed at low doses. Higher liver damage was observed at low does of 5 mg/kg b.w. compared to 2000 mg/kg b.w. Cell inflammation and clotting were observed [85].



	In vivo
	125–250–500 mg/kg of body weight
	20
	90 days
	Sprague Dawley rats
	The pancreas, eye and stomach were affected at a low concentration of 125 mg/kg b.w. At 250 and 500 mg/kg b.w., significant changes in terms of anemia in the hematological and blood chemical analysis occurred [86].



	In vivo
	10/100 µg/L
	50
	7/14/21 days
	Freshwater fish (Carassius auratus)
	Liver degeneration and gill hyperplasia were observed when exposed to both aluminium oxide and ZnO nanoparticles [72].



	In vitro
	1–2000 ppm
	19.8
	72 h
	Human peripheral blood lymphocytes
	Genotoxity was observed at even a low concentration of 12.5 ppm. A high concentration of 500 ppm resulted in a mortality of blood cells [74].



	In vivo
	100 mg/kg b.w.
	100
	75 days
	Wistar male albino rats
	Liver and kidney damage were observed in the rats. A weight reduction occurred when compared to a control group without nanoparticle injections [76].



	In vivo
	100 mg/kg b.w.
	100
	75 days
	Wistar male albino rats
	ZnO caused changes to the testicular architecture and caused fertility problems through different pathways, including cell death and oxidative stress [77].
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Table 7. CNT toxicity studies in chronological order.






Table 7. CNT toxicity studies in chronological order.













	Type of Study
	Concentration
	Diameter (nm)
	Time of Exposure
	Cell Line/Organism
	Major Outcomes





	In vitro
	1.56–800 µg/mL
	0.8–1.2
	24 h
	A549 human lung cell
	A significant cytotoxicity was recorded at concentrations above 400 µg/mL [87].



	In vitro
	0.05 µg/mL–0.05 mg/mL
	1
	24 and 48 h
	Human epidermal keratinocytes (HEKs)
	A low concentration of 0.05 µg/mL maintains cell viability. A dose-dependent decrease in cell viability was observed. At a high concentration of 0.05 mg/mL, cell viability was reduced to about 50% during a 48 h exposure [88].



	In vivo
	50 µg
	15–100
	24 h
	Mice
	Similar to aesbestos, MWCNTs result in the formation of a scar-like structure (lesion) called granuloma. Great caution is advised in the use of CNTs [89].



	In vivo
	2 mg/1.5 mL/b.w.
	15–25
	1–144 h
	Male Wistar rats
	MWCNT translocates progressively in the spleen, with a peak of concentration after 48 h. Transient alterations due to oxidative stress and inflammation were present and need further investigation [90].



	In vitro
	3–300 µg/mL
	60–300
	48 h
	Human embryonic kidney cell line (HEK293)
	A 50% reduction in cell viabilty was observed at 87.58 µg/mL. A dose-dependent increase in cell membrane damage was observed at 10–100 µg/mL [91].



	In vivo
	0.5, 1 and 2.1 mg/mL
	100
	24 h and 30 min
	Male Wistar rats
	It caused a short-term impairment in fear memory retrieval. However, the effect was transient and overcome in 24 h [92].



	In vivo
	4 mg/kg b.w.
	
	7 days
	Male BALB/c mice
	The organ coefficient and GSH levels in the brain and kidney decreased when compared to a control group. Morphological changes were also seen in the experimentation [93].



	In vivo
	1 mg/kg b.w.
	5–10
	0.5 h
	Male Wistar rats
	An increased heart rate was observed in rats after injections of CNTs. A possible blockage of potassium channels may be the cause [94].
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Table 8. Comparison of nanoparticle toxicities on human cells.
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In Vitro Toxicity Test Parameters

	
Nanoparticle Exposure Route




	
Nanoparticle

	
Exposure (h)

	
Concentration

	
Inhalation

	
Ingestion

	
Dermal

	




	
A549 Human Lung Epithelial Cells

	
NL-20 Human Bronchial Epithelial Cells

	
AGS Human Gastric Cells

	
Human Epidermal Keratinocytes (HEKs)

	
HepG2 Human Liver-Derived Cells

	
Human Endothelial Cells

	
Human Peripheral Blood Cells




	
Cell Viability %






	
MoS2

	
24

	
100 µg mL−1

	
87%

	

	

	

	

	

	

	
[34]




	
24

	
100 µg mL−1

	
70–95%

	

	

	

	
[35]




	
24

	
10 µg mL−1

	

	
98%

	

	
98–100%

	
[36]




	
24

	
10 µg mL−1

	
>90%

	

	
<50%

	

	
[30]




	
WS2

	
24

	
85%

	

	

	

	

	

	

	

	
[34]




	
24

	

	
90%

	

	
98–100%

	
[36]




	
hBN

	
120

	
20 µg mL−1

	
30%

	

	

	

	

	

	

	
[47]




	

	
72

	
20 µg mL−1

	

	
100%

	
[50]




	
AL2O3

	
24

	
10 mM

	

	

	

	

	

	

	
70%

	
[47]




	
24

	
25 µg mL−1

	
80%

	

	

	

	

	

	

	
[60]




	
ZnO

	
24

	
10 mM

	

	

	

	

	

	

	
44%

	
[58]




	
24

	
18 µg mL−1

	
20%

	

	

	

	

	

	

	
[80]




	
CNT

	
24

	
0.05 mg/mL

	

	

	

	
50%

	

	

	

	
[88]




	
48

	
87.58 µg mL−1

	

	

	

	
50%

	

	

	

	
[91]
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