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Abstract

Two-dimensional (2D) boron nitride (BN) and molybdenum disulfide (MoS2) materials are 

increasingly being used for applications due to novel chemical, electronic and optical properties. 

Although generally considered biocompatible, recent data have shown that BN and MoS2 could be 

potentially hazardous under some biological conditions, e.g., during, biodistribution of drug 

carriers or imaging agents to the liver. However, the effects of these 2D materials on liver cells 

such as Kupffer cells (KCs), liver sinusoidal endothelial cells (LSECs), and hepatocytes, are 

unknown. Here, we compared the toxicity of BN and MoS2, dispersed in Pluronic F87 (designated 

BN-PF and MoS2-PF) with aggregated forms of these materials (BN-Agg and MoS2-Agg) in liver 

cells. MoS2 induced dose-dependent cytotoxicity in KCs, but not other cell types, while the BN 

derivatives were non-toxic. The effect of MoS2 could be ascribed to nanosheet dissolution and the 

release of hexavalent Mo, capable of inducing mitochondrial ROS generation and caspases 3/7-

mediated apoptosis in KUP5 cells. In addition, the phagocytosis of MoS2-Agg triggered an 

independent response pathway involving lysosomal damage, NLRP3 inflammasome activation, 

caspase-1 activation, IL-1β and IL-18 production. These findings demonstrate the importance of 

Mo release and the state of dispersion of MoS2 in impacting Kupffer cell viability.

Graphical Abstract

MoS2 induces different cytotoxicity in KCs, LSECs, and hepatocytes. The well-dispersed MoS2-

PF demonstrates minimal cellular uptake, but the released Mo (VI) induces ROS generation, 
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caspase 3/7 activation, and apoptosis in KCs. For MoS2-Agg phagocytized by KCs, its 

intracellular and extracellular dissolution also induces apoptosis. Additionally, the phagocytized 

MoS2-Agg triggers lysosomal rupture, cathepsin B release, caspase-1 activation, and IL-1β 
production.

Keywords

boron nitride; molybdenum disulfide; dissolution; apoptosis; inflammatory response

1. Introduction

Two-dimensional (2D) nanomaterials are increasingly being used for commercial 

applications in the fields of energy generation, sensors, catalysis, electronics, and 

biomedicine, based on attractive physicochemical attributes such as their atomically thin 

layer structure with high surface area and free surface energy levels.[1,2] Molybdenum 

disulfide (MoS2) is representative of a prototypical 2D transition metal dichalcogenide 

(TMD), which consists of a molybdenum sheet bonded on both sides by sulfur layers.[3,4] 

Not only does MoS2 allow excellent control of 2D film thickness, but is also characterized 

by high electrochemical activity, excellent light-heat conversion, carrier transport efficacy, 

and single-photon and two-photon fluorescence imaging properties.[5] These attributes allow 

the frequent use of MoS2 for applications in the fields of electronics,[6,7] composites,[8] drug 

delivery,[9] therapy,[10] bio-sensing, and bio-imaging.[11,12]

Hexagonal boron nitride (BN), a graphene structural analog, is another popular layered 

material with exceptionally high chemical and thermal stability, flexibility, elasticity, and 

good biocompatibility due to the hexagonal arrangement of the boron and nitrogen atoms in 

the 2D material lattice.[13–16] Accordingly, BN has kindled interest for thermal management,
[17,18] use of its dielectric properties as a support material for bone engineering and drug 

delivery.[19,20]

Although BN and MoS2 are generally considered as biocompatible materials, several studies 

have shown that the dissolution properties of these materials can be associated with adverse 

cellular responses under some circumstances.[21] For example, Liu et al. have shown that BN 

and MoS2 nanoflakes can decrease the cell viability of human hepatoma cells because of the 

release of soluble boron (B) and Mo species.[22] Moreover, Li et al. reported that hollow BN 

nanospheres could increase apoptotic cell death in prostate cancer cells due to B release.[23] 

The liver serves as a primary sequestration site for nanoparticles that gain access to the 

systemic circulation from the primary site of material deposition or direct injection into the 

bloodstream.[24] Accordingly, it has been shown during drug carrier applications for BN or 

MoS2 that sequestration in the liver needs to consider possible adverse effects in this organ.
[25,26] For instance, Yu et al. have demonstrated the development of localized liver lesions in 

adult zebrafish during exposure to dispersible MoS2 micro-sheets.[27] However, the 

mechanism of liver toxicity at the molecular level is still unclear and there has been no 

attempt to differentiate between the adverse impact on specific liver cell types. This stresses 

the importance of understanding the differential effects of BN or MoS2 on specific liver cell 
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types that may encounter the 2D materials that are being delivered to liver sinusoids from 

hepatic and portal blood circulations.

One approach for elucidating the impact of 2D BN or MoS2 nanomaterials on the liver is to 

compare their effects on Kupffer cells (KCs), liver sinusoidal endothelial cells (LSECs), and 

hepatocytes. The Kupffer cell is a major component of the mononuclear phagocyte system 

(MPS), which makes up 15% of all liver cells and 80−90% of all body tissue macrophages.
[28] Moreover, these cells play a central role in the phagocytosis of particulate materials, 

modulation of innate immune responses, and endotoxin removal.[24,28–30] KCs also provide 

the first line of defense against nanoparticles entering the systemic circulation.[24,31,32] 

Although it has been shown that MoS2 and boron nitride nanotubes induce cell stress or pro-

inflammatory effects in human macrophages,[33–35] no systematic studies have been 

performed to address the effects of BN or MoS2 nanosheets on KCs. In our previous studies 

looking at the impact of a variety of metal oxide (MOx) and rare earth oxide (REO) 

nanoparticles on Kupffer cells, we have demonstrated the utility of the immortalized Kupffer 

cell line, KUP5, in providing a good readout of the toxic potential of nanomaterials on 

primary KC responses.[36] In the case of LSECs, these cells also make an important 

contribution to the function of the reticuloendothelial system. Although only representing 

~3% of all liver cell types, LSECs occupy a total surface area of ~200 m2 in a human adult.
[37] LSECs participate in particle uptake by clathrin-mediated endocytosis and play a major 

role in clearing blood-borne waste products and the regulation of innate immune responses.
[38–40] Although transferrin-bound BN has been shown to decrease the viability of human 

umbilical vein endothelial cells, while PVP-coated MoS2 nanoparticles were capable of 

protecting human aortic endothelial cells from oxidative stress responses,[41,42] no toxicity 

studies have been carried out on these materials in liver endothelial cells. However, we did 

demonstrate that the immunoregulatory effects of antigen-encapsulating PLGA 

nanoparticles on LSECs in vivo are mimicked by the impact of these tolerogenic 

nanoparticles on SV40-immortalized mouse hepatic sinusoidal endothelial cell line.[43] 

Hepatocytes, which comprise 60–80% of all liver cells, perform important metabolic, 

endocrine, and secretory functions.[24,40] While the impacts of BN or MoS2 on hepatocytes 

have been assessed in previous studies, the data have been conflicting. Thus, while Liu et al. 
have demonstrated BN and MoS2 toxicity in human HepG2 hepatocytes,[22] Li et al. and 

Sobańska et al. failed to show toxicity in hepatocytes, even after high-dose exposures over 

prolonged periods.[44,45] One possible explanation is that differences in the physicochemical 

properties of the BN or MoS2 study materials could affect their structure-toxicity 

relationships. This has been demonstrated in a study in which we looked at the impact of 

MoS2 on the lung, where the dispersion status of the material was critical in determining 

pulmonary toxicity.[33]

Wang et al. have previously reported that aggregated MoS2 induces acute pro-inflammatory 

and pro-fibrogenic effects in the lung compared to lack of toxicity when the material was 

dispersed in Pluronic F87 or exfoliated by Li.[33] To assess the effects of BN and MoS2 

nanosheets on liver cells, we established a nanomaterial library that included dispersed and 

aggregated BN and MoS2 nanosheets. Pluronic-dispersed BN (BN-PF) and MoS2 (MoS2-

PF) were prepared by immersing the BN and MoS2 powders in a Pluronic F87 solution, 

allowing aggregated materials to be collected by flocculation and filtration, leaving the 
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dispersed materials in the supernatant. This allowed us to compare the possible adverse 

effects of these materials on KUP5, SV40-transformed murine LSECs, and Hepa 1–6 cell 

lines. Nanoparticle toxicity in liver cells can be mainly attributed to the generation of 

programmed cell death (or apoptosis), which involves activation of caspases 3 and 7, or the 

generation of pyroptosis, which involves the activation of caspase 1 by a pathway that is 

triggered by lysosomal damage. While cellular apoptosis can lead to membrane blebbing, 

accompanied by nuclear condensation, pyroptosis is characterized by giant cell blebbing, 

with an increase in cell size.[33,36] We demonstrate a major impact of MoS2 dissolution in 

inducing oxidative stress-mediated apoptotic death in KUP5, but not other cell types. We 

also observed that aggregated MoS2 could trigger a cellular pathway in KUP5 cells, leading 

to NLRP3 inflammasome activation and IL-1β production.

2. Results

2.1 Physicochemical Characterization and Abiotic Assessment of Aggregated and 
Dispersed BN and MoS2 Materials

Two-dimensional BN and MoS2 nanomaterials were prepared as aggregated or dispersed 

nanosheets, using the ultrasonication, flocculation, filtration, washing, and resuspension 

procedures, outlined in the methods section. Comprehensive physicochemical 

characterization of these materials is detailed in Figure 1. Atomic force microscopy (AFM) 

revealed that, compared to the micron-scale dimensions of BN-Agg that requires scanning 

electron microscopy (SEM) viewing (Figure S1), Pluronic-dispersed BN exhibited sheet-like 

structures that display an average square root surface area of 86 ± 59 nm and average 

thickness of 10.4 ± 9.3 nm (Figure 1A). While the SEM analysis of MoS2-Agg also showed 

large or aggregated structures, MoS2-PF showed nanosheets with an average square root 

surface area of 56 ± 28 nm and an average thickness of 3.5 ± 1.9 nm (Figure 1B).

X-ray photoelectron spectroscopy (XPS) was used to confirm the chemistry of the BN and 

MoS2 samples. Figure 1C shows 1s core-level spectra for the boron (B) atom in BN-Agg 

and BN-PF, where the main peak at 190.4 eV represents B−N bonding, with the smaller 

peak at 191.7 eV representative of B−O bonds.[46] This shows similar levels of oxidation for 

BN-Agg (10.6 ± 2.2%) and BN-PF (11.4 ± 2.5%) (Table 1). Regarding the 1s nitrogen (N) 

atom spectrum, the two peaks at 398.0 and 399.1 eV represent N−B and N−H bonds, 

respectively.[46] Figure 1D shows the Mo atom 3d and S-2p spectra for the MoS2-Agg and 

MoS2-PF samples. In addition, the peak at 226.4 eV represents the S-2s orbital, while peaks 

at 229.3 eV and 232.4 eV reflect the doublet of Mo (IV) 3d5/2 and 3d3/2 orbitals, 

respectively.[47] The fitted curves of the doublet peak at 233.4 eV and 236.0 eV corresponds 

to the Mo (VI) 3d5/2 and 3d3/2, respectively.[48] Moreover, the S2
− peaks at S-2p1/2 (162.0 

eV) and S 2p3/2 (163.3 eV) represent MoS2 surface oxidation.[49] The increased percentage 

of Mo (VI) in the 3d orbital of MoS2-PF (10.2 ± 1.4%) vs. the 3d orbital of MoS2-Agg (3.3 

± 0.8%) reflects the increased oxidative status of the former material surface (Table 2).

The surface oxidation state of BN and MoS2 will determine the redox potential of the 

nanosheet surfaces. To assess the ability of the BN and MoS2 nanosheets to generate reactive 

oxygen species (ROS), we used the readout from a fluorogenic dye, H2DCFDA, to perform 

an abiotic assay.[50] The assay included the use of ZnO nanoparticles, which induced the 
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most robust increase in DCF fluorescence intensity along with MoS2-PF (Figure 1E). These 

responses were stronger than the effect of MoS2-Agg, which in turn, exceeded the responses 

to BN-Agg or BN-PF. In addition to assessing ROS generation, we also used a 

luminescence-based GSH-Glo assay to assess the abiotic conversion of glutathione (GSH) to 

GSSG (Figure 1F). This provided a more quantitative comparison of the redox-active status 

of the 2D materials, showing that while the BN nanosheets exert no effect, that MoS2-Agg 

and MoS2-PF could decrease GSH levels by 7.1% and 23.5%, respectively. The difference 

between MoS2-PF and MoS2-Agg was statistically significant (p < 0.05).

Dynamic light scattering (DLS) was used to assess the hydrodynamic size, polydispersity 

index (PDI), and zeta potential of the 2D materials in DI water and cell culture media.
[33,49,51] The tendency of the hydrodynamic diameter of the materials to be smaller in water 

than in tissue cell culture media is explained by the adsorption of fetal calf serum proteins to 

BN and MoS2 surfaces.[51] The average hydrodynamic sizes of aggregated MoS2 or BN 

were significantly larger than the dispersed samples in different media, particularly for BN 

(Table 3). Although PDI values < 0.4 are indicative of adequate dispersion, the dispersion 

indices for materials prepared in Pluronic F87 were considerably improved. All the 

nanosheets exhibited negative zeta potential values, which diminished in the presence of cell 

culture media, likely as a result of double-layer formation and protein absorption to the 

material surfaces. The use of a Limulus amebocyte lysate (LAL) assay showed endotoxin 

levels of ~0.6 EU/mL, which rules out significant bacterial contamination (Figure S2).

2.2 BN and MoS2 Induce Differential Cytotoxicity in KUP5, LSECs, and Hepa 1−6 Cells

Provisional toxicological profiling was obtained in a transformed KC (KUP5), LSECs, and 

hepatocyte (Hepa 1−6) cell lines, using the MTS assay (Figure 2A). These results 

demonstrated differences in the response profiles of individual cell types, as well as among 

different materials, over the concentration range of 0–100 μg/mL. While BN-Agg and BN-

PF failed to impact the viability of any cells, MoS2-Agg and MoS2-PF were significantly 

more toxic in KUP5 than in LSECs or Hepa 1−6 (except at 100 μg/mL for LSECs). The 

dose-dependent decrease in KUP5 viability was significantly higher for MoS2-PF than 

MoS2-Agg at concentrations > 50 μg/mL (Figure 2A). A visual display of the cytotoxic 

effects is provided by the heatmaps shown in Figure 2B, where yellow intensity development 

indicates significantly more toxicity than green coloration. All considered, these data show 

that MoS2 toxicity differs among different cell types and that MoS2-PF resulted in a stronger 

effect in KUP5 cells. To explain these differences, further biological assays were carried out 

to explain the mechanisms of injury in relation to the state of material dispersion, 

dissolution, cellular uptake, and redox potential.

2.3 Dissolution and Cellular Uptake of BN and MoS2 Determine Cellular Toxicity

In addition to surface redox effects of 2D nanomaterials, it is known that the dissolution of 

BN and MoS2 nanosheets under biological conditions can lead to the release of potentially 

toxic B or Mo species.[22,23,49] For example, it is known that the suspension of MoS2 

nanosheets in O2-containing aqueous media is accompanied by oxidative dissolution, 

leading to the formation of MoO4
2- and SO4

2- ionic species (Figure 3A).[49] To assess the 

contribution of material dissolution to KC toxicity, supernatants were collected from BN and 
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MoS2 nanosheets after suspension in DI water and DMEM medium for 0 and 24 h, followed 

by centrifugation at 15 000 rpm. The data obtained by inductively coupled plasma-mass 

spectrometry (ICP-MS) demonstrated that MoS2 showed significantly higher dissolution 

than BN and that the dissolution rate of MoS2-PF was significantly higher than MoS2-Agg 

(Figure 3B). These results are consistent with the differential impact of these materials on 

abiotic redox activity and KUP5 cytotoxicity.

To determine the contribution of soluble Mo species to KUP5 toxicity, supernatants and 

pellets were collected from MoS2-Agg and MoS2-PF suspensions to repeat the MTS assay. 

This demonstrated that the supernatants were indeed toxic to KUP5 cells, and that 

supernatant removal could reduce the adverse impact of the MoS2 suspensions (Figure 3C). 

A soluble molybdate (Na2MoO4) salt was used as a positive control in these experiments. 

The release of Mo (VI) as MoO4
2- represents the relevant Mo species responsible for MoS2 

toxicity.[49,52] The higher level of Mo (VI) on the MoS2-PF surface (Figure 1D or Table 2) 

as well as the higher rate of release of the hexavalent ion is responsible for the higher rate of 

cytotoxicity in MoS2-PF-treated KUP5 cells.

It has been demonstrated that extra- as well as intracellular dissolution of metal and metal 

oxide nanoparticles as well as TMD nanosheets can contribute to nanomaterial toxicity.
[22,53] Using optical microscopy to view cellular uptake, we observed significant increases in 

the staining intensity of KUP5, LSEC, and Hepa 1–6 cells during exposure to MoS2-Agg, 

compared to MoS2-PF, BN-PF, or BN-Agg (Figure 3D). To quantify the cellular content of 

Mo and B, ICP-MS was performed on KUP5, LSEC, and Hepa 1–6 cells after their 

incubation in each material for 16 h. The ICP-MS results demonstrated that the cellular 

association of Mo or B was significantly higher for exposed KUP5 cells compared to LSECs 

and Hepa 1–6 cells (Figure 3E). This is in agreement with the differential cytotoxicity in 

these cell types. Moreover, the cellular association or uptake of Mo was significantly higher 

than the uptake of B, which is consistent with the cytotoxicity data in KUP5 cells. 

Importantly, the cellular Mo content was higher for MoS2-Agg than KUP5 cells exposed to 

MoS2-PF (Figure 3E). This agrees with the higher Mo content in cells exposed to MoS2-Agg 

pellets versus exposure to supernatants (Figure S3). To assess whether phagocytosis is 

involved in MoS2-Agg uptake, KUP5 cells were treated with wortmannin (WM), a 

phagocytosis inhibitor,[54] before MoS2-Agg exposure. Optical microscopy as well as the 

performance of an MTS assay, demonstrated decreased cellular uptake and cytotoxicity in 

the presence of WM (Figure S4). In contrast, cytochalasin D (macropinocytosis inhibitor) 

and pitstop 2 (blocking ligand access to the clathrin terminal domain) had no effects.

In addition to phagocytosis uptake, the internalized MoS2-Agg was capable of triggering 

NRLP3 inflammasome activation through cathepsin B release, as demonstrated by the 

ability to induce caspase-1 activation in a confocal microscope as well as a microplate reader 

(Figure 4A–B and Figure S5). Gd2O3 nanoparticles, which are capable of generating 

surface-dependent lysosomal damage and cathepsin B release, was used as a positive 

control.[36] In contrast, MoS2-PF and Mo (VI) had no effect. Caspase-1 activation was 

accompanied by increased IL-1β and IL-18 release from KUP5 cells treated with MoS2-Agg 

and Gd2O3 (Figure 4C and Figure S6). The involvement of lysosomes was further confirmed 

by using bafilomycin A1 (Baf A1) (Figure 4D and S4B), which interferes in the lysosomal 
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acidification through the inhibition of vacuolar H+-ATPases (V-ATPases).[55] Not only did 

Baf A1 interfere in IL-1β release by MoS2-Agg and Gd2O3, but the cathepsin B inhibitor 

CA-074-Me (Figure 4D) and NLRP3 inflammasome inhibitor MCC950 (Figure S7) also had 

the same effect in KUP5 cells.

2.4. MoS2 Induced Cellular Apoptosis through Mitochondrial ROS Production

Figures 1E and 1F show that MoS2 nanosheets are capable of inducing ROS, reflecting 

surface redox activity. It is also possible that the release of Mo ions by extra- and 

intracellular MoS2 dissolution may contribute to the generation of cellular oxidative stress, 

resembling the effect of ZnO nanoparticles.[22,53] Mitochondrial ROS production was 

assessed in KUP5, LSEC, and Hepa 1–6 cells by confocal microscopy, using MitoSOX red 

fluorescence intensity (Figure 5A). While MoS2-Agg and MoS2-PF could induce the dye 

oxidation in KUP5 cells, comparable to ZnO, there was no effect by aggregated or dispersed 

BN materials. Quantitative expression of the fluorescence intensity in a microplate reader 

confirmed that mtROS production in KUP5 cells, treated with MoS2-Agg and MoS2-PF, was 

significantly higher than treatment with similar BN materials (Figure 5B). Interestingly, 

MoS2-PF induced a stronger response than MoS2-Agg (p < 0.05).

Cellular oxidative stress is capable of inducing apoptosis, including through the perturbation 

of mitochondrial PT pores, capable of triggering caspase-induced cell death.[56] Confocal 

microscopy was used to assess the specific cleavage of a fluorescent FAM-FLICA caspase 

3/7 substrate. The confocal images in Figure 6A demonstrate robust protease activation by 

MoS2-Agg and MoS2-PF in KUP5 but not LSECs or Hepa 1–6. Quantitative expression of 

the data, using a microplate reader, confirmed the confocal data (Figure 6B). The results 

demonstrated that MoS2-PF mounted a significantly stronger response than MoS2-Agg (p < 

0.05). Flow cytometry analysis, looking at dual Annexin V-FITC/PI staining, also confirmed 

the appearance of 11.6% and 18.6% dual-positive KUP5 cells during exposure to MoS2-Agg 

and MoS2-PF, respectively (Figure S8). In contrast, BN-Agg and BN-PF did not show 

significant evidence of apoptosis. These data are in agreement with mitochondrial ROS 

production. Additionally, Mo (VI) also induced caspase 3/7 activation in KUP5 cells, similar 

to MoS2-Agg and MoS2-PF (Figure S9). This result confirms the notion that MoS2 toxicity 

can be attributed to the release of soluble Mo (VI).

Figure 7 schematically summarizes the toxicity pathways that are engaged by MoS2 in 

KUP5 cells. The extra- and intracellular dissolution of aggregated and dispersed MoS2, 

release soluble Mo (VI) that is responsible for ROS generation, caspase 3/7 activation, and 

apoptotic cell death (Figure 7A and 7B). Moreover, the phagocytosis of MoS2 induces 

lysosomal damage, cathepsin B release, caspase-1 activation, IL-1β and IL-18 secretion. 

(Figure 7A). Different from graphene oxide, fumed silica, and Gd2O3 nanoparticles,[36,56] 

MoS2 did not generate pyroptosis in KUP5 cells as a result of the delayed activation of 

caspase-1, which could fail to generate the gasdermin D cleavage fragments that are required 

for the formation of the surface membrane pores.[56] The higher dissolution rate of MoS2-PF 

and release of Mo (VI) is responsible for mitochondrial ROS production, caspase 3/7 

activation, and apoptosis in KUP5 cells (Figure 7B).
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3. Discussion

In this study, we assessed the effects of aggregated or Pluronic F87-dispersed BN and MoS2 

on three major liver cell types. Our results demonstrate a differential response of BN vs. 
MoS2 materials, differences in the response of aggregated vs. dispersed MoS2, and 

differences in the susceptibility of KUP5 vs. LSECs or Hepa 1–6 cells. While both MoS2-

Agg and MoS2-PF triggered significant dissolution-dependent cytotoxicity in KCs, no 

significant toxicity was observed in LSECs and hepatocytes. In contrast, the BN materials 

did not induce toxicity in any of the cell types, irrespective of the dispersion status. Although 

Mo release from both MoS2 materials contributed to ROS generation and led to caspase-

induced apoptosis in KUP5 cells, the higher cytotoxicity of MoS2-PF was independent of 

total cellular Mo content, which was the highest for MoS2-Agg. This reflects phagocytic 

uptake of aggregated MoS2, which triggers an additional response pathway that involves 

lysosomal damage, NLRP3 inflammasome activation, caspase-1 activation, IL-1β and IL-18 

release. Since this response pathway is not triggered by MoS2-PF or Mo (VI), the 

implication is that Mo release acts as an activator for the induction of apoptosis. This is 

compatible with the increased rate of cell death in response to the MoS2-PF supernatant 

compared to the 2D pellet, which agrees with increased Mo (VI) on the MoS2-PF surface 

compared to the aggregated material. This suggests that a higher rate of oxidative dissolution 

can explain MoS2-PF toxicity. All considered, these data demonstrate important differences 

in the cytotoxic potential of two major classes of 2D nanomaterials that are increasingly 

being used for biological applications, with accompanying potential to come into contact 

with the liver.

An important finding of the current study is the delineation of the differential cytotoxic 

effects of BN and MoS2 in KCs, LSECs, and hepatocytes. Although BN or MoS2 are 

generally considered as biocompatible materials, some literature reports have suggested 

adverse cellular impacts, but without reference to specific liver cells. In contrast to MoS2, 

BN nanosheets did not show significant toxicity in liver cells, which do not take up 

significant quantities of BN-Agg or BN-PF. In contrast, both MoS2-Agg and MoS2-PF 

induced significant cytotoxicity in KUP5 cells, with MoS2-PF showing more robust effects 

that are duplicated by the supernatants rather than the pellets. Similar results could be 

generated by a soluble Mo (VI) salt.

How do we explain the enhanced susceptibility of KUP5 to the Mo released compared to the 

impact of the 2D nanosheet structure? In their study of the cytotoxic effects of MoS2 on 

human hepatoma HepG2 cells, Liu et al. have shown that the MoS2 leads to decreased cell 

viability through triggering of a cellular response pathway that involves cellular ROS 

generation, mitochondrial depolarization, as well as disruption of surface membrane 

function.[22] This includes inhibition of the transmembrane ATP-binding cassette (ABC) 

efflux transporter activity.[22] To differentiate between the membrane damaging activity of 

the MoS2 sheetlike structure vs. the release of soluble Mo species, further experimentation 

was used to demonstrate that while soluble Mo does not induce oxidative stress or 

mitochondrial depolarization in HepG2 cells, Mo ions could interfere in ABC transporter 

activity.[22] This stands in contrast with our finding that the soluble MoS2 fraction plays a 

key role in generating KUP5 toxicity, with the aggregated material pellet exerting 
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independent cellular effects. Several reports have shown that the dissolved 2D MoS2 

materials are capable of releasing MoO4
2– in biological environments or environmental 

systems,[21,49,57] including the possibility to generate cellular toxicity under a variety of pH 

conditions.[49]

While the precise molecular basis for the toxicity of soluble Mo still needs to be clarified, it 

is well known that this transition element can be incorporated into the active center of a 

range of metalloenzymes.[58] This includes enzymes playing a role in ROS generation and 

redox cycling, such as aldehyde oxidase, xanthine oxidase, and hepatic sulfite oxidase.[58] 

We also know that high Mo concentrations can disrupt the active enzyme center and that 

molybdate ions can interact with divalent metal cations. For example, MoO4
2- can bind to 

Cu2+ to form insoluble CuMoO4, leading to copper depletion, interfering in Cu/Zn-SOD 

activity, and generating oxidative stress.[59,60] These mechanistic responses could form the 

basis of the enhanced MoS2-PF toxicity, with material dispersion in Pluronic F87 facilitating 

oxidative dissolution of the nanosheets.[21,57] Here it is important to mention the importance 

of the dispersion protocol in avoiding toxicity generation by detergents or organic solvents, 

frequently used to increase 2D material dispersal. Our study was originally earmarked to 

assess with BN and MoS2 nanosheets from a material source provided by NIEHS 

Nanotechnology Health Implications Research (NHIR) consortium, providing these 

materials as sodium cholate suspensions (Table S1). Although providing good 2D material 

dispersion, cholate is capable of inducing cytotoxic effects in a number of cell types.[49,61,62] 

Although some cell types may be less afflicted by cholate, we observed that all the liver cell 

types used in our study are adversely impacted by the above-threshold cholate 

concentrations present in the consortium suspensions (Figure S10). It should also be noted 

that strong binding of sodium cholate to nanomaterial services can also make toxicity 

assessment difficult, even if the excess cholate in the medium was removed. This precluded 

a meaningful assessment of the material adverse effects in liver cells. Instead, we used a 

non-toxic Pluronic polymer for 2D hazard assessment,[33] in addition to using Pluronic F87 

to obtain dispersed and aggregated materials, a known physicochemical variation that 

determines 2D material hazard under biological conditions.[33,49, 63,64]

In addition to the biological impact of Mo (VI) release from MoS2, we obtained evidence 

that phagocytic uptake of MoS2-Agg can trigger lysosomal damage in KUP5 cells, leading 

to activation of the NRLP3 inflammasome and IL-1β and IL-18 production. Using various 

endocytosis inhibitors, we found that phagocytosis inhibition by wortmannin could 

significantly reduce the cellular uptake of MoS2-Agg. Moreover, the phagocytized MoS2 

could induce caspase-1 activation as well as IL-1β production, which was reduced by the 

introduction of inhibitors of the NRLP3 inflammasome, cathepsin B inhibitor, or the 

lysosomal proton pump. These findings are compatible with the notion that cathepsin B 

release from damaged lysosomes results in the activation of the NLRP3 inflammasome, as 

demonstrated for Gd2O3.[36] These results are in agreement with the demonstration by Yang 

et al that MoS2 quantum dots can induce NRLP3 activation in the context of triggering a 

pyroptosis response in microglial cells.[65] It is also known that NRLP3 inflammasome 

activation can play an important role in hepatic inflammation and fibrosis during exposure to 

a number of injurious stimuli.[30,66]
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It is worth mentioning that while KUP5 cells can respond to Gd2O3 or graphene oxide 

nanoparticles with pyroptosis,[36,67] a form of cell death, characterized by cell swelling and 

surface blebbing. The same effect was not observed with MoS2-Agg in spite of caspase-1 

activation. We suspect that the absence of pyroptosis during MoS2-Agg exposure is due to 

early (~5 hr) activation of caspases 3/7 (Figure S9), which is responsible for gasdermin D 

cleavage at sites preventing the generation of caspase 1-induced pore-forming fragments.[68] 

These pore-forming subunits are responsible for the membrane permeabilization and giant 

surface membrane blebbing that characterizes the pyroptosis response. Our results are 

compatible with the recent demonstration that V2O5 nanoparticles induce caspase 3 and 7 

activation, which interfere in the generation of gasdermin pore-forming subunits and 

pyroptosis in KUP5 cells.[56]

Why does MoS2 fail to exert cytotoxic effects in hepatocytes and LSECs? While for MoS2-

Agg the obvious explanation is the phagocytic activity of KUP5 cells, the in vivo study by 

Cao et al. also showed the sequestration of protein-coated MoS2@HSA nanocomplexes by 

Kupffer cells and the uptake of by Kupffer cells was around 5.4- to 9.2-fold higher than that 

by hepatocytes,[69] however, this does not explain the lack of cytotoxicity of dissolvable 

MoS2-PF in these cells. Another explanation is the different sensitivity to nanomaterial 

toxicity among KCs, LSECs, and hepatocytes.[70] While this could be due to differences in 

membrane uptake of soluble Mo or the cellular defense against oxidative stress, elucidation 

of these mechanistic differences will require further study.

What lessons can be drawn from our results about the possible hepatotoxicity of a 2D 

nanomaterial such as MoS2? In this study, we observed that the major impact of released Mo 

is on the KC cell line. The cross-communication between KCs and hepatocytes plays an 

important role in liver homeostasis.[30] KCs protect hepatocytes by removing cellular debris 

and particulate matter in what essentially amounts to a “janitorial” function, depending on 

phagocytosis, phagolysosome processing, and the release of degradation products. Also, the 

interactions between hepatocytes and KC involve an anti-inflammatory feedback loop that 

can be accomplished by decreased TNF-α release or increased IFN-β and IL-10 production.
[71] KCs also regulate and maintain the detoxifying functions of hepatocytes, e.g., regulation 

of the expression of drug transporters (e.g., MRP3 and MRP4) or chemical transformation 

pathways mediated by cytochrome P450 enzymes.[30,66] However, despite these concerns 

there is currently no direct evidence for MoS2-induced hepatotoxicity except the 

documentation of pro-inflammatory effects (e.g., IL-1β, IL-6, and AIF gene) and occurrence 

of apoptosis in the liver tissue of zebrafish.[27] Additional experimentation in rodents is 

required for the further assessment of MoS2 safety in vivo.

4. Conclusions

In this study, we show differences in the toxicity of BN vs. MoS2 nanosheets in KUP5 liver 

cells, without an impact on LSECs and Hepa 1–6 cells. While both MoS2-Agg and MoS2-PF 

induced significant cytotoxicity in KCs, the toxicity of the more dissolvable MoS2-PF was 

higher and reflects increased release of Mo (VI) from the material surface. The soluble 

fraction was responsible for the generation of oxidative stress, activation of caspases 3/7, and 

apoptotic cell death. In addition, the phagocytosis of MoS2-Agg triggered lysosomal 
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damage, cathepsin B release, NLRP3 inflammasome activation, and caspase-1 activation, 

leading to IL-1β and IL-18 production without evidence of pyroptosis. Overall this study 

provides a detailed mechanistic explanation for the differential toxicity of 2D BN- and MoS2 

nanosheets on liver cells.

5. Experimental Section

Materials:

The mouse Kupffer cell line, KUP5, was purchased from RIKEN Cell Bank (Japan). The 

immortalized mouse liver sinusoidal endothelial cells-SV40 (LSECs), Prigrow I medium 

(TM001), and flasks for growing LSECs were purchased from Applied Biological Materials 

(Vancouver, BC, Canada). The mouse hepatocyte cell line, Hepa 1−6, was purchased from 

ATCC. The CellTiter 96 aqueous one solution cell proliferation assay (MTS) and GSH-Glo 

glutathione assay kits were purchased from Promega (Madison, WI). Hoechst 33342 was 

purchased from Life Technologies (Grand Island, NY). MitoSOX indicator and 2′,7′-

dichlorodihydrofluorescein diacetate (H2DCFDA) were purchased from Invitrogen 

(Carlsbad, CA). The FAM-FLICA Caspase-1, Caspase-3/7, and Magic Red Cathepsin B 

assay kits were purchased from ImmunoChemistry Technologies, LLC (Bloomington, MN). 

The lipopolysaccharide (LPS), wortmannin (WM), cytochalasin D (Cyto D), nigericin, 

CA-074-Me, and MCC950 were purchased from Sigma (St. Louis, MO). The ELISA kits for 

mouse IL-1β and IL‐18 were purchased from R&D Systems (Minneapolis, MN).

Preparation of Particle Suspensions:

The BN and MoS2 dispersions were prepared as follows: The Pluronic F87 dispersions of 

BN and MoS2 were prepared by immersing 300 mg of BN or MoS2 powder in 8 mL of 2% 

w/v Pluronic F87 (BASF) solution in DI water, before ultrasonication for 1 h at a power of 

16 W. The slurry was centrifuged to remove any non-exfoliated material and aggregates by 

retaining only the top 80% of the supernatant. The solution was concentrated by vacuum 

evaporation after a three-day dialysis procedure to remove excess Pluronic F87. The 

solutions were placed in 20 kDa molecular cut-off dialysis cassettes against DI water, and 

the DI water was replaced after the first 24 hours, resulting in the removal of excess Pluronic 

F87 in the solution. The aggregated BN and MoS2 (BN-Agg and MoS2-Agg) were prepared 

from the PF87 dispersions by inducing flocculation through the addition of four parts 

isopropyl alcohol to one part PF87 dispersion. The aggregates were filtered from the 

solution and rinsed thoroughly with DI water, and then resuspended by bath sonication in DI 

water. The flocculation step destabilizes the Pluronic F87 on the surface of the 2D material 

by introducing a competing solvent which increases the solubilization of the polymer. 

Subsequently, the 2D materials form large aggregates which are then easily filtered from the 

solution. The concentrations of the BN and MoS2 solutions were measured by ICP-MS as 

described previously.[33] Briefly, BN and MoS2 solutions were digested overnight at 65 °C 

in 70% nitric acid and subsequently diluted with water and internal standard. Using the ICP-

MS measurements, concentration was inferred stoichiometrically.
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Physicochemical Characterizations of BN and MoS2:

The thickness and lateral size distributions of particles were assessed by AFM. Briefly, 300 

nm SiO2 on Si wafers functionalized with a monolayer of 2.5 mM (3-aminopropyl)-

triethoxysilane (APTES) on the surface were rinsed with filtered DI water and dried under 

N2. The samples were drop cast on the wafer and underwent heat treatment at 250 °C for 0.5 

h. AFM images were obtained with the same tip and scanning conditions by an Asylum 

Research Cypher ES AFM. All images were taken at random locations on the sample and 

showed little variation. Since BN-Agg and MoS2-Agg are beyond the size range for AFM 

measurements, SEM analysis was performed to characterize their particle size.

To investigate the chemical state and calculate the atomic concentration of functional groups 

on the BN and MoS2 surface, a large amount of BN or MoS2 was vacuum filtered onto 

anodized alumina membranes with a pore size of 0.1 μm and dried at room temperature. 

XPS analysis was performed using a Thermo Scientific ESCALAB 250Xi with a 

monochromatic Al Kα X-ray source at Northwestern University. The collected spectra were 

analyzed using a Smart background correction and peak fitting using Thermo Avantage 

software.

The stock solutions at a concentration of approximately 1 mg/mL in DI water were prepared 

and sonicated for 1 min to characterize the BN and MoS2 in suspension. These suspensions 

were subsequently diluted to a final concentration of 50 μg/mL in DI water or cell culture 

media, followed by further sonication for 1 min. The hydrodynamic diameters, PDI, and zeta 

potentials of suspensions were determined using a ZetaPALS instrument (Brookhaven 

Instrument, Holtsville, NY).

Assessing the Intrinsic Oxidative Potential of BN and MoS2:

Abiotic ROS generation by BN or MoS2 was assessed using H2DCFDA fluorescence. The 

DCF working solution was prepared by dissolving 50 μg H2DCFDA in 17.3 μL ethanol, and 

692 μL of a 0.01 mol/L sodium hydroxide solution was added. The resulting solution was 

incubated for 30 min, followed by adding 3500 μL of a sodium phosphate buffer (pH 7.4, 25 

mmol/L) to form a 29 μmol/L DCF solution. Then, 80 μL of DCF was added to each well of 

a 96 multiwell black plate (Costar, Corning, NY). A 20 μL amount of 25 μg/mL BN or 

MoS2 suspension was subsequently added to each well, followed by 2 h incubation. DCF 

fluorescence emission spectra in the range of 500–600 nm were collected using a 

SpectraMax M5e microplate reader with an excitation wavelength of 490 nm. The treatment 

of ZnO was used as a positive control.

The assessment of GSH content was obtained by using a GSH-Glo glutathione assay, a 

luminescence-based assay for detecting and quantifying glutathione (GSH) based on the 

conversion of a luciferin derivative to luciferin by glutathione S-transferase (GST). The 

assay was performed under abiotic conditions by adding 10 μL aliquots of BN and MoS2 at 

25 μg/mL to a 96-well white plate together with 90 μL of GSH-Glo agent for 30 min. The 

luciferin detection agent was added to each well (100 μL/well), and the luminescence was 

detected by a SpectraMax M5e microplate reader. The ZnO treatment was used as a positive 

control.
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Cell Culture:

KUP5 cells were cultured in high-glucose Dulbecco’s modified Eagle medium (DMEM), 

supplemented with 10% fetal bovine serum (Gemini Bio-Products, West Sacramento, CA), 

100 U/mL to 100 μg/mL of penicillin-streptomycin (Gibco, Waltham, MA), 250 μM 1-

thioglycerol, and 10 μg/mL bovine insulin. LSECs cells were cultured in the Prigrow 

medium, supplemented with 5% FBS and 100 U/mL to 100 μg/mL of penicillin-

streptomycin. Hepa 1–6 cells were cultured in high-glucose DMEM medium, supplemented 

with 10% FBS and 100 U/mL to 100 μg/mL penicillin-streptomycin.

Determination of BN and MoS2 Cytotoxicity:

The cell viability of KUP5, LSEC, and Hepa 1–6 cells was performed using the MTS assay. 

Cells seeded at a density of 4 × 104/well were exposed to the BN and MoS2 particles at the 

indicated concentrations of 0–100 μg/mL for 24 h in 96‐well plates (Corning, NY), 

respectively. The cell culture media were removed, followed by the replacement with 100 

microliters of complete culture media containing 16.7% MTS stock solution for 0.5 h in a 

humidified 5% CO2 incubator. The plates were centrifuged at 2000 rpm for 10 min in an 

Eppendorf 5430 microcentrifuge to spin down the cell debris and particles, and then an 80 

μL amount of the supernatant was collected from each well and transferred into a new 96-

well plate. The absorbance of formed formazan was read at 490 nm on a SpectraMax M5e 

microplate reader (Molecular Devices, Sunnyvale, CA). Non-treated or control cells (0 

μg/mL) were considered to exhibit 100% cell viability, according to which the viability of 

the treated cells was adjusted. ZnO nanoparticles were used as a positive control.

Determination of Particle Dissolution in DI Water and Culture Medium:

Following suspension in DI water and DMEM medium for 24 h at 37 °C, the pellets of BN 

and MoS2 were collected by centrifugation at 15 000 rpm for 50 min. The supernatants were 

removed and subjected to acid digestion, using a 10 mL mixture of concentrated HNO3 

(65−70%, trace metal grade, Fisher Scientific) and HCl (35−38%, trace metal grade, Fisher 

Scientific) in a ratio of 1:3 at 95 °C for 2 days in a HotBlock (SC100, Environmental 

Express). The B or Mo content was determined by ICP-MS (NexION 2000, PerkinElmer, 

Waltham, MA), using triplicate analysis of each sample and standard in the presence of 2% 

(v/v) nitric acid. The digested cell culture media and DI water without particles were served 

as a blank reagent.

Assessment of Cellular Uptake of BN and MoS2:

KUP5, LSEC, and Hepa 1–6 cells were exposed to 25 μg/mL BN and MoS2 for 16 h. The 

cell morphological change by BN or MoS2 was monitored using a Zeiss Optical Microscope 

(Carl Zeiss Inc., Peabody, MA). To quantify the cellular uptake of particles at 25 μg/mL, 

following an incubation period of 16 h, the cellular pellets were collected and treated in lysis 

buffer for 30 min at 4 °C. The pellets were collected by centrifugation at 15 000 rpm for 30 

min and digested by concentrated nitric acid at 90 °C for 3 h. The digested solutions were 

dried by evaporation at 120 °C and dissolved in 3 mL of 5% nitric acid to assess B or Mo 

content by ICP-MS.
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Determination of mtROS Generation by BN and MoS2:

KUP5, LSEC, and Hepa 1–6 cells, exposed to BN and MoS2 for 16 h, were washed with 

PBS and treated with 5 μM MitoSOX in HBSS at 37 °C for 10 min. The cells were stained 

with 5 μg/mL Hoechst 33342 for 15 min, fixed with 4 % paraformaldehyde in PBS, and 

imaged by a Leica Confocal SP8-SMD microscope (Leica, Germany). The quantification for 

fluorescence intensity was monitored as the rate of oxidation of the dye in the cells at 

excitation/emission wavelengths of 510/580 nm by a microplate reader. The treatment of 

ZnO was used as a positive control.

Determination of the activation of Caspases 3/7:

KUP5, LSEC, and Hepa 1–6 cells, seeded at 2 × 105 cells/well in an 8-well Lab-Tek 

chamber slide, were incubated with 25 μg/mL of BN and MoS2, respectively. The treated 

cells were washed in PBS and stained with FAM-FLICA Caspases 3/7 substrates at 37 °C 

for 1 h according to the manufacturer’s instructions. Finally, the cells were stained with 

Hoechst 33342 for 15 min and imaged using a Leica Confocal SP8-SMD microscope. The 

quantification for fluorescence intensity in the cells was monitored at excitation/emission 

wavelengths of 492/520 nm by a microplate reader. ZnO nanoparticles were used as a 

positive control.

Determination of Apoptosis via Annexin-V Staining and Flow Cytometry:

KUP5 cells were plated at a density of 5 × 105 cells per well in a 6-well plate overnight. The 

medium was replaced with a fresh medium in the presence of LPS (1 μg/mL) and incubated 

for an additional 4 h. The primed KUP5 cells were treated with 25 μg/mL particles for 16 h, 

respectively. After the collection of the cell pellets, followed by washing in PBS, the 

Annexin V-FITC Apoptosis Detection Kit was used for cellular staining according to the 

manufacturer’s procedure. The cells were analyzed with a BD LSR II Flow Cytometer by 

using FITC and PE channels for the detection of Annexin V-FITC and PI staining, 

respectively. Finally, the flow cytometry results were analyzed with FCS Express 6 software 

to identify Annexin V/PI-positive cells as apoptotic populations and Annexin V-negative/PI-

positive cells as populations undergoing nonapoptotic cell death.

Determination of Caspase-1 Activation in KUP5 Cells:

The KUP5 cells, primed with LPS (1 μg/mL) for 4 h, were incubated with 25 μg/mL 

particles, followed by washing in PBS and staining with FAM‐FLICA caspase‐1 substrate 

for 1 h at 37 °C. The cells were stained with Hoechst 33342 for 15 min and imaged using a 

Leica Confocal SP8-SMD microscope. The quantification for fluorescence intensity in the 

cells was monitored at excitation/emission wavelengths of 492/520 nm by a microplate 

reader. Treatment with Gd2O3 nanoparticles was used as a positive control that induces 

lysosomal damage.[36]

Determination of IL-1β and IL-18 Production:

KUP5 cells were primed by replacing the tissue culture medium with a fresh medium 

containing 1 μg/mL LPS for 4 h, followed by the exposure to 25 μg/mL of particle 

suspensions containing 0.1 μg/mL LPS for 24 h. The cellular supernatants were collected for 
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IL-1β or IL-18 quantification by ELISA according to the manufacturer’s instructions. The 

treatment of Gd2O3 was used as a positive control.[36]

Statistical Analysis:

All statistical analysis was performed, using a two-tailed Student’s t-test for two-group 

analysis or one-way ANOVA for multiple group comparisons. The results were expressed as 

the mean plus and minus standard deviation, using three independent experiments. A p-value 

of less than 0.05 was considered statistically significant.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Physicochemical characterization of materials in the BN and MoS2 library.
(A) Physicochemical characterizations of BN samples. The first panel is a representative 

AFM image of BN-PF, showing well-dispersed individual flakes; the second panel shows the 

lateral size distribution of BN-PF (the average lateral size is 86 ± 59 nm); the third panel 

shows the thickness distribution of BN-PF (the average thickness is 10.4 ± 9.3 nm); and the 

fourth panel is a representative SEM image of BN-Agg showing the aggregated state of the 

BN flakes as large agglomerates. (B) Physicochemical characterizations of MoS2 samples. 

The first panel is a representative AFM image of MoS2-PF, showing well-dispersed 

individual flakes of MoS2; the second panel shows the lateral size distribution of MoS2-PF 

(the average lateral size is 56 ± 28 nm); the third panel shows the thickness distribution, for 

which the average thickness is 3.5 ± 1.9 nm; and the fourth panel is a representative SEM 
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image of MoS2-Agg showing the aggregated state of the MoS2 flakes into large 

agglomerates. (C) Characterization of BN composition by XPS. The left panels show the B 

1s core-level spectra of BN-Agg (upper row) and BN-PF (lower row); The panels on the 

right show the N 1s core-level spectra of BN-Agg (upper row) and BN-PF (lower row). (D) 

Characterization of MoS2 composition by XPS. The left panels show the Mo 3d core-level 

spectra of MoS2-Agg (upper row) and MoS2-PF (lower row); The panels on the right show 

the S 2p core-level spectra of MoS2-Agg (upper row) and MoS2-PF (lower row). (E) 

H2DCFDA fluorescence spectroscopy to show abiotic ROS generation by 25 μg/mL BN or 

MoS2. DCF fluorescence emission spectra in the range of 500–600 nm were collected with 

an excitation wavelength of 490 nm. ZnO nanoparticles served as a positive control. (F) 

Assessment of the abiotic GSH content through the use of the GSH-Glo agent. The 

luminescence was detected in a SpectraMax M5e microplate reader, following the addition 

of 10 μL BN or MoS2 at 25 μg/mL to 90 μL of the GSH-Glo agent. The asterisk (*) 

represents a p-value < 0.05, compared to the control,; # represents a p-value of < 0.05 in the 

comparison of MoS2-Agg with MoS2-PF.
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Figure 2. Use of an MTS assay to assess the viability of KUP5, LSEC, and Hepa 1–6 cells in 
response to the 2D nanosheets.
(A) Cell viability of KUP5, LSEC, and Hepa 1–6 cells after exposure to BN and MoS2 at 

0−100 μg/mL for 24 h. The viability of untreated cells was regarded as 100%. Treatment 

with ZnO nanoparticles was used as a positive control. The asterisk (*) represents a p-value 

< 0.05 compared to untreated cells, while # represents a p-value of < 0.05 for the 

comparison of MoS2-Agg with MoS2-PF. (B) Heatmap display to show the comparative 

toxicological impact on KUP5, LSEC, and Hepa 1−6 cells following the color scale in the 

sidebar on the left.
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Figure 3. Assessment of the impact of material dissolution and uptake on KUP5 cytotoxicity.
(A) ICP-MS analysis to determine the dissolution of the BN and MoS2 materials in DI water 

and DMEM medium. The materials were suspended at 25 μg/mL for 0 h and 24 h at 37°C 

before collection of the supernatants. The supernatants were subjected to acid digestion to 

assess the B or Mo content by a NexION 2000 ICP Mass Spectrometer. Each sample was 

analyzed in triplicate, in comparison to a reference standard made up of 2% (v/v) nitric acid. 

*, p < 0.05 to show significant differences between 0 h and 24 h; #, p < 0.05 to show the 

significant difference between MoS2-Agg and MoS2-PF treatments. (B) Assessment of the 

toxicity of starting MoS2 suspensions, supernatants, and pellets, along with a soluble 

molybdate salt [Na2MoO4, Mo (VI)] in KUP5 cells. ZnO treatment was used as a positive 

control. *, p < 0.05, indicates a significant difference compared to the control; #, p < 0.05, 
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donates a significant difference between the MoS2 suspensions and their pellets. (C) Optical 

microscopy images to show the relative abundance of nanosheet uptake by KUP5, LSEC, 

and Hepa 1–6 cells, exposed to 25 μg/mL of BN or MoS2 for 16 h (red arrows). The scale 

bar in the image represents 20 μm. (D) Quantification of cellular uptake of BN or MoS2 in 

KUP5, LSEC, and Hepa 1–6 cells during ICP-MS analysis. Following exposure to 25 μg/mL 

of the nanosheets for 16 h, cell pellets were acid digested and assessed B and Mo content, 

respectively. *, p < 0.05, to express the significant difference of KUP5 with LSECs or Hepa 

1–6 cells; #, p < 0.05, to show the significant difference between MoS2-Agg and MoS2-PF.
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Figure 4. Use of confocal microscopy and ELISA to assess caspase-1 activation and IL-1β release 
in KUP5 cells, following phagocytic uptake of MoS2.
(A) Confocal images to compare the differences in caspase-1 activation by MoS2-Agg, Mo 

(VI), and MoS2-PF in KUP5. Cells were exposed to 25 μg/mL of the materials for 16 h 

before staining with the FAM-FLICA caspase-1 substrate (green) for 1 h. Exposure to 

Gd2O3 nanoparticles, which disrupt lysosomal integrity, was used as a positive control. The 

scale bar in the image represents 25 μm. (B) Quantification of caspase-1 activation in cells 

treated with MoS2 and Mo (VI) in a microplate reader. *, p < 0.05 to show the significant 

difference compared to the untreated control. (C) Determination of IL-1β release in KUP5 

cells after BN, Mo (VI), and MoS2 exposure. LPS-primed (1 μg/mL, 4 h) KUP5 cells were 

exposed to BN, Mo (VI), and MoS2 for 24 h. Supernatants were collected to measure IL-1β 
production by ELISA. (D) Determination of IL-1β production by MoS2-Agg in KUP5 cells 
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pretreated with V-ATPases inhibitor, Baf A1, and the cathepsin B inhibitor, CA-074-Me. The 

Gd2O3 treatment was used as a positive control. *, p< 0.05, shows a significant difference 

from the control; #, p< 0.05 shows a significant difference compared to treatment with the 

NP alone.
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Figure 5. Assessment of mtROS generation in the liver cells.
(A) Confocal images to determine mtROS generation in KUP5, LSEC, and Hepa 1–6 cells. 

Cells were exposed to 25 μg/mL materials for 16 h before staining with 5 μM red MitoSOX 

for 10 min and Hoechst 33342 dye (blue) for 15 min, respectively. The scale bar represents 

25 μm. (B) Quantification of mtROS generation, using a microplate reader. The fluorescence 

intensity was monitored at excitation/emission wavelengths of 510/580 nm. *, p < 0.05 

shows the significant difference compared to the untreated control; #, p < 0.05 denotes a 

significant difference between MoS2-Agg and MoS2-PF.

Li et al. Page 26

Small. Author manuscript; available in PMC 2022 June 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 6. Assessment of apoptotic cell death in the liver cells.
(A) Confocal images to determine caspase 3/7 activation by BN and MoS2 nanosheets in 

KUP5, LSEC, and Hepa 1–6 cells. Cells were exposed to 25 μg/mL of the materials for 16 h, 

before staining with the FAM-FLICA caspase 3/7 substrate (green) for 1 h and Hoechst 

33342 (blue) for 15 min. ZnO was used as a positive control. The scale bar represents 25 

μm. (B) Quantification of caspase activation in a microplate reader. The fluorescence 

intensity was monitored at excitation/emission wavelengths of 492/520 nm. *, p < 0.05 to 

show the significant difference from the untreated control; #, p < 0.05 denotes a significant 

difference between MoS2-Agg and MoS2-PF.
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Figure 7. Schematics to outline the contribution of aggregation status vs. the dissolution of MoS2 
in KUP5 toxicity.
(A) Schematic to show the contribution of MoS2-Agg to material toxicity by material 

dissolution to generate cytotoxicity through ROS generation, caspase 3/7 activation, and 

apoptotic cell death. In addition, phagocytosis of MoS2-Agg triggers lysosomal damage, 

cathepsin B release, caspase-1 activation, and IL-1β production, without pyroptosis. (B) 

Schematic of the mechanism of toxicity of MoS2-PF, a well-dispersed material with a high 

dissolution rate, leading to the release of Mo (VI), and induction of apoptosis, as explained 

in panel A.
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Table 1.

Quantification of BN composition as determined by XPS.

Sample BN-Agg BN-PF

B-N % 49.5 ± 1.3 48.6 ± 1.2

B-O % 5.9 ± 1.2 6.3 ± 1.3

N-B % 37.3 ± 1.0 39.5 ± 1.7

N-H % 7.3 ± 1.2 5.7 ±1.4

N: B Ratio 0.81 ± 0.0 0.82 ± 0.0

Small. Author manuscript; available in PMC 2022 June 01.



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

Li et al. Page 30

Table 2.

Quantification of MoS2 composition as determined by XPS.

Sample MoS2-Agg MoS2-PF

Mo (IV) 3d% 36.3 ± 1.0 32.7 ± 0.9

Mo (VI) 3d% 3.3 ± 0.8 10.2 ± 1.4

S At. % 60.4 ± 0.3 57.1 ± 0.8

S: Mo Ratio 1.52 ± 0.0 1.30 ± 0.2
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Table 3.

Hydrodynamic size, polydispersity index (PDI), and zeta potential of BN and MoS2 in different media.

Media Sample Hydrodynamic size (nm) PDI Z-potential (mV)

DI water

BN-Agg 1219.2 ± 59.2 0.385 ± 0.009 −16.9 ± 1.0

BN-PF 134.0 ± 0.2 0.172 ± 0.006 −24.6 ± 1.1

MoS2-Agg 730.9 ± 36.3 0.319 ± 0.016 −31.9 ± 1.4

MoS2-PF 92.5 ± 0.6 0.265 ± 0.010 −19.9 ± 2.3

DMEM (KUP5)

BN-Agg 1299.5 ± 56.7 0.327 ± 0.046 −10.3 ± 2.6

BN-PF 202.5 ± 2.0 0.125 ± 0.033 −12.1 ± 4.5

MoS2-Agg 883.3 ± 24.9 0.356 ± 0.011 −11.1 ± 1.2

MoS2-PF 106.9 ± 1.5 0.244 ± 0.007 −10.3 ± 1.0

Prigrow medium (LSEC)

BN-Agg 1323.6 ± 44.9 0.358 ± 0.038 −9.0 ± 3.5

BN-PF 175.6 ± 1.3 0.136 ± 0.008 −11.3 ± 0.4

MoS2-Agg 813.2 ± 13.2 0.331 ± 0.009 −11.9 ± 5.6

MoS2-PF 99.5 ± 1.8 0.256 ± 0.011 −10.5 ± 0.3

DMEM (Hepa 1–6)

BN-Agg 1245.6 ± 56.8 0.371 ± 0.024 −11.8 ± 5.0

BN-PF 189.3 ± 3.6 0.162 ± 0.005 −10.2 ± 2.6

MoS2-Agg 847.6 ± 25.2 0.340 ± 0.018 −12.8 ± 2.3

MoS2-PF 98.6 ± 0.5 0.257 ± 0.023 −7.2 ± 0.6
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