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ABSTRACT

Escalating production and application of tungsten disulfide (WS2) nanosheets inevitably increase
environmental human exposure and warrant the necessity of studies to elucidate their biological
impacts. Herein, we assessed the toxicity of WS> nanosheets and focused on the impacts of low
doses (< 10 pg/mL) on normal (BEAS-2B) and tumorigenic (A549) lung epithelial cells. The low
doses, which approximate real-world exposures, were found to induce cell apoptosis, while doses
> 50 pg/mL cause necrosis. Focused study on low-dose exposure to WS> nanosheets revealed more
details of the impacts on both cell lines, including reduction of cell metabolic activity, induction
of lipid peroxidation in cell membranes, and uncoupling of mitochondria oxidative
phosphorylation that led to loss of ATP production. These phenomena, along with the expression
situations of a few key proteins involved in apoptosis, point towards the occurrence of
mitochondria-dependent apoptotic signaling in exposed cells. Substantial differences in responses
to WS, exposure between normal and tumorigenic lung epithelial cells were noticed as well;
specifically, BEAS-2B cells experienced more adverse effects and took up more nanosheets than
A549 cells. Our results highlight the importance of dose and cell model selection in assessment of
nanotoxicity. By using doses consistent with real-world exposures and comparing normal and
diseased cells, we can gain knowledge to guide the development of safety precautions for

mitigating the adverse impacts of nanomaterial exposure on human health.
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SYNOPSIS
Low-dose WS> nanosheet exposure has severe adverse effects on normal human airway epithelial

cells relative to a tumorigenic counterpart, raising human health impact concerns.



INTRODUCTION

Tungsten disulfide (WS2) nanosheets are two-dimensional (2D) transmission metal
dichalcogenides that possess high specific surface areas and unique physicochemical properties
compared to their bulk counterparts=. Their use is becoming more prevalent in electronics*®,
automotive®’, agricultural®®, and biomedical applications'®*? and is expected to increase
alongside intentional and accidental (occupational or environmental) exposures™14,

There have been several studies aimed at identifying the potential cytotoxicity of WS»
nanosheets!®>°. However, the findings have not been consistent about the dose range needed to
induce toxicity even in the same types of cells®, and few have examined potential programmed
cell death (PCD) mechanisms!®1°, While differences in the observed toxicity of WS, nanosheets
could be due to variations in exposure doses, cell models, nanosheet preparation prior to cell
exposure, and nanosheets’ physiochemical properties (e.g. sheet thickness and surface
chemistries)?®?!, more assessments of the biological impacts and studies of the toxicity induction
mechanisms are required using doses consistent with real-world exposures.

The current OSHA permissible exposure limit (PEL) for insoluble tungsten is 5 mg/m? as
a time weighted average concentration over an 8 h work period??. Based on dose metric
calculations of nanoparticle surface-area lung burden used at NIOSH?324, such an PEL exposure
could lead to a lung burden similar to a bolus exposure of 5 mg/kg in mice®. However, for the
insoluble tungsten in the form of 2D WS nanosheets, it is not an easy task to extrapolate in vitro
doses from bolus exposures?2’. In their study of pulmonary toxicity of metal oxide nanoparticles,
Cai et al. extrapolated that the bolus exposure of 1-12 mg/kg of metal oxides in mice was
approximately equivalent to exposing cells to 1.6—16 ug/mL metal oxides, assuming homogeneous

distribution of the nanomaterials in cell culture media, the alveolar epithelium surface area of 0.05



m2, a mouse body weight of 25 g, and metal oxide settlement higher than 70%%. Certainly the
physicochemical properties of the material, sedimentation during cell incubation, and many other
factors should be considered to attain precise dosimetry estimation?. Still, using the same
assumptions, we estimated the bolus exposure limit of 5 mg/kg for the insoluble tungsten could be
similar to exposing a cell layer to a homogenized solution of WS> (~ 74% (mass percentage) of W
in WS>) nanosheets at a concentration well below 10 pg/mL.

Herein, we exposed normal and tumorigenic human lung epithelial cells (BEAS-2B and
A549, correspondingly) to WS> nanosheets and studied the cellular impacts induced by the
nanosheets at biologically relevant concentrations (1 — 10 pg/mL). Cell uptake, metabolic function,
mitochondria-based ATP production, and PCD mechanisms activated through caspase cascades
were investigated, in an effort to gain some understanding on how adverse impacts were raised by

WSs.

MATERIALS AND METHODS

Endocytosis inhibitors assay. Cells were seeded and grown as mentioned in Sl. Prior to
WS nanosheet exposure, BEAS-2B cells were exposed to 25 nM genistein, 2 uM cytochalasin D,
or 25 uM chlorpromazine HCI, and A549 were exposed to 750 nM genistein, 2.5 UM cytochalasin
D, or 50 uM chlorpromazine hydrochloride for 2 h. Afterwards, cells were washed 2x with 1x
PBS and exposed to the various concentrations of WS> nanosheets for 24 h. Cellular metabolic

activity was assessed with CCK-8, as described in Supplementary Information (SI).

ATP production rate with Seahorse XFp. A549 and BEAS-2B cells were seeded at 12,000
and 20,000 cells/well for 24 h pre-exposure assays and at 20,000 and 30,000 cells/well for real-

time assays, respectively. For pre-exposure, cells were dosed with 0 or 10 pg/mL WS for 24 h.



Both pre-exposed cells and cells used for real-time assays were washed 1x and the media was
replaced with pre-warmed XF DMEM supplemented with 1 mM sodium pyruvate, 10 mM glucose
and 2 mM glutamine (pH 7.4, 2.5 mmol/L/pH buffer factor). Cells were incubated in a non-CO>
incubator at 37°C for 1 h prior to analysis. Oxygen consumption rates and extracellular
acidification rates were measured with the real-time ATP rate assay (Agilent, USA). Cellular
protein concentration was quantified with Qubit Broad Range (Thermo Scientific) to normalize
data. Analysis was performed with the Agilent Seahorse Analytics web application.

Cellular uptake measurement with ICP-OES. Following exposure to 0, 5, or 10 pg/mL
WS>, cells were collected, washed 3 times with 1x PBS, and resuspended with 0.5 mL of 1x PBS.
Mitochondria from exposed cells (10 pg/mL) were also isolated as described in Sl. Intact cells and
isolated mitochondria were dissolved with 8 mL of aqua regia for 24 h. The mixtures were boiled
for 10 minutes until ~ 1 mL was left in the beaker and then diluted with 10 mL of ultrapure H2O.
The solutions were filtered with 0.22 um PES filters and analyzed with a Perkin-Elmer Optima
7300DV inductively coupled plasma optical emission spectrometer. ICP-OES instrument settings
during measurement and uptake calculation formula can be found in SI.

Statistics. Data analysis was conducted with Prism 9.4.1 for macOS (GraphPad Software).
Asterisks within graphs represent significant p values: *: p < 0.5, **: p < 0.01, ***: p < 0.001,

****: p < 0.0001; ns: non-significant.



Figure 1. Characterization of the WSz nanosheets. A) TEM and B) AFM images of WS>
nanosheets. Average C) lateral (n = 11, TEM) and D) height (n = 8, AFM) measurements are
shown as violin plots in which bold dashed lines denote averages and violin widths represent
measurement frequencies. E) HAADF and EDS images of a WS> nanosheet. W and S atoms are
shown in red and green, respectively. Merged EDS images show distribution of colocalized W and
S atoms (in yellow).
RESULTS

Physicochemical Characterization of WS, Nanosheets. The WS nanosheets were
synthesized and suspended in 10 mg/mL nonionic Pluronic F108 (PF108) by the Nanotechnology
Health Implications Research (NHIR) consortium at the HSPH-NIEHS Nanosafety Center®, and
characterized before their use in our study. TEM images depict the sheet-like structure of the WS>
nanosheets with an average lateral size of 200 = 37 nm (Figures 1A, 1C), agreeing well with the

average lateral dimensions found by NTA and DLS (Supporting Figure S-1, S-2). The thickness

of the nanosheets measured by AFM was 5.1 = 1.4 nm (Figures 1B, 1D), consistent with previous



findings'®. These measurements suggested that there was no aggregation of the nanosheets upon
material transportation and storage.

EDS mapping of the distribution of tungsten (W) and sulfur (S) across the nanosheet
surface (Figure 1E) showed the atomic fractions for S and W being 30.7 = 7 % and 23.8 + 4 %,
respectively. The mass fractions for C and O, originating from PF108, were 4.1 £ 0.4 % and 0.6 +
0.1 % (Figure S-3). The UV-Vis spectra of the WS nanosheets further confirmed the chemical
structure, exhibiting the exciton peak at 642 nm consistent with the optical band gap absorption of
WS;, fine particles (Figure S-4)?°. FTIR spectra revealed the S-S stretching vibration band at 526
cm®; the stretching of C-H bonds at 2880 and 1465 cm™, and the stretching of C-O bonds at 1093
cm, corroborated the adsorption of PF108 on the WS; surfaces (Figure S-5). Moreover, surface
and edge S* endowed the nanosheets with a negative {-potential of -33.44 mV when dispersed in
water (Figure S-6).

The negative (-potential helps the nanosheets well dispersed in water. Dispersion in the
cell culture media (CCM) supplemented with 10% fetal bovine serum did not induce changes to
WS size (Fig. S-2) nor (-potential (Fig. S-6), ruling out the possibility of significant nanosheet
aggregation occurring nor protein corona formation. We also conducted SDS-PAGE to analyze
the proteins potentially adsorbed on 50 pg/mL WS during 1 h incubation in the CCM and found
negligible proteins on the gel (Figure S-7). PF108 may have adsorbed on the nanosheet surface

and contributed to their low protein adsorption and high dispersity in the culture media.
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Figure 2. Evaluation of cytotoxicity, metabolic efficiency, and oxidative stress induced by
WS:2 exposure. The percentage of A) live and B) metabolically active BEAS-2B and A549 cells
following 24 h treatment with WS> nanosheets (n = 3). Endogenous oxidative stress measured in
cells using C) 2x Deep Red and D) 5 uM CM-H2DCF following 24 h exposure to WS nanosheets
(n = 3). Cells treated with 1 mM H20> (1 h) served as the positive control. E) Quantification of
WS; induced peroxidation (n = 8) and F) LDH release (n = 3) in cells. The positive control in
C&D was 100 pM cumene hydroperoxide (1 h) and that in E&F, depicted by +, was LDH. All
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bars represent the mean + SD; cells treated with the WS> nanosheets were compared with the
corresponding untreated cells (O pg/mL, black bars in all figures) with 2-way ANOVA.

WS> Induced Toxicity in BEAS-2B and A549. Occupational exposure to WS> nanosheets is
presumed to occur primarily via inhalation'#%. Therefore, this work utilized the standard cell lines
used in analysis of inhaled toxicants®:: normal (BEAS-2B) and cancerous (A549) lung epithelial
cells. Cells were exposed for 24 h to a range of concentrations (0 — 100 pug/mL) of WS». Trypan
blue and CCK8 were used to assess live (Figure 2A) and metabolically active (Fig. 2B, S-8) cells,
respectively. While a large percentage of cell death (~ 80%) was only induced at doses > 50 pg/mL
in BEAS-2B cells and > 100 pg/mL in A549 cells, 30-40% of both cells experienced significant
loss of their metabolic activity with doses > 5 pg/mL, compared to untreated controls. BEAS-2B
cells were more sensitive to WS> exposure relative to A549, with more rapid reduction in the
percentage of live (Fig. 2A) and metabolically active (Fig. 2B) cells with increasing WS:
concentrations. We also confirmed that the observed toxicity was induced by the nanosheets rather
than the surfactant coating, because PF108 was non-cytotoxic at concentrations that correspond to
the levels calculated in the WS> nanosheet suspensions used for cell assays (Figure S-9).

To see whether the diminishment of metabolically functional cells could be a result of
elevated oxidative stress®?, we measured cellular endogenous ROS levels with Deep Red and CM-
H>.DCF ROS probes. Both dyes revealed elevated ROS levels resulting from exposure to
nanosheets in doses > 10 pg/mL in both cells (Figure 2C & 2D), but the ROS increases were in
small magnitudes and could not be the main cause of the substantial cell death observed. We also
ruled out the possibility of indicator oxidation due to the intrinsic surface reactivity of the WS;
nanosheets®®, by confirming that the WSz nanosheets could not oxidize H2DCF in an abiotic

environment lacking H202 (Figure S-10).
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Agreeing with the reduced metabolic activity, we observed concentration-dependent
alterations to cell morphologies following a 24 h exposure to WS> nanosheets (Figure S-11). At
the highest concentration used (100 pg/mL), both cells displayed cell swelling, with potential
disintegration, which are signature morphology of ferroptosis and necroptosis® and were found to
occur in cells exposed to a high dose (200 pg/mL) of WS nanosheets®®. At low-dose exposures,
BEAS-2B exhibited cell shrinkage and blebbing when exposed to 5 pg/mL WS;, with notable loss
of the typical elongated structure of epithelial cells, as well as cell condensation and fragmentation
observed at 10 pg/mL (Fig. S-11). Such alterations to cell morphology are indicative of
apoptosis®. In contrast, these low doses only made A549 cells slightly rounded and disrupted cell-
cell adhesion.

Loss of Cell Membrane Integrity Provoked by WS, Nanosheets. Alterations to cell
morphology could result from membrane damage or remodeling during PCD%*. Therefore, we
assessed cell membrane integrity by measurements of lipid peroxidation ( Fig. 2E, S-12 & S-13)
and leakage of lactate dehydrogenase (LDH) from the cytosol into the cell culture supernatants
(Fig. 2F). The ratios of the fluorescent signals emitted by the reduced (red)/oxidized (green)
peroxidation indicator show that even the low exposure dose of 5 ug/mL could result in elevated
peroxidation of cellular membranes in both cells, which increased with higher WS, concentrations
(Fig. 2E). Although A549 cells experienced more lipid peroxidation, we only found significant
LDH leakage that suggests membrane damage in BEAS-2B cells with exposure doses > 10 pg/mL,
but not in A549 (Fig. 2F).

In addition, we stained lysosomes and mitochondria of the WS-treated cells to determine
their cellular location and integrity (Figures S-14 & S-15). While the location of lysosomes in

cells treated with low doses of WS> did not differ as compared to the untreated controls, treatment
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with 50 pg/mL WS resulted in lysosomes localized in cell culture supernatants. The lysosomal
signal intensity normalized to cell counts increased in both cells when treated with 5 — 10 pg/mL
WS, (Figure S-16); but with the dose increasing to 50 pg/mL, normalized lysosome signals
decreased. Overall, the lysosomal signal intensity was higher in BEAS-2B cells than in A549 cells.
In both cells, there were apparent alterations to mitochondria morphology as well. The once fiber-
like structure of mitochondria, observed in untreated cells, becomes rounded upon exposure to
WS, at the low doses; at the high dose, mitochondria morphology is relatively undistinguishable,
indicating mitochondria structure disruption.

Uptake of WS> Nanosheets. Lipid peroxidation of the plasma membrane could result in
pore formation within the membrane that allows for the influx of radicals and molecules®’ and
(simulated) translocation of nanomaterials into cells®. The increase of lipid peroxidation and LDH
leakage observed in Fig. 2E and 2F implied that the WS nanosheets may have translocated into
the cytosol. To confirm that, we employed ICP-OES to investigate WS, nanosheet
internationalization. Cells were incubated with the nanosheets for 24 h at two exposure doses: 5
and 10 pug/mL, which had not yet induced significant cell death (Fig. 2A). About 5 — 13% of the
administered dose were taken up by the cells (Figure 3A). The uptake percentage was higher in
BEAS-2B than in A549 cells with both doses (Fig. 3A); but uptake dropped by more than half at

the higher dose for both cells, possibly due to the extensive loss of metabolic activity (Fig. 2B).
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Figure 3. Evaluation of WS uptake by cells. A) Whole cell uptake of WS> nanosheets following
24 h exposure to 5 and 10 pg/mL measured with ICP-OES (n = 3). Treated cells were compared
by cell type and concentration with 2-way ANOVA. B) Mitochondrial uptake following 24 h
exposure to 10 pg/mL WS assessed by ICP-OES (n = 3); mitochondrial uptake was compared
between cell lines with Student’s t-test. Evaluation of the impacts of inhibitors for different cellular
uptake pathways on the metabolic activity of C) BEAS-2B and D) A549 cells induced by 24 h
incubation with WS,. Cells treated with both inhibitors and WS> nanosheets were compared to
control cells treated only with WS> nanosheets (no inhibitors) at the corresponding concentrations
and analyzed by 2-way ANOVA with Tukey correction. All bars represent the mean + SD.

ICP-OES cannot discriminate between whole nanosheets and tungsten ions, and the
element detected could also derive from the material strongly adsorbed to cell membranes, which

were irremovable during the stringent washes. In addition, we found that ~17% of the nanosheets

14



at 5 pg/mL were dissolved when kept in the CCM at 37 “C for 24 h compared to ~5% dissolution

in water (Figure S-17). The salts and chelating ions in the CCM may have contributed to the
enhanced dissolution of WS,. To further confirm the possible uptake of intact nanosheets, we
conducted TEM coupled with EDS and found nanosheets within cellular cytoplasm (Figures S-18
& S-19), the shape and size of which were similar to those of the original materials (Fig. 1C). EDS
mapping of control cells confirmed the absence of WS (Fig. S-20).

We also investigated the potential uptake pathways, employing phagocytosis or
endocytosis inhibitors: cytochalasin D, chlorpromazine HCI, and genistein. Respectively, these
compounds inhibit actin-mediated phagocytosis, clathrin-mediated endocytosis, and caveolin-
mediated endocytosis®. These inhibitors were used to pre-expose the cells for 2 h before treatment
with WS> nanosheets. The inhibitor concentrations chosen were within the range used in previous
studies of uptake pathways of nanoparticles*>-*? and maintained good cell viability during uptake
experiments. We used the cell metabolic activity measured by CCKS8 to reflect the level of
nanosheet uptake. Our results show that cytochalasin D and chlorpromazine HCI could increase
metabolic activity to some extent when BEAS-2B cells were exposed to WS, (Fig. 3C), but
genistein did not show any impacts. In contrast, A549 cells responded to genistein and cytochalasin
D, but not to chlorpromazine HCI (Fig. 3D).

Several studies have found that nanomaterial internalization can impact organelle
function®**, and we found the metabolic activity was reduced by WS, therefore we further
assessed the interactions of the WS> nanosheets with mitochondria. We isolated mitochondria from
cells exposed to WS, nanosheets, and tested internalized tungsten levels by ICP-OES. Figure 3B
compares the percentage of nanosheets that were found in extracted mitochondria between cell

lines following an exposure to 10 pg/mL WS». A sizeable portion (~ 30 — 50%) of the tungsten
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element found in the cells was located in the mitochondria. Moreover, a higher proportion (3x

more) of WS> was found in the mitochondria isolated from BEAS-2B than from A549.
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Figure 4. Dysregulation of mitochondria function induced by WS2. Oxygen consumption rates
(OCR) normalized to total cellular protein of BEAS-2B and A549 cells exposed to 10 pg/mL WS
A) in real-time, and B) via 24 h pre-exposure prior to OCR measurement. Oligomycin (oli) and a
mixture of rotenone and antimycin A (r/a) were injected at specific timepoints (to a final
concentration of 1.5 uM and 0.5 uM, respectively) to assess ATP production. Each point represents
an average = SD (n = 3).
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Figure 5. WSz impact on ATP production. A) The generation of ATP was calculated by
measuring glycolysis and oxidative phosphorylation in BEAS-2B and A549 cells. Basal
measurements were obtained from cells that were not exposed to mock (CCM) or WS:. Induced
measurements occurred in real-time as CCM (mock) or WS was injected into the wells. B) ATP
synthesis was measured in cells pre-exposed to 10 pg/mL WS for 24 h. Each bar represents the
average = SD (n = 3). ATP synthesis pathways were compared with Student’s t-test.

Dysregulation of Mitochondria Function by WS». The interaction with mitochondria and
the reduction of cell metabolic activity prompted us to further explore impacts to the mitochondria
by the nanosheets. We investigated colocalization of oxidized lipids and mitochondria, which
reveals peroxidation of mitochondrial membranes and has been observed before in cells
undergoing cysteine-deprivation-induced ferroptosis*. Indeed, colocalization was found in
BEAS-2B and A549 cells (Figures S-21 & S-22), with the Pearson correlation coefficients (r) of
the signals from lipid peroxidation and mitochondria staining dye > 0.8. Moreover, a mitochondrial
membrane potential (Avm) indicator demonstrated substantial reductions in Awm in both cells
(Figure S-23) when exposed to 10 pg/mL WSo.

Since mitochondria, known as the powerhouse of the cell, are multifunctional regulators of

cell metabolism®, and cellular stress could lead to mitochondria damage®’, the impact of the WS,
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nanosheets on mitochondria function was further evaluated using the Seahorse Analyzer. This
instrument measures cellular oxygen consumption rates (OCR) while the cells are treated with
oligomycin (oli) and subsequently a mixture of rotenone/antimycin A (r/a), with the former
chemical inhibiting mitochondrial ATP production by blocking ATP synthase*®. This method has
been used to evaluate the impact of nanomaterials on mitochondria functionality following
nanomaterial pre-exposures**4%; we also recently employed this technique to assess the impacts of
reduced graphene oxide on mitochondria in real-time°. Both modes of pre-incubation and real-
time exposure were employed in this work. We found that in both cell lines, relative to the control
cells (cells not exposed to nanosheets, curve in black), real-time exposure to 5 and 10 pg/mL WS>
nanosheets (curve in magenta) significantly diminished the OCR (Figure 4A and Figure S-25A)
and increased the oxygen tension (Figure S-24 and S-25). The inhibition of mitochondria
respiratory function was also confirmed by 24 h pre-treatment of the cells with 10 pg/mL WS,
which largely reduced OCR in both cells (Figure 4B). In both cases, more OCR reduction was
observed in BEAS-2B cells. Agreeing with OCR measurements, both real-time exposure to WS>
and pre-treatment with WS; significantly plummeted production of ATP by mitochondria and
correspondingly increased the dependence of glycolysis for ATP synthesis (Figure 5). In BEAS-
2B cells, 24 h pre-treatment with WS> even completely knocked out mitochondria-dependent ATP

production, agreeing with the close to zero OCR observed in Fig. 4B.

18



A BEAS-2B B A549

8004 4
L 5W9;(ﬁmi 50 800 WS, (pg/mL)
12 24 ] @5 M1 A5
8 8 o5
3 6001 & 600-
20 0 g
B L @£
SE 6/ 12 24 [ 5
o = 4004 & = 4004
o3 o3
& N &N
< = E
E F
S S 2001
—— [ 24
121 6 12
0] fime () > 04 time (h) R
0 20 40 60 0 0 " -
NECROSIS NECROSIS

Normalized fluorescence Normalized fluorescence

Figure 6. Assessment of potential WSz-induced PCD pathways. The kinetic activation of
apoptosis and necrosis by WS, nanosheets in A) BEAS-2B and B) A549 measured with
luminescence and fluorescence, respectively (n = 3 for each assay). Each time point represents the
average = SD in both axes. Each measurement was normalized to background signals.

Apoptosis Induced by Low-Doses of WS>. The above results revealed that low dose
exposure to WS can cause damage to mitochondria, which could induce apoptosis®’. On the other
hand, a previous study® found exposure to a high dose of 200 pg/mL WS, nanosheets induced
ferroptosis, a special type of programmed necrosis®*. Therefore, we employed the real-time
apoptosis and necrosis assay to survey the cells following time-dependent (0 — 24 h) exposures to
WS,. The annexin V luciferase fusion proteins and a DNA-binding fluorescent dye were used to
indicate if cells underwent apoptosis or necrosis®2. As shown in Figure 6, exposure to 5 pg/mL of
the nanosheets for up to 12 h induced an extensive luminescence but minimal fluorescence in both
cell lines compared to untreated cells suggesting apoptosis as the dominant PCD mechanism. The

fluorescence resulting from necrosis became significant only with 24 h treatment using this lowest

exposure dose, while intensive signals indicative of both apoptosis and necrosis were observed
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with 10 pg/mL nanosheets. In contrast, the highest dose (50 pg/mL) elicited only fluorescence but
not luminescence, indicating the triggering of necrosis by the nanosheets, agreeing with the
previous report!®,

Potential mitochondria-mediated activation of apoptosis, i.e. intrinsic apoptosis, could
result in cytochrome-c release, caspase-9 activation, and subsequent activation of caspase-3°. We
used western blotting (WB) to analyze expression of the aforementioned proteins in cells exposed
to 10 pg/mL WS for different durations (Figure S-26A&C). Band intensities for the kinetic
expression of the proteins were normalized to the loading control (GAPDH). The ratios of
activated caspase proteins to inactivated pro-caspases were calculated and are shown in Fig. S-
26B&D. We found that within the first 4 h, exposure to 10 pg/mL WS activated caspase-9 and -
3 in both BEAS-2B and A549 cells. However, extending the exposure duration beyond 12 h
reversed this trend in BEAS-2B cells, but maintained consistent activation in A549 cells. Such a
difference could be attributed to the significant decline in normal cellular functionality in BEAS-
2B cells at the dose of 10 pg/mL, which affected the metabolic activities of A549 cells to a lesser
degree (Fig. 2A&B). Meanwhile, cytochrome-c content in the cytosol reached peak value within
a 1 h exposure and then decreased with longer exposure times in both cell lines.

Caspase-8 activation was explored in both cell lines as well because of its role in promoting
the activation of caspase-3 via extrinsic apoptosis®*. Its activation was not evident in BEAS-2B
cells (Fig. S-26). In A549 cells, expression of caspase-8 was observed at 0 h, agreeing with
previous reports that found both pro-caspase-8 and caspase-8 overexpressed in this cell line®®. But

the ratio dropped with increasing exposure time (Fig. S-26).

DISCUSSION
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Our study revealed the strong dependence of biological impacts to cells on the exposure
dosage of WS, nanosheets. High-dose exposures (> 50 pg/mL) could cause cell death (Fig. 2),
extensive cell morphology alteration (Fig. S-11), mitochondrial structure disruption (Fig. S-
14&15), lysosome localization in the extracellular space (Fig. S-14&15), as well as membrane
lipid peroxidation and damage (Fig. 2E&F). We found the PCD mechanism at this dose likely be
necrosis (Fig. 6), as reported previously®®. In contrast, low concentrations (5 and 10 pg/mL) of
WS: induced substantial changes to normal metabolic activity with slight increase of ROS levels,
and elevated lipid peroxidation, but not significant cell death nor LDH release (Fig. 2). However,
nanosheet uptake to the intracellular space and even to mitochondria (Fig. 3), and complete
disruption of mitochondria-based ATP synthesis (Fig. 5) were detected with these low exposure
doses. The dominant PCD mechanism was determined to be apoptosis (Fig. 6), and in particular,
intrinsic apoptosis>, as supported by damage to mitochondria (Fig. 4&5) and the release of
cytochrome-c to the cytosol, and activation of caspase-9 and -3 (Fig. S26).

Our work also disclosed significant differences between the two cell lines while exposed
to low-dose WS;. Firstly, BEAS-2B took up more WS, than A549 (Fig. 3A), possibly as both the
intact nanosheets (Fig. S18-20) and the dissolved elemental forms (Fig. S17); and exhibited more
appreciable association of the nanosheets with mitochondria (Fig. 3B). The uptake should not be
the result of extensive membrane damage which was not observed at these low doses (Fig. 2E and
2F); and dropped in both cells when treated with a dose (10 pug/mL) that significantly reduced
metabolic activity (Fig. 2B), hinting active uptake. Indeed, actin-mediated phagocytosis was
identified as one of the uptake mechanisms in both cell lines. BEAS-2B also took up the nanosheets

via clathrin-mediated endocytosis while A549 through a caveolin-dependent pathway (Fig.
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3C&D). However, none of the uptake pathway inhibitors were able to completely block the
nanosheet-induced cytotoxicity suggesting other unrevealed contributors to WS internalization.
More adverse impacts, like the steeper decline in metabolic function with increasing WS>
concentration (Fig. 2), more substantial cell morphological alterations (Fig. S-11), stronger lipid
peroxidation in mitochondria, and more reductions in Avm>® (Fig. S21-22), were observed in
BEAS-2B cells relative to the tumorigenic A549. Additionally, while oligomycin-like inhibition
of mitochondria function®” was found in both cells, the nanosheets completely blocked
mitochondrial respiration in BEAS-2B but not in A549 cells (Figs. 4 and 5). The higher cellular
uptake and more appreciable association of the nanosheets with mitochondria in BEAS-2B cells
may have contributed to such differences. Moreover, clathrin-mediated endocytosis, which was
essential for nanosheet uptake in BEAS-2B cells, may be transporting the nanosheets directly to
mitochondria®®, making BEAS-2B much more sensitive to WS, than the tumorigenic A549.
However, our study has far been conclusive in determination of the PCD mechanisms
caused by low-dose exposure to WS> nanosheets. For example, our results on caspase-8 were
inconclusive, and probably complicated by the onset of necrosis with longer exposure times or
higher doses, since caspase-8 activation is tightly regulated in cells and involved in both apoptosis
and necrosis®*. More studies employing advanced multi-omics tools are needed to
comprehensively document all potential impacts by the nanosheets on the cells, and reveal the
activation of multiple types of PCD mechanisms®®. Nevertheless, the adverse biological impacts
induced by low dose exposures of WS> nanosheets in human lung epithelial cells, and the
differential impacts to the normal and tumorigenic cells found in our work, supports the importance
for additional nanotoxicological and in vivo inhalation studies, focused on assessing currently

established occupational PELSs.
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MATERIALS AND METHODS

Source of materials. WSz nanosheets were synthesized by the Nanotechnology Health
Implications Research consortium at the Harvard HSPH-NIEHS Nanosafety Centerl. Hoechst
33342, 5-(and-6)-chloromethyl-2°,7’-dichlorofluorescein diacetate (CM-H2DCF-DA), 2°,7°-
dichlorofluorescein diacetate (H.DCF-DA), chlorpromazine hydrochloride, cytochalasin D,
genistein, Image-iT lipid peroxidation Kit, mitochondria isolation Kit for cultured cells,
bicinchoninic acid (BCA), SuperSignal West Pico Plus, and the CYyQUANT LDH cytotoxicity
assay kit were purchased from Thermo Fisher Scientific (Waltham, MA, USA). CCK-8 was
purchased from BiMake (Houston, TX, USA). Bronchial Epithelial Cell Growth Basal Medium
(BEBM) was purchased from Lonza (Basel, Switzerland). Phosphate buffered saline (1 x PBS,
pH 7.4), Ham’s F-12K (Kaighn’s) Medium, penicillin-streptomycin (1000 U/mL), and fetal
bovine serum (FBS), were manufactured by Gibco (Waltham, MA, USA). Mitochondria
membrane potential (MMP) kit was acquired from Sigma-Aldrich (St. Louis, MO, USA).
RealTime-Glo Annexin V Apoptosis & Necrosis Assay, and secondary antibody (anti-rabbit 1IgG
(H+L) HRP conjugated) were purchased from Promega (Madison, WI, USA). Primary antibodies
for cytochrome-c, caspase 3, caspase 9, and GAPDH (rabbit polyclonal) were purchased from
Sino Biological. The caspase 8 antibody (rabbit polyclonal) was acquired from Proteintech.

WS Characterization. A Thermo Scientific Talos L120C TEM and a Thermo Scientific Titan
Themis 300 STEM equipped with a Super-X EDS system used for elemental analysis were
employed to examine the nanosheets. WSz nanosheets were dropped onto 200-mesh copper grids
with holey carbon support films and dried under ambient conditions prior to imaging. For AFM,
WSz nanosheets were diluted in ethanol, dropped onto a Si wafer, and dried under ambient
conditions. The Si wafer was first cleaned with H2SO4/H202 (3:1) overnight, washed with
acetone and ethanol 3-, then treated with (3-aminopropyl)triethoxysilane (APTES) overnight to
attach amine groups to its surface. AFM imaging was performed with a Bruker VEECO D3100
Nanoman AFM, with images acquired in tapping mode, using the MESP-V2 probe (Bruker). The
scanning rate was 1 Hz, with integral gain of 0.2 and proportional gain of 0.4. The amplitude set-
point was set at 1.250 V, and the tip velocity was 6 um/s. Image analysis was performed with
NanoScope V530r3sr3 (Bruker).The hydrodynamic diameter (Dn) was measured with a
Nanosight NS300 from Malvern Panalytical using a low-volume flow cell manifold. Sixty
second videos were collected in triplicate and the WSz Brownian motion was analyzed with the
Malvern NTA 3.3. software. Zeta () potentials and dynamic light scattering size measurements
were measured with a Malvern Zetasizer (Nano ZS) and DTS1070 zeta cell. Surface functional
groups were analyzed using a Thermo Nicolet 6700 FTIR. WS2 absorbance was measured with
an Agilent Cary 60 UV-Vis spectrophotometer.

Cell culture. Alveolar basal epithelial cancer cells (A549) and non-tumorigenic lung epithelial
cells (BEAS-2B) were cultured in Ham’s F-12K Medium (supplemented with 10% FBS and 1%
penicillin/streptomycin) and supplemented BEBM, respectively. Cells were grown in a
humidified incubator at 37°C, 5%. COz, regularly screened for mycoplasma contamination, and
transferred to well plates for exposure experiments once cells reached confluency (~80%).

WS2 suspensions in cell culture media (CCM). Aliquots of WSz nanosheets, suspended in 10
mg/mL PF108, were diluted in CCM to a concentration of 100 pug/mL, inverted 5x, and
incubated in a warm water bath (37°C) for 1 hour (h). After the incubation, the solutions were
inverted 5x, diluted into working stocks with fresh CCM and subsequently pipetted into wells
containing cultured cells.
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LDH leakage assay. Cells were seeded and grown as mentioned above. Following WS:
exposure, 50 pL of the supernatants were transferred to a new well plate, mixed with the
Reaction Mix solution (Invitrogen’s CYQUANT LDH cytotoxicity assay), and incubated in dark
ambient conditions for 30 min. The reaction was stopped and the absorbances at 490 and 680 nm
were measured with a Promega Glomax plate reader. The LDH activity was calculated by taking
the difference in absorbance (Aag0-Asso).

Viability (Trypan blue) assay. Cells, grown in clear 6-well plates with initial seeding densities of
2 x 10° cells/well, were dosed with 0, 1, 5, 10, 50, and 100 pg/mL of WSz nanosheets for 24 h.
Following exposure, cells were washed 2x with cold 1x PBS, and detached from the plate using
a 0.25% trypsin-EDTA solution. Cells were pelleted to remove the trypsinization solution and
were resuspended in 1mL of fresh CCM. An aliquot (10 pL) was diluted with Trypan blue (1:1
v/v) and cells were counted with a TC20 automated cell counter (BioRad).

Metabolically active cells (CCK8) assay. Cells, grown in clear 96-well plates with initial seeding
densities of 1 x 10* cells/well, were dosed with 0, 0.1, 0.5, 1, 5, 10, 20, 50, & 100 pg/mL of WS:
nanosheets for 24 h. Following exposure, cells were washed 2x with cold 1x PBS, and fresh
media was introduced into the wells with the CCK-8 reagent. Following a 1-h incubation at
37°C, the absorbance at 450 nm was measured with a Biotek plate reader. Cytotoxicity was
calculated by subtracting the background signal and normalizing to the unexposed control.

Cell ROS assay. Cells were seeded in black 96-well plates at a density of 1x 10* cells/well.
Following the same treatment and washing steps mentioned above, cells were exposed to either
2% Deep Red or 5 uM CM-H2DCF-DA (in 1x PBS) for 30 min. The loading probe solution was
removed and replaced with CCM to allow for a 30 min recovery period. The fluorescent signal
was measured using bottom read mode at 650/675 and 485/528 nm (ex/em), respectively, with a
Tecan plate reader. Fluorescence intensities were normalized to the untreated control (Fo), (i.e.
F/Fo).

Abiotic ROS assay. H.DCF-DA was deacetylated in CCM with 10% FBS for 30 min at 37°C.
WS:2 nanosheets were plated into a black-bottom 96-well plate and loaded into a GloMax plate
reader. The activated dye was injected into each well. The final concentrations for H2DCF was 1
MM, After 10 min in dark conditions, the fluorescence of the DCF dye was measured at 488/525
nm (ex/em).

Lipid membrane peroxidation. Cells were seeded in black with clear-bottom 96-well plates (1 x
10* cells/well). Following 24 h exposures to either 0, 5, or 50 pg/mL WSz, cells were washed 2x
with 1x PBS and stained 20 min with 10 uM Image-iT Lipid Peroxidation Sensor and 5 uM
Hoechst 33342. The dyes were removed and cells were washed 2x with cold 1x PBS. Cells
exposed to 100 uM cumene hydroperoxide for 1 h served as the positive control. Imaging was
accomplished with a Nikon Eclipse Ti inverted microscope using Texas Red & FITC filters.
Cellular fluorescence intensities were analyzed with ImageJ2 software (version: 2.3.0/1.530).

Mitochondria membrane potential. Cells were seeded in 6-well plates (2 x 10° cells/well).
Following 24-h exposures to 0, 10, or 50 pg/mL WS, cells were washed 2x with 1x PBS and
stained for 20 minutes with 1x Mitochondrial Membrane Potential Dye (Sigma Aldrich). Cells
were detached and pelleted by centrifugation at 500 g for 5 minutes. Cells were resuspended in
ice-cold 1x PBS, strained to obtain a uniform single cell suspension, and analyzed with an
ACEA NovoCyte flow cytometer using the FITC channel (Aem = 535 nm). For each condition
100,000 events were collected and analyzed with the Agilent NovoExpress software.
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Cellular uptake measurement with ICP-OES (continued). An internal standard, yttrium (2.5
ppm), was added to the sample stream between the autosampler and the nebulizer. The RF
frequency was 1350 Watts. The autosampler rate was 0.8 mL/min. Argon flow rates for plasma,
the auxiliary, and the nebulizer were 15, 0.2, and 0.5 L/min, respectively. To calculate cell and
mitochondria uptake, background signals from untreated cells, or mitochondria, (x) were
subtracted from the concentrations measured in WS treated cells, or mitochondria, (y) and the
values were normalized to cell-free WSz nanosheet controls digested at the respective
concentrations (z), with Eq. 1:

(1) % uptake = (zzm—teem)
Zppm

Real-time apoptosis and necrosis assay. Cells were seeded in black, clear-bottom, 96-well plates
with a density of 1 x 10*cells/well. The 2x Detection Reagent was aliquoted and Annexin
NanoBit Substrate, CaClz, Necrosis Detection Reagent, Annexin V-SmBIT and the Annexin V-
LgBIT were added at a 500-fold dilution. The original culture media in the wells was removed,
and 100 pL aliquots of 2x the desired starting concentration of WS2 were prepared and added to
the wells. To these wells, 100 pL of the 2x Detection Reagent mixture was added and
immediately after luminescence and fluorescence were measured (t = 0). Measurements were
subsequently made at 6, 12, and 24 h. Background controls, WS: in cell culture media without
cells, were measured and subtracted from the exposed cell measurements.

Immunoblotting. After cells were treated with WS2 nanosheets, they were placed on ice and
washed 2x with cold 1x PBS. Cells were lysed with 200 pL of 2x Laemmli buffer supplemented
with 2-mercaptoethanol. Lysate solutions were transferred to cold microcentrifuge tubes and
vortexed every 10 min for 1 h. Protein concentration was determined with BCA. Cell lysates
were boiled for 5 mins, separated on 12% SDS-PAGE gels at 100 V, and transferred to
nitrocellulose membranes via semi-dry method for 45 min. Blotted membranes were blocked
with 3% bovine serum albumin (BSA) in Tris-buffered saline with 1:1000 Tween (TBST) for 12
h with agitation at 4 °C. The blots were rinsed 3x with TBST for 5 min/rinse, then incubated with
primary antibody solutions (primary antibody diluted in 3% BSA in TBST, 0.1% NaNs) for 8 h
with agitation at 4 °C. Blots were rinsed 3x with TBST for 3 min/rinse and incubated with
secondary antibody solutions (secondary antibody diluted in 3% BSA in TBST, 0.1% NaNs3s) for
1 h with agitation at ambient temperature. Unbound secondary antibodies were removed by
washing blots 3x with TBST for 3 min/rinse. SuperSignal West Pico Plus was used for the
chemiluminescent substrate and blots were imaged on a Li-COR Fc.
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Figure S-1. Hydrodynamic diameter (Dn) of WS2 nanosheets measured by NTA.The Dn was
195 + 13 nm. The black line represents the mean (n=3) and the red outline shows SD.
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Figure S-2. The Dn of WS2 nanosheets, measured by DLS. The D was 199 + 24 nm. The blue

line represents the average (n=3) measurement of WSz in water. The red line represents the
average measurement of WSz prepared in cell culture media supplemented with 10% FBS.
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Figure S-3. EDS spectra of WSz nanosheets. Atomic and mass fractions of WSz are shown as
bar plots. Each bar represents the mean + SEM.
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Figure S-4. UV-Vis spectra of WSz nanosheets at different concentrations.
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Figure S-5. FTIR spectra.The spectra for suspended WS2 nanosheets is shown with red line. The
spectra for PF-108, the surfactant used to suspend the WS: nanosheets, is displayed with a black
line. The green dotted line box shows a zoomed in section of the FTIR spectra with a
characteristic band at 526 nm for S-S bonds in the nanosheets.

S9



no wash 1 x wash

0_

-10- - 10
S = b
E > o
T -20- o e
2 & Ry
()
°© .Ji}
Qo
©
+ -30-

N o
-40+ ® nH,O @ inCCM

Figure S-6. (-potential of WS2 nanosheets. The nanosheets were diluted to 30 pg/mL in water or
cell culture media, incubated for an hour, and collected (16,000 x g; 20 mins). The nanosheets
were either directly resuspended (no wash) or washed 1 x with H20 then resuspended in DI H20
with 0.1 mM NaCl (1 x wash) for zeta potential measurements. Bars represent the average + SD
(n=3).
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Figure S-7. SDS-PAGE confirms minimal protein adsorption on WSz isolated from CCM.L.:
molecular ladder. For each gel, the WSz concentration is 50 pg/mL. A) Lane 1: WS; diluted in
H20 without incubation in CCM. Lane 2: WS> were incubated in CCM for 1 h, pelleted (16,000
x g; 20 mins) and not washed. Lane 3: WSz were washed 1 x with 1x PBS. Lane 4: WSz
nanosheets were washed twice. To determine if the surfactant (PF108) was preventing protein
corona formation, the nanosheets were concentrated, following a protocol?, to reduce dispersant
levels. The gels in panel B) show increased protein adsorption following nanosheet concentration
however, after washing the material, proteins were desorbed and removed. Lane 1: Concentrated
WSz were incubated in CCM, pelleted (16,000 x g; 20 mins) and not washed. Lane 2: WS2 were
washed 1x with 1x PBS. Lane 3: WSz nanosheets were washed twice.
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Figure S-8. Metabolically active cells following WSz exposure measured with CCK8. Cells were
exposed for 24 h to 0 — 100 pg/mL WS2.The bars represent the mean + SD (n=3). Cells treated
with the WS2 nanosheets are compared to control cells (0 pg/mL) and analyzed by 1-way
ANOVA with Tukey correction. ****: p < 0.0001.
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Figure S-9. Metabolically active cells following 24 h exposure to PF108.he PF108
concentrations (0-3.22 mg/mL) correspond to the approximate amount of PF108 cells were
exposed to when they were treated with 0, 5, 10, 50, and 100 pg/mL WSz, respectively.
Metabolically efficiency was measured with CCK8. Bars represent mean + SD (n=3).
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Figure S-10. WSz nanosheets, without H202, do not induce ROS in an abiotic system.The bars
represent the mean + SD (n=3).
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Figure S-11. Concentration-dependent cell morphological changes induced by WS.. Scale bars:
100 pm.
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Figure S-12. Fluorescent images of peroxidation in A549 treated with WS.. Scale bar: 100 um.
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Figure S-13. Fluorescent images of peroxidation in BEAS-2B treated with WSa. Scale bar: 100
pm.
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Figure S-14. WS2 impact on BEAS-2B lysosomes. Lysosome, mitochondria and nuclei were
stained with LysoView 550, MitoView 650 and Hoechst 33442 dyes following 24 h exposure to
0, 5, 10, and 50 pg/mL WS: nanosheets. The column furthest to the right reflects the merged
images. Scale bars: 50 pum.
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Figure S-15. WSz impact on A549 lysosomes.Lysosome, mitochondria and nuclei were stained
with LysoView 550, MitoView 650 and Hoechst 33442 dyes following 24 h exposure to 0, 5, 10,
and 50 pg/mL WSz nanosheets. The column furthest to the right reflects the merged images.
Scale bars: 50 pm.
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Figure S-16. Lysosome signal intensity following WS2 exposure.The signal from stained
lysosomes was quantified using ImageJ and these values was normalized to the counted cell
numbers in the fluorescence images from Figs. S-14 and S-15.
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Figure S-17. Dissolved WS2 nanosheets measured with ICP-OES.ICP-OES was used to measure
the amount of dissolved WS2 nanosheets in the supernatants of samples prepared in water or cell
culture media (CCM). The values were normalized to the average value of the dissolved control
(5 pg/mL digested with aqua regia). Bars represent the mean + SD. *** p < 0.001, **** p <
0.0001, 1-way ANOVA with Tukey corrections.
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Figure S-18. Internalized WS: nanosheets in BEAS-2B cells revealed by TEM with EDS.Scale
bars: 2 um and 500 nm.
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Figure S-19. Internalized WSz nanosheets in A549 cells revealed by TEM with EDS.Scale bars:
2 um and 500 nm.
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Figure S-20. TEM of control cells.A) HAADF and EDS images of a control BEAS-2B cell. B)
HAADF and EDS images of a control A549 cell. Elemental mapping confirms the absence of
elemental tungsten inside untreated control cells. Scale bars: 2 um.
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Figure S-21. Colocalization of mitochondria with membrane peroxidation in BEAS-2B.Scale
bars: 100 pm.
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Figure S-22. Colocalization of mitochondria with membrane peroxidation in A549.Scale bars:
100 pm.
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Figure S-23. Mitochondrial membrane potential (Awm) following exposure to WS2.Unexposed
A) BEAS-2B and B) A549 cells (black trace), show minimal changes to Awm. Treatment with 10
pg/mL WS (red trace) resulted in Awm changes.
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Figure S-24. Dysregulation of mitochondria function induced by 10 pg/mL WS2. Oxygen
tension profiles of BEAS-2B and A549 cells exposed A) in real-time, and B) pretreated for 24 h,
with 10 pg/mL WS2. Oligomycin (oli) and a mixture of rotenone and antimycin A (r/a) were
injected at specific timepoints (to a final concentration of 1.5 uM and 0.5 pM, respectively) to
assess ATP production by glycolysis and oxidative phosphorylation. Each point represents an

average measurement = SD (n=3).
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Figure S-25. Dysregulation of mitochondria function induced by 5 pg/mL WS2. A) OCR and B)
oxygen tension profiles of BEAS-2B and A549 cells exposed in real-time to 5 pg/mL WSa.
Oligomycin (oli) and a mixture of rotenone and antimycin A (r/a) were injected at specific
timepoints (to a final concentration of 1.5 uM and 0.5 pM, respectively) to assess ATP
production by glycolysis and oxidative phosphorylation. Each point represents an average
measurement = SD (n=3).
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Figure S-26. Immunoblots for apoptosis related protein expression in cells.Immunoblots of
cytochrome-c, GAPDH (loading control), as well as activated and inactivated caspase proteins
from A) BEAS-2B lysates and C) A549 lysates. Protein expression in B) BEAS-2B and D) A549
quantified from immunoblots with ImageJ.
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