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g r a p h i c a l a b s t r a c t
�Commercial 2D WS2 aqueous sus-
pensions with different lateral size
where characterized.
�The suspensions were composed by a
combination of 1T0-WS2, 2H-WS2, WO3

and SO2.
�Both commercial samples showed no
reduction on cellular vitality in
A549 cells.
�Both commercial samples reduced the
cellular vitality of Saccharomyces
cerevisiae.
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The utilization of tungsten disulfide (WS2) nanomaterials in distinct applications is raising due to their
unique physico-chemical properties, such as low friction coefficient and high strength, which highlights
the necessity to study their potential toxicological effects, due to the potential increase of environmental
and human exposure. The aim of this work was to analyze commercially available aqueous dispersions of
monolayer tungsten disulfide (2D WS2) nanomaterials with distinct lateral size employing a portfolio of
physico-chemical and toxicological evaluations. The structure and stoichiometry of monolayer tungsten
disulfide (WS2-ACS-M) and nano size monolayer tungsten disulfide (WS2-ACS-N) was analyzed by
Raman spectroscopy, whereas a more quantitative approach to study the nature of formed oxidized
species was undertaken employing X-ray photoelectron spectroscopy. Adenocarcinomic human alveolar
basal epithelial cells (A549 cells) and the ecotoxicology model Saccharomyces cerevisiae were selected as
unicellular eukaryotic systems to assess the cytotoxicity of the nanomaterials. Cell viability and reactive
oxygen species (ROS) determinations demonstrated different toxicity levels depending on the cellular
model used. While both 2D WS2 suspensions showed very low toxicity towards the A549 cells, a com-
parable concentration (160 mg L�1) reduced the viability of yeast cells. The toxicity of a nano size 2DWS2
commercialized in dry form from the same provider was also assessed, showing ability to reduce yeast
cells viability as well. Overall, the presented data reveal the physico-chemical properties and the
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potential toxicity of commercial 2D WS2 aqueous suspensions when interacting with distinct eukaryotic
organisms, showing differences in function of the biological system exposed.
© 2021 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND

license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Monolayer tungsten disulfide (2D WS2) nanomaterials are
standing out within the transition metal dichalcogenides (TMDs)
family due to their unique physico-chemical properties and to the
more favorable commercial availability of W, when compared to
other transition metals with similar properties (Eftekhari, 2017).
WS2 has shown potential for applications in different industrial
settings for the production of transistors, sensors or photocatalytic
and electronic devices (Choi et al., 2017). Since WS2 exhibits both
low friction coefficient and high strength, it also represents an
excellent dry lubricant (Ratoi et al., 2013). Furthermore, as a result
of the low friction coefficient, tungsten disulfide is used in clinical
dentistry for orthodontic implants (Katz et al., 2006). In addition,
WS2 is currently being used in manufacturing, marine, agriculture,
and automotive applications (Eftekhari, 2017). As a consequence of
the increased use of WS2, there is also the necessity to study the
potential toxicological effects of this material, due to the potential
increase of environmental and human exposure. Given the rapid
increases in the production volumes of these nanomaterials, with
novel technologies for large-scale synthesis being developed
(Sharma et al., 2020), and their incorporation into multiple and
new applications, it can be reasonably assumed that releases of 2D
WS2 into the environment will be increasing accordingly from
multiple pathways. These include point source emissions, such as
those from industrial installations or from urban waste-water
treatment plants, and diffuse source emissions, i.e. emissions
from products along their life cycle, whichmay provoke human and
ecosystems exposures to a large range of potential nanomaterial
concentrations.

The structures of exfoliated TMD materials are very different to
those exhibited by conventional bulk structures (Jeevanandam
et al., 2018), and even though all TMDs exhibit similar layered 2D
morphology, their biocompatibility can be significantly altered
depending on several parameters such size, shape or the method
used to prepare the 2D TMD nanosheets (Lv et al., 2015). The
toxicity of WS2 nanomaterials is yet understudied, only a limited
number of toxicological studies are available using distinct
eukaryotic and prokaryotic models (Appel et al., 2016; Liu et al.,
2017; Yuan et al, 2018, 2020). For instance, Appel et al. studied
the potential toxicological effects of WS2 nanoparticles prepared by
several methods such asmechanical exfoliation and chemical vapor
deposition (CVD) toward human epithelial kidney cells (HEK293f)
(Appel et al., 2016), while other authors focused on the evaluation
of the impact of commercial 2D WS2 powders on the viability of
other human cell lines, such as NL-20, HEPG2 and macrophages
(Corazzari et al., 2014; Pardo et al., 2014). The potential synergistic
toxic effects on different human cell lines (RAW264.7 and A549) of
WS2 nanosheets and organic pollutants have been reported
recently as well, showing their capability to damage the plasma
membrane and cytoskeleton, resulting in increased membrane
permeability and enhanced organic pollutant uptake (Yuan et al.,
2020). Moreover, molecular dynamics simulations suggest the
ability of WS2 nanosheets to disturb the secondary structure of
efflux pumps, hampering xenobiotics elimination (Yuan et al.,
2020). The biological responses of Gram-negative Escherichia coli
and Gram-positive Staphylococcus aureus to WS2 nanosheets have
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been reported as well, indicating a time and concentration
dependent antibacterial activity for both bacterial strains (Liu et al.,
2017). The potential toxic effects of chemically exfoliated WS2
nanosheets (Ce-WS2) and annealed exfoliatedWS2 nanosheets (Ae-
WS2, 2H phase) were investigated toward the single-celled green
algae Chlorella vulgaris, where differences in the toxicity of both
nanomaterials towards the microorganismwere observed, possibly
due to differences in the physico-chemical parameters of the two
materials (Yuan et al., 2018). Notably, while recently we have
observed that molybdenum disulfide (MoS2) nanomaterials exert a
negative impact on the viability of the yeast Saccharomyces cer-
evisiae (Domi et al., 2020a), no reports are available yet about the
effect of WS2 nanomaterials on yeast or other fungal species. Thus,
in the present work, we explored the in vitro cytotoxicity of com-
mercial 2D WS2 materials in two different eukaryotic models: hu-
man alveolar carcinoma epithelial cells A549 to mimic the potential
hazard via inhalation exposure (Lanone et al., 2009; Visalli et al.,
2015) and the yeast S. cerevisiae, as a well-established model in
ecotoxicology, to investigate their potential impact in fungi
(Braconi et al., 2016; Mell and Burgess, 2002; Michels, 2003).

2. Materials and methods

2.1. Materials and reagents

Chemicals employed were purchased from Sigma-Aldrich
(Merck KGaA, Darmstadt, Germany) and Acros Organics (Thermo
Fisher Scientific Inc., Madrid, Spain). Monolayer tungsten disulfide
water dispersion (WS2-ACS-M, ref: GLWSW0A2), and nano size
monolayer tungsten disulfide water dispersion (WS2-ACS-N, ref:
GLMSWNA2) and dry powder (WS2-ACS-N-PW, ref: MOS2PN002)
forms were purchased at ACS material®.

2.2. Physico-chemical characterization of 2D WS2 aqueous
suspensions

2.2.1. Atomic force microscopy (AFM) and transmission electron
microscopy (TEM) analysis

AFM images were recorded in tapping mode with an
Alpha300R-Alpha300A AFM Witec instrument, using Arrow NC
cantilevers with a tip radius<10 nm and a force constant of 42 N/m.
All the WS2 samples were placed on a mica surface from aqueous
solutions by drop casting. TEM analysis was performed at the mi-
croscopy unit from the University of Valladolid, using a JEOL JEM-
1011 high-resolution (HR) TEM coupled with a Gatan Erlangshen
ES1000W camera. Samples were deposited on Lacey Carbon Type-
A, 300 mesh, copper grids.

2.2.2. Raman spectroscopy
Raman spectrawere excited by the 441.6 nm radiation emerging

from a HeeCd laser (Kimon). The laser light was focused by a
50 � objective creating a focusing area of 2e3 mm. The scattered
light was collected by the same objective and analyzed using by the
LabRam HR800 (Jobin-Yvon) spectrometer operating at a spectral
resolution of ~2.0 cm. A very low light fluence (275 mW) on the
sample was used to avoid heat induced effects (oxidation and
decomposition). The Raman mode of Si single crystal at 520 cm-1
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was used to calibrate the wavenumber scale of the spectra.

2.2.3. X-ray photoelectron spectroscopy
The surface analysis measurements were performed in a UHV

chamber (P~5 � 10�10 mbar) equipped with a SPECS Phoibos 100-
1D-DLD hemispherical electron analyzer and a non-
monochromatized dual-anode Mg/Al x-ray source for XPS. The
spectra were recorded with AlKa at 1486.6 eV photon energy using
analyzer pass energy of 10 eV which results to full width at half
maximum (FWHM) of 0.85 eV for Ag3d5/2 line. The analyzed area
was a rectangle with dimensions 7x15 mm2. Spectra were accu-
mulated and processed using SpecsLab Prodigy (Specs GmbH,
Berlin) software. The XPS peaks were deconvoluted with mixed
Gaussian e Lorentzian functions after a Shirley background sub-
traction. The WS2-ACS-M and WS2-ACS-N samples were prepared
by drop casting the dispersion on Si wafers, whereas powder of the
WS2-ALK-N was pressed on Indium foil.

2.3. A549 cell culture

The human alveolar carcinoma epithelial cell line A549 (ATCC,
CCL-185) were grown in DMEM medium (Dulbecco’s Modified
Eagle Medium) supplemented with 10% foetal calf serum (FCS) and
1% penicillin/streptomycin (Sigma-Aldrich). Cells were grown in a
humidified incubator at 37 �C and 5% CO2.

2.4. A549 cells neutral red assay

To assess the potential toxicity of the selected commercial 2D
WS2 products, human lung carcinoma A549 cells were exposed to
20, 40, 80 and 160 mg L�1 of WS2-ACS-M and WS2-ACS-N, for a
period of 24 h. Around 3 � 104 cells were incubated in culture
media with 5% CO2 for 24 h at 37 �C. Then, A549 cells were seeded
in 96 well plates and exposed to the mentioned nanomaterials
concentrations, diluted in DMEM 1% FCS. Cells were incubated as
well with medium having the same composition in the absence of
nanomaterials (control cells). After 24 h of exposure, cells were
washed and incubated with 100 mL of the Neutral Red solution
which was prepared as follows: neutral red stock (4 mg L�1) was
diluted 1:100 in treatment media then incubated for 24 h at 37 �C
protected from light. After 2.5 h incubation, cells werewashed once
with DPBS and fixed with formaldehyde 4%. Then, cells were
washed again with DPBS and a solution of extraction (50% ethanol
96�, 49% distilled H2O and 1% acetic acid) was added to all wells.
After 10 min of moderate shaking, this solutionwas transferred to a
new opaque 96-well plate, and fluorescence was measured with a
microplate reader (BioTek Synergy HT, excitation wavelength, 530/
25; emission wavelength 645/40). Results were expressed as per-
centage of control (absorbance of cells in absence of materials). Two
independent experiments were done, employing 3 replicates per
exposure condition tested in each case.

2.5. A549 cells ROS determination

2,7-dichlorofluorescin diacetate (DCFH-DA) was used to
perform quantitative measurements of oxidative stress production
via intracellular reactive oxygen species (ROS). Around 3� 104 cells
per well were seeded in a 96 micro-well plate and labeled for
30 min with 50 mM DCFH-DA in Hanks’ Balanced Salt Solution
(HBSS). After the incubation, cells werewashed oncewith HBSS and
several (20, 40, 80 and 160 mg L�1) concentrations of the nano-
materials (diluted in HBSS) were added to each well. Fluorescence
was measured with a microplate reader (BioTek Synergy HT, exci-
tation wavelength, 530/25; emission wavelength 645/40) after 1 h
of incubation. Two independent experiments were done,
3

employing 3 replicates per exposure condition tested in each case.

2.6. Yeast culture

The yeast S. cerevisiae BY4741 strain was utilized to perform
toxicological assays and was grown in standard liquid YPDmedium
(1% yeast extract, 1% yeast bacto-peptone, 2% glucose). Cells were
cultured in liquid media on a rotary shaker at 185 rpm at 30 �C.

2.7. Yeast colony forming units (CFUs) determination

Yeast cells in exponential growth phase (OD600 ¼ 1) were
incubated with different 2DWS2 samples at 160 and 800 mg L�1 in
1 mL cultures in 24 well plates. The cultures were sampled at two
different exposure times (2 and 24 h), and colony forming units
determination was done by inoculating adequate dilutions in solid
YPD medium plates, which were incubated at 30 �C for 48 h. Two
independent experiments were done, employing 3 replicates per
exposure condition tested in each case.

2.8. Yeast ROS assay

The reagent CM-H2DCFDA (Invitrogen, General Oxidative Stress
Indicator) was utilized to determine ROS in yeast following a pro-
tocol similar to that reported by James et al.24 S. cerevisiae cells
growing in exponential phasewere pelleted, washed and incubated
with CM-H2DCFDA (7 mM) in DPBS for 60min at 30 �C and 185 rpm.
Consequently, yeast cells were washed, suspended in YPD medium
and thus exposed to the three WS2 samples (160 and 800 mg L�1)
for 2 and 24 h. Next, cells were washed two times with DPBS,
incubated 2 min in a solution containing lithium acetate 2 M,
washed again and incubated for 2 min in a solution containing SDS
(sodium dodecyl sulfate) (0.01%) and chloroform (0.4%). Finally,
cells were pelleted and the supernatant was transferred to a black
opaque 96 micro-well plate, where the fluorescence was measured
(excitation ¼ 485; emission ¼ 528) using a microplate reader
(Synergy-HT, BioTek). Two independent experiments were done,
employing 3 replicates per exposure condition tested in each case.

2.9. Statistical analysis

Statistical analysis data are shown as means ± SD. Differences
between the negative control and exposure conditions were
established using one-way analysis of variance (ANOVA) for mul-
tiple comparisons, followed by Dunnet post hoc test. Statistical tests
were carried out using Prism 6.0 (GraphPad Prism, GraphPad
Software, Inc.). P values of less than 0.05 were considered to indi-
cate statistical significance.

3. Results and discussion

3.1. Selection and characterization of commercial 2D tungsten
disulfide

Initially, we selected two commercial 2D WS2 aqueous suspen-
sions from ACS material®, namely monolayer tungsten disulfide
(WS2-ACS-M) (“M” standing for “micro”), with a lateral size ranging
from 100 nm to 4 mm, and nano size monolayer tungsten disulfide
(WS2-ACS-N) (“N” standing for “nano”), with a narrower and
smaller lateral size distribution (20e500 nm). To confirm their
morphologic characteristics AFM and TEM analyses were per-
formed by drop casting the samples on mica surfaces and carbon-
coated copper grids respectively (Fig. 1). The AFM images gave in-
sights into the particle size distribution and shape of both nano-
material types, showing similarities to previously reported AFM



Fig. 1. AFM and TEM images of WS2-ACS-M (a) and WS2-ACS-N (b). Tungsten disulfide dispersions with a concentration of 20 mg L�1 were deposited by drop casting on mica
surfaces and carbon-coated copper grids respectively.
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images of WS2 nanomaterials (�Stengl et al., 2014; Zirak et al., 2015).
The TEM analysis images indicated that both nanomaterials have a
platelet-like morphology, as expected considering the supplier in-
formation. However, considering both AFM and TEM images, no
clear differences between the two products could be observed in
terms of size, aggregation state or morphological characteristics.

To analyze the structure and stoichiometry of the materials, X-
ray photoelectron spectra (XPS) and Raman spectra of the samples
were collected and analyzed. In relation to the XPS analysis,
Fig. 2aeb shows the W4f spectra of WS2-ACS-M and WS2-ACS-N,
respectively. The spectra consist of three doublets with a spin orbit
splitting W4f7/2-W4f5/2 of ~2.0 eV. The binding energies (BE) of the
W4f7/2 components obtained by the fitting analysis are located at
31.9, 32.8 and 35.9 eV, which are assigned to the phases 1T0-WS2,
2H-WS2, and the WO3 oxide, respectively (Liu et al., 2018).
Deconvoluted XP spectra of the S2p peak are shown in Fig. 2ced.
The XP spectra of both materials are analyzed into three doublets
with a spin orbit splitting S2p3/2-S2p1/2 of ~1.2 eV. The binding
energies of S2p3/2 components located at ~161.6, ~162.5 and
~168.0 eV, are assigned to 1T0-WS2, 2H-WS2 (Liu et al., 2018), and to
sulphonyl groups (eSO2e groups) (Marletta and Iacona, 1996),
respectively. The relative fraction of the various components, cor-
responding to the W and S species identified by the fitting analysis
are shown in Table 1.

Raman spectra for the 2D WS2 samples are shown in Fig. 3. The
vertical dashed lines represent the energies of the in-plane E12g and

out-of-plane A1g symmetries of the 2H-WS2 phase located at 356
and 417.5 cm�1, respectively (Berkdemir et al., 2013). The spectrum
of WS2-ACS-M andWS2-ACS-N exhibit the mentioned bands, albeit
as weak features. A strong band near 408 cm�1 overwhelms the
4

intensity of the A1g mode; hence, a fitting analysis was performed
to identify the correct energy of the A1g band. Typical examples of
the fitting for the spectra of both the WS2-ACS-M and WS2-ACS-N
samples are shown in Fig. 3. The peak energies and their differences
of the E12g and A1g bands suggest the existence of monolayer WS2
for both samples. In linewith XPS analysis, theweak intensity of the
2H-WS2, indicates a rather small relative fraction of this phase, in
comparison to other phases present in WS2-ACS-M and WS2-ACS-
N. Indeed, a number of additional strong bands emerge in the
Raman spectra of the selected 2D WS2 samples. As the current
excitation (441.6 nm) is far from resonance conditions (514.5 nm),
the additional Raman bands cannot be assigned to resonance
bands. Based on the XPS analysis, which revealed the presence of
the 1Τ0-WS2 phase and WO3 oxide, we attempt a Raman band
assignment based on these two phases. A number of vibrational
bands have been observed in the Raman spectrum of the 1T0-WS2
phase (Tan et al., 2017). These bands are labeled as J1 (139 cm�1) J2
(133 cm�1) J3 (265 cm�1) and J4 (321 cm�1). All these bands are
observed also in the current spectra, albeit with a red-shift of
2e3 cm�1. For both WS2-ACS-M and WS2-ACS-N samples, the
metallic phase (1T0) was found to be the dominant one in relation to
the semiconducting phase (2H).
3.2. Toxicology assessment using adenocarcinoma A549 human
cells

To study the percentage of the surviving cells after the incuba-
tion with the nanomaterials, the Neutral Red assay was chosen as a
very common cytotoxicity test for the evaluation of the potential
toxicity of nanoparticles (Repetto et al., 2008). The assay allows the



Fig. 2. De-convoluted W4f spectra of (a) WS2-ACS-M, and (b) WS2-ACS-N, and deconvoluted S2p XPS spectra of (c) WS2-ACS-M, and (d) WS2-ACS-N samples.

Table 1
Relative fraction of the 2D WS2 aqueous dispersions components, corresponding to the W and S species identified.

% concentration of WS2 phases and WO3

1T0-WS2 2H-WS2 WO3

WS2-ACS-M 47.7 ± 0.7 13.9 ± 0.7 38.3 ± 0.7
WS2-ACS-N 38.7 ± 0.8 14.5 ± 0.8 46.8 ± 0.8
% concentration of WS2 phases and SO2

1T0-WS2 2H-WS2 SO2

WS2-ACS-M 42.8 ± 0.7 21.8 ± 0.7 35.5 ± 0.7
WS2-ACS-N 41.8 ± 0.8 19.6 ± 0.8 38.6 ± 0.8
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relative quantification of living cells in a culture, due to the capa-
bility of vital cells to absorb the Neutral Red dye, following the
accumulation into the cellular lysosomes. The results obtained after
a 24 h exposure to both 2DWS2 nanomaterial types are displayed in
Fig. 4.

As it can be observed, the viability of the A549 cells was not
reduced in the presence of the different concentrations tested. Few
studies have assessed the toxicological effects of different WS2
nanomaterials toward lung epithelial cells, reporting in some cases
opposite results. While the work of Teo et al. indicated low cyto-
toxicity of exfoliated WS2 nanosheets using thiazolyl blue tetrazo-
lium bromide (MTT) and water-soluble tetrazolium salt (WST-8)
assays in concentrations up to 400 mg L�1, Liu et al. observed an
evident negative impact of WS2 nanoparticles on A549 cells with
concentrations of 50 mg L�1 or higher, employing the CCK-8 assay.
However, in concordance with the results obtained in the present
work, most of the studies testing the toxicity of different TMD
nanoforms, including WS2, indicate a low degree of cytotoxicity
towards respiratorymodels and other human cell lines (Appel et al.,
5

2016; Corazzari et al., 2014; Pardo et al., 2014; Teo et al., 2014).
Although the WS2 nanoparticles did not induce significant cell

death, we aimed to study the possible generation of intracellular
ROS triggered by these materials. ROS generation can result in cell
damage, inflammation and several diseases and pathologies
(Holmstr€om and Finkel, 2014). Henceforth, as done previously in
the Neutral Red viability assay, we determined the ROS generation
after the cell’s exposure during 1 h to different concentrations from
20 to 160 mg L�1 of the 2D WS2 samples (Fig. 5).

The ROS levels observed in the different conditions tested
remained at relatively low level in comparison with the non-
treated cells condition. This result is similar to that observed as
well in exposed A549 cells by Corazzari et al., where the presence of
WS2 fullerene-like spherical engineered nanomaterials did not
induce oxidative stress at different concentrations (Corazzari et al.,
2014). The exposure of other human unicellular models, such as
human kidney cells (HEK293f), nontumorigenic human bronchial
epithelial cells (NL-20) and human liver carcinoma cells (HepG2) to
different WS2 nanoforms has produced similar results to those



Fig. 3. Raman spectra of WS2-ACS-M (a) and WS2-ACS-N (b) samples.
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observed in the present work, where low cytotoxicity levels were
observed (Appel et al., 2016; Pardo et al., 2014). Also, by comparing
the obtained results with those from previous studies where we
have assessed the potential toxicity of distinct commercial bidi-
mensional nanomaterials, such as graphene oxide or molybdenum
disulfide, employing the same exposure conditions as those
described here, it can be observed that the low toxicity displayed by
the selected 2DWS2 nanomaterials is comparable to that observed
for 2D MoS2 (Domi et al., 2020b), while 2D graphene oxide showed
to be less safe (Domi et al., 2019). These observations are in
concordance with those made by other authors, that arrived to the
same conclusion but employing materials from different sources
and distinct toxicology assays (Chng and Pumera, 2015; Teo et al.,
2014).
3.3. Toxicology assessment using S. cerevisiae

The yeast S. cerevisiae is a well-consolidated and widely used
Fig. 4. Viability of A549 cells (Neutral Red assay) exposed to different concentrations of W
exposed cells). Data represent the mean (±standard deviation, SD) of two independent exper
hoc test to compare every mean with the control. (For interpretation of the references to c
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model organism utilized for the evaluation of cellular response to
stress and ecotoxicology studies (Braconi et al., 2016; Ivask et al.,
2014; Sousa et al., 2018). So far, no nanosafety studies are avail-
able on the cytotoxicity of WS2 nanoforms on S. cerevisiae, while
recently, 2D MoS2 have been reported to exert a significant toxi-
cological impact on yeast cells, at least when the nanoparticles
concentration range is from 160 to 800 mg L�1 (Domi et al., 2020a).
Thus, we decided to investigate the possible toxicological potential
of commercial 2D WS2 flakes toward yeast, using the same con-
centration range. One of the most used assays in toxicological an-
alyses when using microorganisms as model organisms is the
determination of the number of colony forming units (CFUs)
(Kwolek-Mirek and Zadrag-Tecza, 2014). Normally, cell viability is
defined as a percentage of living cells in a whole population after
the exposure to a certain substance in a specific time of incubation.
S. cerevisiae cells were exposed to WS2-ACS-M and WS2-ACS-N at
the concentrations of 160 and 800 mg L�1 for 2 and 24 h. As dis-
played in Fig. 6, no significant differences in viability were observed
in the selected exposure conditions after 2 h of exposure in the two
concentrations tested for both samples, compared to the control of
non-treated cells. However, after 24 h exposure, a significant
decrease on the viability of yeast incubated with 2D WS2 could be
observed. Lower average CFUs were observed in the presence of
both concentrations tested. In the presence of 160 mg L�1, the
statistical significance (P � 0.05) of S. cerevisiae viability decrease
was only evident forWS2-ACS-M, probably due to the slightly lower
average viability and smaller standard deviation observed when
compared to the results obtained for WS2-ACS-N in comparable
conditions. However, the viability reduction and statistical signifi-
cance (P � 0.0001) of the nanomaterials cytotoxicity towards the
model fungi were more evident in the presence of 800 mg L�1,
where the average percentage of surviving cells after the exposure
to WS2-ACS-M and WS2-ACS-N was around 50%.

The molecular pathway of the programmed cell death is asso-
ciated with the production of ROS in an extensive variety of or-
ganisms, including S. cerevisiae (Perrone et al., 2008). When the
level of oxidative stress production overwhelms antioxidant de-
fense systems, the cell redox homeostasis is altered, resulting in the
oxidation of proteins, peroxidation of lipids, DNA alterations,
leading to reduced cell viability (Perrone et al., 2008). It has been
reported that a large variety of nanoparticles can induce ROS in
S2-ACS-M (a) and WS2-ACS-N (b) for 24 h. Results are expressed as % of control (non-
iments. Differences were established using a One-way ANOVA followed by Dunnett post
olour in this figure legend, the reader is referred to the Web version of this article.)



Fig. 5. ROS production of A549 cells treated with different concentrations of WS2-ACS-M (a) and WS2-ACS-N (b). The reported values are expressed as the relative fluorescence
value to the control (untreated cells) which was assigned a value of 1. Data represent the mean of 2 independent experiments (±standard deviation, SD). Differences were
established using a One-way ANOVA followed by Dunnett post hoc test to compare every mean with the control and considered significant at P � 0.05. **P � 0.01, ****P � 0.0001.

Fig. 6. CFUs determination of S. cerevisiae cells exposed to 160 and 800 mg L�1 of WS2-ACS-M and WS2-ACS-N during 2 (a) and 24 h (b). The reported values are the averages of two
independent experiments. Differences were established using a One-way ANOVA followed by Dunnett post hoc test to compare every mean with the control, and considered
significant at P � 0.05. *P � 0.05, ****P � 0.0001.
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yeast, such as 2D MoS2 (Domi et al., 2020a), graphene oxide (Domi
et al., 2019), metalloid oxides (Sousa et al., 2019) and magnetic
nanomaterials (Peng et al., 2018). Consequently, to understand
whether the decrease of yeast viability could be associated to
higher levels of oxidative stress, we analyzed ROS levels in cells
exposed to WS2. Hence, yeast cells were exposed to 160 and
800 mg L�1 of both commercial 2D WS2 samples for 2 and 24 h. As
shown in Fig. 7, oxidative stress levels in all exposure conditions
were only slightly higher than those observed for the non-exposed
cells, indicating a low capacity of the nanomaterials to induce the
formation of intracellular ROS in yeast cells.

Interestingly, high concentrations (800 mg L�1) of 2D nano-
materials, such as MoS2 and graphene oxide, induced a clearer in-
crease of ROS levels in yeast than those observed in the presence of
2D WS2 (Domi et al, 2019, 2020a). This difference is particularly
remarkable in case of graphene oxide, where commercial products
from different suppliers induced 20 to 30 times higher ROS levels
7

compared to the non-treated cells condition.
In the present work, commercial aqueous suspensions of 2D

WS2 were selected due to their high nanoparticle dispersibility.
Commercial 2D WS2 dry powders, which are the most common
commercialized form of the 2D nanomaterial, are obtained by
drying 2D WS2 aqueous suspensions that have been prepared
through Li-intercalation and exfoliation in water. The copious gas
evolution that occurs once water is added to LixWS2 to induce 2D
WS2 exfoliation, enables the formation of highly dispersed, stable
colloidal 2D WS2 suspensions. However, when resuspending
commercially available dry 2DWS2 nanopowders inwater to obtain
aqueous suspensions, even when assisted by ultrasonication, the
nanoparticle dispersion rate and the colloidal stability of the sus-
pension obtained is lower (internal communication of the sup-
plier). For this reason, we decided to test as well whether aqueous
suspensions prepared in our laboratory, using the analogous
version of nano size monolayer tungsten disulfide (WS2-ACS-N) in



Fig. 7. Oxidative stress (ROS) determination of S. cerevisiae cells exposed to 160 and 800 mg L�1 of WS2-ACS-M and WS2-ACS-N during 2 h (a) and 24 h (b). The reported values are
the averages of two independent experiments, and are expressed as the relative fluorescence value to the control (untreated cells) which was assigned a value of 1. Differences were
established using a One-way ANOVA followed by Dunnett post hoc test to compare every mean with the control, and considered significant at P � 0.05. *P � 0.05, **P � 0.01.

Fig. 8. CFUs and ROS determination of S. cerevisiae cells exposed to 160 and 800 mg L�1 of WS2-ACS-N-PW, during 2 and 24 h. The reported values are the averages of two in-
dependent experiments. Differences were established using a One-way ANOVA followed by Dunnett post hoc test to compare every mean with the control, and considered sig-
nificant at P � 0.05. *P � 0.05, **P � 0.01, ***P � 0.001, ****P � 0.0001.
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dry form, which we named WS2-ACS-N-PW (“PW” standing for
powder), reduced the viability of yeast too. Fig. 8 displays
S. cerevisiae CFUs determination (Fig. 8a and b) and ROS assays
(Fig. 8c and d), showing that the same concentrations of dry 2DWS2
nanopowders aqueous suspensions and exposure conditions are
able to produce a similar negative impact on S. cerevisiae cells
viability. The different components identified in the analyzed
commercial aqueous suspensions (1T0-WS2, 2H-WS2, WO3, and
sulphonyl groups), might have a role on their negative impact in
yeast, which might be due to a mixture toxicity effect or through
the action of one of the components identified. In particular, the
antifungal properties of SO2 are well known (KING et al., 1981).
4. Conclusions

The results obtained in the present work reveal the physico-
chemical properties and the potential toxicity of commercial 2D
WS2 aqueous suspensions when interacting with distinct eukary-
otic organisms, showing differences in function of the biological
system exposed. Analysing the stoichiometry and structure of the
nanomaterials it has been revealed that the particles are primarily
monolayers, and they are composed by a combination of 1T0-WS2,
2H-WS2, WO3 and SO2 species. Toxicity analyses on human cells
showed that both aqueous 2DWS2 suspensions have not the ability
to impact on their viability, and a small capacity to induce oxidative
stress. The viability of S. cerevisiae was reduced in the presence of
the nanomaterials after long exposure times, although their ability
to trigger ROS production in this organism was very low. Addi-
tionally, the obtained results indicated that the same concentra-
tions of aqueous suspensions prepared with dry 2D WS2
nanopowders, employing comparable exposure conditions, are
able to produce a similar toxicity impact on S. cerevisiae cells.
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