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Abstract

®

CrossMark

The physicochemical properties and the toxicological potential of commercially available MoS;
nanoparticles with different lateral size and degradation stage were studied in the present
research work. To achieve this, the structure and stoichiometry of fresh and old aqueous
suspensions of micro-MoS, and nano-MoS, was analyzed by Raman, while x-ray photoelectron
spectroscopy allowed to identify more quantitatively the nature of the formed oxidized species.
A, the toxicological impact of the nanomaterials under analysis was studied using
adenocarcinomic human alveolar basal epithelial cells (A549 cells) and the unicellular fungus
S. cerevisiae as biological models. Cell viability assays and reactive oxygen species (ROS)
determinations demonstrated different toxicity levels depending on the cellular model used and
in function of the degradation state of the selected commercial nanoproducts. Both MoS,
nanoparticle types induced sublethal damage on the A549 cells though the increase of
intracellular ROS levels, while comparable concentrations reduced the viability of yeast cells. In
addition, the old MoS, nanoparticles suspensions exhibited a higher toxicity for both human
and yeast cells than the fresh ones. Our findings demonstrate that the fate assessment of
nanomaterials is a critical aspect to increase the understanding on their characteristics and on
their potential impact on biological systems along their life cycle.

Keywords: molybdenum disulfide, nanoparticles, fate, physicochemical composition, toxicity,

oxidative stress, cell viability

(Some figures may appear in colour only in the online journal)

1. Introduction

Two-dimensional (2D) layered materials include a wide
range of compounds such as graphene-based nanomaterials,
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transition metal dichalcogenides (TMDs), hexagonal boron
nitride (h-BN), layered metal oxides and other compounds [1].
Due to their atomic or nanoscale thickness and large lateral
size [2], 2D layered materials are suitable for biological and
biomedical applications such as drug delivery, tissue engin-
eering, bioimaging and biosensing [3]. Layered TMD nano-
materials such as molybdenum disulfide (MoS;) represent an
emerging class of 2D materials [4]. The bulk crystal is organ-
ized by covalently bonded monolayers stacked vertically with
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weak van der Waals forces, which enable the possibility to
easily exfoliate it into monolayer nanosheets, like graphite
and h-BN. One of the main industrial application of layered
MoS; is solid lubrication, and the potential of 2D MoS, films
as solid lubricants for micro- and nanoscale mechanical sys-
tems is being explored too [5]. The large surface area of the
layered nanosheets facilitates their biological interaction with
cell membranes [6], and the distinctive physicochemical char-
acteristics of MoS, have attracted considerable interest for
the development of functional nano-agents for biosensing [7],
drug delivery [8], cancer therapy [9], in conjunction with other
biomedical applications such as tissue regeneration [10] and
antibacterial effects [11]. However, it has been reported that
MoS; nanomaterials can induce cell membrane damage in dif-
ferent unicellular systems [12].

Given the above context, assessing the toxicity of MoS,
biological systems is an essential matter. Specific parameters
such as lateral dimensions, number of layers, surface area, pur-
ity, shape, and size can substantially influence the interaction
between MoS; and biological systems [1]. For that reason, the
same compound can show different antibacterial and cytotoxic
mechanisms depending on different physicochemical para-
meters. Overall, understanding how MoS; nanoparticles inter-
act with cellular models and their components is important to
identify their safety and biocompatibility. However, while a
great progress has been achieved in understanding how safe
are 2D nanosheets such as graphene and its derivatives, there
is still limited knowledge about the toxicological potential of
others derived from different layered materials, like those from
the TMD family. Recently, toxicological studies of 2D MoS;
have been undertaken, with particular attention to mammalian
cell lines. For instance, the interaction between MoS, and
human cell lines has been studied using tumoral cells, such as
adenocarcinomic human alveolar basal epithelial cells A549,
gastric adenocarcinoma epithelial cells AGS and breast can-
cer epithelial cells MCF, and normal like epithelial kidney
cells HEK293f and keratinocytes cells HaCaT cell lines [13—
16]. The aim of these studies was to investigate different para-
meters such as cytotoxicity, cellular uptake and inflammatory
responses using several cell lines that could represent the
human potential exposure routes. Others have investigated the
interaction between 2D MoS, with microbial systems, such
as Gram-positive and Gram-negative bacteria, to determine
the potential antibacterial activity of the nanomaterial and
to identify potential toxicity pathways [17]. The availability
of studies analyzing the toxicological effect of MoS, flakes
on fungal species is even more scarce. To date, only two
studies using bulk MoS; and chitosan functionalized MoS,
(CS-MoS;) nanosheets have investigated the toxicological
properties of the TMDs using the yeast S. cerevisiae as a
fungal model [18, 19]. Therefore, to obtain a more compre-
hensive understanding on the toxicological potential of 2D
MoS, additional studies are needed with their focus put on
physicochemical aspects and fate of the nanomaterial, pay-
ing attention to additional biological models and biomolecules
to those already assessed. While the availability of research

works comparing the toxicity of pristine and transformed nan-
oproducts is very low, assessing the stability and degradation
of TMDs is an essential aspect to increase the understand-
ing on the impact of these materials and their transformation
products in biological systems. MoS, nanosheets have been
shown to be thermodynamically and kinetically unstable to
oxidation under ambient conditions in aqueous media, result-
ing in measurable morphological changes and in the release
of soluble molybdenum and sulfur species, generating protons
able to destabilize the remaining sheets [20, 21].

In the present study, we investigate the biological effects
of commercially available mono- and bilayer MoS, flakes of
different lateral sizes with distinct integrity stages, using dif-
ferent cell models, such as adenocarcinomic human alveolar
basal epithelial cells (A549) [22] and the yeast S. cerevisiae
[23]. Raman spectroscopy and x-ray photoelectron spectro-
scopy (XPS) were used to determine the extent of oxida-
tion and to identify the relevant species derived from MoS,
nanosheets in water suspensions. Hence, we analyzed to what
extent the nanomaterials oxidation influence the toxicological
responses of the laboratory models used. The obtained res-
ults provide information about the time-dependent oxidation
degree of MoS; nanoparticles, which is critical to understand
and regulate issues related to their environmental fate, and
their impact on different biological models.

2. Materials and methods

2.1. Materials and reagents

Most chemicals and reagents were purchased from Sigma-
Aldrich (Merck KGaA, Darmstadt, Germany) and Acros
Organics (Thermo Fisher Scientific Inc., Madrid, Spain).
Monolayer molybdenum disulfide (micro-MoS;) and nano
size monolayer molybdenum disulfide (nano-MoS,) were pur-
chased at ACS material®. The 10 months old (old) water
suspensions were obtained by storing purchased bottles for
10 months at 4 °C.

2.2. AFM and TEM

For AFM analysis, samples were dropped on a mica surface
from aqueous solutions by drop-casting. Images were recor-
ded in AC mode (tapping mode) with a CYPHER ES instru-
ment from Asylum Research (Oxford Instruments), using sil-
icon cantilevers AC160TS-R3 with aluminum reflex coating
(Olympus) and tip radius <10 nm. The analysis was completed
using a set point of 500, 72 mV, a drive amplitude of 791.16
and a drive frequency of 268.639. IGOR Pro 6.2 (Asylum
Research) was used for data acquisition and control. ARgyle
software was utilized for all the images analysis. For TEM
analysis samples were placed on Lacey Carbon Type-A, 300
mesh, copper grids, and visualized and photographed using a
JEOL JEM-1011HR TEM coupled with a Gatan Erlangshen
ES1000W camera at the Microscopy Unit from the University
of Valladolid.
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2.3. Raman analysis

Raman spectra were recorded at ambient conditions from the
same drop-casted samples using the 441.6 nm radiation as an
excitation source emerging from a He-Cd laser (Kimon). The
laser light was focused by a 50x objective creating a focus-
ing area of 1-2 pum. 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 ~2.0cm~!. A very low light fluence (275 W) on the maple
was used to avoid heat induced effects (oxidation and decom-
position). The Raman mode of Si single crystal at 520 cm !
was used to calibrate the wavenumber scale of the spectra.

2.4. XPS

The surface analysis study was performed in a UHV chamber
(P < 10~° mbar) equipped with a SPECS LHS-10 hemispher-
ical electron analyzer and a dual anode x-ray gun. The XPS
measurements were carried out at room temperature using the
unmonochromatized AlKa radiation under conditions optim-
ized for maximum signal (constant AE mode with pass energy
of 97 eV giving a full width at half maximum, FWHM, of
1.7 eV for the Ag3ds, peak). The XPS core level spectra
were analyzed using a fitting routine, which allows the decom-
position of each spectrum into individual mixed Gaussian-
Lorentzian components after a Shirley background subtrac-
tion. The samples were prepared by drop-casting aliquots of
the MoS, water dispersions onto 1 x 1 cm? Si wafers. Errors
in the quantitative data are in the range of ~10% (peak areas),
while the accuracy for binding energy (BEs) assignments is
~0.1 eV.

2.5. A549 cell culture

The human alveolar carcinoma epithelial cell line A549
(ATCC, CCL-185) was utilized for toxicological evaluation.
Cells were grown in DMEM medium (Dulbecco’s Modi-
fied Eagle Medium) supplemented with 10% fetal calf serum
(FCS), 1% penicillin, 1% streptomycin and grown in a humid-
ified incubator at 37 °C (5% CO,). In all assays performed,
cells were trypsinized after 24 h of incubation, at 90% conflu-
ency. Around 3 x 10* cells (suspended in 200 ul of growth
media) in each well of a 96 well micro-plate were allowed to
adhere and grow for 24 h.

2.6. Dispersions of micro and nano MoS, for A549 cells
toxicity assays

The solutions for the Neutral Red assay were prepared
using the commercial stocks (1 g 17!) in treatment medium
(DMEM 1% FCS) and sterile water to prepare final stocks of
160 mg 1!, Afterwards, to prepare the solutions for the react-
ive oxygen species (ROS) assay, the commercial stocks were
diluted in HBSS (Hank’s Balanced Salt Solution) 10x and
sterile water. After an initial sonication of the mother stock
samples, the suspended (micro- and nanoscale) MoS, samples
were vortexed for few seconds to homogenize the final solu-
tion for the toxicity assays.

2.7 A549 cells Neutral Red assay

After 24 h incubation, cell culture medium was discarded
and cells were washed DPBS (Dulbecco’s phosphate-buffered
saline). The central wells of the 96 well micro-plate were
incubated with treatment medium with the final concentra-
tion of 20, 40, 80 and 160 mg 1~!. Cells were then incub-
ated for 24 h at 37 °C, under 5% CO,. Successively to the
24 h exposure to the nanomaterials, cells were washed and
incubated with 100 pl of the Neutral Red solution for 2.5 h at
37 °C in the dark. The Neutral Red solution was prepared as
follows: 1:100 dilution of the Neutral Red stock (3-amino-7-
dimethylamino-2-methyl-phenazine hydrochloride) was pre-
pared in treatment medium (DMEM 1% FCS), previously
incubated for 24 h at 37 °C and centrifuged at 3000 rpm for
10 min to precipitate crystals formations. After incubation,
Neutral Red Solution and nanoparticles were discarded and
each well washed with DPBS. Afterwards, 100 pl of a fixa-
tion solution (formaldehyde 4%) was added to each well for
2 min, and cells were washed again. Each well was treated
with 150 pl of solubilization solution (50% ethanol 96%, 49%
H,0, 1% acetic acid) at room temperature for 10 min with
shaking and covered from light. To measure the fluorescence,
100 pl of each extract from cells was transferred into a black
opaque 96 micro-well plate. The micro-plate reader spectro-
photometer (Synergy-HT, BioTek) was used to read fluores-
cence at excitation 525/30 nm and emission at 640/645 nm.

2.8. A549 cells ROS assay

The quantitative measurement of intracellular ROS was invest-
igated using 2,7-dichlorofluorescin diacetate (DCFH-DA).
The DCFH-DA inactively pass the cell’s membrane and reacts
with the intracellularly ROS. The last product of this reac-
tion is the highly fluorescent compound dichlorofluorescein
(DCF). Twenty-four hours after seeding, A549 cells were
transferred in a 96 micro-well plate, washed twice with HBSS
and incubated with 200 p1 of DCFH-DA (50 M) for 30 min at
37 °C. After the exposure time, cells were washed with HBSS
and incubated with 200 ul of nanoparticles solutions at 20, 40,
80 and 160 mg 1~!. The ROS production is measurable due to
the oxidation reaction of DCFH to dichlorofluorescein (DCF)
intracellularly. Fluorescence intensity was measured after 1 h
incubation, at 485 nm excitation and 520 nm emission using a
microplate reader (Synergy-HT, BioTek). The experiment was
repeated three times.

2.9. Yeast culture

S. cerevisiae B4741 was maintained in liquid and agar media
of YPD medium (1% yeast extract, 1% yeast bacto-peptone,
2% glucose). In exposure experiments, cells were firstly grown
on a rotary shaker at 185 rpm at 30 °C until the final ODgpp nm
was equal to 1 (exponential phase).

2.10. Yeast colony forming units (CFUs) determination

A 24 multi-well plate was used for the incubation of
yeast (ODggonm = 1) in the presence of micro-MoS, and
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nano-MoS;. The concentration ranges tested for all the
samples were 160 and 800 mg 17!, for 2 and 24 h. To define
cells viability after each exposure time, aliquots were diluted
10* times, in case of 2 h exposure, and 10° times, in case
of 24 h exposure, and 100 ul of the diluted suspensions was
plated on solid YPD medium (6% agar). Plates were incubated
at 30 °C for 48 h and CFUs were determined.

2.11. Yeast ROS assay

For the evaluation of ROS, a 24 multi well plate was used.
Cells with a final ODgyy nm equal to 1 (exponential phase)
were centrifuged (for 3 min at 4000 rpm), washed and sus-
pended in 12.5 ml of DPBS (ODgyp nm = 16). Success-
ively, the commercial stock with dry CM-H2DCFDA (Gen-
eral Oxidative Stress Indicator) was suspended in 20 ul of
DMSO (dimethyl sulfoxide) and the final concentration of the
reagent is equal to 4.33 mM. Subsequently, cells were incub-
ated with 20 ul of CM-H2DCFDA in the dark for 60 min at
30 °C and 185 rpm. Cells were then centrifuged, washed with
DPBS and suspended in 5 ml YPD 5 x liquid medium. Then,
cells were incubated with the nanomaterial suspensions (final
volume 1 ml) for 2 h at 30 °C and 185 rpm in the orbital shaker.
The concentrations tested were 160 and 800 mg 1~!. After the
2 h incubation, 500 ul of each sample were centrifuged and
washed two times with DPBS. Next, each sample was suspen-
ded in 200 pl of AcLi (lithium acetate) 2 M and incubated for
2 min with moderate agitation in the thermomixer at 400 rpm.
Thus, cells were centrifuged and the pellet was suspended in
200 1 OF 0.01% SDS (sodium dodecyl sulfate) + chloroform
(150 1 in 40 ml) and incubated for 2 min. Afterwards, 150 pl
of each sample was transferred on a black opaque 96 micro-
well plate and the fluorescence was measured at 485 nm excita-
tion and 528 nm emission using a microplate reader (Synergy-
HT, BioTek).

2.12. Statistics

Statistical analysis data are presented as mean + SD. Dif-
ferences between the negative control and the treatment with
MoS, samples were established using a Student’s #-test. The
one-way analysis of variance (ANOVA) was used for mul-
tiple comparisons, followed by Dunnet’s post hoc test. Stat-
istical tests were carried out using Prism 6.0 (GraphPad
Prism, GraphPad Software, Inc.). Statistical significance is
considered with a P values of less than 0.05. Each experiment
was repeated three times in triplicate.

3. Results and discussion

3.1. Selection and characterization of commercial
molybdenum disulfide

In the present work, commercial water suspensions
(1 mg ml~") and powders of MoS, platelets prepared using
lithium-based intercalation method and supplied by ACS
material® were selected: monolayer molybdenum disulfide

(micro-MoS,) and nano size monolayer molybdenum disulf-
ide (nano-MoS,). The characterization information provided
by the supplier indicates a lateral size of 0.2-5 um and a
thickness of 1 nm for the micro-MoS, powder, and a diameter
of 20-500 nm and the thickness of 1 nm for the nano-MoS,
material. To further understand the morphologic features of
both MoS, samples, AFM (figure 1) and TEM (figure 2) ana-
lyses were performed by drop-casting the samples on a mica
surface and carbon-coated copper grids, respectively. Even
if drop-casting and drying nanoparticle monodispersions can
induce aggregated forms, for instance, due to surface dewet-
ting, preventing the accurate visualization and quantification
of particle size distribution, the combination of AFM and TEM
allowed to observe a population of both nanoparticle types as
well as morphological features. As can be seen in figure 1,
AFM images of the two MoS; products showed the presence
of possible aggregates with different shape and a significant
population of particles with a lateral size distribution in the
nanoscale range, with a round shape. Height profile curves
displayed gave insights into the thickness of the observed
nanoforms. TEM images confirmed that the both the micro-
and nano-MoS, particles have a 2D platelet-like shape as
previously described for this type of nanomaterials (figure 2)
[24]. No clear differences amongst both products could be
observed in terms of size, aggregation state or morphological
characteristics.

To explore the structure and stoichiometry of micro- and
nano-MoS; samples at different integrity states, Raman spec-
tra of recently purchased (fresh) and 10 months old (old) water
suspensions were collected and analyzed. Since the probed
area (1-2 pum in diameter) is quite small to provide reli-
able information with a single measurement, various points
of drop-casted films on Si were analyzed. The measurements
showed a very homogeneous behavior of the spectra at vari-
ous points. Representative Raman spectra of the fresh and old
micro- and nano-MoS; suspensions are shown in figure 3. The
first order Raman spectrum of MoS, is characterized by peaks
with symmetries A, and Eég These peaks are observed in
all the spectra displayed, at near 405 cm~' and 385 cm™!,
respectively. A strong band near 520 cm ™! in all spectra ori-
ginates from the Si substrate. The Raman spectra of the pristine
(dry) powders are also presented, revealing that the particles
are free of oxides or other contaminants. The samples stored
in water present considerable changes in Raman spectra, since
the fraction of MoS, decreases systematically due to oxid-
ation. The difference in the A, and Eég modes amounts to
Aw =~ 22.8 cm~! and ~ 23.0 cm™! for the nano- and micro-
sized MoS,, respectively. These values indicate a thickness of
the particles of about 2-3 monolayers [25]. For better visualiz-
ation, the spectra of nano-MoS, was enhanced by factors of 2
and 10 for the fresh and old samples, respectively. The Raman
data indicates that nano-MoS, is more vulnerable to oxidation
during water storage, in comparison to micro-MoS,. The fre-
quency difference of the A;, and E%g Raman bands becomes
smaller in soaked samples, as Aw ~ 20-21 cm~! indicates
the prevalence of flakes with mono- or bi-layer thickness for
both the micro- and nano-MoS, samples. For comparison, the
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L 5um

Figure 1. AFM images and corresponding height profiles of micro-MoS, (a) and nano-MoS; (b). Molybdenum disulfide dispersions with a
concentration of 20 mg 1~! were deposited by drop-casting on a mica surface.

spectrum of the MoOj crystal is also shown in figure 3. The
most intense Raman band of MoOs is located at 820 cm ™!,
while a weak broad band appears near this energy in the spec-
tra of the oxidized samples. Additional Raman bands appear in
the spectra of the oxidized samples at ~150 and ~219 cm~!.
Raman spectra of oxides [26] show the existence of bands
near these wavenumbers which correspond to MoOy species
(2 < x < 3). A broader composite band with components at
~458 and ~472 cm~! appears for particles dispersed in water.
This band is strongly enhanced in case of resonance Raman
scattering of MoS,, typically recorded with 632.8 nm near
bandgap excitation (~1.96 eV). The appearance of this band in

the current spectra and its intensification upon increasing the
soaking time indicates the continuous change of the particle
composition. The particle structure changes gradually by oxid-
ation; this causes bandgap widening, as the oxidized species
come into resonance with the excitation source. The creation
of mixed oxysulfide MoS,Oy species could in principle be
responsible for this effect.

In addition to Raman, XPS was employed to identify more
quantitatively the nature of the oxidized species. The same
samples used for Raman scattering were studied by XPS.
This technique probes a much larger area (~0.5 mm?) in
comparison to Raman scattering, hence providing a consistent
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Figure 2. TEM images of micro-Mo$; (a) and nano-MoS; (b). Molybdenum disulfide dispersions with a concentration of 20 mg 1~! were

deposited by drop-casting on carbon-coated copper grids.

picture of the whole sample area. Figure 4 displays detailed
XPS scans for the Mo3d peaks, in the samples under study.
The Mo3d peak is deconvoluted into two doublets with a spin
orbit splitting of 3.3 eV. The BE of Mo3ds); at 233.1 0.1 eV
is assigned to MoOs [27] while that at 229.0 £ 0.1 eV has
been associated to MoS; [28]. In the same energy region,
the S2s band is present. This band consists of two compon-
ents assigned to 2H-MoS, and to bonds of sulfur oxide. The
obtained results show a progressive oxidation of the MoS,
platelets in the water dispersion as a function of time, being
more accelerated in the nano-MoS, sample.

To gain insight into the nature of the MoS, nanosheets oxid-
ation process, the obtained S2p bands were analyzed into their
components. Figure 5 displays representative XPS scans for
the S2p peaks for the micro- and nanosized MoS, old samples.
The S2p band is deconvoluted into four doublets with spin
orbit splitting 1.2 eV. The BEs of the S2ps3,, peaks and their
assignment is as follows: (1) 162.0 £ 0.1 eV; S atom at the
basal plane of MoS;; (2) 163.5 £ 0.1 eV; unsaturated sulfur
atoms; (3) 167.2 4+ 0.1 eV; sulfates; (4) 168.4 + 0.1 eV, thion-
ates, [Sn(SO3)21%~ [28, 29], and or sulfonyl groups (-SO2-
groups) [30].

3.2. Toxicology assessment using adenocarcinoma A549
human cells

The biological response towards the selected commercial
MoS; nanoparticles (recently purchased (fresh) and 10 months
old (old) water suspensions) was firstly assessed using the
human lung (carcinoma) cell line A549, which represents alve-
olar type Il cells, a potential target of nanomaterials after inhal-
ation [31]. The cells were exposed to different concentrations
of fresh and old micro- and nano-MoS, suspensions, up to
160 mg 17!, for a period of 24 h. The Neutral Red assay
was chosen to determine the cells viability in the described
exposure conditions, as it is one of the most used cytotox-
icity tests, including those that evaluate nanomaterials toxicity
[32]. The method is based on the capability of viable cells
to incorporate and bind the supravital dye Neutral Red inside
the lysosomes, being amongst the most sensitive cytotoxicity
tests [33]. As displayed in figure 6, cells exposed to both types
of fresh and old MoS, nanosheets (160 mg 1~') showed to
have the same viability as the negative control. The same res-
ult was observed for the lower concentrations tested of the
different nanoparticles suspensions, indicating that the viab-
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Figure 3. Raman spectra of the micro- and nanosized MoS; soaked
in water (fresh and 10 months old). The spectra of the dry powders
and the spectrum of MoQj3 are also shown for comparison.

ility of A549 cells is not negatively affected in the presence of
micro-MoS; and nano-MoS,, nor by their transformation and
degradation products, at the studied conditions. In addition, no
significant viability differences were observed between cells
exposed to micro- and nano-MoS; particles.

The observed results are comparable to those reported for
MoS; nanosheets obtained using methyllithium (Me-Li) as
intercalating agent [12], where similar concentrations showed
to elicit low cytotoxicity on A549 cells as well. In contrast,
MoS, exfoliated with other intercalating reagents, such as
n-butyllithium (n-Bu-Li) and tert-butyllithium (t-Bu-Li), had a
stronger cytotoxic impact in the cells at the same concentration
range. The potential toxicological effects of MoS, nanosheets
against other human in vitro models has been investigated, like
the cancer cell line TPH1 and the non-tumorigenic lung epi-
thelial cell BEAS 2B, where no cytotoxicity was observed at
concentrations up to 50 mg 1~! [34]. Interestingly, aggregated
MoS, showed higher toxicological potential than that caused
by 2D-MoS,. More recent literature also reports the impact of
MoS; nanoparticles present in aqueous dispersions and coat-
ings, against other human cell line types [15].

Although no previous reports compare the potential tox-
icity of commercial pristine MoS, nanosheets with that
of their transformation products, a recent study revealed
the potential toxicity of two polyvinylpyrrolidone-modified
2H-phase MoS2 nanosheets oxidation products, such as MoO3
and MoO,2~, in exposed HUVECs and SMMC-7721 cells
[35]. The nanomaterial oxidation products showed ability
to reduce the cell vitality in concentrations higher than
200 mg ml~!. Interestingly, a study comparing the toxicity eli-
cited by exfoliated TMDs and graphene derivatives, also indic-
ated that Mo$S, toxicity up 200 mg 17! is low, being lower as
well than that induced by graphene oxide and derivatives [36].

Nanomaterials present at sublethal concentrations can still
alter cell viability by inducing high levels of ROS [37],
which frequently trigger programmed cell death (apoptosis)
[38]. Hence, to obtain additional insights on the potential
adverse biological effects of MoS; nanosheets on human cells
we further investigated the oxidative stress levels of A549
cells exposed to the selected nanoparticles suspensions (fresh
micro-MoS,; and nano-MoS,) and to their transformation
products (old micro-MoS, and nano-MoS,), using the DCFH-
DA assay [39]. As done previously in the viability assay, the
ROS generation was determined after 1 h exposure to concen-
trations up to 160 mg 17! of fresh and old micro- and nano-
MoS,. In these conditions, no significant increase of oxidat-
ive stress levels were observed in exposed A549 cells. Recent
studies investigating the possible cytotoxic effect of dispers-
ible MoS, nanosheets on human dermal fibroblasts and hep-
atoma cells have reported increased oxidative stress in exposed
cells. MoS; induced a dosage-dependent ROS production in
human dermal fibroblasts, which showed an increase of ~50%
and ~75% of ROS levels with respect to the control condi-
tion in cells exposed 100 and 200 mg 17!, respectively [40].
The ROS induction by MoS, nanosheets on human hepatoma
cells HepG2 was even more striking, with significantly higher
oxidative stress levels being observed even in the presence of
2 mg 171 [41].

In relation to the ROS levels observed in A549 cells
exposed to the old nanoparticles suspensions, higher levels
of oxidative stress were observed (figure 7(b)). Cells exposed
to old micro- and nano-MoS, showed 3.6 and 3.1 times
higher ROS levels, respectively, than the non-exposed cells.
The significant oxidative levels induced by the old samples
suggest a mixture toxicity effect derived from the MoS,
nanosheets transformation products. For instance, MoOs is
considered an irritant product, with reported animal carcino-
genicity [42]. MoO3 nanoplatelets were shown to induce ROS
in iMCF-7 cells because of elevated ROS levels [43], but lim-
ited information is available on the toxicity of MoO; and other
MoS, transformation products, such as molybdenum oxysulf-
ide (MoO,Sy) on different human cell lines.

3.3. Toxicology assessment using S. cerevisiae

The toxicity of MoS; nanosheets has been mostly stud-
ied in distinct human cell lines, while the impact of these
nanomaterials and other 2D TMDs in other unicellular organ-
isms is less known.
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Figure 4. Deconvoluted Mo3d XP spectra of (a) fresh micro-MoS,, (b) fresh nano-MoS,, (c¢) old micro-MoS,, and (d) old nano-MoS;.
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Figure 5. Deconvoluted S2p XP spectra of micro-MoS, (a) and nano-MoS; (b) samples obtained from old water suspensions.

For instance, in case of S. cerevisiae, another eukaryotic of different concentrations of fresh and old MoS, nanosheets
model commonly used in toxicology studies, only few reports  suspensions on the yeast strain BY4741 was analyzed.
have described the effect of MoS, forms on yeast cells, such A CFUs determination of S. cerevisiae cells exposed to 160
as bulk MoS, and chitosan functionalized MoS, [18, 19]. and 800 mg 1~! of the different MoS, nanoforms for 2 and 24 h
Here, as previously described for the A549 cells, the impact was performed (see Materials and methods) [44]. As displayed
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Figure 7. ROS production of A549 cells exposed to 160 mg 17! of fresh and old micro-MoS; (a) and nano-MoS, (b) for 1 h. The reported
values are expressed in arbitrary units and correspond to the averages of two biological replicates per culture condition. Data represent the
mean of two replicates (fstandard deviation, SD). Differences were established using a one-way ANOVA followed by Dunnett’s post hoc
test to compare every mean with the control and considered significant at P < 0.05; **P < 0.01.

in figure 8, their impact on the viability of yeast cells was
dependent on the product type, concentration and exposure
time.

After a short exposure time (2 h), no significant viabil-
ity changes were observed in the different conditions tested,
except for that of yeast cells exposed to the high concentra-
tion of old nano-MoS;, where an average decrease on CFUs of
20% was observed. However, a clear decrease on yeast viabil-
ity was observed in exposures of 24 h, being more drastic when
cells were exposed to the old suspensions of both nanoparticle
types. The toxicity provoked by micro-MoS, and nano-MoS,
was comparable. In the presence of 160 mg 1!, the fresh nano-
particles suspensions induced a decrease on yeast viability of
~40%, while the presence of 800 mg 17! reduced the CFUs

around 70%. In case of the old nanoparticles suspensions,
160 mg 1~ ! reduced the yeast cells viability 50% to 60%, while
in the presence of the higher concentration only 1% of the
exposed cells survived.

As previously mentioned, the higher toxicity levels induced
by the old samples, this time in S. cerevisiae cells, sug-
gest a possible mixture toxicity effect produced by the MoS,
nanosheets transformation products. The fact that 160 mg 1~
of both fresh and old nanoparticles were able to reduce the
viability of S. cerevisiae indicates that these products are more
toxic for yeast cells than for the A549 cell line. Previous stud-
ies have demonstrated the antimicrobial properties of MoOj3
[45, 46], while the antifungal properties of SO, are well known
[47], which could explain the higher toxicity observed. Yu
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significant at P < 0.05, *P < 0.05, ***P < 0.001, ****P < 0.0001.

et al investigated the exposure of yeast cells to bulk MoS,,
concluding that concentrations higher than 1 mg1~! could pro-
duce a negative effect on the cell membrane integrity and indu-
cing ROS accumulation, possibly due to the discrete crystal
planes and surface defects of the material [19]. Many stud-
ies have demonstrated that fungal cells toxicity of nanoma-
terials, including MoS; and its transformation products, often
involve oxidative stress and ROS [19, 46, 48-51]. Therefore,
to find out whether the selected MoS, nanoparticles could also
increase the intracellular ROS level in yeast cells, we exposed
the BY4741 strain to 160 and 800 mg 17! of the fresh and old
samples for 2 h (see section 2). As shown in the figure 9, no
significant differences in ROS levels were observed between
the control condition and the conditions were yeast cells
were exposed to 160 mg 17! of the different nanomaterials

suspensions. However, 800 mg 1~! of both types of fresh nan-
omaterials increased ROS significantly, while the same con-
centration of the old suspensions increased the oxidative stress
levels at a minor, non-significant level. This result indicates
that the fresh nanoparticles have a higher capacity to induce
oxidative stress in yeast cells. Also, that the toxicity mech-
anisms induced by the old nanoparticles suspensions are not
necessarily associated to the presence of ROS, at least at an
early exposure stage. Nevertheless, ROS measurements on
S. cerevisiae cells exposed to the old nanomaterials suspen-
sions (160 mg 17 !) for 24 h showed that oxidative stress levels
where three times higher in the test conditions than in the con-
trol condition, indicating that the transformation products of
the MoS, nanosheets are also able to induce significant ROS
levels in yeast cells.
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Figure 9. Oxidative stress (ROS) determination of S. cerevisiae cells exposed to 160 and 800 mg 17! of fresh and old micro-MoS; (a) and
nano-MoS; (b) during 2 h. The reported values are expressed in arbitrary units and correspond to the averages of two biological replicates
per culture condition. Differences were established using a one-way ANOVA followed by Dunnett’s post hoc test to compare every mean
with the control, and considered significant at P < 0.05, ***P < 0.001, ****P < 0.0001.

The use of N-doped MoS; nanostructures and MoOj;
as antifungal agents have been recently explored [46, 51].
The results obtained in the present study also indicate that
MoS, nanomaterials have antifungal properties, producing an
enhanced effect once they are degraded and transformed in a
mix of MoOx, oxysulfide, and MoS,Oy species. The use of
chemicals as nanoparticles in fungicidal applications is a good
alternative to the use of bulk forms, due to their higher dispers-
ibility and larger surface to volume ratio, and to the use of ionic
forms, thanks to their lower leachability.

4. Conclusion

The results obtained in the present study provide novel insights
into the fate of MoS; nanoparticles in aqueous suspensions and
their toxicological impact on different biological systems at
distinct material life cycle stages. The morphological analysis
of commercial micro-MoS, and nano-MoS, determined a lat-
eral size in the nanoscale range for both products, while the
analysis of their structure and chemical composition through
Raman and XPS revealed high similarity between both pristine
nanomaterials, but remarkable differences in the chemical
composition of fresh and old water suspensions. Nano-MoS,
nanoparticles stored as aqueous suspensions were degraded
faster, but in both cases 10 months old suspensions were highly
enriched in a mixture of defected MoSy species, and oxysulf-
ides MoSOy. The differences in composition of fresh and
old MoS, aqueous suspensions affected their toxicological
impact, which was evaluated using human A549 cells and the
yeast S. cerevisiae. Different toxicity levels for both model
organisms were observed when using comparable exposure
conditions. While the selected nanoparticles provoked a sub-
lethal damage on the A549 cells though the increase of intra-
cellular ROS levels, equal concentrations reduced the viab-
ility of yeast cells. Additionally, the old MoS, nanoparticles

suspensions showed higher toxicity for both human and yeast
cells than the fresh ones. The presented results highlight the
relevance of analyzing the fate of nanomaterials at physico-
chemical and toxicological level to increase the understanding
on their characteristics and their potential impact on biological
systems along their life cycle.
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