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Abstract Engineered nanomaterials (ENMs) are
growing in interest and use due to the enhancements
envisaged in many applications. ENM hazard identi-
fication and exposure scenarios are growing in interest
too. Inhalation, ingestion and assimilation through
skin during ENM production or use have to be
considered as possible events, and potential ENM
toxicity has to be investigated before new ENM-based
products are placed on the market. To design new
ENM-based additive in lubricants for automotive
application, the European FP7 Project AddNano is
investigating the use of fullerene-like inorganic
nanomaterials, including transition metal disulphides.
In this work, the potential toxicities of well-
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characterized pristine MoS, and WS, ENMs were
evaluated by in vitro cellular and a cell-free chemical
tests. Cytotoxicity and oxidative stress on human
pulmonary epithelial cells (A549), ENM surface
reactivity (free radical production and lipid peroxida-
tion), and ENM durability in simulated biological
fluids were evaluated. In all tests, WS, did not elicit a
response significantly different from the negative
control. MoS, showed a moderate cellular toxicity at
the highest dose and was inert in all other circum-
stances. Both WS, and MoS, were soluble in simu-
lated biological fluids, suggesting a short durability
in vivo. The low overall biological and chemical
reactivity of WS, and MoS, suggests that tested
nanomaterials are unlikely to be an hazard, as far as
human respiratory system is concerned. Data could be
usefully implemented in the context of environmental
risk assessment and life cycle assessment.

Keywords Fullerene-like inorganic
nanomaterials - Nano-hazard assessment -
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Introduction
The progress associated to the manipulation of mate-
rials on a near-atomic size scale (1-100 nm) to impart

new properties rises a general concern about the
consequent exposure of the workers and general
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population to engineered nanomaterials (ENMs) (Nel
et al. 2006; Stern and McNeil 2008). In parallel, it has
been clarified that the nano-sized fraction of the
environmental particulate matter posesses the highest
risk in pulmonary and cardiovascular diseases (Ober-
dorster et al. 2005). ENMs can be inhaled ingested and
internalized through the skin, either unintentionally
(from the environment or during industrial manufac-
turing) or following their desired use as diagnostic and
therapeutic tools. The promising perspectives of
nanotechnology challenge researchers and environ-
mental agencies to define hazard and exposure
scenarios that take into consideration the unique
physico-chemical properties of ENMs (Cohen et al.
2013; Som et al. 2013; Wang et al. 2013; Xia et al.
2013). The physico-chemical features of ENMs rele-
vant to toxicity have been examined in various recent
articles and reviews (Oberdorster 2010; Zhang et al.
2012; Fubini et al. 2011; Podila and Brown 2013), but
reliable and reproducible screening approaches are
still needed to test the basic materials (Nel et al. 2013).
Some bulk and surface physico-chemical characteris-
tics, such as particle shape, free radical generation or
quenching, hydrophilicity and solubility which in turn
determines the persistence in the body compartments
(i.e., bio-durability), were proven to be important in
defining the toxic outcomes of ENMs (Bouwmeester
et al. 2011; Donaldson et al. 2011; Fubini et al. 2010).
Assessing the risks of nanomaterials use is of high
priority given their expected distribution for industrial
applications and the likelihood of exposure for both
humans and ecosystems, directly or through release
into the environment.

The use of innovative engineered ENMs incorpo-
rated into lubricants for automotive applications can
lead to significant performance breakthroughs, in
terms of reduction of the friction coefficient and
improvement of the protection against wear. The
actual anti-wear additives, based on zinc dialkyl
dithiophosphates (ZDDPs), have been developed
about 70 years ago (Spikes 2004), and a technological
progress is expected. The most suitable candidates for
ZDDPs substitution are the transition metal dichalc-
ogenides, with the generic formula MX, M = W,
Mo; X = S, Se). These materials, mainly nanometric
sulphides, can bring to substantial energy saving,
reduction of the equipment maintenance and length-
ening of the machine lifetime. Particularly, the use of
ENMs with increased mechanical and technological
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qualities foreshadows the enhancement of the rheo-
logical and heat-resistance properties of lubricant oils.
Furthermore, in automotive engines, sulphur and
phosphorous contained into ZDDPs tend to poison
catalysts for the exhaust-treatments. Increased thermal
stability of MX,-based ENMs could also enhance
lifetime and performance of the catalysts, hence
decreasing emissions.

Every project involving the mid- or large-scale
production of new ENMs should face the urgency to
provide an adequate assessment of the risk, not only to
prevent the onset of detrimental health effects on
workers and/or exposed population, but also to prevent
unjustified fears which could hinder the commercial-
ization and the acceptance of otherwise useful ENMs.
The hazard evaluation of two metal-sulphide inor-
ganic fullerene-like ENMs, namely MoS, and WS,,
recently synthesised (Fino et al. 2011; Deorsola et al.
2012) and employed in the context of a large
multidisciplinary project on lubricant addictives for
automotive usage (FP7 AddNano), was carried out.

Three main exposure scenarios were proposed
during the LCA analysis (Deorsola et al. 2012;
Raimondi et al. 2012), and a simplified hazard-
oriented life cycle analysis was drawn (Scheme 1).
The scheme highlights the dramatic variability
imparted to ENM surface during its life cycle. Naked,
unaltered and pristine ENM occurring in the first
scenario may be toxicologically very different from
the engine-exhausted fumes which may contain post-
burned ENMs in the second scenario. During the
recycling/disposal phase, the ENMs may further be
modified by the recycling treatments and their toxi-
cological properties largely altered. The hazard
assessment currently proposed is addressed only to
the potential exposure scenario 1, where the ENMs are
unaltered, and consequently analyzed as prepared.

This work is aimed at the assessment of the hazard
posed by MoS, and WS, ENMs in their pristine state. A
set of complementary, inexpensive and easy-to-per-
form chemical and biochemical tests has been per-
formed. The pristine MoS, and WS, were thoroughly
characterized, and their potential toxicity was evalu-
ated by means of cellular and cell-free tests, using
human pulmonary epithelial cells (A549) and cell-free
radical and oxidative reactivity, respectively. Solubil-
ity of sulphide ENMs in fluid-simulating specific
cellular environments was also performed, and the bio-
durability of the two ENMs estimated. The modular,
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Scheme 1 Hazard-oriented life cycle scenarios of the ENMs
investigated. In the first scenario, the workplace, the workers of
the manufacturing sectors are potentially exposed to naked,
unaltered ENMs delivered at high doses for a short amount of
time (accident). The scenario 2, the environment, illustrates the

integrated approach to sort out which ENMs are unfit
for the market and have to be cut-off from scale-up
production is proposed as screening tool for environ-
mental risk assessment (ERA) and life cycle assess-
ment (LCA).

Materials and methods
Reagents

When not otherwise specified, all the reagents were
from Sigma Chemicals (Sigma-Aldrich S.r.l. Milan,
Italy), and all the solutions employed were prepared
with Milli-Q ultrapure water system (Millipore S.p.A.,
Vimodrone, Milan).

ENMs synthesis and physico-chemical
characterization

WS, fullerene-like spherical ENM was produced by
NanoMaterials Ltd. through a reaction between WO;
and H,S, in reducing atmosphere at high temperatures.
Amorphous MoS, ENM was obtained by Politecnico
di Torino, Department of Applied Science and Tech-
nology, through a wet synthesis technique that
involved a simple and scalable process as well as
low-cost reactants (Deorsola et al. 2012). Both ENMs
were developed and synthesised within the framework
of the EU FP7 project AddNano by NanoMaterials
Ltd. and Politecnico di Torino, Department of Applied
Science and Technology, respectively.

general population
landfill and aquatic
organisms

none to low doses

subchronic exposure
(bioaccumulation?)

recycling and disposal
workers

mid to high doses

occupational
monitored exposure

scenario 3: disposal

exposure scenario and the dose likely occurring during the usage
of the ENMs-enhanced oil. The scenario 3 illustrates the last part
of the life-cycle of the ENMs, which occurs again in an
occupational setting but the workers could now be exposed to
ENMs largely modified by the automotive usage

WS, was developed at Weizmann Institute by
Tenne and coworkers (Margulis et al. 1993; Tenne
et al. 1992) and subsequently commercialized by
NanoMaterials Ltd. The synthesis is based on the
reaction in a fluidized bed of the metal oxide particles
with H,S in a reducing atmosphere at high tempera-
ture. At the beginning of the process, one or two
monomolecular layers of WS, are formed by means of
the reaction between the tungsten oxide and the H,S
gas. In the meanwhile, hydrogen diffusion completely
reduces the oxide core to W39, and the oxide core is
converted to tungsten disulphide by a slow diffusion-
controlled reaction with H,S (Feldman et al. 1996).
The control of the process parameters has allowed to
strictly design the size, shape and distance of layers in
the onion-like structure.

MoS, was obtained by means of a wet chemical
synthesis in an aqueous solution employing ammo-
nium molybdate, citric acid and ammonium sulphide
as starting materials. The process is based on the
preparation of an aqueous solution containing citric
acid and ammonium molybdate in suitable amounts. In
the solution, a complex between molybdenum (IV)
and citrate is formed, and this reacts with a suitable
content of ammonium sulphide in order to precipitate
MoS, ENM. This synthesis route is extremely versa-
tile and easily scalable: a continuous micro-mixer is
currently being used for ENM precipitation with a
strict control of the particle diameter (Santillo et al.
2012; Bensaid et al. 2014).

The pristine MoS, and WS, were thoroughly char-
acterized by studying microstructure and morphology

@ Springer



2401 Page 4 of 14

J Nanopart Res (2014) 16:2401

(FESEM and TEM), particle size distribution (DLS),
surface charge in aqueous suspension (electrophoretic
mobility, ELS) and surface area (BET).

Electron microscopy

The samples for FESEM observations (Leo Supra 40)
were prepared by suspending some products in
isopropanol, thorough ultrasonic mixing for half an
hour, and subsequently by placing a drop of the
dispersion on a copper grid coated with a layer of
amorphous carbon.

Specimens for TEM studies were prepared by slow
evaporation of a drop of highly diluted fullerene
dispersion in ethanol after deposition onto a discon-
tinuous carbon film mounted on a copper grid. The
TEM observations were performed on a JEOL 2010
FEG microscope operating at 200 kV accelerating
voltage equipped with an ISIS EDS spectrometer
(probe size of 5 nm).

Particle size distribution

The size of aggregates was measured by Dynamic
Light Scattering (DLS) (Zetasizer Nano-ZS, Malvern
Instruments, Worcestershire, UK, detection limits
1 nm—6 pm). This technique measures a hydrody-
namic size correlated to the measurement of dynamic
fluctuations of light-scattering intensity caused by
Brownian motion of the particles during movement in
ultrapure water. The ENMs were suspended in water
and sonicated for 2 min with a probe sonicator to
achieve optimal sample dispersion (Sonoplus, Bande-
lin, Berlin, Germany).

Specific surface area (BET)

Surface area of the sulphide ENMs was measured by
means of the well-known BET method based on N,
adsorption at 77 K (ASAP 2020 Micrometrics, Nor-
cross, GA).

Surface charge/(-potential

The {-potential was evaluated by means of Electro-
phoretic Light Scattering (ELS, Zetasizer Nano-ZS,
Malvern Instruments, Worcestershire, U.K) on the
dusts previously suspended in cell growth culture
medium (Dulbecco’s Modified Eagle Medium,
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DMEM, pH 7.4, Sigma-Aldrich) and sonicated for
2 min with a probe sonicator (4 W/ml, ca. 20 kHz,
Sonoplus, Bandelin, Berlin, Germany).

X-ray florescence spectroscopy (micro-XRF)

All samples were analyzed by means of a RIGAKU
ZSX100E equipped with a Rh X-ray tube and TAP,
PET, LiFl, Ge, RX61 and RX45 analysis crystals.
Samples were prepared by pressing ENMs into thin
discs with a diameter of 20 mm and a thickness of
2 mm. The samples were analyzed in at least 20
different points.

Cellular test

WS, and MoS, potential toxicity was evaluated by
means of cellular tests, using human pulmonary
epithelial cells (A549), a robust model for lung
exposure to and oxidative reactivity of (nano) partic-
ulate. Cytotoxicity was evaluated measuring the LDH
released in the extracellular space, and the ENM-
induced oxidative stress was quantified by measuring
nitric oxide (NO) production and glutathione (GSH)
depletion. Human pulmonary epithelial cells (A549),
provided by Istituto Zooprofilattico Sperimentale
‘Bruno Ubertini’ (Brescia, Italy), were cultured in
60-mmdiameter Petri dishes in culture medium RPMI-
1640 (Gibco, Paisley, UK) supplemented with foetal
bovine serum (FBS) 10 % and penicillin/streptomycin
1 % up to confluence. Plasticware for cell culture was
from Falcon (Becton—Dickinson, Franklin Lakes, NJ).
The ENMs were used at the following concentrations:
10, 25 and 50 pg/cmz. To allow a better diffusion in
the medium, the samples were sonicated 90 s before
incubation with cells. Cells were incubated for 24 h in
the absence or presence of different concentration of
particles. After 24 h, the supernatants were collected
and centrifuged at 13,000xg for 90 min; the cell
monolayers were washed twice with PBS (Phosphate-
Buffered Saline, pH 7.4), then detached, resuspended
in PBS and sonicated on ice with a 10 s burst. The
protein content of cell monolayers and cell lysates was
assessed with the BCA kit.

Cytotoxicity

Cells were washed with fresh medium, detached with
trypsin/EDTA (0.05/0.02 % v/v), washed with PBS,
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suspended in 0.8 ml of TRAP (82.3 mM triethanola-
mine, pH 7.6) and sonicated on ice with a 10 s burst.
Aliquots of cell lysate and of extracellular medium
were diluted with TRAP and supplemented with
0.5 mM sodium pyruvate and 0.25 mM NADH to
start the reaction. The reaction was followed for
10 min, measuring the loss of absorbance at 340 nm
(37 °C) with a Synergy HT microplate reader (Bio-
Tek Instruments, Winooski, VT). Both intra and
extracellular enzymatic activity is indicated as pmol
NADH oxidized/min/dish, then extracellular LDH
activity (LDH out) was calculated as percentage of the
total (intracellular + extracellular) LDH activity
(LDH tot) in the dish.

NO production

To evaluate whether the ENMs are able to induce an
inflammatory response, nitrite production and accu-
mulation in the extracellular medium was detected.
Nitrite is the stable oxidation product of NO, and its
production has been evaluated through the Griess
method (Ghigo et al. 1998). NO is a fundamental
molecule in the inflammatory process, because of its
great reactivity with superoxide anion and the
subsequent production of peroxynitrite, one of the
main responsible for lipid peroxidation and DNA
damage. Nitrite concentration was expressed as nmol
nitrite/mg cell protein.

Glutathione consumption

GSH and GSSG were measured as previously
described (Vandeputte et al. 1994), using a modified
glutathione reductase-DTNB recycling assay. Cells
were washed with PBS and 600 pl 0.01 N HCI were
added to each cell monolayer. After gentle scraping,
the cells were sonicated 10 s, and the proteins were
precipitated by adding 120 pl of 6.5 % 5-sulfosali-
cylic acid to 480 pl of lysate. Each sample was placed
in ice for 45 min and then centrifuged for 15 min at
13,000x g (4 °C). The total glutathione was measured
in 20 pl of the cell lysate with the following reaction
mix: 20 pl stock buffer (143 mM NaH,PO,, 63 mM
EDTA, pH 7.4), 200 pl daily reagent [10 mM 5,5'-
dithiobis-2-nitrobenzoic acid (DTNB), 2 mM NADPH
in stock buffer], and 40 pl glutathione reductase (8.5
U/ml). The content of GSSG was obtained after
derivatization of GSH with 2-vinylpyridine (2VP):

10 pl of 2VP were added to 200 pl of cell lysate, and
the mixture was shaken at room temperature for
90 min. Glutathione was then measured in 40 pl of
sample as described. The kinetics of reaction was
followed at 415 nm for 10 min (to check response
linearity) using a Synergy HT microplate reader.
Results were expressed as nmol of glutathione/mg
cellular protein. For each sample, GSH was obtained by
subtracting GSSG from total glutathione.

Oxidative potential

The biochemically relevant reactivity of WS, and
MoS, was investigated by quantifying the potency to
induce peroxidation damage of unsaturated lipid
(lipoperoxidation), and generate free-radical in solu-
tion. Peroxidation of linoleic acid, used as a model of
cell membrane lipid, and free radical reactivity toward
hydrogen peroxide and formate ion, two target mol-
ecules largely employed to measure ROS production
from inorganic particulate in cell-free tests, have been
followed by means of colorimetric thiobarbituric acid
assay (TBA) and spin-trapping technique (EPR spec-
troscopy), respectively.

Lipoperoxidation

The assay, commonly used as an index of oxidative
potential (Turci et al. 2013), is based on the reactivity
of MDA, a colourless end-product of degradation,
with tiobarbituric acid (TBA) to produce a pink adduct
that absorbs at 535 nm. 9 mg of the dusts were
suspended in 3 ml of a buffered (sodium phosphate
buffer 10 mM, pH 7.4) micellar dispersion of linoleic
acid (1 mM) containing the 2.5 % w/w of ethanol. The
mixture was stirred in the dark at 37 °C for 72 h. The
lipid peroxidation was stopped by adding 0.1 ml of an
ethanolic solution of butyl hydroxyl toluene (BHT,
0.2 % w/w) to the suspension. The dust was removed
by centrifugation (20,000 RPM, 30 min). 2 ml of a
solution of TBA (0.034 M) containing HCI (0.25 M)
and trichloroacetic acid (TCA, 0.92 M) were added to
1 ml of the solution, and the resulting mixture was
heated in a boiling water bath for 30 min to favour the
formation of the pink complex. After cooling in an ice
bath, 3 ml of 1-butanol were added to extract the
coloured complex. The absorbance at 535 nm was
measured on the organic phase by means of a UV/Vis
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spectrophotometer (Uvikon, Kontron Instruments,
Inc., Everett, MA). The test was also carried out
(i) in the absence of dust (blank) and (ii) in the
presence of TiO, (P25 Aeroxide, Evonik) at the same
concentration of the samples studied (positive con-
trol). The experiments were repeated three times.

Free radicals generation study

The release of radical species was monitored by EPR
spectrometry (Miniscope 100 X-band EPR spectrom-
eter, Magnettech, Germany) by means of the spin-
trapping technique with 5-dimethyl-1-pyrroline-N-
oxide (DMPO, Alexis-Biochemicals, Lausen, Swit-
zerland) employed as spin trap molecule.

Generation of hydroxyl radicals 8 mg of the dusts
were suspended in 1.25 ml of a buffered solution
(phosphate buffer 0.2 M, pH 7.4) containing DMPO
(0.034 M) and H,0O, (0.080 M). After 10, 30 and
60 min of incubation under continuous stirring, the
EPR spectra were recorded on the suspension. The
experiments were carried out also in the absence of
dust (blank solution) and in the presence of indium/tin
oxide (ITO, at the same concentration of the dust
samples) employed as positive control. All the exper-
iments were repeated three times.

Generation of carbon centred radicals 10 mg of the
dusts were suspended in 1 ml of a buffered solution
(phosphate buffer 0.25 M, pH 7.4) of sodium formate
(1 M) and DMPO (0.085 M). After 10, 30 and 60 min
of incubation under continuous stirring, the EPR
spectra were recorded on the suspension. The exper-
iments were carried out also in the absence of dust
(blank solution) and in the presence of indium/tin
oxide (ITO) employed as positive control at the same
concentration of the dust samples. All the experiments
were repeated three times.

Ion release in simulated cellular fluids

Solubility of sulphide ENMs in fluids simulating
specific cellular environments (Gamble’s solution and
PSF) was performed. The bio-durability was quanti-
fied by measuring the kinetics of ion release in the two
simulated biological fluids with ICP—AES. The release
of metal ions was studied under static leaching
conditions incubating the ENMs in modified Gamble’s
solution (GS) and phagolysosomal simulant fluid
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(PSF), commonly used to simulate different interstitial
conditions in the lung (Marques et al. 2011; Turci et al.
2012). The ENMs were suspended (3 mg/ml) in GS or
PSF at 37 °C for 1 week and 1 month. After the
incubation, the suspension was centrifuged
(20,000 g, 30 min) and then filtered through acetate
membrane filter (cut off 0.20 pm) to remove any
residual particle. The amount of Mo or W in the
supernatant was measured by means of ICP-AES. All
the experiments were carried out three times.

Gamble’s solution

Modified Gamble’s solution was prepared according
to Groppo and coworkers (2005). The chemical
composition of the solution is reported in Table 1.
The pH was adjusted to 7.4 by bubbling CO, in the
solution.

Phagolysosomal simulant fluid (PSF)

Phagolysosomal simulant fluid (PSF) was prepared
according to Stefaniak et al. (2005). The chemical
composition of PSF (pH 4.6) is reported in Table 2.

In both GS and PSF, ultrapure MilliQ (Millipore,
Billerica, MA, USA) water was used to prepare the
buffer, and sodium azide (0.1 %) was added in order to
prevent the growth of algae or bacteria.

Table 1 Composition of the Gamble’s solution used in this
study (CO, saturated, pH 7.4)

Component Concentration (mg/l)
MgCl,-6H,0 212
NaCl 6,415
CaCl,-4H,0 318
Na,S0,4-10H,0 179
Na,HPO, 148
NaHCO;3 2,703
(Na, tartrate)-2H,O 180
(Naj citrate)-2H,O 144
Na lactate 175
Glycine 118
Na pyruvate 172

Sodium azide (0.1 % w/w) was added to prevent the formation
of algae and bacteria
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Table 2 Composition of the Phagolysosomal simulant fluid
(PSF) (pH 4.6)

Component Concentration (mg/l)
Na,HPO, 142.0
NaCl 6,650.0
Na,SO,4 71.0
CaCl,-2H,0 29.0
Glycine 450.0

K hydrogen phthalate 4,084.6

Sodium azide (0.1 % w/w) was added to prevent the formation
of algae and bacteria

ICP-AES quantification of ions released

ICP-AES analyses of Mo and W were performed with
an IRIS II Advantage/1000 Radial Plasma Spectrom-
eter by Thermo-Jarrel Ash Corp. The optical system is
sealed with inert gas, with no moving parts, high
resolution (ER/S) capable. The Echelle grating &
Dispersion prism monochromator range extends
between 165 and 800 nm, with an optical resolution
of 0.007 nm (at 200 nm). The photo device is a Charge
Injection Device Camera frozen to —50 °C.

Statistical analysis

All data in text and figures are provided as mean =+
SEM. The results were analyzed by a one-way
Analysis of Variance (ANOVA) and Tukey’s test.
p < 0.05 was considered significant.

Results and discussion
Physico-chemical characterization of the ENMs
Microstructural characterization (FESEM and TEM)

The FESEM characterization of the MoS, and WS,
ENMs is reported in Fig. 1. Both ENMs showed a
similar morphology. On one hand, the dimension of
the MoS, agglomerates was higher than that of the
WS, ones (see Fig. la, ¢), whereas MoS, primary
particles looked slightly smaller than the WS, ones
(Fig. 1b, d). Nevertheless, in both cases the
dimension of primary particles was less than
50 nm.

TEM observations, reported in Fig. 2, allow to
appreciate the dimension of the ENMs, in both cases

Fig. 1 FESEM micrographs of the MoS, (a, b) and WS, (¢, d) ENMs employed in the hazard assessment
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below 100 nm. MoS, showed a regular and uniform
shape (Fig. 2a), whereas the morphology of WS,
appeared less defined (Fig. 2c), even if the average
diameter was smaller than molybdenum sulphide. This
trend was confirmed by the images at higher magni-
fication. MoS, ENM showed the outer shell (about
10-20 nm) constituted of planes with the ‘onion-like’
structure, and the inner part looked as an hollow
sphere (see Fig. 2b). On the other hand, the WS, ENM
showed more irregularities in the outer layers, also
constituted of planes in the ‘onion-like’ configuration,
with in some parts a sort of beginning of exfoliation
(Fig. 2d).

In Table 3, the hydrodynamic size of the particles
suspended in pure water is reported as { average
values. Both samples exhibited aggregates character-
ized by a wide range of diameters as evidence by the

high PDI values. Both the samples exhibited similar Z-
average values.

From a toxicological point of view, the aggregation
of synthetic nanoparticle into larger sub-micrometric
aggregate may remarkably impact on its potential
hazard. In fact, it is widely held that inhaled nanopar-
ticle with a diameter of few nanometres may cross the
alveolar epithelium and translocate into the blood
circulation or even circumvent the tight blood—brain
barrier and eventually attain the brain (Oberdorster
et al. 2004). However, many ENMs, including WS,
and MoS,, show, in vacuum, nanometric primary
particle size (TEM, Fig. 2), but in aqueous media are
indeed composed of larger aggregated nanoparticles
that are held by strong electrostatic or covalent bonds
(Z average diameter, Table 3). The observed aggre-
gation makes the massive diffusion of these kind of

(b)

Fig. 2 TEM micrographs of the MoS, (a, b) and WS, (¢, d) ENMs employed in the hazard assessment
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Table 3 Summary of the main physico-chemical properties relevant for the interaction of inorganic ENMs with cells and tissues

Z average CONTIN PDI £+ SD ¢ potential £ SD (mV) @ pH 7.4 BET surface Me/S molar
diameter peak = SD in cell growth culture medium area (m?/g) ratio (XRF-
+ SD (nm) (nm) EDS)

WS, 390 £ 5 461 £ 45 0.35 £ 0.03 —11+£1 274 1:2

MoS, 361 £ 6 451 + 24 0.24 £ 0.01 —-10£ 1 9.2 1:2.1

Hydrodynamic size (DLS), { potential (ELS), specific surface area (BET), and metal/sulphur ratio (XRF) of WS, and MoS, ENMs

ENMs through the alveolar epithelial cell barrier
unlikely and reasonably assimilates the biological
impact of such ENMs to larger particles with size in
the sub-micrometric range.

Since the surface charge of a particle is one of the
key physico-chemical features relevant to understand
the interaction between particles and the living matter,
the C-potential of the dust samples suspended in cell
growth culture medium (DMEM, buffered at pH 7.4)
was measured. Under these conditions, {-potential of
WS, and MoS, were —11 and —10 mV respectively.
In vitro and in vivo studies demonstrated that nega-
tively charged particles are generally less cytotoxic,
less inflammogenic, and induce haemolysis and
platelet aggregation to a lower extent than neutral or
positive particles (Nel et al. 2009 and ref. therein). The
negative net charge of WS, and MoS, surface may
support a less hazardous interaction between ENMs
and lung epithelial cells.

Cytotoxicity

To evaluate the cytotoxic effect of WS, and MoS,
ENMs, lactate dehydrogenase (LDH) released
byA549 lung epithelial cells in the extracellular
medium was measured (Polimeni et al. 2008). When
cells are damaged, a release of LDH, a cytoplasmic
enzyme, from the intracellular space into the extra-
cellular medium occurs. This is one of the most
sensitive methods to detect a perturbation of plasma
membrane integrity, even when cells number and
aspect are not yet modified. The release of LDH was
detected by measuring the LDH activity through an
enzymatic kinetic in the medium and in cell lysates.
In Fig. 3, the amount of LDH released into the
extracellular space after 24 h of incubation with the
WS, and MoS, ENMs is reported. Three different
concentrations were investigated, namely 10, 25 and
50 pg of ENMs per cm? of cell culture. WS, was not
able to induce a significant increase in LDH activity at

any dose tested. MoS, did not exert any significant
cytotoxic effect on A549 cells at low and intermediate
doses (10 and 25 pg/cm2 of cell culture, respectively),
inducing significant increase in the extracellular LDH
activity only at high dose (50 pg/cm? of cell culture).

NO production

Nitric oxide (NO) is a highly reactive radical molecule
involved in several different cellular function, includ-
ing proliferation, differentiation, and apoptosis (Mur-
phy 1999). The specific enzyme responsible for NO
biosynthesis is the nitric oxide synthase (NOS) and
converts L-arginine in L-citrulline and NO in cells with
a 1:1 stoichiometry (Marletta 1993). According to the
tissue distribution, NOS exists in different isoforms,
and the inducible form (iNOS) can be expressed in
response to different stimuli, including oxidative
stress and inflammatory cytokines. Under oxidative
stress conditions, NO 1is supposed to react with
reactive oxygen species (ROS) causing an increased
production of reactive nitrogen species (RNS) that
potentiate cellular damage (Jorens et al. 1995; Laroux
etal. 2001; Hsieh et al. 2014). The NO production may
be assessed by measuring the extracellular levels of its
stable derivative nitrite. After a 24 h incubation with
ENMs, the extracellular levels of nitrite were mea-
sured in the supernatant of A549 cell cultures. Both
WS, and MoS, did not stimulate nitrite production at
any concentration tested (Fig. 4).

GSH consumption

Glutathione is one of the most important antioxidant
molecules in the cell. It is a cytoplasmic glycine—
cysteine—glutamic acid tripeptide. The —SH group of
its cysteine is highly sensitive to oxidation (Ghezzi
2011). Following an oxidative stress, glutathione
(GSH) is oxidized to GSH disulphide (GSSG) to
balance the excess of oxidizing species. GSSG is then

@ Springer



2401 Page 10 of 14

J Nanopart Res (2014) 16:2401

019 [ mos2
O ws2
0.08 -
-
o *
8
I 0.06
o
=
S
=2
O 0.04-
T
o
-
0.02 -
0 .
0 10 20 30 40 50

pg/cm2

Fig. 3 Relative release of lactate dehydrogenase (LDH) in the
supernatant of A549 cells. Cells were incubated in the absence
(0 pg/em?, ctrl) or presence of ENMs at the concentrations of
10,25 and 50 pg/cm?. After 24 h, the extracellular LDH activity
was normalized by the total (intracellular + extracellular) LDH
activity of the dish. Measurements were performed in duplicate,
and data are presented as mean + SEM (n = 7). Vs ctrl:
*p < 0.04
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Fig. 4 Extracellular levels of nitrite in A549 cells. Cells were
incubated for 24 h in the absence (0 pg/cm?, ctrl) or presence of
ENMs at the concentrations of 10, 25 and 50 pg/cm?. After the
incubation, the nitrite accumulation in the culture supernatant
was assessed. Measurements were performed in duplicate, and
data are presented as mean == SEM (n = 7)

reduced by the glutathione reductase to GSH. To
evaluate if cells underwent an oxidative stress condi-
tion, the levels of intracellular GSH and GSSG were
detected. After a 24 h incubation, WS, did not exert a
significant decrease of the levels of GSH at any
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Fig. 5 Intracellular levels of reduced glutathione in A549 cells.
Cells were incubated for 24 h in the absence (0 ug/cmz, ctrl) or
presence of ENMs at the concentrations of 10, 25 and
50 pug/cm®. Measurements were performed in duplicate, and
data are presented as mean = SEM (n = 4). Vs ctrl: *p < 0.04

concentration tested. In the same conditions, only at
the highest dose (50 pg/cm?) MoS, showed a signif-
icant decrease in the GSH levels, while lower
concentration of ENM did not modified the level of
GSH by respect to the control (Fig. 5).

The cellular endpoints evaluated have a well-
accepted validity in predicting the potential toxic
effect of an inhaled ENM. They have been associated
to several detrimental effects elicited by fibres,
particles and nanoparticles (Gazzano et al. 2007;
Ghiazza et al. 2011; Unfried et al. 2007). In particular,
the general absence of a positive response in the three
complementary tests carried out can reasonably be
associated to a low toxic effect in the A549 human
pulmonary cell line. The results of cellular tests are
also in agreement with previous in vivo inhalation
tests on a similar WS,-based ENM, where no toxic
reaction in short-term exposure was reported (Ganzl-
ebe et al. 2011 and references therein).

In vitro lipid peroxidation

Lipid peroxidation is a complex process in which
unsaturated fatty acids undergo oxidation, via a free
radical chain reaction, to a plurality of products. Lipid
peroxidation is claimed to be the major contributor to
cells membrane damage and implied in a several
diseases (Dix and Aikens 1993).
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Fig. 6 MDA-TBA complex absorbance (535 nm) recorded on
the supernatant of WS, and MoS, suspensions in a buffered
dispersion of linoleic acid. A suspension of linoleic acid without
the dust and in the presence of nanometric TiO, was employed
as negative (blank) and positive control (ctrl+), respectively

Reactive oxygen species (ROS) are implied in the
reactivity of a variety of particulates toward lipids
(Lison et al. 1995). Moreover several transition metals
such as iron, copper and lead may act as initiators of
the radical chain reaction responsible for lipid perox-
idation via a mechanism possibly independent from
ROS production, but not clearly understood (Halliwell
and Chirico 1993). In the present work, the capability
of WS, and MoS, to cause lipoperoxidation was
investigated employing linoleic acid as target mole-
cule, and measuring spectrophotometrically the
amount of the end product malondialdehyde (MDA)
via TBA assay. The autoxidative processes that may
take place in the presence of O, were evaluated by
performing the same experiment on a buffered
dispersion of linoleic acid in the absence of the dust
(referred to as blank). Figure 6 shows that the amount
of MDA produced with WS, or MoS, and compares
the ENMs response with a positive control obtained
incubating nanometric TiO, with linoleic acid in the
same experimental conditions. Both ENMs investi-
gated oxidized linoleic acid to the same extent than the
non-specific autoxidative process observed for linoleic
acid alone (blank) and to a significantly lower extent
that nano-TiO,. This result indicates that both samples
are not active in oxidizing linoleic acid in a cell-free
environment. The comparison with lipoperoxidation
induced by nano-TiO, (Turci et al. 2013), a safe and
commonly used ENM, further highlights the low
oxidative potential of WS, and MoS,.

331 332 333 334 335 336 337331 332 333 334 335 336 337
field, mT field, mT

Fig. 7 EPR spectra recorded on the supernatant of WS, (b) and
MoS; (c) suspensions in a DMPO buffered solution after 60 min
of incubation in the presence of H,O, (left panel) and formate
ion (right panel). The EPR spectra were recorded also in the
absence of dust (blank solution, a) and in the presence of
indium/tin oxide (positive control, d)

Free radical release

Particles induced reactive oxygen species (ROS) and
free radicals in general are involved in many detri-
mental effects on human health, inducing both direct
and indirect macromolecules damage, nucleic acids
oxidation, inflammation and cytotoxic effect (Feno-
glio et al. 2011; Fubini et al. 2011). The release of
radical species was monitored by electron paramag-
netic resonance (EPR) by using the spin-trapping
technique with DMPO.

Two  radical-generating
investigated:

mechanisms  were

(@) HO® radical generation in the presence of
hydrogen peroxide (the Fenton activity). This
test mimics the contact with lysosomal fluids
where H,O, is released following phagocytosis
by alveolar macrophages;

(b) °*COO~ from the formate ion used as a model
target molecule for homolytic cleavage of a
carbon-hydrogen bond of organic molecules.

The production of free radicals following the two
abovementioned reactions was monitored with time
recording EPR spectra on the dust suspension after 10,
30 and 60 min of incubation. Figure 7 reports the EPR
spectra recorded after 60 min of incubation of the
ENMEs in the presence of H,O, (left panel) and formate
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Fig. 8 Amount of WS, (white bars) and MoS, (grey bars) dissolved in Gamble’s solution (a) and in PSF (b) after one week (1 W bars)

and one month (1 M bars) of incubation reported as wt%

ion (right panel), since identical spectra were recorded
at shorter time points. The results obtained evidenced
that, in the presence of H,O,, HO® radical was not
detected, thus indicating that the ENMs studied are not
able to promote the release of ROS via Fenton-like
reactivity. Moreover, in the presence of formate ion,
no *COO~ radical was detected with the ENMs
studied. Such result indicates that dusts are not able
to abstract hydrogen from C-H bond of organic
molecules and are not likely to interfere via redox-
reactions with biological molecules, including lipids,
proteins and nucleic acids.

The comparison of the free-radical reactivity with
indium/tin oxide, a well-assessed inflammatory and
genotoxic industrial dust (Lison et al. 2009), tested in
the same experimental conditions, gives further evi-
dence of the generally negligible oxidative potential of
WS, and MoS,.

Ion release in simulated biological fluids

Following exposure, inhaled particles come in contact
with several extracellular and intracellular fluids and
dissolution process strongly determine the fate of the
particle inside the lung. For instance, the well-
accepted paradigm for many toxic particulates, e.g.
asbestos, includes the extraordinary long residence
time of the fibre within the lung among the key factors
in carcinogenesis (Donaldson et al. 2010). The ion
release in a solution gives indirect information about
the solubility related to the biopersistence of a
particulate. Since the major route of exposure to the
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ENMs studied is the pulmonary one, we measured the
ion release in two simulated biological fluids which
mimic the bronchoalveolar fluid without proteins at
physiological pH, and the vesicles involved in the
processes of endo- and phagocytosis, the Gamble’s
solution (GS) and the phagolysosomal simulant fluid
(PSF), respectively.

The relative amount of WS, and MoS, dissolved
after one week (1 W) and one month (1 M) of
incubation in GS and in PSF, expressed as wt% and
measured with ICP-AES, is reported in Fig. 8a, b,
respectively. Both samples are rather soluble in GS
and PSF. After one week of incubation in GS, the dust
dissolved was similar for both WS, and MoS, (ca.
20 %). This value increased for both the samples
reaching ca. 50 % for WS, and ca. 30 % for MoS,. In
PSF, WS,, and MoS, exhibited similar solubility
(11 % for WS, and 14 % for MoS, after 1 week; 14 %
for WS, and 19 % for MoS, after 1 month of
incubation). The relevant solubility in simulated
media suggests that both the neutral pulmonary
extracellular fluid and the acidic environment of
phagolysosomes actively concur to the clearance of
ENMs eventually internalized into the lung.

Conclusion

A toxicity screening that integrates in vitro cellular
and a cell-free chemical approach was used and
several aspects commonly associated to the toxic
responses elicited by ENMs were evaluated. In all
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tests, WS, did not elicit a response significantly
different from the negative control, even at the highest
dose tested. Similarly, a negligible cellular and
chemical activity was shown by MoS,, even if a
moderate cellular toxicity was observed at the highest
dose tested. A reasonably short residence time of the
two ENMs in the lung was suggested by solubility
tests. The in vitro toxicological screening carried out
indicates that the overall biological and chemical
reactivities of WS, and MoS, are low, and their
potential hazard for human respiratory system could
be rated from moderate to negligible in the context of
an ERA and LCA.
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