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Abstract

In this chapter, we evaluate the tungsten (W) nanoparticle toxicity with respect
to the normal human skin fibroblast cell. Tungsten dust formation is expected
in the tokamak-type nuclear fusion installations, regarded as future devices for
large-scale, sustainable, and carbon-free energy. This dust, composed of tungsten
particles of variable size, from nanometers to micrometers, could be harmful to
humans in the case of loss of vacuum accident (LOVA). In order to undertake the
toxicity studies, tokamak-relevant dust has been deliberately produced in labora-
tory and afterward analyzed. Following that, cytotoxicity tests were performed
using normal human skin fibroblast cell lines, B] ATCC CRL 2522. Our study
concludes that, at a low concentration (until 100 pg/mL), no cytotoxic effect of
tungsten nanoparticles was observed. In contrast, at higher concentrations (up to
2 mg/mL), nanometric dust presents toxic effects on the cells.

Keywords: toxicity, tungsten nanoparticles, plasma technology,
magnetron sputtering, fusion technology

1. Introduction

Over the past decade, nanotechnology has received a lot of attention, due to its
diversity of applications, ranging from electronics, aerospace, computers to biology
and nanomedicine. All aspects of our lives have slowly begun to rely on this nano-
technology revolution. Nanotechnology includes the study and manipulation of
nanoscale particles. Therefore, this revolution requires the large-scale production of
these nanostructures [1]. Due to much smaller dimensions, this nanomaterial pres-
ents specific properties, sometimes in contrast with the bulk materials. Beside use-
ful characteristics such as higher values of specific surface/volume ratio, enhanced
chemical reactivity, mechanical or physicochemical properties as well as distinct
optical properties relative to scale-up materials, these nanomaterials can present a
danger to human health. The growing popularity of nanotechnology in medicine
has been limited because of the potential side effects caused by the possible toxic-
ity of the nanoparticles [2]. Adverse health effects can be caused by inhalation,
oral ingestion, and absorption through the skin or by injection [3]. The studies
indicated that the nanoparticle toxicity is observed through cellular modifications
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that include cell membrane damage, mitochondrial function affection, apoptosis
activation, and also through increased oxidative mechanism stress [4]. These issues
have underpinned the development of a new branch of research, under the name
of nanotoxicology. Nanotoxicology includes the life cycle study of nanoparticles, in
order to better understand the health risks involved in their use. Specific properties,
such as particle size, nanoparticle shape, and surface/volume ratio, are considered
important factors that directly contribute to nanomaterial toxicity. For example,
carbon nanofibers, single-wall nanotubes, and multiwall nanotubes have shown
that the toxicity of carbon material depends exclusively on the particles’ shape and
size [5]. In vivo experiments showed that carbon nanotubes cause granulomatous
lung lesions [6] and can also induce platelet aggregation that highlighted a very
toxic effect of carbon nanoparticles on the human body.

An element of major importance but not sufficiently introduced in in vitro
toxicity evaluation is related to one of the largest organs of the body, the skin. Skin
is the barrier between the internal organisms and the external environment. The
skin is composed of multilayers and presents on the surface sweat pores, sebaceous
glands, and hair sites necessary for hair growth [7]. This is the reason why this large
exposure area (18,000 cm?) serves as one of the main inlet ports of nanomaterials
inside the body. The tendency of nanomaterials to pass through the skin, thus refer-
ring to the mechanism of skin absorption or penetration, is a major factor in the
nanomaterial dermatotoxic potential in general, and tungsten (W) nanomaterials
especially, mainly taking into account the purpose of this work. The dermatotoxic-
ity produced by nanoparticles was reported primarily by the in vitro experiments.
Bennat and Goymann [2, 8] have shown that nanoparticles can penetrate the
surface of the skin much more easily by entering through the pores or hair follicles.
In general, skin exposure to nanoparticles is mediated through the nanomaterials
which are contained in cosmetics or wound dressings. For example, it has been
found that sunscreens containing TiO, have seeped into the deep parts of the epi-
dermis through the hair sites. Moreover, it’s a known fact that silver nanoparticles
are effective in treating patients with burns. For example, in the case of Acticoat, a
dressing that is coated with silver nanoparticles that is often used for this purpose,
there have been various studies that have reported the safety of this drug. Despite
this, the toxicity of silver nanoparticles has been reported by a patient with burns
of over 30% of the body surface, when they were treated with this silver-coated
dressing [2, 9]. Subsequently, dermatotoxicity produced by nanoparticles was also
reported in in vivo experiments. Using an animal model study, beryllium particles
as large as 0.5 and 1.0 pm in diameter have been shown to be able to penetrate even
the epidermis [10], producing toxicity increase on an animal skin.

1.1 Toxicology studies devoted to tungsten at micro- and nanoscale

A nanomaterial with various and multiple applications in the industry, which
are rapidly starting to be investigated from a cytotoxicity point of view, is repre-
sented by metal nanoparticles. These nanoparticles are widely used in industry and
biotechnology, and they are also of great importance in military applications [4].
Thus, the fact that these nanomaterials present potential harmful effects must be
urgently researched, especially because they are to be used increasingly [11].

A particular case of metal material is represented by tungsten, a metal with
exceptional physical and chemical characteristics. This hard-steel-gray metal is
characterized by the highest melting point out of all the discovered elements,
highest boiling point, density comparable with uranium or gold, and also low
sputtering grade. These properties represent important criteria for which this
material is selected as a basic for wall construction in the case of future fusion
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devices, like International Thermonuclear Experimental Reactor (ITER). In this
case, the expected power and temperature of fusion plasma that directly interact
with the tungsten components can trigger the wall erosion and formation of dust
in the plasma chamber. This dust, composed of tungsten particles of nanometric
and micrometric size, can present safety issues in case of failure of confinement
during a loss of vacuum accident (LOVA). Accidental interaction of tungsten
nanoparticles can be harmful to fusion device workers [12]. In addition, it is
known that metallic nano- and microparticles, when dispersed in the ambient

air over certain concentrations, are dangerous for health. The concentration of
tungsten particles is reported to be small, less than 10 ng/m3 in normal situation,
in ambient air. But, in industrial processes involving the tungsten production, this
concentration is alarming and can reach 62.3 mg/m’. Considering this increased
concentration, the risk of inhalation or contamination with these nanoparticles

is high. Increased tungsten use could lead to contamination of air, water, and soil
near tungsten mines or industrial sites [13]. In speciality studies, exposure of

W particles has been shown to have no adverse effect at a concentration of up to
100 pg/mL, and the toxic effect is significant at a concentration of at least 250 pg/
mL [1]. For this study, the toxicity was evaluated on liver cells. This cell line is
relevant for the toxicity evaluation, because, by ingestion, cells may be exposed to
these tungsten particles. However, particles with a diameter of 27 pm were used.
Bolt et al. [14] has shown that tungsten increases breast cancer metastasis as a
result of its use in medical devices. Thus, studies that present the toxicity of pure
tungsten are mostly focused on its elemental presence or microscale particles,
while the reports on this material toxicity at nanoscale size are marginal and
extremely rare.

1.2 Toxicology studies devoted to tungsten compounds

Considering the hardness of tungsten carbide, this material is of the greatest
interest in the industrial field. In order to develop nanoparticles at a large scale in
this area, the potential risks on human health and on the environment have begun
to be taken into account. The toxicity of tungsten (WC) and tungsten carbide
(WC-Co) doped with cobalt nanoparticles was evaluated on a wide range of mam-
malian cells (lung, skin, and colon cell lines, as well as in neuronal and glial cells).
The WC and WC-Co particles in this study have an average particle size of 145 nm.
For the toxicity evaluation, the maximum concentration selected for nanoparticle
suspensions was 30 pg/mL. WC nanoparticles have no increased toxicity for these
cell lines. However, cytotoxicity became major when the particles were doped with
Co. The most sensitive to particles were astrocytes and colon epithelial cells. The
findings demonstrate that by doping the tungsten carbide nanoparticles with Co
significantly increases their cytotoxic effect [15]. Based on the increased toxicity
observed, the studies continued with the toxicity tests of Co-doped tungsten car-
bide nanoparticles, characterized by different sizes and morphologies, on various
cell lines.

Thus, the cytotoxicity of the WC-Co particles, which are 40 pm in diameter
and both spherical and cortical, was evaluated. The toxicity study was evalu-
ated using two pulmonary cell lines. This study has, in contrast, noted that the
toxicity of these particles has no correlation between cytotoxicity with diameter
and specific morphology of these nanoparticles [16]. Another study examined
the WC-Co particle toxicity with particle size using lung epithelial cells. Thus,
nanoparticles (98 nm) and WC-Co microparticles (3.4 pm) have been shown
to influence the toxicity in a dose-dependent and exposure time manner. Thus,
nano-WC-Co particles have caused significant toxicity compared to micro-WC-Co
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particles at lower concentrations and shorter exposure times. For the viability
test, the cells were exposed to either nano- or microparticles at concentrations up
to 1000 pg/mL for exposure periods of time up to 48 hours. It has been observed
that WC-Co nanoparticles have been internalized by the pulmonary epithelial
cells, suggesting that internalization can play a key role in the increased toxicity
of nanoparticles [17].

Furthermore, following all organs at risk in case of inhalation (lungs, liver, and
kidneys), the cytotoxicity of WC-Co nanoparticles with a diameter of 60 nm was
studied. In this study, the maximum concentration of nanoparticles added in cell
medium was 150 pg/mL. These nanoparticles induce cellular mortality, DNA breaks
in renal and hepatic cell lines, but do not induce significant cytotoxic effects in
lung cells [18]. Based on these studies, WC-Co has been recognized by the National
Institute for Occupational Safety and Health as presenting a health hazard to people
after inhalation at the workplace. The use of these particles in the industrial field
is high, and human health risks remain poorly studied, despite the fact that the
International Agency for Research on Cancer (IARC) classifies them as “probably
carcinogenic” materials for humans [18].

Beside the tungsten carbide, which was declared toxic in most of these stud-
ies, other tungsten alloys were considered relatively inert, and therefore some
of these materials did not seem to present a significant risk for human toxicity.
However, recent research findings have raised concerns about the possible adverse
health effects after acute and chronic exposure to tungsten oxide. Based on unique
biophysical properties, this material is considered an important candidate for a
broad range of applications, starting with industrial use, with products such as
flame-retardant fabrics, X-ray screens, gas sensors, automotive glass, or use as a
pigment in ceramics and paints [19-22]. This material also finds application in the
biomedical field [23] in the form of biological products like pigments, additives,
and analytical agents [24]. Moreover, WO; nanoparticles are efficiently used as a
contrast agent for computed tomography imaging [24].

Therefore, the toxicity of this material at a nanoscale dimension has begun to
be carefully evaluated. It has been reported that these compounds of tungsten were
absorbed after oral exposure in both man and rat organisms. Tungsten alloys incor-
porated into the body have been shown to cause metastatic tumors in rats. Tungsten
oxide has been found to accumulate in several organs and/or tissues (kidneys, liver,
ovaries, prostate, pancreas, lung, heart, muscles, spleen, and bones) after a single
oral dose [25, 26]. Furthermore, at a nanometric scale, recent findings have shown
that tungsten oxide nanoparticles have cytotoxic potential [23]. Various in vitro
studies have shown that tungsten oxide, at higher concentrations, significantly
increases the primary viability hepatocytes of rats [26] (0.3, 0.5 and 1 mg/mL). At
the same time, even when a study highlighted nanotoxicity comparison between
several materials, acute toxicity was observed in tungsten oxide at concentrations
above 0.05-1 mg/mL [4].

Another study regarding tungsten oxide found it has cytotoxic effect on human
alveolar epithelial cells, human epithelial colorectal cells, and murine fibroblast cell
line at concentrations above 100 pg/mL [11]. Contrary to these, the tungsten oxide
nanoparticles are not toxic to these cells at low concentrations (3-100 pg/mL) and
to human lung carcinoma (A549) cells [24]. In this article [18], a comparative study
between tungsten oxide nanoparticles and microparticles was carried out. It was
revealed that WO; nanoparticles induced a significant cell viability reduction and,
at nanoscale dimension, increased cell membrane damage at higher doses (200 and
300 pg/mL, respectively). These results are in contrast with WO; microparticles.
WO; microparticles did not incite any toxicity attributes in comparison to control
samples for the tested concentrations.
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1.3 Content of the chapter

After the short review regarding tungsten nanoparticles and the studies that
were carried out until now regarding this particular toxicology, it resulted that the
knowledge related to the toxicity of tungsten containing particles with tens and
hundreds of nanometer size is limited or even missing. This dimension is particu-
larly important because of low efficiency of particle collection by filters at this size
scale. Moreover, we did not find any study that reveals the toxicity of tungsten
nanoparticles on epithelial cells, despite the prevalence of the absorption of this
material through the skin. Taking into account the possible release of tungsten
nanoparticles into the atmosphere following a nuclear accident (LOVA) [12],
nanoparticles would interact primarily with the epithelial tissue of the workers.
This investigation is the further purpose of the present paper; and this is the reason
why the normal human skin fibroblast cell line B] ATCC CRL 2522 was chosen for
toxicity evaluation after interaction with tungsten nanoparticles.

In order to undertake the cytotoxicity studies, tungsten dust has been pur-
posely produced using the magnetron sputtering combined with gas aggregation
(MS-GAS) technique. Scanning electron microscopy (SEM) and dynamic light
scattering (DLS) were used to investigate the nanoparticle morphology and
nanoparticle behavior in liquid medium, respectively. This synthesis method and
also nanoparticles characterization will be presented in Section 2. In Section 3
toxicology studies will be presented. Doses with different concentrations of tung-
sten nanoparticles were used. At low concentration of tungsten nanoparticles, the
cell viability was investigated using a cell viability assay MTS test ((3-(4, 5-dimeth-
ylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium)).
In contrast, at a higher concentration of tungsten particles, SEM was used to offer
insights into the process of interactions between inorganic nanoparticles and
epithelial cells. Also, for every nanoparticle concentration added over the skin
cell culture, optical microscopy investigation was accomplished. Finally, in the
Conclusions section, we elucidate if tungsten nanoparticles, characterized by a
spherical shape and approximately 100 nm in diameter, present high toxicity or not
with respect to human skin cells.

2. Nanoparticles synthesis and characterization
2.1 Synthesis of tungsten nanoparticles

Nanoparticles are generally synthesized using different methods largely
presented in literature. These are classified mainly in chemical and physical ones
[27-29]. In this work we preferred to use a physical synthesis method [30, 31].
Similar with the tokamak device, we have chosen a plasma-based method: magne-
tron sputtering combined with gas aggregation (MSGA). This method was intro-
duced in the last decade of the last century [32], and starting with that moment,
it was used for the synthesis of nanoparticles based on different materials (which
includes metals [33] and their compounds [34]).

The schematic figure of the experimental setup is presented in Figure 1. The
setup assembled from two chambers, an aggregation chamber (MSGA cluster
source) which is attached to a vacuum deposition chamber. The cluster source con-
sists in a water-cooled stainless-steel tube in which a magnetron sputtering plasma
gun is mounted. The opposite face of the cluster source ends in a conical-shaped
flange presenting a 1.5-mm aperture. The distance between the magnetron target
(tungsten, 2” in diameter, purity of 99.95%) and the exit aperture defines the space
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Figure 1.
Schematic of the experimental setup used for synthesis of tungsten nanoparticles.

where the aggregation of nanoparticles takes place; in this work the length of this
space was 90 mm.

The following subsystems are integrated into the experimental system: a pump-
ing unit consisting of a turbomolecular pump providing a high vacuum in both
chambers and also pressure sensors; and the second subsystem is represented by the
gas intake and the mass flow controller (MFC), which helps us control the gas flow
in the chambers. In addition, in order to sustain the plasma discharge, a radio-
frequency generator, provided with an impedance matching box, was used. The
frequency used was 13.56 MHz, and the RF discharge power was constantly 80 W.

The process gas (Ar, 99.9999% purity) is fed directly in the aggregation chamber
at a flow of 5 standard cubic centimeter per minutes (sccm), and it is evacuated (via
the small aperture) by the pumping system of the deposition chamber. In MSGA
system the working gas plays the following roles:

i. To maintain the magnetron plasma discharge and thus, to produce by sput-
tering the tungsten atoms for nanoparticles growth.

ii. To produce, by three body collisions (W + W + Ar), the initial germs (dimers
of W-W type) for further growth of the nanoparticles.

iii. To transport the nanoparticles from the cluster source in the deposition
chamber via the exit aperture of the cluster source; this last action is sus-
tained by to the difference of pressure appearing between the deposition
chamber (0.5 Pa) and the cluster source chamber (80 Pa).

In accord with the models for nanoparticles growth in magnetron sputtering
plasmas presented in the literature [35], the W nanoparticles are formed in the
following manner.

Firstly, the three body collisions taking place between two W atoms and an Ar
one lead to the formation of W-W dimers. These act like initial germs and increase
by further condensation of metallic vapors (process named accretion), until small
nanocrystallites are formed. These present dimensions in between 2 and 10 nm. It is
important to note that they may be charged; the charging proceeds by the interac-
tion of nanocrystallites with plasma electrons (leading to negative charge) and ions
(leading to positive charge). The electrostatic interaction gathers the nanocrystal-
lites leading to formation of nanoparticles. This process is named coagulation.
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Finally, the W nanoparticles are transported by the Ar flow in the deposition
chamber, which are collected on glass and Si substrates (Figure 2). The deposition
rate of WNPs was about 5 mg/hour.

2.2 Nanoparticles characterization

Before performing biological tests in order to evaluate the possible toxicity of
tungsten nanostructures, aspects of nanoparticle morphology were investigated
using SEM after which nanoparticle behavior in liquid medium was evaluated using
DLS.

2.2.1 Morphological analysis by SEM

The laboratory model used to evaluate the possible toxic effect of tungsten dust
was formed by a powder assembled from nanoparticles. This powder was extracted
from the glass substrate and transferred on a carbon tape. The morphology of
nanoparticles was investigated by SEM using a Zeiss EVO 50XVP with LaBg electron
gun operating at 20 kV. Figure 3 shows that the particles present almost spherical
morphology. The diameter of the nanoparticles is about 100 nm.

2.2.2 Particle dispersion analysis by DLS

Nanoparticle behavior in liquid has to be studied as well, because the inter-
action with cells takes place in liquid phase. For the biological tests, liquid

Figure 2.
Tungsten nanoparticle deposits, obtained after four diffevent deposition runs, collected on glass substrate.

Figure 3.
SEM images of tungsten nanoparticle synthesized by MSGA technique: (A) higher magnification and
(B) lower magnification.

~N
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dispersions of particles with various concentrations were prepared, as will be
detailed in the next section. Such dispersions, consisting of particles dispersed in
phosphate-buffered saline (PBS) solutions, were characterized by dynamic light
scattering.

Dynamic light scattering (sometimes referred to as photon correlation spec-
troscopy or quasi-elastic light scattering) is a technique for measuring the size of
particles dispersed in liquids, typically in the submicron scale. Dynamic light scat-
tering actually determines the diffusion rate of particles in a particular dispersion
medium as a result of the Brownian motion. Brownian motion is the random move-
ment of particles due to the bombardment by the solvent molecules that surround
them. Based on this physical process, this light scattering technique allows us to
evaluate the apparent size that the particles reach when they are added in a liquid
medium. The particles are illuminated with a laser beam with a power of 30 mW,
and this light is scattered on the particles. The scattered light is then collected at an
angle of 165° for size measurements and then measured with an extremely sensi-
tive detector. After the detection, the hydrodynamic diameter is evaluated, which
represents the diameter of a sphere having the same diffusion coefficient as the
particle measured, also taking into account the layer of hydrates surrounding the
particle/molecule [36].

The data analysis was performed with the DelsaNano 2.21 software. The results,
obtained for three dispersion concentrations, used later in the biological tests, are
presented in Figure 4.

It can be observed that the apparent diameter of nanoparticles in liquid is larger
than the particle size indicated by SEM. Also the diameter increases with the con-
centration of nanoparticles added in liquid, indicating a tendency to agglomeration.
The use of an ultrasonication procedure reduces the agglomeration, decreasing the
apparent diameter.

;DLS measurement
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Figure 4.
Apparent diameters vesulted from DLS measurements at various dispersion concentrations (the concentrations
of 10, 100, and 1000 pg/mL correspond to the samples indexed as C2, C3, and Cy4 in the Section 3).
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3. Evaluation of toxicity
3.1 Cell line selection and preparation of cells samples

For the run of the biological assays, a human skin fibroblast culture, called
BJ ATCC, CRL 2522, was used. These cells were derived from an initial ATCC lot
(American Type Culture Collection) and were obtained from Homo sapiens species.
This cell line was kept at 37°C in humidified atmosphere (5% CO,). Fibroblasts were
grown in the Eagle’s minimum essential medium (EMEM) environment supple-
mented with 10% fetal bovine serum (FBS), 100 pg/mL penicillin and 100 pg/mL
streptomycin (Figures 5 and 6).

3.2 Preparation of the biological samples

A working protocol was set to go from the nanoparticle synthesis (the nanopar-
ticles gathered in circles in Figure 2) to the dilutions required to assess the toxicity.
In order to achieve this goal, after synthesis, the nanoparticles were first collected
from the substrate, weighed, and added in saline solution, forming a stock solu-
tion. Before being added over the inoculated cells, the stock solution was sterilized.
Furthermore, dilutions were prepared from the stock, which were utilized for toxic-
ity investigations. This protocol is described in Table 1 and illustrated in Figure 7.

In general, a decisive factor in the field of toxicology is determined by daily expo-
sure to nanoparticles and the problem that arises due to it is that in vitro assays cannot
be directly correlated with repeated exposure. Therefore, in the present study, in
addition to the usual concentrations used for this type of analysis (1, 10, 100 pg/mL),
two higher concentrations of nanoparticles were added in EMEM, concentrations that
presents a major importance in the case of a nuclear accident, taking into account the
purpose of the work [37]. In conclusion, dilutions from the stock suspension were
made in order to obtain final concentrations of 1, 10, 100, 1000, and 2000 pg/mL,
concentration used to evaluate the possible toxicity effect of tungsten nanoparticles
(Table 2).

Figure 5.
SEM images of the fibroblast cells after being inoculated for 24 hours.
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Figure 6.
Cells observed using a fluovescence microscope. Both the nucleus and the cell body are presented.

Preparation of nanoparticle samples to assess cytotoxicity

Nanoparticles synthesis and collection on substrate Step 1, Figure 2

Sampling nanoparticles from the glass substrates Step 2, Figure7

Weighing nanoparticle powders Step 3, Figure 7

Preparation of the stock solution (10 mg/mL) Step 4, Figure 7

Solution sterilization Step 5, Figure 7

Performing dilutions, starting from the stock solution Step 6, Figure7
Table 1.

The steps requived to prepare the samples for cytotoxicity evaluation.

At the same time when performing the particle dilutions, the cells were inocu-
lated in the well plate. After the cell attachment on the bottom of the wells, in every
well, a different dilution (from C1 up to C5) was added over the cells. This was
the first step required to check on the interaction between nanoparticles and skin
fibroblast cells, and in the following the meaning of the sample names is control
sample for the sample with cells without nanoparticles; blanc for the sample with
nanoparticles without cells; and C1, C2, C3, and C4 for the samples containing both
cells and nanoparticles.

3.3 Optical microscopy investigation of interaction of cells with nanoparticle
dilutions

For a first qualitative analysis of the influence of tungsten particles on dermal
fibroblast cells, optical microscopy was used. The evaluation, after each step such as
cell seeding in the wells, adding nanoparticle dispersions over the cells inoculated
and analyzing beforehand cell viability with the MTS test, respectively, was carried
out using the optical microscope inverted Olympus CKX31SF with 10x, 20x, and
40x magnifications.

At low concentrations (C2, C3), the cell attachment to the substrate is still
present and the nanoparticle clusters are not well highlighted. We can conclude that
cells are still viable in tungsten nanoparticle dispersion.

10
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STEP2 STEP 4 STEP 5

Figure 7.
Images which illustvate the steps that were vequived for the preparation of nanoparticle samples to assess
cytotoxicity.

C1 Low concentration of nanoparticles 1pg/mL

C2 10 pg/mL

C3 100 pg/mL

C4 Higher concentration of nanoparticles 1000 pg/mL

G5 2000 pg/mL
Table 2.

Dilutions based on stock concentration.

However, for higher concentrations, cells tend to be completely coated with
nanoparticles, and moreover, it can be observed how certain cells change their
shape, becoming round (a precursor for cell death), but we cannot be sure if the
cells are still viable or not.

From the optical microscope images, it is possible to highlight that cells remain
anchored on the substrate, even when the concentration of nanoparticles added
to the medium is very high. This is an indication for cell viability and a suggestion
that, at least in low concentration (<100 pg/mL), tungsten is certainly not a toxic
material (Figure 8).

3.4 MTS test ((3-(4, 5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-
(4-sulfophenyl)-2H-tetrazolium))

The MTS ((3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl) -2- (4-
sulfophenyl)-2H-tetrazolium)) test is a colorimetric method used for cytotoxicity
analysis [38]. This test is used to quantify viable cells. This method is based on the
mitochondrial oxidoreductase enzyme reduction by a tetrazolium salt (MTS com-
pound). These enzymes are found only in viable cells—Figure 9. Thus, based on
this interaction, a formazan compound is generated, and this compound is soluble
in the culture environment. The presence of this compound changes the solution
absorbance. The presence of the formazan compound is an index of mitochondrial
activity, being proportional to the number of viable cells. Formazan exhibits maxi-
mum absorbance at 490 nm in a saline solution. Since the MTS reagent is sensitive
to light, the test is performed by limiting the ambient light exposure. In addition, at
higher concentration, the tungsten nanoparticles also change the dispersion absor-
bance, and this change interferes with formazan absorption. Therefore, the MTS
test does not offer concluding results at high particle concentration, and this is the
reason why we performed MTS investigation only for low-concentration samples

11
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(C1, C2, and C3). Another method to evaluate the toxicity for high concentration of

nanoparticles is required, and we conclude on this aspect using SEM investigations
in Section 3.5.

Control sample

Figure 8.
Optical images of nanoparticle dispersions over the cells inoculated.

12
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Figure 9.

The chemical structures of the MTS (((3- (4,5-dimethylthiazol-2-yl)-5- (3-carboxymethoxyphenyl)-2- (4-
sulfophenyl)-2H-tetrazolium))) reagent and the formazan format compound obtained after the interaction
between these compounds with the mitochondrial enzyme.

MTS viability test
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Figure 10.
Wells plate used for the evaluation of MTS assay. In this figure the use of every wells from the plate is
highlighted.

Firstly, Figure 10 shows the order in which different concentrations of tungsten
were added over the inoculated cells in the well plates. Figure 11 shows the MTS
effect. MTS was added over dilutions before the cytotoxicity analysis. After 24 and
48 hours, respectively, nanoparticle suspensions were added over the cells inocu-
lated in well plates, and MTS substance was pipetted into each well. This substance
was left to act for 3 hours. The 96-well plate, as previously described, was intro-
duced into Mithras spectrophotometer, Berthold Technologies, with the added MTS
substance, for each well resulting in an absorbance value.

From the arithmetic average value of the three replicates, corresponding to
each concentration (C1-C3), after the absorbance of the blanks was subtracted,
the absorbance value was calculated using formula (1). The value of the viability
percentage was calculated according to the control sample value, whose viability
was considered 100%.

Cell viability (C1up to C3) = Absorbance value (C1 up to C3) * 100 )

Control sample absorbance value

The MTS results, for 24 and 48 hours of interaction, are presented in Figure 12.
The cytotoxic effect of WNPs on cells is strongly influenced by the dilution
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Figure 11.
The 96-well plate in which the MTS solution was put over the cells that were incubated for 24 hours. The
formazan presence can be observed in wells by the change of the dispersion color.
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Figure 12.
Results of the MTS cell sample test after 24 and 48 hours, vespectively, after the addition of nanoparticles over
the anchored cells on the well. It can be seen how the viability decreases after 48 hours.

concentration. According to the results, at low concentrations, the tungsten
nanoparticles are not toxic for human skin cells. Nevertheless, cell viability declines
after 48 hours in comparison to 24 hours, which indicate that tungsten is not a
material that helps cell proliferation.

3.5 Scanning electron microscopy investigations

Scanning electron microscopy was used to obtain complementary information
on the process of interaction between the epithelial cells and nanoparticles. In this
section, firstly, we will investigate the normal behavior of the cell attachment and
cells morphology, in the absence of nanoparticles. In contrary, when different con-
centrations of nanoparticles were added over the cell culture (from C1 to C5), SEM
examination informs us on the changes that can appear in their morphology and
also in their viability. These aspects will be discovered using secondary electrons
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(SE) imaging. In addition, by operating the instrument in the backscattered
electron (BSE) imaging more, details from in-depth of the cell, like the presence of
particles beyond the membrane thickness, can be revealed. This process, so-called
internalization, is illustrated in Figure 13, where images of the same area cell,

Figure 13.
SE and BSE images are compared and in the BSE image; the internalized particles ave highlighted.

Figure 14.
SEM images, at low and higher magnification, of the control sample, taken using secondary electrons. Normal
cellular development can be observed.

Figure 15.
SEM images taken with the secondary electron (SE) and backscattered electron (BSE) technique of a test
sample, where no presence of nanoparticles is observed.
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recorded in SE and BSE modes, are compared. Moreover, the backscattered electron
technique is based on the contrast between different atomic numbers (Z), so that
the nanoparticles with a higher atomic number (92) are brighter in these images
than the cell body.

3.5.1 Control sample

In Figure 14, normal morphology of the fibroblast cell is observed for the
control sample. It can be seen how cells tend to cover the entire surface of the well.
An important point highlighted by the higher magnification image is the intercon-
nection between cells. Using the backscattered electron technique (Figure 15, BSE
compared to SE images), no sign of nanoparticles, or simply just impurity inside
the cellular body, or any intrinsic cellular element that could affect the subsequent
development of the cells can be observed.

Figure 16.

Images of cells over which a small amount of tungsten nanoparticles (C1—1 pg/mL) were added. Even at such
a small concentration added in the cellular environment, the presence of nanoparticles, both on the cell surface
and inside the cell body, is observed. At the same time, a difference in the cell number and morphology can be
observed in contrast with the control sample.
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3.5.2 Low concentration of nanoparticles (samples C1up to C3)

When a small amount of nanoparticles is added over the pre-inoculated cells, it
can be observed first that the bonding between them is not destroyed and secondly,
the nanoparticle presence does not radically modify cell morphology. However,
some of them become slightly circular, and the number of attached cells on the
well slightly decreases. Thus, at a low concentration, tungsten nanoparticles do not
dramatically affect cellular proliferation, implicitly cellular viability, as it is demon-
strated also by the MTS test. Nevertheless, a nanoparticle effect was observed. C1
nanoparticle concentration effects are present in Figure 16, while in Figure 17 the
C3 effects are highlighted.

3.5.3 Higher concentration of nanoparticles (C4 and C5)

At higher concentrations of nanoparticles added over the cells that were
previously attached to the substrate, one can first notice a radical change in the
cell morphology. They tend to become round, a sign that precedes cell death. At
the same time, the number of cells attached on the walls decreased in contrast
with the control sample, which shows that the nanoparticles obviously affect
the proliferation of fibroblast cells, effects presented in Figures 18 and 19 for

C3

Figure 17.

When the amount of nanoparticles added over attached cells increases (C3—100 pg/mL), a decrease in the
cell number on the well surface can be seen, and the number of nanoparticles on the cell surface, as well as the
number of nanoparticles internalized in the body of the cells, is higher.

Figure 18.
Images taken with the help of secondary electron (SE) and backscattered electron techniques (BSE) that
highlight the changes in cell morphology after interaction with tungsten nanoparticles.
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Figure 19.

Images taken with the help of secondary electron (SE) and backscattered electron techniques (BSE) at various
magnifications that capture the effect of nanoparticles when large amounts of them were added over inoculated
fibroblast cells.

Figure 20.

Electron microscopy images at varvious magnifications that captuve the effect of nanoparticles when a very high
concentration of cellular media mixed with nanoparticles is added over the inoculated fibroblast cells. These
nanoparticles influence the growth of cells because they remain on the surface, but at the same time, some of
them also penetrate the cellular body, beneath the membrane.

C4 concentration and Figures 20 and 21, for C5 concentration, respectively. At
a higher magnification, it is noticeable that the nanoparticles were internalized
under the cell membrane, an effect that is highlighted using the backscattered
electron technique.

This section shows that no major difference can be seen between the control
sample, in which cells have grown normally and the sample of cells over which just a
small amount of nanoparticles (e.g., sample C1) has been added. In contrast, when
nanoparticle concentration increased, the number of viable cells attached on the
well decreased, this being especially noticeable at a low magnification. However,
when the magnification increases, it can be observed that nanoparticles cover
approximately the entire cell surface, and moreover, they penetrate the membrane,
being internalized in the cells (Figure 21). This could be observed with back-
scattered electrons that nanoparticles can penetrate the cells at a depth of about
100 nm, meaning within the cytoplasm (under the membrane, this being defined
by the lipid bilayer having the thickness about 10 nm).
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Figure 21.

Images taken using scanning electron microscopy at various magnifications, observing Cs concentration
of nanoparticles (2 mg/mL), both on the surface of the cell body and nanoparticles that are internalized
under the membrane. These latter nanoparticles can be observed through the backscattered electron
technique.

4, Conclusions

This chapter addresses a high-profile scientific field in which we evaluate the
possible cytotoxic effects of tungsten nanoparticles through their in vitro exposure.
Firstly, according to the chosen research theme, a laboratory model was used in
order to investigate the possible toxicity of the tungsten dust. This laboratory model
was used to simulate the nanoparticles resulting from a nuclear fusion reactor
operation. This model is based on nanoparticle synthesis using the magnetron sput-
tering with the gas aggregation technique.

This chapter specifically focuses on assessing the toxicity of tungsten
particles on fibroblast cells. The toxicity of tungsten powder in dispersion was
tested using dermal fibroblast cells. For this investigation, different concentra-
tions of nanoparticles added to the previously inoculated cells in the wells were
used. Thus, at low concentrations of nanoparticles added in suspension, this
material does not exhibit a high level of toxicity. However, when the nanopar-
ticle concentration added to the cellular medium increases above 100 pg/

mL, reaching even 1 and 2 mg/mL doses of interest in accordance with to the
concentration of nanoparticles released following a possible nuclear accident
LOVA), the toxicity of tungsten is high. This toxicity is primarily observed by
significantly reducing the number of viable cells remaining on the substrate.
Thus, the ability to multiply in monolayer is lost due to the nanoparticle
destruction of the contact between the neighboring cells. Furthermore, loss of
cell contact with the surface of the well can be observed. Thus, individual cells
appear on the surface. At the same time, optical investigation has observed the
change in cell morphology. They tend to have a spherical shape, by retracting
their pseudopods. These changes occurring in dermal fibroblast cells after
interaction with tungsten nanoparticles are characteristic of the post-apoptotic
stage.
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