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Abstract: In this study, the cytotoxic effects of brake wear particles (>250 nm ceramic/ceramic wear
particles (CCWPs) and <100 nm ceramic/steel wear particles (CSWPs)) and 100 nm iron (III) oxide
ultrafine particles IOUFPs) on human lung carcinoma (A549) and Chinese hamster ovary (CHO) cells
were investigated. Cell viability was determined using the MTT and Calcein AM methods. Oxidative
stress was assessed by measuring reactive oxygen species (ROS), intracellular reduced glutathione
(GSH), and malondialdehyde (MDA) concentrations under exposure to the above particles in the
concentration range of 10-80 pug/mL. The initial assessments of CCWPs and CSWPs on the cell
viability were performed after a 4-h exposure but later extended to 24 h to investigate the time-
dependent of the cell viability and oxidative stress. MTT and Calcein AM assays indicated that
the A549 cells are less susceptible to CCWPs and CSWPs than the CHO cells when exposed for
both 4 h and 24 h. This study highlights that oxidative stress induced by CCWPs, CSWPs, and
IOUFPs is cell-specific. While CCWPs did not affect glutathione (GSH) levels in the CHO cells, it
significantly reduced GSH levels in A549 cells, with the exception of 80 ug/mL. Both CCWPs and
CSWPs increased the lipid peroxidation in both cell types; however, the A549 cells demonstrated
lower sensitivity to these treatments.
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1. Introduction

Wear particles belong to traffic-related pollutants that originate from the wear of the
brakes and tires of motor vehicles and roads [1,2]. Brake wear contributes up to 55% of fine
particles for non-exhaust traffic emissions [3,4]. A passenger car is normally equipped with
four brakes, each consisting of two brake pads and a disc. The brake pads are composed of
various ingredients, which are often categorized as reinforcements, abrasives, lubricants,
fillers, and binders [2,5]. The reinforcements (e.g., steel, carbon, and glass fibers) are added
to the friction material formulation to provide the mechanical strength. The abrasives (e.g.,
aluminum and iron oxides, silicon dioxide, and zirconium oxide) change the friction and
wear properties. The lubricants (e.g., graphite and copper sulfate) stabilize the friction
properties, especially at high temperatures. The fillers (e.g., barite, calcite, and mica) fill in
the space between the other ingredients and improve the manufacturability of the friction
material. The binders (e.g., phenolic and silicone resins) ensure the structural integrity
under thermomechanical loads [2].

When the brake pads and discs are worn off, wear particles are released to the envi-
ronment and affect living organisms. The biological effect of particles depends on their
size [6-9] and charge [10], surface coating [7,11,12], chemical nature [8,13], ionization con-
stant [14], and pH of the medium [15,16]. For example, smaller 40-50 nm copper particles
are more toxic [8,9] compared to larger micrometer-sized copper particles [17,18]. The
penetration of wear particles into cells depends on the size and morphology of the particles
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and the surface coverage. They can penetrate the plasma membrane of the cell or enter
the cells through the active transport mechanism called endocytosis (phagocytosis and
pinocytosis) [19]. The uptake of larger particles occurs by phagocytosis. The uptake of
particles with a size from a few nanometers to hundreds of nanometers, on the other hand,
takes place via pinocytosis [20-24].

At the molecular level, the formation of reactive oxygen species (ROS), hydrogen
peroxide, anionic superoxide, and free hydroxyl radical, as well as hydroxyl anion, is a
major mechanism by which nanomaterials trigger cellular responses [13,25] and cause the
oxidative stress in cells [8,26]. Cell proliferation can be regulated by ROS levels. For exam-
ple, when the intracellular ROS level is above a certain threshold, ROS inhibits the cell cycle,
leading to increased cell necrosis and apoptosis [27,28]. Wear particles can also participate
in ionization. There is evidence that metal ions react with hydrogen peroxide (H,O,) in the
cytosol and in biological membranes and are the main target of the oxidative stress. The
cell membrane, which is composed of polyunsaturated fatty acids, is a primary target for
attacks by superoxide anions and HyO, resulting in cell membrane damage [29-31]. HyO»,
which is categorized as a non-radical ROS, can be converted into much more active other
ROS derivatives under the influence of various compounds, including proteins, lipids, and
enzymes. Metal cations released from wear particles bind to negatively charged phospho-
lipids, thus altering the physical properties of the bilayer and favoring the initiation and
propagation of lipid peroxidation reactions [31,32]. Malondialdehyde (MDA), propanal,
hexanal, and other various aldehydes can be formed as secondary products during lipid
peroxidation [31]. The practically non-toxic MDA is considered a presumptive biomarker
for lipid peroxidation in living organisms and cultured cells [33,34]. On the other hand,
the end products of lipid peroxidation (one of which is MDA) cause the protein damage
by addition reactions with lysine amino groups, cysteine sulthydryl groups, and histidine
imidazole groups [35,36].

The studies on the influence of brake wear particles on the viability of cells have
led to the controversial results. For example, Barosova et al. [37], Gasser et al. [38], and
Puisney-Dakhli et al. [39] found no significant effects on the cell viability after exposure.
In contrast, the studies by Alves et al. [40], Melzi et al. [41], and Puisney et al. [42] clearly
demonstrated the particle cytotoxicity. In the mentioned studies, the concentration of
particulate matter (PM) varies in a wide range from 150 to 400 ng/mL [40] to 2, 1, and
0.5 mg/mL [37]. Following Puisney et al. [42] with 25-50-100-150 ug/mL PM, the sus-
pension concentration of 10-80 pg/mL is used in the present study. The studies on the
effects of brake wear particles on the production of ROS have also shown contradictory
results. Melzi et al. [41] and Puisey et al. [42] reported an increase in the ROS production
after exposure, whereas Alves et al. [40], Barosova et al. [37], Gasser et al. [38], and Zhao
et al. [43] did not observe this effect.

The aim of this study was to systematically investigate and compare the viability, ROS
generation, and membrane effects of wear particles emitted from ceramic/ceramic and
ceramic/steel brake friction pairs and Fe;O3 ultrafine particles on CHO and A549 cells.

2. Materials and Methods

Materials: We used 100 nm Fe, O3 ultrafine particles (IOUFP), Sigma-Aldrich, Eschen-
strasse 5 D-82024 Taukirchen, Germany; ceramic brake pads commonly used in passenger
cars in the Baltic countries; >250 nm ceramic/ceramic wear particles (CCWPs) generated
by rubbing the ceramic brake pad samples against each other; and <100 nm ceramic/steel
wear particles (CSWP) generated by rubbing the ceramic brake pad sample against a S235]R
steel disc.

The wear particles were obtained using the experimental setup and procedure de-
scribed in Tarasiuk et al. [44]. The pin samples had a diameter of 8 mm and a length of
8 mm. They were tested on a pin-on-disc tribometer against steel discs with a diameter
of 60 mm and a thickness of 6.5 mm, at a sliding speed of 1.8 m/s and a contact pressure
of 1 MPa. The temperature measured in the pin sample did not exceed 100 °C during the
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test. A clean chamber was built around the friction pair of the tribometer to eliminate
the external sources of particles. The clean chamber was supplied with filtered and dried
air at its inlet. The friction between the pin and disc samples led to the emission of wear
particles into the air. The airflow in the clean chamber transported the wear particles to the
outlet of the clean chamber, where they were sampled by a cascade impactor. The cascade
impactor provided a three-stage classification and collection of the wear particles according
to their aerodynamic diameters. The upper stage, with a cut point of 10 um, collected
>10 um particles. These larger particles are not inhalable and are not considered in this
study. The middle stage, with a cut point of 2.5 um, collected 2.5-10 um particles. Finally,
the lower stage, with a cut point of 1 um, collected 1-2.5 pm particles. At each stage, the
wear particles were collected on an aluminum substrate.

The cell line Chinese hamster ovary (CHO) and the cell line Human lung cancer (A549),
Merck SA.

Reagents: 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl-2H-tetrazolium bromide (MTT),
Roth; N,N’-[[3’,6'-bis(acetyloxy)-3-oxospiro[isobenzofuran-1(3H),9'-[9H]xanthene]-2',7’-
diyl]bis(methylene)]bis[N-[2-[ (acetyloxy)methoxy]-2-oxoethyl]]-glycine,1,1’-bis [(acetyloxy)
methyl] ester (Calcein AM), Cayman; dimethyl sulfoxide (DMSO), Sigma-Aldric;
2-propanone (Acetone), Sigma-Aldrich; phosphate-buffered saline (PBS), Roth; 2/,
7'-dichlorodihydrofluorescein diacetate (DCF-DA), TRC Canada; hydrogen peroxide (H;O5),
Chempur; Propanedial (Malondialdehyde) (MDA), Sigma-Aldric; Tris-HCl, NaCl, Na,EDTA,
Triton X-100, sodium pyrophosphate solution (cell lysis buffer), Acros Organics; trichloroacetic
acid (TCA), AppliChem; 2-thiobarbituric acid (TBA), Acros Organics; benzene-1,
2-dicarbaldehyde (phthalaldehyde), Sigma-Aldric; perchloric acid, Sigma-Aldric; Dul-
becco’s Modified Eagle Medium (DMEM), Cegrogen; Fetal Bovine Serum (FBS), Cegrogen;
benzylpenicillin/streptomycin sulphate (penicillin/streptomycin) (P/S), Cegrogen; am-
photericin B (AmphB), Cegrogen; RPMI medium (RPMI 1640), Roth; 2-Aminopentanedioic
acid (L-Glutamic acid) (L-Glu), Roth.

The stock solution of particles: Suspensions of CCWPs, CSWPs, and IOUFPs were
prepared at 0.1 g/mL in autoclaved deionized water. CCWP suspensions were sonicated
for 2 h and centrifuged at 7000 rpm for 10 min. CSWP and IOUFP suspensions were
sonicated for 0.5 h and centrifuged at 7000 rpm for 10 min [39,40]. The stock solutions were
stored in the dark at +4 °C and were vortexed before each use.

Eukaryotic cells cultivation: CHO cells were cultured in a sterile DMEM cell culture
medium with 10% FBS, 1% P/S, and 1% AmphB. The temperature in the incubator was
37 °C, with 5% CO, and a humidity of 80%. The incubation lasted between 4 and 5 days.
Ab549 cells were cultured in a sterile RPMI 1640 cell culture medium with 10% FBS, 1% P/S,
1% AmphB, and 1-3% L-Glu, at an incubator temperature of 37 °C, a CO, content of 5%,
and a humidity of 80%. The incubation lasted between 6 and 7 days.

Cell incubation with IOUFP, CCWP, and CSWP suspension: Approximately
10,000 cells/mL in the exponential growth phase were seeded in a flat-bottomed 96-well
black/transparent polystyrene-coated plate and incubated for 24 h at 37 °C in a 5% CO,
incubator. The prepared series of 10, 20, 40, and 80 pg/mL of IOUFP, CCWP, and CSWP
in the medium were added to the plate (100 pL). The incubation time with the CSWP,
CCWP, and IOUFP suspensions in the cell viability /cytotoxicity studies was 4 or 24 h. The
investigation of the ROS formation, lipid peroxidation, and intracellular reduced GSH was
performed after 24 h of incubation with CSWP, CCWP, and IOUFP suspensions.

Cell viability/cytotoxicity studies were performed under the following conditions.
The cytotoxicity of CSWP, CCWP, and IOUFP was analyzed with the MTT assay according
to ISO 19007:2018 [45]. After the incubation of the cells with CSWP, CCWP, and IOUFP for
4 or 24 h, the cell growth medium in each well was replaced with 100 uL MTT (0.2 mg/mL).
The subsequent incubation was carried out for 4 h. The formation of formazan crystals was
observed after 4 h in each well. These formazan crystals were dissolved in 50 uL acetone,
and the OD was immediately measured in a microplate reader (TECAN microplate reader)
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at a wavelength of 535 nm. The cells incubated in the absence of particles were used as
a control.

For the cell viability study, a 1 mM Calcein AM solution was prepared in DMSO [46].
The cell growth medium was replaced in each well with 100 uL Calcein AM solution (5 pM
in PBS (pH 7.4)) after 4 or 24 h of the incubation with CSWPs, CCWPs, and IOUFPs. The
subsequent incubation was carried out for 1 h. Then, 50 uL PBS was added to each well,
and the plates were immediately read in a microplate reader (TECAN microplate reader)
with an excitation wavelength of 490 and an emission wavelength of 535 nm. The cells
incubated in the absence of particles were used as a control.

The evaluation of the ROS generation was performed under the following conditions.
The cell growth medium was changed in each well with 100 pL. 10 uM DCF-DA after
incubating the cells for 24 h in a medium without phenol red at 37 °C for 30 min in the
dark [47]. The cells were washed twice with PBS. Then, 50 uL of PBS was added to each
well, and the plates were immediately read in a microplate reader (TECAN microplate
reader), with an excitation wavelength of 485 and an emission wavelength of 535 nm. The
cells incubated in the absence of particles were used as a control. The ROS generation by
H,0, (100 uM) was used as a positive control.

The content of intracellular reduced glutathione (GSH) was determined with o-
phthaldialdehyde [48]. After the treatment, the cells were lysed with 100 uL of 1% per-
chloric acid for 10 min on ice. Then, 10 puL cell lysates, KH,PO4/EDTA bulffer, and o-
phthaldialdehyde (1 mg/mL) were added to 96-well black plastic plates and incubated for
0.5 h at room temperature in the dark. The fluorescence intensity was measured using the
microplate spectrofluorometer (TECAN microplate reader) at the excitation and emission
wavelengths of 350 and 420 nm, respectively.

Lipid peroxidation was determined using the malondialdehyde (MDA) method [48,49].
The cells were cultured as described above. A 0.1 mL cell suspension was washed with
PBS at 4 °C. The cell pellets were then lysed in cell lysis buffer (1 x 20 mM Tris-HCI (pH
7.5), 150 mM NaCl, 1 mM NayEDTA, 1% Triton X-100, and 2.5 mM sodium pyrophosphate).
After the centrifugation (15,000 x g for min at 4 °C), the supernatant (cell suspension) was
kept on ice, and 1.9 mL 0.1 M sodium phosphate buffer (pH 7.4) was incubated at 37 °C
for 1 h. After the incubation, the mixture was precipitated with 5% TCA and centrifuged
(2300x g for 15 min at room temperature) to collect the supernatant. Further, 1.0 mL of 1%
TBA was added to the supernatant and placed in boiling water for 15 min. After cooling to
room temperature, the absorbance of the solution was measured at 532 nm, using a TECAN
microplate reader.

For the statistical analysis, all data are means + standard deviation (SD), one-way
analysis of variance (ANOVA) of the least 3 replicates, n = 3, * p < 0.05, ** p < 0.01, and
** p < 0.001 compared to the control group (viability of cells without exposure of particles
100%): (a) significant difference as compared with CCWP between cell CHO and A549 lines
at p < 0.05; (b) significant difference as compared with CSWP between cell CHO and A549
lines at p < 0.05; and (c) significant difference as compared with IOUFP between cell CHO
and A549 lines at p < 0.05.

3. Results

In this study, the cytotoxic effects of ceramic/ceramic wear particles (CCWPs), ce-
ramic/steel wear particles (CSWPs), and iron (III) oxide ultrafine particles (IOUFPs) are
investigated using the same concentration suspensions on the cells of two lines.

The first line was human lung adenocarcinoma cells (A549), which are frequently used
in research due to the ease of their cultivation and relevance to lung diseases [50]. A549
cells have a typical epithelial cell membrane, form tight junctions, and express epithelial
markers [50]. Due to their membrane composition and the expression of various receptors,
they respond to a range of stimuli, including cytokines and growth factors [51].

The second line was Chinese hamster ovary (CHO) cells. Type II cells have charac-
teristic ultrastructural features, including a cuboidal shape, an expanded cytoplasm with
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a rough endoplasmic reticulum, tight junctions, and lamellar bodies [52]. CHO cells can
produce proteins with complex bioactive post-translational modifications (PTMs) similar to
those found in humans [53]. Glycosylation of CHO glycoprotein is closer to that in human
cells due to the absence of immune galactose—galactose epitopes in CHO cells [54].

3.1. Impact of Ceramic/Ceramic and Ceramic/Steel Wear Particles and Iron (I1I) Oxide Ultrafine
Particles on the Viability of A549 and CHO Cells

Considering the mechanical properties, durability, and popularity on the domestic
market, ceramic brake pads were selected for this study. Despite the growing interest in the
toxicity of brake pad materials, the governing mechanisms are still poorly understood [55].
The viability of CHO and A549 cells was investigated using the MTT and Calcein AM
methods.

The effects of the suspensions of CCWP, CSWP (Figure 1A), and IOUFP (Figure 1B)
on the viability of CHO and A549 cells were determined using the MTT assay after 4 h
exposure as described in Section 2.

a * * 110 *
119 ** * * * ko
' g s >
2 80 * =8 I
70 >
2o 2%
£ 4y 8 10
= 30 > 30
20 20
0 0
Concentration, pg/ml
BMCCWPCHOcells  mCSWP CHO cells Concentra“"“' ug/ml
B CCWP A549 cells m CSWP A549 cells H IOUFP CHO cells IOUFP A549 cells
(A) (B)

Figure 1. Effect of the CCWP, CSWP (A), and IOUFP (B) suspensions for 4 h on the viability of
CHO and A549 cells determined by the MTT method. Data are mean + SD of at least 3 replicates,
n=3,*p <0.05, compared to the control group (viability of cells without exposure of particles 100%):
(a) significant difference as compared with CCWP between cell CHO and A549 lines at p < 0.05;
(b) significant difference as compared with CSWP between cell CHO and A549 lines at p < 0.05; and
(c) significant difference as compared with IOUFP between cell CHO and A549 lines at p < 0.05.

An exposure to a 10 ug/mL CCWP suspension resulted in a 15% decrease in the CHO
cell viability compared to the control group that was not exposed to particles. A significant
decrease in the cell viability, reaching approximately 31%, was observed when the CCWP
concentration in the suspension was increased fourfold. The subsequent doubling of the
concentration led to an additional decrease in the CHO cell viability. CHO cells exhibited a
significant decrease in the viability when exposed to CSWPs at the concentrations of 40 and
80 pug/mL. After the exposure to a 40 ug/mL CSWP suspension, the viability of CHO cells
decreased by 17%. Doubling the concentration to 80 ug/mL resulted in a 37% decrease in
the viability compared to the control group.

Ab549 cells showed a lower sensitivity to CCWPs compared to CHO cells. Increasing
the CCWP concentration from 10 to 20 pg/mL reduced the viability of A549 cells by
15.7%. A further increase in the CCWP suspension concentration to 40 ug/mL resulted
in a decrease in viability to about 3%. Interestingly, when the CCWP concentration was
increased to 80 pg/mL, the viability increased to 14.4%. Thereby, A549 cells were less
sensitive to the effects of larger CCWPs and compared to CHO cells.

In the study [56], it was shown that iron has the highest concentration among all
metals in the brake-pad composition. Therefore, Fe,O3 ultrafine particles with a stable
oxidation state of the iron were chosen in the present study for investigating the effect of
iron on the cell viability.
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CHO cells showed no change in proliferation when exposed to the IOUFP suspensions
at a concentration of 10 or 20 pg/mL. However, increasing the concentration twofold and
fourfold led to a decrease in the viability of about 8% and 12%, respectively. In contrast,
the A549 cell line showed a decrease in proliferation of approximately 3.6% at 10 pg/mL,
with a small variation at 10 and 20 ug/mL. At 80 pg/mL, the proliferation of A549 cells
was reduced by about 20%.

Both CHO and A549 cell lines showed a reduced viability with increasing concentra-
tions of CCWPs and CSWPs, as determined by MTT over a short period of 4 h. The viability
of A549 cells was less affected by higher CCWP and CSWP concentrations than CHO cells.
IOUFPs had a dose-dependent effect on the viability of both cells. CHO cells were more
resistant to the main effects of the metal than A549 cells.

The Calcein AM method was used to compare the effects of CCWPs, CSWPs, and
IOUFPs on the cell viability under similar conditions. Figure 2A shows that the exposure
to a 10 pg/mL CCWP suspension decreased the CHO cell viability by 7.6%. Doubling the
concentration to 20 ng/mL led to a further decrease in the viability to 17%. A significant
decrease to 22.8% in the viability was observed when the cells were exposed to 80 pug/mL
of CCWPs compared to the control group. Similarly, the viability of CHO cells after
4 h of exposure to the 10 ng/mL CSWP suspension decreased by 7.3%. Doubling the
concentration to 20 ug/mL led to an additional 5% decrease in the viability. Exposure to
the 80 png/mL suspension led to a significant decrease of 19.6% in the viability compared to

the control group.
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Figure 2. Effect of the CCWP, CSWP (A), and IOUFP (B) suspensions for 4 h on the viability of CHO
and A549 cells determined by the Calcein AM method. Data are mean =+ SD of at least 3 replicates,
n=23,*p <0.05 compared to the control group (viability of cells without exposure of particles 100%):
(a) significant difference as compared with CCWP between cell CHO and A549 lines at p < 0.05;
(b) significant difference as compared with CSWP between cell CHO and A549 lines at p < 0.05; and
(c) significant difference as compared with IOUFP between cell CHO and A549 lines at p < 0.05.

A549 cells showed a lower sensitivity to CCWP particles compared to CHO cells, as
shown by the results of the MTT assay in Figure 1A. The decrease in the A549 cell viability
was less than 10% for all concentrations, except for the highest concentration of 80 pg/mL,
where a decrease of 15.7% was observed compared to the control group. An exposure to the
40 pg/mL CSWP suspension reduced the viability of A549 cells by about 8%. This effect
took place even after doubling the concentration to 80 pg/mL.

The Calcein AM method showed no negative effects of IOUFP on the proliferation of
CHO and A549 cells within 4 h. However, a slight decrease in the viability was observed:
about 5% for CHO cells at 40 ng/mL and about 13% for both cell types at 80 pg/mL. These
results can be explained by different mechanisms of action used in the MTT and Calcein
AM methods to determine the cell viability. In the Calcein AM, a metabolically active,
non-fluorescent dye is hydrolyzed by cellular esterase to produce a fluorescent form that
is retained in the cytoplasm [57]. This dye does not affect the cell viability [58] and can
easily penetrate living, intact cells [59]. The Calcein AM primarily measures cytosolic labile
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iron rather than total cellular labile iron because the probe cannot penetrate the lysosomes,
where a significant portion of the low-mass labile iron is sequestered. The Calcein AM
is a strong iron chelator [60]. The MTT assay measures the extent of active metabolism
within the affected cell population and provides information on the cell death or reduced
proliferation compared to the control cells [10,61]. However, it is important to note that the
MTT results only reflect the metabolic state of the cells and do not directly quantify the
number of viable cells [54]. Furthermore, the sensitivity of the assay is limited due to the
insolubility of the formazan product [29]. Consequently, an extrapolation of the metabolic
activity data to cell number or overall viability may lead to inaccuracies.

Both CHO and A549 cells showed a reduced viability with increasing concentrations
of CCWPs and CSWPs. The viability of A549 cells was less affected by higher CCWP and
CSWP concentrations than the viability of CHO cells. IOUFPs showed a minimal effect
on the cell viability at lower (10-20 pg/mL) concentrations, while a slight decrease was
observed in both cell lines at higher concentrations (40-80 png/mL). The viability of A549
cells exposed to 80 ug/mL CCWP, CSWP, and IOUFP suspensions for 4 h was significantly
less affected compared to the viability of CHO cells.

The effects of CCWPs and CSWPs on the cell viability were evaluated using the MTT
and Calcein AM assays (Figures 1 and 2) at an initial exposure time of 4 h. However, due to
the complex multi-ingredient nature of brake pads and the time-dependent oxidation and
ionization processes involved in the metal release, the exposure time was extended to 24 h
for the subsequent experiments.

A 24-h exposure to CCWDPs showed a concentration-dependent effect on the viability
of CHO cells (Figure 3A). The most significant reductions in the viability (approximately
22% and 34% compared to the control group) were observed at the lowest concentrations of
10 and 20 pg/mL. Increasing the CCWP concentration did not lead to significant changes
in the viability. An exposure of CHO cells to the 10 pg/mL CSWP suspension resulted in
a 9.6% decrease in the viability. Doubling the concentration to 20 ug/mL did not lead to
a further significant decrease. However, an exposure to the 40 pg/mL suspension led to
a significant decrease of 25.8% in the viability compared to the control group. A further,
albeit smaller, decrease of about 6% was observed when the concentration was doubled to
80 ug/mL.

110 110 c c c
100 * * * 100
90 90 * * c
= 80 * < 80 X ]
£ 18 B . T
=] = 5
| 40 S 40 I
5 30 > 30
20 20
10 10
0 0

Concentratlon, ug/ml
B CCWP CHO cells B CSWP CHO cells
B CCWP A549 cells B CSWP A549 cells

(A) (B)

Concentration, pg/ml
m IOUFP CHO cells IOUFP A549 cells

Figure 3. Effect of the CCWP, CSWP (A), and IOUFP (B) suspensions for 24 h on the viability of CHO
and A549 cells determined by the MTT method. Data are mean =+ SD of at least 3 replicates, n = 3,
*p <0.05,** p <0.01, compared to the control group (viability of cells without exposure of particles
100%): (a) significant difference as compared with CCWP between cell CHO and A549 lines at
p < 0.05; (b) significant difference as compared with CSWP between cell CHO and A549 lines at
p < 0.05; and (c) significant difference as compared with IOUFP between cell CHO and A549 lines at
p <0.05.

Ab549 cells showed a stronger resistance to the CCWP exposure than CHO cells. At a
concentration of 10 pg/mL, no significant change was observed in the viability of A549
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cells with the MTT method. However, doubling the concentration to 20 pg/mL resulted in
a decrease in the A549 cell viability by approximately 15%. A significant decrease of 32% in
the viability was observed at the highest concentration of 80 pug/mL. The viability of A549
cells after a 24-h exposure to nano-sized CSWPs followed a trend similar to larger CCWPs
(Figure 3A). No significant effect was observed at the lowest concentration. However, at
the highest concentration, a maximum decrease in the A549 cell viability of about 30% was
observed. These findings correlate with the results on the viability of BEAS-2B bronchial
cells [41] obtained with the MTT assay for 24 h of exposure to brake dust. It was found that
the cell viability exhibits a statistically significant decline at a concentration of 50 ug/mL
and a partial recovery at 100 ng/mL. This dose-dependent response suggests that the
cell viability may stabilize at elevated concentrations, and this observation is in line with
the results obtained in the present study. In the study by Alves et al. [40], the extracts
derived from brake pads resulted in a reduction in the A549 cell viability by up to 80% at a
concentration of 400 ng/mL. Figliuzzi et al. [62] reported that PM2.5 emissions from brake
pads, particularly those characterized by a high copper content, elicit a dose-dependent
decrease in the A549 cell viability. This effect was observed upon the exposure to increasing
PM2.5 concentrations (1, 10, 100, 200, and 500 ng/mL) for 48 h, i.e., for a twice-longer
exposure time compared to that in the present study.

An exposure of CHO cells to IOUFP suspensions with a concentration of 10 and
20 ng/mL led to a decrease of about 20% in the viability (Figure 3B). The most significant
decrease to 42.3% was observed at a concentration of 80 pug/mL. A549 cells showed a
stronger sensitivity in the viability for IOUFP. The 10 ug/mL CCWP suspension reduced the
viability of A549 cells by 37%. This effect became stronger with the increasing concentration,
culminating in the death of over 50% cells at 80 pg/mL. The viability of A549 cells was
significantly lower following exposure to the IOUFP particles compared to the CHO cells
across the tested concentration range of 10 to 80 pg/mL.

The Calcein AM assay revealed that most of the CHO cells did not survive for all con-
centrations of CCWP (Figure 4A). A549 cells were less sensitive for the prolonged exposure
to CCWP: their viability decreased by 64% at 10 pg/mL, did not change considerably after
doubling the concentration to 20 ng/mL, and finally decreased to 21% at 40 and 80 pg/mL.
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Figure 4. Effect of the CCWP, CSWP (A), and IOUFP (B) suspensions for 24 h on the viability of CHO
and A549 cells determined by the Calcein AM method. Data are mean + SD of at least 3 replicates,
n=23,%p<0.05 * p <0.01, compared to the control group (viability of cells without exposure of
particles 100%): (a) significant difference as compared with CCWP between cell CHO and A549 lines
at p < 0.05; (b) significant difference as compared with CSWP between cell CHO and A549 lines at
p < 0.05; and (c) significant difference as compared with IOUFP between cell CHO and A549 lines at
p <0.05.

Under the same conditions, CHO and A549 cells with CSWPs showed fewer negative
effects on the cell viability, with a maximum decrease of about 20% in the cell viability for
both lines after the exposure to 80 pg/mL CSWP (Figure 4A).
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The viability of the A549 cells was approximately three-fold greater than that of the
CHO cells when exposed to the CCWP suspension at a concentration of 10 and 20 ng/mL
(Figure 4A). The significant difference in the viability between CHO and A549 cells was
observed when exposed to elevated concentrations of 40 or 80 pg/mL. In comparing the
effects of smaller CSWP particles on the cell viability, a statistically significant decrease in the
viability was observed in CHO cells compared to A549 cells at suspension concentrations
of 20 and 40 pg/mL.

IOUFPs showed only minimal effects on the viability of the CHO cells at concentrations
up to 40 pg/mkL. A reduction of approximately 17% in the CHO cell viability was observed
following exposure to 40 or 80 pg/mL of IOUFPs. However, the A549 cells showed a
stronger sensitivity to the IOUFPs (Figure 4B), as shown by the MTT assay (Figure 3B) after
exposure to low concentrations of the IOUFP suspension. A 7% reduction in the A549
cell viability was observed upon exposure to 10 ug/mL of IOUFPs (Figure 4B). While a
doubling of the concentration to 20 pg/mL did not cause a significant change, a two- or
four-fold increase (40 or 80 ug/mL) led to a slight decrease of about 10%.

Comparing the impact of extended exposure time from 4 to 24 h on the viability
of A549 and CHO cells highlighted the importance of choosing methods. After 24 h of
exposure to 10 mg/mL CCWP suspension, the viability of CHO cells determined by the
Calcein AM method was about eight times lower. Still, the viability determined by the
MTT method was only 1.1 times lower. The data on the impact of the IOUFP suspension
on the viability of CHO and A549 cells obtained by the MTT and Calcein AM methods
differed. The MTT method indicated fewer metabolically active cells, suggesting more dead
cells [54]. While there were consistent trends in the viability across different assay methods,
the particle size and cell line led to some variability in the results. For a further investigation
of the size-dependent effect, the literature sources [8,31] were analyzed, focusing on how
the size and nature of the particles affect the mechanism of oxidative stress, which is a
common effect of exposure to nanoparticles.

3.2. Impact of Ceramic/Ceramic and Ceramic/Steel Wear Particles and Iron (I1I) Oxide Ultrafine
Particles on the Oxidative Stress in A549 and CHO Cells

The concentrations of ROS that ultimately lead to cell death are often far below the
concentration that could be considered dangerous. In contrast, a single protein activated
by ROS may be sufficient to initiate a genetic program leading to cell death [63]. ROS,
including HyO;, are involved in the developmental control by inducing apoptosis and
cell proliferation [33,56,64]. A 100 uM H;O; solution was selected as a positive control for
triggering the oxidative stress, as previous research has shown its effects on different cell
lines at different exposure times [64].

The fluorescence intensity of the cell samples without CCWPs shows that CHO cells
produce 11% more ROS than A549 cells under the conditions described in the Section 2
(Figure 5A). However, an exposure of A549 cells to the suspension showed a greater sensi-
tivity to the oxidative stress. When CHO cells were exposed to the 10 pg/mL suspension of
CCWP (using the same stock solution), 34% more ROS were generated than in A549 cells.
Increasing the CCWP concentration from 40 to 80 ug/mL resulted in a 6% decrease in the
ROS concentration in CHO cells. In contrast, CHO cells showed an increase in ROS produc-
tion when exposed to a smaller-sized CSWP suspension. At a concentration of 10 pg/mL,
the ROS levels in CHO cells were 21% higher than in the unexposed cells, and this increase
reached 58% at a concentration of 80 pug/mL. A549 cells showed an increased sensitivity
to CCWPs (Figure 5A). An exposure of the cells to the 10 ug/mL suspension resulted in a
53% increase in the ROS production compared to the control group. However, increasing
the concentration by four or eight times had a less pronounced effect and resulted in ROS
levels that were about 37% higher than those for the control group. In contrast to CHO
cells, CSWPs did not significantly alter the oxidative stress in A549 cells. This observation
is confirmed by a constant fluorescence intensity with increasing CSWP concentrations.
While increasing concentrations of the IOUFP led to a reduced ROS formation in A549 cells
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(Figure 5B), the opposite effect was observed in CHO cells. Regardless of the concentration,
CHO cells consistently produced more ROS compared to the control group.

=1 b

< 25000

B 5 25000

Z 20000 % 20000 < o

£ 15000 & <

= Rk < 15000 % *’ﬂ

8 B * %k

8 10000 2o 5. 07 L §-

3 o *ok

g 5000 “ g 5000 I ¥ =

E} 0 % 0

- Blank 10 5 Blank 10 80
Concentratlon| pg/ml é‘

Concentration, pg/ml

m CCWP CHO cells m CSWP CHO cells
m CCWP A549 cells m CSWP A549 cells

B IOUFP CHO cells IOUFP A549 cells

(A) (B)

Figure 5. Effect of the CCWDP, CSWP (A), and IOUFP (B) suspension for 24 h on the ROS formation
in the CHO and A549 cells. CHO had 30,000 fluorescence intensity (A,B), and A459 had 28,000
fluorescence intensity (A,B), with 100 uM H;O,. Blank means cells without HyO,, CCWPs, CSWPs,
and IOUFPs. Data are mean + SD of at least 3 replicates, n = 3, * p < 0.05, ** p < 0.01, compared to
the control group (viability of cells without exposure of particles 100%): (a) significant difference
as compared with CCWP between cell CHO and A549 lines at p < 0.05; (b) significant difference as
compared with CSWP between cell CHO and A549 lines at p < 0.05; and (c) significant difference as
compared with IOUFP between cell CHO and A549 lines at p < 0.05.

However, even trace levels (nM) of cellular and circulating active transition metal ions
such as Fe, Cu, Ni, and others present in brake pads appear to be sufficient to catalyze a slow
Fenton reaction in vivo. This occurs at physiological HyO, concentrations (0.1-1.0 uM), as
demonstrated by Repetto et al. [32]. It is known that, at lower physiological concentrations,
H,O; acts as a classical intracellular signaling molecule and regulates kinase-controlled
signaling pathways [65]. However, an exposure to IOUFP, which is expected to ionize in the
medium, generates concentrations higher than physiological concentrations of HyO,. This
in turn can have a significant impact on the cellular oxidative stress. The studies [66,67]
have shown that the oxidative stress due to an excessive ROS accumulation is a source of
IOUFP-induced cytotoxicity.

Given the observed differences in the CCWP and CSWP effects between the CHO
and A549 cell lines, the GSH concentration was assessed based on the known relationship
between GSH variations, the cellular response to ROS, and cell death. GSH is a reducing
agent and is known to catalyze the reduction of H,O,, organic hydroperoxides to water, or
the corresponding alcohols [28].

GSH, primarily produced intracellularly (85-90%), is the most abundant non-protein
thiol in mammalian cells and acts as an important reducing agent and an antioxidant.
It scavenges ROS by reducing them and producing oxidized glutathione (GSSG) as a
by-product [67,68].

Glutathione in CHO cells was not determined at higher concentrations than the
control group under the effect of CCWP suspensions in the studied range of concentrations
(Figure 6A).

An exposure of CHO cells to the 10 pg/mL CSWP suspension resulted in a 10% reduc-
tion in GSH compared to the control group. However, increasing the CSWP concentration
to 40 ug/mL resulted in a 6% increase in the GSH concentration compared to the control
group. The subsequent doubling of the CSWP concentration to 80 pug/mL increased the
GSH content of the CHO cells to 25% above the control value. A549 cells showed an in-
creased sensitivity to CCWP and exhibited a 17% reduction in the GSH levels at the lowest
concentration of 10 ng/mL. This effect was less pronounced at higher concentrations: the
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GSH levels increased to 6% and 27% above the control value at 40 and 80 pg/mL for
Ab549 cells, respectively. An exposure of A549 cells to 10 pg/mL CSWP resulted in a 20%
reduction in the GSH concentration compared to the control group. However, this effect
was only insignificantly reduced with the increasing CSWP concentration.
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Figure 6. Effect of the CCWP, CSWP (A), and IOUFP (B) suspension for 24 h on the GSH of CHO
and A549 cells. Data are mean =+ SD of at least 3 replicates, n = 3, * p < 0.05, ** p < 0.01, *** p < 0.001
compared to the control group (viability of cells without exposure of particles 100%): (a) significant
difference as compared with CCWP between cell CHO and A549 lines at p < 0.05; (b) significant
difference as compared with CSWP between cell CHO and A549 lines at p < 0.05; and (c) significant
difference as compared with IOUFP between cell CHO and A549 lines at p < 0.05.

The results of the GSH study for CHO and A549 cells exposed to IOUFP (Figure 6B)
correlate with the observed ROS changes (Figure 5B). The data suggest that A549 cells
are more sensitive to the IOUFP exposure than CHO cells. In particular, the GSH levels
remained higher in CHO cells than for the control group in all cases except for the lowest
concentration of 10 pg/mL. In contrast, the GSH content in A549 cells remained below the
control value at all concentrations, reaching its lowest value (68% of the control value) at
10 pg/mL and gradually increasing to 91% of the control value at the highest concentration
of 80 pg/mL.

While CCWP and CSWP had different effects on the GSH content in CHO and A549
cells, both cell lines showed a trend towards an increased sensitivity to IOUFP, with A549
cells showing a greater reduction in the GSH content at all concentrations.

To assess the oxidative stress-induced membrane as the primary target of CCWP,
CSWP, and IOUFP damage, malondialdehyde (MDA) levels were measured, which are
a marker of lipid peroxidation (Figure 7A,B). The initiation, which is the first step in the
three-step process of lipid peroxidation [69,70], involves the homolytic cleavage of HyO,
and organic hydroperoxides (ROOH) catalyzed by transition metals. During the continuous
initiation, non-radical compounds are formed while two radicals are neutralized. However,
in the presence of transition metal ions, ROOH can produce radicals that reinitiate the lipid
peroxidation via redox cycling [30]. Specifically, reduced iron complexes (Fe?*) react with
ROOH to form alkoxy radicals, while oxidized iron complexes (Fe3*) react more slowly
to form peroxyl radicals. Both radicals can be involved in the continuation of the chain
reaction [30]. The products and by-products of lipid peroxidation are considered cytotoxic
and can ultimately cause oxidative stress, oxidative damage, and apoptosis [31,71].

An exposure of CHO cells to CCWP showed a concentration-dependent increase in the
lipid peroxidation (Figure 7A). This trend was also observed in the experiment with CSWP;
however, a pronounced effect was observed when exposed to the 20 mg/mL suspension,
when lipid peroxidation of CHO cells was 1.6 times higher than at other concentrations.
Increasing the CCWP concentration from 10 to 40 pug/mL resulted in a significant increase
from 36 to 61% in the lipid peroxidation of A549 cells. After the A549 cells were exposed
to the CSWP suspension, the same trend in the change in the MDA concentration was
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maintained. A comparative study of the lipid peroxidation between CHO and A549 cells
revealed that CHO cells were generally more sensitive to the CSWP exposure, regardless of
the size of the CCWPs.
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Figure 7. Effect of the CCWP, CSWP (A), and IOUFP (B) suspensions for 24 h on the lipid peroxidation
of CHO and A549 cells. Data are mean + SD of at least 3 replicates, n = 3, * p < 0.05, ** p < 0.01,
*** p < 0.001 compared to the control group (viability of cells without exposure of particles 100%):
(a) significant difference as compared with CCWP between cell CHO and A549 lines at p < 0.05;
(b) significant difference as compared with CSWP between cell CHO and A549 lines at p < 0.05; and

(c) significant difference as compared with IOUFP between cell CHO and A549 lines at p < 0.05.

When CHO cells were exposed to the 10 ng/mL IOUFP suspension, the lipid peroxida-
tion reached only about 20% compared to the control value. Doubling the concentration to
20 pg/mL did not lead to a proportional increase in the lipid peroxidation, which reached
only 34%. However, at a concentration of 80 ug/mL, the effect of IOUFPs on the lipid per-
oxidation (Figure 7B) approached that from CCWPs and CSWPs (Figure 7A) and reached
about 97%.

The lipid peroxidation was generally lower in A549 cells compared to CHO cells
after the exposure to IOUFP suspensions, except for the 10 ug/mL concentration. At all
concentrations of the IOUFP suspensions, the lipid peroxidation in A549 cells remained
below 52%. The present study revealed that H,O,, which can react with redox-active
metals such as iron or copper, plays a crucial role in the lipid peroxidation, which agrees
with the previously reported results [61,70,72]. This process is particularly important
considering that lipids play a crucial role in various biological functions, including as
signaling molecules [28].

4. Conclusions

It was found that different cell types with varying membrane morphologies respond
differently to the wear particles (CCWPs and CSWPs) and homogeneous IOUFPs.

1. The viability studies using the MTT and Calcein AM assays demonstrated that the
A549 cells show reduced susceptibility to CCWPs and CSWPs compared to CHO cells
during both short (4 h) and prolonged (24 h) exposures. While 40 or 80 ug/mL IOUFP
significantly decreased the CHO cell viability, A549 cells showed a higher sensitivity
at lower concentrations. The higher viability observed in the Calcein AM assay may
be attributed to the chelating effect of iron.

2. This study highlights the cell-specific nature of the oxidative stress caused by CCWPs,
CSWPs, and IOUFPs. A549 cells exhibited higher ROS levels in response to CCWP,
whereas the higher IOUFP concentrations reduced ROS in these cells. In contrast,
CHO cells displayed increased ROS regardless of the IOUFP concentration. This
discrepancy may result from free iron ions released by IOUFPs, which can increase
hydrogen peroxide levels, enhancing oxidative stress.
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3. In terms of antioxidant response, CCWPs had no effect on the GSH levels in CHO
cells but significantly decreased GSH in A549 cells. Both cell types showed changes in
GSH that mirrored ROS changes, indicating a higher sensitivity of A549 cells to the
IOUFP ultrafine particles.

4. The exposure to CCWPs and CSWPs led to an increase in the lipid peroxidation in both
cell types, with a lower sensitivity of A549 cells in general. Notably, IOUFPs caused a
moderate lipid peroxidation in CHO cells at the lower concentrations, reaching the
levels similar to those of CCWPs and CSWPs at 80 ng/mL.
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