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ARTICLE INFO ABSTRACT

Handling Editor: Adrian Covaci Thousands of tire rubber particles (TPs) enter the marine environment every year, contributing to microplastic
pollution. The toxicity of TPs can be related to the particles themselves or chemical additives, which can leach
into seawater and potentially affect marine organisms. The current study presents new insights into TPs’ impact
on marine organisms’ reproductive processes. The leachates of end-of-life TPs and their adverse effects on gamete
quality were evaluated by analysing the chemical compositions of seawater leachates and several gamete
physiological parameters, taking the mussel Mytilus galloprovincialis as a model. Chemical analyses revealed the
leaching of different metals, among which zinc showed the highest level (~3 mg/L). Organic compounds such as
antioxidants, vulcanising and protective agents were annotated in leachates and correlated with the observed
harmful effects on the reproductive process. The exposure of oocytes and spermatozoa to TP leachates negatively
affects the gamete quality by increasing the mitochondrial activity in both gamete types and decreasing the
motility of spermatozoa, which may impair the reproductive success of mussels. Since reproductive success is a
key factor in species survival, this study highlights the urgent need to extend the presented research to other
marine organisms.
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treatment systems and enter the ocean. Due to the extensive traffic rate
in developed countries, microplastic emission through tire abrasion is a

1. Introduction

Modern vehicle tires are typically composed of natural and synthetic
rubber, such as styrene-butadiene rubber (SBR), a plastic copolymer
possessing many other chemical additives (Xaydarali, 2022). Tire
abrasion generated by friction between tires and roads during driving
leads to breakdown into tiny plastic particles, which can be widespread
in the surrounding environment, polluting air, water, and soil. The
particles released from tires are considered one of the major sources of
microplastics entering marine environments (Arole et al., 2023), pri-
marily through road runoff, where rain washes them from roads into
rivers and oceans. They can also be released directly from vehicles near
coastal areas, through improper waste disposal, or from industrial ac-
tivities. Additionally, small particles may pass through wastewater
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far-reaching problem (Gieré and Dietze, 2022). Other potential sources
of tire wear particles are recycled tire crumb and tire repair-polished
debris, which can also reach marine environments through wind and
rain.

Currently, the assessment of tire wear particle toxicity is still a
challenge. Tire wear particle toxicity should be based not only on the
micrometer-sized particles themselves, but also on their chemical ad-
ditives, degradation products, and contaminants adsorbed on their
surface (Lv et al., 2024). Indeed, besides containing different pro-
portions of natural and synthetic rubber, vehicle tires also include
several different materials, such as silica and carbon black as fillers, oil
and resin as softeners, zinc oxide and stearic acid as vulcanizing agents,
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along with several additives including preservatives, antioxidants, des-
iccants, plasticizers and processing aids (Xaydarali, 2022). As these
compounds interact with rubber polymers by non-covalent bonds, they
can readily leach into seawater and induce various biological responses
in marine biota, being of major environmental concern (Li et al., 2023).
Therefore, it is necessary to explore not only the toxic effects of rubber
microparticles produced during tire wear but also the adverse effects of
leached chemical additives on marine organisms. Different toxic effects
of chemical compounds used in tire production on marine organisms
have already been documented (Wik and Dave, 2009); however, further
research is needed to comprehensively understand the potential toxicity
of the complex chemical mixture leaching from tires in marine in-
vertebrates. To date, harmful effects from tire wear particle leachates
are reported in a few marine organisms, namely marine bacteria, macro
and microalgae, copepods, sea urchins and mussels (Halsband et al.,
2020; Rist et al., 2023; Tallec et al., 2022a; Turner and Rice, 2010). In
particular, in the Mediterranean mussel Mytilus galloprovincialis, the
potential effects of car tire rubber leachates were assessed on the
fertilizing ability of spermatozoa and embryo development (Capolupo
et al., 2020). However, their impact on oocyte quality is still unknown.
Oocytes and spermatozoa are highly specialized cells generated in the
gonad through gametogenesis, and their fusion marks the creation of a
new individual. Thereby, the quality of male and female gametes is
essential for successful fertilization and embryo development, influ-
encing the fitness and well-being of the offspring (Romdhani et al.,
2024b).

Commonly, in marine organisms, investigations into the quality of
spermatozoa after exposure to various contaminants have focused solely
on the fertilization rate as the endpoint, neglecting many other sperm
quality parameters (Gallo et al., 2011; Gallo and Tosti, 2013, 2015;
Warnau et al., 1996). On the other hand, although oocyte quality is also
a crucial factor in fertilization and embryo development, the impact of
contaminants on female gamete quality is seldom investigated (Esposito
et al., 2024; Esposito et al., 2023; Tallec et al., 2022b). Our previous
studies paved the way for assessing several physiological parameters in
both male and female marine invertebrate gametes (Boni et al., 2022).
These parameters are useful markers of healthy gametes representing
valuable tools to investigate the toxicity and mechanism of action of
marine contaminants within the framework of reproductive risk
assessment (Gallo et al., 2016; Gallo et al., 2022; Gallo et al., 2021;
Romdhani et al., 2024a).

The present study investigated the impact of the leachate generated
in seawater from end-of-life vehicle tire particles on the quality of male
and female gametes of the Mediterranean mussel M. galloprovincialis by
evaluating different physiological parameters, including viability,
mitochondrial activity, intracellular pH, and reactive oxygen species
(ROS) levels. By assessing these parameters along with the chemical
analysis of leachates, this study explores the threat posed by the complex
chemical mixture leached by rubber tires on the quality of male and
female mussel gametes, aiming to unveil the underlying toxic action
mechanisms and correlate their chemical signatures with the observed
toxicity.

2. Material and methods
2.1. Tire particles and leachate preparation

The tire particles (TPs) used in the present study were obtained from
a local waste tire-crushing factory.

The end-of-life vehicle tires were mechanically shredded into gran-
ulated particles ranging from 0 to 0.8 mm in size. Then, the material was
passed through a sieve with a specified pore size to isolate the particles
smaller than 100 um. These particles were then used to prepare the
leachate. Based on previous studies (Capolupo et al., 2020; Halsband
et al., 2020; Tallec et al., 2022b; Yang et al., 2022), 50 g of these par-
ticles were added to 1 L of filtered natural seawater (FNSW) in glass
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tubes. This mixture was stirred at 300 rpm at 18 °C for ten days in the
dark. Afterwards, the mixture was filtered through a 0.22 pm filter
membrane, and the tire particle leachate (TPL) was collected in a glass
tube. Before storage at 4 °C, the pH and osmolarity of TPL were checked
using a bench pH meter and an optical refractometer, respectively.

2.2. Chemical and morphological characterization of TPs

TPs’ main bulk chemical features were obtained by p-FTIR using
Thermo Scientific Nicolet iN10 equipment (Madison, WI, USA). The
spectra were collected using a Ge tip ATR, and acquisition was carried
out with an MCT-A detector using 64 scans from 4000 to 675 cm ™,
Spectral data were examined using the OMNIC Picta software (Waltham,
MA, USA). The morphological analysis of TP was conducted by Scanning
Electron Microscopy (HITACHI TM 3000 Tabletop, Tokyo, Japan), ac-
cording to the previously described method (Savino et al., 2022).

2.3. Metal analysis of TPL

TPL was screened for a quantitative determination of metal content
by Inductively Coupled Plasma Mass Spectrometry (ICP-MS iCAP Q
Thermo Fisher spectrometer) according to the EPA Method (EPA, 1998).
The leachate (three replicates) and blank sample (FNSW) were acidified
with nitric acid (HNO3) and then frozen at —20 °C. Samples were diluted
with milli-Q distilled water to obtain a proper concentration for ICP-MS
analysis. A mix of internal standards contained 45Sc, 73Ge, 103Rh,
115In, and 159 Tb in nitric acid 10 % was used. The samples were
analysed using the isotopes 9Be, 27A1, 48Ti, 51V, 52Cr, 55Mn, 56Fe, 59Co,
50N, 83Cu, %67n, 75As, 78Se, 1Cd, 1'8sn, 121Sb, 2°°T1, Medium Pb (206,2
07 and 208). The concentration value was expressed as an average (N =
3) ug/L + SD (Standard Deviation). These metals were chosen based on
their use in the production of synthetic polymers and their known toxic
effects.

2.4. Untargeted screening of organic compounds in TPL

The screening of the organic compounds of TPL was carried out by
LC-HRMS. Compounds released from TPs were first extracted with
methanol, 50 mg/0.5 ml for five minutes, and the extract was analysed
to annotate the main compounds. The molecules released into seawater
were first concentrated by solid-phase extraction (SPE). Three replicates
of TPL and blank sample (FNSW) were analysed using Waters Oasis®
PRiME HLB 3 cc cartridges, 150 mg, Milford, U.S.A (for details see
Supplementary Material, section S1). All extracts were analysed using an
UltiMate 3000 UHPLC system coupled to an Orbitrap Elite mass spec-
trometer (Thermo Scientific, Bremen, Germany) equipped with a heated
electrospray ion source (HESI-II) or an Atmospheric pressure chemical
ionization source (APCI) (Thermo Scientific, Bremen, Germany).

Analyses were performed following a protocol similar to that used to
determine additives and degradation products of microplastics (Costa
et al., 2024). The chromatographic separation was achieved using a
Thermo Scientific Accucore RP-18 (2.1 x 100 mm, 2.6 um) column with
a mobile phase composed of water (A)/methanol (B) for APCI and water
(A)/acetonitrile (C) for ESI, all solvents with 0.1 % formic acid. The
gradient (in v/v %) started with 20 % of B for 1 min. Then B increased
linearly to 60 % in 8 min and then to 100 % of B in 14 min. This
composition was maintained for 6 min, and then the mobile phase was
returned to 20 % B in 1 min, and this composition was maintained for an
additional 4 min before the next run. The same program was used under
ESI, but the organic solvent was acetonitrile with 0.1 % formic acid (C).
The flow rate was 0.3 mL/min. The sample injection volume was 10 pL.
The acquisition was performed in data-dependent mode using Collision
Induced Dissociation (CID) or High-energy Collision Dissociation (HCD)
activation with dynamic exclusion under positive and negative polarity.
The main ionization and ion optics parameters under APCI were the
following: vaporizer temperature 380 °C; sheath gas flow 30 arbitrary
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units; auxiliary gas flow 20 arbitrary units; capillary temperature
350 °C; source current 5 mA; S-Lenses RF level, 69 %. The scan range
was 100-1000 m/z. Under HESI, the parameters were the following:
heater temperature 350 °C; sheath gas flow 35 arbitrary units; auxiliary
gas flow 5 arbitrary units; capillary temperature 350 °C; spray voltage
3.2 kV; S-Lenses RF level, 69 %. Scan range was 100-1000 m/z.

LC-MS data analysis was performed using Xcalibur 4.1 (Thermo
Scientific, Bremen, Germany). Annotation of compounds was carried out
using Compound Discoverer 3.3 (Thermo Scientific, Bremen, Germany),
which possesses a comprehensive, integrated set of libraries and data-
bases allowing for compound annotation and detection of statistical
differences between samples. Profiles were processed using identifica-
tion workflows, including access to local and online databases such as
mzCloud, extractables, and leachables HRAM. Compounds showing an
mzCloud match above 85 % were reported.

2.5. Animal and gamete collection

Adult Mediterranean mussels Mytilus galloprovincialis of 5-6 cm in
length were collected from an aquaculture plant located in the Mar
Grande of Taranto (Ionian Sea) and transported in a cool box to the
Marine Biological Resources service of Stazione Zoologica where ani-
mals were acclimated for one week in tanks filled with running natural
seawater (NSW, salinity 40 g/1, pH 8.2 + 0.1, temperature 18 °C) and
equipped with oxygen pumps. After the acclimation period, the mussels
were induced to spawn using a thermal shock procedure by moving
them alternately in seawater baths at 15 + 1 °C and 20 + 2°C for 30 min
each. Spawning mussels were isolated individually in 250 ml beakers
filled with FNSW and left to spawn for 15 min. After spawning, oocyte
and sperm solutions were filtered with 50 ym and 80 um sieves to
remove debris, and then gamete quality was preliminarily checked by
microscopic visualization to evaluate the morphology of the oocytes and
motility and concentration of spermatozoa. For each individual, gametes
were divided into two glass tubes for exposure: FNSW (control, CTRL)
and TPL. Exposure was maintained for 1 h and 2 h at 18 °C with shaking,
and immediately after exposure, gametes were used for physiological
analyses.

2.6. Gamete quality assessment

After exposure, physiological parameters of gamete quality were
assessed using fluorescent staining coupled with fluorescence spectros-
copy. For each parameter, a specific fluorochrome was employed, and
the fluorescence spectra were recorded using a spectrofluorometer
(Shimadzu RF-5301, Tokyo, Japan) for spermatozoa and a microplate
reader (Tecan Infinite® m1000 pro) for the oocytes. Moreover, for
spermatozoa, motility was also evaluated.

2.6.1. Sperm motility

Sperm motility was assessed using the Computer-assisted sperm
analysis system Sperm Class Analyzer (SCA® CASA, MICROPTIC S.L.,
Barcelona, Spain, software version 4.0) coupled to a phase contrast
microscope (Nikon Eclipse model 50i; negative contrast). After expo-
sure, spermatozoa were diluted in FNSW, and 10 pl of this solution was
placed on a drop-loaded slide (Sefi Medical Instruments, Haifa, Israel)
and evaluated under the microscope. A minimum of 3 fields and 200
sperm tracks were analysed.

2.6.2. Viability

Viability of the male and female mussel gametes was evaluated,
respectively, by employing the LIVE/DEAD Sperm Viability Kit (Life
Technologies, Milan, Italy), which consists of two dyes, SYBR-14 and
propidium iodide (PI), and the fluorochrome SYBR green in combination
with PI. The SYBER-14 and the SYBER green penetrate gametes with
intact membranes, emitting a bright green fluorescence. On the other
hand, PI only penetrates the cells that have lost membrane integrity and
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emits in the red fluorescence range. Aliquots of oocytes (1000 oocytes/
mL) and spermatozoa (5 x 10° cells/mL) were stained by adding 100
mM of SYBR green and SYBER-14, respectively, and were incubated for
15 min in the dark at 18 + 1 °C. Thereafter, 12 pM PI was added, and
samples were further incubated for 15 min at 18 + 1 °C in the dark.
Finally, SYBR 14 and PI fluorescences intensity were measured,
respectively, by setting the excitation wavelengths at 488 nm and 545
nm and recording the emission spectra in the range of 500-560 nm and
570-700 nm, by using the microplate reader for the oocytes and spec-
trofluorimetry for spermatozoa (Gallo et al., 2018a; Gallo et al., 2022).

2.6.3. Mitochondrial activity

The mitochondrial dye 5',6,6-tetrachloro-1,1',3,3-tetraethylbenzi-
midazolylcarbocyanine iodide (JC-1; ThermoFisher Scientific, Milan,
Italy) was used to evaluate the mitochondrial membrane potential
(MMP). JC-1 is a lipophilic dye that enters selectively into mitochondria
and remains in a monomeric form, emitting in the green wavelength
range (525-530 nm) if the MMP is low. Under high MMP values, JC-1
forms J-aggregates, which lead to orange/red emission (~595 nm)
(Reers et al., 1995). The red and green fluorescence ratio is considered a
direct assessment of mitochondrial activity.

For the fluorescence staining of spermatozoa, aliquots of 1 x 10°
spermatozoa/mL were incubated for 30 min with 5 pM JC-1 in the dark
at 18 °C. Samples were then centrifuged at 900 g at 4 °C for 10 min, the
pellet was re-suspended in FNSW and incubated for an additional 30 min
under the same conditions. Finally, the pellets were resuspended in 900
pL of FNSW and analysed in duplicates using the spectrofluorometer. For
the oocytes, the fluorescence staining procedure was similar except for
the centrifugation step. Oocyte pellets were suspended in 600 pL FNSW
and split into three wells of the 96 multi-well plate to read them in
triplicate. A stained aliquot of control spermatozoa or oocytes was
incubated in 5 pM CCCP (Carbonyl cyanide 3-chlorophenylhydrazone;
Merck Life Science) to prepare a positive control. Fluorescence emis-
sion spectra were recorded at emission wavelengths from 500 to 620 nm
by exciting at 488 nm. The MMP was calculated as a ratio of the fluo-
rescence peak values at ~595 nm and ~525 nm.

2.6.4. Oxidative status

Intracellular ROS were detected employing the fluorochrome 2',7-
dichlorodihydrofluorescein diacetate (HoDCF-DA). For the fluorescence
staining of spermatozoa, aliquots of 5 x 108 spermatozoa/mL were
incubated in 10 pM HoDCF-DA at 18 °C for 30 min in the dark. After
staining, the cells were pelleted by centrifugation at 900 g and then
suspended in FNSW for an additional 30 min under the same conditions.
Finally, spermatozoa were washed, re-suspended in 900 pL of FNSW,
and analysed in duplicate. An aliquot of control spermatozoa was
incubated with hydrogen peroxide (25 pM) for 1 h before staining and
used as a positive control. Oocyte staining was performed applying the
same procedure, excluding centrifugations. Oocyte pellets were sus-
pended in 600 pL FNSW and split into three wells of the 96 multi-well
plate to read them in triplicate.

Emission spectra were recorded between 500 and 560 nm by setting
the excitation wavelength at 488 nm.

Lipid peroxidation was assessed using the fluorescent membrane
probe C11-BODIPY581/591, an oxidation-sensitive fluorophore that
functions as a fatty acid analogue. This probe is easily incorporated into
membranes and exhibits a shift in fluorescence from red (590 nm) to
green (510 nm) upon oxidation. Sperm suspensions were incubated in
the dark at 18 °C for 30 min with 5 pM C11-BODIPY>81/5%! djssolved in
DMSO. After staining, the spermatozoa were centrifuged at 900 g for 15
min, resuspended in FNSW, and transferred to a quartz cuvette for
spectrofluorimetric analysis.

Oocyte staining was carried out using the same procedure, except for
the centrifugation steps. The oocyte pellets were resuspended in 600 pL
of FNSW and distributed into three wells of a 96-well plate for triplicate
readings.
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Positive controls were prepared by incubating the gamete samples
with two peroxidation promoters (150 mM ferrous sulfate and 750 mM
vitamin C). Fluorescence intensity was measured with 488 nm excitation
and emission wavelengths between 500 and 650 nm. A ratiometric
analysis was then performed by comparing the fluorescence emission
peak at approximately 520 nm to the sum of the emission peak values at
~520 nm and ~590 nm.

2.6.5. Intracellular pH

The pH; was measured using the pH-sensitive fluorescent dye 2/,7'-
bis-(2-carboxyethyl)-5-(and-6) carboxyfluorescein acetoxymethyl ester
(BCECF-AM) from Life Technology in Milan, Italy. This dye can cross the
cell membrane and is converted by esterases inside the cell into BCECF,
which emits fluorescence depending on the pH level. Oocytes were
loaded with the ester form of BCECF (5 uM BCECF-AM) and incubated in
the dark at 18 °C for 30 min. After washing, the oocytes were suspended
in FNSW and placed in a 96-well plate for spectrofluorometric analysis.
The pH was determined by exciting the samples alternately at 440 nm
and 490 nm and calculating the ratio of the fluorescence emission peak
values at 535 nm. This ratio was converted into pH values using a
calibration curve constructed for each experiment by incubating oocyte
samples in a calibration buffer solution with different pH levels (6.5, 7.2,
and 8.0) in the presence of 5 pM nigericin (Sigma Aldrich, Milan, Italy).
The latter promotes the K*/H" exchange equilibrating intracellular and
extracellular pH, resulting in a linear relationship between fluorescence
intensity and pH. The calibration equation allowed the conversion of
emission peak ratios obtained from excitation at 440 nm and 490 nm
into pH values.

2.7. Statistical analysis

Each gamete’s physiological parameter was analysed in five samples
of male and female gametes, and all measurements were performed in
triplicate. Each data set was tested for normality and homogeneity of
variance by the Shapiro-Wilks test and Levene’s test, respectively. Sta-
tistical comparisons were conducted using the software Systat 11.0
(Systat Software Inc.) to perform the one-way variance analysis
(ANOVA) followed by Fisher’s Least Significant Differences (LSD) test as
a multiple comparison post hoc test. The minimum level of significance
was set at p < 0.05. The data are reported as mean =+ SD.

3. Results
3.1. Chemical and morphological characterisation of TPs

The chemical characterisation of the TPs by FTIR-ATR technology
highlighted some characteristic bands of the SBR copolymer (Fig. 1).
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The absorption bands between 3100 cm ™! and 2800 cm ™! were assigned
to C—H stretching, in agreement with a structure possessing alkyl and
aromatic C—H bonds. Signals between 1670 cm ™! and 1540 cm ™! are
characteristic of the C—=C bonds of SBR but have also been detected for
natural rubber. Signals between 1500 cm™! and 1300 cm™! are related
to the C—H bending typical of rubber. The absorbance between 1370
and 1070 cm™! was assigned to chemical groups possessing S—0, S=0
and S—C bonds. The broad absorbance observed for TPs in this region
indicates the presence of sulfur and, therefore, of bonds associated with
the vulcanization process. The signals between 1000 and 800 cm™! are
related to C—=C bonds from butadiene in the SBR. The broad absorbance
above 3100 cm ™! was assigned to O—H vibrations.

The ultrastructural analysis of the surface morphology of TPs frag-
ments showed an irregular and jagged shape of particles, which might be
due to the pulverization/grinding process of used tires (Fig. 2).

3.2. TPL metals analysis

The ICP-MS analysis revealed the presence of several inorganic ele-
ments in TPL (see Table 1). In particular, high concentrations of Zn and
Ti were observed, while metals such as Mn, Tl, Co and Pb were detected
at lower concentrations (<50 pg/L) in TPL and in trace amounts in the
seawater control. Other metals, such as Be, Al, V, Cr, Fe, Ni, Cu, As, Se,

SBR0012
Trotti Savino

2024/01/10 12:59 N D57 x3.0k  30um

Fig. 2. Scanning Electron Microscopy Analysis of tire rubber particles.
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Fig. 1. The IR spectrum of Styrene Butadiene Rubber (SBR) copolymer acquired by FTIR-ATR.
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Table 1
Metal concentrations (ug/L) measured in tire particle seawater leachate (TPL)
and in filtered natural seawater (CTRL) by ICP-MS. LOQ: Limit of Quantification
value (ug/L). The Standard Deviation (+SD) was calculated for triplicate TPL
samples.

Metal LOQ CTRL TPL

pg/L

Be 0.34 <10Q <L0Q

Al 1.75 <LOQ <LOQ

Ti 0.43 <LOQ 767.42 + 2.13
\% 0.22 <10Q <L0Q

Cr 1.73 <LOQ <LOQ

Mn 0.54 1.29 49.91 + 1.99
Fe 7.24 <LOQ <LOQ

Co 0.24 <L0Q 24.50 + 0.31
Ni 0.53 <LOQ <LOQ

Cu 2.70 <LOQ <LOQ

Zn 0.95 1.46 3266.07 + 158.62
As 0.09 <LOQ <LOQ

Se 1.13 <LOQ <LOQ

cd 0.41 <LOQ <LOQ

Sn 0.11 <L0Q <LOQ

Sb 0.10 <LOQ <LOQ

Tl 1.10 1.21 24.11 + 0.01
Pb 0.99 0.59 19.09 + 2.96

Cd, Sb and Sn showed concentrations below the Limit of Quantification
value (LOQ).

3.3. Untargeted screening of organic compounds in TPL

The untargeted analysis of the organic molecules leaching from the
tire particles disclosed the presence of several compounds containing
nitrogen in their structure (Table 2). These included benzothiazoles
(BTH, 2-ABTH, 2-OH-BTH), quinolones, amines (Diphenylamine,
DCHA, IPPD, CPPD, 6PPD, DTPD), and amides (MA, EC, PEA, oleamide,
stearamide, DCBS), among others. The detected compounds can be
grouped into three categories: compounds resulting from the vulcani-
zation process, antioxidants and protective agents. A typical full scan
profile of a methanolic extract obtained under positive polarity showed
the presence of a main compound at 11.80 min with m/z 269.201
(Supplementary materials, section S2). This exact mass as well as the
CID fragmentation (Table 2) fits to 6PPD (N-(1,3-Dimethylbutyl)-N’-
phenyl-p-phenylenediamine. 6PPD was not detected in seawater ex-
tracts, while its quinone product was observed in trace amounts
(Supplementary materials, section S3). Some compounds detected in the
methanolic extracts were not observed in seawater (Table 2).

3.4. Sperm quality assessment

Exposure of male gametes to TPL altered their motility and mito-
chondrial activity (Fig. 3). After TPL exposure, the sperm motility
significantly decreased from 84.7 + 1.2 to 22.4 4+ 1.0 after 1 h and from
72.7 £ 0.9 to 11.6 + 0.2 after 2 h. On the other hand, in spermatozoa
exposed to TPL, MMP values significantly raised from 11.3 + 1.2 to0 16.2
+ 2.2 after 1 h and from 11.3 + 2.2 to 22.3 + 2.3 after 2 h exposure
(Fig. 3). Moreover, MMP significantly increased with increasing expo-
sure time (Fig. 3).

Conversely, sperm viability and oxidative status were not impaired
by TWPL exposure. Both intracellular ROS levels and plasma membrane
lipid peroxidation did not significantly change after sperm exposure to
TPL for 1 h and 2 h (Table 3). Similarly, the pH; was not significantly
affected (Table 3).

3.5. Oocyte quality assessment

The mitochondrial activity was also affected in female gametes.
While unexposed oocytes show MMP values of 1.80 + 0.3 and 1.61 +
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0.1 after 1 and 2 h in FNSW, TPL exposure for the same time induced an
increase of the values to 4.13 + 0.4 and 5.45 + 0.5, respectively (Fig. 4).
Furthermore, MMP showed a significant increase with the exposure time
(Fig. 4). As observed for male gametes, the intracellular ROS level,
plasma membrane lipid peroxidation and the pH; were not significantly
influenced by TPL exposure (Table 4).

4. Discussion

The present study assessed the organic compounds and metal profiles
of seawater leachates produced from end-of-life car tires and the asso-
ciated adverse effects on the gamete quality of the Mediterranean mussel
Mytilus galloprovincialis. Tire particles were exposed to FNSW for ten
days under controlled conditions. The release of chemical compounds
from the tire particles is expected to occur gradually over this exposure
period, with some compounds likely leaching more quickly than others.
The release rates may vary depending on the specific additives, their
chemical properties, and physical factors such as temperature and
salinity. In this study, the TPL was collected after ten days of stirring at
18 °C, which provides insight into the potential long-term leaching be-
haviours of these compounds in seawater. Metal analysis reveals the
presence of the following elements in TPL: Zn, Ti, Mn, Tl, Co, and Pb.
Tires commonly contain 13 % to 16 % metals, used in tire manufacturing
as stabilizers and additives (Senin et al., 2016). Among the metals
detected in TPL, Zn showed the largest content. This result is consistent
with the high Zn content in tires, which is known to be about 1-2 % of
the total weight (Degaffe and Turner, 2011). Some studies have also
reported high contents of Zn leaching from tire rubber (Capolupo et al.,
2020; Halsband et al., 2020). Indeed, Zn is employed in the vehicle tire
manufacturing industry mainly as ZnO and ZnS, which are activators
and accelerators of the vulcanization process, promoting the formation
of rubber cross-linking (Degaffe and Turner, 2011). The presence of
other metals, such as Pb and T, is also associated with their use as ac-
celerators of the vulcanization process (O’Loughlin et al., 2023). In
contrast, Co, Mn and Ti are commonly involved in the catalysis for the
polymerization of butadiene rubber (Rackaitis and Graves, 2017).
Through leaching, tire particles have been noted to modify seawater
chemistry. It has been demonstrated that tire wear particles can release
heavy metals that may contribute to pH changes in marine environment
(Capolupo et al., 2020; Halsband et al., 2020).

Untargeted analysis of TPL allowed the annotation of a broad range
of organic additives, mainly antioxidants, and vulcanizing and protec-
tive agents. In particular, most of the annotated organic compounds,
such as BTH and its derivates (2-A-BTH, 2-OH-BTH), MA, EC, DCHA,
DFG, DCU, and DCBS, are commonly employed as vulcanization accel-
erators in rubber production (Jeong et al., 2022; Stack et al., 2023;
Zhang et al., 2023). BTH and its derivatives also act as corrosion in-
hibitors and UV stabilizers (Johannessen et al., 2022). The non-target
screening also revealed the presence of 6PPD-quinone in the TPL. This
compound is a by-product of a common tire manufacturing additive
used as an antioxidant and antiozonant, which prevents the rubber from
cracking due to exposure to oxygen, ozone, and temperature changes
(Hua and Wang, 2023). Moreover, §-Valerolactam, a monomer of Nylon
5, was also detected. This is likely due to the employment of Nylon 5 as a
reinforcement of the tire strings to provide good adhesion and shock
absorption. Additionally, other derivatives of BTH and various other
additives have been found in seawater leachates from TPL, as reported in
previous studies (Capolupo et al., 2020; Yang et al., 2022). It should be
noted that some compounds observed in the studied methanolic extracts
were not detected in seawater, which could be related to their low sol-
ubility or chemical degradation.

It is important to note that the level of metal and organic compounds
detected in seawater leachate may also be influenced by additional
contributors from the on-road collection environment. Indeed, as tires
roll on roads, through various mechanisms they can adsorb different
contaminants, including heavy metals (Pb, Tl, Zn) from road dust and
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Table 2

Annotated organic compounds from tire particle leachates (TPL). Annotation was achieved using TP methanolic extracts. The compounds annotated in the methanol
extracts were searched in TPL extracts. The tire additive class was reported for each compound. * Annotation based on the mzCloud, Massbank databases and/or mass
spectral data (m/z values, isotope distributions and fragmentation patterns (CID or HCD). Mobile phase composed of water and methanol (APCI source). “X” Com-

pound not found in TPL; “y/* Compound found in TPL.
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Compound name Formula m/z Annotation/Identification* TPL  Tire additive class
(polarity)
8-Valerolactam CsHoNO 100.075 m/zCloud 98.7 % X Reinforced rubber
)
Melamine (MA) C3HgNg 127.073 m/zCloud 98.8 % \/ Vulcaniser in tire production
+)
Isoquinoline CoHyN 130.065 m/zCloud 99.2 % X Antioxidant
+)
Benzothiazole (BTH) C7HsNS 136.022 m/zCloud 97.0 % \/ Vulcanization accelerator, ultraviolet
) light absorber
N-Cyclohexylacetamide (EC) CgH15NO 142.122 HCD — 114 (16) 98 (20) 60 (100) \/ Vulcanization accelerator
(€D
6-Methylquinoline C10HoN 144.081 m/zCloud 91.5 % \/ Antioxidants
+)
2-Aminobenzothiazole (2-ABTH) CyHgN2S 151.032 m/zCloud 93.6 % \/ Vulcanization accelerator
+)
2-Hydroxybenzothiazole (2-OH-BTH) C;HsNOS 152.017 m/zCloud 96.8 % \/ Vulcanization accelerator
)
2,6-Dimethylquinoline Cy1HiiN 158.096 HCD — 143 (100) 115 (78) 91 (31) X Antioxidants
) Massbank
Diphenylamine C1oH 1N 170.096 m/zCloud 96.3 % \/ Antioxidant
+)
2,2,4-Trimethyl-1,2-dihydroquinoline C12H1sN 174.127 HCD — 158 (49) 144 (100) 130 (46) \/ Protective additive (antiozonant/
+) 117 (46) 115 (17) 91 (34) antioxidant/heat protectant) Mass bank
Massbank
Acridine C13HoN 180.080 m/zCloud 99.2 % X Antioxidant
+)
Dicyclohexylamine (DCHA) C12HasN 182.190 HCD — 100 (100) 83 (76) 55 (2) \/ Vulcanization accelerator
+) Massbank Mass Bank
2-Phenoxyaniline Cy2H;1NO 186.091 CID — 168 (100) 108 (26) 93 (30) v -
)
Iminostilbene C14H11IN 194.096 m/zCloud 94.5 % X Antioxidant
+)
2-Phenylbenzimidazole Cy3H;0N2 195.091 m/zCloud 89.9 % \/ Ultraviolet light absorber
N-Octyl-2-pyrrolidone C12H23NO 198.185 m/zCloud 95.5 % Vv -
+)
Unknown Cy4H14N5 211.122 CID — 194 (88) 184 (100) 169 (80) X -
+) 118 (61)
Unknown Cy3HgNS 212.052 HCD — 109 (100) 104 (3) X -
+)
N,N’-Diphenylguanidine (DFG) Cy3H13N3 212.118 m/zCloud 95.1 % \/ Vulcanizing agent
+)
N,N’-Dicyclohexylurea (DCU) C13H24N0 225.195 m/zCloud 99.7 % \/ Vulcanization accelerator
)
Drometrizole C13H11N30 226.097 m/zCloud 97.0 % \/ Ultraviolet light absorber and
+) antioxidant
N-Isopropyl-N’-phenyl-p-phenylenediamine (IPPD) Cy5H18N3 227.154 m/zCloud 95.7 % X Rubber antiozonant
)
Hexadecanamide (PEA) C16H33NO 256.263 m/zCloud 97.5 % X Bio-modifier and surface activator
+) rubber
N-cyclohexyl-N’-phenyl-p-phenylenediamine (CPPD) C1gH2oNy 267.185 CID - 224 (11) 211 (16) 183 (100) X Protective additive (antiozonant/
(+) 166 (17) antioxidant/heat protectant
N-(1,3-Dimethylbutyl)-N’-phenyl-p-phenylenediamine Cy18H24N> 269.201 CID — 192 (32) 185 (100) 184 (78) X Protective additive (anti-aging agent/
(6PPD) [CD)] antiozonan)
Oleamide C18H35NO 282.278 m/zCloud 98.2 % v Improve compounding process and
+) abrasion resistance
Stearamide Cy8H37NO 284.294 m/zCloud 94.4 % \/ Improves the physical properties of
(+) rubber
Unknown CaoH1gN2 287.155 CID — 195 (6) 181 (59) 180 (100) v -
)
N,N’-Bis(2-methylphenyl)-1,4-benzenediamine (DTPD) CooHaoNy 9.169 (+) HCD - 197 (60) 182 (29) 181 (65) X Protective additives
180 (100) 107 (25) 106 (40)
2-((4-Methylpentan-2-yl) amino)-5-(phenylamino) C18H2oN504 299.175 CID — 256 (100) 243 (44) 241 (30) \/ Degradation product of 6PPD
cyclohexa-2,5-diene-1,4-dione (6PPD-quinone) +) 215 (81) 200 (32) 187 (17)
Unknown Ca3HoeN2 331.217 HCD — 258 (35) 184 (18) 171 (45) X -
+) 158 (100)
N,N-Dicyclohexyl-2-benzothiazolsulfene amide (DCBS) C19Ha6N2So 347.161 CID — 265 (64) 180 (100) X Vulcanizing additive (vulcanization
+) accelerator)
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Fig. 3. Sperm motility percentage and mitochondrial membrane potential values recorded in Mytilus galloprovincialis spermatozoa exposed for 1 and 2 h to filtered
natural seawater (CTRL) and tire particle leachate (TPL). * and ** indicate significant and high significant differences, respectively.

Table 3

Values of viability, intracellular reactive oxygen species (ROS), plasma mem-
brane lipid peroxidation (LPO) and intracellular pH (pH;) recorded for Mytilus
galloprovincialis spermatozoa exposed to filtered natural seawater (CTRL) and
tire particle leachate (TPL) for 1 and 2 h.

CTRL TPL
1h 2h 1h 2h
Viability 81.1 + 0.5 80.4 +£ 0.7 79.6 £ 1.5 78.7 £ 2.2
ROS 28.5 + 3.2 25.8 +£ 3.2 26.6 + 2.1 289 + 1.7
LPO 27.3+1.7 28.3 £ 1.2 27.7 £ 2.6 279 + 2.1
pH; 9.4 +04 9.6 + 0.3 9.4+ 04 9.7 £ 0.2
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Fig. 4. Mitochondrial Membrane Potential values recorded in Mytilus gallo-
provincialis oocytes exposed for 1 and 2 h to filtered natural seawater (CTRL)
and tire particle leachate (TPL). * and ** indicate significant and high signifi-
cant differences, respectively.

Table 4

Values of viability, intracellular reactive oxygen species (ROS), plasma mem-
brane lipid peroxidation (LPO) and intracellular pH (pH;) measured for Mytilus
galloprovincialis oocytes exposed for 1 and 2 h to filtered natural seawater (CTRL)
and tire particle leachate (TPL).

CTRL TPL
1h 2h 1h 2h
Viability 81.7 £29 77.8 £ 2.5 78.7 £ 3.5 77.0 £ 2.6
ROS 124.9 + 26.9 132.5 + 24.2 116.5 + 13.9 123.0 +18.5
LPO 25.9 + 6.5 20.4 + 4.4 247 £5.1 19.6 + 1.7
PH; 7.8 +£0.08 7.7 £0.1 7.9+0.1 7.8 +0.03

brake wear, and organic compounds from road surfaces and atmospheric
deposition. The contaminant adsorption is affected by several factors as
tire composition, road surface conditions, traffic volume and speed, and

environmental conditions. As a result, leachate composition can be
highly variable.

The organic chemical and metal profiles reveal that the seawater TPL
is a complex mixture of different chemical compounds, some of them of
established toxicity, which may be released into the marine environ-
ment through leaching, contributing to seawater contamination. The
toxicity of freshwater leachate produced from end-of-life car tires was
intensively investigated using several species, leading to the uncovering
of various effects, which have been attributed to differences in tire
composition, leachate generation method and species sensitivity
(Wagner et al., 2018; Wik and Dave, 2009). Conversely, the potential
toxicity of end-of-life car tire seawater leachate to marine organisms is
far less studied (Halsband et al., 2020). Examples include the exposure
to end-of-life car tire leachate has been demonstrated to reduce the ef-
ficiency of photochemical energy conversion of macroalgae (Turner and
Rice, 2010), growth inhibition in microalgae (Capolupo et al., 2020),
behavior alteration in shrimps (Siddiqui et al., 2022), and high mor-
talities in marine copepods (Halsband et al., 2020; Yang et al., 2022).
There is also very limited toxicity information on marine invertebrate
reproduction. Tire wear particle leachate has been proven to affect the
growth, reproduction and sex ratio of copepods (Yang et al., 2025) and
shorten the reproductive period of rotifers, slow down their swimming
speed, and reduce the number of offspring (Lian et al., 2025).

In the Pacific oyster Crassostrea gigas, the viability and ROS pro-
duction of spermatozoa and oocytes, as well as the fertilization and
embryo development, were demonstrated to be not affected by exposure
to the leachates issued from end-of-life car tires (Tallec et al., 2022b). In
the Mediterranean mussel M. galloprovincialis, leachates produced from
car tire rubber reduced fertilization success after sperm pre-exposure
and impaired embryo development (Capolupo et al., 2020). In the pre-
sent study, we investigated the sensitivity of mussels’ early life stages,
such as spermatozoa and oocytes, to the chemical compounds leached
into seawater from end-of-life car tire particles by evaluating in both
gametes different markers closely linked with the reproductive function,
such as viability, mitochondrial activity, intracellular reactive oxygen
species levels, plasma membrane lipid peroxidation, and pH;. Moreover,
sperm motility was also checked. The obtained data indicate that end-of-
life car tire seawater leachate significantly decreases sperm motility and
increases mitochondrial activity in male and female gametes. On the
other hand, as previously observed for oyster gametes, TPL did not affect
intracellular ROS levels and lipid peroxidation (Tallec et al., 2022b),
despite the high levels of Zn detected. Concerning this aspect, it is hy-
pothesized that these levels did not significantly affect these parameters
because the detected levels did not exceed the toxicity threshold for Zn,
likely due to compensatory mechanisms such as increased zinc binding,
sequestration in cells, or upregulation of transport proteins, which
ensure that the zn-buffering capacity of gametes is not exceeded.

Mitochondrial functionality is one of the main indicators used for
estimating gamete quality. In M. galloprovincialis spermatozoa,
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mitochondria are located below the sperm head (Boni et al., 2016), and
proper mitochondrial functionality has been widely demonstrated to be
required for ensuring high sperm quality (Amaral et al., 2013). Indeed,
structural and functional mitochondrial alterations following sperm
exposure to several physical and chemical stressors have been related to
the loss of sperm function, confirming the crucial role played by these
organelles in sperm quality (Gallo et al., 2016; Gallo et al., 2018b; Gallo
et al., 2018c). On the other hand, in the oocyte, the number, distribu-
tion, and activity of mitochondria are narrowly tied to oocyte quality,
playing a central role in the cellular metabolism providing energy for
successful cytoplasm and nucleus maturation, fertilization, and embryo
development (Bezzaouia et al., 2014; Gallo et al., 2022). Thereby, any
stressor affecting mitochondrial functionality might impair oocyte
competence.

In this study, we demonstrated for the first time that the mitochon-
drial activity of mussel gametes, assessed as MMP, increased after
exposure to TPL. This result suggests that exposure to leachate alters the
energy demand, leading to an increase in MMP, which has been
demonstrated to be positively correlated with ATP production. More-
over, it has been shown that the mitochondria-derived ATP is crucial for
activating many enzymes and chemical reactions involved in stress
response (Picard et al., 2018).

ATP is also the main energy source used by the flagellum to initiate
and propagate the motility of spermatozoa. Although the present study
suggests an increase in ATP production following sperm exposure to
end-of-life car tire leachate, a decrease in motility was conversely
observed. This is because in M. galloprovincialis spermatozoa, the
mitochondria-derived ATP is not involved in sperm motility, probably
because glycolysis is the main energy source for sperm motility in this
marine species (Gallo et al., 2021).

Motility is considered a reliable predictor of sperm quality since it is
an essential prerequisite to ensure the fertilization process. In a previous
study, the pre-exposure of M. galloprovincialis spermatozoa to end-of-life
car tire seawater leachate has been proven to decrease fertilization
success. The authors proposed that the observed fertilization success
decrease can be due to alterations in cellular structures that regulate the
energetic metabolism and motility of spermatozoa (Capolupo et al.,
2020). The present study supports this suggestion and sheds light on the
importance of gamete quality assessment in investigating the toxicity of
environmental contaminants to gain new insights into their mechanisms
of action.

5. Conclusion

The present study provides novel insights into the reproductive
toxicity of tire particle leachates (TPL) in Mytilus galloprovincialis.
Exposure to TPL led to a significant increase in mitochondrial activity,
by approximately 25 % in oocytes and 30 % in spermatozoa, alongside a
substantial reduction in sperm motility of around 40 %. These physio-
logical impairments suggest a serious risk to reproductive success in this
species. Chemical analysis of leachates identified several contaminants,
with zinc being the most prevalent metal (~3 mg/L), along with a suite
of organic additives, including antioxidants and vulcanizing agents, all
of which are likely contributors to the observed toxic effects. The
complexity of the leachate mixture, coupled with the formation of toxic
degradation products and the potential for a “cocktail effect,” compli-
cates the identification of specific toxicants responsible for the repro-
ductive toxicity. This underscores the need for more targeted research to
characterize individual and combined chemical impacts. Moreover, the
limitation of the current study to a single species, M. galloprovincialis,
and the use of laboratory-based exposure, which may not fully capture
the complexities of real-world environmental conditions, highlights the
need for future studies on the effects of TPL including multiple species
and environmentally relevant exposure scenarios to better understand
the ecological risks.

In conclusion, the growing accumulation of waste tires in marine
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environments presents new threats to marine organisms, compromising
their reproductive health and ultimately endangering the survival of
marine species and, consequently, marine biodiversity. To mitigate
these risks, concerted efforts are needed to ensure environmental safety.
Strategies such as improving waste management practices, reducing tire
leachate release, and enhancing water quality monitoring could help
minimize adverse effects on marine biota.
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