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Synthetic polymer-based materials are ubiquitous in aquatic environments, where weathering processes
lead to their progressive fragmentation and the leaching of additive chemicals. The current study
assessed the chemical content of freshwater and marine leachates produced from car tire rubber (CTR),
polypropylene (PP), polyethylene terephthalate (PET), polystyrene (PS) and polyvinyl chloride (PVC)
microplastics, and their adverse effects on the microalgae Raphidocelis subcapitata (freshwater) and
Skeletonema costatum (marine) and the Mediterranean mussel Mytilus galloprovincialis. A combination of
non-target and target chemical analysis revealed a number of organic and metal compounds in the
leachates, including representing plasticizers, antioxidants, antimicrobials, lubricants, and vulcanizers.
CTR and PVC materials and their corresponding leachates had the highest content of tentatively iden-
tified organic additives, while PET had the lowest. The metal content varied both between polymer
leachates and between freshwater and seawater. Notable additives identified in high concentrations
were benzothiazole (CTR), phthalide (PVC), acetophenone (PP), cobalt (CTR, PET), zinc (CTR, PVC), lead
(PP) and antimony (PET). All leachates, except PET, inhibited algal growth with EC50 values ranging from
0.5% (CTR) and 64% (PP) of the total leachate concentration. Leachates also affected mussel endpoints,
including the lysosomal membrane stability and early stages endpoints as gamete fertilization, embry-
onic development and larvae motility and survival. Embryonic development was the most sensitive
parameter in mussels, with EC50 values ranging from 0.8% (CTR) to 65% (PET) of the total leachate. The
lowest impacts were induced on D-shell larvae survival, reflecting their ability to down-regulate motility
and filtration in the presence of chemical stressors. This study provides evidence of the relationship
between chemical composition and toxicity of plastic/rubber leachates. Consistent with increasing
contamination by organic and inorganic additives, the leachates ranged from slightly to highly toxic to
mussels and algae, highlighting the need for a better understanding of the overall impact of plastic-
associated chemicals on aquatic ecosystems.
© 2019 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND

license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Contamination of the oceans by plastic has been estimated to
cause an annual loss of 1e5% in ecosystem services, resulting in
economic damages of approximately US$ 2.5 billion per year
(Beaumont et al., 2019). Owing to the increasing rate of discharge
(now estimated at >8 million tons per year) and very slow
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degradation rates under typical environmental conditions, plastic
litter is expected to persist in the environment over geological
timescales (Beaumont et al., 2019). Macroplastic (<1m), meso-
plastic (2.5 cme5mm), microplastic (5mme1 mm) and nanoplastic
(<1 mm), have the potential to interact with aquatic organisms from
all trophic levels, resulting in a range of deleterious effects (Kühn
et al., 2015; Barboza et al., 2019; GESAMP, 2016). In addition to
the risks associated to conventional thermoplastics (e.g. PVC, PET,
polyethylene or polystyrene), concerns are emerging about the
possible impacts of other polymer-based materials, including mi-
croparticles derived from car tire rubber (CTR) (Wagner et al.,
2018). CTR microparticles generated during use or through
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processing end-of-life tires (ELTs) are regarded as one of the
greatest contributors to ‘microplastic’ pollution. These fragments,
which fall within the definition of microplastics, are increasingly
employed in a range of products and in sport facilities, and are
estimated to reach the marine environment at a rate of half million
tons per year (Hann et al., 2018).

Most thermoplastics are made by mixing the basic polymer(s)
with a variety of chemicals that either aid the production process or
impart specific properties that render the final product commer-
cially more desirable or more appropriate for its intended appli-
cation (Hermabessiere et al., 2017). These chemicals include,
amongst others, low molecular-weight oligomers, catalyst mate-
rials, solvents, and a wide range of organic and inorganic com-
pounds (Turner, 2016). The latter group, referred to as additives,
may represent a high percentage of the final plastic materials (in
some cases up to 50%) and are used to meet safety standards in
electronic materials and prevent ignition (e.g. flame retardants,
including polybrominated diphenyl ether), make plastics more
flexible (e.g. polyesters, phthalates), reduce degradation from UV
rays and heat (e.g. phenols, arylamines), protect from chemical
degradation, or impart a desired color (Thompson et al., 2009;
Turner, 2016). CTR also contains a broad range of components,
including fillers (carbon black, clay, silica, calcium carbonate), sta-
bilizers (antioxidants, antiozonants, waxes), cross-linking agents
(sulfur, accelerators, activators), and secondary components such as
pigments, oils, resins, and short fibers potentially harmful to health
and environment (Canepari et al., 2018; Rodgers and Waddell,
2013).

Most additives are not covalently bound to the plastic polymer
and so they can migrate to the material surface, potentially being
released into the environment (Hermabessiere et al., 2017; Paluselli
et al., 2019; Schmidt et al., 2019). Indeed, additives have been found
in effluents fromwaste water treatment plants, surface and marine
waters (Al-Odaini et al., 2015; Hirai et al., 2011; Schmidt et al.,
2019). Additives such as bisphenol A (BPA) and phthalates are lis-
ted as potential endocrine disrupting chemicals, as they are able to
impair hormone regulation in wildlife and humans (ECHA, 2018;
UNEP, 2017). BPA is widely used to obtain clear and tough plastics
and has been detected in food and beverages following release from
packaging (Vandermeersch et al., 2015). High molecular weight
phthalates, which allow production of flexible vinyl plastics (e.g.
PVC), and organophosphate esters have widely been found at mg/L
concentrations in surface waters (Golshan et al., 2015; Schmidt
et al., 2019). In addition, brominated flame retardants (BFRs) are
known to leach from plastics into the surrounding matrix (Engler,
2012; Meeker et al., 2009). Compounds leaching from CTR
include benzothiazoles, phthalates, and phenols, where benzo-
thiazole is typically observed in the highest quantities (Li et al.,
2010; Llompart et al., 2013).

Several additives have been shown to adversely affect aquatic
species, including BPA (Canesi and Fabbri, 2015), phthalates (Net
et al., 2015) and BFRs (Ezechi�a�s et al., 2014). However, exposure to
leached plastic additive mixtures has received far less attention,
and knowledge regarding fate and effects is limited. The leaching of
additives from plastic materials is differently modulated by the
permeability of the polymer matrix, gaps between polymer mole-
cules, physicochemical properties of the additives, properties of the
surrounding medium (e.g. salinity, temperature, pH) and time
(Kwan and Takada, 2016). Although a high number of chemical
compounds may leach from plastics, these can be at concentrations
lower than analytical detection limits or not included in routine
analysis protocols. This reduces the potential for identifying and
quantifying the chemical composition of leachates and subse-
quently establishing possible links between observed toxicity and
specific leachate constituents. Nevertheless, adverse effects from
leachate exposures have been documented on several organisms,
including fish (He et al., 2011), photosynthetic bacteria (Tetu et al.,
2019), Daphnia spp. (Lithner et al., 2009, 2012; Thaysen et al., 2018),
barnacle nauplii (Li et al., 2016), and brown mussels (Gandara e
Silva et al., 2016).

This study assesses the chemical composition of aqueous
leachates from plastic materials and evaluates the effects of
leachates on the growth of microalgae Raphidocelis subcapitata
(freshwater) and Skeletonema costatum (marine), and on the
Mediterranean mussel Mytilus galloprovincialis. Microalgae and
marine mussels were selected as model organisms owing to their
“key” ecological roles (i.e. primary producer and filter feeder,
respectively) within aquatic ecosystems, and therefore increase
the level of inference of the obtained results to ‘real’ environ-
mental settings. Additionally, the selected species are widely
distributed in aquatic environment, show a high responsiveness
to chemical stressors (Fabbri et al., 2014) and can be readily
grown or maintained in laboratory conditions. The study aimed
to relate any observed toxicity to specific additives or additive
groups. The organic and inorganic constituents of leachates
generated from different types of synthetic thermoplastic and
CTR were characterized following an initial non-target screening
of each plastic reference material. Biological endpoints studied
encompassed algal growth inhibition, impairment of mussel
early stages processes, such as gamete fertilization, embryotox-
icity and larvae survival and motility, and lysosomal biomarkers
(i.e. lysosomal membrane stability). Toxicity tests were per-
formed over a wide range of leachate dilutions to identify and
quantify eventual dose-response relationships for each selected
endpoint.
2. Materials and methods

2.1. Test materials and their preparation

All organic solvents and salts were of analytical grade. Solvent
purity was verified in-house prior to use by pre-concentration
(200x) followed by screening analysis using the same methods as
applied for the samples. Deionized water was of MilliPore® MilliQ
quality. Natural seawater was collected from 90m in Trond-
heimsfjorden (Norway) and 20m depth at Cesenatico (Italy),
filtered to remove coarse particles, and subjected to sterile filtration
(0.22 mm Sterivex®) prior to use in the experiments. Reference
organic chemical standards were supplied by Chiron AS (Trond-
heim, Norway) and Sigma-Aldrich (Darmstadt, Germany). Refer-
ence inorganic chemical standards were supplied by Inorganic
Ventures (VA, USA). A suite of PP, PET, PS, PVC (cryomilled, 1000 mm
sieved fraction) and CTR-derived granulate (1e2mm) reference
materials was procured from CARAT GmbH (Germany) and Ragn-
Sells (Norway) (SI, Table S1).

The materials were subjected to a non-target screening for
organic additive chemicals by solvent extracting the polymers
and analyzing the extracts by gas chromatography mass spec-
trometry (GC-MS), as previously reported (Cole et al., 2019).
Details of the additive extraction method from the polymers and
the analytical chemical conditions can be found in the Supple-
mentary Information (SI, Section S1). Tentatively identified
compounds were filtered based on their observed presence in at
least 3 of 6 replicates for each polymer and >90% match to NIST
2017 library mass spectra. Biogenic compounds, or compounds of
possible biogenic origin were removed from the data set. All
compounds found in control samples were removed from the
data set.
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2.2. Leachate preparation

Leachates of each plastic and CTR material were generated in
three different media; seawater, marine algae growth media (DM)
and freshwater algae growth media (TG201). All media were ster-
ilized and adjusted to 20 �C before use. The composition of DM and
TG201 is presented in the SI (Tables S2 and S3). The plastic-water
ratio was kept constant at 80 g/L, with a leachate volume of
100e250mL. The samples were shaken in a rotating incubator
(125 rpm) at room temperature (~25 �C) for 14 d in the dark. Upon
sampling, the leachate was isolated by passing each sample
through a sterile filter (0.2 mmNalgene®). Subsamples for chemical
analysis (3 x 2mL for both organics and metals analysis) were
acidified (15% HCl, pH< 2) and stored under dark and cool condi-
tions until further processing. Additionally, the pH in the leachates
was measured and compared to the pH in control media that had
been shaking for the same length of time.

2.3. Leachate characterization and (semi)quantification

2.3.1. Extraction of organic additives
Samples (2mL) of aqueous leachate were spiked with surrogate

internal standards (25.08 ng naphthalene-d8, 4.86 ng chrysene-
d12) and DCM:n-hexane (1:1 v/v, 1mL) was added. Samples were
then vortexed for 1min followed by centrifugation for 2min at
2,000 rpm. After centrifugation the upper organic phase removed
and transferred to a glass vial. The addition of solvent, vortexing
and centrifugationwas repeated three times. The combined extract
was dried with anhydrous Na2SO4 and evaporated under a gentle
stream of N2 to approximately 400 mL. Finally, a recovery internal
standard (9.84 ng fluorene-d10) was added prior to GC-MS analysis.

2.3.2. GC-MS analysis of organic additive leachate extracts
The leachate extracts were first analyzed by GC-MS using the

non-target screeningmethod described above (SI, Section S1). After
initial inspection of chromatograms, peaks were deconvoluted us-
ing Unknowns algorithms and best hits fromNIST 2017 library were
extracted. Acetophenone, benzothiazole, bisphenol A (BPA), n-
cyclohexylformamide and phthalide were obtained as reference
standards, and a 6-level calibration curve (0.01e1 ng/mL in DCM)
was prepared for quantification purposes. Leachates were re-
analyzed using a GC-MS selected ion monitoring (SIM) method
(Tables S4 and SI), and analytes were quantified by linear regression
after peak areas were normalized to fluorene-d10. Finally, recovery
of surrogate standards of comparable volatility (chrysene-d10 for
bisphenol A, otherwise naphthalene-d8) was used to correct for
losses during extraction.

2.3.3. ICP-MS analysis for metals/inorganics
The leachates generated from each of the polymer materials

were also subjected to an elemental screening for metal content.
For metal determination, aqueous samples were first diluted in
MilliQ water before 103Rh and 115In was added as internal stan-
dards. Analysis was performed using an Agilent 8800 Triple
Quadrupole ICP-MS (ICP-QQQ) fitted with a SPS 4 Autosampler.
Quantification was achieved using standards obtained from Inor-
ganic Ventures.

2.4. Toxicity to freshwater and marine algae

Toxicity of leachates towards freshwater (Raphidocelis sub-
capitata) and marine microalgae (Skeletonema costatum) was
determined as inhibition of growth over 72 h at 21± 1 �C (OECD,
2011). An initial 72 h test was performed (without replicates) to
determine the range of leachate dilutions that were suitable for the
full test. In the full test, three replicates of each dilution were
prepared, and growth measured after 0, 24, 48, and 72 h. Growth in
control samples (media and algae culture alone) was determined
with six replicates. Dilutions for each leachate and each species are
described in the SI (Table S5). Algal growth was assessed by mea-
surement of chlorophyll a fluorescence (TD-700 Fluorometer,
excitation 340e500 nm, emission >665 nm).

2.5. Mussel toxicity test

2.5.1. Animal holding and experimental treatments
The toxicity of the prepared leachates was screened on the

Mediterranean mussel M. galloprovincialis using a set of assays
performed on different life stages (including spermatozoa, eggs,
embryos, D-shaped veliger larvae and adult hemocytes) and bio-
logical levels (cellular to organism). Sexually mature mussels
(5e6 cm length) were collected from a government certified farm
(COPRALMO, Cesenatico, Italy), immediately transported to the
laboratory and acclimated for 5 d in 0.22 mm filtered seawater at
16 �C (5mussels L�1). In all mussel tests, treatments encompassed a
range of dilutions, including 0.6, 1, 2, 4, 6, 10, 20, 40, 60, 80 and 100%
of the prepared leachates. Regardless of the bioassay performed, a
control condition containing only 0.22 mm filtered seawater was
run in parallel. All experiments were performed at 16± 1 �C, as
previously reported (Capolupo et al., 2018a). Replicate numbers (N)
employed in each bioassay are provided in the following sections.

2.5.2. Lysosomal membrane stability
The lysosomal membrane stability (LMS) of the mussel hemo-

cytes was evaluated using the neutral red retention assay (NRRA)
according to Martínez-G�omez et al. (2015). Aliquots of hemocytes
from 10 randomly selected mussels were placed on microscope
slides previously treated with 0.01% Poly-L-lysine and stained using
0.01% Neutral Red (NR) acidophile dye. After 15min, hemocytes
were spiked with selected dilutions of the plastic leachates and
checked microscopically at 15min intervals. The NRRA was per-
formed in quadruplicate (N¼ 4) and the LMS assessed as the
capability of lysosomes to retain the NR within lysosomes. Results
were expressed as mean± standard error of the mean (SEM) of the
NR retention time (NRRT), which is the time (min) at which more
than the 50% of the lysosomes released the dye into the cytosol.

2.5.3. Gamete fertilization and embryotoxicity tests
Adult mussels were experimentally induced to spawn according

to the ASTM (2004) standard protocol, which consists of a 10 �C
thermal shock (from 16 to 26 �C). Sperm and eggs were sieved
through 50 mm and 100 mmnylon meshes to remove impurities and
checked for quality (egg shape/size, spermatozoa motility) using an
inverted light microscope (OPTECH, IB series; Munich, Germany;
40�magnification). Pools of gametes from at least three specimens
per sex were employed.

The effect of plastic leachates onmussel gamete fertilizationwas
assessed according to the method reported by Capolupo et al.
(2018b), with slight modifications. Briefly, an aliquot of spermato-
zoa was added to 96-well plates previously spiked with selected
dilutions of the plastic leachates. At 60min after spiking, oocytes
were added at a 1:5 proportion with spermatozoa according to
ASTM (2004). After 30min, the test was blocked by adding calcium-
buffered formalin (4%) to each well. The fertilization success was
assessed by inverted microscopy (Carl Zeiss, PRIMOVERT series;
Oberkochen, Germany; 40�magnification); adopted criteria were
the appearance of the polar lobe and/or the cell division initiation
(Capolupo et al., 2018b). Data were expressed as the mean± stan-
dard error of the mean (SEM) (N¼ 5) of the percentage of fertil-
ization success attained at each tested condition. The tests validity
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was set at a mean fertilization rate for controls of >60% and �98%
(Environment Canada, 2011).

The embryotoxicity test was performed as described by Fabbri
et al. (2014). Mussel eggs and spermatozoa were mixed in 96-
well plates (1:5 egg to spermatozoa ratio) to allow for fertiliza-
tion. After 30min, the (�80%) fertilization success was micro-
scopically verified and leachate spiked at the chosen dilution. After
a 48 h incubation period, samples were fixed with calcium-buffered
formalin (4%) and examined by optical microscopy using an
invertedmicroscope. A larva (veliger) was considered normal when
it had reached the D-shelled veliger stage (straight hinge) and the
velum did not protrude out of the shell, and malformed if had not
reached the typical 48 h post fertilization (pf) stage (trocophore or
earlier stages) or in the presence of developmental defects
(concave, malformed or damaged shell, protruding velum). The
recorded endpoint was the mean± SEM (N¼ 5) of the percentage
of normal larvae. The acceptability of test results was based on
controls for a percentage of normal D-shaped veligers >70% (ASTM,
2004).

2.5.4. Survival/immobilization test
The effects of plastic leachates on the survival and motility of

mussel early stages were tested using D-shaped veliger larvae ob-
tained in laboratory rearing conditions. Oocyte fertilization was
performed in 2 L glass beakers containing 1.5 L filtered seawater;
starting from 48 h post fertilization (pf), larvae were fed daily with
a suspension of microalgae (Nannochloropsis oculata; 1,200 cell
mL�1) until 5 d pf. At 6 d pf, larvae were collected by sieving the
culture on a 20 mm pore nylon mesh and added to 96-well plates
(50 individuals/well) previously spiked with selected leachate di-
lutions. All treatments were performed in quadruplicate (N¼ 4).
Based on the results obtained in preliminary trials, the number of
motile and viable larvae was recorded after 48 and 144 h of expo-
sure, respectively, using an inverted optical microscope
(40e100�magnification). Criteria for mortality assessment
included the clearly visible degradation/decomposition of the soft
tissue and/or the absence of visceral movement and heart/cilia
beating. Conversely, a larva was recorded as immobilized when it
showed no swimming or spiral/circulatory movements typical of
mussel D-shaped veligers (Sprung et al., 1984), although in the
presence of visceral, heart and/or cilia beating. Data for survival
were expressed as the mean± SEM of the percentage of viable
larvae, while immobilization was expressed as the mean± SEM of
the percentage of non-motile larvae over the proportion of viable
larvae.

2.6. Statistical analysis

Chemical data were subjected to a t-test using the R software
‘drc’ package to evaluate the presence of statistically significant
changes between the water concentrations of organic and inor-
ganic compounds before and after the leaching process. Data ob-
tained in marine mussel toxicity tests were analyzed for significant
differences compared to controls using a non-parametric analysis
of variance (Kruskal-Wallis test) followed by the Dunn’s corrected
test for multiple comparison using the statistical package SigmaPlot
13 (Systat Software Inc. San Jose, CA, USA). Deviations from
normality and homoscedasticity were screened using the Shapiro-
Wilk and Bartlett’s test, respectively, and statistical significancewas
accepted for p< 0.05. Data from algae toxicity tests, mussel gamete
fertilization, embryotoxicity, and survival/immobilization tests
were subject to a non-linear regression analysis (four-parameter
dose-response model; bottom plateau constrained to 0) and EC50
calculation (including the 95% confidence interval) using GraphPad
Prism 7 (mussel tests) or R ‘drc’ package (algae tests) according to
Ritz et al. (2015). To ensure precision and accuracy of the dose-
response analysis, EC50 calculations were considered applicable
only to data showing statistically significant differences compared
to controls or, in the absence of significant treatments, a nonlinear
regression coefficient (R squared)� 0.70. According to the guide-
lines reported by Noel et al. (2018), EC50 values calculated as
beyond the range of tested dosages (i.e.�100% leachate concen-
tration) were reported as ‘>100%‘.

3. Results and discussion

3.1. Additives in the polymer test materials and leaching into
aqueous media

A broad range of organic additive chemicals were identified in
the solvent extracts generated from the polymer test materials,
representing plasticizers, antioxidants, antimicrobials, lubricants,
and vulcanizers. A list of the organic compounds found in the
polymer extracts that were tentatively identified by a >90% mass
spectral match to reference compounds in the NIST 2017 mass
spectral library is presented in the Supplementary Information
(Table S6). This list was used as a basis for studying the additive
compounds present in the leachates. The highest number of
tentatively identified organic compounds in the polymer extracts
was found in PP (19), followed by CTR (17), PVC (9), PS (9) and PET
(1). With only one identifiable organic additive compound found in
the original polymer material, the PET particles were the “purest”
material used in the present study.

Of the tentatively identified compounds in the polymer extracts
(SI, Table S6), only a few were found in detectable amounts in the
full scan analyses of the corresponding leachate samples (fresh-
water and marine media). Acetophenone and phenoxyethanol
were found in the PP particles and in both the PP leachates
(freshwater and marine). Phthalide was found in PVC particles and
in both PVC leachates. Benzothiazole, 2(3H)-benzothiazolone and
phthalimide were found in the CTR particles and both CTR leach-
ates. A number of compounds (including n-cyclohexylformamide in
the case of the CTR particles) were identified only in the leachates
and not in the polymer extracts. This could be due to the more
complex nature of the polymer extracts compared to the leachate
extracts, rendering the compound peaks unresolvable in the
chromatograms from the polymer extracts. The presence of specific
compounds in the leachates of specific polymers, together with
their absence in control samples, suggests that these are not the
result of contamination introduced during sample processing.

From the suite of organic compounds tentatively identified in
the polymer extracts and leachates, four commercially available
compounds were purchased as reference standards (acetophenone,
benzothiazole, phthalide and n-cyclohexylformamide). In addition,
BPA was included as a standard compound of interest in the target
analyte study of the leachates (Table 1). For each respective target
compound, the highest concentrations were found in leachates of
polymers where the compound had already been identified as
present in the polymer by non-target screening. The concentrations
of the different additives varied from tens of ng to hundreds of mg/L.
For example, benzothiazole was found in the highest concentra-
tions in the freshwater and marine leachates of CTR (2,313 and
1,460 mg/L, respectively), but not present in any other leachate.

The sensitivity of the GC-MS SIM method allowed the quanti-
fication of some additives in polymer leachates where the com-
pounds had not been observable under non-target screening
analysis. For example, acetophenone was identified in the polymer
extracts of PP and PS, but was present in the freshwater leachates of
PP, PS and PVC, as well as the marine leachates of PP, PS, PVC and
CTR; n-cyclohexylformamide was also found in high quantities in



Table 1
Organic compounds quantified in freshwater and marine leachates (mg/L). N¼ 3, except where standard deviation is missing, and one replicate sample was analyzed.
Asterisks denote values statistically different from controls (t-test, **p < 0.005, *p < 0.05). ND ¼ not detected.

Acetophenone Benzothiazole n-cyclohexylformamide Phthalide Bisphenol A
Freshwater
Control 5± 1 2.2± 1.6 0.6± 0.3 0.5± 0.2 0.13± 0.05
CTR 22 2,313 1,059 5.5 8.6
PET 4.9± 0.2 2.9± 0.3 0.39± 0.08 1.65 ± 0.01* 0.15± 0.03
PP 151 ± 3** 3.7± 0.2 0.92± 0.09 2.10 ± 0.02* 1.01 ± 0.05**
PS 16 ± 2** 1.9± 0.4 0.8± 0.2 4.1 ± 0.4** 3.6 ± 0.4**
PVC 22.3 ± 0.9** 2.7± 0.2 0.9± 0.3 387 ± 8** 0.25± 0.04
Marine
Control 4.6± 0.7 3± 2 0.6± 0.4 0.2± 0.1 0.14± 0.05
CTR 13.2 ± 0.3** 1,460 ± 35** 788 ± 23** 2.4 ± 0.1** 6.4 ± 0.8*
PET 5.3± 0.5 2.2± 0.7 0.8± 0.2 0.23± 0.01 0.17± 0.03
PP 166 ± 3** 4± 1 3.4 ± 0.2** 2.3 ± 0.2* 2.83 ± 0.08**
PS 13.1 ± 0.6** 01.9± 0.5 0.5± 0.3 3.0 ± 0.1** 2.4 ± 0.2**
PVC 19.0 ± 0.8** 2.3± 0.3 ND 510± 218 0.28 ± 0.08*
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the CTR freshwater and marine leachates (1,059 and 788 mg/L,
respectively), despite not being observed in the polymer extract
samples. This suggests n-cyclohexylformamide concentrations in
CTR may be relatively low, but that the chemical leaches out from
CTR far more readily than other additives. Finally, BPA was not
observed in any of the polymer extracts or the leachate extracts
subjected to non-target analysis, but was observed in the fresh-
water leachates of PP and PS (1.0 and 3.6 mg/L, respectively) and the
marine leachates of CTR, PP, PS and PVC (6.4, 2.8, 2.4 and 0.3 mg/L,
respectively) when analyzed using the SIM method. Levels of these
compounds ranged from being significantly (p< 0.05) to highly
significantly (p< 0.005) greater than their concentrations in the
media control samples, indicating they were present due to poly-
mer leaching. Based on these preliminary investigations of polymer
leachates using a combination of target and non-target approaches,
it is probable that the ‘true’ complexity is far greater. A larger
number of organic additive chemicals are likely to be identified if
several other analytical methods were also applied (i.e. liquid
chromatography).

While the general trend in organic additive concentrations was
similar between freshwater and marine media for organic com-
pounds, this varied more for inorganics (Table 2). For example,
freshwater PS leachates exhibited Al concentrations of
12,355± 347 mg/L while concentrations in the marine leachate
were 755± 16 mg/L. A similar trend was observed for Sr in the PVC
leachates. The highest metal concentrations in the freshwater and
marine leachates were observed for Zn in CTR (12,130± 152 and
5,138± 128 mg/L, respectively) and PVC (2,806 ± 54 and
6,357± 140 mg/L, respectively). This is consistent with the high
Table 2
Metals quantified in freshwater and marine leachates (mg/L). N¼ 3, except where stan
values statistically different from controls (t-test, **p < 0.005, *p < 0.05). ND ¼ not detec
controls.

Al Cr Mn Fe Co Ni

Freshwater
Control 684± 17 1.8± 0.1 114± 5 169± 5 0.31± 0.03 0.9± 0.1
CTR 439± 10 1.53± 0.08 162 ± 9** 130± 4 11.9 ± 0.6** 2.6 ± 0.3
PET 699± 33 5.8± 0.3 103 ± 5* 113± 9 5.8 ± 0.3** 4.1± 0.5
PP 1002± 31 1.4± 0.1 114± 2 72± 4 0.38 ± 0.03* 1.8± 0.1
PS 12,355 ± 347** 1.4± 0.1 1.08 ± 0.05** 107± 3 ND 0.6± 0.1
PVC 666± 13 1.7± 0.1 86 ± 2** 63± 4 0.30± 0.02 2.1± 0.2
Marine
Control 868± 10 2.7± 0.2 9.0± 0.5 198± 8 1.61± 0.07 27± 5
CTR 884± 17 4.5± 0.2 34.1 ± 0.7** 187± 7 13.0 ± 0.3** 3.4± 0.3
PET 802± 9 4.3± 0.1 9.8± 0.2 233± 6 8.7 ± 0.2** 3.3± 0.3
PP 1,216± 25 2.6± 0.1 11.7 ± 0.3** 220± 8 1.83 ± 0.09** 1.9± 0.2
PS 755± 16 4.9± 0.3 0.98 ± 0.07** 161± 5 1.49 ± 0.09* 2.3± 0.2
PVC 1,407± 30 3.0± 0.1 13.5 ± 0.2** 230± 10 1.81 ± 0.04** 2.8± 0.3
levels of Zn used in CTR and also the high Zn concentration in PVC
leachates recently reported by Tetu et al., 2019. Furthermore, a
2.6� increase of Pb levels (relatively to controls) was obtained in
the PP seawater leachate, which may be noteworthy given its
known toxicity to aquatic organisms (DeForest and Meyer, 2015).
Interestingly, the presence of the polymer particles also modified
the chemical composition of the media by sorbing some inorganic
nutrients, thus significantly reducing their media concentration
relative to controls. This was particularly evident in the PS particle
leachates, which showed up to a 99% decrease in Mg concentration
following the leaching process. A similar process was observed for
Pb, which decreased in the seawater leachates of CTR, PET and PVC
by 35%, 48% and 81%, respectively.

An increase in pH (relative to control samples without particles)
was observed in both PS leachates and in the PET freshwater
leachate (not marine). In contrast, CTR, PP and PVC leachates low-
ered the pH of both media (SI, Table S7). The pH change was
considered an effect of leaching, and pH was therefore not adjusted
prior to toxicity studies.

3.2. Acute leachate toxicity to freshwater and marine algae

Preliminary trials showed that PET leachates did not cause
growth inhibition in either freshwater (R. subcapitata) or marine
algae (S. costatum), even at the 100% leachate concentration. This is
supported by the low additive chemical content determined in the
PET extracts and leachates. Full toxicity tests were therefore per-
formed only for leachates from CTR, PP, PS and PVC materials. The
results, in form of 50% effect concentrations (EC50), are summarized
dard deviation is missing, and one replicate sample was analyzed. Asterisks denote
ted above detection limits. Values in bold indicate significant decrease compared to

Cu Zn Sr Cd Sb Pb

17± 1 9± 1 1.7± 0.1 ND 0.14± 0.04 0.43± 0.04
* 6.4 ± 0.5* 12,130 ± 152** 16.2 ± 0.4** ND 0.36 ± 0.08** 0.59± 0.06

27 ± 1* 24 ± 3* 3.9 ± 0.4** 0.16 15.7 ± 0.7** 0.31± 0.03
20.5± 0.5 111 ± 5** 15.8 ± 0.6** 0.6± 0.3 1.8 ± 0.1** 1.23± 0.05
6.8 ± 0.4* 6± 2 16.7 ± 0.5** 0.16 0.52 ± 0.06** 0.63± 0.04
42 ± 1** 2,806 ± 54** 67 ± 2** ND 0.21 ± 0.04* 0.29± 0.03

38± 5 15± 2 7,508± 141 0.48 0.27± 0.04 3.5± 0.1
44± 2 5,138 ± 128** 7,572± 181 0.2± 0.1 0.82 ± 0.07** 2.28 ± 0.08**
53± 3 51 ± 3** 7,496± 172 0.16 12.9 ± 0.4** 1.83 ± 0.08**
260 ± 7** 180 ± 6** 7,460± 188 0.3± 0.2 1.8 ± 0.1** 9.0 ± 0.3**
36± 3 7 ± 2* 7,383± 204 0.16 0.47 ± 0.04* 3.8 ± 0.1*
31± 3 6,357 ± 140** 7,638± 211 0.3± 0.3 0.33± 0.05 0.68 ± 0.04**



M. Capolupo et al. / Water Research 169 (2020) 1152706
in Table 3. The leachate toxicities varied between the different
polymers and there were also observable differences in toxicity for
some of the leachates between the two algal species. CTR produced
the most toxic leachate, with EC50 values of 0.5% and 19% of total
leachate towards the freshwater and marine algae, respectively. PP
exhibited a similar toxicity towards marine algae to that observed
for CRT (EC50 18%), but showed the lowest toxicity towards fresh-
water algae (EC50 64%). PVC had high toxicity towards freshwater
algae (EC50 1.6% of total leachate), but the second lowest toxicity
towards marine algae (EC50 35%). The PS leachate was toxic only at
the highest concentrations towards the marine algae (EC50 >100%)
and was the second least toxic (EC50 26%) towards the freshwater
algae (PP being the least toxic). The higher toxicity of CTR and PVC
leachates could be directly linked to the higher additive chemical
content of these leachates, both in terms of organics and metals
(particularly Zn). A limitation to the current study is the non-
quantifiable influence of the reduction in dissolved nutrients in
exposure media due to sorption by the particles. However, this
effect would be pronounced only at the highest exposure concen-
trations, as the media dilutions would make it negligible at lower
concentrations.

3.3. Leachate toxicity to marine mussels

Data from this study provide clear evidence for the toxicity of
polymer leachates on cellular and developmental parameters
measured in the Mediterranean mussel M. galloprovincialis. The
results of the LMS test performed onmussel hemocyte treated with
increasing leachate concentrations are shown in Fig. 1. In agree-
ment with safety standards reported in the UNEP RAMOGE manual
(1999), LMS data from control treatments showed NRRTs >100min,
corresponding to the LMS physiological condition in the mussels
(Fig. 1). The CTR leachate proved to be the most toxic with respect
to LMS (Fig. 1A), where significant reductions relative to the control
were observed in the range of 10e100%. Significantly lower LMS
levels were also recorded for exposures representing 40e100% of
the PVC leachate (Figs. 1D), 40e100% of PS leachate (Figs. 1C), 40
and 80 and 100% of PP leachate (Fig. 1B). Conversely, none of the
PET leachate treatments affected the LMS in mussel hemocytes
(Fig. 1E), which is consistent with the low levels of organic and
inorganic additives present in this polymer material.

LMS reduction in mussel hemocytes is a well-known biomarker
of cellular and general stress which has been recognized as prog-
nostic of alterations to higher functions, such as growth and/or
reproduction (Martinez-Gomez et al., 2017; Moore et al., 2006).
Some of the chemicals detected in the tested leachates were pre-
viously found to induce lysosomal dysfunctions in bivalve hemo-
cytes. In an in vitro investigation, Canesi et al. (2005) found that BPA
affected LMS at concentrations one order of magnitude higher than
those detected in the current study, suggesting that further addi-
tives may have contributed to the observed LMS modulation(s). For
instance, benzothiazole, highly concentrated in the CTR leachate
(146 mg/L), is known to display metal-chelating properties able to
interfere with membrane-linked processes and lysosomal hydro-
lases activity (Wever and Verachtert, 1997). Zinc, which is essential
Table 3
EC50 (% of total leachate) of algae growth inhibition. Values in parentheses
represent 95% confidence intervals.

Freshwater Marine

CTR 0.50 (0.48e0.52) 19.0 (17.8e20.2)
PP 64.0 (59.6e68.4) 18.1 (7.5e28.8)
PS 23.5 (21.5e25.4) >100
PVC 1.62 (1.50e1.74) 34.6 (30.3e34.6)
to mussel cell metabolism at natural seawater levels (Olmedo et al.,
2013), was found to affect LMS and induce hemocyte necrosis in the
mg to mg/L range (as in CTR, PVC and PP leachates) or in combi-
nation with Pb, Cu and Cr (Giamberini and Pihan, 1997; Hietanen
et al., 1988). In bivalves, hemocytes play a crucial role in the host-
activated immune response and in modulating cell detoxification
and degradation pathways (Viarengo et al., 2007). The LMS results
in the current study highlight the need for a more comprehensive
assessment of the effects of plastic leachates on the mussel
adaptability to microbiological and/or physicochemical stressors.

The effects induced by the leachates on mussel gamete fertil-
ization are summarized in Fig. 2. In the control treatment, 84.4% of
eggs were fertilized, thus falling within the standard thresholds for
test validity (Environment Canada, 2011). Conversely, the 60min
exposure of mussel spermatozoa to increasing leachate concen-
trations significantly suppressed egg fertilization success. The PP
leachate had the highest number of treatments that were signifi-
cantly different to control values, with responses following expo-
sure to the 6, 10, 40, 80 and 100% (Fig. 2B). A significant down-
regulation was also triggered in CTR, PS and PVC leachates at
40e100% (Fig. 2A, C, D). The lowest effects were induced by PET,
which exhibited a significant decrease only following exposure to
the 80e100% of leachate (Fig. 2E). Dose-response curves of egg
fertilization data, including R2 and Hill-slope, are presented in the
SI (Fig. S2, Table S8). Fertilization data for the CTR, PP and PVC
leachates showed EC50 values in the range of 16.45e79.15% and
were ranked in the order PVC< CTR< PP (Fig. 2). Conversely, the
EC50 values for PS and PET leachates were >100% of the exposure
concentrations (Fig. 2).

To our knowledge, this study represents the first attempt at
evaluating the effects of leached chemicals on the gamete fertil-
ization of an aquatic species. According to the results, leachates
from CTR and PVC displayed a higher magnitude of effects and a
stronger dose-responsiveness (in terms of EC50) than the other
leachates tested. However, a greater effect from the PP leachates
was observedwhen analyzed in terms of the significance relative to
the controls, likely reflecting the higher sensitivity of mussel
gametes to the specific group of chemical additives leached by this
polymer. In mussels, the inhibition of gamete fertilization has
frequently been associated with toxicant-induced alterations of the
cellular structure involved in the regulation of energetic meta-
bolism and motility of spermatozoa. In the current study, Cu was
present at the highest concentration in the PP leachates (260 mg/L).
Previous studies have showed that in vitro exposure to 100 mg/L of
Cu severely altered the mitochondrial activity in Mytilus spp.
spermatozoa, leading a subsequent inhibition of motility and
fertilization rate (Au et al., 2000; Fitzpatrick et al., 2008). Similarly,
Riba et al. (2016) highlighted mechanistic links between the pres-
ence of 10e200 mg/L of Pb, Ni, Cu and Zn in marine sediment elu-
triates and decreased egg fertilization in mussels (Mytilus edulis),
with an EC50 of 6.3% of the total elutriate. A synergistic effect might
also be expected following co-exposure to acetophenone and BPA
(both exhibited significant enrichment in the CTR and PVC leach-
ates), as both chemicals are known to display amarked spermistatic
activity in mammals and fish (Cariati et al., 2019; Canesi and Fabbri,
2015).

The results of the 48 h embryotoxicity test performed on
M. galloprovincialis are shown in Fig. 3. The percentage of normal D-
shaped veliger larvae in controls was >70%, which is consistent
with the standard requirements for test validity (ASTM, 2004). All
leachates induced a statistically significant (p< 0.05) inhibition of
normal embryonic development with respect to controls. Notably,
significant reductions were observed following exposure to
2e100% of the CTR leachate (Figs. 3A), 10e100% of the PP leachate
(Figs. 3B), 40e100% of the PS leachate (Figs. 3C), 4e100% of the PVC



Fig. 1. Effects of leachates on the mussel lysosomal membrane stability. Mean ± SEM (N¼ 4) of the Neutral Red retention time assessed in the hemocyte of mussels in vitro
exposed to plastic and CTR leachates. Asterisks show statistically significant differences vs control (p< 0.05).

Fig. 2. Toxicity of leachates on the mussel gamete fertilization. Mean± SEM (N¼ 5) of the percentage of fertilized mussel eggs measured following exposure to plastic and CTR
leachates. Asterisks show statistically significant differences vs control (p< 0.05). EC50 values (including the 95% confidence intervals) are also reported.
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leachate (Figs. 3D) and 60e100% of the PET leachate (Fig. 3E).
Embryotoxicity data for all polymer leachates showed a R2> 0.70
(Fig. S3, Table S8). EC50 values were in the range of 2.22e96.84%,
and were ranked in the order CTR< PVC< PP< PS< PET.

According to the obtained results, embryonic development was
the most sensitive endpoint measured in the mussels. Based on
existing literature, such an adverse outcome may reasonably be
linked to the sensitivity of the embryos to some of the leached
inorganic additives. Previous 48 h embryotoxicity testing of Cu, Zn
and Pb on M. galloprovincialis showed EC50 values of 9.6, 99 and
63 mg/L, respectively (Nadella et al., 2009, 2013). These values are
well below the levels of these elements detected in CTR, PVC and/or
PP leachates in the current study. An alternative explanation may
be the co-occurrence of BPA in the leachates, which is known to
exert transcriptional and embryotoxic effects in M. galloprovincialis
as a result of its endocrine disrupting activity (Fabbri et al., 2014;
Balbi et al., 2016). In addition, heterocyclic aromatic compounds
such as the benzothiazole and phthalide present in the CTR and PVC
leachates are known to be embryotoxic in fish and/or mammal
models ( Sheftel, 2000). This suggests that the main alterations
could involve early embryogenic processes (i.e. cleavage to
gastrulation), which are phylogenetically more conserved across
taxa. Interestingly, recent studies performed on sea urchins showed
that a leachate from virgin PVC microplastics elicited significantly
higher embryotoxicity than a direct particle administration
through the same test medium (Nobre et al., 2015; Oliviero et al.,
2019). Similarly, our previous study showed that exposure to
3 mmPS particles did not affect mussel embryonic development
(Capolupo et al., 2018a), leading to the hypothesis that sole embryo
exposure to waterborne plastics may not allow reliable estimation



Fig. 3. Toxicity of leachates on the mussel embryo-larval development.Mean ± SEM (N¼ 5) of the percentage of normally developed mussel larvae (D-shaped veligers) following
exposure to plastic and CTR leachates. Asterisks show statistically significant differences vs control (p < 0.05). EC50 values (including the 95% confidence intervals) are also reported.
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of plastic additive effects.
The effects induced by leachates on the motility and survival of

mussel D-shaped veligers are presented in Fig. 4. CTR leachates
significantly reduced larvae motility (48 h) and survival (144 h)
following exposure to leachates in the range of 10e100% and
40e100%, respectively (Fig. 4A). The PP leachate did not induce any
effects on the motility of mussel larvae, but caused a significant
decrease in survival at the 100% concentration (Fig. 4B). No effect on
either motility or survival was induced by the PS and PET leachates
(Fig. 4C, E), while a significant reduction of both parameters was
induced by the PVC leachate in the range 20e100% (Fig. 4D).

According to the nonlinear regression analysis, an R squared
value greater than 0.70, selected as a prerequisite for EC50
Fig. 4. Toxicity of leachates on the motility and survival of mussel larvae. Mean± SEM (N
48 h and 144 h exposure to prepared leachates, respectively. Asterisks and hash symbol
respectively (p< 0.05). Unless not applicable (NA), EC50 values (including the 95% confiden
calculations, could only be calculated for survival data for the CTR,
PP and PVC leachates and for motility data for the CTR and PVC
leachates (Fig. S4, Table S8). The EC50 values for survival and
motility for the CTR and PVC leachates were in the range of tested
concentrations, while the effective concentration for survival after
exposure to the PP leachate treatments was calculated to be >100%
(Fig. 4). The lowest EC50 value for motility (18.75% of the total
concentration) was observed for the CTR leachate, while the PVC
leachates induced the lowest EC50 for survival at 54.04% (Fig. 4).

These results clearly indicate that leachates derived from
different polymers vary considerably in their impacts on mussel
larvae survival andmotility. This is consistent with previous studies
(Lithner et al. 2009, 2012) that showed leachates from 20 out of 58
¼ 4) of the percentage of motile (black dots) and viable (white dots) mussel following
s show statistically significant differences (vs control) in motility and survival tests,
ce intervals) are also reported.
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commercial plastic products affected the mobility of the freshwater
cladoceran Daphnia magna. While effects on the survival of bar-
nacle (Amphibalanus amphitrite) nauplii were recorded in response
to a range of plastic leachates (including PVC, PP, PS and PET) (Li
et al., 2016), only PP, PVC and bioplastic-derived leachates caused
mortality in the copepod Nitocra spinipes (Bejgarn et al., 2015). This
suggests that species- or stage-specific traits may influence the
overall toxicity of leached additives, although different additive
chemical profiles in plastics comprised of the same polymer type
may also play a role. Unlike embryos, mussel larvae possess D-
shaped shells and well-developed chemoreceptors that allow them
to respond to chemical stressors by closing their valves and
reducing the filtration rate (Wong and Gerstenberger, 2015).
Although these mechanisms would explain the absence of effects
or the slight effects observed for exposure to the PP, PS and PET
leachates in the current study, they contrast with the dose-related
response induced by exposure to CTR and PVC leachates. It is
possible that this might be related to the lower pH values (i.e. pH
7.5, Table S7) observed in both leachates relative to controls (pH
8.1). A recent study demonstrated that exposure to pH lower than
7.6 inhibits compensatory mechanisms inMytilus larvae, leading to
metabolic alterations in the short-term and increased mortality
after prolonged exposure (Ventura et al., 2016).
4. Conclusions

This study provides new knowledge on the chemical charac-
terization and ecotoxicological effects of chemical additive leach-
ates from plastic and rubber materials under freshwater and
marine conditions. The chemical composition of leachates was
complex and varied considerably among tested polymers, with the
main additives identified as plasticizers, antioxidants, antimicro-
bials, lubricants, vulcanizers and metals. In line with the relatively
high content of organic and inorganic compounds in the parent
materials, leachates from CTR and PVC exhibited the highest
toxicity on algae growth and mussel early stages development,
survival and motility. The lowest effects were generally observed
for the PET leachates, which contained the lowest number and
concentration of measured additives. Evidence of toxicity were also
observed for mussel gamete fertilization and the LMS assessed in
hemocytes, suggesting that leachate exposure may affect different
stages of the life cycle of aquatic organisms.

The magnitude of effects observed in this study suggest that
organic and inorganic additives leached from plastic/rubber poly-
mers may cause substantially higher ecotoxicity than those previ-
ously reported following plastic ingestion. Although additives are
subjected to a substantial dilution in natural environment, EC50
values determined in this study showed that leachate concentra-
tions of less than 3% may because for concern in enclosed ecosys-
tems (e.g. bays, lagoons or lakes) or oceanic ’hotspots’ where
plastics tend to accumulate (GESAMP, 2016). Current knowledge on
ecotoxicological effects of plastic leachates is based upon a small
number of studies conducted using acute toxicity tests and
different leaching processes. Further efforts are therefore required
to standardize methods for leachate preparation and sublethal ef-
fects testing to obtain a more detailed understanding on the long-
term effects of plastic additive exposure to aquatic biota.
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