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This study aims to evaluate the expression of biomarkers of oxidative stress (LPO, GPx, AtCh, SOD) in mussels
(Mytilus galloprovincialis) following the exposure to suspensions of microparticles irregular shaped fibres of Poly-
ethylene terephthalate of different sizes (small 5-60 pm, S-PET; medium 61-499 pm, M-PET; large 500-3000 pm,
L-PET) at a single dose of 0.1 g/L. Mussels were tested under two different starting pH conditions of marine wa-
ter: standard (8.0) and acidified (7.5). The results obtained from this study show that: i) PET microplastics are
able to induce biochemical stress in mussels; ii) among the biomarkers tested, LPO and GPx were more effective

in detecting the stress induced by microplastic in both initial pH conditions; iii) the expression of biomarkers was
influenced by the size of the microparticle. In particular, greater effects were associated with the largest PET par-
ticle tested (0.5-3.0 mm); iv) regarding the effect of pH, in experiments starting from 7.5 pH the animals showed
a lower biomarker expression than those starting from 8.0 pH.

1. Short note

Plastic litter and microplastic pollution can produce significant di-
rect and indirect impacts in marine ecosystems (Cole et al., 2011; Cole
et al., 2014; Avio et al., 2015a; Dehaut et al., 2016; Collard et
al., 2017) and the scientific interest towards microplastic is quickly in-
creased in the last few years (Pauna et al., 2019). Plastic litter in ma-
rine ecosystems come from inadequate waste management, and from le-
gal or illegal dumps located near coastal areas (AEA, 2006), irrational
use and disposal of plastic food packaging (UNEP, 2015). More than
92% of the 12 million tons/year of plastic entering oceans are repre-
sented by particles smaller than 5 mm (Jambeck et al., 2015) that are
defined by GESAMP (2016) with the umbrella term “microplastics”.
Fragmentation of larger plastic pieces represents a significant secondary
source of microplastics in marine environments. A wide range of marine
species from pelagic and benthic fishes to marine mammals resulted able
to ingest microplastics (Neves et al., 2015; Van Cauwenberghe et
al., 2015; Fossi et al., 2016; Dehaut et al., 2016; Courtene-Jones
et al., 2017; Karlsson et al., 2017; Pellini et al., 2018; Renzi et
al., 2018a, 2018b).

In 2017, PET represented one of the most produced polymer in
Europe (Plastic Europe, 2018); this material was intended to make
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disposable products for mass consumption (Singh et al., 2018).
PET-originated litter can reach the seafloor (Mu et al., 2018) or repre-
sent one of the most frequently found macro-litter along beaches (Mu-
nari et al., 2016). PET-made tools are affected by photooxidation and
hydrolysis processes that producing smallest plastic pieces (Gewert et
al., 2015). PET is currently considered a safe material for the human
health (Sinha et al., 2010). Nevertheless, recent papers highlighted
toxicity from the exposure to PET microplastics (PET-MPs) in both fresh-
water species such as amphipods, copepods, and fish (Heindler et al.,
2017; Rochman et al., 2017; Weber et al., 2018) and marine species
(Piccardo et al., 2020). To our knowledge, relationship between the
toxicity of PET-MPs on marine organisms and its particle size is less ex-
plored by literature (Piccardo et al., 2020). Although fibres, fragments
and irregular particles are the most abundant shape of microplastics de-
tected in biota (Bour et al., 2018), most of the laboratory studies on
bivalves have been conducted using spherical polystyrene (Browne et
al., 2008; Cole et al., 2015; Paul-Pont et al., 2016; Gonzalez-Soto
et al., 2019).

The principal aim of this study is to verify if PET-MPs are able
to significantly affect, and related to the size of microparticles, the
expressions of stress biomarkers in exposed mussels. Secondly, this
study evaluates the occurrence of significant differences in biochemi-
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cal responses based on the initial pH condition by comparing the results
obtained following exposure to pH 8.0 with those obtained at 7.5 pH,
the latter being levels which could be likened to a temporary impact
from a water acidification hotspot. The occurrence of such temporary
sources of pH acidification in coastal marine ecosystems does not rep-
resent a rare phenomenon. In fact temporary water acidification is re-
ported to originate from effluents of municipal or industrial wastewater
treatment plants (Aniyikaiye et al., 2019), from acidification of estu-
arine inputs (Sammut et al., 1995) or from intense activities by pri-
mary producers (Hinga, 2002). Coastal transitional ecosystems are nat-
urally pH pulsating environments due to their fluctuating overall bal-
ance between surplus of respiration or of primary production (Specchi-
ulli et al., 2008; Basset et al., 2013). The ocean pH decreased by
about 30% compared to pre-industrial levels (Doney et al., 2009) and
is expected to decrease further, following the climate change scenario,
to a level of 7.7 pH units within 2100 (Feeley et al., 2009). Under this
global scenario the occurrence of local and temporary conditions of 7.5
pH could be not an infrequent occurrence in coastal marine areas. For
the exposed reasons, effects recorded in this study under starting acid-
ified condition could be of significant help in future researches to fo-
cus the matter of PET-MPs pollution and to weight their potential tox-
icity for marine species. Recent papers suggested that ocean acidifica-
tion is able to determine significant effects in marine species (Knutzen,
1981; Roleda et al., 2015). For example, it can increase physiologi-
cal stress for marine shellfish and, consequently, affecting fertilization
(Shi et al., 2017), metabolism (Zhao et al., 2017), behaviour (Peng
et al., 2017), and immune function (Su et al., 2018). In addition, it
is well know that microplastics are able to adsorb and leach hydropho-
bic compounds (Engler, 2012; Bergmann et al., 2015; Chen et al.,
2019) and that such chemical equilibrium can be influenced by a wide
range of variables; including pH fluctuations (Tourinho et al., 2019).
Accordingly, PET toxicity could potentially change under different envi-
ronmental conditions. Furthermore, it is supposed by the literature that
particle size could represent a key factor modulating microplastic bioac-
tivity and associated toxicity (Lee et al., 2013; Jeong et al., 2016;
Kinjo et al., 2019). Therefore, the coexistence of acid stress and plastic
pollution may produce a synergistic effect impacting severely the ma-
rine mussels as reported by literature (Shang et al., 2020).

This study aims to fill some of the exposed knowledge gaps test-
ing the interactive biochemical stress induced in mussels (Mytilus gal-
loprovincialis) by the exposure to three different sizes of environmen-
tally realistic flakes (with jagged edges and surface irregularity) of

Table 1
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PET-MPs under two different starting conditions of pH of water (8.0 and
7.5 pH). The water pH was corrected to 7.5 pH units at the beginning
of the exposure and then it was allowed to the system to follow its nat-
ural evolution without water renewal or additional pH corrections in
order to evaluate the resilience of the system after the initial hotspot
perturbation. To evaluate stress induced, lipid peroxidation (LPO), en-
zymes involved in the oxidative stress responses (glutathione peroxidase
GPx, superoxide dismutase SOD), and in neuro-status (cholinesterase ac-
tivity analysing Acetylthiocholine, AtCh) were used as rapid and recog-
nized biomarkers tools to detect the exposure to xenobiotics (Regoli et
al.,, 2014; Tim-Tim et al., 2009).

PET microparticles tested in this study were obtained by the tritu-
ration of 1 mm pellets to a final shape of heterogeneous flakes, with
jagged edges and surface irregularity that well simulate MPs parti-
cles present in environmental matrices (Lambert et al., 2017). Three
desired particle-sizes: small (5-60 pm; S-PET), medium (61-499 pum;
M-PET), and large (500-3000 pm; L-PET) were tested. Microparticles
were preliminary rinsed to remove external contamination and chemi-
cally analysed by microscopy associated to Fourier Transform Infrared
Spectroscopy (LFT-IR, Nicolet iN10, Thermo®) technique as extensively
described by Piccardo et al. (2020) for the same PET-MPs tested in
this study. Adult animals (n = 18 for treatment; 144 in total) were col-
lected from natural unpolluted marine area (Talamone, Natural Park of
Maremma, Tuscany), put in stabulating aquarium for acclimation be-
fore starting the experiment (Avio et al., 2015b). Then, their length
were determined using a calibre to calculate the mean value of the
maximum length of the valves. Selected animals, in order to reach
a standardized mean valves length ranging within 3.2-3.5 cm, were
distributed in glass jars with 1L of natural marine water (9 mus-
sels/jar; 2 jars for treatment; 111.1 mL water/mussel ratio). As re-
ported in Table 1, mean length were controlled to keep homoge-
neous the distribution of specimen among jars with respect to body
size. In fact, organisms with similar length have similar age and di-
mensions of body-structures (i.e. syphons, etc.), and the same possi-
bilities to interact with PET-MPs. Following a previous study on mi-
croplastics in mussels, exposure time was fixed to 7 days (Avio et
al., 2015b), while concentrations of microplastic were fixed to 0.1 g/
L for each of the three tested particle-sizes of PET-MPs. Exposure doses
are higher than plastic levels recorded in natural ecosystems (Lenz et
al., 2016). Nevertheless, PET is considered a non-toxic plastic material
(Singh et al., 2018) and we decided to use doses higher than natural
ones to detect a clear signal after 7 days of exposure according to the

Water parameters expressed as mean =+ standard deviation. After 7 days of exposure, pH (t = 7) shows similar values regardless initial pH conditions. Mussels maximum shell length
(mean + standard deviation) were measured just before the starting of the exposure. Qualitative description of microplastic macroscopic behaviour in different testing jars: Starting time
(t = 0), initially due to cohesion effect, PET-MPs are floating on the water; nevertheless, during the next day microparticles progressively settled on the bottom due to density and bio-se-
cretion production by mussels. These phenomena occurred under both starting conditions; only recorded differences were related to particle size that favoured the settlement of L-PET

earlier than others.

Mussel size

(mm) Water parameters

pHt=0 pHt =7 (pH Temperature Oxygen (%
(pH unit) unit) Q) sat.) Salinity (PSU)
Standard Control 33.6 = 10.5 8.00 = 0.01 7.86 = 0.04 17.40 = 0.11 79.64 = 0.09 39.29 = 1.03
S-PET 34.7 = 8.0 8.01 = 0.00 7.54 = 0.04 17.30 = 0.07 80.52 = 2.16 39.19 = 0.82
M-PET 33.4 = 10.3 8.01 = 0.00 7.39 + 0.00 17.40 = 0.07 80.63 = 9.44 39.33 = 1.14
L-PET 33.2 = 10.3 8.00 = 0.01 7.50 * 0.04 17.40 = 0.11 77.31 = 2.96 39.26 = 1.16
Acidified Control 33.8 = 10.9 7.49 = 0.00 7.51 + 0.04 17.33 = 0.33 84.33 = 13.61 39.59 = 1.60
S-PET 33.1 +£10.8 7.51 = 0.00 7.45 = 0.01 17.40 = 0.14 87.57 = 5.55 39.49 = 1.50
M-PET 33.9 £ 10.9 7.50 = 0.01 7.53 = 0.04 17.33 = 0.11 85.50 = 4.67 39.69 = 1.74
L-PET 33.5 = 10.5 7.49 = 0.00 7.48 + 0.04 17.40 = 0.07 85.35 = 1.70 39.02 = 1.60
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principal aim of this study that was to relate biochemical responses to
the particle size of PET and not to assess the environmental significance
of the response. Natural marine 0.45 pm-filtered water collected from
an unpolluted sampling site (Talamone, Natural Park of Maremma, Tus-
cany) was used as testing medium. Animals were fed with dry food be-
fore the beginning of the exposure. Acidified water (pH = 7.5) was ob-
tained from the natural marine water by pH correction with HCI (100 pL
of 0.1 M, ultrapure reagent, Sigma Aldrich); this correction was per-
formed before adding the animals. To evaluate the natural evolution
driven by animals' metabolic activities, initial pH characteristics of wa-
ter was not corrected, and water was not renewed during the experi-
ment. Principal parameters were recorded at time zero (t = 0), and at
the end of the experiment (t = 7) and the natural evolution over time of
pH, after the induced stress of initial acidification, was monitored. Ob-
served fluctuations (mean; standard deviations) are reported in Table
1. In the same Table, a qualitative description of microplastic macro-
scopic behaviour is reported. At the end of the experiment, mussels from
each jar were sacrificed by rapid excision, pooled together and stored
in liquid Nj. Pools of animals were then homogenized keeping sample
temperature under control and extracted using phosphate buffer and
EDTA (Vidal-Linan et al., 2013) in order to collect cellular fraction (S9).
Tissues were stored under liquid N, until analysis. On collected sam-
ples, the superoxide dismutase activity (SOD; Gao et al., 1998), the
lipid peroxidation level (LPO; Mihara and Uchiyama, 1978), the glu-
tathione peroxidase activity (GPx; Bocchetti and Regoli, 2006), and
the cholinesterase activity (AtCh; Vidal-Linan and Bellas, 2013; Men-
nillo et al., 2017) were determined. LPO, GPx, and AtCh were ex-
pressed referred to the total protein contents fraction S9 according to
the Lowry colorimetric method (Lowry et al., 1951). Control samples
(negative control) were analysed in order to determine natural expres-
sion of targeted biomarkers both under 8.0 and 7.5 pH levels. Results
reported in this study are expressed as percentage of variation of each
measured biomarker compared to levels recorded in the correspondent
negative control. Statistical analyses (ANOVA two-ways test) were per-
formed by the software Prism® (GraphPad, v.4.0).

Concerning data reported in Table 1, the comparison among water
pH levels measured at the beginning and at the end of the experiment,
highlights that in controls animals' metabolic activities tend to weakly
reduce water pH in samples that they were non-acidified at the begin-
ning of the experiment (—0.14 pH units). On the contrary, in initial acid-
ified samples, pH varied not significantly at the end of the experiment
(+0.02 pH units). This could be considered a natural trend to acidifica-
tion of water due to the physiological accumulation of waste metabolites
produced by animals during the 7 days of exposure. Animals exposed
to PET-MPs, showed a larger effect of acidification of water compared
to controls. Concerning animals exposed to initial 8.0 pH, this effect
ranged within —0.62 pH units (M-PET) and —0.47 (S-PET). This could be
due to an increase of metabolites production in animals exposed to mi-
croplastics compared to negative controls. Concerning animals exposed
to initial 7.5 pH, this effect was less evident. In our opinion, the less
evident effect could be due to an increased buffering action driven by
the mussel involving reactions affecting CaCO3 balance to counteract
water acidification. This effect is stimulated by the initial acidified con-
dition as yet evidenced in a previous research on freshwater mussels
(Heming et al., 1988). In fact, under acidified conditions, Heming et
al. (1988) showed that the regulation of pH in acid water did not in-
volve any valve closure rather the excess of protons was buffered using
CaCOg reserves. Further and opportunely focused studies will be per-
formed on this specific aspect to confirm that the exposure to microplas-
tics could be associated to an increase in metabolite production by
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stressed mussels and that resulting acidification is counterbalanced us-
ing animal's CaCOj reserves keeping water pH closed to 7.5 units.

The recorded expression of biomarkers of stress in mussels exposed
to PET-MPs of different size both under 8.0- and 7.5-units initial pH
conditions is reported in Fig. 1; data are also associated to the signifi-
cance recorded by the ANOVA two-ways test. Results on negative con-
trols, highlighted a different sensitivity of considered biomarkers to the
diverse initial pH conditions. In fact, only a very slight increase (not sig-
nificant) of SOD and AtCh activity have been measured in specimen at
pH 7.5. An opposite behaviour characterized the LPO and GPx activi-
ties in controls which showed an increase of 59.5% of lipid peroxidation
and a reduction of 22.6% of glutathione peroxidase in the initial acidi-
fied condition (data not shown). For this reasons data have been normal-
ized as percentage variations respect to each control. These results were
partially agreed with recent literature recording no significant effects of
acidification on GPx and SOD (Wang et al., 2020). These differences
may be due to multiple factors. First of all, the initial exposure pH in the
study of Wang et al. (2020) was 7.7 units while, in our study, it was
7.5. Furthermore, the exposure time used by the cited study was 14 days
followed by 7 days of recovery; on the contrary, the exposure time used
in this study was 7 days followed by immediate animals sacrifice at the
end of the experiment according to Avio et al. (2015b). Furthermore,
in the case of the aforementioned study, the tests were conducted only
on the digestive glands while, in this research, the whole animal was
used. The foregoing may have determined the differences found between
the two studies with respect to GPx.

The same sensitivity is confirmed by animals exposed to PET: no
significant effects were detectable in SOD and AtCh activity regard-
less of standard or acidified starting conditions (Fig. 1). Even if our
results agree with Wang et al. (2020), the lack in significant alter-
ation of AtCh activity could be due to the selection of tissue for the
analysis. We evaluated the AtCh activity in the whole animal rather
than in adductor muscle, as done by Guilhermino et al. (2018);
our choice could have decrease the responses. Counter wise a gen-
eral increase of LPO expression (up to 210%) was recorded in speci-
mens tested under initial 8.0 pH conditions. In particular, higher ex-
pressions were recorded after the exposure to L-PET. Smaller effect was
recorded for initial pH 7.5. The expression of GPx (8.0 pH conditions)
was very variable and PET size-depending: animals exposed to S-PET
showed a reduction of the enzyme activity (53.4%) while specimen
exposed to L-PET highlighted an increase of 25.6%. A similar behav-
iour was recorded for initial 7.5 pH. Our results confirmed the elevated
sensitivity of certain enzymes: among these, GPx and LPO. Similar re-
sults have been reported by other experiments performed with differ-
ent polymers (Magni et al., 2018; Paul-Pont et al., 2016). LPO and
GPx levels of plastic-exposed specimen were lower under acidified con-
ditions than under natural pH for marine water. These results could
be explained by a larger production of mucous proteins recorded at
the end of the experiment in animals exposed under acidified condi-
tions that could trap microplastic preventing their ingestion and reduc-
ing animals' intake and, consequently, the activation of biological re-
sponses. Results reported in this paper highlighting a PET-induced stress
(LPO, GPx) under the tested exposure doses (0.1 g/L, 7 days) are par-
tially agreeing with results reported by Wang et al. (2020). These
last cited authors evidenced effects related only to catalase and glu-
tathione during the experiment, that were associated to a quick recov-
ery once MPs stressors were removed; furthermore, no significant effects
on GPx and SOD were recorded. Even in this case differences among
the exposure time, microplastics sizes, and their chemical types could
be responsible of recorded differences. Furthermore, biomarkers path-
ways have a different time-course of activation and antioxidants levels
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Fig. 1. Biomarkers in mussels. Results are grouped according to different size of PET-MPs (S-PET; M-PET; L-PET) and initial pH of water (8.0 vs 7.5 units). Results are given as per-
centage respect to negative controls (represented by dashed lines; mean values + CV%). CV% in AtCh is not visible because it resulted very small. SOD = superoxide dismutase;
AtCh = cholinesterase; LPO = lipid peroxidation; GPx = glutathione peroxidase. ANOVA two-ways significance are reported in figure.

measured in animals could vary in a not synchronous way; in particular,
as reported by literature, some defences can increase, while other de-
crease or do not vary at all (Regoli et al., 2014). Even if the reduction of
particle size is associated by literature on nanoparticles to an increasing
of toxicity (Jeong et al., 2016; Lu et al., 2016; Karami et al., 2017;
Cui et al., 2017), our study showed a different effect highlighted that
the highest LPO and GPx expression were associated to the exposure to
L-PET (larger particle size). A previous study performed on mussels se-
lected within population from different geographical areas, highlighted
that fibres of a mean of 1150-2290 pm (range 750-6000 pm of maxi-
mum length) represent the particle size class trapped in mussels' tissues
(Renzi et al., 2018b); the retained particle size is comparable to L-PET
(500-3000 pm) recorded in this study. Results obtained in this study
showed a significant interaction among PET-MPs dimensions and initial
pH (LPO, p < 0.0001; GPx, p = 0.0002) suggesting the occurrence of
specific and case-by-case interactions that cannot be a priori predicted
and that need of more specific researches. Further researches, sized to
evaluate both retention time of mussel according to different MPs par-
ticle-size and associated biochemical stress, will be performed. Further-
more, according to the literature, further studies will be performed to
evaluate biochemical responses recorded when animals are exposed to
PET-MPs levels similar to levels measured in marine environments. A
larger biomarkers pathways than those tested will be explored to eval-
uate statistical significance of reported associations and responses (Re-
goli et al., 2002) and to better understand recorded differences among
literature and our results.

Summarizing, even if further researches are needed, results obtained
in our study show that: i) PET microplastic are able to induce

after 7 days of exposure biochemical stress in mussels; ii) among tested
biomarkers, LPO and GPx resulted to be sensitive enzymes to both pH
initial hotspot stress and plastic contamination; iii) biomarkers expres-
sion resulted affected by microparticle size and, in particular, higher ex-
pressions resulted associated to L-PET; iv) animals tested under initial
7.5 acidified pH conditions resulted less stressed than animal tested un-
der natural pH condition; v) results opposite to other studies highlight
the case-by-case occurrence of responses and the impossibility to gener-
alize attended effects.

CRediT authorship contribution statement

Francesca Provenza:Investigation, Data curation, Writing - origi-
nal draft. Manuela Piccardo:Methodology, Investigation, Data curation,
Writing - original draft.Antonio Terlizzi:Supervision, Writing - review
& editing.Monia Renzi:Conceptualization, Writing - review & editing,
Funding acquisition.

Uncited references

Berit et al., 2015

De Marchi et al., 2017
Dubois et al., 1956

Raven, 2005

Regoli and Pellegrini, 2014

Declaration of competing interest
The authors declare that they have no known competing financial in-

terests or personal relationships that could have appeared to influence
the work reported in this paper.



F. Provenza et al.

Acknowledgements

Authors are grateful to Dipartimento di Ingegneria dell'Innovazione,
Universita del Salento for the production of different particle-size of
tested PET microplastics. Furthermore, authors are grateful to Bio-
science Research Center to fund and support researches performed in
BsRC laboratories.

References

AEA, 2006. Problemi prioritari per ’ambiente mediterraneo. Report AEA 4/2006 ISSN
1725-9177. AEA, Copenaghen, p. 92 (Document in Italian language).

Aniyikaiye, T E, Oluseyi, T, Odiyo, J O, Edokpayi, J N, 2019. Physico-chemical analysis of
wastewater discharge from selected paint industries in Lagos, Nigeria. Int. J. Environ.
Res. Public Health 16, 1235.

Avio, C G, Gorbi, S, Regoli, F, 2015. Experimental development of a new protocol for
extraction and characterization of microplastics in fish tissues: first observations in
commercial species from Adriatic Sea. Mar. Environ. Res. 111, 18-26.

Avio, C G, Gorbi, S, Milan, M, Benedetti, M, Fattorini, D, d’Errico, G, Pauletto, M,
Bargelloni, L, Regoli, F, 2015. Pollutants bioavailability and toxicological risk from
microplastics to marine mussels. Environ. Pollut. 198, 211-222.

Basset, A, Barbone, E, Rosati, I, Vignes, F, Breber, P, Specchiulli, A, D’Adamo, R, Renzi,
M, Focardi, S E, Ungaro, N, Pinna, M, 2013. Resistance and resilience of ecosystem
descriptors and properties to dystrophic events: a study case in a Mediterranean
lagoon. Transitional Waters Bulletin 7 (1), 1-22.

Bergmann, M., Gutow L., Klages M., 2015. Marine Anthropogenic Litter. ISBN
978-3-319-16510-3 Springer Cham Heidelberg New York Dordrecht London, pp. 456.

Berit, G, Plassmann, M M, Macleod, M, 2015. Pathways for degradation of plastic polymers
floating in the marine environment. Environmental Science. Processes & Impacts 17,
1513-1521.

Bocchetti, R, Regoli, F, 2006. Seasonal variability of oxidative biomarkers, lysosomal
parameters, metallothioneins and peroxisomal enzymes in the Mediterranean mussel
Moytilus galloprovincialis from Adriatic Sea. Chemosphere 65 (6), 913-921.

Bour, A, Avio, C G, Gorbi, S, Regoli, F, Hylland, K, 2018. Presence of microplastics in
benthic and epibenthic organisms: influence of habitat, feeding mode and trophic
level. Environ. Pollut. 243, 1217-1225.

Browne, M A, Dissanayake, A, Galloway, T, Lowe, D, Thompson, R C, 2008. Ingested
microscopic plastic translocates to the circulatory system of the mussel, Mytilus Edulis
(L.). Environ. Sci. Technol. 42, 5026-5031.

Chen, Q, Allgeier, A, Yin, D, Hollert, H, 2019. Leaching of endocrine disrupting chemicals
from marine microplastics and mesoplastics under common life stress conditions.
Environ. Int. 130, 104938.

Cole, M, Lindeque, P, Halsband, C, Galloway, T S, 2011. Microplastics as contaminants in
the marine environment: a review. Mar. Pollut. Bull. 62, 2588-2597.

Cole, M, Webb, H, Lindeque, P K, Fileman, E S, Halsband, C, Galloway, T S, 2014. Isolation
of microplastics in biota-rich seawater samples and marine organisms. Sci. Rep. 4,
4528.

Cole, M, Lindeque, P, Fileman, E, Halsband, C, Galloway, T S, 2015. The impact of
polystyrene microplastics on feeding, function and fecundity in the marine copepod
Calanus helgolandicus. Environ. Sci. Technol. 49 (2), 1130-1137.

Collard, F, Gilbert, B, Compére, P, Eppe, G, Das, K, Jauniaux, T, Parmentier, E, 2017.
Microplastics in livers of European anchovies (Engraulis encrasicolus L.). Environ.
Pollut. 229, 1000-1005.

Courtene-Jones, W, Quinn, B, Gary, S F, Mogg, A O W, Narayanaswamy, B E, 2017.
Microplastic pollution identified in deep-sea water and ingested by benthic
invertebrates in the Rockall trough. North Atlantic Ocean. Env. Poll. 231, 271-280.

Cui, R, Kim, S W, An, Y-j, 2017. Polystyrene nanoplastics inhibit reproduction and induce
abnormal embryonic development in the freshwater crustacean Daphnia galeata. Sci.
Rep. 1-10.

De Marchi, L, Neto, V, Pretti, C, Figueira, E, Brambilla, L, Rodriguez-Douton, M J, Rossella,
F, Tommasini, M, Furtado, C, Soares, A M V M, Freitas, R, 2017. Physiological
and biochemical impacts of graphene oxide in polychaetes: the case of Diopatra
neapolitana. Comparative Biochemistry and Physiology Part C: Toxicology &
Pharmacology 193, 50-60.

Dehaut, A, Cassone, A-L, Frere, L, Hermabessiere, L, Himber, C, Rinnert, E, Riviere,
G, Lambert, C, Soudant, P, Huvet, A, Duflos, G, Paul-Pont, I, 2016. Microplastics
in seafood: benchmark protocol for their extraction and characterization. Environ.
Pollut. 215, 223-233.

Doney, S C, Fabry, V J, Feely, R A, Kleypas, J A, 2009. Ocean acidification: the other CO,
problem. Annu. Rev. Mar. Sci. 1 (1), 169-192.

Dubois, M, gilles, K A, Hamilton, J K, Rebers, P A, Smith, F, 1956. Colorimetric method
for determination of sugars and related substances. Anal. Chem. 28 (3), 350-356.
Engler, R E, 2012. The complex interaction between marine debris and toxic chemicals in

the ocean. Environ. Sci. Technol. 46 (22), 12302-12315.

Fossi, M C, Marsili, L, Baini, M, Giannetti, M, Coppola, D, Guerranti, C, Caliani, I, Minutoli,
R, Lauriano, G, Finoia, M G, Rubegni, F, 2016. Fin whales and microplastics: the
Mediterranean Sea and the sea of Cortez scenarios. Environ. Poll. 209, 68-78.

Marine Pollution Bulletin xxx (XxXX) XXX-XXX

Gao, R, Yuan, Z, Zhao, Z, Gao, X, 1998. Mechanism of pyrogallol autoxidation and
determination of superoxide dismutase enzyme activity. Bioelectrochem. Bioenerg. 45
(1), 41-45.

GESAMP, 2016. Sources, fate and effects of microplastics in the marine environment: part
two of a global assessment. In: Kershaw, P J, Rochmann, C M (Eds.), IMO/FAO/
UNESCO-IOC/UNIDO/WMO/IAEA/UITEMS/UNEP/UNDP Joint Group of Experts on
the Scientific Aspects of Marine Environmental Protection. Rep. Stud. GESAMP, 93
(220 pp).

Gewert, B, Plassmann, M M, MacLeod, M, 2015. Pathways for degradation of plastic
polymers floating in the marine environment. Environmental Science. Processes &
Impacts 17, 1513-1521.

Gonzalez-Soto, N, Hatfield, J, Katsumiti, A, Duroudier, N, Lacave, J M, Bilbao, E, Orbea,
A, Navarro, E, Cajaraville, M P, 2019. Impacts of dietary exposure to different sized
polystyrene microplastics alone and with sorbed benzo[a]pyrene on biomarkers and
whole organism responses in mussels Mytilus galloprovincialis. Sci. Total Environ. 684,
548-566.

Guilhermino, L, Vieira, L R, Ribeiro, D, Tavares, A S, Cardoso, V, Alves, A, Almeida, J
M, 2018. Uptake and effects of the antimicrobial florfenicol, microplastics and their
mixtures on freshwater exotic invasive bivalve Corbicula fluminea. Sci. Total Environ.
623, 1131-1142.

Heindler, F M, Alajmi, F, Huerlimann, R, Zeng, C, Newman, S J, Vamvounis, G,
Herwerden, Lv, 2017. Toxic effects of polyethylene terephthalate microparticles and
di(2-ethylhexyl)phthalate on the calanoid copepod, Parvocalanus crassirostris.
Ecotoxicol. Environ. Saf. 141, 298-305.

Heming, T A, Vinogradov, G A, Klerman, A K, Komov, V T, 1988. Acid-base regulation
in the freshwater pearl mussel Margaritifera margaritifera: effects of emersion and low
water pH. J. Exp. Biol. 137, 501-511.

Hinga, K R, 2002. Effects of pH on coastal marine phytoplankton. Mar. Ecol. Prog. Ser.
238, 281-300.

Jambeck, J R, Geyer, R, Wilcox, C, Siegler, T R, Perryman, M, Andrady, A, Narayan,
R, Lavender Law, K, 2015. Plastic waste inputs from land into the ocean. Science
Magazine 347, 768-771.

Jeong, C-B, Won, E-J, Kang, H-M, Lee, M-C, Hwang, D-S, Hawang, U-K, Zhou, B, Souissi,
S, Lee, S-J, Lee, J-S, 2016. Microplastic size-dependent toxicity, oxidative stress
induction, and p-JNK and p-P38 activation in the monogonont rotifer (Brachionus
koreanus). Environ. Sci. Technol. 50 (16), 8849-8857.

Karami, A, Groman, D B, Wilson, S P, Ismail, P, Neela, V K, 2017. Biomarker responses in
zebrafish (Danio rerio) larvae exposed to pristine low-density polyethylene fragments.
Environ. Pollut. 223, 466-475.

Karlsson, T M, Vethaak, A D, Almorth, B C, Ariese, F, van Velzen, M, Hassellov, M,
Leslie, H A, 2017. Screening for microplastic in sediment, water, marine invertebrates
and fish: method development and microplastic accumulation. Mar. Poll. Bull. 122,
403-408.

Kinjo, A, Mizukawa, K, Takada, H, Inoue, K, 2019. Size-dependent elimination of ingested
microplastics in the mediterranean mussel Mytilus galloprovincialis. Mar. Pollut. Bull.
149, 110512.

Knutzen, J, 1981. Effects of decreased pH on marine organisms. Mar. Pollut. Bull. 12,
25-29.

Lambert, S, Scherer, C, Wagner, M, 2017. Ecotoxicity testing of microplastics: considering
the heterogeneity of physicochemical properties. Integr. Environ. Assess. Manag. 13,
470-475.

Lee, K-w, Won, J S, Oh, Y K, Kang, J-h, 2013. Size-dependent effects of micro polystyrene
particles in the marine copepod Tigriopus japonicus. Environ. Sci. Technol 47,
11278-11283.

Lenz, R, Enders, K, Nielsen, T G, 2016. Microplastic exposure studies should be
environmentally realistic. PNAS 113 (29), E4121-E4122.

Lowry, O H, Rosebrough, N J, Farr, A L, Randall, R J, 1951. Protein measurement with the
Folin phenol reagent. J. Biol. Chem. 193 (1), 265-275.

Ly, Y, Zhang, Y, Deng, Y, Jiang, W, Zhao, Y, Geng, J, Ding, L, Ren, H, 2016. Uptake and
accumulation of polystyrene microplastics in zebrafish (Danio rerio) and toxic effects
in liver. Environ. Sci. Technol 50, 4054-4060.

Magni, S, Gagné, F, André, C, Della Torre, C, Auclair, J, Hanana, H, Parenti, C C, Bonasoro,
F, Binelli, A, 2018. Evaluation of uptake and chronic toxicity of virgin polystyrene
microbeads in freshwater zebra mussel Dreissena polymorpha (mollusca: Bivalvia). Sci.
Total Environ. 631-632, 778-788.

Mennillo, E, Casu, V, Tardelli, F, De Marchi, L, Freitas, R, Pretti, C, 2017. Suitability
of cholinesterase of polychaete Diopatra neapolitana as biomarker of exposure to
pesticides: in vitro characterization. Comparative Biochemistry and Physiology Part C:
Toxicology & Pharmacology 191, 152-159.

Mihara, M, Uchiyama, M, 1978. Determination of malonaldehyde precursor in tissues by
thiobarbituric acid test. Anal. Biochem. 86 (1), 271-278.

Mu, J, Qu, L, Jin, F, Zhang, S, Fang, C, Ma, X, Zhang, W, Huo, C, Cong, Y, Wang, J,
2018. Abundance and distribution of microplastics in the surface sediments from
thenorthern Bering and Chukchi Seas. Environ. Pollut. doi:10.1016/
j.envpol.2018.10.097.

Munari, C, Corbau, C, Simeoni, U, Mistri, M, 2016. Marine litter on Mediterranean shores:
analysis of composition, spatial distribution and sources in north-western Adriatic
beaches. Waste Manag. 49, 483-490.

Neves, D, Sobral, P, Ferreira, J L, Pereira, T, 2015. Ingestion of microplastics by
commercial fish off the Portuguese coast. Mar. Poll. Bull. 101, 119-126.

Paul-Pont, I, Lacroix, C, Gonzélez Ferndndez, C, Hégaret, H, Lambert, C, Le Goic, N,
Frére, L, Cassone, A-L, Sussarellu, R, Fabioux, C, Guyomarch, J, Albentosa, M, Huvet,
A, Soudant, P, 2016. Exposure of marine mussels Mytilus spp. to polystyrene
microplastics: toxicity and influence on fluoranthene bioaccumulation. Environ.
Pollut. 216, 724-737.

Pauna, V, Buonocore, E, Renzi, M, Russo, G F, Franzese, P P, 2019. The issue of
microplastics in marine ecosystems: a bibliometric network analysis. Mar. Pollut. Bull.
149, 110612.

Pellini, G, Gomiero, A, Fortibuoni, T, Ferra, C, Grati, F, Tassetti, N, Polidori, P, Fabi,
G, Scarcella, G, 2018. Characterization of microplastic litter in the



F. Provenza et al.

gastrointestinal tract of Solea solea from the Adriatic Sea. Environ. Poll. 234, 943-952.

Peng, C, Zhao, X, Liu, S, Shi, W, Han, Y, Guo, C, Peng, X, Chai, X, Liu, G, 2017.
Ocean acidification alters the burrowing behaviour, Ca2p/Mg2b-ATPase activity,
metabolism, and gene expression of a bivalve species, Sinonovacula constricta. Mar.
Ecol. Prog. Ser. 575, 107-117.

Piccardo, M, Provenza, F, Grazioli, E, Cavallo, A, Terlizzi, A, Renzi, M, 2020. PET
microplastics toxicity on marine key species is influenced by pH, particle size and food
variations. Sci. Total Environ. 715, 136947.

Plastic Europe Plastics — The Facts 2018Available online athttps://www.plasticseurope.
org/application/files/6315/4510/9658/Plastics_the_facts_ 2018_AF_web.pdf2018
Raven, J F R S (Ed.), 2005. Ocean Acidification Due to Increasing Atmospheric Carbon
Dioxide ISBN 0854036172. In: Policy document 12/05. The Royal Society, London,
p. 60. https://royalsociety.org/~/media/Royal_Society_Content/policy/publications/

2005/9634.pdf.

Regoli, F., Pellegrini, D., Cicero, A.M. Nigro, M., Benedetti, M., Gorbi, S., Fattorini, D.,
D'Errico, G., Di Carlo, M., Nardi, A., Gaion, A., Scuderi, A., Giuliani, S., Romanelli, G.,
Berto, D., Trabucco, B., Guidi, P., Bernardeschi, M., Scarcelli, V., Frenzilli, G. 2014.
A multidisciplinary weight of evidence approach for environmental risk assessment at
the costa concordia wreck: integrative indices from mussel watch. Mar. Environ. Res.,
96: 92-104.

Regoli, F, Gorbi, S, Frenzilli, G, Nigro, M, Corsi, I, Focardi, S, Winston, G, 2002. Oxidative
stress in ecotoxicology: from the analysis of individual antioxidants to a more
integrated approach. Mar. Environ. Res. 54, 419-423.

Renzi, M, Blaskovi¢, A, Bernardi, G, Russo, G F, 2018. Plastic litter transfer from sediments
towards marine trophic webs: a case study on holothurians. Mar. Poll. Bull. 135,
376-385 2018a.

Renzi, M, Guerranti, C, Blaskovi¢, A, 2018. Microplastic contents from maricultured and
natural mussels. Mar. Poll. Bull. 131, 248-251.

Rochman, C M, Parnis, J M, Browne, M A, Serrato, S, Reiner, E J, Robson, M, Young,
T, Diamond, M L, Teh, S J, 2017. Direct and indirect effects of different types of
microplastics on freshwater prey (Corbicula fluminea) and their predator (Acipenser
transmontanus). PLoS One 12, 1-18.

Roleda, M Y, Cornwall, C E, Feng, Y, McGraw, C M, Smith, A M, Hurd, C L, 2015. Effect of
ocean acidification and pH fluctuations on the growth and development of coralline
algal recruits, and an associated benthic algal assemblage. PLoS One 10 (10), 1-19.

Sammut, J, Melville, M D, Callinan, R B, Fraser, G C, 1995. Estuarine acidification: impacts
on aquatic biota of draining acid sulphate soils. Aust. Geogr. Stud. 33 (1), 89-100.

Shang, Y, Wu, F, Wei, S, Guo, W, Chen, J, Huang, W, Hu, M, Wang, Y, 2020. Specific
dynamic action of mussels exposed to tio2 nanoparticles and seawater acidification.
Chemosphere 241 (1-8).

Shi, W, Zhao, X, Han, Y, Guo, C, Liu, S, Su, W, Wang, Y, Zha, S, Chai, X, Fu, W,
Yang, H, Liu, G, 2017. Effects of reduced pH and elevated pCO, on sperm

Marine Pollution Bulletin xxx (XxXX) XXX-XXX

motility and fertilisation success in blood clam, Tegillarca granosa. N. Z. J. Mar. Freshw.
Res. 51, 543-554.

Singh, S, Sharma, S, Umar, A, Mehta, S K, Bhatti, M S, Kansal, S K, 2018. Recycling of
waste poly(ethylene terephthalate) bottles by alkaline hydrolysis and recovery of pure
nano spindle-shaped terephthalic acid. J. Nanosci. Nanotechnol. 18, 5804-5809.

Sinha, V, Patel, M R, Patel, J V, 2010. PET waste management by chemical recycling: a
review. J. Polym. Environ. 18, 8-25.

Specchiulli, A, Focardi, S, Renzi, M, Scirocco, L, Cilenti, L, Breber, P, Bastioanoni, S,
2008. Environmental heterogeneity patterns and assessment of trophic levels in two
Mediterranean lagoons: Orbetello and Varano, Italy. Science of Total Environment
402, 285-298.

Su, W, Rong, J, Zha, S, Yan, M, Fang, J, Liu, G, 2018. Ocean acidification affects the
cytoskeleton, lysozymes, and nitric oxide of haemocytes: a possible explanation for
the hampered phagocytosis in blood clams, Tegillarca granosa. Front. Physiol. 9, 619.

Tim-Tim, A L S, Morgado, F, Moreira, S M, Rangel, R, Nogueira, A J A, Soares, AM V M,
Guilhermino, L, 2009. Cholinesterase and glutathione s-transferase activities of three
mollusc species from the nw portuguese coast in relation to the ‘prestige’ oil spill.
Chemosphere 77, 1465-1475.

Tourinho, P S, Ko¢i, V, Loureiro, S, van Gestel, C A M, 2019. Partitioning of chemical
contaminants to microplastics: sorption mechanisms, environmental distribution and
effects on toxicity and bioaccumulation. Environ. Pollut. 252, 1246-1256.

UNEP. 2015. Marine Litter Assessment in the Mediterranean. ISBN No:
978-92-807-3564-2, UNEP/MAP 48, Vassileos Konstantinou Ave., 11635 Athens,
Greece, www.unepmap.org. pp. 45.

Van Cauwenberghe, L, Claessens, M, Vandegehuchte, M B, Janssen, C R, 2015.
Microplastics are taken up by mussels (Mytilus edulis) and lugworms (Arenicola marina)
living in natural habitats. Environ. Poll. 199, 10-17.

Vidal-Linan, L, Bellas, J, 2013. Practical procedures for selected biomarkers in mussels,
Mytilus galloprovincialis — implications for marine pollution monitoring. Sci. Total
Environ. 461, 56-64.

Wang, X, Huang, W, Wei, S, Shang, Y, Gu, H, Wu, F, Lan, Z, Hu, M, Shi, H, Wang, Y, 2020.
Microplastics impair digestive performance but show little effects on antioxidant
activity in mussels under low pH conditions. Environ. Pollut. 258, 113691.

Weber, A, Scherer, C, Brennholt, N, Reiffersheid, G, Wagner, M, 2018. PET microplastics
do not negatively affect the survival, development, metabolism and feeding activity of
the freshwater invertebrate Gammarus pulex. Environ. Pollut. 234, 181-189.

Zhao, X, Shi, W, Han, Y, Liu, S, Guo, C, Fu, W, Chai, X, Liu, G, 2017. Ocean acidification
adversely influences metabolism, extracellular pH and calcification of an economically
important marine bivalve, Tegillarca granosa. Mar. Environ. Res. 125, 82-89.


https://www.plasticseurope.org/application/files/6315/4510/9658/Plastics_the_facts_2018_AF_web.pdf
https://www.plasticseurope.org/application/files/6315/4510/9658/Plastics_the_facts_2018_AF_web.pdf
http://www.unepmap.org

	Exposure to pet-made microplastics: Particle size and pH effects on biomolecular responses in mussels
	Keywords
	Abstract
	Short note
	CRediT authorship contribution statement
	Uncited references
	Declaration of competing interest
	Acknowledgements
	References


