UNIVERSITA POLITECNICA DELLE MARCHE

DIPARTIMENTO SCIENZE DELLA VITA E DELL'AMBIENTE

Corso di Laurea Magistrale
Biologia Marina

Tossicita di una miscela di nanoplastiche (NPs) e microplastiche (MPs)
sul bivalve marino Ruditapes decussatus: confronto tra la tossicita della
miscela rispetto a NPs e MPs considerate individualmente.

Toxicity of a mixture of NPs and MPs in Ruditapes decussatus.: are
mixtures less toxic than individual NPs and MPs contamination?

Tesi di Laurea Magistrale Relatore
di: Chi o)
tLtuuLO\ &h\f\x@\

Corre : {se previsto)

M ~aR O—:- B&b\'m ~— U

18 Luglio 2023

Sessione

2022/2023

Anno Accademico



Toxicity of a mixture of ! Ps and MPs In
Ruditapes decussatuare mixtures less
toxic than individual ! Ps and MPs
contamination?

Emma Ventura
Masters in Marine Biology

Universit” Politecnica delle Marche

Centre for Marine and Environmental Reseqf€iMA) tUniversity of Algarve

(Portugal)
Master Thesis

2022/2023

Supervisores Prof. Doctor Francesco RegdliProf. Doctor Maria Jo<o Bebianno

Co-supervisor: Joanna M. Gonealves



T DEX

[,67 2) ), *¥85 (6« « &L KKK KKK KKK KKK LKL

LIST OF TABLES « « « « &« « &« &« « €« & & & & K K & & K L & K KL L K KKK KK 2
LISTOF ACRO! YMS A! DABBREVIATIO | S« « « « « « « &« & « « & <« « & & « .2,3
ABSTRACT « « « &« «€ &€ € & K & KK KK KK KKK LKL KKK LK LKL KKK 4
RIASSU! TO « « « € « &€ € & € K & € K K KK KKK KKK KKK KKK KKK K ...h,6
1-,1752'8& 7,21 € «&&KKK KKK K KKK KKK KKK KKK KKK KKK 6-11
2-MATERIALS A ! D METHODS « « € € € € |« « & &€ « & & € & K K« K KKK KK 11
2.1 Nano and microplastic partiCles< « « « « « « « « « « « € € & € K € K & K « 12

Q36 DQG P3( FKDUDFWHUL]DWLR Q «««««««««« &P«
([SHULPHQWDO GHVLJQ «««&&K KKK KKK LK KL KKK KL KK LK KKK
2.2.1 Clams collectonan® FFOLPDWL]DWLRQ SHULR G « « « « « ¥l « « « « « <
([SHULPHQWDO GHVLJQ ««&&K KKK KKK KKK KKK LK « « «
6DPSOLQJ DQG WLVVXH SURFHVVLQOQJ««&&&KKKKK KKK CLK KK
+RPRIJHQL]DWLRQ IRU HQ]\PDWLF DFWLYLW \««««&«&K«
2.3.2 Homogenization o B FHW\OFKROLQHVWHUDVH $&K( S$SHEWLYLW\
+RPRIJHQL]DWLRQ IRU OLSLG StkURkl«@ RWLR Q5182 HYL
+RPRIJHQL]DWLRQ IRU Q36 LQIJHVWLR Q «««& & «&K LKL K <
y, QIHV W LR Q « &€& a KKK KKK KK KKK KK LKL KL LKL 17
2.51IN Vitro asV D | « « « « « « & « « & € € € & € € K € € K € K KKK KKK KKK 18
&RQGLWLRQ ,QGH[ DQG PRUWDOLW)\ UDWH «««««««gA8 « « « ««
*HQRWR[LFLW\ $VVD\ &RPHW $VVD\| ««««&«&««««KK LKL C KKK
7TRWDO SURWHLQ HYDOXDWLR Q ««« &« & &« & &L K KL KL LKL KK LK LK
2.9 AcetylcholinesteD VH $&K( DFWLY LW\ ««««««a KK LKL KL K
2.10 Enzymatic actiCVityt « « « « « « & «€ & € & € & € & € & € & € K K K KK KKK
BXSHURJ[LGH GLVPXWDVH 62" «««&&«&KKKKL KKK KKK KKK K
EDWDODVH &37 ««&«EELLK KKK LKL KKK KK LK
2.11LIPId SHUR[LGDWLR Q « « &« « &« « &« K KKK KKK KKK KKK KKK KKK
AXDOLW\N FRQWURO DQG DVVHVVPHQW «« &« &« &L &L K LK LKL KK
BWDWLVWLFDO DQDO\VHYV ««« &« &K KKK LLK KL L LK KL LK KK LK K
6\QHUJLVP DQG DQWDJIRQLVP PRGHO ««««& &« KKK KKK KKK KKK
2.15Weight of(YLGH QF H 2 ([ « &« &« & & &« KKK KKK KKK KKK KK
3-5(68/7T6«ccaeeUAL «&KKLKK R EZZZZZZZZZZZ ZZZ X R

Q36 DQG P3( FKDUDFWHUL]DWLR Q ««««& & &« LK KL LK KK LKL K KK



y,QIJHVWLR Q €« & &K KKK KK LKL KKK
3.3INVItro DV V D | « « « € € € € € € € € € € € € € € € & & € KL K K K KKK KKK K
3.4 Condition indexan®P RUW D O LW\ UDW H « « & « « & « & & « &« K & KKK KKK LK KK
*HQRWRI[LFLW) $VVD\ &RPHW DVVD\| «««&&«&&LKKE LKL KKK KKK >
IHXURWRI[LFLW\ DVVD\ $FHW\OFKRXI«QKHYMKHWYDVH -I&K( DI
(QJ\PDWLF DFWLYLWLHV ««&& &« &KL L LKL KK LKL LK KL LK
BXSHURJ[LGH GLVPXWDVH 62" «««&«&&LKKLKL LKL KK KKK
3.7.2 Catalase (CATY « « « « « & « &€« & & & &« L K & K LK KK KKK
/ILSLGL SHUR[LGDWLR Q «« &« &« &« & KKK KKK KKK KKK KK KL KKK
3.9 Principal Component AnalySeB& $ « « « « « « & € « & € & € € K € K & € & « ..33-34
3.10 Synergism and antagonisi « « « & « « « « & & € € K & & € L K K € € KK«
'RVH DGGLWLRQ UHVXOW V «««««&KKK KKK KKK KKK KKK LKL K
LI ZZZZZZ XX X X XXX R XS
"HLIKW RI (YLGHQF H «« & &« &L KKK LKL LK KK LK
4-" B&BOB,2 1 €K KK KKK KKK LKL L L KCKKK -44
&21&&/86,21 ««&«KKKKKKK KKK KK KK KKK KKK KKK LKLKLK

20 ,% /,2*% 5P 3+ < &« KKK KK KKK KKK KKK KL LKL LK K -55



I would like to thank my supervisors,

professor Maria Jo<o Bebianno and professor FrancesgoliRe

for guiding me through this path.

| would also like to deeply thank my co-supervisor, Joanna &woes,

for supporting me this entire time.

A special thank you goes also to all the researche @dbtoxicological departments of
Universidade do Algarve and Universit” Politecnica delle Marche
for their fundamental help



LIST OF FIGURES

Materials and Methods
Figure 2.1.1Malvern MASTERSIZER 3000 (A)V XEPHUJLEOH VWLUUHU % ««««««« €L LL

Figure 2.7.1: Suspension of cells IN LIMEXC « « « & « € € & K & & K & K K KKK KKK KL KKK KL K « 19
Figure 2.7.2: slides in the electrophoresis chamBek « « « « « « « € € € € € € € € € € K€ K € K € K ...19
Results

Figure 3.1.1: Hydrodynamic diameter of polystyrene narsbials (50nm) in ultrapure water« « « « « « « « « 4

Figure 3.1.2: Average PSD obtained from laser diffractoalyses on nPS (50 nm) in a mixture with mPE (4-6
! m) ECER COR CORCER COR GO COR SRR GO GO COR GO CER GO GO GO COR COR GO GO GO GO GO GO GO CORCER GO CE COR GO COR R QR GO GO GO COR COR G CORCER (Y 25
Figure 3.1.3: PSD results from laser diffraction analggEmPE (4- — P  « « « « «€ € € «€ & € € € & « « € « 25
Figure 3.1.4: Average PSD obtained from laser diffraciioalyses on mPE (4-6) in a mixture with nPS (50nm)6
Figure 3.2.1: mount ofnanglastics detected in the gills of clams express®idy of nanoplasti¢/g of wet tissue (A);
amount ofnan@lastics detected in the digestive gland of clamd expressedis! g of nanoplasti¢/g of wet tissue
(B) ESER IR SRR COR GO COR CERCER GO GO COR GO CERCER COR COR GO O GO GO GO GO COR GO GO GO GO GO GO GO CER ORI GO GO CORC QR GO GO COR COR GRS

Figure 3.2.2: mPE ingestion in gills of unexposed (CT), mPEMincexposedR. decussatuafter 10 days (A)mPE
ingestion in digestive glands of unexposed (CT), mPE and Mix edpostecussatu® |W H U GD\V % @%««««
Figure 3.3.1: Differences in cell viability (Neutral dRdye) betweerRuditapes decussatusmexposed hemocytes (CT),
24 h mPE (10 g/L) exposed hemocytes, 24 h nPS (#fL) exposed hemocytes, and 24 h Mix (L mPE + 10 g/L
NPS) exposed hemOoCytes « « € € € € KX K KK KUK K KK KL E L QLK KQKQRQLKK 28
Figure 3.5.1: Variation in the level of DNA damage (measu) between different treatments (@1RE nPS Mix) and
different days of exposure (0 and 7)Ruditapes decussat(s); Examples of comets in hemocytes of clams from all
freatments %6 « « € € «€ & &K € € K K K KKK K KKK KKK KL QKK KKK KR QKKK KKK KKK .29

Figure 3.6.1: AChE enzymatic activity in gills Bliditapes decussatas different times of exposures (0, 7, and 10) and

between different treatments (GMPE NPS,andMiX) « « « « « « & & «€ « «€ & € & € K € € € € € € € € « 30
Figure 3.7.1: SOD activity changes in the gills (A) angedtive gland (Bpf Ruditapes decussatietween different
treatments (CTnPE nPS Mix) and different times of exposure (0, 7, and & @)« « « « « « « « « &« « & & « 31

Figure 3.7.2: Catalase activity changes in gills (A) diggstive glands (Bdf Ruditapes decussatbgtween different
treatments (CTMPE nPS Mix) and different times of exposure (0, 7, and &B3) « « « « « € « « € « € « € « 32
Figure 3.8.1: LPO levels changegilis (A) and digestive glands (B) of clams from differeefitments (CTmPE nPS
and Mix) and different days of exposure (0, 7, andd @ « « « « « « € & & « € € € K K K € € € K K K € «

Figure 3.9.1: Principal component analysis (PCA) of a hyattebiomarkers (CAT, SOD, LPO, AChE) in gills (A) and
digestive glands (B) oRuditapes decussatder all treatments (CT, mPE, nPS, Mix) and all samplingsd@y 7,
10) ELLEELLELEEEEAELELEEEEAELELEEEEAELELEEEEUAELEEEAUEAULELELELELEKCK KL .34-35

Figure 3.11.1: Weight of Evidence (WOE) in relation to yABE, and Mix treatments and sampling days 7 and 187

LIST OF TABLES

Materials and Methods

Table 1:Description of the toxic algae that caused the bloom (IPRésultados das Determinases de Fitopl%.ncton

Nocivo, maio 2022; available at https://www.ipma.pt/pt/higa/biotox/docs/dbm-mai22.pdf)..........cccceeeeeinneen. 1314



Table 2:Mortality rate during the experimental EXPOSKI® « « « « « € € & & € € € & K K K € & K K K K .18

Results

Table 3: Dose addition results for the synergistic anagamtistic interactions between mPE and nPS in gD SCAT,

LPO, neurotoxicity) and hemolymph (genotoxicity)Riiditapes decussatids « « « « « « € « « « € & « «

Table 4:Dose addition results for the synergistic and antagoniggcactions between mPE and nPS in digestive glands
(SOD, CAT, LPO) oRuditapes decussatlS €« « € « € ¢ ¢ € K K K K K K KK K KK KKK KKK ... 36
Table 5: Independent action results for the synergisti@atagonistic interactions between mPE and nPS in(§09€,
CAT, LPO, neurotoxicity) and hemolymph (genotoxicityRafditapes decussatidsc « « « « « « « « « « « «

Table 6: Independent action results for the synergistic arajenistic interactions between mPE and nPS in digestive

glands (SOD, CAT, LPO) dRuditapes decussatidSc « « « « « « < « « & & « & < K < K & K € K L K « 37

LIST OF ACRO! YMS A! D ABBREVIATIO ! S

ACh Acetylcholine

AChE Acetylcholinesterase

ACT Acetylcholine solution

BHT Butylated hydroxytoluene

CAT Catalase

CE Capture efficiency

Cl Condition index

CT Control

DAPI 6-diamidino-2-phenylindole
DCVJ Molecular rotor probe 9-(dicyanovinyl)-julolidine
DG Digestive gland

DMEM 'XOEHFFRTV ORGLILHG (DJOH OHGLXP
DTNB fitio-bis (2-nitrobenzoato)
DTT Dithiothreitol

EDTA Ethylenediaminetetraacetic acid
FSW Filtered seawater

GPP Global plastic production

H202 Hydrogen peroxide

HCI Chloridric acid

HNE 4-Hydroxynonenal

KoHPOy Dipotassium phosphate

KCI Potassium chloride



KH2POy Potassium dihydrogen phosphate

LMA Low melting point agarose
LOE Line of Evidence

LPO Lipid peroxidation

MDA Malondialdehyde

Mix Mixture of Polyethylene microplastics and Polystyreneomdastics
mPE Polyethylene microplastics
MPs Microplastics

Mt Million tons

NaCl Sodium Chloride

NaOH Sodium hydroxide

NMA Normal melting point agarose
NPs Nanoplastics

nPS Polystyrene nanoplastics

NR Neutral Red

PCA Principal component analyses
PE Polyethylene

PP Polypropylene

PS Polystyrene

PSD Particle sizalistribution

PVC Polyvinyl chloride

ROS Reactive oxygen species

S Salinity

SDG Sustainable development goal
SOD Superoxide dismutase

T Temperature

TP Total protein

viv volume/volume

W.W. wet tissue weight

WOE Weight of evidence



ABSTRACT

The increase level of the micro (MPs) and nano-sized (NPs) plastic particles anthigtelevels of
toxicity associated once these enter the oaamhighly concerning for the marine ecosystem.
However, information relative to possible MPs/NPs intéoas in the marine environment and the
resulting possible changes in toxicity and ingestion wags in marine biota are still to be
understood. In this study, to assess the effects of MPBIRadnteraction, am vitro (24 h) and an

in vivo (10 d) exposure assay to polystyrene nanoparticles (nPS;, S@hhy/L), polyethylene
microparticles (mPE; 4{@n, 10! g/L) and a mixture of the two (Mix; 1@/L of mPE +10g/L of
nPS) were performed using the cl&uditapes decussatud multi-biomarker approach was used to
assess changes in genotoxicity, neurotoxicity, oxidatiess damage, and the ingestion of MPs/NPs
in clams' gills and digestive glandsor thein vitro exposure, the neutral red assay was used to assess
cell viability in hemocytesf R. decussatusxposed to the three treatments (nPS, mPE, and Mix).
Characterization of the MPs/NPs alone and as a mixtaseaiso carried out.Bigger aggregates,
meaning a higher level of aggregation, wierenedconcerning both mPE and nPS when in a mixture
compared to when considered individually.

Ingestion was high for all treatments (mPE, nPS, ang Eid tissues (gills and digestive gland),
meaning that size is probably not the only selective mecharsisthbyR. decussatu® discriminate
between particles. According tim vitro results nPSis more toxic than mPE and Mix clam
hemolymph. The increase in neutral red retention suggesiBS localized toxicity on lysosomes of
F O DHefdtytesWith thein vivoresults, no genotoxicity is reportest the same timegn increase

in AChE activity is observed. Q F O D Pafteff 7Jda@adexposure to mPE and 10 dayfexposure

to Mix. mPE, nPSand Mix treatments causedcriticalincrease [§<0.05) in CAT and SOD activity

in gills and digestive glands, meaning that the exposure itaminants caused a higher ROS
production Antioxidant enzyme (SOD, CAT) activity changes are time tissue related. Day 10 is
the most influential day on the overall hazard, anddigestive gland is the most impacted tissue.
Furthermore, mPE and Mirethe most influentiatreatmentn the overall biomarker responses.
Nonetheless, no signs of lipid peroxidation were deteatbdth tissues (gills and DG), meaning that
the antioxidant defensgystemcould counteracthe generation of ROS by the plastiarficles,
individually and as a mixture. nPS, due to their small sippear to cause the highest toxiatythe

cellular level An antagonistic interaction may occur between the twessif plastic particles.

Keywords: Microplastics, nanoplastics, Ruditapes decussatus, biomarker



RIASSU! TO

/ITIDXPHQWR QHmcrQ XPs$) & Rano (NPs) frammenti di plasticeieme al loro elevato

livello di tossicit™ una volta raggiuntt mare sta diventando un problema di grande importanza per
OfLOQWHUR HFRVLVWHPD P DU L Rancoranirwiziont 8u d»@e R podsibdeR Q F 1L
interazione tra MPs e NPs possa influenfatero tossicit™ e ingestione da parte della fauna marina.

In questo studio la vongola veraRaditapes decussatestata esposta, utilizzando protocailivitro

(24h ein vivo (10 giorni), a microplastiche di polietiliene (mPE), nalastiche di polistirene (nPS)

e auna miscela delle due (Mix), per comprendere possibili canmémé nel livello di tossicit™ delle
plastiche quandsonopresenti contemporaneamente in acquguesto scopo, diversi biomarker di
genotossicit”, neurotossicit”, stress e danno ossidatnv, HPH DOOYLGHQWLILFD]LRC
ingestione di MPs e NPs, sono stati analizzati sia a lidelle branchie che a livello della ghiandola
digestiva delle vongole, O WHV W G H O 35tRy/WilRzdtbipehdirduare i livelli di vitalit”
cellularedegli emociti diR. decussatusspostin vitro ai tre diversi trattamenti (nPS, mPE e Mix).

Inoltre, » stataeseguita una caratterizzazione in termini dimensiondé 8!s e MPs quando sospese
individualmente e quando in miscela. Si osserva una maggocderzaD OOTDJJUdddI D]LRQ
formazione di aggregati di maggiori dimensiper le plastiche in miscela rispetto a quelle sospese

in acqua individualmente. Il livello di ingestione di ME#Ps ¢ elevato per tutti i trattamenti (nPS,

mMPE e Mix)e i tessuti analizzati (branchie e ghiandole digestivéicando probabilmente che la
dimensione dei frammenti di plastc@ RQ g OTXQLFR PHFFDQLVPR GR. VHOH.
decussatuper discriminare il materiale che pu™ essere ingetitisut DWL RWWHQXWL GDO(
in vitro indicano come le vescicole lisosomiali degli emoditR. decussatusono maggiormente
GDQQHJJLDWL GDOOYHVSRVL]LRQH VOW D Pide@\® @jueli LOtEHIW W R [
GDOOTHVI8B RWInjdsRaQdMDVVHQ]D GL JHQRWRVVLFLWj] H GHKBRW
GHOOTDWWLYLW,| HQ]L P DWACRD nellel ipaddhie iRl \detuedaResdoQdHpéw H U D V
giorni alle mPE e per 10 giorni alla Mip<0.05). é stato anche osservato un aumento di attivit™ per

gli enzimi catalasi (CAT) e superossido dismutasi (S@Dglazione a tutti i trattamenti (nPS, mPE

e Mix) e i tessuti analizzati (branchie e ghiandole digeytprobabilmente a causa di un aumento

nella produzione di specie @AW LYH GHOOYRVVLIJHQR 526 L QNDHIXQDAMRN L
&DPELDPHQWL GHOOYDWWLYLW| VNG )LD FD githov X00M® QR L
G H O O 1 H\) s eNalghiaRdQI&ldigestiva. | trattamenti mPE e Mix sguelli che pie influiscono

sui cambiamenti complessivi dei biomarker considerati. tambe ci”, non risulta un aumento di
perossidazione lipidica (LPO) in nessuno dei due tessmibsti, suggerendehe il sistema
DQWLRVYVLGD Q Wskircgka@o@ ifneutrdliz@rke V& FoRmazione di ROS. Le nE&uaa della



loro ridotta dimensione risultano avere una maggiore tt'saidivello cellulare. € quindi possibile
VXJJHULUH Qfine€aziananth@oistiche tra NPs e MPs quando presaniscela

Parole chiave: microplastiche, nanoplastiche, Ruditapes decussatus, biomarker.

1-I' TRODUCTIO!

Plastics area uniqueset ofmateriaé thathavechanged our way of living since the beginningheir
production in the late 1century Lightweight, durability, and low cost of production are oafgw

of the most important propertighat make plastis the most used type of synthetic material
worldwide. The final synthetic plastic macromolecule is a polymehain, a group of several
monomers bonded togetheéhrough a polymerization or polycondensation chemical ti@ac
Monomersare single molecules with different characteristice amnoperties thatan form different
polymeric chains based on their molecular structihe high level of versatility that characterize
polymerization and polycondensatioeactions and the possibility of binding together different
monomers with unique properties, allow the production of edvmayv, innovative, and more efficient
plastic magrials Plastic carbeappliedin almost every sector: agriculture, automotive, domestic use
the textile industry, transportation, building & constructionpguction of packaging for the food
industry, etc. As a result of the high applicability of plastmaterials they became, since their
commercial development between 1930 and 1940, an essemiabrent of thevorld { ¥conomy
improving the quality of life for millions of people around thielge. Therefore, pbal plastic
production (GPP) increased exponentially, reaching 288 millianitoR012, 365.5 Mt in 201&nd
390.7 million tons in 2022 (PlasticsEurope, 2022; Van Cauwenbetghk, €015) More so,
predictions show GPP to increase even more, potentiathireparound 600 million tons by 2025
and exceeding one billion tons by 2050 (FAO - Microplasticishéries, 2017)

Considering only European countridise European plastic industry provides one of the highest levels
of employment and contribution to the European fabricstrgu supporting the development of the
entire European economy (PlascticsEurope, 2028¢r a slight decrease in European plastic
production (53.9 Mt in 2020) due to the COVID-19 pandemic, in 2021, aeaising trend of 4%
with a total productiomf 57.2 Mt (15-19% of GPP) was observed (PlasticsEurope, 2022).
Polyethylene (PE), polypropylene (PP), polyvinyl chlorig®/C), and plystyrene (PS) aramong
the most requested polymers by the global plastic indwgthy therefore a high percentage of
production (26.9% PE, 19.3% PP, 12.9% PVC and 5.3Y%{MP&sticEurope, 2022). Especially PE
and PS are highlysedin packaging (e.g., coffee cups, takeaway lids, detergents bottilks



cartoons) and building & construction (e.g., rigid pipes, gakches, air conditioners, roofing,
building walls) end markets that indeed have the highest ¢é\egintribution to the GPP (44% and
18% respectively) (PlasticEurope, 202Zhe presence of such polymers in the environment
concerning.PS is ahigh-density polymer whose accumulation is mostly deteatethe marine
benthic compartment. However, changes in its density awaferent weathering phenomena can
also cause its flotation and, therefore, its accunaulah the surface layer (Pirsaheb et al., 2020)
367V KLIJK ITUHTXHQF\ RI DFFXPXODPDIURQH RUWPBK LMAW RDWVH
(Pirsaheb et al., 2020), as well as its possible trangoca different tissues of aquatic species
(Browne et al., 2008; Hsieh et al., 2023; Lei et al., 2018; Pibsahal., 2020; Ziccardi et al., 2016).
On the other hand, PRaslow-density properties and so a major presestéhe seawater surface
with, alsq in this case, possible detections in the benthic sysligento changes in its dsity
(Pirsaheb et al., 2020). PE, being a non-biodegradable polyamgpersist in the marine environment
for a longtime causing harm to the marine biota (Baudrimont eP@R0; EI-Sherif et al., 2022; Lei
et al., 2018; Pirsaheb et al., 2020; Ziccardi et al., 200&)Halle et al. (2017) found higPE, PP,
PVC, and PS percentages in samples collected in the Naaifitic subtropical gyre. Interestingly a
wider variety of polymers with a reduction in size wasnid. PE (90%) and PP (10%) were the only
ones found between mesoplastics and large microplaatienénts In contrast when analyzing
smaller microplastics and nanoplastics, PVC (8%) and2P@ (vere also found (Ter Halle et al.,
2017). This can be related to the higher level of pemsceof the nonbiodegradable PE polymer
compared to other polymers like PS, which may be degraded amdé/randaccumulag as smaller
fragmentgTer Halle et al., 2017EI-Sherif et al., 2022; Pirsaheb et al., 2020).

The current increasing trend in plastic production and theeaging human population density are
strictly correlated to the growing number of plastic mate enteringthe ocean(Jambeck et al.,
2015). Even though an increasing trend (+117%) in plasticliegywas observed from 2006 until
today, there is still an important percentage (37%) ofiplasste that, due tile lack of appropriate
waste management systems, ends up in landfills or rettehesarine environment (PlasticEurope,
2022; Alimi et al., 2018)Iindeed the primary sources of pollution areimanrelatedandfrom either
land (e.g., residential & domestic activities, tourisatreational activities) or ocean-based activities
(offshore fishing, aquaculture, and navigation activities)uhari & Senevirathna, 2020)his has

a huge impact on the health status of the whole marinegoamvént, giving rise to negative
consequences towards marine biota, as well as repercussigymods (e.g., food, pharmaceutical
components, mineral sources) and services (e.g., cliragtdation, carbon sequestration, oxygen
production) that the ocean provides to our society. Adwefifeets are aggravated by the increasing

concentration of smaller plastic fragments (Kiraralet2022). Indeed,nwe plastic matgls enter



the marine environment, they can undergo several degradatibfiagmentation processes, such as
UV-induced photodegradation, thermo-oxidation, hydrolysis, and obiar degradation, that
eventually cause their size reduction, reaching a measutesvale between micrb)(and nano (n)
meters Ekvall and colleagues (2019) demonstrated the formation oBR&plastic{PS fragments
from coffee cups and takeaway lids by mimicking weathering presegsurring in seawater

Still, despite therim level of consensus reached among the scientific comynumitroplastics and
nanoplastics are commonly defined as particles withearaizge of Im to 5 mm and 1nm to 1000
nm, respectively (Gigault et al., 2018; Guzzetti et al., 2018).a&yilsnd secondary micro (MPs) and
nanoplastics (NPs) can be distinguished in the marinecarwent based on their origin and how
they enterhis environmentPrimaryMPsand NPs partickare manmade to a specific size range and
used in many applications and consumer products (e.g., pecsoagbroducts, medical products,
industrial abrasives, clothing fibers, ink for 3D printerBuié & Coors, 2016; Gonealves &
Bebianno, 2021). The excessive use of such products, alontheitimproper disposal and handling
can lead to the entrance, directly or indirectly throwgistewater treatment plants (WTTP), of high
amounts of these tiny plastic particles into the ocedin their original small size (Duis & Coors,
2016); up to 10 million nano-sized plastic particles can basetkinto the environment by a single
usefacial scrub(Kiran et al., 2022)Secondary micro- and namastics on the other handire
produced by the fragmentation (e.g., weathering) of biggestiplobjects that have reached the
marine environment (Duis & Coors, 2016)

These tiny plastic particles are particularly resistamiddegradation, and they have the potential to
remainin the environment for hundreds of years (Guzzetti eR@l3).Therefore, since their first
evidence in seawater in the 1970s (Carpenter and Smith), B9li)h concentration of micro and
nanosized plastics fragmentss now reached many areas of the marine environment, such a
intertidal ecosystemsleep-sea sediments, surface waters, and Polar regions tiGeiza¢, 2018;
Peeken et al., 2018). At least 5.25 trilliircesof microplastic are thought to be floating in the ocean
(Ter Halle et al., 2017). This issue was assessed by thedUNdtBons Sustainable Development
Goals (SDG 14- Life below wate(Kiran et al., 2022) and even though many studies have been
conducted to better understand MPs/NPs sources, distributionipxaitly pathways, many gaps,
especially in relation to NPs, are still to be filled due tack & analytical methodologies to quantify
andassessheir effects(Baudrimont et al., 2020; Gonealves & Bebianno, 2021; Hsieh e2GR23;
Zaki & Aris, 2022).

A reduction inthe size of the plastic particles causes an augmentation ofhledogical reactivity
resulting in higher toxicity (Gonealves & Bebianno, 202Mhe formation and the persistencEMPs

and NPs fragments in water can alter their physical andicakpnoperties (Li et al., 2019; Zhang et



al., 2021). For instance, free ions present in seawatdyecabsorbed by MPs particles changing their
surface charges (Rahman et al., 2023), thus allowing thposgibly form aggregates that influence
their fate mobility and reduce their bioavailability for marine orgams(Gonealves & Bebianno,
2021; Li et al., 2019)

It is well known that plastics can act both as sinks andices of many toxic compounatsthe marine
environment; indeed, plastic materials can either contakic additives deriving frm the
manufacturing process or can absorb contaminants dspeénsseawater and sediments (e.g.,
persistent organic pollutants, metals, and hydrophobic orghemicals) (Alimi et al., 2018; Vital
et al., 2021; Ziccardi et al., 2016). MPs and NPs, due to thaiiesrsize, have a bigger surface area
and so a higher capacity to absorb and release contamjiegher after ingestion or during their
degradation process in seawater (Alkimin et al., 2022; Iskam.e2021), posing a significant
additional risk for the marine biota. However, the biggesicern with the presence of MPs and NPs
in the marine environment is that their small size alldvesn to be easily ingested by many marine
organisms (Rodrigues et al., 2022) either accidentally or beaziheir similitude tohe prey(Fossi

et al., 2018). The smaller the partickse the easie it is for them to cross biological membranes,
thus causing bioaccumulation and biomagnification alongrtghic food web, all the way up to
humans (Baudrimont et al., 2020; Gonealves & Bebianno, 2021; i€irah, 2022)A high number

of plastic particles were found in seafood (e.qg., cultivaiealves), and 0.5 g of plastic per week was
calculated to be ingested in Europe due to contaminated seafosdngption (Vital et al., 2021;
Kiran et al., 2022).

Furthermore, MPs and NMability to cross biological membranes can also causie penetration
into cells and tissues (Capolupo et al.,, 2021), inducing mechamdaplysical damage (e.g.,
blockage of feeding structures, inflammation, abrasiomgataith the alteration adritical biological
functions (e.g., genotoxicity, neurotoxicity damage) in maayime organismg(Fossi et al., 2018;
Gonealves et al., 2022; Guzzetti et al., 2018; Zaki & Aris, 2022).

Bacteria and algae are important constituents of thenen@cosystem contributing its health,
nutrient cycling, and oxygen production (Gonealves & Bebianno, 2@dajmingly, the preence of
MPs and NPs particles can negatively affect organismssigtiificant possible cascade effects on
theocean environment. Ning et al. (2022); Sun et al. (2018); Usté&tBaysal, (2020)assessethe
presence of growth inhibition along witlitreasedROS production and oxidative damagéacteria
(Bacillus subtilis, Escherichia coli, Pseudomonas aeruginosa, Staphylococcus, d&sehlsrichia
coli, and Halomonas alkaliphillaexposed either t&’E or PS MPs/NPs particles. Furthermore
negative consequences to MPs and NPs exposure such as gnbwviaition, reduction in

photosynthetic capacity, loss of membrane integrity armledsing levels in DNA content were



observed irRodoma baltica, Tetraselmis chuii, Nannochloropsis gadittana, Isocrysis gadimaha
Thalassiosira weissflog{iGomes et al., 2020; Ven%oncio et al., 2@#pary, secondary, and tertiary
consumerssuch as many invertebrates and fish species, wereegjatively affected by the presence
of smaller plastidragments(Barboza et al., 2018; Bergami et al., 2019; Brandts 2@, 2021,
Espinosa et al., 2018; Gambardella et al., 2017; Horn et al., R62Ct al., 2013; Mohsen et al.,
2021; Wang et al., 20210 2017 Manfra et al. studied the increasing mortality ifergiBrakionus
koreanus, Brachionus plicatl) exposed for 24h and 48h to different sizes of NPs, while Wang et
al, in 2019, found oxidative stress, histological effects, and negatonsequences on the
reproduction of the fiskdryzias melastigmahen exposed to 10m PS MPs

Marine bivalves, due to many characteristics (e.g., worldwiskeillition, high filtering capacity,
interaction with both sedimentand seawater, high bioaccumulation capacity, abilitylter @nd
capture small particles), are importaggntinel organismsthat canthereforebe used to better
understand the effects possibly caused by contaminants fpresie marine environment (e,g
plastic particlesyBebianno et al., 2004; Sendra et al., 2021; Silva et al., 2@213s been already
demonstrated the capacity of marine bivalves to ingest pfasticles of small sizéhatcanthenbe
translocated and accumulated in manygss(e.g gills and digestive gland) (Bendell et al., 2020;
Ribeiro et al., 2017; Magara et al., 2018; Sendra et al., 20&iImas et al., 2020¥5enotoxicity,
neurotoxicity, oxidative stress, and oxidative damage lase been assessed in filter-feeding
organisms such as muss@ilytilus galloprovincialis, Mytilus coruscus, Mytilus edule)d clams
(Scrobicularia planaRuditapes decussatudebianno et al., 2004; de Alkimin et al., 2022; Huang
et al., 2021; Islam et al., 2021)ith increasingeffectsconcerning smaller particles sizes (Capolupo
et al., 2021)

The clamRuditapes decussatus a suitable biological indicator that allows to obtairpamant
evaluations of environmental pollution gradients dueitsohigh filtering capacity and wide
distribution (Anhichem et al., 2021; Bebianno et al., 2004). Furitwee, its high protein and fatty
acids contentmakeR. decussatuan important source for human consumption in many ciasntr
(Bebianno et al., 2004For xample, in the Ria Formosa lagoon, south coast dfiBal, the rearing
of the specie represents one of the most important egonactivities producing 80% of the
consumed shellfish in Portugal and occupying about 395 ha efthe intertidal are@Behbianno et
al., 2004; Cozzolino et al., 2021; Duarte et al., 2020). Howdweiincreasing levels of contaminants
polluting the environrmenD QG ELYDOYHVY FDSDFLW\ WR DFF XAPDXNOHD W K LD/C
species unsuitable for human consumption (Anhichem é&0#l1; Bebianno et al., 2004 the Ria
Formosalagoon, an important problem of water deterioration isgmedue to a constant input of

many pollutants (e.g., fertilizers, high amounts of organatter, pesticides, and personal care



products) deriving from different human activities in anduarbthe lagoon itself (An’bal et al., n.d.;
Cozzolino et al., 2021)Even thoughan implementation in management strategiesevecently

carried out in the area, high concentratiohshese R QW DPLQDQWY DUH VWLOO GH)
water with important consequences not dolythe marine biota but also in relation to human health
(An’bal et al., n.d.; Cozzolino et al., 2021).

As part of the RESPONSE project (JPI Oceans), this stolyibutes tancreaseour knowledge b

the fate and biological effects of botranoand microplastic particles. In this particular catbe
objective is to evaluate how MPs and NPs of two highly produceatiglaolymers, PE and PS,
respectively, interact in the water medium and how tmsimiduence the physiological effects &8n
decussatualso considering that a possible aggregation of theip|aesitticles can increase their size,
therefore decreasing the probability of ingestion and transloodiiofilter-feeding organisms.

MPs and NPs characterization analyses (hydrophobic dignpedicle size distribution) were
conducted to understand plastics behavior in a water medium

Ruditapes decussatuwsganisms were submitted to a 10-day exposure to evaluatefebes eff 10

I g/l polyethylene MPs (mPEX-6! m), 10! g/l polystyrene NPs (nPS) (50 nm), and 20 (10+1fJ)

of a mixture of the twgqMix). A multi-biomarker approach was used to evaluate oxidative stress
(SOD, CAT), oxidative damage (LPO), genotoxicity, neurotoxi(®¢hE), and ingestion of micro
and nanoplastics. Furthermore, iarvitro assay (24 h) was carried out to evaluate the level of cell
viability in the hemolymph of exposed clams (mPE, nPS, Mid. The results of biomarkers
analyses were analyzed for synergistic and antagonisgctefand finally integrated using the

Weight of Evidence (WOE) quantitative model.

2-MATERIALS A D METHODS

2.1 Nano and microplastic particles

Two different types of plastic particles were used: fluonatseegin Polystyrene (PS) Nanoplastic
(NPs) of 50 nm in size and virgin Polyethylene (PE) MicromlasfMPs) of 4-6 ! m in size.
Fluoresbrite ” Plain YG 0.03 m Microspheres (9003-53-6)are purchasedrom Polysciences, Inc.
(Germany). 0.05! m PS nanarticles (nPS) packed as 2.5% aqueous suspension, 3.64x10
particles/mL in water (7732-18-5), CV=15%, excitation max.=44lamission max.=486nm.

PE MPs (mPE) (MAP-635XF; density: 0.96) were purchademin Micro Powders Inc. (NY-USA).
A 10mg/L stock solution omPE particles was made for the experiment by mixing 10 mgPRE



particles with 1L of distilled water. After being preparéé solution was placed on the magnetic
stirrerfor 30 min and then sonicated overnight to prevent pasticten floating at the surface.

2.1.1 nPS and mPE characterization

A DLS patrticle sizer (ZetaSizer Nano ZS90, Malvern Im@}p used to determine the hydrodynamic
diameter of nPS in both ultrapure water [7732185] and filtexzad/ater (FSW). The same instrument
was used to evaluate zeta potential values of nanoplastiosigh electrophoresis mobility
measurements performed at 25;C in a 1x1x1 disposable plodyeete capillary cell. Aggregation
kinetics were assessed between 2- and 12 hourstusmgesolvedDLS measurement# gap of
50s was estimated between the start of aggregation and dettiao.

According to Ramaswamy & Rao (2006), a precise and fast tpehrib define particlesize
distribution (PSD) is th&aser diffraction methothat was applied in this study to define the behavior
in aqueous solutiomf individual MPE particles amaf a mixture of nPS and mPEhis methodology

is based on the principle that a particle of a cedaia diffracts light at a certain anglge latter
decreases as the particle size increases (RamaswaRyo&2006; Rodrguez & Uriarte, 2009).
Specific detectors measure the scattered light anglewiafi us to obtain data othe PSD
(Ramaswamy & Rao, 2006).

For the analyses, the Malvern MATERSIZER 3000 was used (Figurd A. Two plastic
suspensions were made in separate 600 ml beakers. The dratasrprepared by adding 0.1 g of
mMPE (4-6 ! m) particles in 500 ml of ultrapure water, while the secorelwas by adding 0.1 g of
mPE particles and 1 ml of the nPS (50 nm) aqueous solution in 5@J uifrapure waterFor the
mixture, the analyses were conducted twice, one selectig Bte polymer to analyze and the other
one selecting PS. Six consecutive measurements weiedcaat by the Malvern, and the particles
were maintained suspended by a submergible stirrer (FigureB).1Bkfore starting, thélalvern
was calibrated using only ultrapure water.

Results are expressed both in terms of percentage edksivolume) and particle sizerf).
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2.2 Experimental design

2.2.1 Clams collection and acclimatization period

The model organism for the experiment was the clam spRcidisapes decussatuSpecimens were
purchasedrom FormosaCooperativa de Viveiristas da Ria Formosa, an aquacultoiléyaituated

in Porto de Pesca de Olh«o Apartado 1002, Olh<o, Portugal, 87005P837.007117-7.834466).
Before the arrival othe organisms, 9 glass aquariums of 30 L capacity were prepareihef
acclimatization period. Each tank was sterilized using a HC*solution and deeply washed with
distilled water. Following, filtered (0.4%5m) natural seawater (S:353 psu; T:21.30.18 iC;
pH:7.91r0.05) from the Ria Formosa lagoon, Faro, Portugal, was used &afih aquarium up to
20L. This was usechtoughout the entire experiment.

Once clams arriveat the laboratory, they were divided tmeachone of the Qanks previously
prepared (2.8lams/L) and acclimatized for 7 days under constant aeratiom d2ch/12 h light/dark
cycle.During these 7 days, clams were fed only with the planktordfaunatural seawater.

Each aquarium was checked every day to remove potential dgausins that could affect the other
individuals in the tank. Every other day each aquariumengstied and filled again with 20L of fresh
filtered natural seawater

There has been an exceptionally high level of mortalitinduihe acclimatization due to a bloarh
different toxic algae spectein the Ria Formosa lagoon (Table 1); this contaminatedfittered
seawater used to fill the aquariums. Fois reasonto ensure that the experiment would not be
compromised by the physiological status of organisms;dhdition index was evaluated in 5 clams

randomly selected from various tanks at the end of acthaten.

Table 1: Description of the toxic algae that caused the bloom (IPR&Sultados das Determinas>es de Fitopl%o.ncton

Nocivo, maio 2022; available at https://www.ipma.pt/p@bies/biotox/docs/#bm-mai22.pdf)

Date Group of marine algae Type of toxin produced

9/05/2022 |1) Bacillariophyceae 1) domoic acid
1) Bacillariophyceae 1) domoic acid

11/05/2022|2) Dinophyceae 2) Okadaic acid, dynophisistoxins and pectenotox
3) Dinophyceae 3) Azaspiracid
4) Dinophyceae, Raphidophyceae and Haptoph|4) Toxic at elevated biomass
1) Bacillariophyceae 1) domoic acid

17/05/2022|2) Dinophyceae 2) Okadaic acid, dynophisistoxins and pectenotox
3) Dinophyceae 3) Yessotoxin and Homoiessotoxin
4) Dinophyceae 4) Azaspiracid




25/05/2022|1) Dinophyceae 1) Azaspiracid

30/05/2022|1) Dinophyceae 1) Okadaic acid, dynophisistoxins and pectenotox

2.2.2 Experimental design

Individuals ofR. decussatuaere exposed in duplicates for 10 days to four differentmesats: 1)
control (CT); 2) 10! g/L of mPE particle¢§mPE) 3) 10! g/L of nPS particle$nPS) and 4) 10g/L
mPE+10 g/L nPS(Mix). At day 0, 7 and 1(rganisms were randomépllectedfrom eat tank to
conduct further analysem a battery of biomarkers of oxidative stress and damage, ngigitto
genotoxicity along with the ingestion of plastic particle

At the end of the 7 days acclimtibnand after the collection of 34 animals for day 0 analybes
aguariums were prepared for the experimental exppsacé one of the 8 tanks (duplicate design
two aquariums per treatment) were filled with 13 L of fé sea water (S:353 psu; T:21.30.18
iC; pH:7.91r0.05) and 39 animals per aquarium were added. The volume ofwaderalculatedo
have a ratio 02.5 clamé.. After each sampling day, the water volume was adjustéide number
of clamsin each tank, and the amount of plastic solution ta@dttainthe final target concentration
of 10! g/L was calculated based on the volume of water added.

During the experimerglamswere fed onlywith the plankton contained in natural seawater and were
maintained under constant aeration aid@ h/12 h light/dark cycle.

The aquarimswere monitored every day to assess mortality and repms&ble dead animals.

The fawater was changed every other dayrdm@8andmPEstock solutions were added after every
waterexchange.

Salinity, temperature, pH, and the level of €aturation were measured every other day prior
changing the water using a multiparametric probe (ODEON V31B@®pbiotic parameters remaah
stable during the entire duration of the experim@it37.8r2.2, T:19.0r0.8 {C; pH:7.8r0.1, O
sauration 100 £1.7%)

2.3 Sampling and tissue processing

Clam specimens were randomly collected from each aquaniushays 0, 7, and 10. Immediately

after collecton WKH KHPRO\PSK ZDV HIWUDFWHG IURPDFUD/MHWILOEG X
hypodermic syringe (1 mL; 25 G needle), and genotoxicity analysbsmocytes were conducted

on the same day. Animals were then dissected, and egahism's gills and digestive glands were
instantly frozen at -80;C until further analyses. Omhyday O (section 2.2.1) five organisms were
dissectedand the whole tissue weight, both wet and dry, was measuoadtulate the CI.

For analysestissues were processed following specific protocols.



2.3.1 Homogenization for enzymatic activity

Gills and digestive glands from each treatment ant sampling day (0, 7, and 10) previously
flash frozen {80jC) were slowly defrosted on ice, transferred in decomtated and properly
labeledfalcons, and weighed. Each tissue was then individuatyolgenized by adding &l of
Tris-Sucrose buffer (0.5 M Sucrose, 0.075 M KCI, 1 mM DTT, 1 BMTA, pH 7.6) in each
falcon and then by mixing with a star-beater (VWR). Themogenized tissues were centrifuged
twice to isolate the cytosolic fraction in the superngtérst at 500y and 4;C for 15 mis, followed
by 12 000g and 4;C for 40 min.
The supernatant of each sample was then collected adédlinto 4 aliquots in properly labeled
Eppendorf tubes:

- one for total protein analyses

- one for CAT activity analyses

- one for SOD activity analyses

- one for G6PDH activity analyses

Samples were immediately frozen at -80;C to guaranteepteservation.

2.3.2 Homogenization for Acetylcholinesterase (AChE) Activity

Gills previously flash frozen at -80jC were slowly defrostmd ice, transferred singularly to
decontaminated and properly labeled falcons, and weighediduaditissue was then homogenized
with 3ml of bufer (100 mM Tris-HCI solution (pH 8) and 30 of Triton solution 0.1%) added to
each falcon; the latter was then mixed using a starib@&f¢R). Once homogenized, samples were
centrifuged at 12 00@ and 4;C for 30 minutes to isolate the cytosolic fractiontained in the
supernatant.

After homogenization, the supernatant of each samplalivaked irto two aliquots and transferred
in two properly labeled Eppenddif one for total protein (TP) evaluation and the othertorronduct

AChE activity analyses. Eppendorf tubes were immediatelefr at -80;C.

2.3.3 Homogenization for lipid peroxidation (LPO) evaluation

Gills and digestive glands previously frozen (-80;C) were Blayefrosted on ice, weighed, and
transferredto 15 ml falcons. Each tissue was then individually homogdnizieh the stambeater
(VWR) after adding, to each falcon, 5 ml of 0.02 M Tris-H@ffer and 50 | (1! | for each ml of
Tris-HCI) of butylated hydroxytoluene (BHT) solution.



After homogenization, samples were centrifuged at 30 000g anfd45 mins. Subsequentlgfter
centrifugation, the supernatant of each sample contathe cytosolic fraction was dividedtaitwo
aliquots, one for the total protein evaluation and on¢heLPO assessmerkppendorf tubes were
then immediately frozen at -80;C.

2.3.4 Homogenization for nPS ingestion

Gills and digestive glands previously frozen (-80 jC) fraanletreatment and from each sampling
day (0 and 10) were slowly defrosted on ice and weighed. #amre then transferred in properly
labeled falcons and added 2 ml of ice-cold homogenizatiommbsdflution (50 mM NaCl, 10 mM
Hepes-NaOH (pH 7.4), 1 mM EDTA, 1 mM DT.TA starbeater (VWR) was used to homogenize
the sampleg5 min, 20/s shaking, with grinding balls). Homogenates wexe tentrifuged for 20
minutes (2 jC, 15 004) to isolate the cytosolic fraction; the supernatantdidaded irto two aliquots
(ingestion and TP), transferred in properly labeled Eppéndoes and immediately frozen (-80;C)

until further analyses.

2.4 Ingestion
nPS and mPE particle ingestion veagluated in both gills and digestive glands. Six clame cialtl

from CT, mPE, or nPS and Mix treatments were dissectedjills and digestive glands and weighed
and keptat-80%4C until further analysis.

nPSparticle ingestion was measured using the microplate specirfhetric method developed by
(GagnZ, 2019). This fluorescence-based methodology uses thertig® of the commercially
available molecular rotor probe 9-(dicyanovinyl)-julolidine (D@Yaurchased from Sigma Alidh)

to detect changes in hydrophobicity and microviscosity

Previously homogenized gills and digestive glands from C§, @Ad Mix treatments collected at
days 0 and 10 were slowly defrosted on ice. In the meantima solid DCVJ probe was dissolved at
a concentration of 1 mM in methanol and stored indidmé at 4;C. Just before analyses, the DCVJ
probe was diluted at 10M in Milli-Q water. Samples were incubated withe DCVJ probe in the
dark for 10 minutes using a dark-well microplate; subsequent$y,defection was performed using
a microplate fluorimetefTristar 5SMultimode Microplate Readgthat detected an emission spaatr
between 480-800 nm at 450 nm excitation. A standard curve wasmesbtEiom a known
concentration of nPS to calculate the nPS weigthigsamples. nPS highest excitation was found at

510 nm. Results are expressed relative to controad nP3g of wet tissue



mPE ingestion, on the other hand, was evaluated using thetylsaparation method (Bebianno et
al.,, 2022) At sampling day 10six clams from CT, mPEandMix treatmentswvere collected and
subsequently dissecteato gills and digestive glands. Six gills and digestive glamelstreatment
were weighed together and then digested over 2 days at 503G asi0% KOH (Potassium
hydroxide) solution with a ratio of 5:1 ml per gram of tessu

Prefiltered NaCl (Sodium Chloride) solution with a densitylo? was added separately to each
digested sample to allow plastic particles to float. Afterircubation period of 30 minutes, the
superficial layer of the solution was collected in a glasaker and then filtered to collect mPE
particles. A Vacuum pump (Pdl) and cellulose filters with a mesh size of 0148 were used. Once
dry, the filters were colored with Nile Red. A working sadatof 5! g/ml of the latter was prepared
from a 1mg/ml stock solution. 2 ml of working solution whsrt added to the filters, whicbnce
dried, were observed under a light microscope (Compound Ligttdgicopy; 400x) to measure the
size of the mPE<Pictures of the filters were taken using a camera (lotit080), and the images
were analyzed for plastic detection using the program Motage Plus 3.1.

2.5 In vitro assay

In vitro analyses were conducted following the ada@edme#lendikute & Cajaraville (2003nd
Katsumiti et al(2014) protocols.

20 individuals ofRuditapes decussatugere purchased froformosaCooperativa de Viveiristas da
Ria Formosa (37.007117-7.834466hey were acclimatized for 4 days (12h/12h light/dark cycle) in
a 10 L glass tank (2 clams/L) filled with filtered naturawater. After acclimatization, hemolymph
was extracted fr®& WKH FODPVY DEGXFWRU PXVFOHLQVHQJ P/VWHUL
needle) under aseptic conditions in a vertical lamairdlow cabinet. In ice, 5 pools of 4 clams each
were prepared for each treatment (CT, mPE, nPS and Whain each pool, 1d of hemolymph
were taken and placed in an anti-aggregation solution (0T.281 171 mM NaCl; 24 mM EDTA,
0.15% v/v HCI 1N) (Katsumiti et al., 2014) to avoid cell aggregafitifierent Eppendorf tubes were
used for each treatment.

Cell viability was then assessed firstly by staining! L6f hemolymph with 10 | of Trypan Blue
Stain (0.4%) and then by counting the percentage of alilseinea group of 100 randomly counted

cellsaccording to the formula:

A Neubauer chamber, a hemocytometer, and light microgé&mypound Light Microscopy; 400x)
were used. Once this was calculated, a hemolymph volumiioolg 2x105 cells/mL cell

concentratiorwas suspended Bn antiaggregation solution.

| {



In 96-well microplates, —O RI KHPRO\PSK ZHUH SODFHG I|E}HP¥RH VFH
Modified Eagle Medium (DMEM, pH 7.4) (6 replicates per treattheand 10 | of nPS(50 nm), 10

I'l of MPE(4-6!' m) and 10+10 | of nPS and mPE were added respectively for nPS, mP®&end
treatments. In contrgl$o plastic was added. Microplates were then incubate2géfbours at 18;C.
Once ready, the DMEM medium was removed from the miateptells, and cell status was checked
using light microscopy (Compound Light Microscopy; 400x). Ndutd working solution (0.4%,
pH 7.3-7.4) was added to each well plus 6 empty ones for negatil|s and then incubated for 1
hour in the dark. Microplates were then centrifuged atfdf@0 minutes to separate the supernatant.
The latter was then removed and carefully washed withtBB&nove all the dye not attachedhe
cells. Once readysamples were added to a U-bottom 96 wells microplate andatenifor 20 mins

at 18;C with 100 | of Extraction Solution (acetic acid and ethanol 50%@xtact the dye from the
cells. Samples were then transferred to V-bottom 96 wells micepkand centrifuged at 1200 rpm
for 10 mins at 4{C to extract the supernatant, which wasdbded to another V-bottom 96 wells
microplate for absorbance reading. The latter was mehgurinite M200 Pro,TECAN “) at 550
nm to detect the amount of Neutral Red dye retaingttddf HOOV O\WRVRPHYV

2.6 Condition Index and mortality rate

As mentioned before (section 2.2.1), the condition ing€X was evaluated to assess the
physiological status of organisms before starting ther@rpatal exposure. After acclimatization, a
total of 5 organisms were randondgllectedfrom five different tanks, and the CI was evaluated as
the percentage of the ratio between the wet tissue w@phnd the clam whole weight (g) (Silva et
al., 2021)

The nortality rateof clams waslso assessed all aquaria throughout the entire experiment. MP and
NP were the treatments that showed the dstymortality rate Table 2).

Table 2: Mortality rate during the experimental exposure

CT 0 20 4 24
MP 0 28 8 36
NP 0 29 2 31
Mix 0 24 0 24

2.7 Genotoxicity Assay (Comet assay)
7KH OHYHO RI '1$ GDPDJH LQ FODE® DYV RHKPHR F\RMH Y $ZW D LDOV V H V \




At the beginning of the experiment and after 7 days pbsure, 6 clamgdm each treatment were
used toassesshie level of DNA damage in hemocytes. For this purposeadiapted comet assay
protocol from (Gomes et al., 2013; Singh et al., 1988) was. @3exly, microscopic slides were
washed in ethanol/ether (1;ijior to being coated with 0.65% normal melting point agarose (NMA)
in Tris-acetate EDTAHemolymph was extracted from the posterior adductor mus@aait clam
using a sterile hypodermic syringe (25 G needder collection,hemocytesvere centrifuged at
3000 rpm for 3 min (4 C), and the pellets with isolated celieweenresuspended in 0.65% low
melking point agarose (LMA, in Kenny's salt solution), and spreadhe microscope slides in

duplicate.

Figure 2.7.1:suspension of cells in LMA

For DNA immobilization and diffusion in agarose of cellular components, slidestainmg
embedded cells were submerged in a lysis buffer (2.5 M NaOH, 100 DA ELO mM Tris, 1%
Triton X-100, 10% dimethylsulfoxide, 1% sarcosil, pH 10, 4 iC) for 1 h.rAfte lysis phase, slides
were carefully placed in an electrophoresis solution @ointa electrophoresis buffer (300 mM
NaOH, 1 mM EDTA, adjusted pH 13, 4 @pdelectrophoresis was performed at 25 V and 300 mA

for 5 minutes

Figure 2.7.2: slides in the electrophoresis chamber

The slides were then taken out, neutralized with 0.4 mMakng 7.5, rinsed with bi-distilled water,
and allowed to dry overnight.

After drying, microscope slides were stained with!2®f 6-diamidino-2-phenylindole (DAPI, 1
g/mL) and examined for the presencecometswith an optical fluorescence microscope (Axiovert
S100) connected to a camera (Sofgllowing this, to assess the quantity of DNA, the Komet 5.5
image analysis system was utilized to score 50 randomlytaseleells for each slide (a total of 200
cells scored per group) at a total magnification of x400. Thetsesre displayed as mearstandard

deviation.



Cell viability measurement:

The percentage (%) of alive cells wassesseth each sample used for Comet assay.

For this purpose, 10l of hemolymph were stained with 10 of Trypan Blue Stain 0.4% to allow
cell counting. Cell viability was then measured as the péxge of alive cells in a group of 100

randomly counted cells.

2.8 Total protein evaluation

Total protein (TP) concentrations were measured in tlesaciit fraction of gills and digestivgdands
using the Bradford method (Bradford, 1976he assayis a protein determination method based on
the detection of changes in absorbance of the Coonsient Blue G-250 dyeThe dye interacts
with proteins and changes from its double-protonated red caf@nigmaximum absorbance = 470
nm) into a stable un-protonated blue form (maximum absorbance R3PS he amount of bound
dye and, by extension, the amount of protein in the samploportionate to the rise in absorbance
at 590 nm.The enzymes LPO, and AChE activities were normalized using the total profEi) (

concentrations.

Procedure:

Seven standard protein solutions were made using Bovine Serommifl and Milli-Q water.
Previously homogenized samples were slowly defroste@@and gently vortexed. In a 96-well
microplate, 50 | of standards or tissisample were pipetted in quintlipate, and 200 | of Bradford
solution was then addeéd each well. Absorbancavas measured at 595 nm using a microplate reader

(Tecan Infinite m200-pro)rheresuls areexpressed as mg/g of wet tissue weight (w.w.).

2.9 Acetylcholinesterase (AChE) activity

AChE hydrolyzes acetylcholine to create thiocoline, wimich-enzymatically interacts with 5,5'-
dithiol-bis (2-nitrobenzoic acid) to produce 5-mercapto-2-nitrobenzoatto(yel The amount of
thiocoline produced and the level of AChE activéyalculated indiredy by measuring the amount

of 5-mercapto-2-nitrobenzoato at 405 nm wavelength.

—



The activity of the enzyme acetylcholinesterase wassassd inthe gills of organisms from all
treatments and all sampling days (0, 7, and 10). Gills horabgenvere slowly defrostedhace.

Once defrosted, 501 were transferred, in triplicatép a 96 wells microplate and incubated for 5
minuteV Z LW K — O R -ditio-bR @2-nitrdbenzoato) (DTNB)and then for other ten
minutes with 50 | of 3mM acetylcholine solution (ATC) to trigger the rean. AChE activity was
thenassesseBtROORZLQJ D PRGLILHG SURWRFR W KEBRNEDED,RIBH TV FR
which indirectly measurethe anount of thiocoline liberated by the reaction using the dizswe
capacity (405 nm) of the final product, 5-mercapto-2-nitrobatm@bsorbance was read using the

microplate reader Tecan Infinite m200-pfBhe resultsare expressed in mol ACTC mirrl mg

proteins.

2.10 Enzymatic activities

2.10.1 Superoxide dismutase (SOD)

Superoxide dismutase catalytic activity was evaluatedviaitig the method developed by Mccords
& Fridovich (1969) The latter is based on the detection, at 550 nm absmwbainthe amount of
reduced gtochromec produced during the conversion of Guperoxide anion radical) in2B>
(hydrogen peroxide) by SOD enzymatic activity.

Previously frozen (-80jC), homogenized gills and digestivedgavere slowly defrosted on ice. For
absorbance measurements, a spectrophotometer (JASCO V650) edasThe latter was first
calibrated, filling 2 cuvettes with 2800 of SOD Buffer, 100! | of hypoxanthine, and 100l of
oxidized gtochromec. A xanthine oxidase test was then conducted in triplicategling in each
cuvette 2700 | of SOD Buffer, 100 | of hypoxanthine, 1001 of oxidized gtochromec, and 100

I'l of xanthine oxidase. The test was performed before the smsalyf each group of samples
belonging to the same treatment and sampling day. Follosamgples were prepared for the analyses
by adding 2650 | of SOD Buffer, 100 | of hypoxanthine, 1001 of oxidized gtochromec, 50! |

of sample and 100 | of xanthine oxidase in each cuvette. The absorbanseaeea in triplicates at

550 nm wavelength for 1 minute. Results are expressed in‘{groiy

2.10.2 Catalase (CAT)

The protocol Greenwald (1985) outlined was followed for the quéimatassessment of CAT

activity. This method is based on the spectrophotometrictitateof hydrogen peroxide @d.)

consumption at 240 nm.



Previously frozen (-80jC), homogenized gills and digestivedgavere slowly defrostedhace. For
absorbance measurements, a spectrophotometer (JASCO V650) wasThselatter was first
calibrated, filling 2 cuvettes with 3 ml of CAT-buffer. Fling calibration, one sample at a time
was prepared for the analyses; 100f each sample was added into a quartz cuvette containing 1.9
ml of CAT buffer (80 mM KHPQ,, 80mM K:HPQy) and 1000 | of hydrogen peroxide (#D2) to

start the reaction. The absorbance was measured inateica wavelength of 240 nm for 1 minute.

The resultsvere expressed in units of mmol mimg proteint.

2.11 Lipid peroxidation

Lipid peroxidation was assessed in both gills and digestardgl for every treatment and every
sampling day (0O, 7, and 10) following the colorimetric roetdeveloped by (Erdelmeier et al., 1998)
Previously frozen (-80jC) supernatant aliquots were slowly deftbon ice. 2001 of each sample
was then transferred new Eppendorf tubes and incubated in a hot bath (45;C) forites with
650! | of diluted 1-methyl-2-phenylindone solution and 13®f methamsulfonic acid solution. At
the end of the incubation time, samples were centrifat@8 00@Q and 4;C for 10 minutes to obtain
a clear supernatant. In quadruplicate, 130of the latter was then transferredto a 96-well
microplate for absorbance measurements, performed usingiitmeplate reader Tecan Infinite
m200-pro. LPO levels are evaluated by the absorbance ohdmlldehyde (MDA) and HNE (4-
Hydroxynonenalat 568 nm, and it is expressed as the amount of MDA in nmadpgotein.

2.12 Quality control and assessment

To avoid plastic contamination,eeation wasprovided using glass pipettes to prevent plastic
contamination, and each tank was covered with a glass pdevent aerial pollution. Additionally,
neither gloves nor plastic equipment/materials werel asging tissue dissection to avoid further

plastic contanmation.

2.13 Statistical analyses

Statistically significant differences between times &redtments were evaluated according to data
distribution and variance homogeneity (Shapiro-Wilk)tesing parametric tests (2-way ANOVA
IROORZHG Epost-Waltest)fior non-parametric equivalent tests (Krustkal-Waltid a two-
tailed multiple comparison test). Only when p<0.05 resuitre considered statistically significant.
All the statistical analyses were performed using GraphPad Brism

A Principal Component Analysis (PCA) was used Wothgills and digestive glands to study the

relationship between treatments (controRE nPS and Mix) and between the oxidative stress and
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oxidative damage biomarkers (AChE, LPO, CAT, SOD). In thsec statistical evaluations were
conducted using Statistica 7.0 program.

2.14 Synergism and antagonism model

The single-dose factorial desigmethodused was reported by Ritz et al. (2021). Gills and digestive
glandswere used to evaluate the presence of synergism or antagoeismedn nPS and mPE
particles In this method, four treatments are produced by combining fagtors the two
contaminants) with two levels: control, nABRPEand a mixturgMix) of the two. For all sampling
days (0, 7 and 10) and all biomarkers (SOD, CAT, LPO, AChE and Bé&imnage) values were
evaluated using the following dose addition and independeiohaobdels Dose addition defines
the reference effedwhen neither synergism nor antagonism oqgcasthe sum of the variance of

treatments compared to controls:
L $%&Y *! vy 0%1%E&!! .., O%h)
The difference between the obsereidct of themixture of the two contaminan{Ewix-Econtro) and

the predicted respongEaqd defines the presence of either antagonistic or synergi$éct:
3 1 ase*! 4 *U0ku$%ase*! g *lop 1! vy (2)
Independent action defines the reference effect as tuugr between the variance of treatments

compared to controls:

| eyl 4o ‘s Ilamlrpmj’)ll)( IamIrprﬂk”TI):IlTW®lkT(j)
lamlrpmj lamlrpmj lamlrpm
Alike dose addition, any antagonistic or synergistic eftect be defined as the difference between
the observedEwvix) and the predicted respond®uad):
Di= Evie .IITVVI®TI . (4)
lamlrpm]
A synergistic effect is observed wheand Bs are larger than zero; otherwise (<0), an antagonistic
effect exists.
Results of synergistic and antagonistic impacts are vauaty for the concentrations used during

the experiment (10g/L of mPE, 10 g/L of nPS, 10+10 g/L of mPE +nPS).

2.15 Weight of Evidence (WOE)
The Weight of Evidence (WOE) quantitative model was usedtégiiate the set of data, line of
Evidence (LOE), obtained from biomarkers analyses (AChEA @dmage, CAT, LPO, SOD)

conducted on gills and/or digestive glands. This approachséx to simply further results

interpretations and obtain more robust and weighted coocki$Regoli et al., 2019)



Briefly, a percentage of variation is calculated farrebiomarker individuallySinglevalues are then
normalizel/corrected by comparing them with their specific thré&sfievel of variation above which
there is biological relevance), weight (toxicological relevancehd statistical differences with
controls with the final creation of classes of effedfRegoli et al., 2019)

Whole calculations, detailed flow charts, the ratiofateveights, thresholds, and expert judgments

have been previously described in detail (Regoli et al., 2019)

3-RESULTS

3.1 nPS and mPE characterization

Analyses on nPS (50 nm) hydrodynamic diameter in ultrapurershbw that over time the particles
are stable [-potentiaf -68.8 r0.66 mV), and their size does not vary, thus meaning thiose
conditions no aggregation is abrved(Fig. 3.1.1) nPS were also analyzed amixture with mPE
(4-6 ' m) through laser diffraction analyses. In this case, average results on particle size
distributionshowed a high level of aggregatipm fact no particles smaller than!3n were found
(Fig. 3.1.2). This is probably due to an aggregation of the nPS witmBie present in the solution,
demonstrated by the highest presence of particles witedstween 8 and '9m, size of the mPE
used

On the other hand, laser diffraction analyses on mP&!(#) show a certain level of aggregation
even when mPE patrticles are tested aldnefact the highest percentage was found for particles
between 4 and bm (mPE fabrication size) but also for particles up to!'Ib§Fig. 3.1.3) However,

as for nPSwhen particles are texted the mixture (nNPS + mPE suspension) a higher level of
aggregation even for mPE is observed. This is demorstogitthe presence afigh %volume only
for particle sizes bigger than 10@to 629 m (Fig. 3.1.4)

Figure 3.1.1:Hydrodynamic diameter of polystyrene nanoplastics (50nraltiapure water



Figure 3.1.2: Average PSD obtained from laser diffraction analysesRS (50 nm) in a mixture with mPE (4-&).

Figure 3.1.3:PSD results from laser diffraction analyses on mR&!(#).

Figure 3.1.4:Average PSD obtained from laser diffraction analggemPE (4-6m) in a mixture with nPS (50nm).
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3.2 Ingestion
For clams exposed to nPS and Mix treatments, both gilsdegestive glands show a significant

increase in the amount of ingesteldS particles between day 0 and day pQ.05) with similar
levels of ingestions for both tissues (Fig 3.2.1 A aijpd B

Gills

Digestive gland

Fig.3.2.1amount ofnanoplastics detected in the gills of clams expreaskgd of nanoplasti¢/g of wet tissue4); anount
of nanoplastics detected in the digestive gland of clantsexpressedas! g of nanoplasti¢/g of wet tissue K).
Significant variationsbetween treatments at the same time and between fimése same treatment are indicated,

respectively, by different upper- and lowease letters(<0.05).
In relation to mPE ingestion, both in gills and DG des were not detected in CT (Figure 3.2.2 A

and B). For mPE and Mix exposed organisms, a similar tfygdrticle ingestion was observed for
both treatments and tissues (gills and digestive g)ghagure 3.2.2 A and B)



(A) cT mPE

Mix

B) &7 P3(

OL]J

Figure 3.2.2mPE ingestion in gills of unexposed (CT), mPE and Mix exp&sedecussatuafter 10 daygA); mPE
ingestion in digestive glands of unexposed (CT), mPE and Mix expdsddcussatuafter 10 daysg). Blue circles

highlight mPE particles found in samples.



3.3 In vitro assay

Results show a significant increase in the numberivd lemocytes cells after a 24 h exposure to
nPS treatmenfp<0.05) (Fig. 3.3.1).
Cell Viability - NR
a
c 0.14 4 -[

0.00 T T T 1
CT mPE nPS Mix

Treatments

OoCT omPE OonPS mMix

Figure 3.3.1:Differences in cell viability (Neutral Red dye) betwdruaditapes decussatusexposed hemocytes (CT),
24 h mPE (10 g/L) exposed hemocytes, 24 h nPS (#fL) exposed hemocytes, and 24 h Mix (IL mPE + 10 g/L

nPS)exposed hemocyteBifferent lettes indicate significant differences between treatm@nt6.05).

3.4 Condition Index and mortality rate

Before starting the experimental exposure, the good physiiais of organisms was asseskgd
comparing ClI values calculated by Silva et al., 2021 in osgapfRuditapes decussatasllected

in the Ria Formosa lagoon during summertame Cl values calculated in this study (31167).

3.5 Genotoxicity assay (Comet assay)

As shown in Fig. 3.5.1 (A}hereis no significant difference between days 0 and 7 for editments

(p<0.05) (control, mPE, nPS, Mix), indicating that no DNA@dae occurred. However, a significant
decrease in the % of DNA tail was found at dafpf7nPSand Mix treatment when compared to
unexposed anthPEexposed clams€0.05) ([DPSOHV RI FRPHWYV LQ FODPVY KH
in Fig. 3.5.1 (B); in accordance with Fig. 3.5.1 (A), teeel of DNA damage does not vary
significantly except for the nPS and mPE treatment at7dayhere nuclear core with a significant

decrease in the amount of DNA migrating into the tailiserved



A Comet Assay
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Fig. 3.5.1 Variation in the level of DNA damage (mearsd) between different treatments (CARPE nPS Mix) and
different days of exposure (0 and 7)Ruditapes decussat(8). Examples of comets in hemocytes of clams fadm
treatmentsB). Significant variations between treatments at theestime and between times for the same treatment are
indicated, respectively, by different uppand lowercase lettersp(<0.05).

3.6 Neurotoxicity assay (Acetylcholinesterase (AChE) activity)
'LITHUHQFHYV LQ $&K( DFWLYLW\ 2ZWUHHIR XGQGI H.\QH RAD RAUTH DIMDRO
day 10 (Fig. 3.6.1). More in detall, at day 7, there igaifitant change in AChE activity between

control,mPE, andnPStreatmentgp<0.05), where the highest activity is seen for clams eeghosly

to mPEwhilst the lowest value is noticeable for organisms expoagdto nPS(Fig. 3.6.1). On the
other hand, at day 10 there is a significant increase lmEA&hzymatic activityor the Mix treatment
when compared to the others (GMRPE andnP§ (p<0.05) (Fig. 3.6.1).

Comparing the same treatments but at different times (@d718), a significantincreasein
neurotoxicity is observed for both CT and mPE treatmaintiay 7 compared to days 0 and 10 (Fig.
3.6.1) and for clams exposed to nPS and Mix treatments at dayridaued to day 0 and p<0.05)
(Fig. 3.6.1).



AChE

10

AChE activity (nmol ACTC/min-1 mg prot -1)
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Exposure time (days)

oCT omPE onPS mMix

Fig. 3.6.1AChE enzymatic activity in gills dRuditapes decussatas different times of exposures (0, 7, and 10) and
between different treatments (OHPE nPS and Mix). Significant variations between treatmentthatsame time and

between times for the same treatment are indicatsplecgvely, by different uppeend lowercase lettersy(<0.05).

3.7 Enzymatic activities

Changes in the activity of antioxidant enzymes (SOD and)@Ad presented in this sectidtesults

are discussed separately based on the tissue (gillsgestide gland).

3.7.1 Superoxide dismutase (SOD)
In the gills ofRuditapes decussatesposedmPE particles, SOD activity at day 10 is significantly

higher compared tthe control and compared to day 0 and dap0(05) (Fig. 3.7.17).

In digestive glands, SOD activity significantly increaaéter 10 days of exposure to mP&R S and
Mix treatments(p<0.05) (Fig. 3.7.1 B). Furthermore, at day 10, increased yctsviobserved for
organisms exposed separately to mPE and nPS compared to unexuesed0.05) (Fig. 3.7.1 B),
where the highest augntation is seen in relatio the nPS treatment (Fig. 3.7.1 B).
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Fig. 3.7.1SOD activity changes in the gill&\Y anddigestive glandE) of Ruditapes decussatimetween different
treatments (CTMPE nPS Mix) and different times of exposure (0, 7, and 10). Sigaift variations between treatments

at the same time and between times for the samenegatre indicated, respectively, by different upper- andrlcase
letters £ <0.05).

3.7.2 Catalase (CAT)

Gills resultsfor changes in CAT activity are presented in Fig. 3.7.2 A. i§joificant changes are

observed between treatments both at day 0 apa@.Q5) (Fig. 3.7.22); neverthelessat day 10a
major increase of the enzymatic activity was obsersedPS and Mix treatments compared to the
control(p>0.05) The highest activity is seen after 10 days of exposurerf@anisms exposed to the
Mix (Fig. 3.7.2 A)



Also, inthe digestive gland, no significant differences were found betwday 0 and day 7 for all
treatmentgp>0.05) (Fig. 3.7.2 B however, on day 10, a statistically significant increase in CAT
activity compared to day 0 and day 7 is observed for clapssexl tonPE and toMix treatments
(p>0.05) (Fig. 3.7.2 B)The highest increase is seafter 10 days of exposure to mPE (Fig. 3.7.2 B).
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Fig. 3.7.2 Catalase activity changes in gilla)(and digestive glandB] of Ruditapes decussatimetween different
treatments (CTINPE nPS Mix) and different times of exposure (0, 7, and 10). Sigaift variations between treatments
at the same time and between times for the samengatre indicated, respectively, by different upper- andrlcase
letters f <0.05).

3.8 Lipid peroxidation

In gills, no variations in MDA levelare observed for all treatments (CT, mPE, nPS, lixjays 0
and 7, while a significant decrease in the level of oxidatareage was seen at day 10 for organisms
exposed to mPE compared to CT and nPS treatments and cdrgpaey 0 and 10p¢0.05) (Fig.
3.8.1A).



As shown in Fig. 3.8.1B), alsoin the digestive gland of analyzed clams, we have no variation
MDA levels, although a significant decrease (p<0.8Seen for theP Streatmentetween sampling
days 0 and 7 (Fig. 3.8.1 B).
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Fig. 3.8.1 LPO levelschanges in gillsA) and digestive gland8} of clams from different treatments (CHPE nPS
and Mix) and different days of exposure (0, 7, and 10). Significaniditions between treatments at the same time and

between times fohe same treatment are indicated, respectively, by diffeyger-and lowercase letters(<0.05).

3.9 PCA

To further understand the effects of nPS, mPE, andrtigiure on biomarker responses, a

principal component analysis (PCA) was applied. The twajgal components represent 84.7% in

the gills (PC1 = 48.5%, PC2 = 36.2%) and 87.3% in the digestawelglof clams (PC1 = 61.5, PC2

= 35.8%) of the total variance (Fig. 3.9.1 A and B). Oveeallits suggest a time-specific effect in

both clam tssues, whereby day 10 is most influential (Fig. 3.9.1 Aand B) WKH FODPYfV JLO

! $$



CAT, and AChE are the most influential biomarkers redatio the observed effects, as is the

exposure to the Mix and mPE (Fig. 3.9.1 A). In the digegfigad of clams, mPE particles are the

most prominent treatment, with LPO, CAT, and SOD having a daledfect on the results

observedFig. 3.9.1 B) ThesePCAdescriptive analyses suggeat KDW WKH FODPYV GLJHYV
the most compromised tissue compared to the gills andhidtix and mPE are most influential

on biomarker responses compared to nPS (Fig. 3.9.1 A and B).
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Figure 3.9.1:Principal component analysis (PCA) of a battery of bitkers (CAT, SOD, LPO, AChE) in gillsA) and
digestive glandsB) of Ruditapes decussattm all treatments (CT, mPE, nPS, Mix) and all samplingsd8, 7, 10).

3.10 Synergism and Antagonism

3.10.1Dose addition results:

In the gills ofRuditapes decussatuaincreasing antagonistic interactiong¢®0) is observed in
relation to SOD enzymatic activity between days 7 and 16l€T3. Considering CATsynergism
(D¢s>0) at day 7 and antagonigi¢.<0) at day 1Care observeTable 3) No interactionDda |0)

wasdetected for LPO, neurotoxicity, and genotoxicity (Table 3).

Table 3: Dose addition results for the synergistic and antagonigtieractions between mPE and nPS in gills (SOD,

CAT, LPO, neurotoxicity) and hemolymph (genotoxicity)Riiditapes decussatus

Exposure time | SOD CAT LPO I eurotoxicity | Genotoxicity
(days)

0 0 0 0 0 0

7 -6 43 0 -2 9

10 -26 -59 1 -2 _




On the other hand, in digestive glands, a decreasing sstiergteraction (@=>0) for SOD activity
and an increasing antagonistic interactiog.D) for CAT activity is observed between days 7 and

10 (Table 4). Neither synergism nor antagonism is obseordd”O (Table 4).

Table 4: Dose addition results for the synergistic and antagorniggractions between mPE and nPS in digestive glands
(SOD, CAT, LPO) oRuditapes decussatus

Exposure time | SOD CAT LPO
(days)
0 0 0
7 49 -40
10 8 -571 0

3.10.2 Independent action results:

When considering ikas the reference value, gills show the presence of antag@is0) in relation
to SODonday 10 and to CABnday 7 (Table 5). Synergistic interactionsa§D) occur for CATon

day 10 (Table 5). No interactions4{[0) are observed for LPO, neurotoxicity, and genotoxicity.

Table 5: Independent action results for the synergistic and antdgami®ractions between mPE and nPS in gills
(SOD, CAT, LPO, neurotoxicity) and hemolymph (genotoxicityRafditapes decussatus

Exposure time | SOD CAT LPO I eurotoxicity | Genotoxicity
(days)

0 0 0 0 0 0

7 -1 -24 0 0 0

10 -42 273 0 3 _

Also, in digestive glands, an antagonistic interactiop<0) is observed for SOD at day 10 (Table
6). In relation to CAT, an increasing antagonistic imtéon is observed between days 7 and 10

(Table 6). No interactions (&) 0) are present for LPO oxidative damage (Table 6).



Table 6: Independent action results for the synergistic and antaganigtractions between mPE and nPS in digestive
glands (SOD, CAT, LPO) dRuditapes decussatus

Exposure time | SOD CAT LPO
(days)

0 0 0 0

7 15 -42

10 -174 -423

3.11 Weight of Evidence
The overall WOE elaboration of biomarker results (AChEO, CAT, SOD) showa timerelated

response, whereby for nPS, mPE, and Mix treatments, thedtidgevel of hazard is observed at
sampling day 10 (Fig. 3.11CAT activity in gills and SOD activity in digestive glandee the

biomarkers that mostly contribute to the overall inoeeafshazard at sampling day 10.

Figure 3.11.1 Weight of Evidence (WOE) in relation to nPS, mPE, Eftixitreatments and sampling days 7 and 10.

4-DISCUSSIO
Repercussions of plastic pollutian the entire oceaecosystem aref great concern nowadays.
Indeed,with the increasing world population and GPP, the amount of plast&riag the ocean is

growing along with the detection of smaller plastic megts (MPs and NPs). Combining both

! $(



primary and secondary sources of plastic particles, st @séimated that 5.25 trillion fragmis are
currently pollutingthe global sea surface most of whiahe less than 10 mm in size (Alimi et al.,
2018) Thereis evidencethat once MPs and NP<nterthe marine environment they can form
aggregates due to their interaction with seawater compoest, colloids, algae, ions) and other
dispersed plastic particles of equal or similar sthat change their chemit@hysical properties
structure, and size, potentially influencing their level oddity, bioavailability, fate and transport
(Abdul Rahman et al., 2023; Gonealves et al., 2022; GonealvBgl&ianno, 2021; Li et al., 2019).
Taking this into account, this study aims to assess howod¢harrence of possible interactions
between nPS (50 nmgnd mPE (46 ! m) when in a mixture with each otheran positively or
negatively influence K H S D UtbxicdioQieaVHzard towards the clduditapes decussatus
According to Alimi et al. (2018), the phenomenon of parattachment after a collision is known as
"aggregation 7 KH S 4 Bortirbled bly Van der Waals and electrical double-lay®et and can
be furthermore influenced by diffusion anfl D U WduRaodHctidrge properties (Alimi et al., 2018)
The characterization of plastics in ultrapure watdicates thahPSare less prone to form aggregates
compared tonPE (Fig. 3.1.1andFig. 3.1.3) This is consistent with earlier data by Gonealves et al.
(2022) and Shams et al. (2020), in which analyzed NPs did not aggiregdtrapure water because
of the repelling forces between their negatively charged sgfaks PE, by naturés a nonpolar
polymer, while PS was seen to enhance its negativity due thdseciation of functional groups
(Shams et al., 2020), the increased MPs tendency to aggregpt8.{3)identified in this study
may be attributable to differences in the polymers usedrdstingly, when analyzed in a mixture
with each other, both NPs and MPs showediltrapure water, a higher level of aggregatibig.
3.1.2 and Fig 3.1.4). Indeed, nPS and mPE suspended togetheeaete form aggregates of a size
up to 10! m and between 100 and 10Df, respectively (Fig. 3.1.2 and Fig 3.1.Zhis may be
explaned by variations in surface charge energy, higher fos btitnpared to NPs (H. Sun et al.,
2021) which reduce repulsive attractions and favour higher attachpneb#bilities between MPs
and NPs compared to particles of equal sizes. When analyzsedwater, aggregation of MPs and
NPs was found to be higher compared to ultrapure water (Geseahal., 2022; H. Sun et al., 2021)
It is possible that this is connected to the breakdown of greengiers between particles caused by
an increase in ionic streng(ls), which is ¢rictly dependent on the rising concentration of sodium
chloride (NaCl) (Alimi et al., 2018; Shams et al., 2020)fact, free ions present in seawater can be
absorbed by plastic particles changing their surface chamgmerties and allowing them to form
aggregates (Abdul Rahman et al., 2023; Gonealves & Bebianno, 2D2tlal, 2019). When taking
this into account, it is possible to forectst, in a moreenvironmentally realistic condition, when

MPs and NPsare dispersed together in seawatdrey might presentan even higher level of
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aggregation compared to the one observed here in ultraptee Waiscould significantly affect the
their mobility, persistency, and bioavailability in the eamiment (Alimi et al., 2018; Gonealves &
Bebianno, 2021)

Up to date, many studies have been investigating how smalléc plagmentsamight be more easily
ingested by marine organisms, potentially causing a higher togicaldhazard (Baudrimont et al.,
2020; Gonealves & Bebianno, 2021; Rodrigues et al., 2022; Wang 2021; Ward et al., 2019). In
accordanceahigh level of ingestion was obtained for both tissues aedlygills and digestive gland)
after 10 day®f exposure oRuditapes decussatts individual mPE and nPS (Fig. 3.2.1 A & B and
Fig. 3.2.2 A &B). Recently, als@sonealves et al. (2023) found a high level of ingestioMirtilus
galloprovincialisexposed for 28 days td?S(50 nm).Moreover alsoin wild bivalves species, a high
accumulation of smaller plastic fragments was found (Wbtdal., 2019; Cozzolino et al., 2021)
Interestingly, elevated ingestion was also obseherdfor organisms exposdd the Mix treatment
(Fig. 3.2.1 A & B and Fig. 3.2.2 A 8), where particles were seen to form bigger aggregates (Fig.
3.1.2 and Fig 3.1.4)rhe initial step in bivalves feeding processes is part@afgure, which results
fromcontacting and retaining gills filaments (Rosa et al., 20A&ingestion capture efficiency (CE)
was found to rise asymptotically as particle size incre@sasd et al., 2019). Therefore, the higher
efficiency in trapping larger particlés the gills may account for the high ingestion found hetben
gills of R. decussatusxposed to the Mix treatment (Fig. 3.2.1 A and Fig. 3.2.DA&¥pite evidence
that postcapture selection mechanisms, such as fjfigscular contractiorganallow bivalves to
finally inged smaller particles and reject bigger offégard et al., 2019), foraging theories suggest
thatfor suspension-feeding organisms might be more advantageousindefood value, to ingest
also larger phytoplanktonic cells (Ward & Shumway, 2004). lddeeveraldata showed how pre-
ingestion selection of filtered materiadost of the time is1ot based on particles sizes but on other
characteristics, such as the physiochemical propertgs @ DUWLFOHTV FKDUJH DQG K\
the particle that interacts with the feeding organs (Rbs&, 2017, 2018; Ward et al., 2019). When
considering this, along with the higher CE of bigger plgiqWard et al., 2019) and the higher
filtration rate observed faR. decussatusompared to other suspension feeders (Abidli et al., 2019;
Cozzolino et al., 2021; Sobral & Widdows, 2000anbeconcludedhat thelikelihood of ingesting
bigger aggregates is high for this organism. This might exgheitigh level of ingestion observed
herein thedigestive glanaf R. decussatusxposed to the Mix treatment (Fig. 3.2.1 B and Fig. 3.2.2
B). For example, Abidli et al. (2019) and Cozzolino et al. (2@G8ahd thatmostingested particles
by wild specimens oR. decussatusvere in the range of mm. Nonetheless, further analsisesld

be conducted on-potential values of the aggregates formed when MPs and t¢Psuspended

together to better understand results.



Once ingested, plastic particles can either accumuldbe idigestive tract or can be translocated in
hemolymph or other tissuess RVVL HW DO 6HQGUD HW DO W 60N
al., 2021) This study used the neutral red uptake assay to quamijaagsess changes in cell
viability of hemocytesubjected to a£hin vitro exposure to mPE, nPS, and Mix. This method is
based on the ability of viable cells to incorporate and bewdral red die in lysosomes (Repetto et
al., 2008). nPS was the only treatment to cause significlahges increasinghemocytescell
viability (Fig. 3.3.1). Such an effect might be related to @éiglbcalized toxicity of nPS towards
lysosomes, as stated by Repetto et al. (20@8chemically localized effects on lysosonues also
result in a higher neutral red die uptake.accordancewith this, it has been reportétat once
ingested, NPs, due to their smaller sizes, are able to molg easss biological membranes
(Gonealves & Bebianno, 2021; Kiran et al., 2022), possibly actating in lysosomes (Zhou et al.,
2023) and reducing their membrane stability (Capolupo et al., 2B@dhermorea higher level of
NPs accumulation in lysosomes compared to MPs was obseyv&aspar et al. (2018ppssibly
explaining the absence of effects observed herédorocytesexposed to mPE and Mix treatments
(Fig. 3.3.1)

Free radicals can be defined as highly reactive moledule $o their presence of unpaired electrons
in atomicorbitals (Bounous & Molson, 2003). This unstable sfat®rsthe free radical reactions
with other molecules by either donating or subtracting elestio reach stability (Bounous &
Molson., 2003)Since oxygen is the final acceptor of electrons imiitechondrial electron transport
chain,mostfree radicals in aerobic organisms are produced fromearxguring metabolic respiration
(Bounous & Molson, 2003; Abele & Puntarulo, 2004). Reactive axygpecies (ROS), such as
superoxide anions (©), hydroxyl radicalsiQH), and hydrogen peroxide £{6,), are intermediates
of the 4electron oxygen reduction present in the water molg@bele & Puntarulo, 2004) and their
formation, if not maintained under control, might present whetnial effects on many biological
structures (Benedetti et al., 2022). As an evolutionargequence, organisms developed antioxidant
defensesystemsto eliminate metabolicROS formation (Bounous & Molson, 2003)loreovet

R U J D Qé&xgd3wd to emerging environmental contaminants, such as NRdR®) was seen to
potentially increase ROS production, thus altering antioxidaeindefmechanisms and inducing, in
many cases, oxidative damage (lipid peroxidation, protein oaitlallNA damage, and unbalance
of intracellular redox status) (Benedetti et al., 2022king this into account, anulti-biomarker
approach was used to study different genotoxic (% of DNA ta&lratoxic (AChE), oxidative stress
(SOD, CAT), and oxidative damage (LPO) responses inaalat differentplastic particles sizes.
Different times and tissues were also considered toeumninderstand possiblame and tissue-

dependent effects.



Thefirst line of the enzymatic antioxidant defense systebivalves is represented by the superoxide
dismutase enzym@&OD), which allows the conversion of the highly reactive R&#on superoxide
(O2), in the less reactive one, hydrogen peroxidgodi(Gonealves et al., 2022; Guo et al., 2021)
Moreover,SOD activity was also seen to be strictly correlated talase(CAT) enzymatic activity
that, in factcanfinally convert HO.in water (HO), preventing ROS from binding to other molecules
(Guo et al., 2021). Alteration of both SOD and CAT catalytibacvas assessed in bivalves exposed
to both MPs and NPs patrticles of different sizes and polymeducing changes in total oxidant
status (TOS) and total antioxidant capacity (Sendra et al., Za&18xampleGonealves et al. (2022)
found significant inhibition of SOD and CAfbr Mytilus galloprovincialisspecimens exposed for
21 days to nPS (50 nm). Time-dependent and tissue-dependenisesspeere also observed,
whereby the gillseemto be the most affected tissue in the short terrm@37adays) with significant
inhibition of both enzymes, whilst DG effects were lessese and visible after a longer exposure
time (14 and 21 days) (Gonealves et al., 2022). Guo et al. (202&ifpdoevidence on how, in the
freshwater clanCorbicula flumineaa very high increse inSOD activity after NPs (80 nm) and MPs
(6! m) exposure, caused an overproduction gd4itherefore overwhelming CAT enzyntéat is
indeed inhibited. This means that the organism was not capabteuoferacting ROS production,
thus leading to an increased level of membrane lipid pgatigin (LPO) that indirectly reflects cell
damage (Guo et al., 2021).

Results obtainetierealso show a time and tissue-dependent oxidative stressgelmhan increased
enzymatic activity (SOD and CAT) was observed at the ettteadxposure timel hedigestive gland
appears to be the most impacted tissue (Fig. 3. @1BA\and Fig. 3.7.2 A 8B). Different uptake,
translocation and elimination processes associated with differesgudis couldexplain those
differences 6 ONGR N XU HMdeBdDonce plastic ingestion occurs through feedintpgtes
from the gills,they can be redirected to the digestive gland, where theyradate due to the absence
of enzymatic pathways that allow plastic breakdown (Faggial., 2018; Wright et al., 2013)
Moreover, the digestive gland in bivalvesis involved in important digestive, food
transfer/assimilation, and detoxification functions, potentialktreasing its direct level of exposure
to environmental pollutants and the overall effect on tgamism (DZtrZe & Gallardo-Esctrate, 2017;
Guo et al., 2021). Ribeiro et al. (201for example observednimportant level of oxidative damage
(increase LPO levels) in the digestive gland alredty & daysof exposure td&crobicularia plana

to PS MPs (18 m), whilst in gills lipid peroxidation was observed to decredseady after 3 days
meaning a higher antioxidant system efficiency in tissute (Li et al., 2019; Ribeiro et al., 20L7

In both gills and digestive glands, the high@strease ofnzyme catalytic activitys observed in
relation to both mPE and Mix treatments (Fig. 3.7.1 A &8 &ig. 3.7.2 A &B). Nonetheless, also
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nPSshoweda timedependent enzymatic inductidimat, although less importartffectsonly CAT

in gills and SOD in the digestive gland (Fig. 3.7.1 A & Bl&ig. 3.7.2 A &B).

Overall theenzymatic antioxidant defensgstem ofRR. decussatusppears to be able to efficiently
counteract plastic-induced ROS produced; thossigrs of LPO are observed (Fig. 3.8.1 A and B)
Moreover, a decrease in LPO was observed at day @ mills of mPEexposed organisms (Fig.
3.8.1 A) Ribeiro et al. (2017) also observed such an effect antitrbey related to thacreased
activity of antioxidant defenses. Indeed, as already ioved before, in aerobic organisms, ROS are
produced because of mitochondrial respiration (Bounous @sdh., 2003; Abele & Puntarulo,
2004), thus, even though their production is counteracted antiexidant defensgystem, a slight
level of LPO can be present in unexposed clams. Whenoamwéntal pollutants, as observed here,
increase the activity of antioxidant enzymes, this midjbtvathe organism to eliminate all oxygen
reactive speciesnore efficiently thus causing a slight decrease of LPO in exposed organisms
compared to controls.

& O D Refndcytesdid not show any sign of DNA damage after 7gdajexposure for all treatments
(Fig. 3.5.1 A and B). This might be related to the fadt gementioned before, once ingested, plastic
particles are firstly translocated to the digestive glaanl only subsequentlyan theyenter the
circulatory systenf) RVVL HW DO 6HQGUD HW DO W BONGRNXL
Thus, 7 days might not be a long enough time for the plastiticles toenterin contact with
hemolymph cells inducing toxicity (Marisa et al., 2016). ¢dncadance \th the present result€ole

et al. (2020) also observed no DNA damage after exposingukselM. edulisto PS MPs (20 m)

for 7 days. Furthermore, Ribeiro et al. (2017) found nossiganincreasen % DNA tail in the clam

S. planaafter 14 day®f exposure to PS MPs (18n). An increase was although observed after 7
days of post-exposure depuration, meaning that accumulatedhistiPsould not be egested had a
delayed effect on DNA (Ribeiro et al., 201@Qenotoxicity could either be promoted directly by
plasticsDNA interactions within the nucleus or indirectly dluwgh reactive oxygen species (ROS)
production (Auguste et al., 2020; Marisa et al., 2016; Ribeirb,&.7) Thereforetheabsence of
effects could also be related to the efficient removal @fSRby the antioxidant system of the
organism, as observed here in relation also to LPO &#j1 A and B). Also, no signs of AChE
inhibition were seen ithegills of R. decussatusxposed for 10 days to the different treatments (Fig.
3.6.1), indicating that no neurotoxicity occurred (Capolupal.e2021). However, an increaiseits
enzymatic activity was observed for specimens exposed to anB®ix treatmentgFig. 3.6.1)
AChE plays an important role in voluntary muscle mogamby catalyzing the breakdown of
acetylcholing ACh) after its interaction with neuromuscular synafsisignal transmission (Guo et

al., 2021). This allows to prevent continuous and uncontrollectutarscontractions (Guo et al.,
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2021). Thusan increas@ its activity when organisms were exposed to bigger partasesbserved
here(Fig. 3.6.1), might be related to the ndéedincreasing muscular movement of gills filaments to
avoid their constraint (Ward et al., 2019). Consequentifenigroduction of acetylcholine (Ach) is
needed, potentially increasing AChE enzymatic activity terdegradation. This is in accordance
with previously presented ingestion result,V WKH KLJKHU JLOOVY FDSWXUH
aggregates might allow them to accumulate here befgestion (Rosa et al., 2018; Ward et al.,
2019).

Final biomarker data elaboration usiagincipal Component Analysis (PCA) anide Weight of
Evidence (WOE) quantitative model is in accordance withotbservedime-specific response®r

all tissues and treatments considered (Fig. 3.9.1 A & B and3FL1.1) MPs and NP€aninduce
intracellular ROS production due to their abilioyenterinside cells + X 3 D O L UThis process

is regulated either by endocytosis (MPs) or pinocytddis], vhere particles incorporated in vesicles
are brought inside the cells+ X 3D OL U Here they are treated as foreigrateria) thus
triggering the innate immune system of the organism thasecpently, increases ROS production
to neutralize possible damaging effectis X 3 D O L Considering this, we can understand how
a time lag between particle ingestion and the afétef an dfect might need to be considered
Moreover, it isalsoimportantto consider tissue translocation, which indegght induce tissue and
time-dependeneffects (Capolupo et al., 2021; Gonealves et al., 2022; Marisa et al., 2016)

This work contribute$o afurther understandingf how MPs and NPs behave in water and how their
change in size can influence ingestion and toxic eff®#sent studies demonstrate how NPs, due to
their smaller size, can more easily cross biologieatiers and potentiallynterferewith important
processes at molecular and cellular levels, likely indhg term (Capolupo et al., 2021; Gonealves
et al., 2023; Gonealves et al., 2022; Gonealves & Bebianno, 2022% and NPs' tendenty form
aggregates once dispersed in seawater (Li et al., 2019; Sur2éRa) is considered to increase their
sizes thus reducing the level of danger (Alimi et al., 2018; Gaesl& Bebianno, 2021). This study
assessedor the first time how MPs and NPs, when suspended togetéed to increase their level
of aggregation (Fig. 3.1.2 and Fig. 3.1.7his might also induce bigger changes in surface charge
SURSHUWLHY WKDW DV SUHYLRX\\ODWH WIRR Q HGD @G-LD/P \VETH W
strategies. Moreover, both PCA and WOE results show ttiea most influential treatments on
biomarker responses are mPE and Mix compared to nP3(Fif).A & B and Fig. 3.11.1Analyses

of synergisms and antagonisms were also conducted to furtderstand how the interaction
between MPs and NPs might paskigger threat to organisms (Table 3, 4, 5 and 6). In this aase,
tissue-specific effect was observed, whereby in gillsyreergjistic effect was observed for CAT

(Table 5) which according to PCA and WOE, is one of the most inflaebiomarkers on the overall
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effect (Fig. 3.9.1 A& B and Fig. 3.11.1). This is potentially related to the fact ¢ies capture
efficiency asymptotically increases in relation to bigger agpges (Ward et al., 2019) thus allowing
them to be the first ones to enter in touch with them. @nother hand, antagonistic effects were
observed in the digestive gland (Tables 4 and 6), whelmplpthe biggest aggregates formed might
be selectively egested either through pseudofeces or fdéstsg@oduction (Ward et al., 2019).
Different ingestion processes might occur depending ornp#ndcle sizesindeed, NPscan be
ingested through body adhesion and subsequential inteanalocation (Gonealves., 2023), while
bigger particles are most likely captured by gills, ingestad, teansported to the digestive gland
()RVVL HW DO 6HQGUD HW DO HW EQONGRNXUDKHWE BW D¢
Thus, higher effects observed here in relation to biggwicles might bebecauseparticles ingested
through water filtration potentiallgnterfaste in touch with gills and digestive glandBherefore, a
longer time of exposure is needed to better comprehendtalte in the long term, especially in
relation to nPS. In accordance with this, this work shawgher level of toxicity when cells were
exposedn vitro to nPS. As mentioned before, this possibly means#&tssmaller size can induce
more severe effects at the cellular level (Gonealves & Bebiar#i21) Nonethelessthis study
clearly shows the possibility of bigger particles to indud¢eagellular alterations potentially more
rapidly due to their higher capture efficienalgo correlatedo important levis of ingestion. Even
though no effective signs of oxidative damage were obdeev@ossible co-exposure of organisms
to smaller and bigger plastics fragments, an environmengalligtic condition, might induce a longer
stimulation of the antioxidant defense system reduciegthount of energy available for important
biological processes such as growth and reproductiorstf@ieet al., 2020). Furthermoréhe
formation of bigger aggregatdé®cause ohigher combining potential, can also induce important
post-ingestion mechanical damage (Fossi et al.,, 2018; Capetuab, 2021; Teng et al., 2021).
Thereforejn future studies, it would be also useful to assess partiejection mechanisms to better
GHILQH SDUWLFOH VL]H OLPLWY UHODWHG WR ELYDOYHVT LQ

CO! CLUSIO!

This dataset provides evidence of the interaction of twordiffepolymers (PS and PB) plastic at
different sizes (MPs and NPs) and their toxicity towahdsadlamR. decussatusngestion of these
particles was seen to be independeithe particle size as nPS, mPahd the bigger aggregates
formed when in a mixture with each other are highly irege$ty the clam. Individual NPs induced
important effects on cellular viability and time and tissupetelent oxidative stress. Nonetheless,
mPE and Mix's treatments were seen to be the most infllieneiatments causingssentiathanges

in the short term in the antioxidant enzymes' (SOD, C&cTivity. Moreover, no signs of oxidative

! %



damage, genotoxicity, and neurotoxicity were seen for allnheats in the short term. Antagonistic
interactions in gills and antagonistic ones in the stige gland between MPs and NPs were observed

here However, a longerH[SRVXUH WLPH DQG SDUWLF @t fe HidheNV W LR C
evaluated to better understand resttsthermore, there is also the need to assess thg abiitPs

and NPs of the same polymer to form aggregates and evaludgehef toxicity of other polymers

that may be found in the environnté€e.g.,PET, PPPVC).
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